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Abstract: In this work, we studied the structural features of La; gCag1NiOy 11, which is considered
a promising cathode material for intermediate temperature solid-oxide fuel cells (IT-SOFC). The
effect of different pretreatments on the structural characteristics of the sample was studied using
X-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) in order to
elucidate the origin of a peculiar change of lattice parameters observed earlier during in situ XRD
studies. The XRD studies have shown that anisotropic broadening for reflections with a high Miller
index [ appears after tempering of a quenched (from 1100 °C) sample at 250 °C. This temperature
is too low for the release/incorporation of oxygen into the structure but is sufficient for oxygen
migration inside the structure. The HRTEM assisted us in revealing differences in the defect structure
after different pretreatments. Based on obtained results, the following possible explanation was
proposed. Observed additional microstrains and non-oriented planar defects as well as a decrease
in the coherent scattering region size in the [00]] direction are caused by the non-homogeneous
redistribution of interstitial oxygen in the structure during tempering.

Keywords: anisotropic XRD peak broadening; HRTEM; (La,Ca)NiOy; IT-SOFC; lanthanum nickelates

1. Introduction

Researchers have paid close attention to the classes of complex, layered perovskite-like
oxides structurally related to the Ruddlesden-Popper (R-P) [1-3]. A reasonable choice of
dopant types and doping level can help to obtain materials with superior properties [4,5].
Among oxides with the R-P structure, a class of first-order phases with a general formula of
LnyNiOg4s (Ln = La, Pr, Nd) are considered potential cathode materials for various types
of electrochemical cells [6-8] as well as materials for oxygen-permeable membranes [8].
The widespread electrochemical applications of Ln,NiOy,s phases are characterised by
a number of distinctive features: enhanced mixed ionic-electronic conductivity (MIEC),
boosted chemical/thermal stability and mechano-thermal compatibility with electrolyte
materials. All the above-mentioned properties made it possible to successfully verify
LnyNiOg4, s derivatives, substituted with alkaline earth metals (Ca, Sr, Ba) on the Ln-
site, as cathode materials in the cells both with oxygen- [6,9-16] and proton-conducting
electrolytes [6,16-21].

The uniqueness of the above-mentioned combination of functional properties of
LnyNiOy, s is attributed to the presence of highly mobile over-stoichiometric oxygen in
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the form of interstitial oxygen ions. From the point of view of quasi-chemistry, interstitial
oxygen is usually considered as a point defect O;” located in a LnO rock-salt-like layer
at the tetrahedral site [22,23]. The accommodation of interstitial oxygen in the lattice re-
laxes the lattice strain caused by the discrepancy between the dimensional characteristics
of perovskite and rock-salt layers in the (ab) plane [24]. This strain is usually quantita-
tively estimated using the Goldschmidt perovskite-structure stability factor (tolerance
factor), t [25].

The empirically determined values (excluding certain cases) of the tolerance fac-
tor for the considered complex oxides with a tetragonal structure are in the range of
0.87 <t < 1.0 [24,25]. The more the f factor deviates from unity, the higher the level of
lattice strain in the structure, thereby leading, at a certain point, to the formation of less
stable orthorhombic structures [24,25]. As the ionic radius of XLn3* decreases in the row
LayNiOy4-PryNiO4-NdpNiOy, the t factor decreases, which means that more excess oxygen
is required to reduce the lattice strain [26].

For the stoichiometric La;NiOy, the ¢ value calculated from the ionic radii data given
in [27] is equal to 0.885, which indicates the tensile stress experienced by the La—O bonds
while the Ni—O bonds experience compressive stress [6]. The accommodation of interstitial
oxygen into the LapyNiOy lattice leads to a weakening of stresses of both types for two
reasons [6]. Firstly, due to the La—O bond length increase caused by an increase in the
coordination number of La®*; secondly, due to the Ni-O bond-length decrease caused by
the partial oxidation of Ni?* jons to Ni** ions (the latter having a smaller ionic radius [27])
in order to satisfy the electroneutrality condition. Additionally, it is possible to stabilize
the structure by the partial substitution of La3* ions by alkaline earth metal ions M2+
(M = Ca, Sr, Ba) which leads to a significant increase in the tolerance factor ¢ at high dopant
concentrations as clearly illustrated in [28].

