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Ceria (CeQ) co-doping has been suggested as a means to achieve iodigativities that areignificantlyhigher than those in
singly-doped systems. Rekindled interest in this topic ke last decade has given rise to claims of much improvefibper
mance. The present study makes use of computer simulatiagmgeistigate the bulk ionic conductivity of Rare Earth (Rieped
ceria, where RE = Sc, Gd, Sm, Nd and La. The results from tlgdysitoped systems are compared to those from ceria co-dopeu
with Nd/Sm and Sc/La. The pattern that emerges from the adivity data is consistent with the dominance of local ti
strains from individual defects, rather than the syneigisi-doping effect reported recently and, as a result n@aecdment in

the conductivity of co-doped samples is observed.

1 Introduction known as the intermediate temperature (IT) raifgeThere

are two processes which limit significantly the performanc~
Distributed Generation of electricity has been touted byof IT-SOFCs, namely the Oxygen Reduction Reaction (ORR)
national and international agencies, such as, the Orgatisa at the cathode and the ionic conductivity of the electrolyte
for Economic Co-operation and Development (OEEB)  This article focuses on the latter effect as a means to ingorov
as a possible means to incorporate nascent technologigse performance of SOFC electrolytes, in particular those
into the energy market. Some of these technologies rely obased on doped ceria (Cg0
renewable sources, e.g. wind and solar, but they are still
severely limited by high production costs. For this reason, Fluorite-structured materials, such as Ge@rO, and o-
more established technologies continue to attract sigmfic Bi,O3 are among the best oxide ion conductors, which makes
attention. One such technology is called Combined Heat anthem ideal candidates for use as electrolytes in IT-SOF@s. T
Power (CHP) where the excess heat generated in electriciyonduction mechanism in these ceramics is known to occur hv
production is recycled to improve the overall efficiency of means of vacancy migration in the anion sublattice. Oxy-
the process. CHP systems have traditionally made use @fen vacancies are introduced by doping these materials wit
steam turbines, gas turbines, reciprocating engines aos m |ower valent cationis For example, Ce@is usually doped
recently, Solid Oxide Fuel Cells (SOFCs) The latter are  with Rare Earth cations (RE = lanthanides + Sc and Y) which
particularly interesting given their high efficiency (up to leads to the formation of one vacancy{Mfor each pair of
85%), low pollutant emissions and fuel flexibility (they can cations, as illustrated by Equation 1, indger-Vink nota-
utilize hydrogen, natural gas, landfill gas, gasified caaP)e  tion14:
thus, SOFCs have the potential to play a key role in the
energy conversion landscape for the medium and long term .
futurgg‘g. Commercial appFI)ications of SOFCs could r%mge RE2Os3 +2CeCe+ O — 2REC9+VO+2C€Q (1)
from domestic units to small power stations. Nonetheless, The formation of oxygen vacancies has a beneficial effec:
widespread use of SOFCs has been held back by their highn the conductivity, which shows, at first, a marked increase
operating temperature, which requires the use of expensivas more vacancies are added. This increase, however, doz.
materials and affects the long-term performance of thes#@ot display a monotonic behaviour, but rather, a sharp drop
devices. Substantial research efforts have been devoted t@nductivity is observed beyond a critical concentratidm.
lowering their operating regime to between 500 to 750 C the case of ceria, this value varies between 2.5 and 5 % ve
cancy concentration, depending on the dopant cation specie
a School of Chemistry and CRANN, Trinity College Dublin, Dul Ireland.  the temperature and other factors. There is a general conse
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vacancies is caused by defect-defect interactioré Thein-  structure and removes a phase transition to a lower-syrgmetr
teractions between these defects can be broadly classif®d i phase observed in pure Sc-doped Zr@®is important to note
cation-vacancy, vacancy-vacancy and cation-caficit. In that Y addition to Sc-doped ZrOlowers the conductivity
practice, these interactions can prove deleterious todthie i  of this material. Therefore, aompromiseexists between
conductivity because defect association leads to feweilenob stability and ionic conductivity in this co-doped zirconia
vacancies being availatfg thus the need for high operating system. In the case of Politova and Irvine, the authors founc
temperatures. This process is generally summarised by thbat verysmall concentrations of Y are necessary to stabilize

following formula for the conductivityg: the cubic fluorite structure and that this has a small effect o
E, the conductivity.
oT =0p exp(—) , (2
keT It has been suggested that co-doping can also be used to ...%

where T is the temperaturegy the composition-dependent Prove the ionic conductivity of ceria based electrolyeds

pre-exponential factorE, the activation energy ankk the However, contrary to the stabilizing role it play_s in zircan
Boltzmann constant. The activation energy is given by thec0-doping in ceria has been used in order to either reproduce
sum of a migration enthalpyAHm, and a defect association the ionic radius of an ideal dopant, or the lattice constdint o

enthalpy AHass  The higher the association enthalpy, the Cefia doped with said dopant. Co-doping witi: two or more
lower the conductivity. different cations aims to obtain aaverageor “effective

cation radius that is very close to that ofCehence the aver-
Traditionally, ionic conductivity optimization has been 29€ strainintroduced by the dopant cations is minimizeds Th
approached from a compositional perspective. This hasmeaf? Substantiated by different interpretations of how a dopa
that, in order to improve the conductivity of ceria-basegtel With @ critical radius ic) is likely to affect defect-defect

trolytes, researchers have mostly focused on parametehs sulnteractions. For example, in 1989 Kim suggested that the
as the ionic radius of the dopant cation and its concentratio ideal dopant would not change the volume of the host lattice

xin Cer xRE«O,_y/,. The chief aim has been to minimize upon its introduction, thus minimizing the elastic straamd

. e _ Q 47
defect interactions, especially those between dopants arfgentifiedrc = 1.0384%". More recently, researchers have
vacancied®2529 These studies have variously identified had access to a more detailed view of the interplay between

a number of RE elements, such as3GdY3t, Sp+ and strain and electrostatics with the use alf initio methods,

