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oxide after sintering at 1523 K for (a) 10 h (b) 100 h followed by water quenching. In (a)
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Figure 3.8: TEM (a) BF image and (b) corresponding rotationally aligned selected area
diffraction pattern and (c) DF image using the superlattice reflection at /2[0002] (given at
the inset in (c)) from the quinary equimolar (CaCoFeMgNi)-oxide after sintering at 1523
K for 10 h followed by water quenching. Linear fringes in (a) are from the twins and the
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curvilinear contrast in (c) is from the APBs. The diffraction pattern in (b) indicates that the
twins in (a) are compound deformation twins with s = (2110), K; = (0002), 1= [0110], K>

= [1010] and n2 = [0111] as twin variants. (d) BF image (e) corresponding rotationally
aligned diffraction pattern and (f) DF image from the quinary equimolar (CaCoFeMgNi)-
oxide after sintering at 1523 K for 100 h followed by water quenching. The diffraction
pattern in (e) is little off from the zone axis as shown in (b). All the spots perpendicular to
the row of spots marked in cyan are split. The twins in (d) and in (f) are widely spaced

Figure 3.9: (a) Schematic representation of the mutually rotated domains in the intergrown
helical arrangement with cubic rocksalt structure stacked along [001] direction. Possible

composition modulation in each domain is marked with different colours. (b) [2110]
orthographic projection of the hexagonal phase with 2/3™ octahedral voids filled up. Cation
ordering with vacancies along [0001] is depicted

Figure 3.10: (a) Schematic (202) || (422) interface between cubic rocksalt and cubic spinel
phase. The interface is coherent. (b) schematic representation of (202) || (0002) interface
between the cubic rocksalt phase with the hexagonal phase. The interface in semicoherent
with quite minimal incoherency strain. The schematic diagrams are developed from the
experimentally observed orientation relationships and the calculated crystallographic data
from the diffraction patterns

Figure 4.1: (a) X-ray diffraction (XRD) patterns of (CoCuMgNiZn) ESO after sintering at
1323 K for 10 h followed by water quenching. The diffraction pattern in pink is from the
sintered and quenched pellet and the pattern in blue is from its crushed powder. (b)
Deconvolution of the XRD peaks from the crushed powder and (c) deconvolution of the
XRD peaks from the pellet. Deconvoluted peaks can be matched with CoO, MgO and NiO.

Figure 4.2: (a) X-ray diffraction patterns (XRD) of (CoCuMgNiZn) ESO pellet after
sintering at 1323 K for 10 h followed by water quenching (red), after sintering at 1323 K
for 100 h followed by water quenching (pink) and after sintering at 1323 K for 10 h
followed by furnace cooling (brown). (b) Superimposition of XRD peaks after three
different thermal treatments. Long h of exposure at high temperature leads to a systematic
left shift coupled with broadening and reduction in total integrated intensity

Figure 4.3: Scanning electron microscope (SEM) image and XEDS chemical maps of Co,
Cu, Mg, Ni, Zn and the composite map of (CoCuMgNiZn) ESO pellet after (a) sintering at
1323 K for 10 h and (b) 1323 K for 100 h followed by water quenching. Fine scale
segregation of Cu and Mg ions is evident in the maps. It is marked with arrows and
delineated with dotted boundaries

Figure 4.4: Sintered and quenched equimolar quinary (CoCuMgNiZn)ESO exhibiting (a)
Polycrystalline electron diffraction pattern with spotty rings which can be indexed to a FCC
phase with a~4.23 A lattice parameter whereas (b) and (c) are the corresponding BF-DF
pair showing nano-crystallites of the rocksalt phase. It was recorded from the periphery of
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the sample after ion-milling, making it necessary to revisit and optimize the electron
thinning parameters to avoid such process-induced particle size refinement

Figure 4.5: (a-d) Electron diffraction patterns of (CoCuMgNiZn) ESO after sintering at
1323 K for 10 h followed by water quenching. The electron diffraction patterns are from

(a) z=[012], (b) z=[114], (c) z=[123], (d) z=[112]. In the bright field image in (¢) tweed
contrast within the grain body and fringe contrast at the grain boundaries is observed. (f)
Magnified image of the region marked with dotted square in (e). Tweed free region is
marked with yellow lines

Figure 4.6: (a-d) Electron diffraction patterns, bright and dark field images of
(CoCuMgNiZn) ESO after sintering at 1323 K for 10 h followed by water quenching. The

diffraction pattern in (a) corresponds to z=[100] zone axis pattern of a cubic rocksalt

structure. Diffused scattering, streaking and shape evolution (inset) of 022 type spot is
observed. Extreme ends of the modulated spots are joined together to reveal the mutually
rotated symmetry shapes. In the dark field image in (b) mutually intersecting non-
orthogonal tweeds are observed. The electron diffraction pattern in (c) is from z=[011] zone
axis of the same grain, where streaking and diffused intensity of the spots is observed. The
bright field image in (d) shows the inter-penetrating tweeds

Figure 4.7: (a) Mutually rotated symmetry shapes as obtained from the electron diffraction
pattern in Figure 5(a). The symmetry shapes may be separated into two groups with mutual
relative rotation and with different c/a ratios. (b) Principal vectors from the symmetry
shapes in (a) are plotted to reveal their relative rotation. (c) Mutually rotated symmetry
shapes in (a) are superimposed to schematically generate the electron diffraction pattern in
Figure 4.5(a)

Figure 4.8 (a-d): Electron diffraction patterns and TEM bright field images of
(CoCuMgNiZn) ESO after sintering at 1323 K for 10 h followed by water quenching.

Arcing in (a) z=[100] and (c) z=[112] electron diffraction patterns is associated with the
mutual in-plane and out-of-plane rotation of domains. Intensity modulated arcs in each of
the diffraction patterns are connected with dotted lines to reveal the symmetry shapes of
the corresponding zone axes. Fringe contrast is observed in corresponding bright field
images in (b) and (d). The fringes are marked with arrows

Figure 4.9: XRD patterns of (CoCuMgNiZn) ESO after sintering at 1323 K for 10 h
followed by water quenching (in red) and after sintering at 1323 K for 10 h followed by
ageing at 723 K for 120 h followed by water quenching (in blue). Anomalous intensity
distribution and broadening of diffraction peaks after ageing is evident in the ESO

Figure 4.10: (a) z=[100] electron diffraction pattern, TEM (b-c) bright field images and (d)
dark field image of (CoCuMgNiZn) ESO after sintering at 1323 K for 10 h, subsequent
ageing at 723 K for 120 h followed by water quenching. In the diffraction pattern in (a),
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asymmetrical diffused streaking of spots, splitting of spots is observed. In the bright field
images (b-c) domain like structure with domain wall boundaries are observed. The domain
wall boundaries are lightened up in the dark field image in (d) with g=020 diffraction spot

Figure 4.11: (a-b) Electron diffraction patterns from a different region of (CoCuMgNiZn)
ESO after sintering at 1323 K for 10 h, subsequent ageing at 723 K for 120 h followed by
water quenching. The diffraction pattern in (a) is inverted with respect to the diffraction
pattern in (b). The patterns may be indexed with co-existent rocksalt phase and a spinel
phase with a definite orientation relationship. The d-spacings, angular relationships and
ratio of principal vectors are marked in (a). In (b) the diffraction spots corresponding to a
rocksalt phase (green) and a spinel phase (yellow) are marked with different colours. The
diffraction spots are connected with differently coloured dotted lines to bring out the zone
axes symmetry shapes

Figure 4.12: (a) Schematic representation of structurally modulated domains in 2D and in
3D in the (CoCuMgNiZn) ESO. Structural modulation may be initiated with the chemical
modulation in individual domains, which are represented with different colours. Structural
modulation in 3D makes the ESO appear uniform in chemistry due to the overlap of
domains with different chemistry. (b) Schematic representation of oriented growth of
rocksalt phase and a spinel phase as obtained from the experimental diffraction patterns in
Figure 10. The interface is coherent

Figure 5.1: (a) X-ray diffraction (XRD) patterns of equimolar (CoMgNi)-oxide powder in
the as-mixed condition and after Sh, 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

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

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

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
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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 after 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

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

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

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

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

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
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both of the multicomponent oxides cubic spinel phase is observed to be the predominant
phase with systematic peak splitting and shouldering

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)

Figure 5.11 (a-b): 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

Figure 6.1: LSV plots recording the current density as a function of applied voltage,
calibrated against reduced hydrogen electrode. The response from each oxide is colour
coded. The inset compares the electrocatalytic response from (CoCuMgNiZn)-oxide and
its derivative (CoMgNi)-oxide after sintering and ageing heat treatments

Figure 6.2: Experimental XRD patterns from sintered and quenched equimolar, ternary
(CoMgNi)-oxide  (green), quaternary (CoMgMnNiO-oxide (purple), quinary
(CoFeMgMnNi)-oxide (blue), (CaCoFeMgNi)-oxide (orange) and (CoCuMgNiZn)-oxide
(magenta). Respective phases have been marked with different coloured symbols

Figure 6.3: SEM-SE micrographs, selected area diffraction pattern and TEM bright
field/dark field images from sintered and quenched (al-a3) (CaCoFeMgNi)-oxide, (b1-b3)
(CoFeMgMnNi)-oxide, (c1-c3) (CoCuMgNiZn) ESO and (d1-d3) (CoCrFeMnNi) HEO
respectively. The microstructural features are marked with arrows and indexing of
diffraction patterns have been done employing different colour schemes

Figue 6.4: SEM-XEDS chemical mapping from (al) sintered and quenched (CoMgNi)-
oxide, (a2) sintered, aged and quenched (CoMgNi)-oxide, (bl) sintered and quenched
(CoCuMgNiZn) ESO and (b2) sintered, aged and quenched (CoCuMgNiZn) ESO
respectively. The quantification of the cation weight % has been provided in coloured boxes
adjacent to the respective maps

Figure 6.5: (a) LSV response from sintered and quenched equimolar (CoMgMnNi)-oxide,
(b) CV plots from the same oxide under varying scan rates and (c) schematic representing
possible mechanism behind enhanced electrocatalytic activity in the same dual-phase oxide
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Figure 6.6: (a) Overpotential plots for all the respective multicomponent oxides at 5
mA/cm? and (b) Tafel slopes for the same oxides. The histogram is accompanied with
computed overpotential values at 1 mA/cm? (in white) and at 10 mA/cm? (in black). The
Tafel slopes are marked over each oxide

Figure 7.1: Sintered and quenched pellet of equimolar ternary (CoMgNi)-oxide placed on
an alumina tray filled with a mixture of alumina and graphite powder (a) before ageing
treatment and (b) after ageing treatment. The obvious change in colour of the powder bed
may easily be discerned

Figure A.1: Single-crystal spot electron diffraction patterns from several zone axis of a
FCC structure (u?+v>+w?<22). The patterns have been simulated with the help of JEMS
software. The respective zone axis directions are marked with “ZA” on top of each pattern.
The ratio of the principal vectors along with the interplanar angles are marked in the
respective patterns.
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SYNOPSIS

Continuously diminishing fossil fuel resources, growing environmental concerns and
changing geo-political scenario has incentivized the search for new energy resources and
technologies. It has been well understood that future sustainable and green energy
innovations will be mostly driven by the synthesis of new materials. Multicomponent high
entropy oxides (HEOs) are perceived to serve as candidate materials in the field of catalysis,
electro-chemical energy conversion and storage, electronic devices, thermal barrier
coatings among many others. HEOs may be looked at as a recent vintage of the high entropy
alloys (HEAs). They were brought into existence by innovative thinking with a dash of
serendipity by Cantor and Yeh during 2004-05. HEOs were invented following the lineage
of HEAs, however much later. The first HEO was reported in 2015 in CoCuMgNiZn-oxide
by Rost et al. and was categorized as entropy stabilized oxide (ESO). Following this, a
number of HEO systems have been reported. HEOs are slightly different than the HEAs as
in HEOs there are more than one cation and anion sublattice and substitution may happen
in either of them. The calculation of configurational entropy is also different in these
systems. In addition, these systems are sensitive to environment in order to sustain their
defect equilibria and electrical neutrality. It has been believed so far that all HEOs are single

phase solid solutions with little or no reference to their stability.

The research work reported in this thesis has derived motivation to understand the
formation of single-phase in rocksalt-, spinel-based HEOs and its derivatives, their stability
and microstructural evolution. The thesis has been organized in seven chapters. Chapter 1
introduces the basic concepts of designing HEOs, its similarities and differences with
traditional dilute alloys, HEAs, bulk metallic glasses (BMGs) and their applications in the

fields of catalysis, electrochemical energy storage and conversion. Chapter 2 describes the
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precursor metal oxides, heat treatment procedures for solid-state synthesis of
multicomponent metal oxides and the working principles of the characterization techniques

used.

Synthesis, phase evolution, composition modulation, local structural variation and their
stability in multi-component equimolar (CaCoFeMgNi)-oxide and its ternary and
quaternary derivatives have been reported in Chapter 3. The rationale behind synthesizing
and characterizing the above material system as a starting point is the isostructuralism of
all the constituent binary oxides in their +2 oxidation states. The empirical rules initially
put forth for the formation of ESOs/HEOs by Rost et al., later by Sarkar and co-workers
harp on non-isostructuralism of at least one constituent oxide, otherwise the 5-component
mixture (HEO) shall inevitably end up being phase-pure with the same crystal structure as
its constituent binary oxides. However, transition metals in their ionic states are known to
display multiple oxidation states. Oxygen partial pressure is also known to alter the oxygen
stoichiometry in metallic oxides leading to an anion deficient or excess composition, which
in turn produces various kinds of defect microstructures. It was found out that the ternary
equimolar (CoMgNi)-oxide exhibited single-phase signature from X-ray diffraction (XRD)
experiments, while quaternary equimolar (CaCoMgNi)-oxide produced a two-phase
mixture, both having the cubic rocksalt structure, however one rich in Co-, Mg-, Ni-ions
(major phase, ~62%, a=4.15A) and the other rich in Ca-ions (minor phase, ~38%,
a=4.83A). The equimolar (CaCoFeMgNi) multicomponent oxide (MCO) showed a
complex diffraction pattern which could be indexed to the presence of at least four phases.
The major rocksalt phase enriched in (Co,Mg,Ni), forms almost 50% of the phase fraction
while Fe-enriched ordered hexagonal phase forms ~35% and the remaining Ca-enriched
regions form a rocksalt phase (a=4.83A) as well as a spinel phase (a=8.32A), with

combined phase fraction of around 15%. SEM-XEDS chemical mapping clearly brings
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about large-scale chemical segregation of Ca- and Fe-ions, however, maintaining the
presence of all five cations in all the phases but to varying extents. Transmission electron
microscopy (TEM) results throw insight into the phase formation, its stability and
microstructural evolution after sintering at 1473K for 10h as well as for 100h followed by
water quenching. The system tries to reduce the lattice strain arising out of the major phase
(Co, Mg, Ni enriched rocksalt) by systematic mutual in-plane and out-of-plane rotation
amongst the structural domains forming a helical structure. This leads to the appearance of
linear fringes having alternating contrast with 2-5 nm width in diffraction contrast imaging
along with extensive spot-splitting and arcing of spots in the single crystal diffraction
patterns. The Fe-rich hexagonal phase on the other hand undergoes structural ordering with
cations and vacancies producing anti-phase domain boundaries in the process, along with
array of fine twin-related planar faults which grows significantly with prolonged exposure
at high temperatures. Furthermore, there are also some regions within the MCO where three
phases having cubic rocksalt, cubic spinel and ordered hexagonal structures are found to
co-exist. They possess a definite orientation relationship among them with coherent/semi-

coherent interphase interfaces.

The first ever reported (CoCuMgNiZn) ESO has been taken up as the model system, and
the exploration of its physical metallurgy is given in Chapter 4. X-ray diffraction (XRD)
studies indicate that the HEO is single phase with cubic rocksalt structure on average.
However, XRD pattern obtained from the sintered pellets and powder shows systematic
shoulders associated with all the fundamental peaks of rocksalt phase (a~4.23A) along with
a reversal of intensities of the first two peaks having non-ideal intensity ratio. Upon peak
deconvolution, signatures from constituent oxides of CoO, MgO and NiO brings out an
excellent match with the reported d-spacings. In the hyperspectral chemical mapping

(SEM-XEDS), fine-scale segregation of Mg- and Cu-ions could be discerned, which
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becomes more prominent with prolonged exposure at elevated temperature. TEM BF-CDF
imaging along with corresponding SAED pattern from z=[100] zone axis of the sintered
and quenched quinary HEO exhibit wavy domain like structure of alternating contrast with
diffused interfaces oriented along the <002> directions of the cubic rocksalt structure.
Moreover, geometric shape evolution of the diffraction spots could be discerned along with
diffuse streaking between it. Such a diffraction pattern translates into mutually rotated cubic
domains, occasionally with a hint of tetragonality, that prefers to grow along the c-axis of
the FCC crystal structure in 3-D. The tweed morphology as viewed from the four-fold axis
of the cubic rocksalt structure, appears as discontinuous jagged steps of alternating contrast
from the z=[011] zone axis. The tweeds, with minor chemical fluctuations, may act as
template for enhanced phase separation to produce a self-assembled microstructure,
provided sufficient stimulus is applied to overcome its kinetics of solid-state phase
transformation. The HEO was subsequently aged at an intermediate temperature of 723K
for 120h to understand its phase stability and microstructural evolution. Although the
quinary HEO maintains its global average rocksalt structure, as understood from the XRD
pattern, however with major peak broadening and highly non-ideal peak ratios. This
observation is counterintuitive as the system gets more time to relieve its residual strain.
TEM imaging clearly reveals grown domain structure, however not grown to a large extent,
in-line with the anticipated sluggish kinetics of the material system. The domain interior is
of lighter contrast while the domain walls are of darker contrast, with occasional
appearance of d-fringe contrast. These evidences point to the metastability in the time-
temperature space of the phase-pure quinary composition with respect to systematic
structural modulation accompanied by minor composition fluctuation. Furthermore, in a
bid to release its volumetric strain, apart from lattice strain, arising from the multi-cationic

sublattice, a cubic spinel phase (double the lattice parameter) is found to coexist with cubic
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rocksalt phase having a definite orientation relationship and sharing perfectly coherent
interfaces. To the best of knowledge of the author, such direct observations and inferences
have not been reported in literature during the last decade, following the discovery of the

first HEO having rocksalt crystal structure in 2015.

