Chapter 6

Structural Characterisation of Ba ,;NdSn,Sb;.4O¢.5

6.1 Introduction

As discussed in Chapter 1 oxygen deficient perteskare of significant interest to
material scientists because of their high ionic atettronic conductivity®. lonic
conductivity in such perovskites typically takeg lorm of oxygen anion or proton
conductivity with some materials, such as Bal®.Os” and BaYSnGsd®
exhibiting both types. Typically such materials @aligh proton conductivity at
intermediate temperatures under humid environmemid greater oxygen anion
conductivity at higher temperatures in dry envirems”. BaYSnQss is a rare
example of a double perovskite known to have gomiticonducting properties and
studies of similar double perovskites are alsolyike show interesting results. In
particular similar series where the amount of oxygaion vacancies in the structure
is reduced, by for example doping the*Ssite with a B cation, are of interest
because it is likely that this will lead to morealde materials under reducing

condition&!.

In Chapter 5 it was shown that in the seried B&nB'1.\Os5 (Ln = Pr or Tb and B'

= Nb** or SB") the Lr** cations undergo an oxidation state change t& s x
increases. Results obtained from analysis of XANdfectra suggest that these
compounds have very little or no oxygen anion vaeand are therefore likely to
have limited ionic conductivity. In this chapteetBynthesis and structural analysis of
the series B&NASnSh.«Oss is carried out. N&, unlike PF* or TB* can not be
oxidised to a tetravalent oxidation state meanhay increased $hdoping of the B’
site must lead to increased oxygen anion vacdfici&uich an increased level of
oxygen vacancies is likely to lead to an increaséhe overall ionic conductivity of
these materials.

The series BAdSnSh.,Os5 was selected for study, rather than the analoyoiis

compounds, since the larger ionic radius of Ndf. an ionic radius of 0.98 A for
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Nd** to 0.90 A for ¥ suggests that these are more likely to adopti@yametry
structures. Lower symmetry perovskite structuresimarinterest to this work because
of the potential for oxygen anion vacancy ordering structures with
crystallographically distinct oxygen sites. Prefgi@ occupancy of the oxygen
vacancies could have a significant effect on thteyeay of oxygen anion conductivity
and lead to ionic conductivity being higher alongecaxis or plane of the crystal
structure than along another. To date most stuofesctahedrally tilted oxygen
deficient perovskites with more than one oxygemasite have indicated that oxygen
vacancies tend to concentrate on the equatoris sit the B@ octahedr&®*®. How
any ordering present in these materials changds terhperature is fundamental to

the role it may play in their application in dewscguch as solid oxide fuel cells.

To explore the structures of compounds in theeseBaNdSnSh, «Os5 Suitable
samples have been synthesised and structurallpaiesised using synchrotron X-ray
and neutron diffraction. Neutron diffraction is pewlarly critical to this study
because of the relatively high sensitivity of tteshnique to lighter elements, such as
oxygen, compared to X-ray diffraction. This higheensitivity makes the
determination of the extent of any oxygen anionedrdy present possible,

particularly when neutron diffraction data is cotked to lowd-space.

6.2 Synthesis of Ba ;NdSn4Sb;.40¢ 5

Samples of BaNdSnSh«Os5 (x = 0, 0.1, 0.2,..., 1) were synthesised from
stoichiometric mixtures of BaCGONd,O3, SnQ and SkOs. After being finely ground

in an acetone slurry the samples were heated at°80@r 24 hrs. After being
reground the samples were sequentially heated(dt, 1000, 1150, 1200, 1300, 1350
and 1400 °C for periods of 24 hrs with samples dpegground between each heating
period. Where required samples were then heatedigotro 96 hrs at 1450 °C to
improve their purity and crystallinity. Where x 600.8 and 1.0 the larger samples
(~ 10-15 g) required for neutron diffraction wemrsated above 1350 °C in a platinum
crucible to prevent the possibility of these*Srich samples reacting with the vessel
in which they were held. Another large sample (g)16f BaNdSnG s was also
synthesised, with this sample being held in an alancrucible for all steps of the
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heating schedule. It should be noted that all sasp$ed for neutron diffraction were
dried by heating overnight at 1000 °C prior to sl in order to eliminate any water

present in the structure of these compounds.

A second large sample (~ 10g) of ,RdSn ¢Sk 4Os7 was synthesised using the
aforementioned procedure and, after drying, waseolaon a Schlenk line under
vacuum for three days to ensure any trace quanhtitievater present was removed.
The compound was then exposed for a day to an atmos of Argon, which had
been humidified using D, to deuterate the sample. The sample was thesféraed

to a glove box and sealed in a glass vial undeatarosphere of Argon to minimise
any exchange of # for DO while the compound was being taken to the ISIS
facility in the United Kingdom.

6.3 Experimental Method

Synchrotron X-ray diffraction patterns were cadlégt using the Debye-Scherrer
diffractometer at the ANBF, beamline 20B at the t®ehoFactory as described in
Section 2.2.2.1. Diffraction patterns were colldctat room temperature using
0.80088(1), 0.80123(1) or 0.80286(1) A X-rays. Baihg this diffraction patterns of
Ba,NdSny sShy 705 g5 and BaNdSnQ 5 were collected above ambient temperature up
to a maximum temperature of 800 °C using the cudtaitt furnace and employing
0.80088(1) and 0.80123(1) A X-rays respectively.

