CHAPTER — 5

STRUCTURAL MODULATION,
ORIENTED INTERGROWTH OF
ROCKSALT AND SPINEL IN
EQUIMOLAR
MULTICOMPONENT
{Co(Cr/Mg)FeMnNi}-OXIDE AND

ITS DERIVATIVES
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5.1. Introduction

Spinel and rocksalt forming high entropy oxides (HEOs)/ multicomponent oxides (MCOs)
have garnered tremendous attention in the recent past owing to their favourable properties
making it frontrunner candidates for their use in the field of energy conversion, storage and
catalysis [1-7]. Right after the discovery of rocksalt HEO in (CoCuMgNiZn)O, less than a
decade ago [8], successful synthesis of phase-pure spinel forming HEO in
(CoCrFeMnNi)304 was reported a few years later [9], and subsequently a plethora of other
HEO forming compositions were reported from each family of ceramic crystal structure
[10,11]. A lot of groups have investigated these two special compositions since then, with
primary focus on their functional properties [12-15]. Several substitutions to explore the
composition-phase space have also been reported [16,17]. However, phase stability,
microstructural evolution and the mechanism behind synergistic effect of entropic
stabilization in these HEOs has been comparatively less explored [18-20]. There are couple
of major schools of thought regarding the phase formation and stability of such
multicomponent metallic oxides. The overwhelming belief that stabilization of a
homogeneous disordered single-phase solid-solution stems from the dominance of
configurational entropy of mixing in HEOs, sits on one hand [21, 22]. On the other hand,
enthalpic penalties induced precipitation of related multicomponent secondary phases
and/or defect microstructure formation has also been explored by a few research groups
[23,24]. However, direct experimental evidences for such deviations are scarce.
Additionally, the spinel crystal structure is relatively more complex than rocksalt
counterpart owing to the degrees of freedom of void filling by cations, rendering it

amenable to ordering, phase separation or distortions [25-30].

The current work has been carried out to understand the stability and phase-pure nature of

the original spinel forming HEO. In order to arrive at satisfactory conclusions from
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previously unreported experimental evidences, it is necessary to accumulate findings from
its derivative lower-order oxides. It has been found out that equimolar ternary (CoMgNi)-
oxide with rocksalt structure gives rise to phase-pure spinel structure upon partial
substitution by Mn- and Fe-ions. This gives rise to (CoFeMgMnNi)304 single-phase spinel
forming MCO, which is being reported for the first time. However, structural modulation
and oriented inter-growth of related phases sharing coherent/semi-coherent boundaries in
both the ternary and quinary MCO and HEO respectively can be discerned, which was
previously not envisaged. Furthermore, phase separation event along specific
crystallographic directions, although at its nascent stage, is found to influence the

microstructural formation in the first ever reported (CoCrFeMnNi)304 spinel HEO.

5.2. Materials and methods

Multicomponent, equimolar oxides of (CoFeMgMnNi), (CoCrFeMnNi) and its binary,
ternary and quaternary derivatives i. e. (MgNi)-oxide, (CoNi)-oxide, (CoMgNi)-oxide,
(CoFeMgNi)-oxide and (CoMgMnNi)-oxide have been synthesized by solid-sate synthesis
route due to the ease of materials handling and probability of success. Starting precursor
oxides i. e. Co(ILIIT)O, Cr(II1)O, Fe(ILIIT)O, MgO, Mn(IIT)O and NiO (>99.8 at% purity)
were procured from either Alfa Aesar or Sigma Aldrich. The oxides in powder form were
mixed in stoichiometric proportions for all the binary, ternary, quaternary and quinary
compositions before they were mixed thoroughly in a mortar and pestle. Mixed equimolar
ternary oxide of (CoMgNi) was further ball milled for 40 h in a Retsch PM400 planetary
ball mill in dry environment using zirconia vial and balls at 200 rpm with 10:1 ball to
powder ratio. During ball milling, the milling process was paused for 30s after every 60s
of milling to avoid dynamic recrystallization. In order to study the phase evolution in the
mixed powder, samples were collected after Sh, 15h and 40h of milling. The collected

samples were characterized by X-ray diffraction (XRD) in a Rigaku MiniFlex600 table top
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X-ray diffractometer with Cu-K, (A= 1.54 A) radiation operated at 40 kV accelerating
voltage with 15 mA tube current.

