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Atomic-scale studies using advanced simulation techniques have investigated the energetics of defects,
oxygen migration, and dopant incorporation in the proton-conducting Sy@gem. The interatomic
potential model first reproduces the observed distorted perovskite structure of SE&LaStitution with
trivalent dopants (M) on the A site in SrCe(Y)Q (via Vo consumption) is compared with substitu-
tion on the B site (via \* creation); the results support the premise that the absence of ionic con-
ductivity at low doping levels is associated with dopant partitioning over both A and B sites. Dopant-
vacancy association is predicted to occur in Sk 10, 95 for a wide range of M cations. Formation of
(M'ce—OHy) clusters is also calculated to be favorable in accordance with reported proton-trapping effects.
The lowest Mce—OH,* binding energies and the largestM distances are found for the most common
dopants for proton conductivity in the SrCe®ystem, namely, Y and Yb. The pathway for oxygen
migration is proposed as a curved trajectory with an asymmetric energy distribution. The lowest energy
redox process is calculated to be oxidation with the formation of holes in accordance with the observation
of p-type conductivity at increasing oxygen partial pressup&)(

1. Introduction partial oxidatioA® and reformind’ of methane, and electro-
chemical promotion of oxidatidhhas also been investigated.
However, bringing these technologies to the marketplace is
likely to require improvement in the electrical and materials’
properties.

The most well-known HTPC materials are the perovskite
oxides (ABQ) with large basic A cations (e.g., Ba, Sr) and
'tetravalent B cations (e.qg., Zr, Ce) first discovered to conduct
protons by Iwahara and co-workéfs!® The perovskites
incorporate protons when doped with a lower valence cation
on the B site (*acceptor doped”) with hydroxyl groups from
the water filling the oxygen vacanciesg™Min Kroger-Vink
notation):

Studies of high-temperature proton conductors (HTPC)
have intensified in the last 10 years as the extensive and
important contribution that these materials could make to
fuel cell and other electrochemical applications is more
widely recognized:® For example, the processes which form
the basis of the hydrogen economy (production, separation
and oxidation of hydrogen) may be carried out employing a
proton-conducting ceramic oxide.

Conversion of hydrogen using a solid oxide fuel cell
(SOFC) with a proton-conducting electrolyte (protonic
ceramic fuel cell, PCFC) occurs at an intermediate temper-
ature (400-800 °C) without expensive electrocatalysts or
necessity to recirculate the fuelAdditional advantages, . .
generally associated with oxide-ion-based SOFCs, include H,O+ 0O, +V," —20H, 1)
modularity of structure and cogeneration of heat and electric-
ity. The use of HTPC materials as hydrogen and humidity At high temperature, desorption of water takes place, often

sensor$; 1! chemical reactors for ammonia generatidn, —accompanied by migration of oxygen vacancies in the crystal
lattice. In oxidizing atmospheres, the oxygen vacancies may,

*To whom correspondence should be addressed. instead, be compensated by formation of héfes:
CsIC.
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1/202 + Vo" . OOX + 2h (2) Table 1. Interatomic Potentials for SrCeQ;

(i) Buckingham Potentials (Cutoff, 15 A) and

Reduction may also take place at low oxygen partial Lattice Energies of Component Oxides

pressureg®2L interaction A (eV) oAy C(eVA% U(eV) ref
S@t.-02-  1400.0  0.34535 0.00 —3342 43
X _ny e 1 Cett--0?~  1986.833 0.35107 2040 -—105.66 41,44
O," =V, +7,0, + 2¢ ®) 0% - 02" 22764.3 0.1490 43.84 41
Hence, the conductivity and defect properties are highly _ (i) Shell ModeF _
dependent on atmosphere and temperature. Implementation__SPecies Y kevA™ ref
of HTPC materials in devices therefore requires careful gf;: %38 231-83 ﬁ "
mapping of the conditions and the defect chemistry required o 5’389 120 a1

for pure protonic conductivity (for sensor applications),
mixed proton and n-type conductivity (for.t$eparation
membranes), and mixed proton and oxide-ion conductivity
(for steam diffusion). attractive properties of the SrCe8ystem, is of considerable
Perovskites based on SrCg@oped with Yb or Y, offer importance. Atomistic simulation techniques are well-suited
more moderate levels of proton conductivity in comparison to studying defect properties on the atomic- and nanogtéfe,
to the Ba-containing analogues but with much lower oxide- as demonstrated in previous successful studies of the ceramic
ion conductivity, particularly at high temperature. This is a proton conductors AZreXA = Ca, Sr{®4°and BaCe@3%4!
principal reason for the employment of the SrGesgstem In this paper we address a number of important topics
in HTPC-based sensor and membrane applications, devel-concerning the SrCegbased proton conductor using, for
oped principally by Iwahar#:11.2226 Accordingly, SrCe@ the first time, a comprehensive sequence of atomistic
based phases have also attracted considerable attention iimulations. Emphasis here is placed on investigating the
numerous fundamental studies of protons in sdlid% energetic and mechanistic features of intrinsic defects, dopant
SrCeQ crystallizes with the GdFegtype perovskite — site selectivity, defect association, proton incorporation, and
structure’®3*which is distorted from the cubic prototype as oxide-ion migration.
a result of the mismatch in size between a small A cation
and large B cation. The distortion in SrCg{3 one of the 2. Simulation Methodology and Structural Models

most pronounced observed, with a tolerance factor ( 2.1. Methods.Only a short review of the technique will be given