Time-of-flight neutron diffraction patterns of BédSnSh;.Os5 (x = 0, 0.2, 0.3, 0.6,
0.8 and 1.0) and the deuterated sample gNB&n ¢Sty 405 7 were collected at room
temperature using the Polaris diffractometer at IBES facility (as described in
Section 2.2.3.4). Diffraction patterns of B&lSn ¢Sk 4057 and BaNdSnG s were

also collected above ambient temperature, up teedamum temperature of 1000 °C.
Neutron diffraction patterns of both the deuteratadd dried samples of
BaNdSny ¢Shy 4057 were also collected at —269 °C (4 K). Samples welel in

vanadium cans during the measurements. Specialwasetaken when transferring
the deuterated sample of BaElSmn ¢Sk 4057 into its can to minimise the possibility

of any exchange of {® with the atmosphere. The transfer was carried roat glove
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bag under an atmosphere of With a piece of indium metal being used to improve
the quality of the seal between the sample caridn@he sample cans were mounted
in an AS Scientific “Orange” helium cryostat to leat patterns below ambient
temperature. For measurements above ambient tetapei@ RAL vacuum furnace
was used. This furnace had vanadium heating elenvéitit thermometry based on a
K-type thermocouple positioned in contact with ttemple can above the beam.
Variable temperature patterns were collected okertemperature range of 100 to
1000 °C in 50° steps. The patterns were recorded ftmtal incident proton beam
current of between 125 and 2f8h, as required, and refinements carried over the
d-space range of 0.25 to 3.18 A.

X-ray Absorption Near-Edge Structure (XANES) speaif the L-edges of the $n
and SB* cations in BaNdSnSh,,Oss (x = 0, 0.2, 0.3, 0.6, 0.8 and 1.0)) were
collected using beamline 16A1 at the NSRRC (se¢i@e2.4.2) using a single scan
over the energy range of 3.779-4.998 keV.

6.4 Results and Discussion

As expected from the results presented in Ch&ptiee synchrotron X-ray diffraction

pattern of BaNdSbQ indicated that it adopt®R3 rhombohedral symmetry (tilt
systemaa'a) with a good fit being obtained to the patternngsa model with this
structure. Visual examination of the X-ray diffract pattern of BaENdASnGs
revealed that the peaks that correspond to the) @ddl (800) reflections of the cubic
perovskite structure were asymmetric suggestindtisgl of these peaks that could
not be fully resolved (see Figure 6.1). This issstent with monoclinic symmetry.
Since the only super-lattice reflections that webserved werdR-point reflections,
indicative of cation-ordering and/or out-of-phaseng, the compound was assigned
as havingl2/m symmetry. To obtain an adequate fit to this ddfien pattern,
however, a slightly unusual metric cell was requitleat had d-axis slightly longer
than thea-axis (see Figure 6.2 and Table 6.1 for unit callapneters presented in
graphical and tabulated forms respectively). Thigifferent from most monoclinic
perovskites examined in this thesis and in othadiss where thea-axis is the

longest* **! A good fit was obtained using a structure witls timit cell (R and Ry,
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of 4.8 and 5.4 % respectively), which accountedatbthe observed reflections in the
diffraction pattern and had a significant monodirg@ngle 3 = 90.098(2)°). This
confirms that despite BHdSnG 5 possessing an unusual unit cell it is, at ambient

temperature, in all likelihoot2/m monoclinic.
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Synchrotron X-ray diffraction pattern of BddSnQ s at ambient
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Figure6.1:
temperature. The crosses, upper and lower contmlinas represent the observed
and calculated intensities and the difference betwtbese respectively. The vertical
markers show the positions of the allowed Bragdectibns. The inset indicates

asymmetry indicative of unresolved splitting of theaks corresponding to the (444)
and (800) reflections of the cubic perovskite iadileg that monoclinic symmetry is

adopted.

Synchrotron X-ray diffraction patterns of composnd the series BAldSnSh xOs-5
with x = 0.6-0.9 were also well fitted by modelstimi2/m symmetry as illustrated in
Figure 6.3. The samples where x = 0.1 and 0.2 feened to beR3 rhombohedral,
similar to BaNdSbQ, with the X-ray diffraction patterns of these cayupds being
well fitted by this structure. The diffraction patbhs of samples with x = 0.3-0.5,
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however, were not well fitted by single phase msdel eitherl2/m or R3 with a
refinement consisting of a combination of these stactures being necessary to
obtain an adequate fit to these diffraction patterihe unit cell volume of the
rhombohedral structure is observed to decreasbtiligiith increasing x (see Table
6.1). This is somewhat unusual since''Smas a larger ionic radius than°Skcf. an
ionic radius of 0.69 A for Sfito 0.60 A for SB'™) and it would be expected that the
unit cell volume should increase with increasing**Sdoping as found for the
monoclinic structures. It is not clear why thisntleis observed although it may be
related to the presence of a smaller number of exygcancies in the rhombohedral

samples compared to th&fm monoclinic compounds.
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Figure6.2: Lattice parameters for compounds in the seriesNB&nSh; xOs.5
determined using synchrotron X-ray diffraction. Ucell lengths have been reduced
to the size of the primitive cubic perovskite fase of comparison. It should be noted
that the lattice parameters determined for samplés x = 0, 0.6 and 1.0 were

determined using different wavelengths than thersamples.
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Table6.1;