Pt as the best candidate dopants, given that their radiu&/Nich in 2006 lead Anderssoet al.?® to ascertain thatc
mismatch with the host cation (€ balances the competing Should be that which maximizes oxygen vacancy disorder.
electrostatic and elastic components of the defect iniersz | "€l Simulations showed that when ceria is doped with
which control their associatidh. Nevertheless, recent studies "latively small cations, vacancies prefer to sit in a neare
have shown that in the limit where cation-vacancy intecarsti  "€ighbour (NN) position with respect to the dopant cation,
are reduced to a minimum, it is vacancy-vacancy associatioff1€réas, for larger cations, vacancies prefer to sit in a nex
which ultimately determines the ionic conductivity drop N€arest neighbour (NNN) position. The crossover betweer
as a function of dopant concentration in fluorite-struaiure these two tendencies was observed af Pnfor which the
materials, such as, Yttria Doped Ceria (YD&) Yttria NN and NNN positions have the same energy, which was
Stabilized Zirconia (YSZ) and Scandia Stabilized Zirconiarationalized in terms of a perfect balance between theielast
(ScSZPL. This means that different optimization strategies(related to the dopant’s radius) and Coulombic interastior

must be sought if IT-SOFCs are to realize their potential inPEWeen P”Q'T,F and a vacancy. This finding implies that
commercial applicatiorfs’:31:32 PPt is the ideal dopant for ceria because it increases the

configurational entropy and should display the highestcioni

An interesting route for improving the ionic conductivitj o - conductivity. - Unfortunately, Pt is radioactive, so the
fluorite-structured electrolytes is co-doping, i.e. dapihese ~ authors suggested, instead, to try a mixture of ?m/Nd which
materials with more than one cation species. This approach@ve slightly smaller/larger ionic radii than Pm' Based :
was employed on Zr@by Politova and Irvind® with two 0N thgse |de_as, multiple research groups have carried ot
different cation species, each playing a different role. Inéxperiments in order to test several co—doping0 schemes fcr
this case, the material was doped with two different cation°®"& 9. Y/Sm co-dopiri, La/y CO'dOP'“Ef » LU/Nd
species, where each of which playeddiferent role. Sc co-doping' and Sm/Nd co-dopintf, of which the latter
was added to improve the ionic conductivity, since its radiu WO were specifically aimed at reproducing the values
?s very .Close to .that of Zr, thus minimizing Cation-vacanc%jWe note here that the radii of these three elements (1.0093;1.109& for
InteraCtlonS; while _Y' _On the_ other hand'_ _WaS mtrOdUC_e Sm, Pm and Nd, respective®§) are all very similar and almost within the
because its larger ionic radius fully stabilizes the fluworit associated experimental error.
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predicted by Kim and by Andersson, respectively. In generalerties of ceria has been widely documerffe@. Nonethe-
co-doping studies have pointed to increases in the ionie conless, h-DFT provides a better agreement with experimentai
ductivity with respect to singly doped systems, which haslle lattice constants and does not require fitting-d value for
to the conclusion that there exists a “co-doping” effectdri@.  the f-electron systems. In either case, however, DFT calcula:
tions are prohibitively expensive from a computationalnpoi
Modern simulation techniques have become a mainstapf view for this type of study regardless of the functionhlst
within the materials science community, not only becausés because of the long Molecular Dynamics (MD) simulation
they afford researchers information which is complemantar times and large systems required to study the ionic conducti
to their experiments, but also because they can serve dspredity of doped ceria. For this reason interionic potentiafy {m-
tive tools®®. Hence, the implementation of reliable computer plemented in an in-house MD code (PIMAIff)and derived
simulations can be used to clarify the role of particulaeeff  from static h-DFT calculations were used in this work, aythe
present in physical experiments in a targeted and condrolleaccurately reproduce the structuadl initio data at a fraction
manner. To this end, the interaction potentials reportad he of the computational cost. This approach has been success-
are shown to perform with the accuracy of state-of-the-arfully used for a series of related oxid@s1:63-67 including
first-principles calculations, i.e. hybrid Density Functional Y-doped cerid?®8 as well as a variety of ionic systefi¥%s’L
Therory (DFT), but at the computational cost of classicalThe RE dopant cations studied in this article included La, Nd
(polarizable) molecular dynamics. This approach allowsSm and Gd, as well as, Sc. A crucial feature of this potentia.
us to study systems with realistic doped/co-doped defecset is that they were fitted with@mmonO — O term, which
concentrations within the temperatures of interest for SOF made it possible to perform simulations with several dopan’
applications (600-1000 G, and to accumulate sufficiently cations within the same cell, i.e. to co-dope ceria. Details
long trajectories to calculate the conductivity. This is in on the interionic potential used (DIPPIM - DIPole Polarileab
contrast to most of the previous computational work on dopedonic Model), its parameterization and the parameters ased
ceria which has typically used static DFT calculations orfound in Appendix A and Appendix B, respectively.
emprirical potentials fitted to equilibrium propertf@$* The
use of computer simulations allows us to focus on tiaék
behaviour of this material, excluding factors like graizesi
and boundaries, sintering conditions, impurity levels;, et All MD simulations on the singly doped G&REO, /2
which are known to also (negatively) affect the condugtivit and co-doped systems were performed using & x 6
of these materiaf¥>3 We show that co-doping does not supercells £ 2592 atoms, depending on the dopant cor -
significantly improve the conductivity of these materidlaf  centration). Three different co-doped systems formed part
r_atherz we find that the conductivity of the co-doped systemsf this study. Firstly, Ce yNdgs5Smy5x0_ /2, Which has
lies within the range spanned by the singly doped systtmsyeen previously studied experimentdfiybecause the aver-
.e. itis an average of the two. The reason for this is thalyge radius of both dopants matches that of Pm. Similarly.
introducing two cation species with radii which are bigger o Cer xS 22807807 /2 Was included given that this ratio
smaller than that of a giverc affects the local structure of ¢ | 5 and Sc also reproduces the ionic radius of Pm. Threc
ceria and results in deep traps for the vacancies. different supercells were set up for each dopant concentrz-
tion, x = 0.05, 0.10, 0.15, 0.20, 0.25 and the values reportec
here, such as, ionic conductivities, lattice constantsaatid
2 Methods vation energies were obtained from the averages of these th
configurations. Each calculation was set up by randomly dis
tributing the dopants over the cation sublattice and theery
vacancies over the anion sublattice. The supercells were in
The highly correlated nature of thfeelectrons found in lan- tially equilibrated at a temperature of 1673 K for 40 ps; the
thanide elements makes necessary the use of high levels tdfmperature was then scaled down to room temperature at &
theory in order to correctly describe their electronicstuve.  rate of 2K ps®. The diffusion coefficients were calculated
Such demands have been found to be satisfied by the inclder temperatures between 873 K and 1473 K from simulations
sion of a fraction of non-local Hartree-Fock exchange withi that were up to 3 ns long in the case of the lowest temperature..
the framework of Density Funcional Theory (DFT), which The 300K lattice constants were obtained from 10 ps lonc.
gives rise to hybrid functionals (h-DFTY™>6 Alternative  runs. All simulations were performed at constant tempera-
DFT functionals are also available, namely, those which inture and pressure (NPT ensemble), as described by Martyna c.
clude a Hubbard parametdr(DFT+U). They represent avi- al.”? using a time step of 1 fs. The Coulombic and dispersio:
able alternative to h-DFT and their ability to describe thepp  interactions were summed using Ewald summatiénshile