Precursor oxides, mixed in stoichiometric proportions, for all the binary, ternary,
quaternary and quinary compositions were compacted in a uniaxial hydraulic press with 4T
load to produce the green compacted pellets of ~12 mm diameter with ~4-5 mm thickness.
The green compacted pellets were sintered at ~1473 K for 10 h in air before they were
water quenched. Quinary (CoFeMgMnNi)-oxide was also sintered at 1473 K for 100 h, in
addition to the 10 h sintering and it was then water quenched. Additionally, the ternary
(CoMgNi)-oxide was aged at 723 K for 120 h in air and the it was water quenched. Sintering
and ageing treatments were carried out in a platinum crucible with the lid on. In order to
maintain perfect stoichiometry and avoid contamination, a number of pellets with identical
composition were stacked together in the platinum crucible and the pellet from the centre
of the stack was taken for further studies. Sintered, quenched and aged multicomponent
oxides were characterized by XRD using a Malvern Panalytical high-resolution X-ray
diffractometer with Cu-K, (A= 1.54 A) and Co-Kq (A= 1.79 A) radiations. The
diffractometer was operated 40 kV accelerating voltage with 40 mA tube current. The as-
synthesized and aged multicomponent oxides were studied in a Tecnai G2 T20 transmission
electron microscope (TEM). For TEM observation, thin slices were obtained from sintered,
quenched and aged pellets by cutting the pellets with a low-speed saw. A slice from the
center of the pellet was crushed to powder. The crushed powder was suspended in ethanol
and was ultrasonicated for 15 minutes before it was drop-cast onto a carbon coated copper
grid of ~3mm diameter. The XRD patterns were simulated by indigenously developed code

and the structural models were developed by Vesta™ software.
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5.3. Results

In the XRD pattern of the as mixed equimolar mixture of Co(IL,IIT)O, MgO and NiO (Figure
5.1a), individual diffraction peaks of the precursor oxide phases could be easily discerned.
The Co(ILIII)O exists both in spinel and rocksalt structures as evident from the XRD peaks
marked by blue solid triangles and hollow open circles in red. MgO and NiO exist
exclusively in rocksalt structure as marked by red close circles and black filled close circles
respectively. The diffraction peaks of MgO and NiO are almost overlapping, which may be
justified by the nearly similar lattice parameter and structure of the two oxides. The
diffraction peaks of CoO with rocksalt structure appears very close to the MgO and NiO
diffraction peaks due to its similar structure, however with a slightly larger lattice
parameter. The experimentally observed diffraction patterns (Figure 5.1a) show excellent
match with the simulated diffraction patterns (Figure 5.1b) of rocksalt and spinel structures
with aspinet ~ 8.1 A and arocksaie~ 4.2 A. The lattice parameters of MgO, NiO and CoO are
a~4.21 A, a~4.15 4 and a~4.26 A respectively. However, the lattice parameter of Co304
with spinel structure is a~8.08 A, which is almost double (lattice parameter ratio~ 1.89) of
the lattice parameter of the rocksalt phase. The structural relationship between the rocksalt
phase and the spinel phase will be discussed in terms of their nature of void filling and ionic
radii in the discussion section of the communication.

After 5h of milling, the XRD peaks (Figure 5.1a) becomes broad due to the refinement of
particle size and accumulation of strain in the lattice of the crystals. The peaks
corresponding to the spinel phase continue to exist. There is a sharp reduction in the
intensity of the peaks corresponding to the rocksalt phase and the peaks corresponding to
the CoO rocksalt phase cannot be distinctly observed. It appears as a shoulder to the peaks
corresponding to the NiO and MgO rocksalt phases. It may be inferred that solid solutioning

starts at the initial stages of milling. NiO and MgO acts as the host lattice in which CoO
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with rocksalt structure starts getting incorporated. After 15h of milling, the peaks (Figure
5.1a) are further broadened with reduction of intensity as strain continues to get
accumulated with simultaneous reduction in the particle size. The peaks corresponding to
the CoO phase with rocksalt structure are completely merged with the peaks of the NiO
and MgO phases. After 40h of milling, only the spinel phase is observed distinctly and the

rocksalt phase is observed as a shoulder to the spinel phase.
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Figure 5.1: (a) X-ray diffraction (XRD) patterns of equimolar (CoMgNi)-oxide powder in
the as-mixed condition and after 5h, 15h, 40h of ball milling. (b) Simulated XRD pattern of
cubic rocksalt (a ~ 4.2 A) in red and cubic spinel (a ~ 8.1 A) in blue respectively. (c)
Magnified view of 311 peak of cubic spinel and 111 peak of cubic rocksalt in as-mixed
condition and after 5h, 15h and 40h of ball milling (d) Magnified view of the evolution of
200 peak of cubic rocksalt phase in the as-mixed condition and after 5h, 15h and 40h of
ball milling.
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It may be inferred that after 40h of milling solid solution phase consisting of spinel and
rocksalt is formed in the initial stoichiometric mix of the elemental oxide powder. A
magnified view of the evolution of the 311 peak of the spinel phase and the 111 peak of the
rocksalt phase with the progress of milling is given in Figure 5.1c. As stated earlier, with
the progress of milling both the peaks are broadened and they start to merge with one
another. However, there is a slight rightward shift of the peaks after Sh of milling, which
becomes a net leftward shift after 15h of milling and again a slight rightward shift after 40h
of milling. Change in d-spacing due to progressive solid solutioning is expected to be uni-
directional in nature. In this case, switching of the shift direction may be attributed to the
change in d-spacings and cell volume due to the accumulation of strain and vacancies in
the lattice of the spinel and rocksalt based solid solution phases and the attempt of the phase
mixture to optimize its vacancy concentration, composition etc. Likewise, the magnified
view of the 200 peak of the rocksalt-based CoO, MgO and NiO phases (Figure 5.1d) shows
initiation of peak merger after Sh of milling. After 15h of milling, individual peaks of CoO,
MgO and NiO phases are not observed indicating that the process of solid solution phase
formation is mostly complete after 15h of milling. However, along with the peak
broadening, a slight rightward shift after 5h of milling, a net leftward shift after 15h of
milling and a slight rightward shift after 40h of milling is observed. This may also be
attributed to the accumulation of strain, increase in vacancy concentration in the rocksalt
based solid solution phase and the attempt of the phase to optimize its strain, vacancy
concentration and composition. It will be substantiated further in the discussion section in
terms of ionic radii of the species and the structural similarity between rocksalt and spinel
phases.