0.886) at the lower Ii'mit for perovskitéé.The mig_ratiion here (embodied within the GULP code since comprehensive
pathways for the oxide ion are more anisotropic in the reyiews have been given elsewhéfte.

distorted cell, which may account for the lower oxide-ion  The basis of the lattice simulation is the specification of the
transport numbers of SrCe®@ased phases in comparison potential energy of the system in terms of atomic coordinates. Both
to the BaCe@based syster#f. perfect and defect lattices are described by the Born model, in which

A greater fundamental understanding of the defect chem-the potential energy is partitioned into long-range Coulombic terms
istry at the microscopic level, which underpins the highly and short-range pair potentials of the Buckingham form

aY and k refer to the shell charge and harmonic force constant,
respectively.
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Table 2. Parameters for the O-H Interaction Table 3. Calculated and Experimental Properties of SrCe®
Morse potential (intramolecular) D (eV) B (A ro (A) Property
lattice energy —139.82
O--H 7.0525 2.1986 0.9485 (eV per formula unit)
Buckingham potential (intermolecular) A(eV)  p (R)  C(eV A9) Unit-Cell Parameters (A)

O--H 311.97  0.2500 0 experiment&f calculated difference (%)
terms of a core (representing the nucleus and core electrons) g gégéi g'gzgi (l)'gé
connected to a shell (representing the valence electrons) via a 5.9944 5.9834 0.18
harmonic spring. The shell model has been shown to simulate
effectively both dielectric and elastic properties of polar solids by Bond Lengths (A)
including the vital coupling between the short-range repulsive forces bond experiment&? calculated difference (%)
and electronic polarization. Ce—01 x2 2.26 221 221

Lattice relaxation around a charged defect (e.g., oxygen vacancy Ce-02x2 2.22 2.20 0.90
or cation dopant) causes considerable perturbation of the surround- €e-02x2 2.25 2.21 1.78
ing lattice. The calculation of the energy associated with the defect g::gi ﬁ g'gi ggg :i'gé
is performed by the two-region Mott-Littleton appro&élin which S—02 x2 251 251 0.00
the lattice is partitioned into inner and outer spherical regions  Sr—02 x2 2.86 2.96 —3.50
centered on the defect. lons in the inner region are relaxed explicitly =~ Sr—02 x2 3.06 3.04 0.65
(in this SFudy, more than 530 atoms). The remamder of the crystal Table 4. Lattice Energy of Various Defect Configurations for the
(>3000 ions), where the defect forces are relatively weaker, are SrCep.sYbo.102.65 Supercell Structures
treated by more approximate quasi-continuum methods. Local
laxation is effectively modeled, therefore, rather than considerin per per
re o y . ! A ’ . 9 supercell formula
the crystal as a rigid lattice through which ion species diffuse. configuratiort unit (eV)  unit (eV)
The_O—H_ interaction was moc_ieled using an attractive Morse (i) YbeeVorYbee trimer 68020 —136.04
potential (with Coulomb subtraction) (il) YbceVozpair+ next-nearest Yb —679.85  —135.97
(i) Yb ce' Voo pair + isolated Yb —679.70 —135.94
V(r) = D{1 — exp[-A(r — "o)]}z (5) (iv) Ybce, Voo, Ybce atisolated positions —679.40  —135.88

aFigure 1.
using parameters (Table 2) developed from ab initio quantum
mechanical cluster calculatiofiéwith a point charge representation  The stoichiometry of the supercell was then set t@Yb;0se
of the surrounding lattice. The dipole moment of the @ group (SrCe.oYbo 10269, by placing the two Yb atoms and one O
was simulated by placing charges-61.4263 andt0.4263 onthe  vacancy in the three configurations shown schematically in Figure
O and H species, respectively (overall charg®) in accordance 1. These correspond to (i) nearest-neighbor positions to form a
with this study!” Additional Buckingham parameters were em-  (YheV~Ybee) trimer, (i) a (Yhee Vo) nearest-neighbor pair with
ployed to simulate the interaction of the lattice oxygens with the g next-nearest Yb, and (iii) a (¥§Vo™) nearest-neighbor pair with
hydroxyl unit*® This approach has been employed successfully in vp at the furthest possible distance from the pair cluster; finally, a

previous studies of protons in AZg@nd BaCe@perovskites?#! fourth configuration (iv) was also considered consisting of all three
2.2. Structural Modeling of SrCeO; and SrCe 9Ybo102.05 The defects as far apart as possible. The lattice energy per formula unit

unit-cell parameters and ion positions of the distorted orthorhombic for each of these configurations is listed in Table 4.