2.2 Simulation Details

2.1 Interionic Potential
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the short-range part of the potential was truncated at 12.96 for scandia (S£03) and thus, formation of C-type phases
in Cey 90SG.1001.95 Which are characteristic of sesquioxides
that crystallize in the cubic bixbyite structure, such aansc
dia. This phase separation in §28SG.1001.95 was recently

The reliability of the models used in the computer simulagio demonstrated by a series of elegant simulations that couplq

presented throughout this work is assessed in Section 3.1 kBFTJrU and Monte Carlo simulatiorié.

means of comparison against experimental and computationa _ o _ . o
results for singly doped ceria. We also note that this apgroa ~ 3-1.2 lonic conductivity of singly doped ceria The ionic

has already been successfully used to model yttria-doped c&€onductivities calculated for all the singly doped ceristeyns

ria, as reported in ref8. Section 3.2 builds upon these re- under study are presented in Figure 2. The conductivitic.
sults to determine whether co-doping is likely to improve th from simulations at 1273 K are indicated by the dashed lines,
ionic conductivity in these solid electrolytes. The renugin ~ those at 1073K by dotted lines and solid lines for thosc
of this article abbreviates the various RE-Doped Ceria sysat 873K. These lines are to be interpreted only as a guide
tems (Ce_xREO;_/2) under study to ScDC, GdDC, SmDC, to the eye, as they connect the individual values from the

NdDC and LaDC. In a similar fashion, the co-doped systemg&alculations, each of which has an associated error ireticat
are referred to as Sc:LaDC and Nd:SmDC. by the standard deviation from three measurements. The

colours differentiate the concentration of the dopantoceti
as a percentage, thus 5% is shown in black, 10% in blue, 159~
in orange, 20% in green and 25% in magenta. In agreemer t
3.1.1 Lattice constants of singly doped ceria The DIP-  with the literature for singly doped ceria, the best dopants
PIM simulated lattice constants for §@REo 1001 95at 300K were found to be Gd and Sih818% In particular, GADC was
are shown in Figure 1 as a solid black line. Their associatedound to have the highest conductivity at all temperatures
errors are represented by the standard deviation of the valFhe results also show that the concentration which gives
ues from the three simulations carried out for each systenthe highest conductivity varies from one doped system fo
The dashed red line in Figure 1 corresponds to the values fanother for a particular temperature. However 10% GdDC
the same systems predicted by Hong and Vifkawho de- is consistently among the systems that display the highest
rived an empirical expression for the relationship betwiben  conductivity. In addition, the errors associated with each
ionic radius of the dopant and the lattice constant of REedop Measurement become larger at lower temperatures becausc ur
ceria. Figure 1 also presents experimental (open symboléj‘le slower diffusion. As was mentioned above, Sc is solub =
and computational (closed symbols) lattice constant ediole  in ceria only in small amounts, hence the results presented
the same compositions (10% cation doped) of ScDC, GdDchere for a fluorite structure with randomly distributed oat
SmDC, NdDC and LaDC. correspond to an idealized description of ScDC. The dasheA
As shown in a previous study by the auth@sDIPPIM red line (vertical) shown in Figure 2 represents Andersson’
simulations are expected to perform as well as the DFT funceritical ionic radius® (r¢) for the ideal dopant cation.
tional from which they were parameterized. In this case, the
use of hybrid DFT functionals means that errors in the cal- Figure 3 focuses on the DIPPIM simulated ionic conductiv-
culated value of lattice constants with respect to exparime ities at 873 K for the systems already presented and puts thei
for doped ceria should be in the order of 0.28% This is  in the context of a range of conductivity values from other
borne out by the results presented in Figure 1, which shovstudies for the same singly doped ceria {6#REp.1001.95)
an excellent agreement with the range of experimental dataystems at the same temperature. The value for Sc is not ir-
available in the literature and also with the values catedla cluded in this plot as there are no data available in thealiter
using Hong and Virkar’'s equation. In the case of ScDC, theture for the selected concentration and temperature. ithdiv
simulations provide a better estimation of the lattice tams  ual literature values are labelled a) to m), with open symbol
than that obtained from Hong and Virkar with respect to ex-indicating experimental values and filled symbols thosenfro
periment, however both models underestimate the valag.of other computational studies. This figure shows that thege is
For DIPPIM simulations of ScDC, the largest error is 0.45%significant spread in the experimental data set, as exeewlifi
compared to the value from Grovetral.”®. Despite this being by GdDC whose conductivities vary by a factor of 2.5 (from
a relatively small error, it is likely that this discreparagises  0.01 S/cn¥® to 0.025 S/crf®). Such fluctuations are typically
from sources other than the DFT functional employed in thisascribed to different fabrication methods, sintering sraed
work. In fact, of the three experimental sources cited, 8rov temperatures, grain sizes and impurite® all of which are
et al. (highest value for @, as well as, Gerhardt-Anderson excluded from the our computational bulk models. Nonethe
and Nowick’’ (lowest value for g predict low solubilities less, what is clear from Figure 3 is that the DIPPIM poteatial