The incorporation of over-stoichiometric oxygen into the La,NiOy structure and sub-
stitution of the La®* ion by the alkaline earth metal ion M?* both lead to the formation
of electron holes (k) in the oxide structure [29,30]. The concentration of electron holes
mainly determines the superior electronic conductivity of the considered materials [31].
Nevertheless, oxygen-transport properties and ionic conductivity deteriorate with dop-
ing as demonstrated in a number of studies [32-36]. It was shown in [37] that in the
Lay_yMxNiOy,5 (M = Ca, Sr, Ba) series, doping with an alkaline earth metal (12.5 mol%)
increases migration energy barriers and also alters the migration energy ratio between
different interstitial oxygen-diffusion paths. However, from an energetic point of view,
Ca-doping is less destructive to oxygen transport compared to doping with Ba or Sr. More-
over, Ca-doping in a low amount (5 mol%) was shown to facilitate the oxygen-transport
properties compared to undoped LayNiOy, 5 [36].

Furthermore, Lay_4CaxNiOy, s complex oxides, exhibiting a tetragonal structure in
the entire range of the dopant concentrations up to the solubility limit (~25 mol%), were
previously studied in [28,36,38—40]. The tolerance factors for Laj 9Cag1NiO4,s calculated
for stoichiometric composition (8 = 0) and for composition with § = 0.11 [36] are equal to
0.889 and 0.897, respectively, and illustrate the increasing stability of the oxide structure in
the case of both excess interstitial oxygen accommodation and substitution of lanthanum
by calcium.

In our previous work [36], an unusual behavior of the Laj 9Ca1NiOy4 11 sample was
observed. The sample exhibited a structure unexpectedly more stable than it was assumed
to be from the calculations of the dependence of 4 on Ca content. In addition, according
to thermogravimetric data, the Laj 9Cag1NiOy4 11 sample was found to have the highest
temperature of oxygen loss in the Lay_CaxNiOy, s series. The decrease in the 6 value for
Laj 9Cag1NiOy 11 affected the concentration of charge carriers: this sample had the lowest
content of Ni** ions in the series (32% at 25 °C in air). A similar minimum of the Ni**
content in the Lay_CaxNiOg, 5 series was observed in [34] for the sample Laj 9Cag 1NiO4 08
(26% at 25 °C in air).
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In order to elucidate the reasons behind the above-mentioned peculiarities of the
Laj 9Cap1NiO4 11 (LCNO_01) sample, we performed a structural study of the sample
during different thermal treatments.

2. Materials and Methods
2.1. Synthesis

The LCNO_01 material for the study was prepared using a nitrate combustion method
from the starting materials of Ni(NO3)-4HyO (>99% of purity), Ca(NO3),-4H0 (>98.5%)
and La(NO3)3-6H0 (99.99%) according to the procedure described in detail elsewhere [36].
As a fuel, a mixture of glycine and glycerol in a ratio of 1.5:0.5 to nitrate groups was
taken. After combustion, the resulting powder was stepwise calcinated at 500 °C, 1000 °C
and 1150 °C for 5 h at each temperature. The heating/cooling rate of a high-temperature
furnace LHTC 08/16 used for sintering (Nabertherm, Lilienthal, Germany) was 150° /h.
The intermediate and final ball-milling of the powder was performed using a Pulverisette
6 planetary mill (Fritsch, Idar-Oberstein, Germany).

2.2. XRD

The in situ XRD study of the as-prepared powdered sample (LCNO_01) was performed
at the High Precision Diffractometry II station at the synchrotron radiation facilities of the
VEPP-3 storage ring (the Siberian Synchrotron and Terahertz Radiation Centre, Novosibirsk,
Russia) [41]. A wavelength of 0.10095 nm was established using a flat Si(220) crystal.
The station diffractometer was equipped with a position-sensitive parallax-free linear
OD-3M detector [42] with a working range of approximately 30° and a 26 resolution of
approximately 0.01°. The exposition time was 60 s per pattern. The as-prepared LCNO_01
sample was heated/cooled at a rate of 10 °C/min, first in helium (He) flow, then in synthetic
air flow in a temperature range of 30-700 °C using a XRK900 reactor (Anton Paar, Graz,
Austria). The gas flow rate was 100 sccm in both cases.

