CHEMISTRY OF

MATERIALS

pubs.acs.org/cm

In Situ High-Temperature Neutron Diffraction Study of A-Site
Deficient Perovskites with Transition Metals on the B-Sublattice
and Structure—Conductivity Correlation

Elena Konysheva® and John T. S. Irvine

School of Chemistry, University of St. Andrews, St. Andrews, Fife, KY 16 9ST, United Kingdom

o Supporting Information

ABSTRACT: Neutron powder diffraction has been used for the first time to explore crystal
structure and phase transformations in the Mn and Sr doped A-site deficient Lag 9sNig sFeo 403
(LSNFM series) as a function of temperature and upon different doping regimes. The range of
A-site deficiency in the simple perovskite structure with Ni, Fe, and Mn cations on the
B-sublattice is very low, and all the A-site deficient nominal compositions explored can be
represented as a mixture of the cation stoichiometric perovskite phase with rhombohedral
structure and NiO as a secondary phase in the temperature range of 45—460 °C. The a lattice
parameter and the unit cell volume of the perovskite phase in the LSNFM compositions increase
upon Sr and Mn doping. Exsolution of NiO from the perovskite phase in the Mn doped
LagosNip sFep4O3 with the rise in the temperature was stronger compared to that in the
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LSNFM compositions with a low level of Sr doping (0. 004 < x =< 0.042). The local distortions of the [NiOg] octahedra, existing
most probably due to the mismatch in the Ni* " —O and Ni** —O bond lengths, seems to be compensated through the incorporation
of Sr cations with a larger ionic radius onto the A-sublattice of the perovskite phase. Reversible high-temperature phase transition
from rhombohedral (R3c) to cubic (Pm3m) symmetry occurs above 530—600 °C within the cation stoichiometric perovskite phase
in all the A-site deficient compositions. The increase in the degree of Sr substitution in the LSNFM series diminishes the high
temperature phase transition within the cation stoichiometric perovskite phase. The change in the conductivity of the Mn and Sr
substituted compositions at room temperature can be explained through the increase in the lattice parameters of the perovskite
phase. At high temperatures there is no correlation between the evolution of the phase equilibria and the transport properties of the
compositions in the LSNFM series. Mechanism of the band formation and variation of its components with the temperature have
been discussed.
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1. INTRODUCTION

Recently A-site deficient perovskites have attracted more and
more attention because of good electrochemical characteristics,
better thermal stability, and chemical compatibility with other
components in solid state devices for power generation.' ’
Limited structural characterization studies, however, have been
carried out so far for this group of materials.* "> According to
X-ray diffraction, the A-site deficient nominal compositions
(Lag75S10.25)0.95Cro.sMng, 5038 and (La; xsrx)yFeO3+(§ (02 =
x = 0.5 and the average A-site occupancy between 0.8 < y <
1.0)° were originally determined as pure perovskite phases. The
presence of (Cr,Mn)spinel and SrFe;,O 19,38 the secondary
phases in the (Lag75Sro2s)0.05Cro.sMng, s05% and (La,_ xer)y
FeOs, s, respectively, has emerged from the application of
neutron powder diffraction and high-energy synchrotron radia-
tion. Minor phase development was observed in Lag gSr,MnOj3
(x = 0—0.45) by X-ray powder diffractometry, scanning electron
microscopy, transmission electron mlcroscopy, and energy-dis-
persive X-ray emission spectroscopy.'® In the case of the A-site
deficient La,Nij ¢Fe( 403, the two very weak diffraction peaks
related to NiO were found in the XRD pattern recorded at room
temperature in the reflection mode before and after calcination at
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high temperature.>'> The use of neutron powder diffraction
allowed the characterization of NiO as a secondary phase in
Assite deficient nominal composition Lag ¢sNig ¢Feg 4O3 structu-
rally and quantitatively.'' The above-mentioned experimental
findings cast doubt on the range and perhaps existence of the
Assite deficiency in the simple perovskite structure containing Ni,
Fe, and Mn transition metals onto the B-sublattice, although this
is of great importance for the designing of new materials with the
required functional properties. A-site deficiency in simple oxides
is well-known and can result in formation of cation vacancies on
the A sublattice, rather than formation of an impurity phase, due
to the compensation of the A-site vacancy by oxidation of the B
sublattice or oxygen vacancy formation. The existence of Ni
vacancies in a Ni; _, O film with the cation deﬁc1ency in the range
of 0 <y < 0.2 was reported in the literature.'* According to the
theoretical studies, the surface layer of nickel oxide is enriched in
Ni vacancies by about a factor of 40."* The existence of cation
vacancies onto the A sublattice was also demonstrated for more
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complex structures, such as bronzes, La; ,3NbO3, La; ;3TaO3, and
La,3TiO5.'¢ "'

The full structural complexity of complex oxides cannot be
revealed only by X-ray diffraction. High-temperature phase transi-
tions have been reported recently for cation-stoichiometric sim-
ple perovskites (CaTiO3,19 BaCeO,*° La().gsrollG%AgMgolzozlss,ZI
Lag75Sr925Cro.sMngsO3_s,° and Pr;_,Sr,MnO;**) and for
double perovskites S;,MWOg4 (M = Ni, Zn, Co, Cu).”® The
second order high-temperature phase transition R3¢ <> Pm3m
was revealed for the cation stoichiometric perovskite phase in the
A-site deficient LagosNig¢Feo403."" Apart from LaggsNige
Fe( 403, the existence of the high temperature perovskite phase
with cubic symmetry in the La—Sr—Ni—Fe—Mn—O system was
reported for the oxygen deficient StMnO;_5 (300—900 °C)**
and for SrFeQ; (above 580 °C under high oxygen pressure).”> At
room temperature in air the existence of a perovskite with cubic
symmetry was revealed for the fully oxidized SrFeOj;, whereas
SrFeO;_s with brownmillerite structure (0.25 < 0 < 0.5) is
formed on heating.26 A- and B-site substituted solid solutions
La; ,Sr,Co;_,Fe,O3_sand La; ,Sr,Co;_, Ni,O3_s with x > 0.5
have an ideal cubic structure at room temperature (Pm3m).>”*®