XRD patterns of equimolar binary (MgNi)-oxide (in red), (CoNi)-oxide (in blue) and

ternary (CoMgNi)-oxide (in green) powder after sintering at 1473 K for 10 h are given in
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Figure 5.2. In the binary (MgNi)-oxide exclusively rocksalt phase with a~4.21 A4 lattice
parameter is observed. In the binary (CoNi)-oxide cubic rocksalt phase with a~4.20 4 and
a cubic spinel phase with a~8.25 A4 lattice parameters are observed. In the ternary
(CoMgNi)-oxide only cubic rocksalt phase with a~4.20 A4 lattice parameter is observed. In
the diffraction pattern of this ternary oxide a small undulation corresponding to the 220
peak of a spinel phase is observed. However, the undulation is so small, it may not be used

as a confirmation for the existence of the spinel phase.
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Figure 5.2: X-ray diffraction (XRD) patterns of equimolar binary (MgNi)-oxide, (CoNi)-
oxide and ternary (CoMgNi)-oxide powder after sintering at 1473 K for 10h followed by
water quenching. In all three compositions cubic rocksalt phase forms as the major phase,
however, with varying intensity ratios of 111 and 200 diffraction peaks.
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In order to further investigate the existence of the spinel phase, XRD patterns of the
(CoMgNi)-oxide after sintering at 1473 K for 10h in the pellet and powder form has been
compared (Figure 5.3a). In the XRD pattern of the pellet, a distinct 220 peak for spinel has
been observed and other spinel peaks overlap with the peaks of the rocksalt phase. It may
be due to the low volume fraction of the spinel phase and its oriented growth with the
rocksalt phase. It is noteworthy that the lattice parameter of the spinel phase is almost
double of the rocksalt phase as stated earlier. The normalized intensity plot of the
experimental XRD patterns of the pellet and the crushed powder as shown in Figure 5.3a
are given in Figure 5.3b. It is confirmed that the Compton inelastic background of the
powder after crushing the sintered and quenched pellet is higher than the sintered and
quenched pellet itself. Due to the high Compton background in the XRD pattern of the
crushed powder of the sintered and quenched pellet, the low intensity 220 peak of spinel
may remain invisible. It is understandable that crushing of the pellet introduces strain that
increases the Compton background scattering in the crushed powder. It may be inferred
that low volume fraction of the spinel phase, its oriented growth with the rocksalt phase
and concomitant increase in the Compton background scattering leads to the almost
invisibility of the low intensity 220 peak of the spinel phase in the crushed powder. Similar
changes in XRD patterns in entropy stabilized oxides (ESOs) depending on processing

conditions has been reported before.
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Figure 5.3: (a) X-ray diffraction (XRD) patterns of equimolar ternary (CoMgNi)-oxide
powder (light green) and pellet (dark green) after sintering at 1473 K for 10h followed by
water quenching. In the pellet, signature of cubic spinel phase is observed, which is absent
in the powder. (b) Normalized intensity plots from the experimental XRD patterns of the
powder (light green) and pellet (dark green). Compton modified scattering background is
represented as bands with respective colours. Compton modified background for the
powder being high, the low intensity spinel peak gets suppressed in the powder.
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TEM bright field image (BF) and electron diffraction patterns of (CoMgNi)-oxide after
sintering at 1473 K for 10h followed by water quenching are given in Figure 5.4(a-d). In
the BF image (Figure 5.4c) mottled contrast indicating the presence of residual strain is
observed. The corresponding diffraction patterns from z=[011] (Figure 4a), z=[125] (Figure
5.4b) and z=[013] (Figure 5.4d) may be indexed to a cubic rocksalt phase with a~4.2 A
lattice parameter. It is noteworthy that the diffraction patterns from a cubic spinel phase
with double the lattice parameter will appear to be very similar from similar zone axes as
will be demonstrated later in this communication. However, in case of a spinel phase some
systematic extra spots should be observed, which are not present in the diffraction patterns.
As the selected area diffraction patterns are obtained from very localized regions, the
signature of cubic spinel phase is absent. This perfectly corroborates the XRD results,
where it has been stated that the spinel phase is present in a very small volume fraction.
Around the diffraction spots, diffuse scattering is observed (Figure 5.4a and 5.4d) and in
some of the diffraction spots, geometric shape evolution and splitting is observed (Figure
5.4a and 5.4b). It will be discussed further in the subsequent sections. TEM DF image
(Figure 5.4e) and its corresponding BF pair (Figure Se inset) after ageing the sintered and
quenched sample at 723K for 120h shows extensive fringe contrast along with the mottled
contrast. Magnified version of the BF image in Figure 5.4e (inset) is given in Figure 5.4f.
The fringe contrast is clearly visible in the image. The fringes are marked with arrows in
the image. The spacing between consecutive fringe ranges from ~1.5-3.5 nm. In the
diffraction pattern from the same region (Figure 5.5b) along z=[001], extensive splitting
and arcing of spots with intensity modulation is observed. Different points in the diffracted
arcs may be systematically joined together to bring out the symmetry shape corresponding
to the four-fold [001] zone axis pattern of a cubic rocksalt phase with a~4.2 4 lattice

parameter.
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Z=[011]