The in situ XRD study of the LCNO_01 sample quenched from 1100 °C to RT (room
temperature), assigned as LCNO_01_q, was performed using a Bruker D8 Advance diffrac-
tometer equipped with a Lynxeye linear detector (Bruker, Bremen, Germany). The diffrac-
tion patterns were obtained in a 6/20 configuration using Ni-filtered CuK,, radiation
(A =0.15418 nm). In situ diffraction patterns were recorded during the stepwise heat-
ing/cooling in a temperature range of 30-500 °C with a step of 25 °C in 100 sccm He flow
using a XRK900 chamber. A fixed 26 configuration was used in a range from 41.8 to 44.7°,
with a step of 0.015° and an exposition time of 120 s. At RT, the sample was scanned in a 26
range from 27 to 80° with a step of 0.02° and a counting time of 3 s at each point.

The phases were identified using the powder-diffraction database PDF-4+. The re-
finement of the crystal structure was performed with the Rietveld method using GSAS-II
software packages [43].

2.3. HRTEM

The morphology and phase composition of the samples were investigated using a
ThemisZ electron microscope (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with a corrector of spherical aberrations, at an accelerating voltage of 200 kV. The images
were recorded using a Ceta 16 CCD sensor (Thermo Fisher Scientific, MA, USA), while the
samples for the HRTEM study were prepared on a holey carbon film mounted on a copper
grid via the ultrasonic dispersing of the samples’ suspension in ethanol.

24. TGA

Thermogravimetric analysis of the LCNO_01_q sample was conducted using an
NETZSCH STA 449 C Jupiter device (Netzsch, Selb, Germany).

The measurement was carried out in helium flow (20 sccm) in a temperature range
from 50 to 700 °C at a heating rate of 10 °C/min.
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3. Results and Discussion

An XRD study of the as-prepared LCNO_01 sample at RT was performed earlier [36].
It was shown that the sample possesses a tetragonal K,NiF,-type structure (I4/mmm sp.gr.).
The Rietveld-refinement results of the initial structure are shown in Table 1. Unusual
behavior of the lattice parameters was registered during thermal and chemical stability
study of this sample by in situ SXRD (Figure 1a). A strong antibate change of 2 and
¢ lattice parameters in a temperature range from approximately 200 °C to 450 °C was
observed during heating of the as-prepared sample in He flow. In contrast, linear behavior
of parameters was observed during cooling with a slope change point occurring around
400 °C. It is worth mentioning that during heating, despite a strong parameter change, the
cell volume showed behavior close to linear (Figure 1b). Therefore, changes in the a and c
parameters compensated for one other. It should also be noted that similar behavior was
observed for samples LapNiOy 17 and La; gCag2NiOy g9 (which was also studied in [36],
Figures S1 and S2) but with a substantially lower magnitude of parameter change.

Table 1. Results of Rietveld refinement of LCNO_01 structure at RT.