Phase composition and unit cell parameters foBadldSnSh, «Os.5 Series of compounds determined using synchrotroayX

-

diffraction.
gf’j‘fg a(A) b (A) ¢ (A) a (°) B()  Volume (&) Phas(em%‘l’[%’os'“o
0 R3 6.03682(1) = —a  6010032)  =a 155.917(15) 100
01 R3  6.03551(3) = —a  600867(5) =a 155.768(31) 100
02 R3  6.03440(6) = —a  60.0558(10) =a 155.574(69) 100
03 Ric 6.03233(9) = a2 60.0776(13) =a 155.489(36) 83.9(4)
12/m  6.02183(40) 6.02399(41) 8.50743(38) 90 90.1505(32)  308.609(31) 16.1(2)
o4 Roc 60298810) =a —a  60.0865(23) =a 155.344(151) 65.6(5)
12/m  6.02715(28) 6.03163(30) 8.50286(16) 90 90.2269(26)  309.106(22) 34.4(4)
o5 Roc 60331926 =a —a  600822(38) =a 155.573(257) 38.9(7)
12/m  6.03064(21) 6.03430(22) 8.50860(15) 90 90.2148(17) 309.632(17) 61.1(8)
06 12/m  6.04200(10) 6.04052(10) 8.53724(11) 90 90.1003(14) _ 311.891(8) 100
0.7 12m  6.04465(6) 6.04863(5) 8.53900(5) 90 90.1100(6) .&IR4) 100
08 12/m  6.05076(7) 6.05465(7) 8.54670(7) 90 90.1126(8) . BIX6) 100
0.9 12m  6.05895(6) 6.06159(6) 8.56100(6) 90 90.0731(9) .&I8(5) 100
1.0 12/m  6.06182(15) 6.06539(14) 8.56439(11) 90 90.0977(17) 314.889(11) 100
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Figure6.3: Selected portions of synchrotron X-ray diffractigmatterns of
compounds in the series BalSnSh;.4Os.5 indicating the various structures adopted.
The crosses and the continuous line representitbereed and calculated intensities,
respectively. The patterns have been rescaledtterbkustrate the changes, with the
parent (444) reflection nea®2= 38.0° being ~ 1/ as intense as the cubic (400)

reflection near @ = 21.6°.

The two phase region found in the series\NBESN Sy «Os.5 could arise from either a
discontinuous phase transition between monoclint @nombohedral symmetry, as
required by group theo™y, or a compositional difference between these thasps.
Therefore variable temperature synchrotron X-rdfratition patterns were collected
of BaNdSn sShy 0555 up to a maximum temperature of 800 °C. These mpatte
showed that this sample consisted of two phaset upe maximum temperature
examined (see Figure 6.4), where it was well fifigdtwo cubic structures (Rand
Rwp Of 3.5 and 4.7 %). The persistence of the two @lvagion over such a large
temperature range indicates that the co-existehtleese phases is caused by phase
segregation, similar to that found in B&ENb,.,ShOs and BaPrSnSh.xOss in

Chapters 4 and 5 respectively, and not as a resalphase transition. A combination
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of Scanning Electron Microscopy (SEM) and Energysgdersive X-ray (EDX)
analysis, however, did not find any evidence oforasegregation with only a small
variation in the composition of the different reggobeing found in both the single and
multi-phase samples (see Figure 6.5 for secondawxy laackscattered electron
images). This suggests that whatever segregatipregent occurs on a smaller scale,
either compositionally or spatially, than can badiy/ examined using SEM and
EDX analysis. EDX analysis of this series may beglicated further by the overlap
of the Si" and SB* X-ray emission spectra.
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Figure6.4: Synchrotron X-ray diffraction pattern of B¥dSnsSky/Osg5 at
800 °C. The format is the same as for Figure 6lie ihsert depicts the calculated

intensities of the two cubic phases in the samptkethe overall calculated intensity.

Having determined the ambient temperature strastaf the compounds in the series
BaNdSnSh xOs 5 a variable temperature synchrotron X-ray diffi@etstudy of
BaNdSnQ s was carried out to examine its structure aboveiamkemperature.
While it was found that this sample maintaindm monoclinic symmetry up to

800 °C, the maximum temperature examined in thiskwan unusual contraction of
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the lattice parameters was observed between 25G@M0AEC (see Figure 6.6). This
remarkable behaviour was not repeated on coolioig 800 °C suggesting that this
compound does not truly exhibit negative thermabamsion. Evidently this
contraction is caused by a change in the crystattsire of this material on heating,
which is not reversed on cooling. Since the rela@mdpound BgY SnG; 5 is known to
be a good proton conducfrand proton conductors absorb water into their atyst
structures it is likely that the decrease of thé agell volume of BaNdSnG s upon
heating is caused by the loss of water presefsrstructuré’ >
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Figure6.5: Secondary (left) and backscattered (right) ebectmages of the single

phase sample BHdSnQ s The lack of contrast in the backscattered elecinmage

suggests that this sample is homogeneous.