Z=[125]

Figure 5.4: (a-d) Bright field image and selected area diffraction patterns along z=[011],
z=[125] and z=[013] zone axes from ternary equimolar (CoMgNi)-oxide after sintering at
1473 K for 10 h followed by water quenching. The diffraction patterns may be indexed to
a cubic rocksalt phase (a ~ 4.2 A) with diffuseness and occasional spot splitting. Mottled
contrast associated with strain fields is observed in the bright field image. (e) Centred dark
field image and complementary bright field image (inset) from the same ternary equimolar
(CoMgNi)-oxide afier sintering at 1473 K for 10 h followed by ageing at 723 K for 120 h,
in which parallel fringe with alternating contrast is observed. (f) Magnified bright field
image of (e) showing multiply oriented fringes with ~1.5-3.5 nm spacing between them.

Two such symmetry shapes by joining the extreme ends of the arcs are shown in the figure
with coloured dotted lines. It is observed that the symmetry shapes are rotated with respect
to one another. Mutual rotation between two symmetry shapes formed by joining the
extreme ends of the arcs is ~20°. It may be inferred that cubic rocksalt domains with mutual
rotation among them do exist in the aged sample. It can be substantiated that the mutually
rotated domains are developed during ageing by comparing a similar diffraction pattern
along z=[001] from the sintered and quenched sample in Figure 5.5a. The diffraction

pattern from the sintered and quenched sample (Figure 5.5a) along z=[001] may be indexed
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to a cubic rocksalt phase with a~4.2 4 lattice parameter. However, the arcing, splitting and
modulation of intensity is absent in the lower order spots. Minor arcing and spot splitting
are observed in the higher order spots (circled in the diffraction pattern in Figure 5.5a). This
necessarily means that ternary, equimolar oxide tends to form a domain structure from the
very beginning. However, there is a kinetics of such mutually rotated domain formation,
due to the paucity of time this did not develop during sintering and quenching. It is further
evidenced, when the intensity distribution of the lower order spots perpendicular to the
individual g-vectors is plotted in one dimension. Intensity distribution plots are given below
the corresponding diffraction patterns in Figure 5.5. The intensity distribution plots of the

g-vectors for the sintered and quenched sample are mostly symmetric with a very minor

skewness for the 220 type spots. In comparison to that the intensity distribution plots of the
diffraction spots for the sintered, quenched and aged sample shows multiple maxima with
finite skewness. Formation of mutually rotated domains in sintered, quenched and aged
sample manifests itself in the form of wavy fringe contrast in the BF and DF images as has
been observed in Figure 5.4e and 5.4f. Formation of such mutually rotated domains leading
to a fringe contrast and tweed morphology has been observed after long h of sintering and
ageing in (CaCoFeMgNi)-oxide and (CoCuMgNiZn)-oxide respectively. It is understood
that such tweed structures form in multicomponent oxide after long h of sintering and

ageing in a bid to minimize its strain. It will be discussed further in the discussion section.
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Figure 5.5: (a) Selected area electron diffraction pattern along z=[001] zone axis of
(CoMgNi)-oxide after sintering at 1473 K for 10h followed by water quenching. Onset of
splitting in the higher order spots (marked by dotted circles) is observed. (i-iv) Intensity
distribution plots of 200 and 220 type spots are almost symmetrical. (b) Selected area
electron diffraction pattern along z=[001] zone axis of (CoMgNi)-oxide after sintering at
1473 K for 10h, ageing at 723 K for 120h followed by water quenching. The diffraction
spots are split and arced with modulation of intensity distribution. (v-viii) Intensity
distribution plots of 200 and 220 type spots are not symmetrical with several maxima.

Ternary equimolar (CoMgNi)-oxide has been partially substituted with Fe-ion, Mn-ion and
both Fe-, Mn-ion to form equimolar quaternary (CoFeMgNi)-oxide, (CoMgMnNi)-oxide
and equimolar quinary (CoFeMgMnNi)-oxide. XRD patterns of the quaternary and quinary
derivative oxides after sintering at 1473 K for 10h followed by water quenching is given in
Figure 5.6. As reported earlier, (CoMgNi)-oxide after sintering and quenching forms cubic
rocksalt phase with a~4.2 A lattice parameter. Upon systematic addition of Fe-ions, in the

