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Substitution with Nb into SrV@is demonstrated to expand stability domain of cyi@rovskite phase and to suppress
unfavorable thermochemical expansion, while praesgrsufficiently high electronic conductivity regqad for SOFC

anode material.
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Abstract
Structural and defect chemistry guidelines werel deeNb-substituted Srvgy materials, designed to meet SOFC anode
requirements, with emphasis on redox tolerancaptbehemical compatibility with other SOFC materjadéectrical
conductivity and adjustable changes in oxygen bkioioetry for their prospective impact on electratytic
performance. Sr¥Nb,Os;5 (x = 0-0.30) ceramics were prepared by solid-sstethesis and sintered at 1773 K in
reducing atmosphere. XRD and SEM/EDS showed thdeuthese conditions single-phase cubic perovsititecture
occurs for up tox = 0.25. Electrical conductivity is metallic-like amgtarly p(Q)-independent. Although substitution
with niobium decreases conductivity, which stillcerds 100 S/cm for < 0.20 at temperatures below 1273 K, it also
expands stability domain of cubic perovskite phase suppresses partly high thermochemical expansiaracteristic
for parent SrVQ@s. The upper p(©) limit of phase stability was found to shift from2x10" atm for undoped material to
~ 2x10" atm forx = 0.30, whereas the average thermal expansiofiicieaf at 773-1223 K decreased from 22.7%10
13.3x10° K. SrV,,NbOs perovskites undergo oxidative decomposition in ahich causes dimensional and
microstructural changes. However, sluggish kinetitexidation under inert gas conditions result@arly reversible
behavior in relatively short-term redox cycles bedw reducing and inert atmospheres. Subtle stalothianges and

close correlation with point defect chemistry diathese sluggish changes and provide guidelinestton metastability.
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1. Introduction

Limitations of conventional solid oxide fuel celBQFC) anodes based on Ni-YSZ (yttria-stabilizedariia)
cermets, such as poor redox and microstructurddilisyaand degradation due to coking and sulfur spoing in
hydrocarbon fuels [1-4], have stimulated the sedorhalternative electrode materials. Particulgemtion has been
focused on ceramic components with electronic ocefgpably, mixed ionic-electronic conductivity céyba to replace
metallic nickel in composite electrodes or to fumetas single-phase fuel electrodes.

The most widely studied ceramic materials for fekelctrodes are based on strontium titanate; thissren the
outstanding redox stability of SrTiCcombined with ability of oxide materials to hindeoking, and also sulphur
tolerance. However, its conductivity is often bel@® S/cm under prospective operation conditionfuef electrodes,
implying significant current collection limitationsThough high conductivity can be attained afteing at high
temperatures under very reducing conditions, thisrobably a metastable condition, undergoing lemm degradation
in operating conditions. Thus, other materials ateacting increasing interest as prospective foaterials, including
strontium vanadate, Sr\4Q, and its derivatives [5-15]. Sr\4Q with cubic perovskite-type structure is known idnibit
high electronic conductivity under anode operationditions (~ 1000 S/cm at 1073 K and p(© 10%° atm) [5,6,15-
18]. Although the level of oxygen-ionic conductivin SrVO; 5 has never been reported, this oxide exhibits Bogmit
oxygen deficiencyd up to ~ 0.1 at room temperature [17-20]), andietfoge, one may consider a contribution of ionic
conduction to transport properties and electrogttaperformance. Cermet anodes made of La-subestit8rvVQ_s with
YSZ or doped ceria were reported to demonstratéy/fgood electrochemical performance in bothatd wet CH as
fuels, without carbon deposition in the latter cfigedl1]. Furthermore, SrV{}-based anodes show a high tolerance
towards HS impurities in the fuels, even at concentratiohbigh as 5-10 vol.% [12-14]. Recently, composiézteodes
based on substituted Sr¥®were also tested as anodes for protonic SOFCumldfectrodes of solid oxide electrolysis
cell [21-23].

The main drawback of SrViQ as an SOFC fuel electrode material is the limgtdbility of the perovskite lattice,
which is restricted to reducing conditions. At 1(&3the high-p(Q) stability boundary was reported to corresponé to
10" atm [6], while, on heating in air, ¥*based SrV@; is easily oxidized to ¥-based strontium pyrovanadate
SrV,0,. This redox-induced transformation is accompamiét excessive dimensional changes [15,18] anaigully
reversible at temperatures below 1273 K, at lematreasonable time span [18].