Chapter 5 encompasses the effect of systematic partial substitution of cations in equimolar
ratio on the phase evolution, its stability and microstructural formation. Equimolar ternary
(CoMgNi)-oxide, common to both the previous chapters, has been explored thoroughly.
The as-mixed mixture produced signatures from both rocksalt (CoO, MgO, NiO) and spinel
(Co304) phase. However, with the advent of progressive high-energy ball-milling, a
competition between the two phases could be seen in the form of peak mergers. Apart from
that, the shift of peaks with higher h of milling was found to be non-unidirectional, which
is counterintuitive. The competing shifts of the peaks may be attributed to combined
phenomenon of build-up of varying amount of vacancy concentration in both the phases
upon milling, with refinement of particle size and concomitant increase in lattice strain.
Upon sintering and quenching, the equimolar ternary composition exhibits phase-pure
signature of a disordered rocksalt phase (a~4.2A). However, the sintered pellet shows a
sharp (220) peak of a spinel phase (a=8.36A), which was only seen as a hump for the
sintered powder. It becomes evident after analysis that the crushing action of the sintered
pellet (owing to the brittle nature of ceramics) increases the strain in the material, which in
turn raises the Compton modified background, enabling it to mask low intensity peaks from
structurally correlated phases having low phase fractions. TEM observations could not find
conclusive evidence for coexisting spinel phase owing to its rather small volume fraction.
However, upon ageing the sintered (CoMgNi)-oxide at intermediate temperature for long
h, extensive fringe contrast of 1.5-3.5 nm width could be seen in the micrographs along

with major spot-splitting and arcing in the corresponding diffraction patterns. Several
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intensity maxima could be deconvoluted from each principle spot of the z=[001] zone axis
pattern, which could be systematically joined to obtain several four-fold symmetry shapes
that are rotated with respect to each other. Partial substitution by Mn- and Fe-ions in
equimolar (CoMgNi)-oxide resulted in phase-pure spinel (a~8.38A) signature from the
sintered and quenched quinary (CoFeMgMnNi)-oxide. This HEO forming composition has
not been reported before. However, the peaks in the XRD pattern are finitely broad with
non-uniform intensity ratios along with shoulders and splits, especially in the peaks of
(222), (400) and (440). It could simultaneously be indexed to (111), (200) and (220) planes
of a rocksalt phase with half the lattice parameter. This single-phase spinel-forming
composition was further sintered at elevated temperature for prolonged time to check the
phase stability, which resulted in a very similar diffraction pattern as the sintered and
quenched one. However, electron diffraction and TEM imaging points at a nuanced picture
in the energy landscape of the HEO, which was previously unanticipated. Systematic
presence of fringe contrast along with domain-like morphology from two major zone-axes
of the spinel structure reveal systematic presence of other spots. Those spots may be
indexed to a rocksalt phase of exactly half the lattice parameter of the spinel phase, which
are found to be have definite orientation relationships with each other. The interface
structure is mostly semi-coherent. It may be inferred that rocksalt domains grow locally
inside the major spinel phase, and vice-versa as proved in the previous chapter, all in a bid
to relieve the geometric frustration in the lattice. Furthermore, Mg- was replaced by Cr-
ions to synthesize (CoCrFeMnNi)-oxide, the first reported spinel forming HEO. Although
the XRD pattern brings out a high degree of one-to-one correspondence as obtained from
(CoFeMgMnNi)-oxide, however with peak broadening and excessive shouldering. TEM
BF-CDF imaging interestingly reveals interweaved domain-like morphology of Snmx5nm

with alternate dark and bright contrast. Corresponding electron diffraction pattern from
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z=[001] zone axis exhibits continuous diffuse streaking along mutually perpendicular
<220> directions. This points to coordinated local structural modulation assisted phase
separation event, although at the nascent stage in the spinel HEO, which was unanticipated

since its discovery.

Chapter 6 documents structure-property correlation of all the MCOs/ESOs/HEOs explored
in the previous experimental chapters. Since this class of materials have multi-faceted areas
of application owing to its favourable functional properties in general, the performance of
them as catalysts for efficient evolution of oxygen and hydrogen from electrochemical
water-splitting experiments has been carried out. Using a three-electrode setup, all the
equimolar ternary, quaternary and quinary MCO/ESO/HEO compositions were tested
against linear sweep voltammetry (LSV), cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) tests. It was found out for apparent phase-pure
compositions, the catalytic performance drops consistently with ageing in the all the cases.
Such an observation could be attributed to the fine-scale segregation of redox active Co-,
Cu-, Fe- Ni-, Mn-ions as observed from SEM-XEDS chemical mapping. Moreover, multi-
phasic (CaCoFeMgNi)-oxide produces the least promising dataset, while the two-phase
mixture of rocksalt and spinel phases in equimolar (CoMgMnNi)-oxide outperforms all the
other compositions, with the lowest overpotential of 390 mV at a current density of
10mA/cm? and lowest Taffel slope of ~74.6 mV/dec. Such an observation hints to enhanced
electrocatalytic performance where reversible inter-conversion between two related phases
may occur during oxidation and reduction cycles of the water-splitting process. It further
validates the school of thought put forth by Zhai et al., on the use of poly-cationic oxides

(PCOs) for efficient two-step thermochemical water-splitting.

Chapter 7 discusses the major conclusions arising from the research work carried out

throughout this thesis as a whole, along with a few points for future scope of exploration.
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CHAPTER — 1
INTRODUCTION




1.1. Brief history of materials design

Growing environmental concerns, continuous depletion of fossil fuel reserves and changing
geo-political scenario has incentivized the search for new energy resources and
technologies [1-5]. It has been well understood that future sustainable and green energy
revolutions will be driven by the innovations of materials [4-7]. Modern day civilization
relies heavily on the production and processing of numerous materials at very large scales
for a plethora of applications. This includes bulk production of innumerable kinds of
materials for manufacturing familiar daily life objects to components for critical
engineering applications [8,9]. India alone produces over 100 MT of crude steel every year
for its use in construction, automobile and allied industries, whereas Taiwan on its own
produces more than 15 million semiconductor wafer microchips per year for application in
the fields of physical and biological sciences, sports and entertainment alike [10,11].
Interestingly, our ancestors from prehistoric times too depended on various materials,
however on a much more modest scale. Weapons, tools, ornaments and artworks were
forged from simple materials which would help in protecting themselves (survival of the
fittest) while at the same time hunt effectively and migrate efficiently. A schematic
representing the chronological evolution of materials along with the human race is
presented in Figure 1.1. Since time immemorial, stone and wood were extensively used to
perform miraculous things of the time, lighting fire and making wheels. After a few
thousand centuries of stone age and crudities of our neolithic ancestors, the chalcolithic
period saw man using native metals like copper, tin, lead and arsenic for the first time [12].
In this era of early metallurgists, people quickly realized how to extract metals from their
relatively pure naturally occurring mineral ores and once extracted they could be hardened
by repeated hammering (forging). Gold and silver also caught attention due to their luster

but were too soft to be used in anything apart from ornamentation and craft. However, the
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importance of gold as a precious metal led to the dishonest mixing of other elements in
small quantities and thus the art of alloying was brewed for the first time. This led to the
explosion from copper age to bronze age. People soon realized that alloying makes a
material stronger and easier to cast into various shapes than their monolithic counterparts.
Alloying, which started as an accidental malpractice ~5000 years ago, soon became a
quintessential practice and continues to thrive to this day [13]. The historical milestone of
the industrial revolution and renaissance in many parts of the world may directly be
attributed to the age-old cumulative understanding of metallurgy and materials, which then
started to bloom as a young subject of science [14]. It is now one of the most fascinating
interdisciplinary branches of science today. Thus, metallurgy and materials knowledge
evolved from rudimentary art to state-of-the-art science over thousands of years, with
incremental progress until recently. Current advances in science and technology have

brought us at the forefronts of materials exploration [4-9].

10 8 6 4 2 0 1 2 3
Thousands of Years

Figure 1.1: Schematic representing the long arduous journey of pre-historic humans in
relationship with materials, which in turn holds huge promise for the future.
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Materials design encompasses a broad knowledge-based approach in discovering and/or
synthesizing materials with a desired combination of properties. Traditionally, there was
no well laid principle to arrive at a particular composition with a specific structure and
specific set of properties. Empiricism-based heuristic approach has led traditional
metallurgists to design alloys/materials for various applications. This approach demands
observing a large number of material systems so as to decipher underlying patterns and it
heavily relies on the researcher’s experience, grasp over the subject, intuition-driven trial-
and-error and serendipity [15,16]. Hume-Rothery rules for solid-solution formation,
Inoue’s criteria for glass formation, Pettifor structure maps for synthesis of intermetallic
compounds and Pauling’s rules for formation of ionic materials are some of the notable
achievements of the age-old heuristic approach [17-20]. However, this approach is not
being able to keep pace with the modern-day scenario where there is an ever-increasing
demand for materials. In the field of engineering alone, more than 1000 different types of
metallic alloys are being used daily [21]. Regardless, this is a miniscule fraction of the
possible number of alloys that can be synthesized [22]. In this context, inverse-heuristic
approach is gaining momentum with the advent of data mining and machine learning. The
new-age materials design adopts a forward or “function follows form” approach. It involves
several descriptors namely atomic identity, chemistry and structure (ACS) as input
parameters to ensue specific material output properties. However, with the advancement in
computational prowess, a contrary approach where the desired target properties are used as
an input to determine the ACS which in turn can reveal the material composition space, is
being explored. This is the “form follows function™ inverse-heuristic design philosophy
[23,24]. In the author’s opinion, old-fashioned heuristic approach is irreplaceable, although
clubbed with data mining, modelling and simulation is bound to make newer materials

exploration more exciting. A brief review of materials design philosophy over the last
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century and a paradigm shift in it are presented in this chapter. The chapter culminates with
identifying the scientific bottlenecks in the field thus far and formulate problem statements

which shall serve as the objectives of the thesis.

1.2. Metallic alloys and compounds

1.2.1. Traditional multicomponent alloys

The early 19" century witnessed the birth of inductive reasoning and observation-based
empiricism and its father is widely regarded as Francis Bacon. Soon, most of the demand
for robust alloys were propelled by core manufacturing industries of automobile, electrical
and construction sectors [14]. Development of grain-oriented texture in Fe-Si alloy, along
with other minor alloying elements, by controlled heat-treatment schedule for transformer
core laminations was one of the first concise alloy design strategies to be adopted
successfully at industrial scales [25]. In this context, seminal works of Sorby (birth of
metallography), Matthiessen (conductivity in alloys), Bozorth (Invar), Barrett (silicon-
iron), Seebeck (thermoelectricity), Graham and Sieverts (gas occlusions in metals), Zackay
(TRIP steel), Bauschinger (deformation of metals), Buerger (deformation micromechanics)
are worth mentioning [15]. The discovery of x-rays by Roentgen during beginning of the
20" century followed by the invention of Transmission Electron Microscope by Ruska and
Knolls shortly after, completely transformed the dimensions of the subject [26,27]. This
led eminent scientists such as Bragg and Bragg, Von Laue, Ewald, Otto Miiller and others
to directly investigate the microstructure at unprecedented resolution and indirectly explore
the crystal structure of crystalline materials [28,29]. On top of that, seminal works on
equilibrium constitutional diagrams for binary alloys during this period made alloy design
a very conscious strategy for several varied applications [30]. In this regard, the traditional

alloys were mainly composed of one element (in principal amount) alloyed with several
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elements in non-major proportions. They were commonly referred to as “dilute alloys” or
X-based alloys (X: element in principal amount). A list of note-worthy dilute alloys is

mentioned in Figure 1.2. along with their rough timeline of development.

Dilute Concentrated
Alloys Alloys

!

Wrought Iron, High-Entropy
Mild Steel, Oxides/Ceramics,

o
—a [ j
Cu-Sn, Cu-Zn 3 § Metamaterials
Q
v 8 A
- v
0
*
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High-Entropy

S
Special steels S
TRIP/TWIP/Maragin Intermetallics,
Invar, Mg- Al-, Medium-Entropy
Fe-Si alloys Alloys
E——

!

Heusler alloys,
Ti-,Co-,Ni-superalloys,
Zircalloy,
Refractory alloy.

Y

High-Entropy
Alloys,
Compositionally
Graded materials

|

1960's-2000's

Bulk metallic/

’ amorphous alloys,
Semiconductors

SiN, GaN, GaAs

Metallic glasses
Doped Transition
Metal oxides

Quasicrystals
Oxide super-
conductors

1

Figure 1.2: Broad categorization of profound engineering materials based on their alloy
design strategy and their estimated timeline of evolution during the last two centuries.

The most notable dilute alloy is steel with 40-85 wt% Fe, 0.08-2 wt% C and balance other
alloying elements, which in itself is a broad subject of study owing to its versatility,
diversity and relevancy even to this day [31-33]. A typical microstructure of steel usually

consists of multiple phases predicted by Gibbs phase rule from Fe-Cequivalent constitution
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diagram (in case of near equilibrium processing) or from TTT/CCT diagrams (for non-
equilibrium processing). It then becomes possible to engineer the second phase(s) in terms
of shape, size, distribution, volume fraction to achieve strength-ductility tradeoff, a
common performance barrier well-documented in steel literature [34]. Expanding to non-
ferrous alloys, it was systematically reported that several multi-phase dilute alloys often
yield good combination of properties while many do not. The Ni-based superalloy may be
cited as one such example where the y/y dual-phase microstructure with shape-controlled
ordered domains within the matrix phase provides excellent properties even at elevated
temperatures [35,36]. Additionally, Ti-6Al-4V is an (o+p)-Ti alloy and is commonly
regarded as Ti-superalloy [37]. On the other hand however, most B-Ti alloys suffer from
poor combination of properties due to w-phase transformation products [38,39]. It is
because of the heavy mismatch of active slip systems in the BCC matrix of B-Ti when
compared to hexagonal (complete-collapse) or trigonal (partially-collapse) @ nano-
domains, that crack generation and propagation gets favoured along the interphase
interfaces, causing embrittlement and premature failure of structural components [40,41].
A quintessential strategy in alloy development, after a general composition is ball-parked,
is to seek explanations to fundamental root causes of failure or poor performance and how
to favourably engineer them. This helps to develop better structure-property-performance
co-relationships and strategies to make existing alloys better. Hence tremendous efforts
have been put over several decades in the areas of material processing and heat-treatment
induced strengthening mechanisms so as to improve the performance of the existing dilute
alloys [31-41].

During this period, Hume-Rothery postulated few empirical rules for extensive solid-
solubility considering the atomic size, electronegativity and crystal structure of individual

elements, which is useful to this day [42]. These rules could predict, barring a few
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exceptions, simple isomorphous (complete miscibility across entire composition range)
systems from that of limited solubility systems coupled with one or more invariant
reactions. This qualitative approach in tandem with thermodynamic descriptors and
advanced metallographic techniques of the time proved to be a great combination in
designing and processing newer alloys of both ferrous and non-ferrous nature with huge

success [43,44].

1.2.2. Bulk metallic glasses

Turnbull and Duwez demonstrated for the first time a rapid solidification technique which
was able to produce cooling rates as high as 10° K/second in their seminal work during late
1950’s [45,46]. The first liquid alloy to be vitrified by cooling from the molten state was
Au-Si alloy [47]. Decades after this discovery, dozens of ferrous and non-ferrous alloy
systems were found to form glasses over a wide range of composition [46]. There is usually
no recalescence process associated with glass formation and thus it is categorized as a 2"-
order phase transformation under Landau scheme of phase transitions. The characteristic
microstructural feature is the amorphous structure of the alloy with electron diffraction
revealing diffuse-ring pattern [48-50]. Amorphization of an alloy essentially involves the
kinetic suppression of nucleation and growth from its undercooled melt. Initially, the glassy
state was understood from Kauzmann’s paradox of undercooling [51]. It depicts a scenario
where the entropy of molten liquid (above the melting point) when extrapolated backwards
under the action of undercooling, becomes lower than the entropy of the solid phase of the
same composition, which is absurd. To avoid this absurdity, the system chooses to be in a
glassy-state without crystallizing. However, such high cooling rates posed a practical
difficulty in the dimensions of the rapidly cooled alloy, often restricting specimen geometry
to thin foils, ribbons or powder [47]. Metallurgists of the time started dreaming of newer

alloys that could form glasses at much lower cooling rates like their silicate glass
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counterpart, which would realize their production in bulk form as well as in bulk quantities.
After almost thirty years of research in the field of metallic glasses, pioneering work by
Inoue during late 1980’s and Johnson a decade later, catapulted the emerging field to new
heights and bulk metallic glasses (BMG’s) were born [52,53]. A number of La-, Mg-, Zr-,
Ti-, Pd-, Fe-, Al-, and Ni-bearing glass formers were identified which could be vitrified
with cooling rates as low as 0.1 K/second [53-55]. They could also be cast into 12mm
diameter rods [55]. This development directly extended the opportunity to understand long-
standing problems in solidification science and the structure of the liquid phase of the
alloys. Extensive research in BMG’s often captured precipitation of nano
crystals/quasicrystals upon cooling, establishing a link with possible short-range order
(SRO) in the liquid state, which is proven to be a statement of fact with advancement of

electron microscopy [56-59].

Several empirical criteria for formation of BMG’s were proposed by Inoue which later
became synonymous with inverse Hume-Rothery criteria for solid-solution formation [49].
Inoue argued that multicomponent alloys with large atomic radii mismatch between
constituent elements and highly negative heats of mixing between each pair of binaries
should favour glass formation [52]. This is why constitution diagrams with deep eutectics
and intermetallics are prone to glass formation [53-55]. It is envisaged that geometric
frustration in the lattice, if allowed to exceed beyond a certain threshold can structurally

destabilize the lattice from crystallizing and hence solidify in a glassy-state.
1.2.3. Multiprincipal elemental alloys

High entropy alloys (HEAs) were brought into existence by innovative thinking coupled
with a dash of serendipity by Cantor and Yeh, independently during 2004-05 [60,61]. They

argued in favour of little or no data on ternary, quaternary, quinary and subsequent higher-
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order constitution diagrams which has confined traditional metallurgists to explore alloys
based on one or two components in principal amounts only. Although this approach has
enriched the database of alloys pertaining to the corners/edges of the binary and to some
extent ternary constitution diagrams, it also has led to the center composition-space of

higher-order equilibrium diagrams practically unexplored [60].

