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Substitution by strontium induces significant oxggeeficiency in crystal lattice of JNiF,;-type Ng.SKNIO,45 at
elevated temperatures which, in combination witindicant electronic conductivity, implies enhanceixed ionic-

electronic transport favorable for electrode agtlans
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Abstract

Previously unexplored oxygen-deficient Ruddlesdepger Nd.,SrNiO45 (X = 1.0-1.6) nickelates were evaluated for
potential use as oxygen electrode materials foid smkide fuel and electrolysis cells, with emphasis structural
stability, oxygen nonstoichiometry, dimensional mp@s, and electrical properties. N8rNiO,5 ceramics possess
K,NiF4-type tetragonal structure under oxidizing condisiat 25-100TC. Acceptor-type substitution by strontium is
compensated by the generation of electron-holesoaypgen vacancies. Oxygen deficiency increases tgittiperature
and strontium doping reaching ~1/8 of oxygen sftesx = 1.6 at 100€C in air. Strongly anisotropic expansion of
tetragonal lattice on heating correlated with oxygmnstoichiometry changes results in an anomattlasometric
behavior of Ne.,SrNiO4s ceramics under oxidizing conditions. Moderate ritarexpansion coefficients, (11-14)X10
K, ensure however thermomechanical compatibilithviobmmon solid electrolytes. Reduction in inert asphere
induces oxygen vacancy ordering accompanied wittordraction of the lattice and decrease of its sgimynto
orthorhombic. Ne,SKNiO,5 ceramics exhibitp-type metallic-like electrical conductivity at 5A@0CC under
oxidizing conditions, with the highest conductivif290 S/cm at 90T in air) observed fox = 1.2. High level of
oxygen deficiency in Sr-rich NgSr,NiO,s implies enhanced mixed ionic-electronic transgavbrable for electrode

applications.
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1. Introduction

Layered KNiF4-type LnpNiO45 (Ln = La, Pr, Nd) nickelates and their derivatiaact significant attention as
a promising alternative to the traditional perotekifor use as electrodes in high-temperature sddidtrolyte cells.
These oxides belong to Ruddlesden-Popper (RP)sseiib a general formula £B.Os..1 andn = 1. The structure of
Ln,NiO,4 can be described as a succession of Lplp&ovskite layers alternating with LnO rock-salgdrs. The great
advantage of this structure is the ability to acowdate hyperstoichiometric oxygen via incorporatidrexcess oxide
ions into interstitial sites within the rock-sadyers. Depending on A- and B-site substitutionsiperature and oxygen
partial pressure, the oxygen content in these jgheae be either hyper- or hypostoichiometric résglin the presence
of oxygen interstitials or vacancies as point disfeesponsible for ionic transpdrt<,NiF,-type nickelates were
demonstrated to exhibit high oxygen-ion diffusiyityacceptable electrical conductivity,moderate thermal expansion

1368 and negligible chemical expansi®tf. Taking into account the combination of these prigs, RP

coefficients
nickelates and in particular BdiO,4.5-based mixed conductors are considered as progpautterials for cathodes of
solid oxide fuel cells (SOFCSP***2and protonic ceramic fuel cells (PCFESanodes of solid oxide electrolysis cells
(SOECs):* and oxygen electrodes of reversible SOFC/SOECcdeth ™

At room temperature, parent MlO,.s nickelate possesses orthorhombig\ic,-type structure (space group

1617 with oxygen excess ~ 0.18-0.22:"1"*80n heating in air, orthorhombic BNiO,.s undergoes a phase

Fmmm)
transition to tetragonal structure (space grotfmmm) at 520-610C *"*° accompanied with semiconductor-to-metal
transition at ~450-55€C.**'" The temperature of structural transition dependsomygen nonstoichiometry and
decreases with reducing pj3®*°

Single-phase region in NgSKNiO..s system was reported to be limitedxe: 1.3 x < 1.4 or x < 1.67%
Most likely, this discrepancy is caused by différemethods and conditions (temperature, atmospladrgynthesis.
Although the system was studied intensively, mdstvorks were focused on structural, magnetic arettetal
properties at low temperatures. Substitution byordstum was reported to shift orthogonal-tetragorsaid
semiconductor-metal transitions to lower tempeesuall compositions witlx = 0.2 possess tetragonal structure at
room temperatur&, #?? whereas semiconductor-metal transition in,M&tNiO,.5 with x > 0.7 occurs below room
temperaturé’*®*|ncreasing strontium content results in a gradizaisition from oxygen hyperstoichiometry (fok
0.4) to oxygen deficiency (fox = 1.0) at room temperaturg'®'#2%?2and has a positive effect on electrical
conductivity**®*’ Similar to other RP phases, layered structurelteegua strong anisotropy of electronic transgort,
oxygen-ion diffusion and surface exchange coeffitsié

Very limited number of available literature repods electrochemical properties of N&rNiO4.s-based

electrodes focused on Nd-rich side of the seriesdmmonstrated rather mixed resiit$?® Sun et al® found out that