The present work aims at the development of Sry@erivatives with improved redox stability, whiletaining
sufficient electrical conductivity. Appropriate sibutions may be selected considering the Goldsthholerance
factor, a well-known criterion reflecting the fortiity and stability of perovskite lattice [24] thahould be close to

unity for ideal cubic perovskite structure. Parsabstitution of vanadium with higher-valence tiios metal cations,
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such as NB, Ta", W* or Mo®, should shift the tolerance factor closer to theal condition by increasing the average
cationic radii of B-site species, because highdenee cations contribute to partial reduction 8t ¥ larger V¥*, and
also because the ionic radii of NpTa*, W** or Mo™ exceed the radius of ¥/ Secondly, partial substitution of
vanadium with higher-valence cations may opposexisiation to pentavalent state. The electronicdcamtivity of
SrVO;5-based materials is also likely to change with tads of aliovalent species due to their impactastribution of
valence states of vanadium cations [17,25,26].

This study focused on the effects of substitutiathwiobium cations in the vanadium sublattice ba stability
and properties of perovskite-type strontium vanaddihe emphasis is on the properties relevant det électrode
applications, including electrical conductivity atitermochemical expansion under operation conditi@md redox

behavior on eventual exposition to oxidizing ortregmospheres.

2. Experimental

The powders of Sr\Nb,Os5 (x = 0, 0.03, 0.05, 0.10, 0.20 and 0.30) were prapane solid state reaction
starting from SrC@ (> 99.9%, Sigma Aldrich), ¥Os (> 99%, Fluka) and Ni®s (> 99.9%, Alfa Aesar). Prior to
weighing, niobium oxide was calcined in air at 83or 2 h to remove adsorbates. Weighed and mixadponents
were pre-reacted in air at 773 K and 873 K, ford& bach temperature, with intermediate regrinditgn, the pelletized
powders were calcined at 1173 K (3x5 h with intedtia regrinding) in flowing 10%#HN, atmosphere, and
subsequently subjected to high-energy milling (Bet8M 100 planetary ball mill, 650 rpm, 3h, nylaontainers with
Tosoh tetragonal zirconia milling media). After lmd;, the powders were compacted uniaxially at 4BaMnto disk-
shaped samples and sintered in 1Q%k atmosphere at 1773 K for 10 h. Sintering was peréal using alumina plates
as supports with an interlayer of vanadate powdethe same composition to avoid interactions witke &lumina
Substrate.

Sintered ceramic samples were cut into rectangblars and polished for dilatometric and electrical
measurements. The experimental density was cadclltom the mass and geometric dimension of thepksmn
Powdered samples for X-ray diffraction (XRD) anérthal analysis were prepared by grinding sintem@roics in a
mortar.

XRD patterns were recorded at room temperatureguRANalytical X'Pert PRO diffractometer (Cyladiation).
Unit cell parameters were calculated using Fullmoftware (profile match method). Microstructurélacacterization
was performed by scanning electron microscopy (SHitachi SU-70 instrument) coupled with energy digive
spectroscopy (EDS, Bruker Quantax 400 detector)e Tilatometric measurements (vertical Linseis L@0R

instrument) and thermogravimetric analysis (TGAtagEm SetSys 16/18 instrument, sensitivity @gé initial sample
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weight ~ 0.5 g) were carried out in flowing air 1¥%H,-N, mixture at 298-1273 K with constant heating/cogliate 2-
3 K/min or isothermally as function of time.

Electrical conductivity was studied as functiontefmperature and oxygen partial pressure using BepidC
technique under reducing conditions imposed BHKD-N, mixtures. Isothermal conductivity measurementseithox
cycles were performed using impedance spectros¢bgilent 4284A precision LCR meter) with automatddta
acquisition.