structure of SrCe@were first optimized (energy minimized) under The lowest energy configuration is associated with the next-

constant pressure conditions, allowing both unit-cell parameters and,aarest neighbor defects (¥8/o*Ybce) trimer, centered on O1
atomic positions to relax. On relaxation, the potentials successfully o oo sites, and the highest energy for the configuration with iso-
reproduced the observed structure as indicated by the slight changegyieq defects. We recognize that the energy differences are small
from experimental X-ray valuésin the unit-cell parameters<(L%) but note that alternative orientations for the same configurations
and the bond lengths (Table 3). Additional experimental data on gaye similar results. The supercell simulation thus predicts that
dielectric and elastic properties are currently unavailable, but would dopant clusters may form in Sr&/bg 105,95 @ point we retur to

be useful for further validation and refinement of the potential pajow. Our defect calculations on the SEG¥ED, 105 95 System will

models. o o _ therefore focus on this favored supercell configuration with
To observe significant levels of proton conductivity in perovskite g culated unit-cell parametersa = 6.0733,b = 8.5055,c =

oxides, partial substitution of the B cation with a lower valence »q gp31 A.
dopant is required for the formation of oxygen vacancies and their
hydration to incorporate mobile protons (eq 1). In this study, we 3. Results and Discussion
also investigated the Yb-doped system, S188®0 .10, 5 since this
is a commonly used dopant and a suitable representative doping 3.1. Intrinsic Atomic Defects. The energies of iso-
level within our supercell approach. The supercelk(ll x 5) of lated intrinsic defects (vacancies and interstitials) in
the SrCeQunit cell was constructed in space grdep; the lattice SrCeQ and SrCgoYbo 10, 05 Were first evaluated (Table 5a).
energy of the supercell was139.82 eV/formula unit, equivalent  Frenkel- and Schottky-type defect energies were calculated
to that of the (single) unit-cell simulation of SrCeQrable 1). from the isolated defect energies (Table 5b). The lattice
— energies used in the calculation of Schottky-type defects were

gi% "S/';’ltfl ';',:;':é'ahgf,'f,t%r."RM'AJP'H?)Z.S'MF;;"E%%O%??&%% 485. obtained from atomic simulations of S®®Ce0,,* and the
(48) Schider, K. P.; Sauer, J.; Leslie, M.; Catlow, C. R. A;; Thomas, J. SrCeQ-based phases (Tables 3 and 4).

M. Chem. Phys, Letd992 188 320. Inspection of Table 5a reveals that oxygen vacancies have

(49) Mather, G. C.; Jurado, J. Bol. Soc. Esp. Céra. Vidrio 2003 42, o ’ 4 -
311. similar energies for both O1 and O2 sites in SrgeO
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Figure 1. Supercell and defect configurations of Yb-doped Srgd®ojection of a Ix 1 x 5 supercell of SrCegprojected onto thac plane (orthorhombic

distortion not represented; Ce as small white spheres and O as gray spheres). Placement of two Yb dopant cations (black spheres) and an oxygen
vacancy (square) as (i) (¥BV'Ybce) nearest-neighbor positions (trimer), (i) (¥8V") pair with next-nearest Yb, and (iii) (MdV,*) pair and isolated

Yb aty = 5.

Table 5. Calculated Defect Energies in SrCe@and SrCen.sYbo.102.95 tion. Substitution of the trivalent cation on the Ce site was
(a) Isolated Point Defects (in eV) analyzed according to the standard “acceptor-doping” defect
SICe9YboOno reaction, with the creation of oxygen vacancies as charge-
adjacent olatod compensating defects:
defect SrCe@ to trimer from trimer 1 » 1 « , 1 .

Srvacancy 21.23 20.89 21.21 I;Mz0; + Cece” + 1,0, = Mce + CeG, + 1,V," (6)

Ce vacancy 81.58 81.11 81.36 o . . .

O(1) vacancy 19.99 19.35 20.02 For substitution on the Sr site, two possible compensation

O(2) vacancy 19.98 18.57 20.03 mechanisms were investigated, corresponding to the creation

Sr interstitial —10.52 —-10.47 f cati .

Ce interstitial —57.95 —62.01 Of caton vacancies

O interstitial —-11.02 —-11.05

1 3 X __ . 1 " 3
(b) Frenkel- and Schottky-Type Disorder (eV/defect) IMaO3 + 1551;" = Mg/ + V" + 71,510 (7)

type defect equilibrium  SrCeD SrCesYbo:0z05 and the consumption or “filling” of oxygen vacancies in the
Sr Frenkel St = Vg + S 5.36 5.21 SrCe oYbg O system:
CeFrenkel  CeX=Vcd +Ca* 1181 9.55 ®.9YDo.12.95 Sy
O Frenkel Q<=Ve+0" 4.48 3.76 MO+ SE™ + YV " = Mo® + S0+ 1.0.% (8
Schottky Sg* + Cece” + 30y =  4.57 3.58 21,03 Isr 2V = Mg, r 20, (8)
Vs!' + Ve +
3Vo" + SrCeQ The energies of “solution” of the above reactions were
Sr—Ovacancy Srgr + O* = 3.90 3.02 luated b bining th ding defect and latti
pair Vs + Vo + SO evaluated by combining the corresponding defect and lattice
Ce-Ovacancy Cece* + 20 = 5.45 4.31 energy termg34459This provides a systematic analysis of
ay p Yy Yy
trimer Ved + 2Ve" + CeQ the relative energies of different dopant species at the same

ies in the Yb L site and, in the case of substitution at the A-site, of the
However, oxygen vacancies in the Yb-containing systems preferred compensation mechanism. Calculation of the

placed adjacent to the (¥BVc"Ybce) trimer have lower solution energies for SrGeYbo 10,95 Was based on the

energy th&%” those |solated'from the trimer, W'th the lowest lowest-energy trimer configuration; point-defect energies of
value obtained for the O2 site. In a neutron diffraction study Mce and Ms® were then taken for a position isolated from
e r