3 Resultsand discussion

3.1 Potential Assessment

4|  Journal Name, 2010, [vol] 1-16 This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Lattice constants for GgoREpy 1001.95. DIPPIM values at 300 K (this work) are shown as a solid black line. Trem®correspond to

the standard deviation obtained from three simulations. Hong and Vitkatues are represented by a dashed red line. Literature data from &
Groveret al.”®, b) Leeet al.”®, c) Gerhardt-Anderson and Nowi€k d) Huanget al.”® and Zhanget al’® e) Huanget al.8% f) Omaret al.37,

g) Huanget al.8, h) Buyukkilic et al.82, i) Omaret al.37, j) Buyukkilic et al.82, k) Omaret al.37, [) Huanget al.8% m) Hisashigeet al.82 and

n) Dikmenet al.83

used in this work deliver conductivity values which lie ireth fidence that the employed simulation technique can reliably
lower end of the range of the experimental ones, but comstitu predict the properties of these materials. The predictgidiE
a good predictor of the overall tendencies in doped ceria. Ce.90SG.100195is 0.675eV.

The calculated Evalues for these systems are shown in _
Figure 4 (filled black circles) as a function of dopant ionic 3.2 Co-doped ceria
radius and were obtained from simulations between 1473 K 321 Lattice constants of co-doped ceria Figure 5

and 873 K. The plots of If(T) vs LT within this range of .presents the DIPPIM calculated (filled symbols) and exper-

'tempetrat:J res.;/\{ege. fotundtrt]o tbt(:\ "”e?‘f for aIItdop.antsl.. This i mental lattice constants (open symbols) from Buyukkdic
important as it indicates that there is no extensive clirder 81 5+ 300k for Ce xREO; /5 wherex = 0.05, 0.10,

of dopants and vacancies, which would occur if the simula-, _ . )
tions spanned both sides of the critical temperatiirg pe- 0.15, 0.20, 0.25 and RE = Sm, Nd, Nd:SmDC and Sc:LaDC,

| hich leati tres f dthe d s lendi The co-doped systems shown correspond to an effective
ow which nucleation centres form around the dopants lea Indopant cation radius of 1.098for the stoichiometries speci-
to progressive trapping of the vacancies into such clusters

the temperature decreaS&&® If the calculations had been fied in Section 2.2. Itis evident from the figure that the calct
. . ' lations predict the correct lattice constant for the si ed
carried out at sufficiently low temperatureb*(~ 856 K for b riip

78 . _ systems over the entire composition range, and that thiesar
tiqnzg fg’r i?]::? twg ,fj':r?(;im ET\ia{Z;S gfaﬁlieh?ge-rgizn ggr over to the co-doped cerias under study. The agreementis pe~
! - < perature reg| ' ticularly good for the systems that are the focus of thistud

this reason, the literature data presented in Figure 4 corr

) . ) . amely CggooREp1001.95. The results show that co-doping
sponds o th§ > T"region only. Experimental va}lues are dis- can be successfully used to reproduce the lattice constant o
tinguished with the same open symbols from Figure 3 and Iaéation with a critical dopant radiusg.
belled a) to 0). Just as was found to be the case with ionic con-
ductivities, Figure 4 illustrates that the self-consisteliPPIM 3.2.2 lonic conductivity of co-doped ceria Thus far the
potentials used in this work are able to predict the activati results presented for the ionic conductivity of singly ddpe
energies for the various RE dopants used in this study. $his iceria have shown only progressive changes in both the buk
particularly impressive since no experimental data weeglus ionic conductivities and activation energies as a functbn
at any stage of the potential parameterization. We can-therelopant ionic radius. Hence, the question of whether corappi

fore proceed to study co-doping in this material, with the-co is a viable alternative for substantially improving thesep