In all cases (ceramic processing and measuremengyen partial pressure in gas mixtures was moattdy
electrochemical YSZ oxygen sensors. Representasilies of p(Q) corresponded to ~I8atm in 10%H-N, mixture at

1173 K and ~5x1Batm in argon atmosphere.

3. Results and discussion

3.1. Phase composition, structure and microstructure

Fig.1 shows selected XRD patterns of as-prepar&d 8ib,Os5 ceramics. Fox > 0.10, the first sintering
attempts after calcinations at 1173 K yielded cécarsamples containing s$$,0g and other phase impurities in addition
to the target perovskite phase (Fig.1A). Therefarejntermediate high-energy milling step was idtroed to promote

the homogenization of precursor powders and tditiate the phase formation.

A
SrV; 4,Nb, ,,O, 5 (without high energy milling)
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Figure 1. XRD patterns of as-sintered $fMb,Os5 ceramics. Marked reflections are indexed accordng

JCPDS PDF #81-1844 (§t,05) and #75-0048 (VQ).
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As-prepared compositions with< 0.20 were single-phase with cubic perovskite stmac(space groume_Bm)
characteristic for parent Sr\\@ (Fig.1B and C). The presence of minor amountsrgf s and VQ.s impurities was
detected in XRD pattern of Sg¥dNbg:dOs5 (Fig.-1D). One may conclude, therefore, that, uratglied conditions, the
solid solution formation range for SyMb,O3 5 system is limited tax = 0.25.

The substitution of higher-valence Nizations into V* sublattice may be charge-compensated by the famat
of V¥ cations, possibly combined with decrease in resdiduaction of pentavalent ¥, and also decrease in
concentration of positively charged oxygen vacanoiethe corresponding oxygen sub-stoichiometryolews:

[Nbg]+[Bg] +2[V] =B { @
where symbol B is used for the parent B-site sge@ianadium), i.e.B; =V*, Bs =V* and B, =V*, to avoid
confusion with the usual notation of V for vacamscikarger ionic radii of Nb (' = 0.64 A) and V" (r¥' = 0.64 A)
cations compared to®/ (' = 0.58 A) [27] explain a continuous increase oit @ell parameter witkx (Table 1). One
should note that niobium cations may also undeitigd reduction to 4+ oxidation state under redgatonditions, as
emphasized by oxygen nonstoichiometry changes uOMb(e.g. [28]), reaching oxygen deficiendyclose to 0.1 (i.e.

[Nb*]/[Nb] < 10%) in the latter oxide at 1173 K and p(@ 10" atm. Still, this is not expected to play a prewail

effect on overall charge neutrality in SpNb,Os 5.

Table 1. Properties of as-prepared Si\b, O3 5 ceramics

X Unit cell parametea, A Density, g/crﬁ Relative density, %
0 3.8498(3) 4.33 80

0.03 3.8642(4) 4.05 75

0.05 3.8672(4) 3.96 73

0.10 3.8827(3) 4.04 75

0.20 3.9015(3) 5.03 92

0.30 3.9284(5) 3.21 59

Note: theoretical density was calculated neglegbiogsible oxygen nonstoichiometry

Figure 2(A-C) illustrate the microstructures of paeed ceramic samples. The substitution with Nipeegses to
some extent grain growth under identical procegsingering conditions. The SEM/EDS elemental magmianfirmed a
minor segregation of V-rich phase for the componitivithx = 0.30 (Fig.2D). Sintered SF¥YNb,Oz 5 samples were quite

porous; for most compositions, the density wa80% of theoretical (Table 1). Thus, even with thigh-energy
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mechanical pre-treatment, vanadate powders shdwerrabor sinterability under reducing conditiongeahperatures:
1773 K (which was the upper limit of the experinsrgquipment available for this work). One shoutden however,
that, although relatively high porosity resultsuimderestimated values of electrical conductivitthe same time it also

should promote faster re-equilibration of the cacasamples with the gas atmosphere on temperatgr@@) changes.

Figure 2. SEM micrographs (A-C) and SEM micrograptin EDS element mapping (D) of fractured crosgises of

as-prepared Sn4Nb,Os 5 ceramics.