Thermogravimetric Analysis (TGA), measured underirgert atmosphere of Noy
David Cassidy at ANSTO, indicates that there areethregions of significant weight
loss for this sample of BRASNnG s upon heating (see Figure 6.7). The first of these
below 100 °C and is expected to be associated théhoss of water bound to the
surface of this compound. The second and thircdbregare between 200 and 450 °C
and 500 and 625 °C, respectively, and most likeeaas a result of the loss of water
from the crystal structure. These regions of weigbt coincide well with features
apparent in the diffraction studies upon heatinGATshowed a total weight loss
equivalent to 0.72 moles of water per mole ofNB#5nQ 5 over these two regions.
This is a remarkable result since the water wasralesl into this sample from the air
while sitting in a closed vial at ambient temperatu
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Figure6.6: Reduced lattice parameters and unit cell volumeBafNdSnQ s

versus temperature.
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Figure6.7: Weight loss versus temperature plot foplBdSnG s in an atmosphere
of N,. The weight loss in the regions of 200-450 °C &3@-625 °C is 1.69 and
0.35 % respectively.
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Figure6.8: Ambient temperature neutron diffraction pattern tbé deuterated

sample of BeNdSn ¢Sk 4Os7. The format is the same as for Figure 6.1. Therins
indicates the weak peaks revealing the presenar ahidentified impurity.

It would be interesting to locate the precise fasiof the water in the crystal
structure of compounds in the series®B@SnSh; «Os-5, particularly since the amount
of oxygen in the quantity of water absorbed byNB¥#SNQ 5 is greater than the
number of oxygen vacancies in this sample. Oxygenwater absorbed into a
perovskite structure usually fills these vacansiest is unclear where the remaining
oxygen anions might be situated” %2 Attempts to determine the location o
and in particular the deuterium site, in ;RdSn Sy 4Os7 were, however,
unsuccessful. Neutron diffraction patterns colldctef a deuterated sample of
BaNdSn ¢Shy 405 7 at ambient temperature and -269 °C (4 K) were Wietddld by a
“dry” 12/m structure which did not allow for the presenceaal deuterium in the
compound (see Figure 6.8). The Fourier differen@sncalculated from the fits
obtained using this “dry” model to the two neutrdiffraction patterns obtained of
this compound did not reveal any significant adadiéil nuclear density that was
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unaccounted for by these refinements. This sug@festshere are no additional atoms
in the structure of this material that are unactedinfor by this “dry” model
indicating that no BO was present in the perovskite structure. Theaglitvolume of
the deuterated sample was determined to be witBi&dof the size of the unit cell of
the dried BaNdSn ¢Sy 4057 sample at both temperatures examined. This castras
significantly with the large change in the volunfdBa,NdSnQ s found when water is
lost from its crystal structure and suggests thia¢ tdeuterated sample of
BaNdSn ¢Shy 405 7 contains little or no BD.

TGA of the deuterated sample in an atmosphere,phbdlvever, revealed a weight
loss at elevated temperatures of approximately O%6Dbf total weight over two
regions, between 200 and 400 °C and 450 and 56(Mte€.to the care taken to
thoroughly dry this sample prior to deuteratiowés expected that the sample would
only contain heavy water. This weight loss is thae consistent with the structure of
this sample containing 0.19 moles ofper mole of BaNdSn ¢Shy 405 7. While this

Is significantly less than the amount of water fdua be absorbed into the structure
of BaNdSnQ s it is expected that any deuterium present in tinectire of this
compound should be ordered, as is the case for dtheerated perovskité%®® 22
This result, therefore, suggests that there ditiutdd have been sufficient deuterium

present in this sample to determine the positiothefdeuterium site.

There are three possible reasons why attemptstésndine the deuterium site in this
material failed. The first possibility is that thdeuterium preferentially segregated into
an impurity phase which was shown to be preserthendeuterated sample by the
presence of several weak un-indexed peaks in théamediffraction pattern (see
Figure 6.8). The impurity causing these peaks cawltbe identified and was not
present in the dried BEdSn ¢Shy 4057 sample. These peaks had less than 1 % of the
intensity of the most intense peak in the neutrdfiadtion pattern indicating that
only a trace amount of this phase was preserg, therefore, thought unlikely that it
could contain all of the deuterium in the samplaother possibility is that the seal of
the vanadium can was not sufficiently tight to metvthe DO escaping from the
compound while cooling, under vacuum, in the crgpsSimilarly it is also possible
that sufficient HO may have exchanged for,®@ in the sample prior to this

experiment so that the different scattering lengthiydrogen and deuterium (cf. a
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coherent scattering length of -3.74 fm for H to7féh for D) led to little or no
overall nuclear scattering density from whatevég ey occupy in the material. If
this last reason is true, however, it is still kaly that the deuterated sample of
BaNdSny ¢Shy 4057 contains a significant amount of water since thees not a
significant difference in the unit cell volume dfet deuterated and dried samples.
Regardless of the reason why the deuterium siaiNdSn Shy 4Os 7 could not be
located it is hoped that future studies of deueslasamples in the series
BaNdSnSh «Os.s may lead to the successful identification of thite. It is thought
that deuterating samples at elevated temperatur@g increase the kinetics of
deuterium absorption and thereby increase the anafudeuterium absorbed into the
sampl&?. Unfortunately the study of this deuterated sampias delayed for
approximately a year due to the shut down of th&lOReactor in Australia and the
ISIS facility and, due to time constraints, it wet possible to repeat this.