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-16 |5
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Fig. 2lonic conductivities for singly doped ceria (E&RExO,_y/5) at 1273 K (blue diamonds), 1073 K (black dots) and 873K (red
triangles). The vertical dashed red line represents the critical ionicségj)iintroduced by Anderssoet al.2.
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Fig. 3lonic conductivities for CggoREp.1001.95 at 873 K. Open symbols correspond to experimental values, while fillathasls were
obtained from computational data in the literature: a) S&%els) Huanget al.”® and Omaret al.38 ¢) Xia and Lit8’, d) Zhouet al.85, )
Dholabhaiet al.88, f) Kasse and Nin®%, g) Gropeet al. (at 893 K)?9 and Omaret al.3?, h) Shemilt and William&, i) Junget al.9?, j) Kasse
and Nind*8, k) Omaret al.3” |) Aneflouset al.?2 and m) Dikmeret al.83. The vertical dashed red line represents the critical ionic radg)s (
introduced by Anderssoet al.29
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Fig. 4 Activation energies from this work (filled black circles) between 1473 H 8n3 K for Ce goREp 1001.95. Open symbols correspond to
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experimental values: a) Zhamegal.3, b) Omaret al.38, c) Omaret al.37, d) Huanget al.”®, e) Xi and Liu®, f) Junget al.%1, g) Shemilt and
Williams®0, h) Omaret al.®’, i) Kasse and Nin®%, j) Aneflouset al.%2, k) Omaret al.3’, ) Kasse and Nint%, m) Stephens and Skinr¥t n)
Langet al.?> and o) Dikmeret al.83. The dashed red line represents the critical ionic radigitroduced by Anderssoet al.2°
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Fig. 5DIPPIM calculated (filled symbols) and experimental (open symbols)éattimstants from Buyukkiliet al.8tat 300 K for for
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Sc:LaDC (triangles pointing down). The lines shown are intended as a guikde eye only.
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erties becomedo co-doped systems show a marked increas€gcatvac(r)) obtained from the average of the three config-
(decrease) in ionic conductivity (activation energy) othgs  urations used for each system. Appendix C details the pro-
property simply the average of the singly doped systems? cess of oxygen vacancy identification and subsequent calct -
To answer this question it is necessary to compare directljation of g¢). The average values are presented in order tc
the ionic conductivity of the co-doped systems with that ofeliminate any possible configuration—dependent ordering o
their “parent” singly doped ceria compounds. Hence if therethe cations. The La/Sc doubly and singly doped systems ar>
exists a co-doping effect it would be expected that such systlustrated given that the large radius mismatch between th
tems display ionic conductivities that are higher than trex-a dopant cations with the host facilitates visualization loé t
age of the values obtained for singly doped ceria. These dagmall changes undergone, however the conclusions were con-
are shown in Figure 6 (a) for the Sc:LaDC system and Figfirmed for the other co-doped systems. The top panel sho.~
ure 6 (b) for Nd:SmDC. The data in these plots is presentedhe g¢)s for La—Vac in Sc:LaDC (dashed orange line) vs La-
as a ratio of the calculated conductivities for the co-dopedvacin LaDC (dotted turquoise line); the bottom panel cargai
systems @cp) with respect to the weighted average for the the gf)s for Sc—Vac in Sc:LaDC (dashed green line) vs Sc—
singly doped parent compounds with the same total numbeYac in ScDC (dotted magenta line). The solid black lines in
of dopant cationsdiya). The weighting factors are given by both panels correspond to the Ce —®@)gd( bulk ceria at the
the ratio of each co-dopant as specified in Section 2.2, namelsame temperature, which exemplifies a random vacancy-distr.
0.50 for both Nd and Sm in Nd:SmDC, as well as, 0.22 andoution, but with a slightly different lattice constant dwethe
0.78 for Sc and La, respectively in Sc:LaDC. The solid redabsence of dopants. The number of vacancies coordinated ‘o
line indicates a linear correspondence between both dita sghe cations in these systems were obtained by integrating th
(co-doped vs weighted average of singly doped), i.e. no copeaks in Figure 8 and are reported in Table 1, with the addi-
doping effect. It is clear from these plots that any deviagio tion of the values for GADC of the same concentration which
in ocp away from theoa values are within the margin of er- are included for comparison as it is the best single dopat sy
ror of these measurements (standard deviation). Thisatec tem. These results show that Sc acts as a vacancy scavenper
that the conductivities of co-doped ceria can be predicted bin ScDC, with the vacancies ordering in the first coordinatio
simply calculating the average of the two parent singly dope shell of this cation. This is a well known effect which hasibee
cerias for all temperatures and dopant concentrations. documented by experimerfts®and simulation8>9”. In fact,
Accordingly, it is expected that the corresponding activa-dopant cations that are smaller in radius thart‘Care gen-
tion energies for the ionic conductivity of co-doped ceriged ~ €rally expected to have vacancies in Nearest Neighbour (NI
play the same averaging effect. This is confirmed in Figure?ositions, while those that are larger are expected to lrave 1
7, which depicts the DIPPIME, (eV) for CaygoREn100195  Vacanciesin the Next Nearest Neighbour (NNN) position. The
from Figure 4 (filled black circles), along with those for te ~ latter effect is observed in the case of the larger La and Gc
doped systems, Nd:SmDC (filled blue triangle) and Sc:LaDd(Table 1) cations as indicated by the pronounced second peax
(filled black triangle). Experimental values from a) Onear ~ 1he results in Figure 8 and Table 1 clearly show that the loca,
al.37 (open squares) and b) Kasse and Mfhpen circles), environment, and thus the local strain, of the dopant cation
with green for SMDC, maroon for Nd:SmDC and orange forundergoes few changes in going from singly doped systems t,
NdDC. Both data sets show that despite having the same eff10se with more than one dopant species.
fectiverc value of 1.093and taking into account the errors  Previous studies have shown that concomitant with cation--
intrinsic to these calculations, the co-doped Sc:LaDCesyst vacancy ordering, there also exist inherent vacancy—gcan
has a higher activation energy than Nd:SmDC; that is, the DIPordering interactions in fluorite-structured materfafé2-98.99
PIM simulations, as well as, the experimental data for thesgigure 9 presents the three configuration average vacancy:-
co-doped systems show changes in bulk ionic conductivitiegacancy partial radial distribution functions\g vac(r)) at
and activation energies that are in line with an averaging efg73K for Sc:LaDC (solid black line), LaDC (dot-dashed
fect with respect to the singly doped “parent” oxides, with turquoise line), ScDC (dotted magenta line), GdDC (dot-dot
small deviations from this behaviour likely due to sampling dashed green line) as well as a random vacancy distributicrs,
error. The simple, yet often overlooked, explanation festh  which is simply the O—0O g} from CeQ at the same
patterns is found by analyzing the local structure arourd thtemperature. Thec100>, <110> and<111>, <210>, etc
dopants in these systems as shown in the next section. labels indicate different directions along the simple cubi
anion sublattice. The values obtained upon integration n.
3.2.3 Local structure of co-doped systems A configura-  these peaks are reported in Table 2. The results show that “or
tional analysis of the MD simulations for 10% cation dopedthis dopant concentration vacancies display some degree ur
LaDC, ScDC and Sc:LaDC is illustrated in Figure 8 in the long range ordering as evidenced by the sharp peaks in t:ic
form of the cation-vacancy partial radial distribution étions ~ <210> and <211> positions, while the positions that are at