Page 5 of 27 Journal of Materials Chemistry A

the substitution of neodymium by strontium in N8rNiO4s (X = 0-0.8) series may improve electrochemical
performance in contact with g¢5d, 0,5 solid electrolyte as compared to the parent nadieeispecially at lower
temperatures, with lowest polarization resistariegeoved forx = 0.4 (0.93Q cnf at 700C in air). Khandale et af?
reported the area specific resistance of QBZnt for Nd, St NiOus electrodes in contact with £650,:0,5
electrolyte under the same conditions. On the eopti_ee et al. demonstrated that the substitutipsetrontium results
in a significant increase of polarization resis@n€ composite Nd,SrNiO,.5- Ce dGdy 10,5 electrodes in contact with
8mol.% yttria-stabilized zirconia solid electrolyfeom 0.55Q cn¥ for x = 0 to 23-2X cnt for x = 0.4-0.6 at 80GC.*
The present work was aimed to explore high-tempeggbroperties of strontium-rich BEBLNIO,5 (1.0< x <
1.6) series for potential use as oxygen electradesolid oxide fuel cells, electrolyzers and revlgless SOFC/SOEC
systems. Previously, electrochemical activity of RiEkelates was observed to correlate with the eotration of
mobile ionic charge carries and bulk ionic conduitti'? On the other hand, thermogravimetric and couladimetr
titration studies evidenced non-negligible oxygesiiaiency in La..SrNiO4s (x = 1.0) at elevated temperatufés!
One may expect therefore that oxygen deficienc@rmich N&.,S,NiO,45 should promote oxygen-ion transport and
consequently electrode performance at 60030 this work, the emphasis was on the propergtss/ant for oxygen
electrode applications, including structural si&hildimensional changes, oxygen nonstoichiometng &lectrical

conductivity.

2. Experimental

Powders of Ng,SrNiO45 (X = 1.0, 1.2, 1.4 and 1.6) were prepared by Pechethod. Appropriate amounts of
Nd,O; (Alfa Aesar, 99.9% purity), pre-dried in air atQIBC to remove adsorbates, Sr(NO(Sigma Aldrich, 99%
purity) and Ni(NQ),BH,O (Sigma Aldrich, 98% purity) were dissolved in @nmal volume of 1:1 solution of 6M
nitric acid and distilled water. Then, citric agidA) and ethylene glycol (EG) were added into tbkitson in a large
excess (4 moles of CA and 10 moles EG per one ofdigrget oxide). Prepared clear solutions wera/lsideated to
120°C to obtain viscous gels which were decomposedldy further heating up to 385C and maintaining at this
temperature for 10 h. The products were calcine@08t750C for 12 h in air to remove carbon-based residiiés.
precursor powders were subsequently pelletized eantkaled at 100C€ (5 h) and 1150-120C (15-30 h) under
flowing oxygen with frequent regrinding until norfher changes could be detected by X-ray diffract{XRD).
Finally, the powders were compacted and sinterd@a@C for 5 h under oxygen atmosphere.

Sintered ceramic samples were cut into rectangblars and polished for dilatometric and electrical

measurements. The experimental density was cadcllitom the mass and geometric dimensions of theples.
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Powdered samples for structural studies and theemalysis were prepared by grinding the sintergdroiEs in a
mortar.

Room-temperature XRD patterns were collected uBiigaku D/MAX-B (CuKo radiation, ® = 20-85°, step
0.02°, 5 s/step) and PANalytical X'Pert Alpha-1 Kcd radiation, ® = 10-90°, step 0.02°, 5 s/step) diffractometers.
Variable-temperature XRD studies were performed leynpg PANalytical X’Pert PRO MRD instrument (CuK
radiation) equipped with an Anton-Parr XRK900 réactichamber and PANalytical X'Pert PRO diffractoeretCuko
radiation) with AP HTK-16N high-temperature stripamber (Pt filament). High-temperature XRD pattewere
collected in air on temperature cycling betweemrdemperature and 1000°C with heating/cooling cdtg°C/min and
equilibration for 10 min at each temperature bethee actual data acquisition. The structural patarsevere refined
using FullProf software.

Neutron powder diffraction data were collectedhat ISIS pulsed neutron and muon facility of the Heuford
Appleton Laboratory (UK), on the WISH diffractometecated at the second target station. The sarlel g) was
loaded into cylindrical (3 mm diameter) vanadiumnm @nd studied at room temperature. Rietveld refam@nof the
crystal structure was performed using FullProf paogy against the data measured in detector banksestige @
values of 58 90, 122, and 154, each covering 32f the scattering plane.