The present investigation aims to carry out in situ high-
temperature structural characterization of LaggsNigsFep403
modified by small additions of LaygSro,MnO3; and MnO,,
exploring the effect of the Sr and Mn substitution on phase
equilibria, crystal structure of the perovskite constituent, and
NiO exsolution. This investigation also aims to specify whether
there are any correlations between the phase/structural evolu-
tion and the transport properties at intermediate temperatures in
the La—Sr—Ni—Fe—Mn—O system. It is known that LaNig4-
Fe403_s perovskite has the highest electronic conductivity in
the LaNi; ,Fe,O; 4 series and it has been considered as a
cathode material for the application in solid oxide fuel cells.
LaNiggFe405_s shows metallic conductivity at a temperature
higher than 300 °C."'* Temperature of the semiconducting—
metallic transition and the total conductivity can be varied
through doping.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. The initial compositions LaggSro,-
MnOj (99.9%) and Lag gsNiggFeo 403 (99.9%) (LNF) produced by
combustion spray pyrolysis were supplied by PRAXAIR Inc., USA.
MnO, (99.9%) was delivered by ALFA AESAR (Lancashire, U.K.). The
compositions Lag 931Nig sssFeo 302Mno.0203 (LNFMO02), Lag947St0.004-
Nig s8sFe0392Mn,0203 (LSNFMOZ); Lag 935S10.02Nio s4Fe0 36Mno 103
(LSNFM10), and Lagg,Sr0 04Nig4sFeq3.Mng,05 (LSNEM20) were
obtained by mechanical mixing of LNF and Lag gSro,MnO;3 or MnO,
(Supporting Information) followed by calcination in air at 1350 °C for
S h. The initial LNF was also calcined under the same conditions.
Possible contamination of the samples by carbon was checked by using
an elemental analyzer 1110 CHNS CE Instrument (ThermoQuest Italia
S.P.A, Rodano, Italy).

2.2. Characterization Methods. Neutron powder diffraction
(NPD) measurements were carried on the DIA instrument, using a
wavelength of 4 = 1.909 A (ILL, Grenoble, France). Measurements were
carried out in a temperature range of 25—800 °C under air in a quartz
tube for all the compositions investigated. The diffraction data were
registered in the angular range 0 < 20 =< 158° with a step size of 0.05°.
The diffraction data were refined by the Rietveld method,®” using the
program General Structure Analysis System (GSAS).* X-ray powder
diffraction (XRD) data were recorded in air at room temperature (RT)

Table 1. Comparison of the Nominal A-Site Deficiency in the
Compositions Explored and the Fraction of NiO Defined
from the Refinement of the NPD Patterns

A-site deficient nominal A-site  fraction of NiO obtained from

nominal composition deficiency, mol % the refinement, mol %

LSNFM20 4 43+0.1
LSNFM10 4.5 47+0.1
LSNFMO02 4.9 53+01
LNF* S 52£0.1
LNFMO02 6.9 7.1£03

“Data from ref 11.

in reflection mode on a Philips analytical X-ray PW1710 diffractometer
with Cu Kot radiation (Nederlandse Philips Bedrijven B.V. The
Netherlands) to identify impurities. Thermal gravimetric analysis (TGA)
was carried out on NETZSCH TG 209 instrument (NETZSCH-
Geraetebau GmbH, Selb, Germany) with a heating/cooling rate of
$ °C/min to evaluate the oxygen loss and accommodation on thermal
cycling in air in the compositions synthesized.*' The dilatometry
investigation was carried out on a NETZSCH DIL 402C dilatometer
(alumina holder) with a TASC 414/4 controller. The pellets with a
relative density of about 90—93% were tested in air on cooling in the
temperature range of 25—900 °C at a rate of 3 °C/min. In addition, the
two consecutive thermal cycles were carried out with LSNFM10 and
LSNEM20. Electrical conductivity was measured on the sintered pellets
by the standard four terminal DC method between 25 and 900 °C in
ambient air, using a heating and cooling rate of 1—2 °C/min. A current
of 100 mA (model: Keithley 220, Keithley Instruments Inc., U.S.A.) was
applied in both directions, and resistance was calculated as a gradient of
potential vs current. This was converted to conductivity using the
geometrical factor of the sample. Au paste (T10112, Metalor Technol-
ogies Ltd.,, U.K.) was applied as an electrode to improve contact between
samples and current/potential probes."