Having established that the structure of compoundbke series BAdSnSh .xOs-5

changes fromR3 rhombohedral tol2/m monoclinic with increasing x, neutron
diffraction was used to characterise selected sesnplith a particular focus on
determining if oxygen vacancy ordering was preséhé neutron diffraction patterns
of BaNdSnQ s exhibited unusually broad and anisotropic peakpshahich could

not be successfully fitted (see Figure 6.9). Thicuored for two samples of
BaNdSnQ s for which neutron diffraction patterns were cotet; although the

diffraction pattern of the sample heated above 1350n a platinum crucible had
somewhat improved peak shape. In contrast witlpthblems encountered fitting the
neutron diffraction patterns of this compound thealp shapes of the synchrotron
X-ray diffraction patterns of B&ldSNQs were adequately fitted using a
pseudo-Voigt peak shape, particularly after a snaalount of anisotropic peak
broadening was allowed for in peaks witikl} of the type (0D. This suggests that it
is the limitations in the peak shape models that loa employed using the GSAS
program that prevented the successful fitting ef nleutron diffraction patterns. It is
thought that the high degree of strain presentayNBSnG; 5, which is responsible for

this sample induced peak shape broadening, is Ikebt induced by the presence of

a large number of oxygen vacancies in the struaifitbis compound.
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Figure6.9: Selected portion of the neutron diffraction pattein Ba;NdSnQ s

obtained at ambient temperature illustrating thisaropic peak shape broadening
present in this sample.

The neutron diffraction patterns of other companekamined in the series
Ba,NdSnSh.xOs5 were well fitted by eithet2/m, R3 or a mixture of these phases
consistent with the results obtained using X-rdfratition (see Figure 6.10). There
was no indication of any additional peaks, suciMa®r X-point reflections, in these
patterns. Bond valencies estimated from the neutiiiraction analysis reveal that
the N&* cations are overbonded similarly to the lanthamiagons in the compounds
examined in Chapters 3 and 5 (see Table 6.2 antb6@ystallographic details and
selected bond distances respectively). Despite diesbonding the average Nd-O
bond gets shorter with increasing x while the ager&it*/SB’*-O bond becomes
longer. This is a result of the substitution of taeger SA" cation for SB* (cf. an
ionic radius of 0.69 A for Sfito 0.60 A for SB™) causing the bond length of the
mixed S#* and SB' site to expand requiring the Nd-O bond length liorgen to
offset this. The higher number of oxygen vacandlest are present in the more

heavily S#* doped compounds compensate somewhat for the setteaverbonding
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of the Nd* cations. It should be noted that the bond valenpievided in Table 6.3
for the oxygen deficient perovskites have beenutaled by multiplying the partial
occupancy of each site by the bond valence detednfor the appropriate bond
length (i.e. for the Nd-O bond in B¥dSn .ShygOsg9 the bond distance of
2.2902(5) A vyields a bond valence of 3.76 which,ewhmultiplied by the partial
occupancy of the oxygen site, gives a bond valen&e70). Clearly such an approach
has limitations in regards to determining the betredngth of a specific cation in its
local environment. Despite this it was consideebtd the most appropriate approach
for accounting for the partial occupancy of the gaty sites when calculating bond
valencies particularly if, as expected for an iooamducting perovskite, the oxygen

anions are rapidly moving from one position to aeot
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Figure6.10: Neutron diffraction pattern of BEdSn ¢Sk 405 7 obtained at ambient

temperature. The format is the same as for Figure 6
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Table6.2: information for the series RASNSb xOs5
determined using neutron diffraction. Refinementhaf x = 0.2 and 0.6 samples gives

a N&* occupancy of 0.95(2) and 0.81(1) for theeahd 2 sites in these compounds,

Crystallographic

respectively, with the remainder of the sites cstimsj) of B' cations.

Compound BaNdSbQy BayNdSn 2Sky ¢05.9 | BapNdSM ¢Sy 405 6
Space Group R3 R3 12/m
a(h) 6.02159(8) 6.03521(9) 6.0483(3)
b (A) =a =a 6.0522(3)
c(A) =a =a 8.5352(2)
a(®) 60.0968(4) 60.0512(5) 90
£(°) =a =a 90.192(3)
y(©) =a =a 90
Ba Z (X,X,X) 2¢C (X,X,X) 4i (x,0,2)
X 0.2520(3) 0.2494(9) 0.4962(9)
z =X =X 0.2555(8)
U x 102 (A% 0.69(1) 0.65(1) 1.03(3)
Nd 1a (0,0,0) 1 (0,0,0) 2(0,0,0)
U x 10% (A9 0.39(1) 0.27(2) 0.28(2)
B' 1b (Y2,%,%5) b (Y5,%,%) 21 (0,0,%)
U x 10% (A9 0.19(1) 0.26(2) 0.38(2)
o1 & (x,y,2) 6f (X,Y,2) 4i (x,0,2)
X 0.7304(4) 0.7304(5) -0.0276(8)
y 0.2408(1) 0.2409(1) 0
z 0.2963(1) 0.2942(2) 0.2673(3)
Uiy x 102 (A?) 1.32(5) 0.88(5) 2.72(23)
Uap x 102 (A?) 1.36(4) 1.24(4) 4.58(40)
Uas x 102 (A?) 1.94(3) 1.67(4) -0.31(3)
U x 107 (A9 0.34(6) 0.39(5) 0
Uiz x 102 (A% -0.24(6) 0.14(5) 0.37(10)
Ups x 102 (A?) -1.52(3) -1.20(4) 0
Occupancy 1 0.98 0.809(11)
02 g (x,y,2)
X 0.2666(9)
y 0.2575(12)
z 0.0122(4)
Uy x 102 (A% 0.69(7)
U, x 102 (A?) 1.55(11)
Uss x 107 (A9 2.53(11)
Ui x 102 (A?) -0.32(6)
Uiz x 102 (A?) -0.15(8)
Uaps x 102 (A?) 0.34(14)
Occupancy 1.021(5)
Ry % 4.3 4.8 2.8
Rup % 2.0 2.1 1.6
X2 5.9 1.8 5.6
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Table6.3: Bond lengths and bond valence sums (BVS) for ssfiecompounds in
the BaNdSnSh, «Os5 series determined using neutron diffraction. la tase of the
mixed SA" and SB" structures the BVS for $his listed above Sh. Bond valence
sums account for the oxygen occupancies in eaghktgte and in thé2/m structure,
adopted by the x = 0.6 sample, the Ba-O1 and Bdb@1i lengths are listed in the