Of STC& 05Ybo 0502 075 the oxygen site occupancies could Nt e yrimer. The interatomic potentials for the dopant cations
be reflne_d k_)ut a bette_r fit was obtained with the vacancy on \yere taken as those corresponding to the binary metal
the O2 site in comparison to a random vacancy distribiftion. oxideg®*%as used in previous successful studies of dopants
In contrast, neutron structure refinement of an Y-doped ;, perovskite oxided’-4! The resulting solution energies for
system, SrCeusY 01402025 Suggested location of the vacancy - g pjitytion on the A and B sites as a function of ionic

it33
onFthe kollds':cé' ated with derab radiug® in both SrCe@ and SrCgsYbo 10265 are shown in
¢ renkel de ec;ts are assgc!ateh W'tl consi Er% € amointsl:igure 2. Several interesting observations may be made from
of energy, as Is expected In the close-packed perovskitey, o roq s (we emphasize trends rather than absolute values

structure. The mo?t favorable intrinsic def.e‘“ n Sreatd due to the large magnitude of the employed lattice energies).
Yb-dop_ed SrCewis the SrQ vacancy pair, W'th_a lower Examination of Figure 2 reveals a degree of correlation
energy in the doped system. However, the magmtude Of theyith jon size in which the lowest calculated solution energy
energies suggests a relatively low concentration of suchimcers a preferential substitution. For undoped SrgeO
defects. This disorder is less favorable than that in the re- energies of solution of the dopants on the Ce site are lower

o ; .
lated BaCie?. sys%tem‘t W?]'_CT] is compatible r\]/wth the  han the energies on the Sr site. The dopants most commonly
greater volatility of BaO at high temperature with respectto <o tor acceptor doping in the SrGeiased series, namely,
Sro. Yb and Y, are those with the lowest Ce-site solution energy.

32 Dopant—.lon Substlltutlor!.The substitution of a range  occupation of the Ce site with La has a much higher energy.
of trivalent cations was investigated on both Sr and Ce sites

for the SrCe@and SrCesYbo 10 g5 lattices in order to gain (50) Freeman, G. M.; Catlow, C. R. A. Solid State Chen.99Q 85, 65.
some insight into the relative energetics of dopant incorpora- (51) Shannon, R. DActa Crystallogr.1976 A32, 751.




1740 Chem. Mater., Vol. 17, No. 7, 2005 Mather and Islam

(@er S tion of trivalent cation occupies the Ce site, according to
5 | Gf Sr-site the requirements of the nominal stoichiometry, forming
4k te. _Yg Y o4 ° oxygen vacancies (eq 6) which may then be compensated

'SA@_ .o La by mobile protons. Whereas doping on the Ce site is

E 3r Ce-site .la Nd accommodated by Ce substoichiometry (as in $§0& 10s-),

3 2F LSRR AA-A- L partial occupation of the B dopant on the Sr site implies

g | Sc Yb Y Gd Nd segregation of an equivalent amount of SrO according to eq

o 8. The presence of excess SrO (e.g., in grain boundaries) is
or sometimes assumed to result in degradation of sintered bodies
r on carbonation and the importance of careful synthesis has
2 1 L L L ) been highlighted* We may also note, however, that recent

0.7 0.8 0.9 1 1.1 1.2 studies suggest the possible accommodation of moderate
ion radius / A amounts of excess SrO in the bulk in nominally stoichio-
metric SrCeQ (with CeQ, as a second phase) by a mech-

(b) 6r1 _ ) . ) anism which is not apparent at the resolution of the X-ray
5 | GSr-5|te solution, Vg, formation structuret®.s5
4 b Scs. . .gb Y '-% Solid-solution formation has recently been reported in the

> Sl G .8‘{ ':lg .’ Sr-deficient SyCe(M)0s-s (M = Gd, Yb) series® whereas

o Ce site AL single-phase, Sr-deficient material of nominal composition

8 2[ A-..._ YbY Gd A Sn_xCeQ;x could not be synthesized.It follows that Sr

2 1} sc T@B-ATSNd deficiency in the doped series is likely to be compensated

® SR (' 3 by partitioning of the dopant over both cation sites. Haile et
ok < Gd Ng .® y partitioning of the dopant over both cation sites. Haile e

' _ .0’ al3%%indicate that Ba deficiency in the BaCg&ystem shifts
T [ srsite solution, V,™ consumption dopant incorporation onto the Ba site, with significant Nd
-2 ! ; ; ; ! dopant partitioning over both Ba and Ce sites, leading to
0.7 0.8 0.9 1 11 12 reduced proton uptake and lower proton conductivity.
ion radius / A The unit-cell parameters for SkCe(M)Gs;—s (M = Gd,

Figure 2. Calculated solution energies for trivalent dopants*{Mas a Yb) exhibit an anomalous variation with Sr deficienog,(
function of dopant ionic radius using 8-fold and 6-fold coordination : : :
environments for Sr and Ce sites, respectively (dashed lines are guides forIn co.mmoen with a, n_umber _Of other cerate 'perovsklte solid
the eye). (a) SrCef substitution on the Sr site via eq 7; substitution on  SOlutions®® The origin of this apparently widespread phe-
the Ce site via eq 6. (b) Sre.erbo10295 substitution on the Sr site via. nomenon is unknown at present but is proposed to result
egs 7 and & substitution on the Ce site via eq 6. from alleviation of lattice strain or variations in the oxygen-
vacancy (and proton) content and/or related defect associa-
tion. Dopant partitioning over both Sr and Ce sites decreases
the vacancy content with increasing Sr deficiency (eq 8) but

the presence of M dopant on the Sr site may equally influence

We may note that similar calculations for C€employing
the lattice energy for GO;*) indicate that this cation also
shows a low solution energy at the Sr site.