In binary or ternary dilute alloys, physical metallurgists are primarily concerned about
solid-solution phases and invariant reaction products at the terminal ends of the diagram.
This is usually because of the formation of hard and brittle topologically packed
intermetallic and vacancy-ordered phase(s) at the centers of the phase diagram, most
prominent example being the Al-Ni phase diagram [62,63]. Linearly extrapolating the
argument to the center composition-space of higher order systems, predict several
secondary phases in accordance to the Gibbs phase rule. However, it is counterintuitive to
find one or two simple solid-solution phase(s) when a large number of elements (>5) are
mixed in principal (equiatomic or near-equiatomic) amounts [61]. This has been coined as
the “High Entropy” effect which constitutes one of the four core effects in concentrated
alloys, apart from “sluggish diffusion”, “lattice distortion” and “cocktail effect” which are
well documented in literature [64-67]. The birth of such concentrated alloys of 5-6 or more
elements in equiatomic or near equiatomic ratio exponentially increased the number of
alloys that could be formed and studied, which was previously unanticipated. A simple
palette of 40 elements from the periodic table if alloyed in equiatomic or near equiatomic
proportions offers a possibility of ~10'° multiprincipal elemental alloys [22]. An explosion
of materials research based on the newly formulated alloy design technique yielded several

novel classes of materials which is summarized in Figure 1.3 [68-71].
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Figure 1.3: Fruits of concentrated alloy design strategy.

Figure 1.4: As-cast AICoCrFeNi HEA (a) optical micrograph showing dendritic
solidification, (b) 3D reconstruction of Al, Co, Cr, Fe and Ni atoms from APT experiment
and (c,d) TEM BF images of dendritic and interdendritic phase with definite morphology.
The dark contrast matrix phase (marked as A) is AI-Ni rich while the bright precipitate
phase (marked as B) is Cr-Fe rich [77].

The high entropy effect has been attributed to the overwhelming dominance of
configurational entropy of mixing (ASmix), which would always offset enthalpy of mixing
(AHmix) term in the free energy equation and consequently in the energy landscape of the
alloy [72]. Hence, it was believed that such a thermodynamic mandate holds the clue to
simple solid-solution phase formation, with randomly distributed motifs in the disordered
lattice. However, it was a matter of time before the scientific community found out through
careful experimentation that almost all the HEAs were not phase pure [73,74]. Even if in
rare instances some of them like CoCrFeMnNi Cantor alloy were established to be single-
phase, it was later found to be metastable with respect to time-temperature assisted phase

separation events [75,76]. Thus, what started out as clean microstructures composed of
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simple solid-solution phase, turned out to be highly complex in due course of research. One
such example of microstructural evolution from AICoCrFeNi HEA processed via solid-
state route and consolidated by spark plasma sintering is shown in Figure 1.4 [77]. It depicts
a two-phase mixture of sub-micron sized ordered BCC second phase decorating a
disordered BCC matrix phase. Furthermore, transmission electron microscopy in
conjunction with spectroscopy has revealed nanoprecipitates, ordered solid-solution
phases, intermetallic phases, amorphous phases and short-range order domains in numerous
alloys. These observations essentially hint at the shortcomings of the oversimplified model

for entropic stabilization in multiprincipal elemental alloys [22, 73-77].

1.3. High entropy oxides

This class of materials were conceived following the lines of high entropy alloys by Maria
and Rost in 2015 [78]. The model high entropy oxide (HEO) system is the equimolar
mixture of Co™, Cu*?, Mg*?, Ni*2 and Zn*? which forms a phase-pure solid-solution phase
with the cubic rocksalt (MO) structure. Their work demonstrated entropic reversibility i.e.
transformation of multi-phase to single-phase above a threshold sintering temperature and
back to multi-phase on lowering the temperature [78,79]. This was achieved by in-situ
heating XRD experiment. STEM-EDS too revealed random distribution of cations in the
ordered oxygen sub-lattice ion columns. These observations convinced the scientific
community to promote this particular composition of HEO as entropy stabilized oxide
(ESO) with homogeneous single-phase structure, which is a subset of HEO and in turn of
multiprincipal materials. This has been depicted in Figure 1.5. With the discovery of high
entropy oxide, a host of several classes of high entropy oxides based on different crystal
structures evolved. A comprehensive list is shown in Figure 1.6, which is far from

exhaustive since novel oxides are continuously being synthesized [80-82].
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Although the material design premise of HEOs is an extension to the principles of HEAs,
there are certain fundamental distinctions between the two. A HEO has two separate

sublattices for cation and anion compared to a single lattice framework for HEA [78].

However, that is just one scenario.

Log intensity
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o
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Figure 1.5: (a) Entropy driven reversible transition from multiphase to single phase (b)
corresponding STEM-HAADF-EDS mapping of rocksalt HEO and (c) Venn diagram of

concentrated materials [78,79].
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Figure 1.6: Various sub-class of HEOs with their space group and Pearson symbol.
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They can have multiple sublattices for either cation or anion or both and substitution may
occur in either of them, which makes calculation of configurational entropy of the system

much more robust.

In addition, any ceramic system is governed majorly by ionic bonding in contrast to metallic
bonding in HEAs. This makes such systems sensitive to environment and processing
conditions in order to sustain their defect equilibria and net charge neutrality. Despite
challenges, empirical criteria for formation of ESOs highlight the importance of similar
cationic radii at specific oxidation state and coordination number, along with non-
isostructuralism in at least one precursor oxide coupled with immiscibility in at least one
pair of constituent binary oxides [78,83]. It is further believed that in HEOs, the presence
of ordered anion-sublattice accommodates the non-stoichiometry and possible defect
structure in the cation-sublattice during processing. This helps to preserve the complete
disorder in the multi-cationic sublattice, allowing the formation of a homogeneous single-

phase solid-solution [78-84].

1.3.1. Thermodynamics

The desire to come up with “new” and “exotic” materials is envisaged to outrun basic
thermodynamic considerations for designing future HEOs [22,85]. Ideal mixing dictates
that the number of components in a solid-solution does not affect the solubility of an
additional component, but such systems are rare-most, if not hypothetical. In real systems,
the type and nature of the additional component, its structural transformations and its pair-
wise non-ideal interactions with other components determine the solubility limit. Due to
ionic-covalent bonding in ceramics, long-range or short-range (LRO/SRO) ordering is
believed to be the norm producing homologous series of compounds, which in turn

decreases the overall configurational entropy [85,86]. Moreover, synthesis of
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nanocrystalline HEOs can have huge impact arising out of contributions of surface energy
to the overall free energy, which may shift the phase boundaries stabilizing certain
polymorphs or altering the solubility-limit [87]. Proponents of entropic stabilization in
multicomponent oxides over that of multi-principal elemental alloys, often argue in favour
of the omnipresent ordered anion-sublattice, in the interstitial voids of which cations
populate in a random disordered fashion and forms their own cation-sublattice [78]. The
ordered oxygen-sublattice is thought to accommodate any defects arising out of pairwise
interactions in the multi-cation sub-lattice. It is believed that ordered anion-sublattice
framework protects the randomness or disorder in the cation sub-lattice, provided mixing
(configurational) entropy is maximized by incorporating 5 or more cation species in
equimolar or near equimolar proportions [82-84]. However, the physical picture might not
be as straight forward as previously reasoned. This is so because there are families of oxides
where the cation builds the lattice framework and anion goes to the interstitial voids instead;
the most technologically relevant system is that of ceria (CeOz) and other lanthanide-based
oxides [88]. The relative size of anion and cation at a specific oxidation state and
coordination environment determines their site specificity in the lattice [89]. Apart from
that, there could be more than one cation and/or anion sublattices dictated by order, disorder
or both. Processing conditions, especially partial pressure of the gas being purged can
significantly alter the local defect structure in either of the sublattice along with
enriched/deficient sub-lattice in order to maintain net charge neutrality [89]. This
introduces complexity in the already oversimplified entropy of mixing term in the free
energy equation, which is frequently overlooked. In the literature of CoCuMgNiZn HEO,
there are few reports on the possible co-existence of allied spinel phase in minor fraction
apart from defect microstructure and Jahn-Teller distortions caused by Cu’ and/or Co** ions

in the phase evolution process [90-92]. Moreover, in the x-ray diffraction signatures of the
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HEO, the intensity ratios do not match with the ideal cF8 (Fm-3m) crystal structure of
rocksalt. Apart from that, systematic shoulder peaks at roughly half the intensity of
accompanying Bragg peaks could be observed in sintered and quenched HEOs, which has
been attributed to Kour excitation [84]. However, this does not appear to be very convincing
since wavelengths of the Ko doublets differ in the 3™ place of decimal which results to
angular deviation in the second place of decimal of 260, but experimentally observed
difference in angular disposition are several times higher. Documentation regarding
stability of the entropy stabilized single-phase in CoCuMgNiZn ESO as well as other HEOs
is quite scarce in literature so far. Although few theoretical modelling and simulation, along
with in-situ heating and calorimetry experiments have explored the stability of the phases,
however for very limited exposure times, which may not be comparable to the kinetics of
such chemically complex multicomponent systems [78-84]. In this context, thermodynamic
stability is a pressing issue and it is worth re-visiting this fundamental aspect with the help
of Figure 1.7. Assuming the solid in Figure 1.7 to be iron, which can exist in all three solid,
liquid and gaseous states, it is known for a fact that enthalpy of liquid iron will always be
more than that of solid iron, as entropy too of liquid iron will always be greater than that of
its solid. However, below the melting point, a state of matter with lower enthalpy or entropy
is more stable, but in transforming to liquid above its melting point makes both the enthalpy
and entropy higher. Thus, a generalized statement cannot be made that a phase with lower
enthalpy or higher entropy is always stable or shall remain to be stable. Above the melting
point, the liquid has lower free energy at all temperatures than the solid, and below the
melting point, the solid always has lower free energy. To summarize, solid is always stable
below Tm while liquid is always stable above T, as both have lower free energy. This is
the reason that free energy (G) is the only thermodynamic descriptor that is used as a single

stability criterion.
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Figure 1.7: (a) G vs T plot of a solid and its liquid at constant pressure, where the slope of
the curves gives entropy and its intercept the enthalpy while (b) is the schematic
demonstration of local minima separated by activation barrier in the energy landscape of
a mechanical object as it falls.

Therefore, a phase with higher configurational entropy but higher free energy is less stable
than a phase with lower configurational entropy but lower free energy. The manifestation
of enthalpic penalties combined with maximizing randomness in the multi-cationic

sublattice in multicomponent oxides shall be demonstrated throughout this thesis.

1.3.2. Structure

Metallurgists are traditionally interested in impure materials, be it alloyed or doped. They
are also most interested in deciphering the crystal structure and exploring the
microstructure of alloys, compounds and composites. It is well established that composition
is profoundly co-related with both microstructure and crystal structure of any material and
vice-versa, which in turn dictates the material properties [93,94]. Hence, understanding the
crystal and microstructure paves the path for engineering them to extract better material
performance, consequently innovating materials design in general. Majority of ceramic
crystal structures are based on either FCC or HCP close-packing of one type of ion(s) while
the other type of ion(s) occupies specific sets of interstitial sites. The rocksalt (MO) crystal

structure, having NaCl as the prototype, forms by mutual interpenetration of multiple cubic
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sub-lattices. This results in the bigger CI” ions to build up the lattice framework with motifs
at (0,0,0), (1/2,1/2,0), (1/2,0,1/2), (0,1/2,1/2) and the smaller Na" ions to fit in the
octahedrally located voids at (1/2,1/2,1/2), (0,0,1/2), (0,1/2,0), (1/2,0,0) [93,94]. The space
group becomes Fm-3m and Pearson symbol cF8. Between any two close-packed layers of
anions, a hexagonal array of cations with identical periodicity can be visualized. A model
structure with edge-sharing MOs octahedra is shown in Figure 1.8, with inset depicting the
maximum radius of the ionic species occupying the octahedral voids without any distortion.
For FCC close-packed systems, the motifs when approximated as hard spheres touch along

the close-packed directions i.e. <110> resulting in:
4r=12a (i)
maxRy = (V2-1r (i)

Where ‘a’ depicts the lattice parameter of the cubic structure, ‘r’ is the ionic radius of CI°
at six-fold coordination and ‘™*Rv’ is the maximum ionic radius of the smaller Na" ions

that can snugly fit in the octahedral void. Solving equations (i) and (ii) yields:
M3Ry = 0.146a (iii)

Since the formation and stability of all ionic compounds are governed by Pauling’s rules,
it demands that the radius ratio (r¢/ra) must lie between 0.414-0.732 for a rocksalt structure
[20]. Transitioning to spinel crystal structure, it is a 2x2x2 supercell where anions decorate
the overall FCC lattice framework while cations partially fill up both the octahedral and
tetrahedral voids. Spinels have general formula of AB2Os where cations in +2 oxidation
states prefer filling half of the octahedral voids whereas cations in +3 oxidation states prefer
to fill out one-eighth of the tetrahedral voids [93-95]. There could be inverse spinel
structure with different site-specificity of the cations or there could be mixed spinel with

random occupation of cations.
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Figure 1.8: A typical rocksalt prototype structure with anions (marked in blue) decorating
the fcc lattice positions and cations (marked in red) occupying the octahedral voids. Three
edge-sharing six-fold coordination polyhedras are depicted for clarity.
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Figure 1.9: Recurrent compositional phase separation leading to a chessboard-like
microstructure in CoFeMn medium entropy oxide characterized by spinel structure [103].
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The cubic spinel is designated by Fd-3m space group and cF56 Pearson symbol. This is the
highest symmetry group of cubic spinel, while other polymorphs of the phase have lower
symmetry elements [95]. Apart from that, both cubic rocksalt and cubic spinel are amenable
to distortions in the cubic crystal structure leading to tetragonal, orthorhombic,
rhombohedral and even monoclinic variants [96-99]. It is perhaps important to further
realize that the spinel mineral (MgAl>Oy4) is a highly ordered normal spinel which forms
under extreme heat and pressure over geological time spans. Thus, lab or industry
synthesized MgAl,O4 will always be disordered to certain degree, which holds good for

most of the spinel forming materials that has been synthesized or ever will be [94].

Polytypism is another well documented phenomenon closely related to polymorphism in
ceramics, although the variants of a particular structure only differ with respect to the
stacking sequence of intermediate 2-D layers [94]. Complex disposition of anti-phase
boundaries (APBs) has been witnessed in simple parent structure types [97]. Moreover,
phase separation within monophasic transition metal oxides has been well explored by Rao
and his co-workers [100,101]. They are mostly driven by the competition between charge
localization and delocalization which has contrasting magnetic and electric properties.
Such kinds of phase separation were mostly recorded during early 2000’s in cuprates and
manganates with length scale of phase separation lying anywhere between 1-200 nm [100-
102]. Couple of decades later, Pal et. al successfully demonstrated chessboard-like (CB)
microstructure in multicomponent CoFeMn and CoFeGaMnZn spinel oxide through
recurrent compositional phase separation and cross-penetration of twin variants, shown in
Figure 1.9 [103,104]. The sequence of phase transformation events leading to nano CB
microstructure has been explained in light of twinning-induced, pseudo-spinodal
segregation of ionic species. Crystallographic model of evolution of CB microstructure

based on irregular octahedra’s face-sharing with one another along elastically soft <022>
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directions has also been put forth. During the same time, Singh et al. reported type-I and
type-II rhombohedral distortions in layered rocksalt structured Li(Ni,Mn)O cathode
material [105]. Non-cubic distortions to binary/ternary cubic rocksalt and cubic spinel is
also reported [110]. Apart from chemical modulation, phase separation and ordering, early
works of Tilley, Anderson and Hyde during 1970’s reveal extensive planar fault mediated
exotic structures in various metal oxides [106-109]. Earlier it was believed that non-
stoichiometry in metal oxides is structurally accommodated by point defects like in Fe1.,O,
TiO1:n, VO1+n among others [110]. Later it was found that most often than not, such changes
due to anion/cation ratio is accommodated by planar faults or intergrowth structures like in

reduced WOs3, TiO2, NbOs and many others [106-109].

Figure 1.10: (a) Disordered Sr3Ti>O; crystal with phase intergrowths from varying
stoichiometries, (b) intergrowth of stable SrTiOs (c) TEM BF image of disordered faults on
(210) planes of doped TiO> with corresponding electron diffraction pattern at the inset and
(d) phase-contrast image of 2Nb2Os, 7WO;3 [108,109].

55

—
| S—



They also demonstrated special tiling structures at atomic scale due to mutual rotation
between domains in geometrically frustrated spinels, perovskites and spinelloids such as
CaFe 04, BaFe12019, SrTioO3 among others [106-109,111]. The process of interaction of
planar defects leading to ordering, clustering or elimination of point defects is known as
“crystallographic shear” (CS) and the trace of such planes are termed CS planes. The
micrographs of such extensive faulted structures have been depicted in Figure 1.10 along
with corresponding streaked electron diffraction pattern and high-resolution phase-contrast

image [108,109].