LCNO_01 R ffefggggzl—fn LCNO_01_t LCNO_01_700
Parameters ! as Prepared (From 1100 ° Cg after 250 °C after 700 °C
[36] (He, 150 min) (Air, 20 min)
to RT)
a, A 3.8509 (5) 3.8523 (1) 3.8547 (2) 3.8520 (1)
¢ A 12.644 (1) 12.6427 (6) 12.617 (1) 12.6481 (6)
Vv, A3 187.50 (1) 187.62 (2) 187.48 (4) 187.67 (2)
U (La/Ca) 0.0121 (4) 0.0128 (4) 0.0107 (4) 0.0128 (3)
z (La/Ca) 0.361 (1) 0.361 (1) 0.362 (1) 0.361 (1)
U (Ni) 0.012 (1) 0.0142 (7) 0.0148 (9) 0.0149 (7)
U (Oeq) 0.015 (3) 0.025 (2) 0.027 (3) 0.024 (2)
occ. (Oeq.) 1.00 1.00 1.00 1.00
U (Oap.) 0.042 (3) 0.042 (2) 0.029 (3) 0.038 (2)
z(Oap.) 0.174 (1) 0.174 (1) 0.177 (1) 0.174 (1)
occ. (O ap.) 1.00 1.00 1.00 1.00
U (Oint.) 0.042 (3) 0.042 (2) 0.029 (3) 0.038 (2)
occ. (O int.) 0.09 (2) 0.07 (1) 0.06 0.08 (1)
54002
34,500 (1200)
S 004
Iggj‘ésiroaﬂ' 907 (76) 889 (32) Sl‘ég% 692 (27)
39,100 (1600)
5022
—200
5 0.18 (4) 0.14 (2) 0.12 0.16 (2)
wR, % 11.72 3.73 494 3.88
GoF 2.6 1.28 1.58 1.53

I U—thermal XRD factor, O eq.—equatorial position in oxygen octahedron; O ap.—apical position in oxygen
octahedron; O int.—tetrahedral interstitial oxygen position; occ.—occupancy of an atomic site; values without
uncertainties were fixed during refinement. 2 Stephens [44].

The Rietveld refinement results of the LCNO_01 structure after different treatments
(described below) are presented in Table 1, while the corresponding refinement profiles are
presented in supplementary information (Figures 53-56).
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Figure 1. Lattice parameters 4, c (a) and volume (b) as a function of temperature, obtained from XRD
patterns for LCNO_01 collected in He flow.

It was found that such a behavior of lattice parameters is observed only in the as-
prepared sample, and any high-temperature treatment (higher than approximately 200 °C)
with a relatively slow cooling rate leads to its disappearance. To reproduce such a change
in the lattice parameters, we heated the sample to 1100 °C in air and quenched it down to
RT (sample designated LCNO_01_q). The annealing temperature was chosen to be 50°C
lower than the final synthesis temperature.

According to the XRD data, the quenched sample does not show any structural stresses
or superstructural reflections (Figure S4) however, we were able to reproduce the strong
antibate behavior of lattice parameters similar to that observed in the initial LCNO_01
(Figure 2a).

To prove that lattice-parameter change is caused not by oxygen loss but by oxygen
migration in the structure, we heated the quenched sample in He up to 250 °C, which is
150 °C lower than the temperature of oxygen loss according to the TGA data collected
in an inert atmosphere (Figure S7) and 50 °C higher than the activation temperature of
oxygen diffusion according to the isotope-exchange data (TPIE) [36]. In static conditions for
150 min of annealing at 250 °C, we observed a decrease in the c parameter and an increase
in the a parameter (Figure 2b), both of which were expected based on Figures 1a and 2a.

It is interesting that after cooling, apart from the shortening of the c parameter and
the expansion of the a parameter, the sample exhibited highly anisotropic microstrains in
a crystallographic direction [00]] (Figure 3a). As it can be seen from Figure 3b, there is
a distinct broadening of the reflections with 001 and hkl (for high 1 and low h/k) Miller
indices compared to the reflections in the quenched sample. A generalized model proposed
by Stephens [44] to treat the anisotropic broadening of reflections provides a satisfactory fit
that can be illustrated by a comparison of the observed FWHM of the individual peaks with
those calculated using the anisotropic model (Figure 3b). Figure 3c shows two separate
Williamson-Hall fits for the broadened reflections and other reflections. This plot clearly
shows a lessening of the coherent scattering region (CSR) in the [00]] direction (higher
intersection of Y-axis) as well as an increase in the microstrains (bigger slope of the fitted
line for broadened reflections).
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Figure 3. Three-dimensional strain distributions derived from Stephens’s model [44] in GSAS-II
software [43] for LCNO_01_q after treatment in He at 250 °C (LCNO_01_t)—(a); FWHM versus 20 for
experimental diffraction profiles LCNO_01_q (black crosses), LCNO_01_t (red circles) and for fitted
diffraction profile (blue circles, Stephens’s model [44])—(b); Williamson Hall plot for 001 and hkl
(for high 1 and low h/k) reflections (red circles) and others reflections (blue circles) for LCNO_01_t
sample—(c). B—integral breadth.