quaternary (CoFeMgNi)-oxide after sintering at 1473 K for 10h followed by water
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quenching the cubic rocksalt phase with a~4.2 4 lattice parameter continues to exist.
However, the most intense 311 peak of a spinel phase with a~8.4 4 lattice parameter
appears. Upon systematic addition of Mn-ions, coexistence of two-phase mixture of a cubic
rocksalt with a~4.2 A lattice parameter and a cubic spinel with a~8.4 A lattice parameter is
observed in the quaternary sintered and quenched (CoMgMnNi)-oxide. In the quinary
(CoFeMgMnNi)-oxide, after sintering and quenching, predominantly a spinel phase with
a~8.38 A lattice parameter is observed. It is worth mentioning that the diffraction peaks of
a cubic rocksalt phase with a~4.2 4 (half the lattice parameter of the cubic spinel phase)
lattice parameter will overlap with the diffraction peaks of the spinel phase. It is further
evidenced by the presence of shoulders in the 222, 400 and 440 diffraction peaks of the
spinel phase. It should be noted that, to the best of the knowledge of the authors, quinary
multicomponent (CoFeMgMnNi)-oxide has not been reported before. It has been
investigated further by electron diffraction after sintering for different lengths of time,

which will be reported in the subsequent sections.

TEM BF images and corresponding electron diffraction patterns from the same region of
(CoFeMgMnNi)-oxide after sintering at 1473 K for 10h are given in Figure 5.7(a-d). In the

BF images extensive mottled contrast is observed and the electron diffraction patterns along

z=[001] and z=[114] may be indexed to a cubic spinel phase with a~8.38 A lattice
parameter. It is noteworthy that in the BF image in Figure 5.7d localized fringe contrast is
observed. Magnified view of the fringe contrast is given in Figure 5.7d (inset). Existence
of'this linear Moire fringe contrast is indicative of two crystals with similar or nearly similar
d-spacing are juxtaposed over one another with or without minor tilting [33]. As it has been
stated earlier, the structure of spinel and rocksalt phase are quite similar. It may be the
juxtaposition of a cubic rocksalt phase over a cubic spinel phase. However, due to the

paucity of the diffraction evidence, it may not be confirmed at this stage.
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Figure 5.6: X-ray diffraction (XRD) patterns of (CoMgNi)-oxide with systematic addition
of Fe- and Mn-ions after sintering at 1473 K for 10h followed by water quenching. With
systematic addition of Fe- and Mn-ions the major phase in the equimolar multicomponent
oxide changes from cubic rocksalt phase to cubic spinel phase.

TEM BF images from different regions, corresponding electron diffraction patterns and
their inverted versions with the indexing for (CoFeMgMnNi)-oxide after sintering at 1473
K for 100 h followed by water quenching are given in Figure 5.8(a-f). In the BF image in
Figure 5.8¢c, mottled and irregular fringe contrast is observed. Existence of such contrast
may indicate presence of localized residual strain and structural modulation in the material.

Corresponding electron diffraction pattern (Figure 5.8a), shows extensive spot splitting,
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arcing and intensity modulation. The inverted version of the diffraction pattern is given in
Figure 5.8b. The diffraction pattern may be indexed to a cubic spinel phase with a~8.33 4
lattice parameter and a cubic rocksalt phase with a~ 4.15 A lattice parameter. The
diffraction vectors for the cubic spinel phase and the cubic rocksalt phase along with their

angular relationships and the ratios of the principal vectors are marked in Figure 5.8b in

cyan and magenta colour respectively. The diffraction pattern may be indexed to a z=[114]
zone axis pattern of a cubic spinel phase. It is noted that the first order reflections in this
zone axis are weak (marked by cyan arrows in Figure 5.8a and dotted circles in Figure 5.8b)
and the second order reflections are strong. The second order reflections are strong as they
are common to both the spinel and the rocksalt phase. In addition, arcing, splitting and
intensity modulation in the second order spots are observed. When the second order spots

are systematically joined together with dotted lines (Figure 5.8a), it clearly brings out the

two-fold symmetry shape corresponding to z=[114] zone axis of a cubic spinel phase,
however, rotated with respect to one another. This clearly indicates that the spinel phase
forms structurally modulated domains, which are rotated with respect to one another.
Formation of such rotated domains has been reported for quinary (CaCoFeMgNi)-oxide
and (CoCuMgNiZn)-oxide after long h of sintering or ageing. It will be discussed further
in the discussion section. There are some additional diffraction spots in the diffraction
pattern in Figure 5.8a and its inverted version in Figure 5.8b. Those spots are marked in
magenta along with the ratio of the principal vectors. The spots are joined together with
magenta dotted lines (Figure 5.8a), that brings out a four-fold symmetry shape. The
additional spots may be indexed to a cubic rocksalt phase along z=[001] zone axis a~ 4.15
A lattice parameter. It is due to the simultaneous presence of a cubic spinel phase with the

rocksalt phase intensity modulation is observed in the diffraction pattern.
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Z=[001]

Figure 5.7: (a, ¢) Selected area electron diffraction patterns along z=[001] and z=[114]
zone axes respectively and (b, d) bright field images of the multicomponent equimolar
(CoFeMgMnNi)-oxide after sintering at 1473 K for 10h followed by water quenching.
Electron diffraction patterns are indexed to a cubic spinel phase (a~8.38 A). In the bright
field images mottled contrast with occasional fringe contrast (Figure 7d inset) is observed.