3. RESULTS AND DISCUSSION

3.1. Phase Composition and Structure at Near Room
Temperature. All the A-site deficient compositions LNFMO02,
LSNFMO02, LSNFM10, and LSNFM20 at room temperature
have rhombohedral structure according to X-ray diffraction
recorded in the transmission mode."”"> The two weak peaks
related to NiO (and not to Mn oxides or spinels) were revealed in
the XRD patterns recorded in the reflection mode for these
compositions (Figure 1a). Neutron powder diffraction analysis
(NPD) carried out at near room temperature confirmed the
presence of only NiO as a secondary phase (six clearly distin-
guished diffraction peaks) (Figure 1b,c). Any peaks related to
manganese oxides or manganese containing compounds were
not observed in the NPD pattern of LNFMO2 fabricated through
the mixing of LNF and MnO,, implying that the Mn cations
replace more reducible Ni onto the B sublattice of the perovskite
lattice. Ni cations exsolve from the perovskite structure and
segregate as a secondary phase, further increasing the concentra-
tion of NiO. Similar effect was observed for LagosNipsFeq4O03
containing small additions of TiO,.'> No additional scattering
peaks that could be magnetic in origin were observed in the NPD
patterns recorded for the LSNFM compositions. The fractions of
NiO as a secondary phase obtained from the refinement are very
close to the nominal A-site deficiency in LNFMO02, LSNFMO02,
LSNFM10, LSNFM20, and LNF (Table 1), indicating that there
is no A-site deficiency in these perovskites or its range is very low.
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Figure 1. (a) X-ray powder diffraction pattern of the LNFMO2 re-
corded in the reflection mode at 25 °C; (b) neutron diffraction pattern of
the LNFMO2 at 60 °C (R, =7.26%, R, = 6.27%, %% =1.67); () neutron
diffraction pattern of the LSNFMO2 at 45 °C (R, = 6.91%, R;, = 5.70%,
%> = 1.73): observed (cross symbols), calculated (continuous line), and
difference profiles (bottom line). Vertical bars show calculated reflec-
tions for different phases: upper, NiO; lower, cation stoichiometric
composition with rhombohedral symmetry (R3¢, No. 167).

Further all the compositions investigated in the present study
were presented at room temperature as a mixture of the cation
stoichiometric perovskite phase and NiO.

B-site occupancy in the stoichiometric perovskite phase cannot
be refined with sufficient accuracy. First of all, it is not possible to
refine the occupancies of three cations on one site with one set of
neutron data. Another reason is the small difference in the
neutron scattering lengths of Ni and Fe (10.3 fm and 9.45 fm,
respectively) and a low concentration of Mn cations on the B
sites, although the neutron scattering length of Mn is different
and negative (—3.73 fm).> For instance, the Mn occupancy was
fixed to 0.021, but the refinement carried out for LNFMO02
confirmed insufficient accuracy of the B-site occupancy in the
perovskite constituent: 0.623(43) for Ni, 0.356(43) for Fe. When
the occupancies of all three cations were varied the errors of the
refinement became several times higher than the values of the

occupancies. Therefore, the Ni/Fe/Mn ratios in the correspond-
ing stoichiometric perovskite phases were fixed accordingly. The
final refined structural parameters for the A-site deficient nom-
inal compositions are listed in Table 2. The cation stoichiometric
perovskites in LNFM02 and LSNFM compositions exhibit
rhombohedral structure: space group R3¢ (No. 167), with La/
Srin 2(a), Ni/Fe/Mn in 2(b), and O in 6(e) sites. The unit cell of
NiO was refined as rhombohedral with space group R3m (No.
166), with Ni in 1(a) and O in 1(b) sites.

Alow level of Mn doping (z = 0.021) results in the increase in
the lattice parameters and unit cell volume of the perovskite
phase: a=5.4526(1) A, f=60.740(1)°, V=116.544(2) A>, Z=2
(in LNEMO02), and a = 5.4491(1) A, B = 60.761(1)°, V =
116.372(3) A%, Z=2 (in LNF""). It was reported in the literature
that the average oxidation state of the Ni cations tends to reduce
with Mn substitution (La*TNi*"*",sMn>"" " 503,0)> through
the double exchange mechanism.”* However, the perovskite
phases in LNFMO02 and LSNFMO2 have close lattice parameters
(Table 2), demonstrating that a very low level of Sr doping (x =
0.004) influences slightly the structural parameters. The a lattice
parameter and the unit cell volume of the cation stoichiometric
perovskite phase increase upon further doping with Sr and Mn in
the LSNFM series and obey the Vegard’s law (Table 2). In the
case of the simultaneous Sr (x = 0.021 and 0.042) and Mn doping
(z=0.105 and 0.208), the increase in the unit cell volume of the
substituted perovskite phases could be related to two processes:
the increase in the concentration of Sr cations with a lager ionic
radius and the rise in the fraction of Ni"* cations with n < 3+
(with a lager ionic radius®®) that emerged due to the Mn doping.

3.2. Phase Composition and Structure in the A-Site Defi-
cient LNFM02 and LSNFMO02 as a Function of Temperature.
Figure 2 illustrates the development of the NPD patterns of
LNFMO02 and LSNFMO02 (range 20: 38.2—40.9°) as a function
of temperature. The rhombohedral distortion decreases with the
rise in the temperature. The change in the space group symmetry
of the rhombohedral phase from R3¢ to R3¢ (No. 161) or from
R3¢ to R3 (No. 148) does not occur at 450—460 °C (Table 3).
The R3¢/NiO phase ratio was not fixed during the refinement.
NiO concentration remains nearly constant in LSNFMO02,
whereas it increases up to 8.5 mol % in LNFMO02, thereby illust-
rating that a very low level of Sr doping prevents NiO exsolution
from the perovskite structure. The exsolution of NiO with the
temperature variation was also observed for LNF."" The nominal
LNFMO02 composition can be represented as a mixture of NiO
and LaNij s46Fe.421Mng 021 O3, formally introducing B-site defi-
ciency within the perovskite phase (R, = 6.85%, R, = 5.85%,
%* = 1.35). La,O; or related phases were not observed in the
NPD pattern. Further refinement of the La site occupancy
indicates that slightly better reliability factors and y” can be
obtained for a composition with La site occupancy lower than 1
and proportional to the sum of Ni, Fe, and Mn site occupancies
(Ryp =6.69%, R, = 5.68%, %% =1.32). The final refinement of the
NPD patterns recorded for LNFMO02 at 460 °C and for
LSNFMO02 at 450 °C was carried out as for the mixture of a
cation stoichiometric phase and NiO with the two phase model
{R3¢/NiO} (Table 2).