1.3.3. Properties

1.3.3.1. Mechanical properties

Extensive research on HEOs in less than a decade has made them a popular choice for its
use in several applications along with scope for further enhancement. The rutile (TiO:
prototype) structure exhibits highest hardness and elastic modulus among all the HEO
family of structures [112]. The fluorite (CaF, prototype) HEOs generally show greater
hardness than pyrochlore HEOs [113]. Due to the inherent oxidation and corrosion
resistance, HEOs are also being fabricated in thick and thin films for environmental and
abrasive coatings in structural components. Al,(CoCrCuFeNi)O and (AICrTaTiZr)O have
shown the highest hardness in all of the existing oxide coatings at ~22 and ~20 GPa
respectively [114]. Low thermal conductivity coupled with sluggish grain-growth kinetics
have made HEOs viable options for refractory applications as well as thermal barrier
coatings (TBCs) for aero-engines and gas-turbines [112]. Moreover, there remains
tremendous scope for engineering the composition, phase and microstructure of such HEOs
in order to explore materials with very low or negative thermal expansion coefficients [112-

114].
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1.3.3.2. Functional properties

Transition metal oxides have long been explored for their favourable polarization and
charge-lattice coupling response [115]. Chemical modulation has been intrinsically linked
with the phase stability for desirable ferroelectric, dielectric and piezoelectric response
[115]. In this context, MCOs/ESOs/HEOs have emerged as attractive candidates for
enhanced properties owing to the entropic stabilization of disordered solid-solution
phase(s) in them [112-114]. It is believed that global-scale disorder in materials may give
rise to polar nanoregions (PNR) and its coupling with lattice phonons propels the property
as a relaxor ferroelectric material [112]. Additionally, geometric frustration may induce
local distortions which enhances dielectric and piezoelectric response [114]. Few research
groups have shown that (CoCuMgNiZn) rocksalt ESO exhibit structural tunability upon
varying the composition, owing to Jahn-Teller distortions induced by Cu- and/or Co-ions,
which results in high dielectric constants and favourable catalytic activity [92,116]. It has
also been demonstrated to possess superior lithium-storage properties due to tunable
pseudocapacitive contributions [117]. Relaxor-like characteristics have been reported for
Ba(ZrSnTiHfND) perovskite HEO [112]. (LaPrNdSmEu)NiO3; HEO have been found to go
through a low temperature metal-insulator transition, attributed to geometric distortions
arising out of coordinated octahedra tilting [80]. Fluorite (CeLaPrSmY)O> have
demonstrated that the band gap and crystal structure can be tuned via oxygen stoichiometry
due to the hybridization of oxygen and rare earth elements, which in turn may be developed
for scintillator and laser applications [81]. Furthermore, double-exchange and super-
exchange phenomena renders HEOs with tunable properties like ferro-/anti-ferro-, ferri-
/anti-ferri- and diamagnetism [118]. Ferrite based spinel HEO like (CoCuMgNiZn)Fe>O4
have shown soft magnetic character with coercive field of ~100 Oe, whereas, chromite-

based spinel HEOs like (CoCuFeMgNi1)Cr204 have recorded coercive field as highas 1 T

57

—
| —



[112]. HEO ferrites are also promising candidates as magnetic insulators with good quality

surface for its application in spintronics and nonvolatile memory devices [112-114].

1.3.4. Fields of application

The field of high entropy ceramics (HECs) blossomed since the first ever reported HEO in
2015 [78,80]. They mainly caught attention of researchers because of their remarkable
properties, apart from debatable schools of thought so far their phase formation, stability
and microstructural evolution is concerned [81, 85-87]. Focusing on the properties, HEOs
have been reported to be promising candidates in various fields of application, an overall
schematic of which is given in Figure 1.11. Understanding and engineering charge transport
mechanisms in HEOs offer promising avenues for exploring enhanced properties,

especially as electrode material for secondary-ion batteries and fuel cells [112-114].
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Figure 1.11: Fields of application for HEOs reported so far.

58

—
| —



HEOs have already become promising candidates as anode material, cathode material as
well as solid-state electrolyte for Li-ion batteries [119,120]. Soon after the first HEO was
successfully synthesized, Berardan and coworkers reported room temperature superionic
conductivity of Li-ions (> 10 S/cm) and fast mobility of Na-ions (> 10 S/cm) in
(MgCoNiCuZn)ixyGayAx (where A=Li, Na, K) HEO, significantly exceeding the
generally used lithium phosphorous oxy-nitride solid-state electrolyte [117]. They also
reported colossal dielectric constant for doped rocksalt-based HEOs, which have the

potential to serve as high-k dielectric materials [116].

(MgCoNiCuZn) HEO has also demonstrated good charge cycling response and very high
specific capacities. The currently favoured anode material is graphite with a capacity of
~360 mAh/g [112]. Rocksalt type high entropy oxyfluorides have also been explored as
cathode material for Li-ion batteries and they have delivered specific energies up to ~307
mAh/g, with scope for further improvement [119]. An equimolar hexanary HEO has been
reported to show ~40% increase in capacity and energy density as cathode material than its
constituent lower-order oxides [112]. Coin cells fabricated with (MgCoCuNiZn)O as
polysulfide anchor show competitive reversible capacity, excellent cycling stability and

low-capacity decay for its use in lithium-sulfur batteries [120].

Multi-cationic HEOs have compositional freedom which translates to substantial electronic
structure and coordination environment tunability, that makes them ideal candidates as
catalysts [121]. (FeNiCoCrMn)-layered glycerate HEO have shown rapid transport of
reactants to the material while providing additional catalytic active sites [121]. The use of
(FeMgCoNi)O1 > poly-cationic oxide (PCO) has demonstrated a significant reduction of
temperature under which efficient hydrogen evolution reaction occurs via two-step
thermochemical water-splitting [122]. HEOs have also shown promise as catalytic booster

for oxidative desulphurization of diesel [112]. Mesoporous (MgCoNiCuFe)x-Al,O3 have
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reported against CO oxidation and CO; hydrogenation and have showed negligible
degradation after 48h along with superior sulfur tolerance to CuO-Al,O3 [113]. Spinel-
based HEOs are further being exploited for efficient oxygen evolution reaction (OER) and
hydrogen evolution medium (HER) from electrochemical water-splitting [123]. Rocksalt-
based HEOs on the other hand have been found to exhibit long-range antiferromagnetic
ordering below Neel temperature of ~113 K, suitable for its use in memory devices

[124,125].

It has been demonstrated that local disorder in ionic charge can further reduce the thermal
conductivity of HEOs without compromising on the mechanical stiffness. Equimolar
(MgNiCoCuZnSb) HEO has shown the lowest conductivity of ~1.4 W/mK among similar
class of materials [126]. Perovskite-based (BaCaLaPbSr)TiOs HEO have shown ~5 times
reduction in thermal conductivity compared to SrTiO3, with figure of merit over 0.2 [112].
Thin films of hexanary Ba(ZrSnTiHfNb)O3 HEO with perovskite structure has recorded
thermal conductivity of ~0.55 W/mk, which is an order of magnitude lower than binary or
ternary perovskites [114]. High entropy niobates or zirconates have become promising
candidates for thermal and environmental protection applications, owing to their very low
thermal conductivity along with uncompromised mechanical rigidity [80]. (AlCrTaTiZr)
HEO has been reported extremely high hardness values of ~22 GPa as well as exceptional
wear resistance [81]. (LaNdSmEuGd),Ti2O; HEO with pyrochlore structure has been
reported to withstand up to 5 times the thermal cycling as La>Zr,O7 can withstand [112].
Similar HEOs are also known to have reduced leaching rates compared to its lower-order

derivatives, and consequently are being considered for managing nuclear waste [112].
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1.4. Objectives of the thesis

e Systematic partial substitution of one or more cationic species with other ones is
theoretically known to keep the configurational entropy of the whole equimolar mixture
intact [72]. However, this simple logical assumption has been debunked in the recent
past in HEA literature [75-77]. Thorough investigations with a clear understanding in
this regard is yet to be realized in HEOs and it has been taken up in this research.

¢ In principle, HEOs should crystallize in a single-phase with random and homogeneous
distribution of ions across all length scales [78]. However, that is perhaps not the
scenario. The initial goal of the current research has been to synthesize and characterize
equimolar binary, ternary, quaternary derivatives of the equimolar quinary rocksalt and
spinel HEOs (CoCuMgNiZn)O and (CoCrFeMnNi);O4 respectively by systematic
partial substitution. The random distribution of multiple cations forming simple solid-
solution phase with rocksalt or spinel structure has been explored throughout this thesis,
in an attempt to understand the mechanism behind the entropic stabilization in HEOs.

e Thermodynamic stability of HEOs has been a pressing issue since its inception and it
has hardly been tackled in literature [85,86]. The consequences of prolonged heat
treatments on the phase stability and microstructural evolution in various
multicomponent oxides have been examined through systematic diffraction, electron
microscopy and spectroscopy experiments. In this regard, XRD, SEM-SE/BSE imaging,
SEM-XEDS analytical mapping, TEM imaging and SAED techniques have been
exhaustively utilized.

e Another primary objective behind carrying out the current research revolves around the
manifestation of lattice strain due to geometric frustration in both the sub-lattices in
HEOs. Additionally, the effect of volumetric strain due to competition between multiple

cations with non-ideal interactions among them has been explored. There is also a
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possibility of interfacial strain build-up due to local structural modulation or intergrowth
of correlated second phases, which too has been investigated throughout this research
work.

Presence of secondary phase(s), evolution of defect microstructure, chemical or
structural modulation at sub-micron length scales and diffusion-assisted reconstructive
phase transformations have been thought of in HEO literature [91,92]. However, direct
evidences for such schools of thought are scarce. It has been carefully examined
throughout the research work carried out in this thesis.

HEOs have been reported to outperform its monolithic counterparts by leaps and bounds
in several applications so far [112]. The enhanced properties are often attributed to the
synergistic effect arising out of high configurational entropy [113,114]. However, a
sound picture of structure-property correlation is missing. The research work in this
thesis explores the catalytic activities of several multicomponent oxides for efficient
evolution of oxygen and hydrogen from electrochemical water-splitting experiments.
The properties have been correlated with the crystal structure, its deviation from ideality,
relative phase fractions and segregation of redox active species.

In order to arrive at a holistic picture, the popular ‘materials tetrahedron’ strategy has
been adopted throughout this thesis. It is schematically represented in Figure 1.12.
Synthesis and processing of various MCOs/ESOs/HEOs have been characterized at the
microstructural and crystal structure length scales, and a correlation is established with
the obtained properties. Modeling and simulation techniques have also been employed

to validate the experimental findings.

62

—
| —



Properties

Electrocatalysis
Lsv, csv
Impendence Spectroscopy

Modeling
&
Simulation

Fourier Transform
Deconvolution
Structural simulation:

Processing

Solid-state synthesis
Ball-milling
Sintering, ageing

......
.....
ot
Ly
T
....
......
.....
et
.....

Crystal Structure

X-ray diffraction .
Electron diffraction Microstructure

Scanning Electron Microscopy
Transmission Electron Microscopy

Figure 1.12: Materials tetrahedron describing the correlative interconnection between
processing and properties via characterization and computation after a suitable
composition is identified. This approach has been followed throughout the thesis and
implemented on several multicomponent oxides.
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MATERIALS
&
METHODS




2.1. Precursor oxides

The individual metal oxides were procured in powder form with particle size ranging from
40-50 um (mesh size) from either Alfa Aesar or Sigma Aldrich. The purity of the individual
oxides exceeds 99.5 at% for most while it is more than 99.9 % for some of them. An
exhaustive list of the precursor oxides, their purity, ionic radii at specific coordination
environment along with their preferred crystal structure is given in Table 2.1. The
individual oxides were so chosen to understand entropic stabilization in quinary
multicomponent oxides through systematic partial substitution. Since HEOs/ESOs show
excellent functional properties in most cases than not, it is worth examining the

microstructural evolution and phase stability in such chemically complex systems.
2.2. Solid-state synthesis

There are several ways of synthesizing materials through powder metallurgy route
classified broadly under two categories i.e. top-down approach and bottom-up approach
[1]. Among them, there could be many further classifications based on length-scale
(micron, sub-micron, nano), morphology control, processing environment and so on [1-3].
For the research work pertaining to this thesis, solid-state route of top-down approach has
been selected mostly because of the relative ease of handling raw materials coupled with
high success rate of synthesis. The purity of precursor oxides procured, their molecular
weights, ionic radii at specific coordination environment (six-fold coordination unless
otherwise mentioned) and their preferred crystal structures have been listed in Table 2.1
[4,5]. The precursor powders have been weighed in equimolar proportions, mixed
thoroughly in a mortar and pestle before uniaxially compacting the mix in a hydraulic press
under 4T load. The green compacted pellets of ~12 mm diameter and ~4-5 mm thickness

were subjected to various sintering heat treatment schedules (Figure 2.1a). Green

78

—
| —



compacted pellets of each and every composition have been stacked vertically inside a
platinum crucible with the platinum lid on, and the sintered pellets from the centre of the
stacks were taken for further examination. This ensured uniform sintering with minimal
contamination. The sintering process has been carried out in a high-temperature tube
furnace with MoSi; heating filament and in air atmosphere. The detailed heat treatment
cycles are schematically shown in Figure 2.1a. In another set of samples, ball-milling has
been adopted to examine the effect of high strain rate processing on phase evolution apart
from uniform mixing. High-energy ball-milling was carried out in a Retsch PM-400
planetary mill operating at 200 rpm in dry atmosphere (Figure 2.1b). Zirconia vial and
zirconia balls were used for milling, with ball to powder ratio maintained at 10:1. The
milling has been carried out for 1 minute at a stretch followed by 30 seconds of idle time
which was again followed by a minute of milling and so on. This was carefully controlled
so that the local rise in temperature upon continuous ball milling does not induce dynamic
recrystallization [6]. Samples were taken out at regular intervals of ball-milling to

understand the phase evolution and it was continued for a maximum of 40 h.

Table 2.1: Table of precursor oxides depicting their purity, molecular weight, ionic radii
and preferred crystal structure with space group notation and Pearson symbol.

Punity (%) 99.95 99.8 99.9 99.9 99.8 99.98 99.8 99.9 99.95

Mol. Wt. 56.07 240.795 151.989 79.54 159.687 40.304 157.873 74.69 81.37

(a.m.u.)

Tonic Radii 1 (6)- 0.75  0.55 0.62 0.77 (#1) 0.73 0.78(+2) 0.65 0.72(6) 0.57 0.72 0.69 0.74

(A) 1.34 (12) (+2) (+3) (+2) (+3) (4)

Preferred Rocksalt Rocksalt/Spinel Corrundum Tenorite Corrundum Rocksalt Bixbyite Rocksalt  Wurtzite/Zinc

Crystal structure  Fm-3m, Fm-3m, cF8 / R-3c Cc2/c R-3c Fm-3m Ia-3, cI80/ Fm-3m Blende
cF8 Fd-3m, cF56 hR10 mc8 hR10 cF8 Spinel, cF56 cF8 P6é3mc/F-43m

hP4/cF8

During high-energy ball-milling, the powder particles undergo a process of cold welding,
repeated fracture and rewelding. For this reason, such processes were coined as Mechanical
Alloying (MA) techniques by the International Nickel (INCO) company during the early

1960’s. The recognition of MA, from a mixing tool to a potential non-equilibrium
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processing technique took place during the early 1980’s when it was observed that Ni-Nb
system and Y-Co intermetallic compound formed amorphous phase. Further investigations
employing MA routes produced a variety of stable and metastable phases including
supersaturated solid-solutions, crystalline and quasicrystalline intermediate phases along
with amorphous alloys [6]. The use of high-energy ball-milling in the course of this
research has been primarily to refine particle size and yield homogeneous inter-mixing of
multiple constituent oxides. However, it does bring out another competing phenomenon

which will be elucidated in Chapter 5 of the thesis.
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Figure 2.1: (a) Time-temperature diagram showing sintering of consolidated green pellets
under various heat treatment schedules, which has been implemented for various multi-
cationic compositions throughout the thesis. (b) Schematic showing mixing of powders in
definite proportion, their consolidation followed by meticulous sample preparation for
extensive characterization.
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2.3. X-ray diffraction (XRD)

X-rays were discovered by Roentgen in 1895 after his persistent experimentation with
Lenard’s tube on C4BaN4Pt sample and was named so because of their unknown nature at
the time [7]. Little did the German physicist know that this discovery would spark the
scientific revolution of the late 19™ and early 20™ century. Radiography was shortly
initiated by physicians and medical personnels to investigate internal organs of patients
without precise knowledge of the radiation being used [8,9]. X-rays were subsequently
treated as waves in the lines of Huygen’s principles and Young’s double-slit experiments.
Couple of years after its discovery, Thomson demonstrated that X-rays could ionize gas
and this led to the discovery of electrons in 1897. However, the most profound work arising
out of constant curiosity regarding the very nature of X-rays led Becquerel to accidentally
discover radioactivity, before M. Curie and P. Curie advanced our understanding of the
subject further by leaps and bounds. Both these imperceptible yet powerful rays imparted
new tools to probe almost anything and everything around us while elegantly bringing out
the deficiencies in our own senses. Soon, groundbreaking work by Einstein yet again
reclaimed the particle nature of X-rays by demonstrating the photoelectric effect in 1905.
However, it was not until 1912 that the exact nature of X-rays was established. Due to
pioneering works of Ewald and Von Laue, the phenomenon of X-ray diffraction by crystals
was discovered [10]. This discovery at one hand proved the wave nature of X-rays and on
the other hand provided a new method for investigating the fine structure of matter. It is
now understood that X-rays are electromagnetic (EM) radiation of the same nature as light,
but of much shorter wavelength. Electromagnetic radiation according to classical
mechanics is treated as a wave while it is treated as a stream of particles (quanta or photons)
according to quantum mechanics, an extension to the revolutionary concepts put forth by

Bohr, de Broglie, Heisenberg, Schrodinger among others. A schematic of the entire EM
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spectrum is given in Figure 2.2 with range of energy, frequency and wavelength highlighted
on top and bottom. Von Laue worked out the mathematics of diffraction by x-rays from a
periodic arrangement of atoms in a 3D crystal which opened up two broad fields i.e. crystal
structure determination and spectroscopy related measurement and quantification. The later
was dealt by Friedrich and Knipping while W.L. Bragg and W.H. Bragg tackled the first

problem and came up with the celebrated Braggs law of crystal diffraction [11].
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Figure 2.2: Schematic of the electromagnetic (EM) spectrum.
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Figure 2.3: Schematic of the Real-space formulation of Braggs law for X-ray diffraction.
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XRD experiments for probing internal structure of materials was understood to be
essentially reinforced coherent scattering from periodic lattice planes decorated by crystal
motifs. Braggs law dictates that the path difference between the top and bottom layer of the
same family of crystallographic planes must equal one wavelength for constructive

interference, and hence strong diffraction to occur (Figure 2.3). Therefore,
dhki Sin@ + dnki Sin@® = A (@)

A = 2dnk sin@ (ii)

€9

It is frequently encountered that the LHS of the equation is multiplied by an integer “n
since this also provides prerequisite condition for constructive interference. However, this
convention can be circumvented by dividing dn by n which gives a more realistic picture
of constructive interference from the n™ order diffracting planes. It then becomes possible
with the help of this simple yet powerful equation to calculate interplanar spacings from a
set of diffracting planes and work out the crystal structure of unknown materials.
Interestingly, the determination of crystal structures helped to shed light on the nature of
chemical bonds in a material when Bragg and Bragg examined NaCl to dismiss the idea of
NaCl molecules in favour of positive and negative ions bound by electrostatic forces in
ionic bonding [12]. X-ray and matter interaction soon opened up a field of science on its
own and X-ray crystallography was born (Figure 2.4). Although the generation of x-rays
has electronic origins, it can effectively be used to probe the crystal structure of metals and
its alloys, ceramics and its compounds to glasses, amorphous materials and quasicrystals.
Depending on the input stimulus and properties of the material to be investigated, several
signals carrying a wealth of information may be retrieved upon x-ray and matter interaction.
The knocking-off of an electron from the innermost shell of an atom is known to produce

characteristic excitation lines (characteristic x-rays) and the filling up process from higher
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order shells may give rise to secondary x-rays, fluorescent radiation or Auger electrons [8].
A schematic representing the major signals produced in events of strong x-ray and matter
interaction is given in Figure 2.4. Although the very definition of x-ray diffraction demands
coherent elastic scattering process, however that is an idealised situation and deviation from
ideality is unavoidable. Generally, the signals can broadly be classified under four
categories: elastic coherent, inelastic coherent, elastic incoherent and inelastic incoherent.
Usually, the spectroscopic principles rely on incoherent and inelastic scattering while

neutron scattering relies on inelastic coherent scattering [9].
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Figure 2.4: Schematic representing various kinds of signal generation on interaction
between x-ray and matter.