3.2. Thermochemical expansion under reducing conditions

Dilatometric curves of Sr)Nb,Os;s ceramics withx < 0.10 exhibit non-linear behavior under reducing
conditions (Fig.3). Similar behavior is charactécifor other SrvVQ derivatives [15] and at least partially can be
attributed to a chemical contribution to overalparsion. This phenomenon is well-known for otheropskites with
variable-valence transition-metal cations, suclt@saltites and ferrites [29,30], and is associatéti redox-induced

strain contributions, ascribed to changes in aweragic radii due to gradual changes in averagendd state of



Page 9 of 24 Physical Chemistry Chemical Physics

transition metal cations combined with conjugatarges in oxygen stoichiometry and effective radifisoxygen
vacancies. These redox induced changes depend ygeropartial pressure and also vary with tempeeatiarlier
studies confirmed that Sr\4Q exhibit non-negligible oxygen deficiency [17-2@Ithough the variation 0d with
temperature under reducing conditions at 300-1273[18] is much lower compared with, for instance,

(Ba,Sr)Caq ¢F&) .03 5 under oxidizing conditions [29].

181 X=0
161 / 0.05
- /2 0.10
14+ SrV1-bexO3-s
I /7 .- 0.20
. 12} " 030
> 10t
T
3 0.8 +
< o6l
04r in 10%H,-N
n ofF,-IN,
02}
0.0
02

1 L 1 L 1 " 1 " Il L
400 600 800 1000 1200 1400
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Figure 3. Dilatometric curves of Sf\MNb,Os 5 ceramics in 10%KN, atmosphere.

Thermogravimetric studies demonstrated that all; W, O3 5 perovskites lose weight on heating in 1034t}
atmosphere (Fig.4), corresponding to oxygen reléase the lattice. Substitution with higher-valeniebium cations
into vanadium sublattice progressively suppressks teight losses and, therefore, variations of eRryg
nonstoichiometry with temperature. In fact, the positions withx = 0.20 and 0.30 start to lose lattice oxygen only
above ~ 800 and 1000 K, respectively, and possit#yoxygen-stoichiometric at lower temperature. iWe@ht change
is almost negligible for SrysNbg 30355, in correlation with essentially linear behavidrddatometric curve (Fig.3).

The average thermal expansion coefficients of S, 055 ceramics continuously decrease with increasing Nb
content (Table 2). The results indicate that thietof substitution suppresses both true thermaédmsion and chemical
contribution. The TEC value of Sp¥Nby 30055 approaches that of common solid electrolytes, saghstabilized
zirconia or doped ceria and lanthanum gallate, #nsuring improved thermomechanical compatibilifthvelectrolyte

materials.
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Figure 4. Thermogravimetruc curves of powdered;SRb,Os 5 ceramics in 10%KHN, atmosphere, and corresponding

relative changes in oxygen deficiency with tempeeat Powdered samples were prepared by grindingsititered

pellets.

Table 2. Average thermal expansion coefficientSryf; ,Nb,O3 5 ceramics in 10%KN, atmosphere

Average TEC
X
Temperature range, K (o x1¢F) £ 0.1, K*
0 373-773/773 -1223 16.1/22.7
0.03 373-7731773 -1223 14.8/23.0
0.05 373-7731773 -1223 14.4/22.6
0.10 373 -773/773 -1223 15.2/20.5
0.20 373-1223 15.1
0.30 373-1223 13.3

3.3. Electrical conductivity under reducing conditions

Figure 5 shows the electrical conductivity of StMb,0O35 ceramics measured as function of temperature in

10%H,-N, atmosphere. As mentioned above, the experimeataks of conductivity should be underestimated tue

porosity of the samples; the true values are egpgetd be ~1.1-2.4 times higher, depending on ptyrasid pore

morphology (e.g. Ref.[31]).

10
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Figure 5. Temperature dependence of electrical wathdty of SrVi,Nb,Oz5 ceramics in 10%KN, atmosphere. Inset

shows the dependence of electrical conductivitiNbrcontent at 623 K.

For all studied materials, the electrical conduttiexhibits metallic-like behavior decreasing osating in the
studied temperature range. Substitution with niobiesults in a gradual decrease of conductivityis Beems quite
reasonable since metallic-type electronic conditgtin SrvVO; perovskite is generally attributed td"\tations in 3d
configuration forming broad conduction band [17283, Thus, decrease in electronic conductivity rbayascribed to
electron scattering, probably caused by the condbiitects of NB", V**, and possibly even a residual fraction 6f \n
B-site positions; this should account for the stralependence of conductivity on the fraction of (Mtsert in Fig.5).
Still, electronic conductivity for most composit®nemains above 100 S/cm at 873-1223 K, except f00.30.