The NPD patterns obtained for LNFMO02 and LSNFMO02 at
800 °C were refined with different models: the {R3¢/NiO} two
phase model, the {R3¢/NiO} two phase model, the {Pm3m/
NiO} two phase model, the combined {R3c/Pm3m/NiO} three
phase model, and the combined {R3c/Pm3m/NiO} three phase
model. The choice of the models for the refinement of the NPD
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patterns was governed by the following factors. The splitting of
the peak at about 38.2—40.8° decreases further compared to that
at 450—460 °C (Figure 2). At 800 °C the peaks in the NPD
patterns of LNFMO02 and LSNFMO2 have an asymmetrical form
(Figure 2), thereby implying the appearance of a new phase with
higher symmetry. The gradual decrease in the splitting could also
indicate that a second order transformation takes place, as was
observed for LNE."' The only transformation that will meet the
requirements: for a second order transformation to higher
symmetry is R3¢ — Pm3m, although several symmetry transfor-
mations could occur within the R3¢ perovskite structure accord-
ing to the group—subgroup relationships (R3¢ — Pm3m, R3¢ —
12/a— I4/mcm or R3¢ — C2/c) depending on the tilting of the
anion octahedra, distortion of the octahedral cage, or off-center-
ing of the octahedrally coordinated cation or the 12-fold co-
ordinated A-site.***° The reliability factors and > obtained for
the two and combined three phase models are presented in
Tables 2 and 3. For both LNFM02 and LSNFMO02, the best
reliability factors and > were achieved when the combined {R3¢/
Pm3m/NiO} three phase model was used for the refinement
(Table 2), although the accuracy of the refinement for the {R3c/
NiO} two phase model and the {R3¢/NiO} two phase model
(for LSNFMO2 only) was slightly worse (Table 3). Compared to
the {R3¢/NiO} and {R3c¢/NiO} models, the total number of
variable parameters in the {R3c/Pm3m/NiO} model is more,
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Figure 2. Evolution of neutron diffraction patterns of the (a) LNFM02
and (b) LSNFMO2 as a function of the temperature.

and a small decrease in the reliability factors (R,,, and R;,) and v
observed for this model can be considered as a significant
improvement of the refinement carried out. According to the
preliminary refinement, the fraction of NiO in LNFMO02 at
800 °C increases further up to 8.9 mol %, whereas in LSNFMO02
it rises slightly up to 5.9 mol % (compared to 5.3 mol % at 45 °C).
Any peaks related to La,O; or another La containing phase were
not revealed in the NPD patterns. The reliability factors and y*
were better if the perovskite constituents did not exhibit devia-
tion from the cation stoichiometry. Therefore, the final refine-
ment of the NPD pattern obtained at 800 °C for LNFMO02 and
LSNFEMO2 was carried out for the mixture of the cation stoichio-
metric perovskite phases (R3¢ and Pm3m) and NiO with the
combined {R3c/Pm3m/NiO} three phase model (Tables 2 and 3
and Figure 3). It should be mentioned that in general La and Sr
redistribution between the perovskite phases with rhombohedral
and cubic symmetries could occur at high temperatures within
the same A-site deficient nominal composition and facilitate the
high-temperature phase transition within the cation stoichio-
metric perovskite phase. This, however, was not possible to
specify from the refinement because the difference in the neutron
scattering lengths of La and Sr (8.24 fm and 7.02 fm, respec-
tively) is not so large and the concentration of Sr is low.

The high temperature phase has cubic symmetry Pm3m (No.
221), with La/Srin 1(a), Ni/Fe/Mn in 1(b), and O in 3(e). The
structural parameters for the perovskite constituent with cubic
symmetry (Pm3m) in LNFM02 and LSNFMO2 are similar at
800 °C (Table 2).

3.3. Comparison of the Phase Composition and Structure
in the LSNFM System. The procedure described in the previous
sections was applied for the refinement of the NPD patterns
recorded for the A-site deficient LSNFM10 and LSNFM20 com-
positions at 45 °C, 400 °C, and 800 °C. Data for all the com-
positions are summarized in Figures 4—8 and in Table 2.

The fraction of the cation stoichiometric perovskite phase with
rhombohedral structure (R3c) decreases, whereas that of the
perovskite phase with cubic symmetry (Pm3m) increases above
400 °C for all the compositions in the LSNFM series (Figure 4).