Dilatometric measurements (vertical Linseis L70/RO@strument) and thermogravimetric analysis (TGA,
Setaram SetSys 16/18 instrument, sensitivityu@dinitial sample weight ~ 0.5 g) were carried muflowing oxygen,
air or argon at 25-1000°C with constant heatingiogaate of 1-10°C /min or with isothermal equitition steps. TGA
studies were performed using powdered ceramic sEmglnless indicated otherwise). In the course of
thermogravimetric studies, each data set includgdlibration of the sample with air at 950°C. THesalute oxygen
content at this reference state (air, 950°C) wasrdened thermogravimetrically via situ reduction to metallic Ni,
coexisting with SrO and N@s, in flowing dry 10%H-90%N, gas mixture at 950-1100°C. Differential scanning
calorimetry (DSC) was performed in air at 5°C/mging Netzsch STA 449 F3 instrument. Electrical aatitity was
measured by 4-probe DC method as function of teatper at 500-1000°C in air and as function of oxygartial
pressure at 700-900°C in the pf@ange 5x10-1.00 atm using ©N, gas mixtures. Oxygen partial pressure in gas

mixtures was monitored by electrochemical yttrigddized zirconia oxygen sensor.

3. Results and discussion
3.1. Sructural characterization
XRD analysis of as-prepared N&r,NiO,5 ceramic materials confirmed the formation of saalutions with

KoNiF,-type structure. The compositions with= 1.2-1.6 were phase-pure, while trace amountNiof phase were
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observed in XRD pattern of NdSrNj@ceramics (Fig.1) even after additional calcinagiof precursor powder for up
to 70 h at 123W in oxygen flow. The intensity of NiO reflectiomgas however less than 1% of intensity of strongest

(103) reflection of KNiF,-type phase.
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Figure 1. XRD patterns of as-prepared, Msk,NiO4 5 ceramics. Arrows mark the reflections of NiO imipur

Table 1
Unit cell parameters and density of as-prepareg,8SIigNiO,4.5 ceramics

< Unit cell parameters Density, glcri Relative

a,A c,A cla V,AS density, %
1.0 3.7951(1) 12.3183(1) 3.246 177.417(2 6.64 79
1.2 3.8037(1) 12.2587(1) 3.223 177.358(2 6.43 89
1.4 3.8064(1) 12.2528(1) 3.219 177.527(1 6.21 83
1.6 3.8038(1) 12.2957(1) 3.232 177.906(2 5.99 80




Journal of Materials Chemistry A Page 8 of 27

XRD patterns of all compositions were successfultiexed using tetragonbd/mmm space group, in agreement
with the literature dat¥'"***Refined lattice parameters and unit cell volumab(& 1) showed very minor variations
with strontium content and followed the trend repdrin literature~’?! in the studied compositional range.and c
parameters show maximum and minimum, respectiielyx = 1.4, with minimum tetragonality ratid/a for this

composition.
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Figure 2. XRD patterns of NgSr ¢NiO45 ceramics recorded at different temperatures. Biidles are indexed in
14/mmm space group. Asterisks mark the peaks of Si stdndaisotropic lattice expansion results in ovpdieng of

some reflections of WNiF,-type phase at higher temperatures.

Variable-temperature XRD studies at 25-19D@onfirmed that Ng,Sr,NiO,5 (x = 1.0-1.6) nickelates preserve
tetragonall4/mmm structure in this temperature range under oxidizianditions. As an example, Fig.2 demonstrates
XRD patterns for a composition with the highesbstium content. Thermal analysis confirmed the absef phase

transitions under these conditions: no thermal &svean be observed in DSC curves on temperatutagyweithin the
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sensitivity of DSC equipment. NgSr,NiO,45 exhibit strongly anisotropic lattice expansionhmating: faster elongation
along ¢ axis as compared ta-b plane (Fig.3). Furthermore, increasing strontiuontent results in progressing
deviations of temperature dependencies of thecéatiarameters from the linear behavior and evdgteaken in a
lattice contraction in the basal plane at highergeratures. Such behavior originates from the oxygmstoichiometry

variations, as discussed below, and has an effetttevmomechanical and electrical properties cfehmaterials.

NdSrNiO, 5
2k Acl/c

Aala,

Ndg4St; ¢NiO, 5

LA VIV,

0 200 400 600 800 1000
T, °C

Figure 3. Temperature dependence of unit cell parars of NdSrNiQs and N@ ,Sr; NiO, 5 tetragonal lattice in air.

As-prepared ceramic samples were comparativelyysomith a density of 79-89% of the theoreticall{feal).
Fig.4(A-C) illustrates microstructures of sinteredramics; the grain sizes were in the range ~D3g®n. The
difficulties in preparation of dense polycrystadlihn, ,Sr,NiO,5 samples withx = 1.0 were noted earlier in literature
reports?® Attempts to fabricate dense ceramics in this wemre not successful as well. Increasing sintering
temperature to 1350-1480 resulted in a rapid grain growth and embrittletmeinthe samples. Most likely, this is
associated with the strongly anisotropic expansfaine grains, especially at higher temperaturesdyrcing significant
stresses in polycrystalline samples on cooling @ednoting the development of multiple, mostly igg@mular, cracks

(Fig.4D).
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3.2. Oxygen nonstoichiometry under oxidizing conditions