The dependence of electrical conductivity of SiNb,055 on p(Q) is relatively weak under reducing conditions,
within the phase stability domain (Fig.6). Such debr of electronic transport is rather favorabbe fuel electrode
applications ensuring uniformity of electrical perpies across electrode layers under polarizatiomnder variation of
fuel gas composition. A slight increase of condutti with increasing p(@ for compositions withx < 0.10 can be
attributed to slight variation of oxygen deficienicythe perovskite lattice and corresponding desén the fraction of
species responsible for electron scattering (i%), \&s described in subsection 3.4. Dependencermfumivity on p(Q)
is negligible for Sr\ Nby 035 and Sr\§ gNby Oz this is consistent with the lowest changes imiygen deficiency

(Fig.4), implying that the concentrations ot\also remain nearly unchanged in these cases.

11
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Figure 6. Oxygen partial pressure dependence ofridal conductivity of Sr¥,Nb,Os 5 ceramics at 1173 K.

3.4. Defect chemistry guidelines

The impact of Nb-additions in Sr(V,Nb}@nay be interpreted by expected effects on defesinistry:
Sro+ (I-x)BQ + 0.5 N QU UIT%. Sr+ @ 2 yB+x B+x Np+ 30 )
This must be combined with changes in oxygen stoiobtry on varying the thermochemical conditiongg(#), and

corresponding reduction to trivalent'yas described by:

kred
4By + 205 = 4B+ 2\, + Q, 3)
Changes in defect chemistry in a generic sample @6imposition Sry,Nb,0O;5 may then be described on combining

the lattice conservation condition:

[Bel+[Bal B Y {Nb g 4 (4)
with the mass action constant of the redox rea¢tmn(3)) and electroneutrality (Eq.(1)); this yisi

1+ 25
1+ 2[ Ko ](Hj
p(0,) 0

1/4 1/2
1+ 26)( K J (3_6)
p(0,) 5

s 2( kred j1/4(3_6j1/2
P(O;) 0

[Be] = ®)

[Bs] =

(6)

12
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(1+ 26)( kred ]1/4(3_6jll2
p0)) L5 )

1+ 2( Ko Hsaj
p(0,) 0

In addition, one should take into account possilideroportionation of B-site species, as follows:

[Bs] =

-25 (7)

kg
2B, < By + B, (®)

On combining the corresponding mass action condtart[B;][B l/[B J 2 with Egs.(5-7) one obtains:

K 12, < 1z, o 12
(1-2x- %){(N'Te“)] T}— (x+ 2‘5){(%;’2)] T} -k, (+ D)= C 9)
>

1/2
Eq.(9) reduces to a classic quadratic equatay? ¢ by +c =0), withy :{[(kred Ip(0,))?(3-9) /6}} , which allows

easy defect chemistry simulations for the effedtsamposition and changes in redox conditions, éf@me does not
have information on the mass action constant of dkielation reaction. Still, there is great uncertgiabout the
disproportionation reaction and the correspondiwgll of oxidation to pentavalent'V In fact, oxidizing conditions give
rise to secondary phases with prevailing pentavaléh namely SiV/,0; or SEV,05 [18], suggesting that stability of the
perovskite structure is critically affected by oaiin to pentavalent vanadium, and that the eniesget incorporation of

V>* in the perovskite lattice is unfavorable. Thuse omay consider a plausible condition when the raatisn constant
of reaction (8) is very lowkj << 1), allowing one to neglect the contribution [&;] to charge neutrality, which
corresponds to values &f; in the order of 18 or lower, as illustrated in Fig.7. Otherwise, tmncentrations of ¥ and

V>* and their contribution to electron scattering $tiancrease with the mass action constant of digprionation. The

limiting condition for negligible fraction of pentalent vanadium ions is readily obtained for a difiga neutrality

condition [Nbg] =[Bg] {B 3 —2[V { . which can be combined with Egs.(4-5) to yield:

2 4
e =00 5% | (29 10)

The impact of additions of Nbis simulated in Fig.8, with significant increasetiivalent \?*, decrease in oxygen
stoichiometry and mainly suppression of pentavaltit Note that the corresponding changes in tetravaléh are
relatively small, thus confirming that decreaseconductivity by at least one order of magnitudeg(®) should be
ascribed to electron scattering rather than deergasoncentration of carriers. The combined effeftNb additions on
concentrations of trivalent¥ and pentavalent ¥ (Fig.8) also indicate that this species does ffetasignificantly the

electronic conductivity.