Figure 4 illustrates the improvement of the Rietveld fit when using Stephens’s model
compared to the one fitted using isotropic broadening approximation (e = 2200 x 10~°) for
the tempered sample LCNO_01_t.
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Figure 4. Comparison of the Rietveld fit for 107, 008 and 118 reflections between the isotropic and
anisotropic microstrain models (implemented in GSAS-II software [43]) derived for LCNO_01_t.
CuK radiation.
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There are other studies in which anisotropic broadening of XRD reflections for layered
perovskite-like phases was also observed. One of the first mathematical treatments of
anisotropic broadening was suggested by Rodriguez-Carvajal et al. [45] while analyzing
the effect caused by a low-temperature (80 K) phase transition in La,NiOy. Later, this
model was implemented in FULLPROF software [46]. Stephens [44] expanded the model
of anisotropic peak broadening in powder diffraction and implemented this in GSAS-II
software [43].

In thin films, anisotropic broadening is caused by stacking faults in the [001] direction,
which usually corresponds to a local thickness variation of the perovskite layers [47,48].
For bulk materials, this kind of behavior is observed less frequently, and its origin is not
explained in detail. At most, it is mentioned briefly as an observation and dealt with only by
fitting experimental data using an anisotropic microstrain model. For example, anisotropic
broadening of peaks with a strong Miller index I was observed for Ln3 ,Sr;CrNiOg s [49].
The closest case to the one discussed at hand is for Lay xSrxNij.yFeyOy,5 [50], where
broadening was observed for reflections with the Miller indices type of 002*n,1n=1,2,3, ...
Importantly, the sample in that work was synthesized with the last step being quenching
from 1100 °C to an RT. Aguadero et al. observed similar features for the XRD profile of
LaSrNiOy, however, they used a two-phase model with a slightly different parameters to
improve the fit [51].

It seems that such an effect usually occurs for non-equilibrated R-P phases and might
be caused by the inherent anisotropy of their structure. However, what actually happens on
the atomic level is difficult to deduce from XRD data since it provides an atomic structure
averaged across the whole probed sample volume. Of particular importance is the fact that
the observed microstrains appear after treating the sample at the temperature of oxygen
diffusion activation according to the isotope-exchange data [36] but lower than oxygen
release/incorporation by the TGA data (Figure S7). We can propose, from the results
obtained, that microstrains, which appear mainly in the [001] direction, are probably caused
by a non-homogeneous redistribution of the interstitial oxygen. This non-homogeneity
arises in order to reduce the lattice strain, which was not compensated during quenching
from high-temperature state (it has lesser strain due to expansion of the lattice). The
redistribution is uneven because the sample cannot insert new interstitial oxygen since the
temperature is not high enough to overcome the energy barrier. The resulting distribution
likely causes a local distortion of the crystal structure of oxygen octahedrons around nickel
atoms. Therefore, we consider the oxygen distribution to be the result of the relaxation of
metastable state after quenching. It leads to the interesting behaviour observed of lattice
parameters upon tempering because of the impossibility of incorporating more oxygen as
it would have happened if it was cooled slowly.

In an attempt to obtain insights into this state on the local level, we used HRTEM
applied to the sample in three different states: quenched from 1100 °C (LCNO_01_q),
tempered at 250 °C for 150 min (LCNO_01_t), and calcined for 1 h at 500 °C in air (rate
of heating/cooling 10 °C/min, LCNO_01). The EDS mapping of the LCNO_01_qg sample
shows homogeneous distribution of the elements (La, Ca, Ni) over the sample particles
Figure S8a,b.

The HRTEM images of LCNO_01_q sample show well-ordered crystal lattices
(Figures 5a and S9a) of micron-sized crystallites with occasionally separated stacking faults
(Figures 5b and S9b) which is expected considering the existence of higher-order R-P phases.
Overall, the sample after quenching maintains a well-ordered high-temperature relaxed
structure which should be metastable at RT.
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(100)
. 0.1961 nm

. 0.3976 nm

0.3217 nm .
(001)

(©

Figure 5. HRTEM image of LCNO_01_q sample—(a); occasional stacking faults in the lattice of
LCNO_01_q sample—(b); FFT image of LCNO_01_q from (a) (area marked by white square, zone
axis [010])—(c).