Figure 5 shows variations of oxygen nonstoichiognetr Nd,.,SrNiO,5 under oxidizing conditions. The
compositions withx = 1.0-1.4 tend to oxygen stoichiometry or everight oxygen excess at lower temperatures, <
500-700C, while Nd,Sr; gNiO45 is oxygen deficient in the entire studied tempameatrange. On heating, all materials
lose oxygen and exhibit oxygen hypostoichiomethe bnset of oxygen losses shifts to lower tempezatith
increasing strontium content. The range of oxygemsioichiometry variations progressively increaseéth the
strontium substitution and with reducing oxygentiphpressure. Fax = 1.6, oxygen deficiency at 1000C in air is as
high as 0.45 oxygen atoms per formula unit (ne&r8 of regular oxygen sites are vacant). Althoughegimental
determination of ionic conductivity was not possillue to porosity of ceramic samples, high conatiotr of oxygen
vacancies implies significant level of oxygen-ioti@nsport in these materials which should impneith the strontium

content.

20.0um . x=1.0, 1400°C 20.0um

Figure 4. SEM micrographs of fractured NN8r,NiO,4 5 ceramics: (A)x = 1.6, (B)x = 1.2 and (Cx = 1.0 sintered at

125C0C, and (D)x = 1.0 sintered at 140Q.

10
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Figure 5. Temperature dependence of oxygen nomstonetry of Nd.,SNiO,45 in oxygen (A) and in air (B).

Acceptor-type substitution by strontium into neodiym sublattice of NgNiO4.s can be compensated by
changing the concentration of oxygen defects (&it&l oxygen ions or vacancies in oxygen sulgajtiand/or by
generation of electron-holes. Considering"Nind Nf* equivalent to electron-holes residing on nickeiczes and
neglecting interstitial oxygen, electroneutralipnditions for strontium-rich NdSrNiO4.5 can be expressed as

[Sa]=[Ni] +2[Niy] 2V d =p2 0 @
where p is the concentration of electron-holes per formuét. Fig.6 shows the average formal valence okeli
cations and electron-hole concentration in, M8iNiO,5 in air calculated from the oxygen nonstoichiometigta
assuming that oxygen ions are doubly charged. Bselts show that mixed NiNi** state is expected only at
temperature above ~ 750-8@ At lower temperature, the average oxidationest#t nickel cations tends to 3+ in
NdSrNiQy, while for other compositions nickel should beniiked 3+/4+ oxidation state. One should note tleket in

the 4+ oxidation state is rather unusual for oxitkerials. It can be expected, for instance, iryskite-type ANIQ

11
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(A = Sr, Ba)*®®* and also was evidenced in LaGdgoiNio.ss under oxidizing conditions® and in
Lay ¢Sty 1NiOs.5 prepared under elevated oxygen pres;é?u@n the other hand, it is argued that equilibria

Ni*" +0% o Ni* +0~ )

Ni* +0% o NiZ +0O~ (3)

28,33

are shifted to the right in Ruddlesden-Poppes. BnNiO4.;s nickelates or, in other words, electron-holes may

reside in O B rather than in Ni 8 orbitals; this seems to be supported by the Xatasorption spectroscopy dafa?®

3.6 16 q11.6

p(0,) =0.21 atm

£ 33r 113

2 | .

S

g T \ 1 =

o \

E 3.0 1.0
27F Nd2-xsrxNiO4—5 =0.7

0 200 400 600 800 1000
T, °C

Figure 6. Temperature dependence of formal nickelation state and electron-hole concentration d_JSrNiO,5 in

air.

One should emphasize also that all studieg SgNiO,4.5 ceramics demonstrated very fast re-equilibratidth w
a gas atmosphere on temperature cycling in the-teigiperature range (> 600) under oxidizing conditions, as

demonstrated by thermogravimetric studies in ad BnO, (see Electronic supplementary information, Fig.9

hysteresis in oxygen nonstoichiometry curves waenked during heating/cooling cycles.

3.3. Structural changesin inert atmosphere

Fig.7 shows variations of oxygen nonstoichiometr\Ni, ,Sr,NiO, 5 in one heating/cooling cycle in argon flow
at 25-1000C. As under oxidizing conditions, the oxides loseg/gen from the lattice on heating above ~ 400
although the extent of oxygen content variationsigher under reduced pffoOxygen uptake on cooling was however

comparatively small, at least partly due to low gewy concentration in the gas phase. After cooltiggamples

12
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Figure 7. Variations of oxygen nonstoichiometry air-equilibrated Ng,SrNiO,5 on heating (solid lines) and

subsequent cooling (dashed lines) in argon flow.
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Figure 8. XRD patterns of NgSr,NiO,4s ceramic samples after one heating/cooling cyckrgon flow.

13
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exhibited noticeable oxygen deficiency increasirnth\8r content. Oxygen losses were accompanied avitacrease of

average oxidation state of nickel cations whichadfrom 2.74+ fox = 1.0 to 2.36+ fox = 1.6 at room temperature.
Results of XRD analysis indicated that NdSrhli@preserves tetragonbd/mmm structure after this treatment.

The splitting of several reflections in XRD patterof other compositions suggested however a dexi@fathe lattice

symmetry (Fig.8). This splitting becomes more ewmtdeith increasing strontium content (and oxygeficiency).