13
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Figure 7. Simulated Kroger-Vink diagrams for $e¥Nby 14055 computed for different values of the mass action
constant of disproportionation reactiég =107 (thick lines) and 2x18 (thin lines). The limiting solutions for negligél

disproportionation (and negligible concentratiorpehtavalent V) are shown dashed.
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Figure 8. Simulated Kroger-Vink diagrams for $ey\Nb, .dOs5 (solid lines) and SrVex (dashed lines) computed on

assumingk, = 10%

14



Page 15 of 24 Physical Chemistry Chemical Physics

3.5. Sability boundary of cubic perovskite phase

The upper p(@)-stability boundaries of the cubic perovskite gha$ SrVi,Nb,Os5 at 1173 K were determined
from the sudden break tdg o - log p(O,) dependencies as illustrated in Fig.9A. Electrmmatductivity was measured
on step-wise increase of oxygen partial pressudeegilibration at each pgduntil abrupt drops in conductivity values
were observed. These drops were attributed to tisetamf decomposition of cubic perovskite phase sagtegation of
strontium orthovanadate $5,0Og which has conductivity 6-7 orders of magnitude éowompared to SrvQ at 1173 K
[18]. The presence of §f,0g phase was confirmed by post-mortem XRD analysig.{6). Thus, the p(§) value

between the last two data points was consideresh approximate phase stability limit for a givemmsition.

3.5
T A stability limit
. 3.0 x=0 U
g - 4..——0——0—0..
< 25
w ° L {DO—O—O—O—(I)—QQ—OU
— [ )]
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_11 -
E ot
S i
,(:I _13 -
S SV, ,Nb, O, ;
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-15 -
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0 0.1 0.2 0.3

Figure 9. (A) Determination of approximate staliliimits of SrV;,Nb,Oz5 perovskites fromlog o - log p(O,)
dependencies, and (B) approximate high-p&ability boundary of perovskite phase for Sr(W)8; 5 system at 1173 K.

Dotted horizontal line in (B) marks the phase bamdetween YO; and 405 at this temperature [32].

Substitution with Nb results in gradual increasepefovskite lattice stability, shifting the uppefOp) phase
boundary from ~ 2xI& atm for SrVQ; to ~ 2x10" atm for Sr\§;dNbg 3d0s5 (Fig.9B). Note that all studied SgV
«Nb,O3 5 perovskites exhibit better redox stability compghte undoped vanadium oxides: at 1173 K, the hi@p
stability boundary of YO; and low-p(Q) stability boundary of V@ correspond to 2x1¥ atm and 7x18 atm,

respectively, with mixed 3+/4+ valence vanadiumdesi existing in the intermediate range (e.g. ReZs3(d). Still, the

15
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decomposition of even Sp¥Nby 3035 0ccurs at much lower oxygen partial pressure tian desired for practical

application.

v Sr,V.0
P 20 SrV.90NBg 10055
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Figure 10. XRD patterns of Si\MNb,Os5 ceramics after phase stability boundary deterranajsee Fig.9A). Marked

reflections are indexed according to JCPDS PDF £&8U4.