However, in the ijdoped system, Sgg¥bg 10295 IN " the lattice distortion.
which oxygen vacancies are already present, the solution

energies for substitution on the Sr site (compensated by the]c 3:3' OX|de—tI_on legratl?n. The oxylgen vgcar:ues r?.qwlreclj
consumption of oxygen vacancies via reaction 8) are lower or incorporation of protons may aiso migrate, particutarly

than the energies of solution on the Ce site. That is to say, at high temperature>(600°C) when the exothermic absorp-

the M?t dopants (particularly Nd and Gd) are predicted to :'On of wtater |sbnodl_ong(]jer fa;vored (e]:q b. Vl/hereasl_oxyi_gen
show a preference for the Sr site at the dilute limit. ransport may be disadvantageous for certain applications,

“Amphoteric” behavior with partitioning of the dopant over steam permeation (mvolvm_g simultaneous d'ﬁus'of‘ (.)f.
both Sr and Ce sites is, therefore, predicted. protons and oxygen vacancies) has been shown to inhibit

I . coking of the anode in a PCFC operating on methaime.
We note that substitution is expected to take place . S . o
. ) . .~ this context, atomistic simulation of oxygen migration may
predominantly on the Ce site at moderately high doping o : o
. . . . greatly assist in our understanding of the mechanistic features
levels according to the starting ratio of component oxides

(and experimental observation, e.g., fof > 5 at. %). of oxygen transporF in these gyste.ms. o i
Oxygen vacancies are not created when the M cation is 1he energy profile of a migrating oxide ion was first
distributed equally between the Sr and Ce sites (egs 6 anoca!culated by placing the ion at intermediate sites between
8), which, in turn, would lead to lower proton uptake. This 2diacent oxygen vacancies along edges of as@e@hedron.

is consistent with proposals to explain the “threshold effect 1€ corresponding energies for direct linear migration
in strontium cerate perovskites whereby ionic and p-type
conductivity is not observed at low doping levels (ca. 2 at. (53) 13533”‘”‘65' N.; Phillips, R.; Smimova, . Power Source2004 134
%) due to possible partitioning of the dopant over both cation (s4) de Vries, K. JSolid State lonic4997 100, 193.

sites®?52 At higher doping concentrations, a greater propor- (55) Chavan, S. V.; Tyagi, A.-KThermochim. Act2002390, 79.

(56) Kruth, A.; Mather, G. C.; Jurado, J. R.; Irvine, J. T.Rlid State
lonics 2005 176, 703.

(52) Phillips, R. J.; Bonanos, N.; Poulsen, F. W.; Ahlgren, ES@lid State (57) Wu, J.; Li, L, P.; Espinosa, L.; Haile, S. M. Mater. Res2004 19,
lonics 1999 125 389. 2366.
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Figure 3. Schematic representation of the calculated pathway (dashed lines)
of oxide-ion migration passing through a minimum in energy (elative
to the Ce atom.
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Figure 4. Energy profile of oxygen vacancy migration between O1 and
02 sites along cell edge (closed circles) and curved pathway (open circles).

Chem. Mater., Vol. 17, No. 7, 200841

-0.75 pair cluster Mce'Vo™ ¢
L oY Nd
-0.85 | .97y cd
g e Yb
S -0.95 - ’
o -U. B
° .-
; Sc &’ 0 =
o L
< 1.05 g
H 4
1T} e .
-1.15 | «“  trimer Mc.'Vo2 "Mc'
-1.25 K . : '
0.7 0.8 0.9 1
ion radius / A

Figure 5. Calculated binding energies (per defect) of dopant-vacancy
clusters in SrCe@as a function of dopant cation radius.

Yashima et al®® which supported our predicted curved
pathway in the LaGagbased oxide ion conductéf.

Activation energies for oxide-ion transport in SrGeO
based systems determined experimentally range from 0.67
to 0.77 e\*%5980in the temperature range 66800°C. Our
calculated value for oxide-ion migration in SrC£(0.95 eV)
is higher than that obtained for related atomistic simulation
studies of BaCe®)(0.84 eV for the cubic structure), which
is consistent with the observation of higher oxide-ion
transport numbers for the Ba-containing phases.

3.4. Dopant-Vacancy Association.The dopant-defect
interactions predicted from the supercell calculations of
SrCe gYbo 10,95 may considerably affect the ionic conduc-
tivity. Oxide-ion conductivity tends to decrease as the
activation energy for vacancy conduction incorporates the
binding (association) energy term. This additional term is
significant at temperatures below 60C for ceria- and

between two O2 sites and between 02 and O1 sites werezirconia-based oxide-ion conductors, in the range where we

calculated as 1.41 and 1.30 eV, respectively. However,

may also expect proton conductivity in the HTPC systems.