8| Journal Name, 2010, [vol]l1-16 This journal is © The Royal Society of Chemistry [year]
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Fig. 6 DIPPIM ionic conductivities shown as a ratio of the values for co-dof) (ceria divided the weighted average (WA) of their
singly-doped parent oxides. Panel a) corresponds to the Sc:Lafdéhsynd panel b) corresponds to Nd:SmDC.
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Fig. 7 DIPPIM activation energies (eV) for GgoREp.1001.95 from Figure 4 along with those for the co-doped systems, Nd:SmDC (filled
blue triangle) and Sc:LaDC (filled black triangle). Experimental valuem fa) Omaret al.3” (open squares) and b) Kasse and Nfh@pen
circles) with green for SmDC, maroon for Nd:SmDC and orange for 8idD

Table1 Number of vacancies in the Nearest Neighbour (NN) and Next Neldeghbour (NNN) positions with respect to the cations in a
random distribution, GADC, Sc:LaDC, LaDC and ScDC. These values al@rined from the integration of the peaks in Figure 8

Peak Random GdDC LaDC Sc:LaDC ScDC Sc:LaDC

Ce-O Gd-Vac La-Vac La-Vac Sc-Vac Sc-Vac
15H(NN) 0.200 0.168 0.062 0.059 0.734 0.878
ond (NNN) 0.600 1.356 1.502 1.578 0.412 0.467

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-16 |9
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Fig. 8 Cation-vacancy partial radial distribution functiong4gvac(r)) at 873 K. Top panel: Random (solid black line) 3tta- Vacancy in
Sc:LaDC (dashed orange line) andftta- Vac in LaDC (dotted turquoise line). Bottom panel: Random (solid black, IB&) — Vacancy in
Sc:LaDC (dashed green line) and®Se-Vacancy in ScDC (dotted magenta line)

shorter distance in the simple cubic lattice are undergapdl ~ Table 2 Number of vacancies surrounding another vacancy along
with respect to a random vacancy distribution. This effectthe<100>, <110>and<111> directions of the simple cubic
arises from the Coulomb repulsions between the vacancie&non sublattice of 10% cation doped GdDC, LaDC, ScDC and
Common to all the doped ceria systems is also a deleteriou C:LaD.C‘ as well as a random d'sm.bu“on of the same nqmber of
redistribution of the vacancies which favours short rangevacaknqlels;._ Thes: values were obtained from the integration of the
occupancy along the<111> direction with respect to an peaks In Higure

idealized random system. This effect is larger in inferior
conductors, like LaDC and ScDC than in the better ones

System  <100> <110> <111>

like GADC, for example; in the case of Sc:LaDC, co-doping Random  0.150 ~ 0.300  0.200
is shown to enhance this ordering, because the smélt Sc GddC 0001  0.010  0.056
cations trap the vacancies in the NN positions, while thgdar LaDC 0.06 0.007 0.107

ScDC 0.001 0.062 0.170

3+ et ; ;
La°* cations repel them towards NNN but also increase their SeLaDC  0.006 0.023 0213

migration barrief’, which leads to an overall increase in the
vacancy ordering of co-doped systems. This indicates lieat t

“synergistic” effect on bulk ionic conductivity from co-pm . . . . .
is)rl'lot rgealized y PO dopant cations. The interpretation provided in both cases w

that the localized nature of the strains caused by each tlopan
species does not change substantially in the co-dopedsyste
compared to singly doped materials.

4 Ceriaco-doping in perspective

We point out that our investigation has left out a series of
Despite the significant improvements in the ionic con-factors, such as long-range cation ordering, grain boueslar
ductivity of co-doped ceria reported by several previousimpurities, etc, that might also affect the total conduttiv
studieg8-42:44.49,100.10%his work found that this property is of these materials. This was done on purpose, because tle
simply an average of the singly doped materials. This is infocus of this investigation was on bulk properties of petrfec
accordance with an early experimental/computationalystud fluorite-structured materials. We note here that theseifact
by Yoshidaet al.192103 as well as, recent experimental data have usually a detrimental effect on the conductivity ofsthe
reported Figure 7 for Nd:SmD€46.  Similar results were materials, so that our conclusions are not invalidated by
reported by Ralplet al. for Yb:LaDC and Sm:YDC, and by leaving them out. For instance, cation ordering might be
Li et al.% for Sc:GdDC, who observed a worsening in theseexpected in Sc:LaD®, because the cations have significantly
properties for co-doped cerias with substantially mistmedc  different ionic radii. This was not taken into account indhae

10| Journal Name, 2010, [vol], 1-16 This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Vacancy—vacancy partial radial distribution functions at 873 K for 8D:C (solid black line), LaDC (dot-dashed turquoise line), ScDC
(dotted magenta line), GADC (dot-dot-dashed green line) and a raraimamay distribution (O—-O g)). The<100>, <110> and<111>
labels indicate different directions along the simple cubic anion sublattice.

calculations, because the cations were randomly dis&tbut potentials, parameterized with respect fiost-principles
and the simulation timescale does not allow them to diffusecalculations. No experimental data was used to parameteris
Cation ordering is known to lead to a decrease of the ioni¢chese potentials. This methodology allowed the study giar
conductivity, as observed in several oxif@%* so that systems at realistic operating temperatures873-1273 K)
the effects of co-doping might be even more detrimentaland defect concentrations. The conclusions pertain only w
to the material’s conductivity that what we predict in this bulk properties, because the models that were simulated 22
investigation. not include grain boundaries, impurity segregation, diato
tions, etc.