The effects of Nb on stability may be understoodrie considers the point defect model to predieinges in
tolerance factor, based on Shannon ionic radii,[&ith the average ionic radius of B-site spedies;

loz + f'se

1=
\/E(I’oz_ +[BgIr . +[Bglr s HBH r,» {Nb rNb&)

(11)

Thus, representative simulations could be comptdeskamine the evolution from reducing to oxidizicanditions, as
demonstrated in Fig.11 for Sy\Wb,05;5. These simulations suggest that Sg{¢{@volves from a favorable tolerance
factor ¢ = 1) under reducing conditions to less favorableicstiral and defect chemistry changes under oxidizin
conditions £ > 1). The predicted increase in tolerance factar @rresponding limited redox stability of Sry{Qmay be
ascribed to onset of a fraction of'y by disproportionation (Eq.8). In addition,>Vtends to accept preferential

tetrahedral coordination, because the radii rafio :r .. =0.254 is close to the ideal value(:r, =0.225) expected

for 4-fold coordination. Indeed, pentavalent Visually assumes tetrahedral coordination in ogim®pounds, as found

for the orthovanadate phase;\510g (space groupR_Bm) [34]; this is the preferential reaction produdiserved after
oxidative decomposition of SEYNb,O3 5 oxides, as confirmed by XRD. Additions of Nb lowke tolerance factor, by
increasing the concentrations of larger B-sitecrsti(i.e. NB" and \**), suppressing onset of pentavalerit ¥nd also

approaching the ideal value~ 1) under oxidizing.
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Figure 11. Predictions of tolerance factor of §f\Nb,Os;5 and its dependence on redox changes based ont defec

concentrations (Eq.(11)). Solid lines were computedassuming negligible disproportionatiok,(= 0), and dotted

lines were computed fok; = 0.04

3.6. Oxidative decomposition vs metastable redox stability under inert atmosphere

Figure 12 shows the relaxation of electrical conidity of SrVq gdNbg .dO35 ceramics upon reducing oxidizing
— reducing and reducing> inert — reducing cycling at 1173 K. After changing the aspioere from reducing to
oxidizing, the conductivity dropped rapidly by mdhan 4 orders of magnitude in a few hours and dhewly continued
to decrease. Obviously, this is associated witlebokinsulating phases, such ag\$0; and SgV,0g, as revealed by X-
ray diffraction. Switching back to reducing atmosphresulted in a reverse reduction of the sampdefast restoration
of conductivity level. In fact, electrical condudty at the end of redox cycling was even approxetya10% higher
compared to initial value. Post-mortem XRD analygtiewed the presence of two secondary phase¥ ,(rand a Nb-
lean secondary perovskite - in addition to mairopskite phase (Fig.13A). XRD peaks of this secongemnpvskite are
clearly displaced to higher angles, showing thatuihit cell parameter is closer to that of undo@e¥O;;5 which
possesses superior electrical conductivity. Thhe, énhanced conductivity of the secondary perowskitplains the
unexpected final gain in conductivity after partaidative decomposition. Cross-section SEM inspastidemonstrated
the presence of cracks (Fig.14A) and significantrostructural changes close to the surface (Fifs.d4dd C, as
compared to Fig.2B), whereas the microstructuremiddle of sample remained mostly unchanged. Fumbee,
SEM/EDS analysis of near-surface areas confirmeds@hseparation, with Nb-enriched and Nb-depletengr

(Fig.14D).
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Figure 12. Relaxation of electrical conductivity 8fV,gdNbg.dOs5 ceramics in (A) 10%ki- air— 10%H, and (B)

10%H, - air- 10%H, redox cycles at 1173 K.
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Figure 13. XRD patterns of Sp¥Nb, .dOs5 Samples after redox cycling at 1173 K. Patternsgid (C) were obtained

after conductivity relaxation studies, performedhalbulk ceramic samples (Fig.12), and pattern (B} wbtained after

thermogravimetric studies of crushed samples (sgd3%). Marked reflections are indexed according@PDS PDF #

81-0119 (SrVQs), # 81-1844 (SN,0s) and # 80-2497 (55 NbOy).
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Figure 14. (A-C) SEM micrographs of fractured cresstion of Sr\gdNbg 035 ceramic samples after conductivity
relaxation measurements in 10%Hair— 10%H, redox cycle at 1173 K, and (D) EDS elemental maggorresponding

to micrograph (C).

Thermogravimetry of powdered ceramic samples shewen faster oxidative decomposition in air (Fig,1&9
expected by magnifying the area for oxygen exchaRgst-mortem X-ray diffraction (Fig.13B) showedsmgregations
of SrV,05 and St,NbO;, whereas reflections of the major perovskite pharseshifted to slightly higher angles; this
shrinkage of the unit cells corresponds to residNiallean compositions Se\é:Nbg ».,03.5, as shown in Fig.16. Note
also that structural characterization providesrctpadelines for the overall conservation of Srabd Nb in the residual
perovskite and secondary phases.