It is noteworthy that there is an orientation relationship between the rocksalt phase and the

spinel phase, which may be written as [114]spinet || [001 Jrocksait and (440)spinet || (220)rocksalt-
BF image from a different region (Figure 5.8d) shows a domain like contrast in addition to
the irregular fringe contrast. The corresponding electron diffraction pattern and its inverted

version are given in Figure 5.8e and Figure 5.8f respectively. In this diffraction pattern also
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modulation of intensity is observed and it may be indexed to z=[012] zone axis of a cubic
spinel phase and z=[013] of a cubic rocksalt phase. The spots corresponding to the spinel
phase, rocksalt phase, their principal vectors and their ratios are marked in cyan and

magenta respectively. Similar orientation relationship is evident in this diffraction pattern.

The orientation relationship is [012]spinet || [013 ]Rocksalc and (400)spinet || (200)rocksait.

Effect of substitution of Cr-ions in place of Mg-ions in the quinary equimolar
(CoFeMgMnNi)-oxide after sintering followed by quenching, which results into an
equimolar quinary (CoCrFeMnNi)-oxide, has been studied by XRD and TEM. It is
noteworthy that equimolar (CoCrFeMnNi)-oxide is the first ever reported single-phase
spinel forming high entropy oxide (HEO). It is also the oxide form of the first reported high
entropy Cantor alloy. In the XRD pattern of the sintered and quenched (CoFeMgMnNi)-
oxide (Figure 5.9), cubic spinel phase with a~8.38 A lattice parameter and cubic rocksalt
phase with a~4.2 4 in minor proportion are observed. In the XRD pattern of the
(CoCrFeMnNi)-oxide after sintering at 1473 K for 10h, cubic spinel phase with a~8.36 4
lattice parameter is predominantly observed. However, shoulders are observed in 222, 400
and 440 peaks, which can be directly indexed as the 111, 200 and 220 peak of a cubic
rocksalt phase with half the lattice parameter. The XRD patterns of the same oxide after
sintering and quenching, in pellet and powder form (Figure 5.9), have been compared and
they do not show any significant difference except peak broadening and concomitant
reduction in peak intensity. It may be inferred that in (CoCrFeMnNi)-oxide after sintering
and quenching cubic spinel phase forms predominantly. However, there might be a
possibility of oriented growth of cubic rock phase with half the lattice parameter within the

spinel phase.
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Figure 5.8: Selected area electron diffraction patterns and bright field images of
(CoFeMgMnNi)-oxide after sintering at 1473 K for 100h followed by water quenching. The

diffraction pattern in (a) is indexed to a cubic spinel phase, z=[114] zone axis along with
a coexistent rocksalt phase, z=[001] zone axis. Indices of the diffraction spots, their
angular relationships and ratios of principal vectors are given in (b), which is inverted with
respect to (a). In the corresponding bright field image in (c), extensive fringe contrast
(marked by arrows) within the mottled contrast is observed. The diffraction pattern in (e)
is indexed to the same cubic spinel phase, z=[012] zone axis along with the coexistent cubic
rocksalt phase, z=[013] zone axis. Indices of the diffraction spots, their angular
relationships and the ratios of the principal vectors are given in (f), which is inverted with
respect to (e). The corresponding bright field image in (d) shows domain like structure
along with fringe contrast. Orientation relationship between the cubic spinel phase and the
cubic rocksalt phase is evident.

TEM images and corresponding electron diffraction patterns of (CoCrFeMnNi)-oxide after
sintering at 1473 K for 10h followed by quenching are given in Figure 5.10(a-f). In the
electron diffraction pattern (Figure 5.10c) along z=[001], clear four-fold symmetry of the
zone axis is observed. The diffraction pattern may be indexed to a cubic spinel phase with
a~8.36 A lattice parameter. It is noteworthy that the diffraction spots are diffused and a

continuous streaking along 220 type vectors is observed.
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It necessarily indicates the presence of continuous structural modulation in the
multicomponent oxide. In the BF image (Figure 5.10a), a fine scale modulation is observed.
In the magnified version of the BF image, given in Figure 5.10d, coexistence of structural
modulation along two perpendicular directions is observed. The existence of such structural
modulations leads to the formation of a domain morphology (marked in Figure 5.10d),
which are ~Snm X 5nm is size. In the centred DF image (Figure 5.10b) with 220 spot under
multibeam excitation, similar modulation is observed. The domains with alternate bright

and dark contrast are marked in Figure 5.10b.
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Figure 5.9: X-ray diffraction (XRD) patterns of (CoFeMgMnNi)-oxide and
(CoCrFeMnNi)-oxide after sintering at 1473 K for 10h followed by water quenching. In
both of the multicomponent oxides cubic spinel phase is observed to be the predominant
phase with systematic peak splitting and shouldering.
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Figure 5.10: (a-f) Bright field, centred dark field and selected area electron diffraction
patterns of (CoCrFeMnNi)-oxide after sintering at 1473 K for 10h followed by water
quenching. The diffraction pattern in (c) is indexed to a cubic spinel phase, z=[001 ] zone
axis. The diffraction spots are diffused with streaking along mutually perpendicular 220
type directions (marked with arrows). In the bright field image in (a) and corresponding
centred dark field image in (b) modulation and formation of nanodomains are observed
(marked with arrows). In two-beam bright field image in (e) and in (f) modulation along
220 direction is observed. Corresponding two beam diffraction pattern is given in the inset
of (e). Cross penetration of modulation leading to the formation of domains is shown in the
high magnification image in (d).