Finally, we wonder why many studies have found an en-
hancement of the ionic conductivity in some co-doped ma- ]
terials, while others have not. We note that, as discussed The results show that co-doping can be successfully
above, there are many factors (grain boundaries, caticer-ord USed to reproduce the lattice constant of ceria doped with a
ing, phase separation and nano-domain formation, impurit&'”gle cation which has an ionic radius equal to the effect_w
levels, etc) that affect the ionic conductivity of these enals ~ radius from two co-dopants. However, close examination
and it is very hard to separate their effects. As an examiple, t of the'bulk ionic c;onductmty of co-doped ceria revealed
conductivity of 10% GdDC, as shown in figure 3, varies by asthat this property is not enhanced by co-doping and can b
much as a factor of 2.5 in different experiments. Such a hug€escribed as an average of the conductivities of the “parent
variation is probably caused by a combination of these facto Singly-doped compounds. This result was explained by the

and shows that it is not trivial to compare the conductivity o fact that the vacancy ordering tendencies of individualeitp
these materials. cations remain largely unchanged in co-doped systems. Fcr

this reason, co-doping with cations that are bigger/smalle
than a given ideal dopant radiug) leads to the combination
5 Conclusions of unwanted defect trapping tendencies, as exemplified by
the case of the significantly mismatched Sc:LaDC system
This work was motivated by the conflicting evidence thatwhere Sé" is an oxygen vacancy scavenger whileta
surrounds the merits of ceria co-doping as a means to improveepels vacancies. In conclusion it is thecal structure
this electrolyte’s ionic conductivity. Here we used Molec- of these materials, rather than their average structues, th
ular Dynamics simulations that employ accurate interionicdictates their conducting properties. These results tffdg

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-16 | 11
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reject co-doping as a possible avenue for improving ceria Here Ci6j and ng are the dipole-dipole and dipole-

conductivity. More fruitful outcomes are likely to be acheel quadrup0|e dispersion coefficients, respective|y_ 'frhmre

in other intensely investigated areas such as the appiitati  Tang-Tonnies damping functioh®-*1which are added in or-

strain®210°.109 der to describe the short-range penetration correctioheo t
asymptotic dispersion term and are expressed as follows:

i i \k
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for helpful discussions. As its name indicates it, the polarization part of the DIPPIM

potential incorporates dipolar effects only

A TheDIPPIM model

vPol — Z(qiuj,aflj(rii)—qj'ui,afii(rij))Tc(rl)(fii)

In this section we provide a brief description of DIPole FPola 5

izable lonic Model (DIPPIM) potential employed in this work 1
The reader is referred 18’~1%%and references therein for fur- -> Hi,auj,pTO(,z)(rij )+y S | u; 2 (7)
ther information concering the form of the potential. This L T <di
model has been previously used to study doped ceria and other . o o )
oxide264.66-68 a5 well as fluoride systerfs’® In DIPPIM Heire C{iZIS the polar|zab|llty of ioni, pi are th_e dlp(_)les an(_JI
the various ionic species that form part of the simulatioa ar T, T are the charge-dipole and dipole-dipole interaction
assigned their formal valence charges{G&RE*", and ).  tensors:
The model also includes the polarization effects that tesul
from the induction of dipoles on the ions. The potential is
constructed from four components, the first three of which 1 3 @ 5 .
are purely pairwise additive. The DIPPIM components are: Ta ' (F) = —Ta/r Tap (1) = @rarg —r°ap)/r> (8)
charge-charge, dispersion, overlap repulsion and pal@wiz.
The Coulombic interactions (charge-charge) are deschiped ~ The instantaneous values of the dipole moments are ob-
tained by minimization of this expression with respect te th
_ v 94 (3) dipoles of all ions at each MD timestep. This ensures tha*
i Tij we regain the condition that the dipole induced by an elec:
. o . o trical field E is oE and that the dipole values are mutually
whereq; is the formal charge on ioni. Dispersion in-  cqnsistent. The short-range induction effects on the dipol
teractions (Equation 4) include dipole-dipole and dipole-5rq taen into account by the Tang-Toennies damping func-
quadrupole terms. Those terms marked in red in Equation 4, (1)) similar to those used to damp the dispersion inter-
anq sub_sequent f(_)rmulae were part of the fitting process dej.tions (Equation 5) whettéi determines the range at which
scribed in Appendix B. the overlap of the charge densities affects the inducedesipo
£l il PR The damping_of these indu_ction_effects requires an addition
ydisp— _ Z[ 6 (")Cq + fg (r')Cq ] (4) pre-exponential parametet!, which determines the strength
5 rﬁ rﬁ of the ion response to this effect.