Intensity ( arb. units )

Figure 9. (A) Rietveld refinement of the neutroffrdiction data (90-degree WISH detectors bank)eotdid at 300 K.
The cross symbols and the solid line (red) reptefenexperimental and calculated intensities, eetgely, and the
line below (blue) is the difference between thetickTnarks (green) indicate the positions of Bragghs in thdmmm

space group. Schematic representation of the stonghric tetragonal (B) and the oxygen-deficierthorhombic (C)
crystal structures of NdSr NiO45 (note that the shown orthorhombic cell is justiBumstrative example of the

different Ni coordination and does not possesgrdreslational symmetry).

Neutron powder diffraction was employed to deteevpnecisely the crystal structure of reduced Jj$t NiO, 5

sample. The room temperature pattern (Fig.9A) redea substantial splitting of some of the refleet consistent with

14
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an orthorhombic metricag > by = ar, co = ¢y) of the unit cell. This observation combined witte lack of any

superstructure in both X-ray and neutron diffractitata pointed to thenmm subgroup as the primary candidate for the
crystal structure symmetry of the reduced compmsifi hel4/mmm- Immm symmetry reduction takes into account the
variation of theg,, ande,, macroscopic strains and does not require any @samgthe translation symmetry. There are

no atomic displacement modes which can drive thansgtry change and the only relevant microscopicerord

parameter is an order-disorder type. This ordearpater is a scalar function localized on tle¢l®,0,1/2) Wyckoff

position of the tetragonal structure (Fig. 9B), ethsplits it into two sitesd{1/2,0,1/2) and &0,1/2,1/2) in thdmmm

subgroup. This scalar order parameter impliesfaréifit occupation probability for these positiorfsich in turn means
that the reduction procedure creates an oxygenregoardered structure. Indeed, the quantitativecttire refinement

confirmed the orthorhombi¢tmmm model (Fig.9A) and revealed that the(2/2,0,1/2) position is only partially

occupied (~27%), whereas the other two oxygen sitesot show any detectable deviations from théeclskometry.

The refined structural parameters are summarizekhbie 2, and a schematic illustration of the strrecis shown in

Figure 9C. The diffraction patterns were considgralffected by microstructural effects resultinganisotropic peak

broadening which has been successfully modelleal $ggherical harmonics expansion of the crystaltitespe.

Table 2

Atomic coordinates and isotropic thermal parametersNd, ;Sr; NiO4s at room temperature, refined in themm

space group. Unit cell parametesis= 3.8244(1) Ap, = 3.6396(1) A and, = 12.5057(2) ARgagq = 3.03 %.

Atom Site X y z Occupancy B
Nd 4 0.5 0.5 0.1452(2) 0.2 1.60(9)
Sr 4 0.5 0.5 0.1452(2) 0.8 1.60(9)
Ni 2a 0 0 0 1 1.8(1)
o1 x 0.5 0 0.5 0.27(2) 2.0(2)
02 Y] 0 0.5 0.5 1 2.0(2)
03 4 0 0 0.1571(2) 1 1.19(9)

The structural model implies that Ni cations rantioadopt three different coordinations in the tztinamely,

square planar (coordination number 4), pyramidab{dination number 5) and octahedral (coordinatiomber 6) with

the probabilities 0.53, 0.40 and 0.07, respectiyeig. 9C). The crystal structure is closely redate the structure of the

Ni'*-containing strongly reduced Lgbr 4(Ni**y sdNi%*.39 0547 nickelate®” as well as to the orthorhombic structure of

15
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Sr,Cu0,.*® The latter adopts the sariramm space group but thed2Vyckoff position is fully vacant, resulting in ats
of isolated chains of Cu ions in the square plawardination. Other studied compositions of the }ELNiO, 5 series
with x = 1.2-1.4 and possibly witlk = 1.0 exhibit similar oxygen vacancy ordering afteduction under inert
atmosphere. It is remarkable that oxygen-deficiemmpositions of these series with smalierlike for instance
Nd; ¢St oNiO,5, crystalize in a different oxygen vacancy-ordesedicture with monoclini€2/c symmetry’.’9 Another
comment is that, although compositions with 1.0 show high oxygen deficiency at elevated ®mafures in air, they
still preserve tetragond/mmm structure under oxidizing conditions (Fig.2). Thdlicates that structural transition is
induced not only by the high concentration of oxygacancies, but also may be interrelated withnibkel oxidation
state.

One should also note that the values of oxygento@misometry observed during the heating/coolingleyin
inert atmosphere (Fig.7) are not equilibrium. Cantrto oxidizing conditions, NdSKNiO45 samples demonstrated
quite slow kinetics of equilibration in inert gasmmsphere even at 700-9%D (see Electronic supplementary
information, Fig.S2). While on cooling this can thatbe explained by low concentration of oxygentlie gas flow,
slow equilibration on heating implies that in fabis is associated with slow structural changes twad oxygen
vacancy ordering is probably accompanied with ongein cation sublattice as well. The structurameges were found

to be reversible: for all compositions, tetragostalicture was restored after annealing in air 8020 for 5-10 h.