BF image of the same region with only 220 row of spots excited (Figure 5.10e) shows the
modulation in only one direction perpendicular to the 220 reciprocal lattice vectors. The
magnified version of the same region (Figure 5.10f) shows the modulation perpendicular
to 220 type directions with modulation wavelength of ~5nm giving birth to a lamellar

appearance. It may be inferred that the modulation develops in the spinel phase along 220

type directions. It will be discussed in detail in the discussion section.

203

—
| S—



5.4. Discussion

Systematic synthesis followed by XRD and TEM experimentations of quinary equimolar
(CoFeMgMnNi)-oxide, (CoCrFeMnNi)-oxide and its binary, ternary quaternary derivative
oxides establish a pattern in terms of evolution of cubic spinel and rocksalt phases, their
orientation relationship and microstructural growth during sintering and ageing at different
temperatures over varying lengths of time. Quinary multicomponent oxides and its
derivatives are metastable in nature, which keep on changing their phase fraction, structural
modulation and microstructural growth. A bird eye view of the fundamental nature of these

equimolar multicomponent oxides is discussed in the following sections.

5.4.1. Phase evolution and structural correlation between spinel and rock

salt
Ternary equimolar mixture of Co(IL,III)O, MgO and NiO upon dry milling for 40 h results

in a phase mixture of cubic spinel and rocksalt phases. The lattice parameter of the resulting
spinel phase is almost double of the rocksalt phase. Initially NiO and MgO oxide act as the
host lattice for rocksalt structure, in which CoO is incorporated. In the same line, Co3zO4
phase with spinel structure acts as the host lattice for the spinel phase in which Ni- and Mg-
ions are incorporated. It is further observed that with the progress of milling and solid
solution formation, strain induced broadening of diffraction peaks takes place with a
concomitant shift in its mean position (Figure 5.1). Shift in the peak position is not uni-
directional. Shift in the peak position may directly be associated with the change in d-
spacings, lattice parameter and cell volume. It is understood that with the progress of
milling, vacancy concentration in the lattice continues to increase. Continuous change in
the vacancy concentration in the spinel and in the rocksalt phase is one of the reasons behind
the change in the d-spacings, lattice parameter and the cell volume. As the spinel and the

rocksalt phases are associated through the vacancy concentration, the relative phase
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fraction of spinel and the rocksalt phases changes that leads to a shift in the mean position
of the peak. In this connection it is important to explain the structural correlation between
the spinel phase and the rocksalt phase. In both the phases, oxygen forms the FCC lattice,
in case of the rocksalt phase all the octahedral voids are filled up with cations and in case
of the spinel phase half the octahedral voids are filled with cations. This explains that the
rocksalt phase may transform to a spinel phase when vacancy concentration is changed and
vice versa. After sintering the mixed powder, similar spinel and rocksalt phases are
observed in the pellet. On addition of Fe- and Mn-ions in the ternary (CoMgNi)-oxide, 1. e.
in the quaternary (CoFeMgNi)-oxide and in the (CoMgMnNi)-oxide also similar phase
mixture of rocksalt and spinel is observed. However, in quinary (CoFeMgMnNi)-oxide and
(CoCrFeMnNi)-oxide predominantly spinel is observed. Predominant spinel phase
formation in the quinary oxide may be attributed to the multiple oxidation states of Fe, Cr

and Mn and related Jan Teller distortions in the lattice.

5.4.2. Oriented growth of spinel, rocksalt phases and its interface

structure

In the (CoMgNi)-oxide after sintering at 1473 K for 10 h, predominantly rocksalt phase
with a~4.2 A lattice parameter is observed. In the electron diffraction pattern of the rocksalt
phase diffuseness in the primary diffraction spots and minor arcing and split in the higher
order spots is observed (Figure 5.4(a-d) and Figure 5.5a). Diffuseness in the primary
diffraction spots and split in the higher order spots may be attributed to the residual strain
in the rocksalt crystal due to the presence of multiple cations in the phase. Mottled contrast
in the BF image (Figure 5.4c) confirms the presence of residual strain the crystal. However,
ageing at 723 K for 120 h, results in arcing in the diffraction spots (Figure 5.5b). It may be
explained by the formation of structurally modulated domains in the rocksalt phase and a

continuous relative rotation between the domains. Structurally modulated domain
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formation and relative rotation between them takes place in order to reduce the lattice strain
in the crystal. In the corresponding TEM images (Figure 5.4(e-f)) formation of irregular
fringe contrast is observed. Inter-fringe spacing may directly be correlated with the stacking
of domains with relative in-plane and out-of-plane rotation. Similar domain formation,
relative rotation between them has been observed in (CaCoFeMgNi)-oxide and

(CoCuMgNiZn)-oxide before.