second and third column respectively.

42

. Ba-O Nd-O B-O
Bond Length (A) BVS Bond Length (A)] BVS Bond Length (A)] BVS
3 x 2.8533(7) 3 x 3.049(4)
0 | 550804 3x318736) L76| 6x22944(4) | 370  6x19799(4
3 x 2.8626(7) 3 x 3.032(11) 167
02 1 3x3.020(12) 3x3.184¢1) 170 6x22902(5) | 370 6x1.9912(5 55,
2 x 2.938(11)
0.6 21;32333?812(77)) 2x29428)| 1 o1 | 2%x2288(2) |,9,| 2%x19922) |4.12
| 1x3.170(7) | 2 X 30998) ) 4x2.2452) |~ 4% 2.039(2) | 4.56
' 2 x 3.119(11)

The decreased difference between the Nd-O andbS8d/®ond lengths with
increased SH doping is accompanied by a decrease in the degfr@esite cation
ordering. While BaNdSbQ is fully ordered refinements against X-ray diffiact
patterns suggest that the B-site ordering decressds that approximately 80 % of
the 2 site is occupied by Ndin BaNdSnG;s. It should be noted that similarly to the
BaLnSnSh.xOs5 (LN = Pr or Tb) series, described in Chapter Bs¢hrefinements
were carried out such that any disordering of thsit8 cations involves both $rand
Sb’* replacing Nd" in a ratio consistent with the composition of teenpound. As in
the analogous Pr and Tb series this constrairedsssary because‘Sand SB* have
similar neutron scattering lengths and the samebeuraf electrons, leading to very

weak or no contrast in neutron and X-ray diffradd.

So far in this chapter it has been assumed tlanhtmber of oxygen vacancies in

compounds in the series BaISnSh «Os.5 should follow the relationshirﬁzi.

This assumes that the cations are present atrtbeinal stoichiometries and adopt
their highest possible oxidation state. Initialimement of the oxygen occupancies
against neutron diffraction patterns, however, sstgd that a higher than expected
number of oxygen vacancies were present in all sr(for example contrastéof

0.34(1) determined from refinement against a neutdiffraction pattern of
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BaNdSn Sk s0s5 to an expected of 0.10). Qualitative examination of the
samples using X-ray Fluorescence spectroscopy raosfthat the stoichiometry of

each compound in the series is close to the nornaiaé.

NdSnO
a,NdSn, Sb 006
NdSn Sb O

0.4 ~ 57
NdSn SbO7O585
NdSn Sb08059
7Ba PerO

SnO

l\)l\)l\)l\)l\)

Absorbance

! ' ! '
4460 4480 4500

Energy (ev)

Figure6.11: Sn L-edges of selected samples in the serietN83nSh, «Os5 and,
the SA" and SA" standards, SnO and SnOrhe spectrum of B&rSbQ is also
included as a reference for the features of the,Stiost-edge region that overlap with
the Sn L-edge.

Consequently the oxidation states of cations & ghries BaNdSnSh, «Os.5 were
investigated to determine if a deviation from thxpexted oxygen stoichiometry was
caused by the cations being in a lower oxidatiatesthan expected. It was thought
that Sif* and SB" would be the only cations that might adopt lowearnt expected
oxidation states since Baand Nd* are the only oxidation states found for Ba and Nd
in most metal oxidé8. X-ray Absorption Near-Edge Structure (XANES)
spectroscopy was used to examine the Srahd Ly -edges and the Sh-edge of
selected compounds in the seriesNB#5nSh; «Os5. The Sn L-edge spectra show that
Sn adopts the same oxidation state across thes seitie the only change evident in

the regions examined being a feature near {hedfe caused by the overlap of this

235



edge with that of the Sh,tedge (see Figure 6.11). As found for the same edtge
BaLnSnSh,.xOs.5 series, presented in Chapter 5, this feature ase® in intensity
with decreasing x as the ratio of Sb to Sn presetite sample increases and does not
reflect any change in the oxidation state of Sne Emergy of the Snledge of
compounds in this series is close to that of th& Smandard, Sn§) and there is no
features common to that of the?Sstandard, SnO. The XANES spectra indicate that

Sri** is the only oxidation state of Sn present in fgges of compounds.

Ba,NdSbO,
Ba,NdSn_,Sb_ .0

0.8 " 5.9

Ba,NdSn_.Sh O

0.7 ~5.85
BaZNdsnO.GSbO.405.7
Ba,NdSn_Sb O,
——Sb,0,

——Sb,0,

Absorbance

4690 4700 4710 4720
Energy (ev)

Figure6.12: Sb L-edges of selected samples in the serieN8anSh «Os.5 and,
the SB* and SB' standards, $t; and ShOs.