Table 3. Comparison of the Refinements with Different Models of the NPD Patterns Obtained at 450—460 and 800 °C for the

LNFMO02 and LSNFMO02
[La] + [S1]
temperature, [Nl] u [Fe] u [Mn]
composition *C ratio

LNFMO02 460 140
0.553 +0.426 +0.021
500 a0
0.558 + 0.430 + 0.022

LSNFMO02 450 0.996 + 0.004
0.567 + 0.412 + 0.021)

800 0.996 + 0.004

0.562 + 0.417 + 0.021)

“ Reliability factors are presented after the subtraction of the background.

reliability factors”

phase model Ry % R, % Xz
{R3¢/NiO} 11.75 8.40 2.32
{R3/NiO} 203.90 23.02 11.55
{R3¢/NiO} 5.94 527 1.14
{R3¢/Pm3m/NiO} 21.95 16.93 5.68
{R3¢/NiO} 29.02 21.63 9.15
{Pm3m/NiO} 42.85 34.18 18.06
{R3¢/NiO} 16.10 11.67 4.10
{R3/NiO} 33.29 27.57 11.41
{R3¢/NiO} 7.12 5.79 1.34
{R3¢/Pm3m/NiO} 12.52 8.40 2.60
{R3¢/NiO} 11.89 8.05 2.18
{Pm3m/NiO} 41.77 3241 19.03
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Figure 3. Neutron diffraction patterns at 800 °C for the (a) LNFM02
(Ryp = 541%, R, = 4.75%, %> = 1.00) and (b) LSNFMO2 (R, = 5.57%,
R, = 4.70%, %> = 1.01): observed (cross symbols), calculated
(continuous line), and difference profiles (bottom line). Vertical bars
show calculated reflections for different phases: upper, perovskite phase
with cubic symmetry (Pm3m, No. 221); middle, NiO; and lower,
perovskite phase with rhombohedral symmetry (R3¢, No. 167).

The normalized unit cell volumes of the cation stoichiometric
perovskite phases with rhombohedral symmetry (R3c) and cubic
symmetry (Pm3m) in the same nominal composition are very
close at 800 °C (Figure Sa), implying a high probability of a
reversible phase transformation R3¢ <> Pm3m at high tempera-
tures. This correlates with the dilatometry measurements. The
linear thermal expansion of LNFMO02, LSNFM10, and LSNFM20
shows the change in the slope between 530 and 600 °C (Table 4),
which may be related to a phase transformation. The change in the
thermal expansion coefficients (TEC) within the same temperature
range and close TEC values observed on heating and cooling
correlate with the reversible character of the high-temperature
phase transition within the cation stoichiometric perovskite
phase in the A-site deficient compositions. Beside, the perovskite
phase with rhombohedral symmetry was observed in the XRD
patterns recorded at room temperature initially (as synthesized)
and after the high-temperature neutron diffraction study.

A high-temperature phase transition within the cation stoi-
chiometric perovskite phase from rhombohedral (R3c) to cubic
symmetry (Pm3m) occurs in all the nominal compositions
investigated. The higher the level of Sr doping, the less the
fraction of the perovskite constituent with cubic symmetry was
(Figure 4b, at 800 °C). It could be related to the stabilization of
the simple perovskite structure with rhombohedral distortions
through the Sr doping that will be discussed in the next section.
The results obtained in the present study demonstrate also that

the concentration of the high temperature phase can be con-
trolled through the different doping and not only through the
variation in the external thermodynamic conditions (oxygen
partial pressure).'' The oxygen site occupancy in the phase with
cubic structure (Pm3m) was estimated to be complete within the
detection limit of Rietveld analysis. One can assume that the
high-temperature transition R3¢ — Pm3m could be initiated by
low density of oxygen vacancies accompanied by the La and Sr
cations redistribution within the perovskite structure. The lattice
parameter of the high temperature perovskite phase with cubic
symmetry (Pm3m) increases with the rise in Sr and Mn substi-
tution (Figure Sb). The distortions of the La/Sr— O, polyhedra
are very small. They increase slightly upon doping with Sr and
Mn (Figure 8a). In contrast, the isotropic atomic displacements
of La/Sr and O in the perovskite phase with the cubic symmetry
(Pm3m) are noticeably larger compared to Ni, Fe, and Mn
(Figure 8b). The formation of the highly disordered high-
temperature Perovskite phase with cubic symmetry was observed
for CaTiO3."” The authors suggested that on approaching the
transition temperature, the [TiO4] octahedra become less dis-
torted and their rotational disorder is reflected by the large
atomic-displacement parameters of the oxygen.'” The minimal
deviation from the oxygen stoichiometry obtained from the
refinement for the perovskite phase with cubic symmetry in the
LSNFM series at 800 °C implies that all cations onto the B
sublattice tend to exist in the oxidation state 34 within a certain
deviation, leading to more regular arrangement within the [Ni/Fe/
MnOg] octahedra and through the whole structure. To balance the
difference in the ionic radii of Ni* ", Fe>, and Mn®" cations,® the
isotropic displacements of La/Sr and O ions could occur simulta-
neously. Simultaneous observation of two opposite structural
features (very small distortions of the La/Sr—O, polyhedra and
large isotropic atomic displacements of La/Sr cations) may imply
synchronous scattering of La/Sr and O ions with B cations staying
in the correct position through the perovskite structure.