The lattice of LCNO_01_t sample is fairly less ordered than that of the quenched one
(Figures 6a,b and S10a,b). Moreover, there is some amorphization on the surface and the
occurrence of nano-sized particles (presumably NiO) as well as a lot of disorientated planar
defects. The FFT image also shows diffuse scattering (elongated shapes of spots) (Figure 6d)
and microstrains (enlarged spots sizes) (Figure 6c).
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. 0.3161 nm

-

0.2076 nm

0.2162 nm
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Figure 6. HRTEM images of LCNO_01_t sample (I—amorphization on the surface; Il—nano-sized
particles on the surface; Ill—disorientated planar defects)—(a,b); FFT image of LCNO_01_t sample
from (a) (area marked by white square, zone axis [110]) showing microstrains—(c); FFT image
of LCNO_01_t sample from (b) (area marked by white square, zone axis [110]) showing diffuse
scattering—(d).

The LCNO_01 sample shows a number of planar defects as well (Figures 7a,b and S11a,b)
but ordered in the [101] direction (Figure 7c).

To sum up, the HRTEM data confirms a higher level of structural disorder in the
LCNO_01_t sample. In contrast to the XRD study, the difference between the LCNO_01_q
and LCNO_01 samples, i.e., the presence of orientated defects in the latter, can also be
elucidated with this method.
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Figure 7. HRTEM images of LCNO_01 sample showing ordered planar defects—(a,b); FFT image
of LCNO_01 sample from (b) (area marked by white square) showing orientation of planar
defects—(c).

4. Conclusions

In this work, we attempted to obtain structural insight into the peculiar lattice-
parameter behaviour of a La; 9Cag 1NiOy 11 sample, a potential IT-SOFC cathode material.
We successfully managed to reproduce the behaviour of the parameters and demonstrated
that it occurs during the relaxation of the metastable state obtained by quenching from
a high temperature. Low-temperature tempering causes a transformation of this state to
a new one, with a non-homogeneous distribution of interstitial oxygen in the structure
compensating for the lattice strain. This assumption, based on a general understanding of
the possible behaviour of the studied complex oxides, was supported by TGA, TPIE, in
situ and ex situ XRD (the latter showed anisotropic broadening of reflections in the [00]]
direction in the tempered sample). Confirmation and further insight on the local level
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was provided by HRTEM, which directly revealed a disordered state of the structure after
tempering. Moreover, HRTEM indicated the difference between a highly ordered state of
the quenched sample and slowly cooled sample with orientated planar defects.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12030344 /s1, Figure S1: Lattice parameters a, ¢ (a) and
volume (b) as a function of temperature, obtained from XRD patterns for LayNiOy 17 collected in He
flow; Figure S2: Lattice parameters 4, ¢ (a) and volume (b) as a function of temperature, obtained
from XRD patterns for Laj gCag»NiO4 g9 collected in He flow; Figure S3: Rietveld refinement results
of as-prepared LCNO_01 sample; Figure S4: Rietveld refinement results of quenched LCNO_01_q
sample; Figure S5: Rietveld refinement results of tempered LCNO_01_t sample; Figure S6: Rietveld
refinement results of calcined at 700 °C in air LCNO_01_700 sample; Figure S7: Weight loss curve
obtained by TGA for LCNO_01_q sample. Figure S8: EDS mapping patterns of Ca, Ni and La
for LCNO_01_q sample—(a,b). Figure S9: HRTEM image of LCNO_01_q sample—(a); occasional
stacking faults in the lattice of LCNO_01_q sample—(b). Figure S10: HRTEM images of LCNO_01_t
sample showing amorphization and nano-sized particles on the surface as well as disorientated planar
defects—(a,b). Figure S11: HRTEM images LCNO_01 sample showing ordered planar defects—(a,b).
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