3.4. Thermochemical expansion

All studied Nd&.,SrNiO,5 ceramics exhibit rather unusual dilatometric bétrawon thermal cycling under
oxidizing conditions (Fig.10). Initially, heatingnder air or oxygen atmospheres results in a lirdangation of
ceramic samples. This is followed however by a aea@ble deviation from the linearity above 500-850for
compositions withk = 1.2 and even some shrinkage at 750°€1fdr ceramics with higher strontium content undier
atmosphere. The onset of deviations from a linegaesion shifts to a lower temperature and thefergxbecomes
larger with increasing strontium content. All corsjiimns, including NdSrNiQs, show significant hysteresis in
dimensional changes on temperature cycling, althaoitjal dimensions are eventually restored aft@oling.

Reversible abrupt dimensional changes in oxide maddée on temperature cycling often originate from
temperature-induced phase and structural transitior nickel-based oxides, relevant examples c¢h saehavior
include Ep St NiOss,*° NdyEuNiO; ** and BiNiOs.*? However, as mentioned above, thermal analysisidideveal
any thermal events in DSC curves of \NELNiO45 ceramic samples. Furthermore, no discontinuitgpliserved in
temperature dependencies of the lattice parametdcalated from the HT-XRD data (Fig.3). All thisles out a

phase/structural transition as a cause of spailfitometric behavior of NdSrNiO, 5 ceramics. Other reasons such as
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slow lattice relaxation due to sluggish oxygen exaie with a gas phase or excessively fast heatiolijig also can be
excluded. As discussed above ,)N8I,NiO, 5 exhibit very fast re-equilibration with a gas phas temperature cycling.
In addition, dilatometric studies with isothermajudibration steps at 700-930 demonstrated that, even though
ceramic samples show some minor dimensional retaxaturing isothermal treatments, these changesegégible,
and the overall shape of dilatometric curves arefntfal hysteresis are maintained (see Electronipleogentary

information, Fig.S3).

T T T T T T T T 1 T T T T T T T T 1
1.2 1.2
heating/cooling:
I 3°C/min
. 0.8F 0.8
S
§ L
2 04f 0.4
0.0 0.0
— p(0,) =0.21 atm
------ p(O,) = 1.00 atm
1.2+ 1.2
. 08 0.8
X
§ L
= 04 0.4
0.0 - 0.0
| 1 | 1 | 1 | 1 | 1 | | 1 | 1 | 1 | 1 | 1 |

0 200 400 600 800 1000 0
T, °C

200 400 600 800 1000
T, °C

Figure 10. Dilatometric curves of BgSKLNiO45 ceramics on thermal cycling in air (solid lineg)dain O, (dashed

lines).

It turns out, therefore, that the most likely cao$@inusual dilatometric behavior of NgrNiO45 ceramics is
strongly anisotropic behavior of oxygen-deficienti,-type lattice in combination with microcracking. Akown in
Fig.3, N&.,Sr,NiO, s demonstrate anisotropic expansion of the lattitdv@ating with faster elongation aloogxis as
compared to the basal plane dimensions. Althougtuttit cell volume increases linearly with temperat anisotropic
expansion of differently oriented individual graimspolycrystalline samples induces internal sgawhich cannot be

accommodated by pores and promote the developniemicoocracks on cooling from strain-free statesaitering
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temperature. Microcracking is known to be a caukea darge hysteresis in thermal expansion curvesesdmic
materials with a crystallographic anisotroPy* one typical example is aluminum titanateADs.*> Heating above a
certain temperature results in “healing” of mickeks and deviation from the linear behavior andneseme
contraction. On cooling, anisotropic strain misrhats compensated by re-opening of microcracks witiah an
opposite effect on dilatometric curves. As micraksahealing and re-opening initiates at differearhperatures on
heating and cooling, this results in a hysteresisdilatometric curves. Dilatometric data (Fig.1Q)ggest the
microcracking-related processes in the studiedeatétks occur mostly at ~600-8@) although initial dimensions of
the samples are restored only after cooling downotoim temperature due to slow microstructural raiax. This
phenomenon reasonably explains unusual dilatomeegfi@vior of Nd,SrNiO4 s samples as well as embrittlement of
the ceramics sintered at higher temperatures (@geain growth followed by a stronger microcrackorgcooling).

Dimensional changes are closely interrelated withdxygen nonstoichiometry variations. Increasimngrgium
content gives rise to larger oxygen nonstoichiopnetrtanges (Fig.5) and consequently higher anisiiitgpof the
lattice expansion on heating (Fig.3). For Sr-riompositions, temperature dependencies of thedattnistants deviate
from a linear behavior, and these deviations hggosite trends fos andc parameters; eventually, a contractioaib
plane is observed at higher temperatures. As dtr@streasing results in larger dimensional changes i MENiO,.

5 ceramics at 700-90C. On the contrary, increasing pj@educes variations d@ with temperature and has a reverse
effect on dimensional changes.