Real-time electrical conductivity relaxation of SRdNby 0035 during the reducing— inert — reducing cycle
shows slower evolution from 10%HN, to argon atmosphere (Fig.12), partly due to slostabilization of oxygen partial

pressure in the gas phase. The conductivity deedeaith nearly constant rate in first 10 h, afteacging from reducing
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to inert atmosphere, followed by much slower degtiath after stabilization of p(fpin gas flow. Note also that the
overall drop of conductivity after 24 h of oxidatiin Ar was ~ 2 orders of magnitude less compaoealtdation in air.
Inverse reduction results in rapid recovery andnesight increase of conductivity level, as repdrigreviously for
changes induced by the reducirgoxidizing — reducing cycle. However, post-mortem SEM analyfer aeducing—
inert — reducing cycling did not reveal any noticeable mstructural changes, and only negligible traceSm¥,0s
phase were detected in corresponding XRD patteniBC). These results demonstrate that oxidativerdposition of
SrV(Nb)Gs5 is kinetically limited under inert atmosphere, shmaking possible the fabrication of Sryfased
electrodes in these conditions. Prospects for radikes tolerance to inert atmospheres are even mbvéous after
relatively long-term (20 h) exposition to inert atsphere at 1173 K (Fig.17). Only minor traces @VgDg phase can be
detected in XRD patterns, almost at background ldweaddition, changes in lattice parameter aratiretly small and

indicate that the composition of the perovskiteggheemains nearly unchanged (Fig.16).

5 : ‘
| 10%H, | Air L 10%H,
4l ! !
sl
> 3t
£
= I
< 2L
T SrVO.BONb0.2003-5
I 1173 K
0 L

0 10 20 30 40 50 60
Time, h

Figure 15. Relative weight change of powderedgg\Vby .0z 5 Sample in 10%k1- air - 10%H, redox cycle at 1173 K.
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Figure 16. Lattice parameter values obtained foe #s-prepared SiYNDb,Os;; samples (circles) and for the
corresponding residual Nb-lean perovskites ;SENb,., 055 after exposing powdered samples to the redueinmert
— reducing cycle (diamonds) or reducirg oxidizing — reducing cycle (square). Dotted lines show theeetqul

changes in composition.
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Figure 17. XRD patterns of powdered $5Mb,O; 5 ceramic samples after thermal treatment in Ar faovt173 K for 20

h. Marked reflections are indexed according to JCPPD§E #81-1844.
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4. Conclusions
(i) SrV14Nb,O35 (X = 0-0.30) ceramics were prepared by solid-stateh®gis under reducing conditions and sintered at
1773 K in 10%H-N, flow. XRD and SEM/EDS studies showed that the sifiiase cubic perovskite range is ug to
0.25;
(ii) SrV14Nb,Os5 ceramics exhibit metallic-like electrical condwitly, which is nearly p(@)-independent and decreases
with niobium substitution; this still exceeds 10@18 at temperatures below 1273 K for compositioith w< 0.20;
(i) Substitution with niobium extends the stabjlidomain of cubic perovskite phase shifting thghkp(G) stability
boundary from ~ 2x1# atm for undoped Srvg to ~ 2x10'? atm forx = 0.30;
(iv) Substitution with niobium also suppresses lgatte thermochemical expansion characteristicpfent SrvVQs, by
lowering changes in oxygen deficiency and concéipmaof partially reduced ¥ cations occurring under reducing
conditions; this improves the thermomechanical catibgity with solid electrolytes;
(v) Defect chemistry modeling provides useful gliftes to understand the role of Nb additions ororednd oxygen
stoichiometry changes, and their impact on propeind stability;
(v) SrVi,Nb,O3 5 perovskites undergo oxidative decomposition innaihout complete reversibility, even after relatiy
short redox cycles at temperatures below 1273 ¥, &composition is kinetically stagnated undeert gas conditions

suggesting reversible or nearly reversible behawishort-term redox cycling between reducing areftiatmospheres.
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