Figure 6 illustrates the evolution of the lattice parameters and
unit cell volume for the perovskite phase with rhombohedral
symmetry (R3c) in the LSNFM series. The change in the a lattice
parameter and the unit cell volume upon doping with Sr and Mn
obeys the Vegard’s law over the whole temperature range
investigated. The a lattice parameter and the unit cell volume
increase linearly as a function of temperature, whereas the beta
angle gradually decreases. The tilting of the [Ni/Fe/Mn]Og
octahedra in the perovskite phase could lead to the deviation
from the ideal cubic perovskite structure. The tilts in the
perovskite with the rhombohedral symmetry (R3c) occur about
a, b, and c axes in antiphase. It can be represented as a a a in terms
of the notation of Glazer.>® The average tilting angle of the [Ni/
Fe/Mn]Og octahedra, (@), can be defined as

(w) = (180 — (Ni/Fe/Mn — O — Ni/Fe/Mn))/2 (1)

where (Ni/Fe/Mn—O—Ni/Fe/Mn) is the average superex-
change angle (Ni/Fe/Mn—O—Ni/Fe/Mn), which can be eval-
uated from the refinement of the crystal structure of the phase
with rhombohedral symmetry. The average tilting angle is
comparable for the perovskite phases (R3c) in all the A-site
deficient compositions and decreases gradually with the tem-
perature (Figure 7a). The average Ni/Fe/Mn—Ni/Fe/Mn dis-
tances increase gradually upon doping and with the rise in the
temperature (Figure 7b). The NPD data obtained in the pre-
sent study do not allow us to distinguish the distortions of the
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cubic (Pm3m) symmetries at 800 °C upon Srand Mn doping and (b) the
lattice parameter of the perovskite phase with cubic symmetry (Pm3m).
The error bars are within the symbols.

[Ni/Fe/Mn]Og octahedral cages, which are expected and could
influence the electronic structure of the doped perovskite phases.
In contrast, the distortions of the La/Sr—O;, polyhedra in the
perovskite phase with rhombohedral symmetry (R3c) were re-
vealed. They decrease upon doping with Sr and Mn (Figure 8a).
The isotropic displacement parameters for all ions in the perovskite
phase with the rhombohedral symmetry (R3c) are low (Figure 8c).
Information about the crystal structure of the compositions in
the LSNFM series and the phase transformations observed under
air with the temperature variation is summarized in Figure 9a.
3.4. NiO Exsolution from the Perovskite Structure and
Extinction of A-Site Deficiency. The fraction of NiO obtained
from the refinement was comparable with the nominal A-site
deficiency in all the A-site deficient compositions explored
(Table 1), indicating a very low range of A-site deficiency in the
simple perovskite structure with Ni (high fraction), Fe, and Mn
cations on the B-sublattice. The M—O bonds (M = W, Nb, Ta,
Ti) in bronzes (Na,WOj3), La,;3NbO3, La,;3Ta03, and La, 5-
TiO; have a high degree of covalence, and stable M—O networks
can be formed, within which La and Sr cations at the 12
coordinated A-sites can be missing. In contrast, Ni (2+, 3+),
Mn (2+, 3+, and 4+), and Fe (2+, 3+, and 5+ in a small
quantity) in the simple perovskites can easily change oxidation
state, resulting in less stability of [NiOg], [MnOg], and [FeOg]
octahedra and the whole simple perovskite structure. A steric
effect associated with the difference in the ionic radii of Ni* " and
Ni*" cations could be a reason resulting in the exsolution of NiO

Figure 6. Evolution of (a) the a lattice parameter and (b) the unit cell
volume of the cation stoichiometric perovskite phase with rhombohe-
dral structure (R3c¢) in the LSNEM series as a function of the
temperature. The error bars are within the symbols.
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Figure 7. Evolution of (a) the [Ni/Fe]O4 and [Ni/Fe/Mn]Og octahe-
dra tilting angles and (b) the average Ni/Fe/Mn—Ni/Fe/Mn distances
with the temperature for the cation stoichiometric perovskite phase with
rhombohedral structure in the LSNFM series.

from the perovskite structure and the extinction of A-site defi-
ciency. According to the refinement, the perovskite phase with
rhombohedral symmetry shows a slight deviation from the oxygen
stoichiometry in the temperature range of 45—460 °C (Table 2).
The existence of the oxygen vacancies in the first coordination
shell could be compensated through the generation of a small
fraction of Ni** cations. LaNiO;_s perovskite shows the lowest
thermochemical stability in air among the LaBOj3 perovskites
(where B = Cr, Mn, Fe, Co, and Ni).* The average oxidation
state of Ni cations in LNF i is less than 37,'% and it tends to reduce
with the Mn substitution.*® The effective 1on1c radius of Ni*"

is hlgher than for Ni*" (r i+ = 0.70 A; P Niv+(Ls) = 0.56 A;
V! N (HS) = 0.60 A), Fe, and Mn cations (rVIMn; rLs) = 0.58 A;
Meest(Ls) = 0.55 A; r rer(Ls) = 0.61 A),* resulting in the
mismatch in the Ni**—0O and Ni*"(Mn*",Fe*")—O bond
lengths within [NiOg] or adjusted [Ni/Fe/MnOg] octahedra.
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Figure 8. (a) Comparison of the La/Sr—O;, polyhedra distortions in
the cation stoichiometric perovskite phases (R3¢ and Pm3m) at 800 °C;
A is a measure of the distortion of the La/Sr—Oj, polyhedra with the
average La/Sr—O distance (d) estimated as A = (1/N)X,-; n{(d, —
(dy)/{dy}>. Isotropic displacement parameters at 800 °C for the
perovskite phases with (b) cubic symmetry (Pm3m) and (c) rthombo-
hedral symmetry (R3c) in the A-site deficient compositions.