vaa
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B Potential parameterization the oxide ions and, thus, their vacancies are normally ptese
The oxygen vacancy analysis is performed making use of the
Atotal of 19 2 x 2 x 2 fluorite-structured supercells were usedfact that the cations in the systems under study do not dif:
to fit this IP set. They included YSZ (1), ScSZ (1), ceria- fuse, even at high temperatures. Thus, it is possible to-spe«
zirconia (3), pure ceria (1), reduced ceria (1) and two cenfig ify the cation sublattice in terms of tetrahedra, each ofolhi
urations of composition GgREys01 75 for each of the sys-  may be empty (vacancy) or occupied by an oxide anion. For &
tems. Each model supercell was obtained from high temperset of time-correlated instantaneous ionic configuratioas
ature (2000 K)ab initio MD simulations that were run for a frames in an MD simulation, one can determine which tetra-
few pico seconds in order to reach structural equilibriutme T hedral sites are empty. However, distinction must be mad
forces on each species were determined directly from eacbetween the vibrations undergone by the oxide anions, whic::
DFT calculation, and the dipoles were obtained from a Wanare large in amplitude at the temperatures of interest, @nd |
nier analysis of the Kohn-Sham (KS) wave functibts I stances when a given oxide anion has truly vacated a givor
each case, hybrid density functional theory (h-DFT) calcu-tetrahedron. This distinction is made by imposing the con-
lations using the Heyd, Scuzeria, Ernzerhof (HSEO06) funcdition that a site be considered a vacancy only if it has beer.
tional'*3114 as implemented in the VASP cotl€ were per-  vacant for a period of at least two frames. The position or
formed. The inclusion of a fraction of nonlocal Hartree- each vacancy is then defined as the centre of the tetrahc
Fock exchange to standard DFT in functionals such as HSEron formed by the average positions of the four surrounding
is known to be necessary to correctly describe the eledronications. These positions can then be used to calculatelparti
strucuture of lanthanide oxides, such as, reduced ¥eta radial distribution functions (RDFs), from which vacanay o
due to the highly correlatefrelectrons present in these ele- dering in real space can be studied. Integration of the \@ean
ments. This DFT functional also represents an improvemenyacancy RDF g,_,) peaks from zero out to the positiop
over other more commonly used functionals like LDA (Lo- gives the vacancy-vacancy coordination numbetr,:
cal Density Approximation) or GGA (Generalized Gradient

Appro?(imation) in terms of a closer agreement to experimen- vy = 470 /~rc r2gy_ydr )
tal lattice constan&' in cases where there are fieelectrons Jo
present, e.g. YDC, LaDC, etc. wherep is the vacancy density in the simulation cell. This

Although dispersion energies constitute only a small frac-method has been previously used to study similar materials,
tion of the total energy, they have a considerable influemce osuch as, Z#Y ,07—Y3NbO; %6, YDC?2 and Pb@109120
transition pressures and, in particular, on the materiasitg
thus the lattice constant, and the stress tensor. Howéwer, t Refer ences
dispersion terms were not included in the initial fit due te th _ ,
well known uncontrolled representation of dispersion with 1 C: R- Karger and W. Henningenewable and Sustainable Energy Re-
the f k of DF 16, Instead, values for the!Cand ¢ views 209,13, 585 - 595,

€ framework o . - Instead, va_ues or e_G n - C;S 2 |EA, Distributed Generation in Liberalised Electricity MarlseOECD
terms were determined from the dipole polarizabilities for  publishing (Paris), 2002, pp. —.
each element that resulted from the initial potential fite ®h 3 IEA, Combined Heat and Powe®ECD Publishing (Paris), 2008.
values thus obtained have been previously found to be in very 4 R. M. OrmerodChemical Society Revien003,32, 17 - 28. _
good agreement with other theoretically derived vaffés’ 5 Y. Guo, M. Bessaa, S. Aguado, M. C. Steil, D. Rembelski, M.uRie

The relationship between the dispersion coefficients and J-P- Viricelle, N. Benameur, C. Guizard, C. Tardivat, P.ndeix and
p p D. FarrussengEnergy Environ. S¢i2013,6, 2119-2123.

the d!p0|e polarizab-ility is given by the Slater-Kirkwood g g. p. wachsman, C. A. Marlowe and K. T. Lenergy Environ. Sgi.
equatiot18119 The final values for the DIPPIM parameters ~ 2012,5, 5498-5509.
were then obtained by fixing the values of the polarizabil- 7 E.D.Wachsman and K. T. LeBrience2011,334, 935-939.
iies and dispersion terms in a last round of optimization 8 H:Qin Z.Zhu, Q.Liu, Y. Jing, R. Raza, S. Imran, M. Singh, Gibas
i . 2 . and B. ZhuEnergy Environ. Sci2011,4, 1273-1276.
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Table 3 Parameters for the DIPPIM potential. All values are in atomic units, exbege corresponding to the ionic rad@i)(which are

shown in parentheses alongside the dipole polarizabilitieEhe parameterbng -0 andb‘g ~0" were given the same value. Here,
represents a placeholder for the identity of the ionic species specifiedvaragplumn

Interaction Al al Bl (ol Ce Cy by
o —-O* 7.15 18.52 50000 1.00 83 1240 1.30 1.70
Cét -0 82.20 1.19 50000 1.55 47 505 150 1.96
Zrt -0 89.79 1.29 50000 1.75 21 271  1.62 2.10
La3t -0 102.63 1.25 50000 1.30 57 731 1.46 1.88
Ccet—0*  100.02 1.25 50000 1.20 71 902 1.47 1.90
Nd3t —0?  94.24 1.25 50000 1.36 56 709 149 194
St — 0% 87.79 1.25 50000 1.38 49 630 151 1.97
Gt —-0*  79.98 1.25 50000 1.38 23 293 154 2.00
Y30 1180 1.38 50000 1.50 21 264 1.60 2.08
SAt-0* 61.66 1.28 50000 1.75 15 197 177 2.30
lon a radius@) bY U & 0 GO

o> 13.97 1.38 2.18 3.03 -

Cett 5.86 0.97 1.75 1.85 0.17

Zrtt 2.38 0.84 1.74 1.56 -0.60

La3t 7.51 1.16 1.50 1.43 -0.20

cet 9.72 1.143 1.59 1.71 0.05

Nd3+ 7.24 1.109 1.67 1.94 0.00

Snet 6.28 1.079 1.67 1.97 -0.14

G+ 2.56 1.053 1.69 1.75 -0.89

Y3+ 2.31 1.019 1.47 1.08 -0.60

SSt 1.70 0.87 1.67 1.36 -0.39
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High ionic conductivity of the electrolyte is a requisite for cheap, reliable and efficient
Solid Oxide Fuel Cells. In this study we show that co-doping is not a viable approach
to increase the conductivity of state-of-the-art electrolyte material, ceria.

Vacancy Co-trapping