Determination of crystal structure relies on the fact that the diffraction signature (pattern)
is nothing but a Fourier transform of the atomic scattering function distribution of a material
[9]. This translates to intensity as a function of 260 in a systematic pattern of delta functions

according to the extinction conditions of a particular type of crystal structure. However, the

84

—
| —



finite width in the peaks and its shape evolution is indicative of the contributions from
grain/particle size distribution and lattice strain in polycrystalline materials [8]. Further
information regarding presence of second phases may be found out by deconvolution of
peaks. Ratio of peak intensities is another useful parameter for structural refinement while
normalised peak ratios provide approximate phase fractions in multi-phase materials.
Thomson scattering on one hand is responsible for the sharp signature peaks while
Compton scattering on the other, discovered in 1923, was helpful in demonstrating the
particle nature of light after the photoelectric effect [13]. However, it proved to be a
nuisance in diffraction work as it contributes to the background noise in diffraction patterns
owing to the incoherent and inelastic nature of the radiation. It turns out that since the total
integrated intensity of peaks are inversely proportional to both the mass absorption
coefficient as well as the cell volume squared, large lattice parameter phase(s) of high
molecular weight metallic compounds/ceramics contribute to enhanced Compton modified
background than their metallic alloys counterpart. Details of sample preparation, make and
model of diffractometers used along with its process parameters are reported in the

‘materials and methods’ section of each chapter.
2.4. Transmission electron microscopy (TEM)

On one hand XRD was providing indirect signatures so as to decode the crystal structure
of a material while optical microscopy (VLM) on the other was able to provide
microstructural information, however, the spatial resolution was restricted to the micron or
at-best the sub-micron range. In extraordinary circumstances, Ruska and Knoll came up
with first prototype of a working TEM during early 1940’s, surpassing the resolution limit
of visible light [14]. It took almost two decades after their invention, before the first ever
commercial TEM was launched, due to the robust engineering challenges associated in

assembling such electron microscopes. It has been a journey of no looking back since then,
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with continuous and rapid improvement in vacuum technology, high voltage technology,
electronics, automation and manufacturing of detectors, electromagnetic lenses along with
their aberration correction [15-17]. The resolution limit has gone down from sub-micron to
nano to sub-nano and even sub-angstrom length scales with scope for further improvement.
Since a TEM image projects the 3D internal structure of materials in a 2D plane at
unprecedented resolution and magnification, the human brain generally fails to fathom the
richness of information by just looking at it. The humongous contribution by electron
microscopy experimentalists and theoreticians alike in the last several decades towards the
advancement of the field is filled with richness and its comprehensive accord is beyond the

scope of the thesis [18].

Various contrast forming mechanisms occupy the heart of TEM imaging. They may be
broadly classified as; (1) Amplitude contrast (special case is diffraction contrast under 2-
beam geometry), (2) Z-contrast and (3) Phase contrast [16]. The dynamic coupling of direct
and diffracted beams produces diffraction contrast and can be appreciated better with the
help of Howie-Whelan equations [ 15-18]. These simultaneous partial differential equations
explain the origin of bend contours and thickness fringes as important imaging artifacts,
along with contrast mechanisms arising from various defect structures. The TEM primarily
is operated under two modes; one is the conventional parallel illumination setup (CTEM)
with activated pre- and post-specimen lenses and the other is the scanning transmission
(STEM) mode with only pre-specimen lens and scan coils activated. Theorem of reciprocity
along with advanced beam and lens correction has advanced Scanning-TEM techniques
like STEM-HAADF and STEM-EDS/EELS under convergent electron probe setup. There
are several advantages as well as disadvantages of using parallel or convergent mode for
TEM observations, although the nature of the material problem under investigation dictates

the reliance of the technique to be used.
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Figure 2.5: Schematic of the TEM under (a) diffraction and (b) imaging mode.
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A detailed schematic of TEM under diffraction and imaging mode is given in Figure 2.5.
Apart from imaging nanostructures and atom columns, the TEM is a very powerful tool
pertaining to single crystal diffraction work. In this context, Bragg’s law with respect to
real-space formalism is perfectly corroborated with Laue and Ewald’s treatment of the
reciprocal-space. The symmetry considerations for diffraction geometry demands that the

unit vector normal to the diffracting planes be parallel with the diffraction vector i.e.

AK || n.

The ray diagram of a possible diffraction event in the reciprocal-space formalism is
schematically shown in Figure 2.6. The Laue condition of diffraction is satisfied when the
diffraction vector (AK) equals the reciprocal lattice vector (g). Under this special condition,
the coefficients of the reciprocal lattice vectors take on special integer values corresponding

to the miller indices of the allowed set of planes. This results in:

Ak.a=h;Ak.b=k; Ak.c=1 (iii)

Where a, b and c are lattice vectors. Since TEM sample geometry is restricted to a few mm
in length and breadth, but only a few tens of nm in its thickness, it lifts off the restriction
on the third Laue condition (unlike XRD) and allows for diffraction spots from higher order
Laue zones to be simultaneously present in the pattern. This is further facilitated by the fact
that the Ewald sphere cuts the reciprocal space with almost zero curvature since radius of
the sphere is far greater than the reciprocal lattice vectors and thus allows for collection of
data from very small volumes. Moreover, the formation of 1-D rail-rods in place of
otherwise 0-D points arising out of the thin foil effect (thickness of electron transparent
samples are infinitesimally smaller compared to their surface dimensions) also facilitates
much stronger electron-matter interactions at non-exact Bragg angles than x-ray and matter

[16].
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Figure 2.6: Schematic representing the diffraction setup in reciprocal space for (a) proper
and (b) improper geometry.

2.5. Scanning electron microscopy (SEM)

Modern science is heavily reliant on microscopy as seeing is believing. The invention of
the TEM quickly saw its upgradation to a STEM by retrofitting a pair of scan coils, which
was then used to take the first STEM micrograph of a ZnO crystal at 23 kV at ~50 nm
resolution [19]. However, the first demonstration of the capabilities of a Scanning Electron
Microscope (SEM) for surface characterization came couple of decades later from Smith

and Oatley [20]. It was Oatley’s students who made incremental progress to the optical
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setup and the SEM started to be commercialised with the advent of digital electronics
[21,22]. There are no post-specimen lenses in an SEM, since a fine electron-probe falls on
the surface of the specimen to scan it in raster manner and generate various signals that are
then captured by dedicated detectors. The specimen chamber in an SEM can accommodate
multiple samples mounted on metallic stubs. Electrically conducting samples are readily
imaged and examined under the SEM, however, gold/carbon coating is required for
insulators. Imaging and spectroscopy are the two most commonly used modes in a SEM.
However, it also has the capability of performing electron backscattered diffraction (EBSD)

which can map the relative orientation of grains or microstructural features [22].

The primary contrast forming mechanism in SEM images include topographical contrast in
secondary electron (SE) images and atomic number contrast in backscattered electron
(BSE) images. The most pronounced advantage of an SEM as an investigation tool arises
from its high depth of field. It may be defined as the ability of the system to image features
at differential heights from the surface with negligible loss of resolution. This makes the
SEM an ideal choice for non-destructive testing (NDT) and fracture surface analysis [21].
Apart from several contrast mechanisms, lens aberrations significantly affect the quality of
the final image. Cranking up the magnification without correcting for the lens defects
systematically leads to aberrations in the optical system to blow up further. A schematic
representing the major lens defect is presented in Figure 2.8. Since electrons interact much
more strongly with matter than the strongest of x-rays (low wavelength high energy), the
penetration depth of electrons is usually much smaller. Auger electrons are ejected from a
depth of ~ 10 A from the surface followed by secondary electrons which come out from ~
50-500 A while back-scattered electrons and x-rays are emitted from further depths, often
restricting the total interaction volume to few tens of a nm in thickness. The types of signals

expected from electron-matter interaction is given in Figure 2.7.
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Figure 2.7: Schematic of the various kinds of signals that are produced from typical
interactions between electron and matter.

The scattering cross-section at constant energy varies with “Z>” (atomic number) and the
probability of scattering through a given angle varies as “(Z/E)*”. It follows from
calculations of Murata et al. that the mean free path between scattering events at 30 keV
decreases with increasing atomic number from ~528 A for Al to ~131 A for Cu and ~50 A
for Au. Since the probability of scattering is low and the mean free path is large for low
atomic number elements, there is not much scattering near the surface of the specimen as
the electron enters. As the energy of the electrons decreases during passage through the
sample, the number of scattering event increases and a state of complete diffusion of

electron trajectories can be expected. This results in a pear-shaped interaction volume when
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any specimen is examined under the SEM as has been corroborated with Monte-Carlo

simulations [22].

(a) Spherical (c) Coma

Object

Off-axis

74 AN

Disc of Object
least confusion

(b) Chromatic (d) Astigmatism

| Object

A > Plane A
{ >—
i ;
NS A
f > :
Ar, ,

AV Plane B

Imagel : Image2

Figure 2.8: Schematic diagram of the four primary electromagnetic lens aberrations.

2.6. Structure Modelling and Simulation

Analysis of results (top-down) pertaining to diffraction or imaging using electrons and even
x-rays often require complementary approaches (bottom-up) to arrive at satisfactory
conclusions. In this regard, modelling and simulation provides a powerful tool if used
cautiously. The research work undertaken throughout the thesis combines experimental

evidences with structural modelling and simulation of diffraction patterns. For real-space

92

—
| —



3-D structure and interfaces, VESTA™ software has been extensively used. Pearsons’s
handbook of crystallographic data was referred for the Wyckoff positions of ions in the
multicomponent oxides [23]. The anticipated presence of complete disorder in entropy
stabilized oxides may be treated with idealized Wyckoff positions, whereas formation of
two- or multi-phase with probable short-range order and defect structure can make selection
of ionic positions quite complicated. Apart from crystal and interface structures, diffraction
signature from x-ray and matter interaction has been simulated through indigenously
developed code using MATLAB™, It uses the combined equation accounting for atomic
scattering factor, multiplicity factor, polarization factor, temperature and absorption factor

S™ goftware

to compute the total integrated intensity of x-ray peaks. Furthermore, JEM
was used extensively for generating standard zone-axis electron diffraction patterns and

stereographic projections.
2.7. Electrocatalysis

Production of hydrogen through water electrolysis has emerged as the new energy currency
owing to its high energy density and zero carbon emission. However, efficient and clean
hydrogen production is dependent on the ease of oxygen production as one half of redox
reaction, which is highly energy consuming and rate limiting. Therefore, it becomes
essential to develop efficient electrocatalysts for enhancing the efficiency of the oxygen

evolution reaction (OER) [24-26].

Electrocatalytic activity for efficient catalysis in water-splitting experiments were carried
out on an Electrochemical and Corrosion Studio using the CORRTEST software. A three-
electrode setup with glassy carbon as working electrode, Ag/AgCl as reference electrode
and carbon black as counter electrode all dipped in an 1M KOH solution as electrolyte was

used. The glassy carbon electrode was cleaned thoroughly in a slurry of high purity alumina
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before “ink™ of each composition was drop-cast onto the inverted tail of the glassy carbon
electrode (0.071 cm? surface area). For preparing the ink, thin slices were cut from the
sintered pellets of various compositions and it was ground into powder by mortar and pestle
after which 1 mg of the specimen powder was mixed with 10 puL of 5wt% Nafion solution
and 350 pL of ethanol in a vial. The vial was then ultrasonicated for sufficient time before
~ 7 pL of the ink was pipetted out on to the glassy carbon electrode. After the setup was
complete, linear sweep voltammetry (LSV), cyclic voltammetry (CV) and electron
impedance spectroscopy (EIS) was carried out multiple times on each of the compositions
for reproducibility of results. Overpotential plots along with Taffel slopes have been
computed for each of the multicomponent oxide compositions and the results have been

rationaled with respect to the crystal structure, chemical modulation and phase-fractions.
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Figure 2.9: Schematic representation of (a) Electrochemical Fuel cell (b) Li-ion battery
and (c) Electrocatalysis for water-splitting experimental setup [24,25].
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CHAPTER—3

COMPOSITION MODULATION,
STRAIN MINIMIZATION AND

ORIENTED GROWTH OF PHASES
IN EQUIMOLAR (CACOFEMGNI)
MULTICOMPONENT OXIDE

99

—
| —



——

100

——



3.1. Introduction

Continuously depleting fossil fuel resources, growing environmental concerns, changing
geopolitical scenario and ever-increasing energy needs have incentivized in simulating a
fresh search on economically sustainable, environmentally friendly, robust energy
harvesting and storage technologies [1-2]. While the operational mechanisms of
fundamental principles for energy harvesting and storage are being researched at atomic
and nanometer length scales, search for advanced materials, which can provide a suitable
platform for efficient exploitation of the fundamental principles at atomic and nanometer
length scales has also become an important facet globally [3-5]. High entropy materials
(HEMs), especially high entropy ceramics (HECs) has received a lot of attention in the
recent past as it is envisaged as a potential candidate material for energy harvesting and
storage pertaining to its favorable electrochemical, thermoelectric and catalytic properties

[6-8].

Over the last two decades, a considerably good volume of data on design, microstructure
evolution, phase stability and properties on high entropy alloys (HEAs) have been
documented in scientific literature [9-11]. In comparison to that, high entropy oxides
(HEOs) or high entropy ceramics (HECs) are of recent vintage. The scientific literature on
these materials is not so much enriched so far, their design principles, microstructure
evolution, phase stability and properties are concerned [12]. HEOs/HECs may be
considered to be developed in the natural evolutionary process of HEAs [6, 13]. However,
there are certain fundamental concepts, e. g. assessment of configurational entropy, that
need to be treated differently as the HEOs/HECsS are ionic in nature and there are separate
sublattices for cations and anions [14]. Initially it was believed that for HEAs with more
than or equal to five elements, the configurational entropy was so high that the entropy term

always dominated the total free energy of the system [15]. However, of late it is observed
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that many of the HEAs are metastable in nature, more than two phases form in the
traditional HEAs, which has put a question mark in front of the high configurational entropy
concept extended so far in order to explain their microstructure evolution and phase
stability [9, 16-17]. It is now proposed that HEA is a misnomer [18] and this kind of alloys
should be termed as multi-principal element alloys (MPEAs) or complex concentrated
alloys (CCAs) [19-20]. HEOs/HEC:s are also believed to be entropy stabilized single phase
solid solutions. The role of strain energy in the lattice of HEOs/HECs, due to the presence
of'ions of different sizes, in determining its microstructure evolution and phase stability has

remained almost unexplored [21-22].

It is believed that in HEOs, isostructuralism of precursor oxide components that finally
builds up the HEO would always favor single phase HEO formation. It may accommodate
one or two non-isostructural oxide components. In addition to that negative enthalpy of
mixing and low to moderate difference in ionic sizes will favor the formation of single-
phase HEOs [14, 23]. The work has been taken up to test the significance of the postulates
and to explore the role of strain energy arising out of ionic radii and interface incoherency
in a quinary equimolar (CaCoFeMgNi)-oxide. The phase stability and microstructure
evolution has been compared with the ternary (CoMgNi)-oxide and quaternary
(CaCoMgNi)-oxide derivatives of the original quinary equimolar (CaCoFeMgNi)-oxide.
The precursor oxides of the multicomponent quinary oxide are the oxides of Ca, Co, Fe,
Mg and Ni, all of which are cubic rocksalt in structure in the +2-oxidation state of the
respective cations. The cation sublattice of the quinary multicomponent HEO is likely to
be substituted by the ions of Ca, Co, Mg, Fe and Ni. The ionic radii of Co, Mg, Fe and Ni
are close to one another. However, the ionic radius of Ca is different from the other cations
[24-25] in the same coordination environment. In this work, the role of micro-strain in the

lattice induced by different cations and the strain induced by interface incoherency have
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been investigated. Finally, it has been established that the quinary oxide is not solely
configurational entropy stabilized. However, it’s a trade-off between the strain energy and
the entropy that eventually determines the phase stability and microstructure evolution in

this multicomponent oxide.