The presence of vacancies on the A-sublattice would create
additional distortions through the simple perovskite structure.
After reaching a certain degree of a local deformation within
the [NiOg] octahedra, which seems to be relatively low, the simple
perovskite lattice could undergo structural transformations or
start decomposing and forming NiO as a secondary phase. The
NiO exsolution was reported earlier from the cation stoichio-
metric LaFe(¢Nig4O; after the high temperature treatment.*!
The refinements carried out indicate that the B-site deficiency is
not favorable for the simple perovskite structure with Ni, Fe, and
Mn onto the B sublattice, assuming that the exsolution of NiO
from the perovskite lattice could be accompanied by the segrega-
tion of La,O; or La related phases. Incorporation of strontium
onto the A sublattice with a larger ionic radius (rXHSrH =144 A;
P s = 1.32 A)* could compensate local distortions caused by
the reduction of Ni cations to lower oxidation state and the
increase in the Ni**—O bond length within the octahedra,
thereby stabilizing the perovskite structure with rhombohedral
symmetry and minimizing the NiO exsolution. This correlates
with the fact that the NiO exsolution from the perovskite struc-
ture with increasing temperature was stronger in LNFMO02 and
LNF compared to the Sr doped LSNFM compositions (0.004 <
xs; < 0.042) (Figure 4c). Notice that LNF and LSNFMO02 have
nearly the same values of the nominal A-site deficiency at room

temperature (Table 1). The presence of Mn cations may also
make the perovskite structure be more tolerant to the presence of
Ni*" cations compensating the local distortions within [NiOg]
octahedra through altering the length of the adjusted Mn"*—O
bonds. This seems to occur only if Sr cations exist within the
perovskite structure because a similar amount of NiO (~2 mol %)
exsolved additionally from the perovskite structure in LNF and
LNFMO2 with the rise in the temperature up to 800 °C.

3.5. Thermochemical Stability in Air. The Mn and Sr doped
compositions exhibit good thermal stability in air (Figure 9b),
implying that the overall oxygen stoichiometry is nearly constant
with the temperature variation. This also presumes that a change
in the oxidation state of Ni (as the most reducible) could be
compensated through the increase in the oxidation states of
Mn and Fe cations through the double exchange mechanism>*
or more complex interactions involving all three transition
metal cations.

3.6. Conductivity in Air. The LSNFM compositions synthe-
sized show complex conductivity behavior in air. The conductiv-
ity diagram for the LSNFM system is presented in Figure 9a.
LSNEMO2 exhibits metallic-like conductivity above 300 °C as
LNF (Figure 9b). Metallic-like conductivity behavior becomes
apparent in LSNFM10 above 640 °C, whereas LSNFM20 shows
semiconducting behavior in a temperature range of 50—840 °C.
The apparent activation energy slightly increases in the LSNFM
series: 0.04 eV (50—300 °C) for LNF and LSNFMO02, 0.07 eV
(50—635 °C) for LSNFM10, and 0.09 eV (50—840 °C) for
LSNEM20. Low values of the activation energy imply that the
conductivity is electronic (not ionic), and small polaron con-
duction dominates. All the compositions investigated show
semiconducting behavior at temperatures below 300 °C. The
conductivity in the LSNFM series decreases gradually upon Sr
and Mn doping, which correlates with the rise in the unit cell
volume of the perovskite phases (Figures 6 and 9b). Comparison
of the phase and conductivity diagrams of the LSNFM system
(Figure 9a) illustrates that above 300 °C there is no correlation
between the phase evolution and transport properties. For
instance, at 800 °C, both LSNFM10 and LSNFM20 comprise
the perovskite phase with rhombohedral symmetry (R3c), the
perovskite phase with cubic symmetry (Pm3m), and NiO, but
they show different types and values of conductivity (Figure 9b).
The increase in the lattice parameters for the perovskite phases
with rhombohedral and cubic structure upon Sr and Mn doping
at 400 and 800 °C shows nearly the same trend as at room
temperature (Figures Sb and 6). On the other hand, there is an
important difference in the mechanism of electronic conductivity
in ABOj; perovskites (B = Mn, Fe, and Ni). For Mn and Fe
containing gerovskites, the small polaron hopping mechanism is
dominant.*** The small polaron band conduction was assumed
for the perovskite phase in LNF at 500 °C."* In the case of the
small polaron hopping conduction, the mobility of the charge
carriers increases with the rise in the temperature, whereas in
the case of the small polaron band conduction, the mobility of the
charge carriers decreases with the increase in the temperature.
The electronic conductivity (0,) is proportional to the number of

charge carriers (n), their charge (e), and mobility (u)
O = nXexXu (2)

Therefore, the value of the mobility of the charge carriers can be
evaluated for the perovskite phases with rhombohedral and cubic
symmetries in the LSNFM compositions. In the case of the small
polaron band conduction, only electrons related to Ni cations

1848 dx.doi.org/10.1021/cm 103486z |Chem. Mater. 2011, 23, 1841-1850



Chemistry of Materials

Table 4. Linear Thermal Expansion Coefficient (TEC) in Air

composition regime TEC, K '
‘LNF cooling 119 x 10° (300—550 °C) 13.4 x 10~° (600—900 °C)
LNEMO02 cooling 114 x 10° (300—555 °C) 12.7 x 10~ ° (580—900 °C)
*LSNFM10 heating (11.5 £ 0.1) x 10~° (300—530 °C) (12.0 4 0.1) x 10~° (560—900 °C)
cooling (11.5 & 0.3) x 10~° (300—530 °C) (12.6 £ 0.1) x 107° (550—900 °C)
*LSNFM20 heating (12.5 + 0.4) x 107° (300—580 °C) (13.9 4 0.1) x 10~° (600—900 °C)
cooling (12.6 £ 0.1) x 10~° (300—580 °C) (13.9 £ 0.2) x 10~ (600—900 °C)
“From ref 11. * The average value of the two measurements.
(a) metallic type (b),, __LNFM02—+]400 o (€)0.26f N
) LNFy LSNFM10— ° 0.24:
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Figure 9. (a) phase and conductivity diagrams of the LSNFM system. Crystal symmetry: Rh, rhombohedral; and C, cubic. The numbers in the round
baskets are the concentration of the perovskite phase with cubic symmetry; (b) temperature dependences of the electronic conductivity and
thermochemical stability in the LSNFM series; and (c) temperature dependences of the mobility of the electronic charge carriers (assuming that
electrons related only to Ni cations are involved in the conduction). a(0,) = 0.21.