Note that, although lattice anisotropy and accompanmicrocracking phenomenon hinder the fabricatd
dense ceramic samples, these factors can be edpecteave a rather minor effect on thermomecharstatility of
electrode layers due to smaller grain size andifsignt fraction of poresX 40 vol.%) which can accommodate the
strains. Besides, studied N&rNiO45 ceramics seem to possess moderate thermal exparsidficients (TECS).
Table 3 lists average TEC values calculated froendilatometric data (straight segments on heatamg) from the

high-temperature XRD data. These values are in gogréement with the data reported for othep [SdNiO45

ceramics X = 0-0.8, a = (11.6-14.4)x10K%)*%® and also are comparable with TECs of common sbgtrolytes
(such as stabilized zirconia, doped ceria or swltetd lanthanum gallate) thus ensuring their thenexhanical
compatibility.

Fig.11 compares dimensional changes of NdSghi@hd Nd ;Sr; NiO,4s ceramics in one heating/cooling cycle
in air and in inert atmosphere. Oxygen losses enntal cycling at reduced pgDlead to a contraction of ceramic
samples; the magnitude of these dimensional chaisgetongly correlated the range of oxygen nogsioimetry

variations increasing witk (Fig.7).
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Chemical-induced dimensional changes on reductfaaxinle materials with variable-valence cationgyorate
from two simultaneous competing processes: (i) &diom of oxygen vacancy leading to lattice conimactdue to
electrostatic interactions, and (ii) simultanequzréase of cation radius causing lattice expargiento steric effects.
As the second process has a stronger impact, oXggees on temperature and p(€hanges result in overall dilation

of crystal lattice in the case of perovskite anmfite structure§’*®

Table 3
Average thermal expansion coefficients of,)8lI,NiO4 5 ceramics
a x 16, K*
X Method T range,°C
p(Gy) = 0.21 atm p(® = 1.00 atm

1.0 dilatometry 100-1000 12.3 12.2

HT-XRD 25-1000 11.1
1.2 dilatometry 100-600 12.1 11.8
1.4 dilatometry 100-600 12.3 11.9
1.6 dilatometry 100-470 14.3 13.6

HT-XRD 25-1000 13.6

Note: TEC values caluclated from the dilatometatadcorrespond to straight segments on heating.

The situation is different for anisotropiGMiF,-type nickelates. Previous studies of oxygen-oes&kiometric
Ln,NiOy4.5 -based ceramic materials demonstrated that déegeasygen excess in these materials under isotilerm
conditions results in increasirggand decreasing parameters; these changes compensate each athkingein nearly
constant unit cell volume and negligible chemicapansion/contraction on redox cyclii¢’ It turns out that in
oxygen-deficient Ng,SrNiO,4 5 nickelates, within tetragonal phase domain, latparameters vary in a different way:
a decreases arwlincreases with increasiidy though these changes still compensate each asHfetlows from a linear
behavior of unit cell volume (Fig.3). This is inragment with available literature data on LaSrii¢&

High oxygen losses under inert gas atmospheretyesukxpected, in dilation of Ngbr, NiO, lattice alonge
axis (see Tables 1 and 2). At the same time, ordein oxygen sublattice causes distortion of thecsure and
significant contraction alonl, axis. Although the size of nickel cation shouldrease on reduction, it simultaneously
decreases with decreasing coordination nurffbessulting in a net contraction in basal plane siminkage of unit cell
volume. Similar behavior is characteristic for othéd, ,S,NiO,5 ceramics diminishing when strontium content

decreases. Interestingly, dilatometric curve of }$a (NiO45 on cooling in argon, when oxygen nonstoichiomésry
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almost constant (Fig.7), did not show any anomahlmisvior (Fig.11) once again confirming that theisual behavior

of dilatometric curves under oxidizing conditiosscorrelated with significant oxygen losses.
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Figure 11. Dilatometric curves of NdSrNi©®(A) and Ng ,Sr NiO45 (B) ceramics in one heating/cooling cycle in air

(solid lines) and in argon flow (dashed lines). @efthe experiments, the samples were slowly coddeeh in air.

3.4. Electrical conductivity

All Nd,,SrNiO45 (x = 1.0-1.6) ceramics exhibit metallic-like elécal conductivity in the studied temperature

range under oxidizing conditions (Fig.12). Conduityi initially increases with strontium content odéng the

maximum forx = 1.2 and then decreases on further substituonNd, gSr; -NiO,45, the values of conductivity in air

are as high as 286 and 510 S/cm at°@0@nd 600C, respectively. All studied materials show higlectrical

conductivity if compared to parent BiO,.s.