previous studies have shown that the lowest energy pathwayThe energies of defect clusters in the Srge@stem were

for oxide-ion migration in several perovskite oxides is not
linear, but curved away from the octahedral eéfg€.4*\We

calculated for the same range of trivalent dopants in order
to assess dopant-vacancy association as a function of dopant

stress that it is often assumed that the migrating ion takesionic radius.
the shortest path between adjacent anion sites (i.e., a direct Defect clusters were calculated for (i) simple pair clusters
path along the octahedron edge) and that, to the best of ourof a neighboring dopant ion and oxygen vacancy:{M,")

knowledge, previous experimental investigations have not
indicated a nonlinear path.
Hence, to estimate the saddle point of a curved pathway,

and (ii) neutral trimer clusters (M'V,*Mce) centered on
01 or O2. Binding energies were then calculated as the
difference between the energy of the cluster and the sum of

energies for a migrating oxide ion were calculated on a the isolated component defects. Figure 5 shows the calculated
(solid) line (Figure 3) extending from the midpoint between binding energies of the possible defect clusters against the
01 and 02 vacancies in line with the adjacent Ce atom. Theionic radius of the dopant cation. The results suggest that
energy of the oxide ion along this line is at a minimum (point both pair and trimer clusters are favorable defect configura-
x in Figure 3) at approximately 0.3 A from the midpoint of  tions with the latter associated with stronger binding energies.
the octahedral edge. The migration profile between oxygen Pair clusters have equivalent energies for both O1 and O2
sites and this energy minimum (shown as a dashed line invacancies, whereas, for larger ions, trimers based around O2
Figure 3) is slightly asymmetric with an associated activation were found to be slightly more favorable than those centered
energy of 0.95 eV (Figure 4), with the higher energy profile on O1.

for the linear path also shown for comparison. The asym-

metry is likely to result from unequal distances to the (sg) vashima, M.; Nomura, K.; Kageyama, H.; Miyazaki, Y.; Chitose, N.;
neighboring Sr cations in the distorted SrGes@ructure. It Adachi, K. Chem. PhysLett. 2003 380, 391.

would be interesting to examine this calculated pathway 9 S0ng: S--J. Wachsman, E. D.; Dorris, S. E.; Balachandrard, U.

. L : . - Electrochem. So003 150, A790.
using a similar neutron diffraction analysis employed by (60) Tsuiji, T.; Nagano, TSolid State lonic200Q 136-7, 179.
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O—H Bond Lengths in SrCe gYbo102.05 09
O—H position Eon (€V) En,o (V) O-H (&)

o1 14.83 —1.46 0.986
02 14.77 —0.80 0.986

\(fe

Table 6. Calculated Parameters for Water Incorporation En,0) and
{ 0’

The above results corroborate the supercell simulation of
SrCe.oYbo 10295 showing that the lowest energy configu-
ration for placement of two Yb and oxygen vacancy defects o @
is a (MceVo"Mce) trimer. Evidence of dopant-vacancy
association in SrCe{n the literature is limited to one re- 2]
port of mechanical relaxation measuremeéttsiowever,
Phillips et al*? also speculate that decreasing unit-cell vol-
ume with Y content observed in SrCgY,0s;-s may re-
sult from ordering of Y, although occupation on the A-site
with Y is also considered, which in turn would lower the o @ @
vacancy content. Furthermore, lattice-parameter anomalies
N St-xCedMo.10s-5 (M,Z,Gd’ Yb) SOIIq SOIUtlonS, may be Figure 6. Schematic illustration of an M OH,* dopant cluster in the
related to defect association, as mentioned previcidy. SrCeQ structure (orthorhombic distortion not represented).
analogy with the oxide-ion conducting systems such as doped
CeQ, a significant amount of defect clustering is expected value of —1.63 eV for SrCggsYbo:Os3-5; Yajima and
to lower oxide-ion conductivity as a result of vacancy Iwahara report a somewhat lower valuef,o = —1.36
trapping at lower temperatures and higher dopant levels. TheeV for the Yb-doped phasg.
concentration of associated defects is likely to be highly  The equilibrium G-H distance is 0.99 A, similar to that
dependent on the thermal history of the sample. This may, calculated for BaCe©by atomistic simulation, and within
in turn, result in variations in experimental activation energies the range of 0.891.05 A determined in a quantum molecular
for oxide-ion conduction in SrCe&based compositions. dynamics study of BaCe{® Matzke et aP® determined a

3.5. Water Incorporation and Dopant-Proton Associa- radius for proton motion in SrGgsYbo 0s0s-s Of about 1.1
tion. As mentioned in the Introduction, mobile protons are A in a quasielastic thermal neutron scattering (QENS)
incorporated into the perovskite structure on substitution of experiment.
oxygen vacancies with hydroxyl groups according to reaction  Analogous to dopant-vacancy interactions, the proton may
1. The enthalpy of water dissolution (proton incorporation), also associate preferentially with dopants, leading to possible
En,o, for the proton-conducting perovskites is known to be trapping. Neutron vibrational spectroscopic stutfiesnd
exothermic such that the ionic conductivity is dominated by QENS®2° suggest that this occurs in doped SrGedth
protons at low temperatures and oxygen vacancies at highetthe OH vibrational modes depending strongly on the dopant
temperatures. cation radius. Atomistic simulation and quantum mechanical

The same methodology as used previously for evaluating simulations also suggest proton-dopant association in the
the energetics of water incorporation in HTPC perovskt8s  proton-conducting zirconates AZs@A = Ca, Sr, Ba}*467

was employed here to calculakg,o for SrCegYbo.102.95 in agreement with neutron vibrational and muon-spin relax-
according to ation studies.
In the present study, we have calculated the binding energy
Bro= 2Eon — Byt Epr ©) associated with a cluster comprised of an OH group and

adjacent trivalent cations (Wt—OH,") within SrCeQ, in a
whereEon is the energy associated with substitution 88O yanner similar to previous studi#sA schematic diagram
with an OH" group, Ey,- is the energy needed to create an ¢ e (Mce—OHg) dopant cluster with the Og group
oxygen vacancy, anler is the energy {11.77 eV) of the  |gcated on the O1 site is shown in Figure 6. The binding
gas-phase reaction: 20+ HO = 20H".52%3 energy of an Mte—OH, cluster, calculated as the difference