Similarly the Sb-|. edges of compounds in the series;NB#5nSh; Os5 do not
change with increasing $ndoping and are slightly higher in energy than thfathe
Sb** standard, Sis (see Figure 6.12). There are no features in thB/X® spectra of
these compounds matching those of th& Standard, Si; and it can be concluded
that Sb in the series B4dSnSh;.Oe.5 IS only present in the pentavalent state. Since
it has been shown that the stoichiometry of thesapounds is consistent with the

nominal value and the cations in the seriesNBi&nSh «Os5 adopt their highest
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possible oxidation state the excessive number gigex vacancies indicated by
neutron diffraction must be incorrect. This errorogn likely arises from the
correlation between the oxygen occupancies and ladsment parameters.
Refinements were subsequently carried out such ttiattotal oxygen vacancies

present were fixed according to the relatlonsﬁlpi. The introduction of this

constraint did not significantly change the qualitfy the fit of the models to the
neutron diffraction patterns (cf. @° of 1.8 for a constrained fit to the neutron
diffraction pattern of BaNdSmn 2Shy g§Os g to 1.7 for an unconstrained fit).

Refinement of the occupancy of the two oxygen manstes in the monoclinic
structures adopted by the compounds with x = 06 @B showed that, at ambient
temperature, the oxygen vacancies are concentoatix the axial, ¥ oxygen site
while the equatorial, j8 site is effectively fully occupied. In BEdSn ¢Shy 405 7 the
axial and equatorial oxygen sites are 81(1) % a&®1115) % occupied, respectively,
while in BaNdSny ¢Shy 205 6 the axial and equatorial oxygen sites are 84(2artd
98(1) % full. Having established that oxygen vadasi@are located on the axial site in
both these samples at room temperature it wastefeist to explore whether such
oxygen vacancy ordering persists below ambient &atpre, where the lowest
energy form of oxygen ordering in these compoundsildv be expected to be
adopted, and above room temperature where peresskith oxygen vacancies are of
interest for application in solid oxide fuel cellkefinement of the oxygen
occupancies of BAldSn sSky¢Os7 using a neutron diffraction pattern collected at
-269 °C (4 K) indicated that the oxygen vacancesain ordered onto the axial site
at low temperature confirming that this is the Istvenergy form of oxygen vacancy

ordering in this compound (see Figure 6.13).

Above room temperature refinements show that tkyggen vacancy ordering in
BaoNdSn ¢Sy 4065 reverses such that the vacancies are concentaitn the
equatorial site at temperatures above 300 °C (gped-6.13). Previous studies have
found that oxygen vacancies in most perovskitesatiapt a structure with more than
one crystallographic oxygen atom site, includingB&e,..0s4>, SkLn;,Galss”

and SgLn;.CoOss™ 2 are concentrated onto the equatorial sites. Torerehe
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change in oxygen vacancy ordering to this site ighdr temperatures is not
surprising. This is apparently the first exampleeveha temperature dependency of
oxygen vacancy ordering has been established iroublel perovskite and it is
important to conduct further studies of other comts adopting this structure to

establish if this is a general effect.
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Figure6.13: Oxygen occupancies of B4dSneShky4Os; determined at various
temperatures using neutron diffraction. O1 and g#teasent theidand §, axial and

equatorial, oxygen atom sites respectively.

There is an obvious anomaly in the thermal exmansdf the unit cell of

BaNdSn ¢Shy 4057 near 300 °C. This is the same temperature at wihiehreversal

of oxygen vacancy ordering from the ® the § site occurs (see Figure 6.14).
Between 250 and 350 °C the monoclinic distortiorcreases before increasing
gradually again at higher temperatures. The oythaise octahedral tilt around the
(110) axis has also been found to decrease to aerapproximately the same
temperature. The tilt angle was found to decreama 65.4(3)° at -269 °C to 4.0(2)° at
ambient temperature and then to approximately Bedveen 200 and 400 °C, above

which it is effectively zero. Removal of the octdhd tilting from a double
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perovskite would typically lead to a transitiontte® untilted Fm3m cubic structure.
In the present case a significant monoclinic digiar persists at all temperatures
examined (see Figure 6.14 and 6.15 for a plot ef whriable temperature lattice
parameters and a typical high temperature diffoacpattern of BaNdSmn 4Shy ¢0s.7,
respectively) and the fit of the monoclinic symmeto the diffraction patterns is
superior to higher symmetry double perovskite s$tmgs at even the highest

temperature studied (cf. ¥ of 2.3 for a fit with 12/m symmetry to the pattern
obtained at 1000 °C to 4.2, 4.2 and 4.5 for stmestinl4/m, R3 and Fm3m).

90.3
v
v vV'vvv
vy, 7 902
vvv' -90.1 <
v B -
90.0
432 . a o?
2 : [ ] b o °® : n u
= c ) = "
2 4304 g 4 2
o ]
|
3 | o!
QO 4.28- g gt f 1
"é’ | P
) u
4.26 -
T T T T T T T T T T T T T
-200 0 200 400 600 800 1000

Temperature (T)

Figure6.14: Reducedattice parameters of BEdSn ¢Shy 405 7 versus temperature.