In quinary (CoFeMgMnNi)-oxide after sintering at 1473 K for 10 h, spinel phase forms
predominantly. In the electron diffraction pattern of the spinel phase similar diffuseness in
the diffraction spots is observed (Figure 5.7a and Figure 5.7c¢). When the quinary oxide is
sintered for 100 h at 1473 K, modulation of intensity in the diffraction pattern and
systematic appearance of extra spots are observed (Figure 5.8a and Figure 5.8¢) and it may
be directly correlated to the oriented growth of a rocksalt phase within the spinel phase with
almost half the lattice parameter of the spinel phase. The interface diagram of the spinel
phase with the rocksalt phase has been presented schematically in Figure 5.11. The interface
is semi-coherent. It is understood that such orientation relationship develops in a bid to
reduce the interface strain through continuous reconstructive transformations at the
interfaces. In a similar way, in the (CoCrFeMnNi)-oxide after sintering at 1473 K for 10 h
structurally modulated domains (Figure 5.10a-f) are observed with continuous diffuse
streaking in the diffraction pattern along 220 type directions. Structural modulations in
multicomponent oxides appears to be a common phenomenon which takes place in order
to reduce strain in the crystal. The structural and compositional modulations grow with time

as has been reported in (CoFeMn)-oxide before [30].
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Figure 5.11: Projected interface structure diagram between cubic spinel phase and cubic
rocksalt phase. The interface structure diagram has been developed based on the
experimentally observed orientation relationship between the cubic spinel phase and the
cubic rocksalt phase. The interfaces are semi-coherent in nature.

5.4.3 Stabilization through energy minimization

In the multicomponent quinary (CoFeMgMnNi)-oxide and (CoCrFeMnNi)-oxide, spinel
phase forms after sintering. However, with prolonged sintering or ageing oriented growth
of rocksalt phase and development of structural modulation is clearly visible. It is also
understood that oriented growth and structural modulation takes place in order to minimize
strain in the crystal. Quinary multicomponent oxides are metastable and with energy

impetus from outside in the form of prolonged exposure at higher temperature, these oxides
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try to reduce their energy through minimization of strain in the crystal, which manifests
itself as domain formation, their relative rotation, coherent/semi-coherent interface
formation etc. Similar trend has been observed for (CaCoFeMgNi)-oxide and
(CoCuMgNiZn)-oxide. Multicomponent oxides are believed to be entropy stabilized.
However, the authors have noted a complex interplay between entropy and strain energy
that leads to the energy minimization. Gibbs free energy may be written as AG= AH-TAS,
where the symbols have their usual meaning. Further, AH= AU+PAV for a constant
pressure process. Combining both the equations, Gibbs free energy equation may be written
as AG= AU+PAV -TAS. The term PAV represents mechanical energy associated with the
transformation. In a multicomponent oxide, due to the presence of several cations in the
lattice, configurational entropy is high that maximizes the negative contribution of the TAS
term. However, maximizing the entropy comes with a cost of enhanced strain the lattice,
which is reflected by the PAV term. In order to make the Gibbs free energy component
optimally negative, the system tries to modulate itself compositionally and structurally that
reduces the negative contribution of the entropy term. However, through structural and
compositional modulations it forms coherent/semi-coherent interfaces and reduces the
lattice strain. That is how it reduces the positive contribution of the PAV term. It is a trade-
off between the entropy and the strain energy that minimizes the Gibbs free energy of the
system. The authors would tend to believe that in multicomponent systems, it is not only
the entropy that determines the stability. It is a trade-off between entropy and strain energy

that determines the stability of the system.

5.5. Conclusions

High-energy ball-milling sets up a competition between rocksalt and spinel phases which
is driven by the build-up of vacancies and its varying concentration in the phases, which

keeps on changing with milling time. Equimolar ternary (CoMgNi)-oxide, previously
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anticipated as the host structure for the stabilization of quinary phase-pure (CoCuMgNiZn)-
oxide with rocksalt structure, co-exists with small volume fraction of spinel phase.
Furthermore, it is metastable with respect to intermediate temperature ageing heat
treatment, and microstructural features appear due to the formation of intergrown domain

structure arising out of successive mutual in-plane and out-of-plane rotations.

Systematic substitution of Mn- and Fe-ions in (CoMgNi)-oxide transforms the global
average single-phase with rocksalt structure to a global average single-phase with spinel
structure in equimolar (CoFeMgMnNi)-oxide, being reported for the first time. Prolonged
exposure to high temperature in (CoFeMgMnNi)-oxide leads to precipitation of a rocksalt
phase of half the lattice parameter, which develops according to definite orientation
relationships with its parent spinel phase sharing semi-coherent boundaries between them.
Structural modulation observed in sintered and quenched equimolar (CoCrFeMnNi)-oxide
along <220> crystallographic directions was previously unanticipated. Furthermore, local
composition modulation induced formation of nanometer-sized domains, which in turn

brings out the shortcomings of the high entropy effect.
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