It is considered that metallic-like conduction in,LSKNiO,.5 occurs via free electron-holes in tbe;(z_y2 band

formed by delocalizedl,. . Ni orbitals, whiled,, electrons are localizéd!**#*?4ncreasing temperature decreases
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electronic transport in NgSKLNiO4s due to decline of both electron-holes concentratiig.6) and their mobility.
Variations of electrical conductivity in NgSKNiO45 (X = 1.0-1.6) series correlates to some extenl wélculated
electron-hole concentration (Fig.6) but only atht@gtemperatures, above 800 when the formal oxidation state on Ni
is close to 3+ or less. It seems therefore thattimepositional dependence of electrical condugtivitthese series is an

interplay between structural parameters, conceotratf electron-holes, distribution of electrongvieeen dxz_yz and

dZZ orbitals, and electron-hole mobility which alsoyrze affected by oxygen nonstoichiometry due tdtedag on

oxygen vacancies. An additional factor is microstual effects (porosity, microcracking).

30  logp(0,)=0.21atm © x=10
i ® x=12
i °
i .
2.6 -
CEl
L
\w/ -
o 22
o) L
= i
1.8
1.4
| 1 | 1 | 1 |
400 600 800 1000

T, °C
Figure 12. Temperature dependence of electricaflectivity of Nd,,SNiO,45 ceramics in air. Each data point was
obtained after equilibration at given temperatune4-20 h. Literature dafd on N&NiO4.5 are shown for comparison;

the data points in afrwere extrapolated from the- log p(O,) dependences.

Note that the data shown in Fig.12 are “equilibriumalues, i.e. values obtained in cooling regimeemaf
equilibration at each temperature for 4-20 h uh# drift of conductivity with time became negligbOn temperature
cycling, however, the conductivity curves demortstrsignificant hysteresis at 600-10Q0(Fig.13). This apparent
hysteresis originates from the dimensional charsge®mpanied with microcracking, as discussed ablowet these
factors have an effect on measured conductivityesl As for dilatometric curves (see Electronic pbeimentary

information, Fig.S3B), this quasi-hysteresis carb®tliminated by isothermal equilibration.

21



Journal of Materials Chemistry A Page 22 of 27
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Figure 13. Electrical conductivity of Ng@Sr; JNiO4s ceramics in air: (squares) values obtained iningalegime with
equilibration at each temperature for 4-20 h, antles) values measured in a heating/cooling cielsveen 500 and

1000°C at 5C/min.
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Figure 14. Oxygen partial pressure dependencesofradal conductivity of Ng,Sr,NiO,4 s ceramics at 700-90C.
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Oxygen partial pressure dependence of electricaldedtivity of Nd.,SiNiO4s ceramics confirms that
electronic transport igp-type and decreases on reducing P(Qrig.14) due to oxygen release from the lattice

accompanied with elimination of electron-holes:

p2

12
Of +2h o V5+0.50,; k=03 POJ" 4)
4-5
whereK is temperature-dependent equilibrium constanthénstudied p(§ range, all compositions preserve metallic-
like behavior with conductivity decreasing on hegt{Fig.14). Electron-hole conductivity is a fumetiof both oxygen

partial pressure and oxygen nonstoichiometry (wiidlurn also depends on p{Q

5 \*° o5 14
O-p:e“pp:qlp(ﬁ] K p(Q} (5)

and therefore demonstrate strongly non-linear biehan log o - log p(O,) coordinates. Still, all composition exhibit
comparatively high level of electronic transportlanoxidizing conditions (> 10 S/cm at & 5x10* and T< 900°C
even for x = 1.6) acceptable for oxygen electrode applicatioffaking into account the data on oxygen
nonstoichiometry (Fig.5), one may expect that 8nriNdSKNiO4s are mixed conductors with non-negligible

contribution of oxygen-ion transport to the toteatrical conductivity, which is favorable for etemchemical activity.

4. Conclusions
(i) Nd,,SrNiO,45 (x = 1.0-1.6) ceramics with #iF,-type tetragonal structure were prepared by Pechethod and
sintered at 125 in oxygen atmosphere. Tetragonal structure isgpvesl under oxidizing conditions on heating up to
1000°C;
(i) Acceptor-type substitution by strontium is cpemsated by electron-holes and oxygen vacanciestadlle of the
latter increases on heating. Oxygen deficiencylataged temperature increases with strontium dopéaghing ~ 1/8
of oxygen sublattice fax = 1.6 at 100€C in air;
(iii) Strong anisotropy of tetragonal lattice expam on heating correlated with the oxygen nonkioimetry variations
results in an anomalous dilatometric behavior of, f$8NiO,5 ceramics. The results of dilatometric and high-
temperature XRD studies show however moderate agettaymal expansion coefficients comparable witht thf
common solid electrolytes;
(iv) Reduction of Nd,SrNiO,45 in inert gas atmosphere induces oxygen vacana@rioiglaccompanied with a decrease

of the lattice symmetry down to orthorhombic andtcaction of ceramics;
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(v) Nd>..SNiO45 ceramics possegstype metallic-like electrical conductivity undexidizing conditions decreasing
on reducing oxygen partial pressure. Highest cotinticis observed fox = 1.2 reaching 290-510 S/cm at 600-900
The level of oxygen deficiency in Sr-rich NGr,NiO,5 implies that these materials are mixed conduciotis non-

negligible contribution of ionic transport to theal conductivity.
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