3.2. Materials and methods

Phase evolution, composition modulation and oriented structural intergrowth has been
studied in equimolar CaCoFeMgNi multicomponent oxide. High purity metal oxide; CaO
(>99.95 at%), Co(1l, IIH)O (>99.8 at%), Fe (I, III)O (>99.8 at%), MgO (99.98 at%) and
NiO (99.9 at%) were procured from either Sigma Aldrich or Alfa Aesar. Oxides in
equimolar proportions were mixed together and were thoroughly ground in a mortar and
pestle before they were green compacted in a uniaxial hydraulic press with 4 Ton load. In
one set of samples, the mixed metal oxides in equimolar proportions were ball milled for
40 h in dry environment in a zirconia vial with zirconia balls with ball to powder ratio 10:1
before it was green compacted in a uniaxial hydraulic press with 4 Ton load. Green
compacted mixed oxide pellets of 12 mm diameter were sintered at 1523 K (1250 °C) for
10, 25 and 100 h in air atmosphere and the sintered pellets were quenched in water. The
sintering was carried out in a platinum crucible with the platinum lid on. Three green
compacted pellets of similar composition were vertically stacked in the platinum crucible
and the sintered pellet from the center of the stack was taken for further studies in order to
avoid contamination during sintering. Sintered pellets were ground and polished from both
sides and were studied by a Malvern Panalytical Empyrean high-resolution x-ray
diffractometer with Cu-K, radiation operated at 40 kV operating voltage with 40 mA
current. Relative volume fraction of the phases was determined by peak ratio method of the
x-ray diffraction (XRD) peaks. Microstructure and composition of the sintered pellets were

studied in a FEI Quanta 200F scanning electron microscope (SEM) with an accelerating
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voltage of 30 kV. For SEM studies the sintered and quenched pellets were
metallographically polished and ultrasonicated in ethanol. X-ray energy dispersive
spectroscopy (XEDS) mapping of the samples was done at the regions of interest in order
to understand the distribution of the ions. The sintered and quenched pellets were studied
in a FEI Tecnai G2 T20 transmission electron microscope (TEM) under 200 kV accelerating
voltage. For TEM observations, the sintered and quenched samples were sliced by a low-
speed saw, ground and polished to optimal thickness and it was ion-beam thinned to

electron transparency.

The simulation of x-ray diffraction patterns was done by indigenously developed code and
JEMS software was used for simulation of electron diffraction patterns. VESTA™ software

was used for development of crystal structure models.

3.3. Results

Phase evolution in equimolar ternary (CoMgNi)-oxide, quaternary (CaCoMgNi)-oxide and
quinary (CaCoFeMgNi)-oxide after sintering at 1523 K for 10 h and water quenching has
been studied through powder x-ray diffraction. The experimental powder x-ray diffraction
pattern from the equimolar sintered and quenched ternary (CoMgNi)-oxide is given in
Figure 3.1a-3C. The diffraction peaks are quite sharp with minimal broadening and all of
them match with the solid solution phase of CoO, MgO and NiO with cF8 rocksalt structure
with ~4.21 A lattice parameter. There are two peaks, which could be indexed to cF56
(Ni,Mg)C0,0s4 spinel phase with ~8.41 A lattice parameter. However, the presence of this
phase cannot be confirmed at this stage. Even if it is assumed to be present, its volume
fraction is supposed to be very small. The simulated x-ray diffraction pattern corresponding
to the CoO, MgO and NiO based solid solution phase with cF8 rocksalt structure (Figure

3.1b, in red) matched quite accurately with the experimental x-ray diffraction pattern.
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Figure 3.1: Experimentally observed x-ray powder diffraction pattern of (a-3C) ternary
(CoMgNi)-oxide (a-4C) quaternary (CaCoMgNi)-oxide (a-5C) quinary (CaCoFeMgNi)-
oxide after sintering at 1523 K for 10 h followed by water quenching. Simulated X-ray
powder diffraction pattern of (b) cubic rocksalt structure with ~4.21 A and ~4.78 A lattice
parameters (c) cubic spinel structure with ~8.35 A and ~8.47 A lattice parameters and (d)
hexagonal phase with a ~2.94 4, ¢ ~5.28 4 lattice parameter and cubic Fe;O3 with ~9.39
A lattice parameter.
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The sharpness of the experimental diffraction peaks indicates that the solid solution phase
does not have quenching or solid solutioning induced residual strain in it. However, weak
shouldering is observed in the 200, 220, 311 and 222 peaks, which might indicate a
possibility of polymorphic transformation of the cubic rocksalt phase to a tetragonal phase.
However, it cannot be confirmed at this stage and it would require further investigation.
Additional diffraction peaks are observed in the experimental x-ray diffraction pattern from
the sintered and quenched equimolar quaternary (CaCoMgNi)-oxide sample (Figure 3.1a-
4C). In addition to the solid solution phase of (CoMgNi)-oxide with cubic rocksalt structure
with ~4.21 A lattice parameter, another isostructural solid solution phase based on CaO
with ~4.78 A lattice parameter is observed. The relative volume fractions are ~61.2% and
~38.8% for the (CoMgNi)-oxide and CaO-based oxide SS phases respectively. In this
diffraction pattern, the peaks are quite sharp with minimal broadening indicating minimal
or almost no solid solutioning or quenching induced residual strain in the sample. However,
the shoulders in the diffraction peaks corresponding to the (CoMgNi)-oxide are still
observed. The shouldering in the CaO based solid solution phase is also present. However,
not so prominent at lower diffraction angles. The simulated polycrystalline x-ray diffraction
pattern for the CaO based solid solution phase with rocksalt structure (Figure 3.1b, in green)
match quite well with the experimental pattern. It may be concluded from these
observations that a solid solution phase with cubic rocksalt structure forms in the equimolar
(CoMgNi)-oxide upon sintering at 1523 K for 10 h followed by quenching. However, upon
addition of CaO, two isostructural solid solution phases with rocksalt structure and with
different lattice parameters are observed. The reason behind such observation would be

discussed in the discussion section.

Quite a few additional diffraction peaks are observed in the experimental x-ray diffraction

pattern of the equimolar quinary (CaCoFeMgNi)-oxide after sintering at 1523 K for 10 h
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followed by quenching (Figure 3.1a-5C). In this diffraction pattern, in addition to the solid
solution phases based on (CoMgNi)-oxide with ~4.21 A lattice parameter, CaO based solid
solution phase with ~4.78 A lattice parameter, a spinel phase with ~8.41 A lattice parameter
is also present. The spinel phase brings out a very good match with the simulated
polycrystalline diffraction pattern (Figure 3.1¢) of (Ni,Fe)Co0204 spinel (in blue) with ~8.35
A lattice parameter and (Ca,Fe);Os spinel (in yellow) with ~8.47 A lattice parameter. It is
assumed that the experimentally observed spinel phase is a chemical and structural
derivative of the two above mentioned spinel phases. In addition to that, a hexagonal phase
(hR10) with quite similar symmetry elements to that of Fe>O3 is observed. The simulated
diffraction pattern of the hexagonal phase (Figure 3.1d) with lattice parameter a ~2.94 A
and ¢ ~5.28 A matches closely with the experimental diffraction peaks of the hexagonal
phase in Figure 3.1a-5C. It is assumed that the hexagonal phase is a derivative of Fe2O3
phase. The structural details of this phase will be presented later in this paper through
electron diffraction. The relative volume fraction of (CoMgNi)-oxide based SS phase, CaO-
based SS phase, spinel phase and the hexagonal phase are ~48.1%, ~11.25%, ~5.12% and
~35.5% respectively. It is important to point out that there is a cubic polymorph (cI80) of
Fe>Os phase, the simulated diffraction pattern of which is given in Figure 3.1d (in grey).
However, it shows a weak match with the experimental diffraction pattern (Figure 3.1a-
5C). It is assumed that the cubic polymorph is not present in the sintered and quenched
(CaCoFeMgNi)-oxide. It is observed that multiple phases are formed in the quinary
(CaCoFeMgNi)-oxide after sintering at 1523 K for 10 h followed by water quenching. In
order to explore the effect of processing route, the as-mixed quinary oxide was ball milled
for 40 h and then the milled green compact was sintered at 1523 K for 10 h followed by

water quenching.
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Figure 3.2: Experimentally observed powder x-ray diffraction patterns of as-mixed
(CaCoFeMgNi) precursor oxide powders in equimolar ratio (in orange), the same as-mixed
powder after dry ball milling for 40 h (in pink) and the pellet after sintering the green
compacted ball milled powder at 1523 K for 10 h followed by water quenching (in red). In
the sintered pellet cubic rocksalt phase, cubic spinel phase and the hexagonal phase can
be indexed.

In the powder x-ray diffraction pattern of the as mixed quinary oxide (Figure 3.2, in orange)
all the diffraction peaks corresponding to CaO, CoO, FeO, MgO, NiO, C0304 / Fe304 spinel
and Fe;O3 corundum phases are present. After 40 h of ball milling the diffraction peaks are
broadened (Figure 3.2, in pink) with a drop in intensity. The individual oxide phases cannot
be distinguished anymore with certainty. This observation may be explained in the light of
accumulation of strain and minor solid solutioning of oxide phases during ball milling.

However, the as-mixed, ball milled and green compacted pellet after sintering at 1523 K
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for 10 h followed by water quenching gives rise to a diffraction pattern (Figure 3.2, in red),
which is quite similar to the as-mixed, green compacted, sintered at 1523 K for 10 h and
quenched diffraction pattern of the same quinary oxide (Figure 3.1a-5C). It may be easily
concluded from this observation that intermediate ball milling does not have any significant

influence in the phase evolution in this quinary oxide.

In order to understand the phase and microstructural stability, green compacted equimolar
(CaCoFeMgNi)-oxide was sintered at 1523 K for different length of time i. e. for 10, 25,
100 h followed by water quenching.
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Figure 3.3: Experimentally observed x-ray diffraction patterns of quinary equimolar
(CaCoFeMgNi)-oxide pellet after sintering at 1523 K for 10 h (in red), 25 h (in green) and
100 h (in blue). In all the sintered pellets cubic rocksalt phase, cubic spinel phase and the
hexagonal phase can be indexed.
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The multiple display of x-ray diffraction patterns after sintering for different length of time
followed by water quenching is given in Figure 3.3. It is observed that cubic solid solution
phase with rocksalt structure, however, based on CaO and (CoMgNi)-O with ~4.78 A and
~4.21 A lattice parameters respectively are still present in all of 10 h, 25 h and 100 h
sintered samples. The hexagonal phase with a ~2.94 A and ¢ ~5.28 A lattice parameter,
which is considered to be a chemical and structural derivative of hexagonal Fe>O3 is present
in all the three sintered samples. The cubic spinel phase with ~8.41 A lattice parameter,
which is assumed to be the chemical derivative of (Ni,Fe)Co.0s (a = 8.35 A) and
(Ca,Fe)304 (a=8.47 A) is also present in all three sintered samples. However, the signature
of the spinel phase is most prominent in the 25 h sintered sample. It may be concluded from
this observation that the phases are stable up to 100 h of sintering time. Only the spinel
phase becomes most prominent in the 25 h sintered samples and it is not so prominent in
the 10 h and 100 h sintered samples. The solid-solution based spinel phase obtained in the
present study may be seen to be structurally related with the solid-solution based rocksalt
phases in terms of octahedral void filling. The probable structural correlation will be
discussed in the discussion section in detail, which will explain the prominent presence and

partial disappearance of the spinel phase.

SEM secondary electron micrograph of quinary equimolar (CaCoFeMgNi)-oxide sintered
at 1523 K for 10 h followed by water quenching (Figure 3.4A) and its zoomed-in version
(Figure 3.4a) shows irregular grain structure in the size range of ~ 5-10 um. Pores are not
observed significantly in the microstructure. The XEDS chemical mapping from the
zoomed-in area (Figure 3.4a) clearly indicates chemical segregation during the sintering
process. As seen from the maps, Fe and Ca ions get segregated in the grains and the

boundary regions are enriched with Co, Mg and Ni ions.

110

—
| —



Figure 3.4: SEM-XEDS area map with Ca-K, Co-K, Fe-K, Mg-K and Ni-K in quinary
equimolar (CaCoFeMgNi)-oxide after (A) sintering at 1523 K for 10 h and (B) sintering at
1523 K for 100 h followed by water quenching. (a) is the zoomed-in version of the area
marked in (4) and (b) in the zoomed-in version of the area marked in (B). The XEDS maps
are generated from the areas shown in (a) and in (b). In both the samples, two chemically
segregated regions, one rich in Co, Mg, Ni ions and other rich in Ca and Fe ions can be
observed.

This observation further reinforces the analytical outcomes of the XRD patterns in Figures
3.1, 3.2 and 3.3, where solid solution phases based on (CoMgNi)-oxide and CaO has been
reported. Further, the spinel phase is reported to be a chemical derivative of (Ni,Fe)C0204
and (Ca,Fe);04. It is highly likely that the spinel phase may exist in both the regions. The
hexagonal phase, which is assumed to be a chemical derivative of hexagonal Fe;Os is likely

to be present in the Ca and Fe enriched areas. It may be concluded that CaO based solid
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solution phase, the spinel phase and the hexagonal phase coexist in the Ca and Fe enriched
regions, whereas the (CoMgNi)-O based solid solution phase and the spinel coexist in the
Co, Mg, Ni enriched regions. Their coexistence behaviour will be reported in the
subsequent sections. It is noteworthy at this point that oxygen mapping reveals qualitatively
non-uniform distribution of oxygen. It is preferentially enriched in the areas where solid
solution phase based on (CoMgNi)-oxide and the spinel phase are present. It is depleted in
the regions where CaO based solid solution phase, spinel phase and the hexagonal phase
coexist. SEM secondary electron image (Figure 3.4B) and its zoomed-in version (Figure
3.4b) indicates that after 100 h of sintering followed by water quenching there is no
significant change in the microstructure. The grains are still irregular in shape with
insignificant or almost no grain growth during the elongated sintering process. After 100 h
of sintering the grain size is ~ 5-15 um. In this sample also the porosity remains to be very
low. XEDS chemical maps from the zoomed-in area in Figure 3.4b indicates segregation
of Ca and Fe with respect to Co, Mg and Ni. Inhomogeneous distribution of oxygen and its
preferential segregation in the Co, Mg, Ni enriched regions are also noteworthy. The XEDS
chemical map from Figure 4b shows chemical segregation in multiple pockets, which
further reinforces the claim that the chemical segregation is characteristic of the sintered

microstructure.

SEM-BSE image of sintered and quenched (CaCoFeMgNi)-oxide (1523K, 10h) along with
point XEDS spectra and relative composition of the phases from several regions are given
in Figure 3.5. The variation in contrast arising out of chemical segregation is clearly evident
from the BSE image. Additionally, point EDS has been carried out on regions of interest.
Six such regions have been chosen of varying contrast and they have been categorized and
clubbed in the table below (Figure 3.5). It is seen that the pair of regions marked as 1,6

have similar chemical distribution while the pair marked as 2,3 in turn have similar
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chemical distribution, however different from each other. Similarly, regions marked as 4
and 5 are compositionally different from each other as well as from region pairs 1,6 and
2,3. The relative volume fraction listed in the last column of the table has been deduced
from curve profile fitting of the XRD patterns reported in Figures 3.1-3.3, and its
subsequent calibration through peak intensity ratio method. It may therefore be concluded
from point EDS analysis that in the Co, Mg, Ni rich regions Ca and Fe ions are present in

minor quantities and vice-versa, which further reinforces inference drawn from Figure 3.4.

Spectrum 3

s

R
-

15 20

S1|] Wt.% | S2] Wt.% JS3 ] Wt % |S4] Wt % |JS5] Wt.% ]S6] Wt %
Ca] 2543 |Ca 552 ] Ca 4.59 Ca 26.86 Ca 0.38 Ca] 17.41
Co 11.7 Co]l 36.71 | Co 29.54 Co 5.25 Co 27.4 Co] 10.05
Fe] 18.96 | Fe 9.59 Fe 11.43 Fe 37.61 Fe 4.92 Fe 15.6
Mgl 352 |Mg 4.06 | Mg 6.64 Mg 0.12 Mg] 1233 [Mg| 3.56
Ni 9.55 Ni 30.94 | Ni 30.85 Ni 1.85 Ni 28.1 Ni 13.14

Chemical distribution Phase (P) JP. Fraction
Region 16| Rich in Ca, Fe ; Moderate in Co, Ni ; Lean in Mg Cubic Rock salt (a=4.83 A) ~11.2%
Region 2,3 Rich in Co, Ni ; Moderate in Fe, Mg ; Lean in Ca Cubic Spinel (a=8.32 A) ~51%

Regiond | Rich in Fe, Ca ; Moderate in Co ; Lean in Mg, Ni | Ordered Hexagonal (a=2.94 A, c=5.28 A)|~ 35.5%

Region S Y Rich in Co, Mg, Ni ; Lean in Ca, Fe (major phase) Cubic Rock salt (a=4.15 A) ~48.1%

Figure 3.5: (a) Back scattered electron (BSE) image and X-ray energy dispersive spectrum
(XEDS) from the points marked by sl-s6 in (CaCoFeMgNi)-oxide sintered at 1523K for
10h. Compositional contrast is observed in the BSE image. All the point XEDS from s1-s6
show the presence of all the elements, however in varying quantities. Compositions as
obtained from XEDS are tabulated in the table below. It is again reconfirmed that Ca and
Feion rich regions are relatively lean in Co, Mg and Ni ions and vice-versa. However, all
the elements are present in all the phases. Based on the composition the predominant phase
in different regions have been identified and their volume fraction as computed from the X-
ray diffraction peak analysis is given in the table at the bottom of the figure.
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TEM bright field images and corresponding electron diffraction patterns for quinary
equimolar (CaCoFeMgNi)-oxide after sintering at 1523 K for 10 h followed by water
quenching are given in Figure 3.6 (a-d). After sintering for 10 h followed by quenching,
polygonal and faceted (Figure 3.6a) grains can be observed in the microstructure. Thickness
fringes within the grains indicates that the grains are polyhedral in shape. The
corresponding diffraction pattern in Figure 3.6b is a z = [001] zone axis pattern of a cubic
phase. The 200 and 220 plane spacings as measured from this diffraction pattern turns out
to be ~2.06 A and ~1.45 A respectively, which are very close to the same d-spacings of the
(CoMgNi)-oxide solid solution phase as obtained from the x-ray diffraction pattern. The
calculated lattice parameter for this solid solution phase turns out to be ~4.16 A, which is
within ~2% error range of calculated lattice parameter of the same phase as obtained from
the x-ray diffraction pattern. Bright field image from the same 10 h sintered and quenched
sample but from a different region is given in Figure 3.6c. In this image also faceted grain
is observed. However, within the grain considerable amount of mottled contrast is present,
which indicates the presence of micro-strain within the grain body. The corresponding
diffraction pattern (Figure 3.6d) is along cubic z = [103] zone axis, which matches with the
same cubic solid solution phase of (CoMgNi)-oxide with rocksalt structure with ~4.16 A
lattice parameter. Bright field images from two different regions after sintering at 1523 K
for 100 h followed by water quenching are given in Figure 3.6e and Figure 3.6g
respectively. In both the images the grains are quite large. However, within the grains strong
mottled contrast is observed. A careful look reveals a fringe contrast (pointed with black
arrows) within the mottled regions. The origin of the fringe contrast within the mottled
regions is not directly interpretable from the images. However, the corresponding
diffraction patterns from the respective regions (Figure 3.6f and Figure 3.6h) offer

interesting insights about accumulated micro-strain in the lattice, which might be treated as

114

—
| —



the origin of fringe contrast in the bright field images and the tendency of the system to
minimize it in the process of long-term sintering. The diffraction pattern in Figure 3.6f
corresponds to the region in the bright field image in Figure 3.6¢. In the diffraction pattern
cubic 4-fold symmetry is quite easily discerned. However, the principal reflections are
arced instead of being spots with several intensity maxima present in each of them. When
the intensity maxima present in each of the arcs are joined geometrically by dotted coloured
lines as has been done in Figure 3.6f, presence of several square patterns rotated with
respect to one another by a very small angle is observed. However, in this image only three

such square patterns are shown for the purpose of clarity.