would be involved. Therefore, the numbers of carriers were
obtained assuming that one electron per Ni cation is involved in
the charge transfer process; the unit cell volume of the perovskite
phases with rhombohedral symmetry (V,,) or cubic symmetry
(V) contains 2 or 1 formula units (Z), respectively, and the Ni
occupancy (fn;) onto the B sites varies depending on the doping
regimes and temperature (Table 2):

n=(1XZxXfi)/V

(3)

U=0.xXV/(1XZXfyXe) (4)

Figure 9c illustrates the temperature dependences of the mobi-
lity of the charge carriers in the perovskite phases with rhombohe-
dral symmetry. The same values of the mobility were obtained in
the perovskite phases with rhombohedral and cubic symmetries at
800 °C. The value of the mobility ~0.1 cm®+s~"+V " is usually
taken as the minimum value for the band conduction.** The
values of the mobility calculated for the perovskite phases with
different doping levels are higher compared to the limiting value
(except LSMNF20 below 400 °C), but a nonlinear trend in the
change of the mobility was observed for LNF, LSNFMO02, and
LSNFM10 with the increase in the temperature. For LSNFMO02
and LNF, the mobility decreases in the temperature range of
400—800 °C, supporting the small polaron band conduction.
The mobility of the charge carriers in LSMNF10 is nearly
constant above 600 °C, probably representing the temperature
range where the change from the small polaron hopping con-
duction to the small polaron band conduction occurs. The
conduction band in LSNFMO02, LSNFM10 (above 635 °C),
and LNF may be formed through direct overlapping of the 3d
Ni—3d Ni and 3d Ni—2p O orbitals. Because nearly the same
values of the average tilting angles were observed for the

1849

perovskite phases with rhombohedral structure (Figure 7a),
which is prevailing in the LSNFM series over the whole
temperature range (Figure 4a), one can expect a minor con-
tribution of the superexchange interactions via the oxygen (3d
Ni—2p O—3d Ni) and assume that the conduction band is
mainly formed by the direct overlapping of the 3d Ni—3d Ni
orbitals. Metallic-like conductivity was observed in the sub-
stituted LaNiOj; if the Ni occupancy on the B sublattice is
higher than 50 mol % (LaFe; ,Ni, O3 and LagoSro;Ga;_,-
Ni, O3).*"** The continuousness of the 3d Ni—3d Ni band, in
this case, would depend not only on the Ni—Ni bond length
but also on the number of Ni neighbors. With the increase in
the Mn substitution, it is reasonable expect a destruction of the
3d Ni—3d Ni band and switching to the small polaron hopping
mechanism. In LSNFM10, the Ni occupancy of the B-site
equals to 0.518—0.512 (45—800 °C), which is very close to
50%, and it exhibits semiconducting behavior below 635 °C.
The Ni occupancy of the B-site in LSNFM20 is less than 50%
(0.459—0.453 in the range of 45—800 °C), and LSNFM20
exhibits semiconducting conductivity over the same tempera-
ture range. Probably on heating, the continuousness of the 3d
Ni—3d Ni band could be restored due to small changes in the
electronic structure of the perovskite phase.

4. CONCLUSIONS

High-temperature neutron diffraction study reveals that the
Mn and Sr doped A- site deficient Lag 9sNig ¢Fep 403 (LSNFM)
can be represented as a mixture of a cation stoichiometric
perovskite phase with rhombohedral structure and NiO in the
temperature range of 45—460 °C. The cation stoichiometric
perovskite phase undergoes the high temperature phase transi-
tion from rhombohedral (R3c) to cubic (Pm3m) symmetry
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above 530—600 °C, which could be triggered by a low density
of the oxygen vacancies within the oxygen sublattice accom-
panied by a certain distribution of La and Sr cations within the
A-sublattice. The increase in the Sr doping diminishes the
exsolution of NiO from the perovskite structure and reduces
the high-temperature phase transformation within the cation
stoichiometric perovskite phase in the LSNFM series, demon-
strating that the concentration of the high temperature phase
can be controlled through the different doping regimes.

Alow level of Mn doping (z = 0.021) results in the expansion
of the perovskite lattice with rhombohedral and cubic symme-
tries, whereas a very low level of Sr doping (x = 0.004) leads to a
minor effect. The a lattice parameter and the unit cell volume of
the cation stoichiometric perovskite phase increase upon further
doping with Sr and Mn in the LSNFM series, which could be
related to the increase in the concentration of Sr cations with a
larger ionic radius and the rise in the fraction of Ni"* cations in a
lower oxidation state.

The LSNFM compositions exhibit complex conductivity
behavior upon Sr and Mn doping. At room temperature all the
compositions show semiconducting behavior. The change in the
electronic conductivity upon doping below 300 °C could be
related to the expansion of the crystal lattice of the doped
perovskite phase. The electronic conductivity in the A-site
deficient nominal compositions does not follow the phase and
structural evolution with the temperature variation. The change
from the small polaron hopping mechanism to the small polaron
band mechanism could occur in the LSNFM compositions with
the rising temperature.
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