_The calculated values fdfow, En,o (on the O1 and O2  petween the sum of the isolated defects and the cluster
sites), and the ©H bond lengths after relaxation are listed energy, is given by

in Table 6. Our favorable value fd,0 (—1.46 eV) at the
O1 site is compatible with experimental thermodynamic E. .=EM-'—OH") — {E(M.") + E(OH." 10
values for the enthalpy of water dissolution in SrGd@sed oing = E(Moce o) ~ {EMce) + E(OH.)} (10)
systems, although the data is sensitive to the dopant type a
discussed previoushf Song et af® derived arEy,o of —1.70
eV for SrCe oy 0035, Whereas Krug et. &F obtained a

SThe results are shown in Figure 7 as a function of ionic
radius. The negative values for the binding energies indicate
that M ce—OHy® pair clusters are favorable. In particular, the
magnitudes of the M.—OH," binding energies are consider-

(61) Zimmermann, L.; Bohn, H. G.; Schilling, W.; Syskakis Jalid State
lonics 1995 77, 163.

(62) Wright, K.; Freer, R.; Catlow, C. R. &hys. Chem. Miner1995 20, (65) Yajima, T.; lwahara, HSolid State lonicd992 50, 281.
500. (66) Munch, W.; Seifert, G.; Kreur, K. D.; Maier, Bolid State lonics
(63) Catlow, C. R. AJ. Phys. Chem. Solids977, 28, 1131. 1994 70-71, 278.

(64) Krug, F.; Schober, T.; Springer, $olid State lonic4995 81, 111. (67) Islam, M. S.; Davies, R. A.; Gale, J. Bhem. Commur2001 661.
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Figure 8. Interatomic distances between trivalent dopant and oxygen
Figure 7. Calculated binding energies of gMOH,") pair clusters in SrCe9 (M—0) and between dopant and proton M) in the (Mce OHy") pair

ion radius / A

as a function of dopant ionic radius. cluster as a function of dopant ionic radius.
Table 7. Calculated Binding Energies, Interatomic Distances, and . .
Bond Angles of Mce—OH¢ Clusters in SrCeO; in Figure 6)_ formed between the_ OH group and M dopant.
— The analysis reveals that the distance between the dopant
ionic M—O—H .
cation radius(A) E(eV) M-H(A) M0 (A (deg) and the hydrogyl oxygen (MO)_ increases b_y a sme_lll
Cat 087 > 860 2 429 106.04 amount approxmately as a function of the M ionic radius.
Sét 0.74 -1.16 2.295 2.408 71.39 In contrast, the distance between M and the protor-EM
Yb3* 0.87 -0.17 3.286 2.468 142.53 and corresponding Me—O—H angle is greatest for the Yb
v 0.90 ~0le 3.328 2.494 144.56 and Y dopants, and mirrors the variation in binding ener
G+ 094 091 2914 2.560 101.08 , pants, : ; 9 ay
N3+ 0.98 -0.84 2.782 2.593 94.28 (Figure 7). Hence, our simulations appear to show a

correlation among the lowest'M—OH," binding energies

ably lower for Y¢* and YB* in comparison to those of the  and longest NMke—H distances with the highest proton
other dopants. Since these dopants are most often associatesbnductivities.
with high protonic conductivity in the SrCe@ystent>5208 3.6. Redox ReactionsAn understanding of the redox
it follows that the lower conductivity of other doped systems hehavior of HTPC materials is critical for defining the
(e.g., Sc) may partly result from appreciable dopant-proton conditions in which various conductivity regimes may be
association; i.e., the highest and lowest proton mobilities are exploited. Experimental determination and interpretation of
predicted for Y/Yb- and Sc-doped SrCg@espectively. Our  the defect equilibria of these systems is rather involved due
calculated binding energies are also similar to an experi- to the numerous possible conducting species (electron, hole,
mental value for the proton “trapping” energy of about proton, and oxide ion) and their respective dependencies on
—0.4 eV for Yb-doped SrCeOobtained from QENS  temperature and atmosphere. A number of authors have used
experimentg? The atomistic calculations thus support the numerical methods to examine concentration profiles of
experimental spectroscopic evidence of proton-dopant as-electronic and ionic defects in doped SrGe®equilibrium
sociation. with two gases {{O,, pH»0).2:70.72 Atomistic simulation of

The trend found in Figure 7 suggests the importance of the redox behavior is also a useful tool in assisting the
ion-size and elastic-strain effects, in addition to electrostatic interpretation of the experimental data, as has been shown
terms, in which the binding energy is dependent upon the previously?°4! Moreover, our calculations allow dopant-
ion size “mis-match” between host and dopant. This causesyacancy interaction to be incorporated in the analysis, which
local perturbation, and the expectation of a minimum when has not yet been considered for other defect calculations of
the ionic radii are approximately the same. This is borne SrCeQ.
out here with the lowest binding energies for>Y1{0.87 A) Reduction was considered in accordance with reaction 3;
and Y** (0.90 A) on the host Ce site (0.87 A), with the  modeling of the electron center involved the creation of a
greatest ion-size mismatch for smalFS¢0.74 A) and large  Ce#* jon as a small polaron species on the B cation sublattice
Nd* (0.98 A). These results and elastic strain arguments i a similar approach to that used previously for BageO
are analogous to studies of CatfSwend Kilnef® on fluorite- and CeQ.14 We may note that recent work indicates
structured oxides (e.g., doped Gg(@nd to our recent work  transport in H-containing atmospheres may be protonic
on doped LaGag*" in which the minimum in the binding  rather than n-typ&72 Oxidation involved the modeling of
energy for dopant-vacancy clusters occurs when the host anghe hole center ¢h as O, in accordance with previous
dopant ionic radii are very similar. simulations in oxide systentd.The energies of the redox