Z=[103]

20 nm Z=1001]

Figure 3.6: TEM (a, c) BF images and corresponding (b, d) single crystal diffraction
patterns from z = [001] and z = [103] respectively in quinary equimolar (CaCoFeMgNi)-
oxide after sintering at 1523 K for 10 h followed by water quenching. Thickness fringes in
(a) and mottled contrast in (b) can be observed. The diffraction patterns in (b) and (d) are
sharply defined. TEM (e, g) BF images and corresponding (f, h) single crystal diffraction
patterns from z = [001] and z = [103] respectively in quinary equimolar (CaCoFeMgNi)-
oxide after sintering at 1523 K for 100 h followed by water quenching. In the BF images in
(e) and (g) fringe contrast within the mottled regions (marked with arrows) can be
observed. In the diffraction patterns in (f) and in (h) arcs with modulated intensities can be
observed.
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The diffraction pattern (Figure 3.6h) from the region given in the bright field image in
Figure 3.6g also shows similar arcing with several intensity maxima. In this diffraction
pattern, when the intensity maxima are geometrically connected by dotted lines, each of the
dotted polygons in the shape of distorted hexagons conforms to the z = [103] zone axis
pattern of a cubic phase, which matches quite closely with the solid solution phase of
(CoMgNi)-oxide with rocksalt structure with ~4.16 A lattice parameter. In Figure 3.6h three
such dotted coloured polygons are shown for the purpose of clarity. The presence of arcs in
the diffraction patterns after 100 h of sintering (Figure 3.6f and Figure 3.6h) and
simultaneous presence of fringe contrast in the mottled regions in the bright field images
(Figure 3.6e and Figure 3.6g) confirms that the (CoMgNi)-oxide solid solution phase with
rocksalt structure is rotated with respect to one another successively through a very small
angle. The diffraction pattern in Figure 3.6f is along z = [001] and the intensity along any
arc is not totally uniform. This indicates that the solid solution phase with rocksalt structure
has a successive in-plane small angle rotation when viewed along z=[001]. However, non-
uniform intensity distribution indicates to the probability of having an out-of-plane rotation
between two successive cubic domains, which can be confirmed from the diffraction
pattern in Figure 3.6h with viewing direction as z = [103]. Along this zone axis also, arcing
and non-uniform intensity distribution is observed, which necessarily indicates the
successive rotation between the cubic domains resulting into an inter-penetration between
two consecutive domains in 3-dimension. As the zone axes in Figure 3.6f (z = [001]) and
Figure 3.6h (z =[103]) are not mutually perpendicular to one another, arcing in both the
diffraction patterns may be treated as the confirmatory evidence of interpenetration of
mutually rotated cubic domains in 3-dimension. The detailed structural model and possible
mechanism behind the formation of such inter-penetrated domains will be discussed in the

discussion section.
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Selected area diffraction pattern from another region of the quinary equimolar
(CaCoFeMgNi)-oxide after sintering at 1523 K for 10 h and 100 h followed by water
quenching is given in Figure 3.7a and Figure 3.7b respectively. In both the diffraction
patterns multiple spots with modulation of intensity could be observed. The measured d-
spacings from the diffraction pattern are marked in Figure 3.7a, which are similar for Figure
3.7b also. However, the corresponding reciprocal lattice vectors are marked in Figure 3.7b
and the indexing holds well for the diffraction pattern given in Figure 3.7a also. A close
look at the diffraction patterns in Figure 3.7a and in Figure 3.7b indicates that essentially
there is no difference between them in terms of spot position and their intensities. However,
the diffraction spots in Figure 3.7b are more sharply defined than the similar spots in Figure
3.7a. It may be inferred from this observation that there is no phase change that takes places
while the quinary oxide is sintered for 10 h and for 100 h. The increase in the sharpness of
the spots may be related to the strain relaxation in the lattice that takes place during the
long hours of sintering process [24,25]. The d-spacings are marked in Figure 3.7a. Very
similar d-spacings were observed in x-ray diffraction patterns for similar samples, which
may be indexed to the cubic solid solution phase based on CaO with rocksalt structure with
a ~4.78 A lattice parameter, cubic spinel phase with a ~8.41 A lattice parameter and a
hexagonal phase with a ~2.94 A and ¢ ~5.28 A lattice parameter (c/a = 1.8) respectively. It
is noted that the hexagonal phase is related to the structural and chemical derivative of the
Fe;03 based phase as observed in the x-ray diffraction studies. It is further noted that in this
diffraction pattern any signature of the cubic solid solution phase of (CoMgNi)-oxide with
rocksalt structure and with a ~4.16 A lattice parameter could not be observed. It is inferred
from this observation that the diffraction pattern is from the Ca and Fe ion rich regions of
the sample as observed in the SEM-XEDS chemical maps in Figure 3.4. Now it may be

explicitly said that the Ca and Fe rich regions consist of CaO based solid solution phase,
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cubic spinel phase and the hexagonal phase. The Co, Mg, Ni rich regions consist of mainly

the (CoMgNi)-oxide solid solution phase.

The presence of a large number of spots and their modulation in intensities in Figure 3.7(a-
b) can be explained only when the simultaneous presence of all the three phases i. e. the
CaO based solid solution phase with rocksalt structure, cubic spinel phase and the
hexagonal phase and their oriented growth is taken into consideration. The reciprocal lattice
vectors specific to the three different phases, their corresponding d-spacings are marked
with different colour scheme in Figure 3.7a. Whereas the zone axis patterns and the indices
for three different phases are marked with different colour scheme in Figure 3.7b. In both
the figures CaO based cubic solid solution phase with rocksalt structure is marked in green,
the cubic spinel phase is marked in yellow and the hexagonal phase, which is supposed to

be a structural and chemical derivative of Fe;Os3 is marked in white. In Figure 3.7b, the

zone axis pattern marked in yellow, is the z=[111] pattern from the cubic spinel phase with

a ~8.41 A lattice parameter. In the same figure, the zone axis pattern marked in green

corresponds to the z = [111] pattern of the CaO based cubic rocksalt phase with a ~4.78 A
lattice parameter. It is clearly observed that there is an orientation relationship between the

CaO based cubic solid solution phase with rocksalt structure and the cubic spinel phase.

The orientation relationship is [T11]rs || [T11]s and (220)rs || (224)s (Rocksalt phase is

represented as ‘RS’ and spinel phase is represented as ‘S’). Similarly, the pattern marked in

white (Figure 3.7b) is the z = [2110] zone axis pattern of the hexagonal phase with a ~2.94
A and ¢ ~5.28 A. This pattern also clearly indicates a strong orientation relationship with

the cubic rocksalt phase and the cubic spinel phase.
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1.71A 2.94A

/ C/A=1.11
0 B/A=1.16

30

Z=[2110] Z=[111]

Figure 3.7: Selected area diffraction patterns from the quinary equimolar (CaCoFeMgNi)-
oxide after sintering at 1523 K for (a) 10 h (b) 100 h followed by water quenching. In (a)
experimentally observed d-spacings and their angular relationships are depicted. In (b)
zone axis geometries are depicted. In (a) and (b) the data related to the cubic rocksalt
phase, cubic spinel phase and the hexagonal phase are marked in green, yellow and white
respectively. The cubic rocksalt phase, cubic spinel phase and hexagonal phase are

oriented along z = [111], z = [111] and z = [2110] respectively. Their orientation
relationships are [111]rs || [111]s and (220)rs || (224)s ; [2110]x || [111]rs and (0002)x ||

(202)rs ; and [2110]u || [111]s and (0002)n || (422)s (RS: Rocksalt, S: Spinel; H:
Hexagonal phase).

The orientation relationships are [2110]u || [T11]rs and (0002) || (202)rs ; [2110]u || [T11]s

and (0002)y || (422)s ( Hexagonal phase is represented as ‘H’). It is clearly observed that
the spots common to any two or more of rocksalt phase, spinel phase or hexagonal phase
are more intense than the spots which are unique to either of the three phases. Additionally,
ordering induced superlattice reflections are present in Figure 3.7(a-b). The superlattice
reflections are marked following the same colour scheme as mentioned earlier (Hexagonal:
white, Rocksalt: green). In the hexagonal phase, along 0002 reciprocal lattice vector two

superlattice reflections are discerned at /2[0002] and 3/2[0002] (marked with white arrows).

Similarly, along the <220> directions of the cubic rocksalt phase, which is also the <0T11>
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direction for the hexagonal phase, superlattice reflections are observed at 1/3<220> and
2/3<220> (marked with green arrows). As the directions are common to both the cubic
rocksalt phase and the hexagonal phase, at this moment it cannot be confirmed whether the
origin of the superlattice reflections is due to the cubic rocksalt phase or the hexagonal

phase. However, in Figure 3.8b, in the zone axis pattern from the hexagonal phase along z

= [2110] the superlattice reflections are not observed along <0111> directions. It can be
confirmed from this observation that the additional ordering spots along <220> directions
in Figure 3.7(a-b) are due to the cubic rocksalt phase. The physical implications for
existence of such superlattice reflections along <0002> directions of the hexagonal phase

and <220> directions of the cubic rocksalt phase will be discussed in the discussion section.

TEM bright field images and diffraction patterns from the hexagonal phase reported in the
preceding section in the quinary equimolar (CaCoFeMgNi)-oxide after sintering for 10 h
and 100 h followed water quenching are given in Figure 3.8(a-c) and Figure 3.8(d-f)
respectively. After sintering for 10 h, in the quinary oxide (Figure 3.8a) several parallel
fringes (marked with dotted yellow lines) with finite width ~5-10 nm could be observed.
The fringes are likely to be originated from a series of planar faults existing within the grain
body. The rotationally oriented diffraction pattern (Figure 3.8b) from the same region
conforms to the hexagonal phase with a ~2.94 A and ¢ ~5.28 A as reported in the preceding
section for the same quinary oxide after sintering for 10 h and 100 h (Figure 3.7(a-b)). In
the diffraction pattern superlattice reflections at }2[0002] and 3/2[0002] (marked with white

arrows) indicating an order along the c-axis of the hexagonal phase is observed. It is to be
noted that no superlattice reflection is observed along [0111]. Further it is to be noted that

the reflections along [0110] are not split. However, all other reflections are split into two.

It is further observed that a rotation of 180° around 0002 axis leaves the split spots mirror
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reflections to one another. This confirms that the parallel fringes in the bright field image
in Figure 3.8a are compound deformation twins with shear plane s = (2110), K; = (0002),

m=[0110], K =[1010] and n2 = [0111] as twin variants. The symbols have their usual

meaning in twin crystallography.

Figure 3.8: TEM (a) BF image and (b) corresponding rotationally aligned selected area
diffraction pattern and (c) DF image using the superlattice reflection at />2[0002] (given at
the inset in (c)) from the quinary equimolar (CaCoFeMgNi)-oxide after sintering at 1523
K for 10 h followed by water quenching. Linear fringes in (a) are from the twins and the
curvilinear contrast in (c) is from the APBs. The diffraction pattern in (b) indicates that the

twins in (a) are compound deformation twins with s = (2110), K; = (0002), n;= [0110], K>

= [1010] and n> = [0111] as twin variants. (d) BF image (e) corresponding rotationally
aligned diffraction pattern and (f) DF image from the quinary equimolar (CaCoFeMgNi)-
oxide after sintering at 1523 K for 100 h followed by water quenching. The diffraction
pattern in (e) is little off from the zone axis as shown in (b). All the spots perpendicular to
the row of spots marked in cyan are split. The twins in (d) and in (f) are widely spaced.

Dark field image from the same 10 h sintered and quenched sample from a different region

in Figure 3.8c and its diffraction pattern at the inset shows that in the dark field image
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several curved linear contrasts often resulting into a loop are present. The diffraction pattern

in the inset (Figure 3.8¢) is along z = [2110]. In this diffraction pattern spot splitting is not
observed. However, the curvilinear contrast in the image may be correlated with the
existence of antiphase domains (antiphase domain boundaries: APBs) within the hexagonal
phase (marked with white arrows). The origin of antiphase domains and its physical

implications will be discussed in the discussion section.

Similar alternate bright and dark fringe contrast, however, grown to a larger extent is
observed in the bright field image (Figure 3.8d) and in the dark field image (Figure 3.8f)
of the 100 h sintered and quenched sample (marked with arrows in Figure 3.8f). In the
rotationally oriented diffraction pattern (Figure 3.8e) from the same region, which is little
away from the nearest zone axis, similar spot splitting is observed. In may be inferred from
this observation that the compound deformation twins as shown in the 10 h sintered and

quenched sample (Figure 3.8a) grow further in the 100 h quenched sample.

3.4. Discussion

(CaCoFeMgNi)-oxide was synthesized through solid state route, in which the green
compact was sintered at 1523 K for different lengths of time and they were water quenched.
Lower order derivatives of the quinary equimolar oxide i.e. (CoMgNi)-oxide,
(CaCoMgNi)-oxide were also synthesized and they were subjected to similar processing
conditions in order to compare the phase evolution, microstructural stability against a
standard set of conditions. The effect of processing route also has been investigated. A
unified look at the results leads to some fundamental understanding about this
multicomponent oxide, its phase and structure evolution, their oriented intergrowth,
distribution of chemistry and microstructural stability, which will be discussed in the

subsequent sections. At the end, an attempt will be made to comment whether entropy is
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the only determining factor or there is an interplay of several other factors that ultimately

decide its phase, microstructure evolution, its stability and hence, its properties.

3.4.1. Phase and microstructure evolution and its stability

The precursor oxides leading to the formation of quinary equimolar (CaCoFeMgNi)-oxide
are Ca0O, CoO, FeO, MgO and NiO. All the individual oxides are having cubic rocksalt
structure [24-25]. CoO, FeO and NiO may exist in other crystal structures as they can exist
in several oxidation states and they can switch their oxidation states quite easily [26]. Cubic
spinel variant of Co304 and Fe3O4 has also been reported. Fe O3 is the
hexagonal/rhombohedral variant that is quite abundantly available in nature. However,
there is a structural correlation between the cubic rocksalt phase and the spinel phase. In
the cubic rocksalt phase, all the octahedral voids are filled with cations whereas in cubic
spinel half of the octahedral voids are filled with cations. In case of hexagonal Fe>O3 2/3™
of the available octahedral voids are filled with cations. Their structural relationship will

be discussed in detail in the subsequent sections.

It has been widely reported in literature that systematic replacement of ions for a ceramic
crystal or atoms for a metallic crystal may lead to the formation of single phase
multicomponent solid solution/intermetallic/compound-based materials [20, 22-23, 27-28].
However, systematic replacement should be such that the multicomponent materials
become equimolar or almost equimolar. In the present work, all the precursor oxides with
cubic rocksalt structure were put together in equimolar proportions with an expectation that
they will form single phase solid solution through systematic replacement. Contrary to the
expectation, it has been observed that ternary equimolar (CoMgNi)-oxide formed single
phase solid solution after sintering and quenching, where under similar processing
condition quaternary equimolar (CaCoMgNi)-oxide formed two cubic solid solution phases

with rocksalt structure and with two different lattice parameters. One of the solid solution
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phases is based on CaO and other one is based on (CoMgNi)-oxide. It may be inferred that
Ca?" cations were not completely accepted in the isostructural lattice of the solid solution
phase of (CoMgNi)-oxide. Upon addition of Fe?"/Fe’’ ions, additional phases with
rhombohedral/hexagonal structure and cubic spinel phase are also observed. The cation
radii of Ca®", Co?", Mg?", Ni*" and Fe*" are ~ 1 A, 0.75 A, 0.72 A, 0.69 A and 0.78 A
respectively [24-25]. The cation radii are reported based on their 6-fold coordination
environment. It is evident from the cation radii that except for Ca?*, all other cation radii
are within ~12% difference. Equimolar addition of CoO with MgO or NiO leads to the
partial replacement of cations in the crystal lattice with rocksalt structure and their cation
radii being close to one another introduction of micro strain in the lattice is not enough to
frustrate and destabilise the original crystal lattice. However, upon addition of CaO, due to
the large difference in cation radii of Ca*" ion with the remaining ions, the original rocksalt
lattice is strained and it rejects most of the Ca** ions leading to the formation of another
solid solution phase with rocksalt structure but with different lattice parameter. Introduction
of lattice strain to frustrate/destabilise a crystal has been reported in metallic systems also
and its manifestation in other extreme is the formation of metallic glasses [29-31]. In
multicomponent or high entropy materials even though single-phase solid solution or
compounds with five or more elements have been reported, their stability is still under
investigation due to the presence of strain apart from other thermodynamic factors. It has
been reported in multicomponent metallic alloys that composition migration takes place
upon ageing [32]. In CoFeGaMnZn multicomponent oxide compositional phase separation
has been reported leading to the formation of chessboard-like microstructure [33-34]. The
compositional segregation is quite evident in the present study also. As observed from the
SEM-XEDS maps (Figure 3.4), in the quinary (CaCoFeMgNi)-oxide, two distinct regions

one rich in Ca and Fe ions and other rich in Co, Mg and Ni ions are present. Two different
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solid solution phases with rocksalt structures but with different lattice parameters are
observed in two compositionally segregated regions. In the Ca and Fe ion rich regions

additional ordered hexagonal/rhombohedral phase and spinel phase are observed.