That the monoclinic structure persists beyondtédmeperature where the octahedral
tilting is lost suggests that the oxygen vacandedng plays a significant role in the
adoption of monoclinic symmetry. The oxygen vacawocgering may also be the
cause of thé-axis being longer than theeaxis which, as mentioned previously, is
unusual for perovskites with tH&/m structure. It is also possible that a different
monoclinic symmetry, consistent with this type ofygen vacancy ordering but
without octahedral tilting, may be adopted byBaSH ¢Shy 4057 above 300 °C. The
fit in 12/mis, however, excellent and there are no additiogidctions suggestive of

an alternate symmetry. Group theoretical analysis garried out, in conjunction with
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this work, by Christopher Howard at ANSTO using firegram ISOTROPY¥* to
identify if there were any other possible monodisitructures which had oxygen
vacancy ordering but no octahedral tilting. Thislgsis indicated that2/m was the
only monoclinic symmetry adopted by perovskitegaited from the cubic double
perovskite structure by oxygen vacancy orderingheftype found in this work, with
or without the presence of out-of-phase octahetilitalg. These conditions were
placed on the group theoretical analysis becaulseRopoint super-lattice reflections
were present in diffraction patterns of ;-BaSn ¢Shy 4Os7 which, as discussed in
Chapter 2, reveal the presence of B-site catiorerord and/or octahedral tilting.
Unfortunately there are no additional reflectionattallow direction discrimination of
the 12/m monoclinic structure from an untilted double peskite structure. It is
consequently considered tHafm is the correct symmetry for BddSn ¢Shy 405 7 at

all temperatures examined despite the absenceyofletectable octahedral tilting at

higher temperatures.
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Figure6.15: A neutron diffraction pattern of BEdSmShy4Os7 collected at
750 °C fitted with12/m symmetry. The quality of the fit is typical of thHagh

temperature patterns of this sample and the foisrthe same as for Figure 6.1.
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Figure6.16: Conductivity in air versus temperature for sampiesthe series
BayNdSnSh;-xOg.s.

Having thoroughly examined the structures adopgigdcompounds in the series
BaNdSnSh «Oss impedance spectroscopy was used to characterisebiitk
conductivity of these materials in air (see Figbre6). These data were collected by
Nathan Webster at the University of Western Auitrddy analogy with B&¥SnGs 5
the measured conductivity can be interpreted asgb@ mixture of ionic and
electronic conductivity, with the later being cadis®y electronic holes formed from
the filling of oxygen vacanci® Unfortunately we were unable to discriminate
between these types of conductivity because theosghere in which the
measurements were carried out could not be coattoDespite this limitation it can
be seen that conductivity at 400 °C, the lowesipenature examined, increases as the
number of oxygen vacancies present becomes laBgeldSnQ s has much higher
conductivity than the other samples examined &t tdinperature. The rate at which
the conductivity of BeNdSbQ increases with temperature, is significantly fagt@n
for the compounds with x = 0.2 and 0.3 suggestiag 4 small amount of $hdoping

may have an unfavourable impact on overall condifgti The conductivity of
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BaNdSn ¢Shy 405 7 also increases at a faster rate with temperahane that of other
samples studied. This leads to its conductivityrapphing that of BANdSnG s at the
highest temperatures examined. It is speculatddhbkaelatively slow increase in the
conductivity of BaNdSnG s with increasing temperature may be caused by the
presence of a significant amount of strain in theterial, as indicated by the neutron
diffraction patterns, and that local strain actsass additional barrier to oxygen
mobility. BaeNdSn ¢Shy 405 7 and BaNdSnG sappear to have similar conductivity to
Ba,YSnGs 5 in air suggesting that their conductivity is waortsf further stud\’.

6.5 Conclusions

The structures of compounds in the seriesNB&nSh «Oss have been examined

using synchrotron X-ray and neutron diffraction.hlis been found that this series

undergoes a transformation froR3 rhombohedral td2/m symmetry via a two
phase region caused by phase segregation. An unosnoaaction in the lattice
parameters of BAldSNG s was found upon heating over a temperature ran@sof
to 500 °C. This behaviour was not, however, obskrem cooling and is a
consequence of the loss of water from the crystalcwire of this material, a

promising indication of possible proton conducivit

XANES spectra of the SniLand Sn l-edges and Sbledge were used to verify
that, in the series BNASnSh..Oss the Sn and Sb cations are tetravalent and

pentavalent respectively. This confirmed that thenber of oxygen vacancies in the
compounds in the series B&ISnSh.,Os5 follows the relationshipézg. It was

found that the oxygen vacancies in,BdSn Sy Os; and BaNdSn sShy 2056
concentrate onto the axial site at room temperdiutevariable temperature neutron
diffraction indicates that the vacancies in thenfer sample change to concentrating
on the equatorial site above 300 °C. This changexygen vacancy ordering is
accompanied by an initial decrease in the monactiistortion, which then increases
again at higher temperatures. This is the firsetimat a reversal of oxygen vacancy
ordering with increasing temperature has been founda double perovskite.
Examination of the conductivity of these compoumdsir suggests that, in general,
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the total bulk conductivity of these materials gases in those samples with more
oxygen vacancies. It is, however, suggested thatldbal strains in BAdSnQ s,

caused by the large number of oxygen vacanciebisnsample, reduce the rate at
which conductivity increases with increasing tenapere.
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