The interatomic distances between the M dopant and bothyeactions in the lattices of SrCe@nd SrCggYbg 10, o5 Were

the oxygen and proton of the hydroxyl unit in the then calculated, employing these isolated electronic terms
M'ce—OHo* cluster have been analyzed and are shown in and the relevant free-ion terms (Table 8).

Table 7 and Figure 8; in addition, Table 7 lists the angle (

(70) Poulsen, F. WJ. Solid State Chen1999 143 115.
(68) Iwahara, HSolid State lonic4988 28—30, 99. (71) Bonanos, N.; Poulsen, F. W. Mater. Chem1999 9, 431.
(69) Kilner, J. A.Solid State lonic200Q 129, 13. (72) Bonanos, NSolid State lonic2001 125 265.
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Table 8. Calculated Energies of Redox Reactions (2) Calculated energies for intrinsic atomic defects are
energy (eV/electronic defect) relatively high, with the most favorable found to be the

redox process Srce0 SrCe oYbo 105 95 SrO vacancy pair. The lowest energy redox process is
oxidation reaction 2 205 210 OX|dat|op with the forma'Flon of holes (mpdeled as an O

reduction reaction 3 5.00 4.16 center) in accordance with the observation of p-type con-

ductivity at high pO, and with experimental oxidation

The calculated redox energies compare well with enthalpies.
values obtained from conductivity measurements of
SrCeos5YbposOs-5 Of 1.6 and 4.8 eV for oxidation and
reduction enthalpies, respectivélAlthough these are not
explicit electronic structure methods, our calculated band gap
(~2.7 eV) for SrCe@is consistent with the limited available
data of Kosacki and Tullef, where a value of 3.2 eV is
derived.

The present calculations thus confirm that p-type is the
dominant mechanism for electronic conduction in SrgeO
based systems over a wide range of conditions. As pointed
out recently by Bonano%,investigation of the nature of the o )
p-type carrier in the HTPC systems is limited. A recent report ~ (4) Dopant-vacancy association is predicted to be favor-
relates electronic conduction and hydrogen permeability in @ble, especially for neutral (MVo"Mce) trimers and for
SICe .o lo 005 to mixed valent Eu specié&The present the S&* dopant. _These clusters may be important as
data show that the formation of hole species in oxidative Précursors to possible short-range ordering or “nano-domain”
atmospheres is a viable process. The observed conductivitformation at higher dopant regimes, which warrants further
at low pO; increases only below ca. 18 atm in accordance ~ €xperimental investigation.
with the high value calculated for reduction. In comparison  (5) The pathway for oxygen migration is proposed as a
with the results of previous simulation studies, Srgé®© curved trajectory with an asymmetric energy distribution
expected to be more stable to reduction than the BaCeO resulting from the pronounced distortion of the SrGeO
system but less stable than the zirconate perovskités, perovskite lattice.
which is consistent. with expected reduction potentials of the (6) The enthalpy of water dissolution is calculated to be
Ce(lV) and Zr(IV) ions. exothermic and is consistent with the available experimental
thermodynamic data. Binding energies for' @#OH,") pairs
are predicted to be favorable, with the strongest association

Computer simulation techniques have been used to probefor S¢*. The Y** and YIF* dopants have the lowest binding
the energetics of defects, dopants, and clustering in theenergies (weakest association) and the large&eh
proton-conducting SrCe@naterial at the atomic level. The distances. This may be linked to why these two cations are
results are relevant to the electrochemical applications of thethe most commonly used acceptor dopants in Sie®
cerate system (SOFCs, sensors, separation membranes) arftigh proton mobility and conductivity.
are summarized as follows.

(1) The potential model first reproduces the highly  Acknowledgment. We would like to thank the ESF OSSEP
distorted perovskite structure of SrCgQupercell structures  programme (Optimisation of Solid State Electrochemical Pro-
were constructed to determine the lowest energy configu- cesses for Hydrocarbon Oxidation) for financial support. As-
ration for the doped system, Sr&¥bo 102 .05 With the most sistance from Dr. Julian Tolchard is also appreciated.
favorable configuration consisting of a (¥Vo"Ybce)
nearest-neighbor trimer arrangement. CMO047976L

(3) Trivalent dopant substitution on the Sr site at the dilute
limit in SrCeygYbo 103 (Via Vo consumption) is calculated
to be of lower energy than substitution on the Ce sitg(V
creation), particularly for N& and Gd*. Dopants may,
therefore, occupy both Sr and Ce sites in low concentrations.
This is compatible with the premise that the absence of
protonic conductivity at low doping levels is associated with
amphoteric behavior or dopant “partitioning” over both Sr
and Ce sites where oxygen vacancies are not formed, which,
in turn, inhibits proton uptake.

4. Conclusions