A quick look at the binary phase diagrams of different binary combinations of the quinary
oxide under study reveals that many of the phase diagrams are isomorphous, quite a few of
them show solid solutioning along with binary invariant reactions. None of them show any
immiscibility. However, in the quinary oxide clear composition segregation is observed.
This clearly indicates that ternary, quaternary and quinary interactions should also be taken
into account in order to predict phase formation and its stability in multicomponent oxides.
It has been reported in earlier literature that similar cation radii at a specific oxidation state
and coordination environment, presence of immiscibility in at least one pair of components
and non-isostructuralism in at least one component are the essential criteria for the
formation of single-phase solid solution in multicomponent materials [14, 23]. The quinary
oxide studied in the present work does not meet any of the criteria. However, the
experimental validation of the postulates should be investigated further. It has also been
reported that isostructuralism [23] would anyway promote the formation of single-phase
solid solution which is proved to be not valid for the quinary oxide studied in the present

work.

3.4.2. Strain minimization and oriented intergrowth of phases

Quinary (CaCoFeMgNi)-oxide upon sintering and quenching forms two chemically
segregated regions comprising of mainly two solid solution phases with rocksalt structure
along with a spinel phase and an ordered hexagonal phase. The electron diffraction patterns
from the same solid solution phase after 10 h of sintering at 1523 K followed by quenching
shows well defined diffraction spots (Figure 3.6(a-d)). However, in the bright field image

mottled contrast typical of accumulated strain fields are observed. The structure of the same
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phase remains to be cubic rocksalt with similar lattice parameter after sintering for 100 h
followed by quenching. However, in the electron diffraction patterns and in the bright field
images some new features are observed (Figure 3.6 (e-h)). In the diffraction patterns the
spots are transformed into arcs with modulation of intensities and in the bright field images
fringe contrast (marked by arrows) is observed. When the modulated intensity maxima in
the diffraction patterns are connected geometrically, several symmetry shapes
corresponding to the cubic zone axis, however, rotated with respect to one another are
observed. It clearly indicates that there are domains with cubic crystal structures, which are
rotated with respect to one another through a very small angle. The presence of arcs in both
the diffraction patterns (Figure 3.6f and Figure 3.6h) confirms that the cubic domains are
having in-plane and out-of-plane rotation with respect to one another. A schematic diagram
of such rotated cubic domains in 3D is given in Figure 3.9a. It is inferred from the
diffraction patterns and from the schematic diagram that during long time sintering, in the
cubic solid solution phase of (CoMgNi)-oxide, cubic domains are formed and they are
rotated with respect to one another. This observation pertains to the tendency of the solid
solution phase to minimize it lattice and interface strain during the long-time sintering.
During long-time sintering, in the original solid solution phase of (CoMgNi)-oxide
composition modulation develops that helps in reducing the lattice strain by preferentially
enriching one domain by one kind of ion. However, in this process, lattice parameter of
each domain also changes, even though negligibly. The local change in lattice parameter
manifests itself as interfacial strain between different domains. In order to minimize the
interfacial strain, the compositionally modulated domains rotate with respect to one
another. Each of the compositionally modulated domains are represented by different
colours in the schematic diagram in Figure 3.9a. Their rotation in order to reduce the

interfacial strain is also observed in the schematic.
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Figure 3.9: (a) Schematic representation of the mutually rotated domains in the intergrown
helical arrangement with cubic rocksalt structure stacked along [001] direction. Possible

composition modulation in each domain is marked with different colours. (b) [2110]
orthographic projection of the hexagonal phase with 2/3" octahedral voids filled up.
Cation ordering with vacancies along [0001] is depicted.

Presence of such domains leads to the formation of fringe contrast within the mottled
regions in the bright field images (marked with arrows, Figure 3.6e and Figure 3.6g). The

width of the fringes may be directly correlated with the size of the compositionally
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modulated domains. It has been reported theoretically that such kind of helical structures
may form in oxides [35-36]. However, experimental evidence of such rotated helical
structures in multicomponent oxide has not been reported before. In the Ca and Fe ion rich
regions of the quinary oxide, after sintering at 1523 K for different lengths of time followed
by quenching, solid solution phase with cubic rocksalt structure with ~4.78 A lattice
parameter, a spinel phase with ~8.41 A lattice parameter and a hexagonal phase with a
~2.94 A, ¢ ~5.28 A lattice parameter are observed. It is evident from the electron diffraction
patterns from these phases after 10 h and 100 h of sintering that the phases grow with a
very strong orientation relationship (Figure 3.7a-b). After 10 h of sintering, the diffraction
spots (Figure 3.7a) are relatively smeared out, whereas the same diffraction spots become
quite sharply defined after 100 h of sintering (Figure 3.7b). This observation clearly
indicates that there is no change in orientation relationship among the phases, however,
enhancement in sharpness of the diffraction spots may be related to the reduction in strain
in the phases. Several orientationally related phases may be indexed from the diffraction
patterns (Figure 3.7a-b). They are marked with different colours. The d-spacings are

marked in Figure 6a and corresponding reciprocal vectors are marked in Figure 3.7b. From

the z=[2110] zone axis pattern of the hexagonal phase, superlattice reflections at 1/2[0002]
and 3/2[0002] are observed. This clearly indicates ordering in the hexagonal phase along
[0002] and the positions of the superlattice reflections ascertains that the original hexagonal

lattice is tripled along [0002] direction due to ordering. The orthographic projection of the

hexagonal lattice along [2110] direction is given in Figure 3.9b. It is observed that 2/3™ of
the octahedral voids are filled with cations and there is an ordering between the cations and
the vacancies, which leads to the origination of the superlattice reflections at 1/2[0002] and
3/2[0002]. Partial occupancy of the tetrahedral voids will also lead to ordering, however,

in that case the position of the superlattice reflections will be different. Cation and vacancy
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ordering along [0002] direction also makes sure maximum possible separation between the
cations, which in turn reduces the energy of the crystal. Development of this order in this
crystal may be seen as an attempt by the crystal to reduce its energy by maximizing the

separation between the similarly charged cations.
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Figure 3.10: (a) Schematic (202) || (422) interface between cubic rocksalt and cubic spinel
phase. The interface is coherent. (b) schematic representation of (202) || (0002) interface
between the cubic rocksalt phase with the hexagonal phase. The interface in semicoherent
with quite minimal incoherency strain. The schematic diagrams are developed from the
experimentally observed orientation relationships and the calculated crystallographic data
from the diffraction patterns.
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It is worth mentioning that existence of such charged cation pairs separated by vacancies
may lead to the formation of dipoles [25], which may originate novel properties in such
crystals with several cations in the Ilattice. It is also to be noted that a
hexagonal/rhombohedral phase was identified from the x-ray diffraction pattern of this
sample (Figure 3.1-5C), which was pointed out to be correlated with
hexagonal/rhombohedral Fe>O3 phase. It is now evident that the hexagonal phase obtained
in the Ca and Fe ion rich regions is indeed a chemical and structural derivative of
hexagonal/rhombohedral Fe;O3 phase. In both the diffraction patterns in Figure 3.7(a-b), a
strong orientation relationship is observed between the cubic solid solution phase with
rocksalt structure, cubic spinel phase and the hexagonal phase. In the cubic solid solution
phase with rocksalt structure, superlattice reflections at 1/3[220] and 2/3[220] reciprocal
lattice vectors are observed. It necessarily means that ordering takes place along <220>
directions of the rocksalt phase that triplicates the cubic lattice. The orthographic projection
of the solid solution phase with rocksalt structure (Figure 3.10a) along [111] shows that

cation order takes place along <220> directions. The cubic spinel phase is oriented with the

rocksalt phase such that [111]rs || [T11]s and (220)rs || (224)s (Rocksalt phase is represented
as ‘RS’ and spinel phase is represented as ‘S’), which necessarily means that the spinel
phase is having 30° in-plane rotation with respect to the rocksalt phase. However, ordering
in the spinel phase could not be ascertained. The interface diagram for the cubic rocksalt
phase and the spinel phase is shown in Figure 3.10a. The interface is absolutely coherent.
This orientation relationship develops in order to minimize the strain energy of the
interface. Similar coherent interfaces have been observed between rocksalt and spinel
phases before. It is worth mentioning that rocksalt phase might undergo rhombohedral
distortion and still may remain coherent with the spinel phase. In the present study, no

definite proof for rhombohedral distortion of the rocksalt phase has been observed [37].
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Similar orientation relationship is observed between the cubic rocksalt phase and the
hexagonal phase. As stated before, the orientation relationship is [2110]u || [T111]rs and

(0002) || (202)rs ; [2110]u || [T11]s and (0002)x || (422)s ( Hexagonal phase is represented
as ‘H’). From the interface diagram (Figure 3.10b), it is evident that the interface between
cubic rocksalt and the hexagonal phase is semi-coherent. Here again, the tendency of the
system to reduce its interface energy is quite evident that leads to oriented intergrowth.
Similar, orientation relationship is observed between the cubic spinel phase and the
hexagonal phase. The orientation relationship has been stated before. The interface
structure is quite similar to the interface between cubic rocksalt phase and the hexagonal
phase. It is semi-coherent in nature. In this interface structure also, the tendency of system

to reduce its interface energy is strongly evident.

3.4.3. Free energy stabilization through internal energy, strain energy and
configurational entropy

Energetics, enthalpy and configurational entropy of multicomponent materials has been
discussed since the discovery of metastable materials [38-39]. During rapid solidification
or mechanical alloying, formation of metastable phases, extension of solid solubility, bulk
metallic glasses (BMGs) or bulk amorphous alloys (BAAs) etc. were reported several
decades back [30-31]. Even though BMGs are multicomponent in nature, they are most
often not equimolar. They may be treated as dilute multicomponent alloys. Since the
discovery of BMGs, the science of glass formation and its alloy design strategies have
mostly progressed through empiricism. Presence of more than three elements with widely
different atomic sizes frustrates the crystal lattice due to the introduction of unusually large
amount of micro-strain in the lattice, that ultimately leads to the glass formation. The
structural frustration of the crystal lattice due to presence of micro-strain may be considered

as inverse Hume-Rothery rule of solid solution formation. High negative enthalpy of
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mixing among the constituent elements favours glass formation. It is famously known as
Inoue’s criteria of BMG formation. BMG forming alloys discovered so far mostly can be

explained in the light of Inoue’s criteria of BMG formation.

Multicomponent high entropy alloys (HEAs), which are of recent vintage, have also been
dealt with empiricism [10-11]. Presence of multiple elemental species in the same crystal
lattice increases the configurational entropy of the system so high that the HEAs are always
stabilized by entropy. However, over last two decades, high entropy intermetallic phases
have also been reported [27-28], where existence of order essentially will not allow the
configurational entropy to be as high as a high entropy solid solution phase. Additionally,
many of the HEAs have shown metastability in the temperature-composition space, which
necessarily makes the high entropy stabilization concept questionable [32]. Currently it is
also believed that the term HEA is a misnomer, rather it should be termed as multi-principal

element alloys (MPEAs) or complex concentrated alloys (CCAs) [9, 20].

High entropy oxides (HEOs) or high entropy ceramics (HECs) is of latest vintage and in
these materials, the configurational entropy is calculated separately for the cation and anion
sublattice before they are added together in order to assess the total entropy [18, 22]. In
HEOs/HEC:s also order may exist, which will not allow the configurational entropy to be
as high as a random multicomponent solid solution. However, the stabilization of
HEOs/HEC: is believed to be entropy driven, i. e. the total entropy of the cation and anion
sublattice is so high that the free energy of the phase is always dominated by the high
negative value of TS (T: Temperature, S: configurational entropy) term. This has given birth
to the term entropy stabilized materials (ESMs) for this class of oxides or ceramics [40]. In
the present study, a strong and well-defined tendency of the system to minimize its strain
energy has been observed. Ternary (CoMgNi)-oxide, after sintering leads to the formation

of single solid solution phase with rocksalt structure. However, upon addition of CaO, the
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quaternary (CaCoMgNi)-oxide, after sintering forms two solid solution phases with
rocksalt structure, however, with two different lattice parameters. This observation may be
explained in the light of their difference in atomic radii, introduction of micro-strain in the
lattice and the tendency of the system to reduce its micro-strain further by compositionally
separating into two different phases. In quinary equimolar (CaCoFeMgNi)-oxide, after
sintering, two compositionally segregated regions are observed in the microstructure. In
addition to that, compositionally modulated domains with in-plane and out-of-plane
rotation, leading to a helical structure is observed after long time sintering in the (CoMgNi)-
oxide solid solution phase. In the Ca and Fe ions rich regions, oriented intergrowth of the
solid solution phase, spinel phase and the hexagonal phase is observed. The interface
diagram of the three inter grown phases with strong orientation relationship shows that the
interfaces are coherent or semi-coherent in nature. In addition, APBs in the hexagonal phase
further points towards the tendency of the system to minimize its strain energy, often at the

cost of a finite reduction in configurational entropy.

Free energy change (AG) may be represented as AG = AH - TAS at constant temperature
and pressure, where the symbols have their usual meaning. Again, AH = AU + PAV, where
PAV represents mechanical energy involved in the process. In condense matter systems,
the numerical value of PAV at constant P will not be very high. However, it relates to the
strain energy and its physical manifestations are micro strain in the lattice, around the
defects and interfaces. The expression of free energy may be written as AG = AU + PAV —
TAS. Configurational entropy (AS) being always positive, the term TAS is always positive.
The mechanical energy term PAV is always positive. The internal energy (AU) is an
intrinsic property of the system. Now the trade-off between the mechanical strain energy
PAV and the entropy term TAS will determine the stability of a system in the free energy

landscape. In case of the multicomponent (CaCoFeMgNi)-oxide single solid solution phase
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formation would definitely increase the configurational entropy, however, the positive
contribution from the strain energy component would nullify the energetic advantage in the
free energy landscape. So, the multicomponent oxide compositionally segregates in order
to strike a trade-off between entropy and strain energy. Further, oriented growth of solid
solution phase, spinel phase and hexagonal phase with coherent and semi-coherent
interfaces reduces the positive contribution of the strain energy in order to achieve further
advantage in the free energy landscape. The formation of compositionally modulated
helical structures in the (CoMgNi)-oxide solid solution phase after long time sintering
proves that within the helical structures the distribution of the cations is still
macroscopically random, hence configurational entropy remains high. However,
compositional modulation and the relative rotation among the domains reduces the strain
energy. Through this arrangement, the system is able to maximize the negative contribution
of the entropy term, however, in turn it reduces the positive contribution of the strain energy
term. Thus, it is able to maximize its energetic advantage in terms of free energy. It is clearly
seen that the stability of this multicomponent oxide is a trade-off between entropy and strain
energy. Widely believed entropy stabilization in this class of materials should be thoroughly
reinvestigated in the light of the possible trade-off between entropy and strain energy. It
should be noted that in this qualitative explanation only configurational entropy has been
considered, other entropy contribution should also be taken into account in order to arrive

at a more accurate analysis of the stability of phases in this class of materials.

3.5. Conclusions

I.  Two chemically segregated regions; one enriched in Ca and Fe ions and another in
Co, Mg, Ni ions is produced in the microstructure of quinary equimolar
multicomponent (CaCoFeMgNi)-oxide upon sintering at 1523 K for different

lengths of time followed by water quenching. In the Co, Mg, Ni rich region ternary
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II.

III.

IV.

solid solution of (CoMgNi)-oxide with cubic rocksalt structure with ~4.21 A lattice
parameter is observed. In the Ca, Fe ion rich regions, three phases namely; CaO
based solid solution phase with cubic rocksalt structure with ~4.78 A lattice
parameter, a cubic spinel phase with ~8.41 A lattice parameter and a hexagonal
phase with a =2.94 A and ¢ = 5.28 A lattice parameter are observed. Ordering of

cations and vacancy takes place in the octahedral voids of the hexagonal phase.

Ternary (CoMgNi)-oxide and quaternary (CaCoMgNi)-oxide, derivative of the
original quinary equimolar multicomponent (CaCoFeMgNi)-oxide, after sintering
at 1523 K for different lengths of time followed by quenching produces the same
solid solution phases with cubic rocksalt structure as obtained in the quinary
equimolar oxide. Intermediate mechanical alloying before sintering does not alter
the phase and microstructure evolution in the quinary and its ternary and quaternary

derivative oxides.

In the (CoMgNi)-oxide solid solution phase after sintering the quinary oxide for
100 h at 1523 K followed by quenching, mutually rotated cubic domains with
rocksalt structure is observed. Chemical modulation and mutual rotation among the
domains leading to helical structure is likely to reduce lattice and interface strain

arising out of different cation radii and incoherency at the interfaces.

In the Ca and Fe ion rich regions in the quinary oxide, after sintering at 1523 K for
different lengths of time, highly oriented growth of the solid solution phase with
rocksalt structure, cubic spinel phase and hexagonal phase is observed. The
interfaces of these phases are either coherent or semi-coherent. It is due to the

tendency of the quinary oxide to reduce its strain energy of the interfaces.
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The orientation relationship of the cubic solid solution phase with rocksalt structure
with the cubic spinel phase and with the hexagonal phase are [111]rs || [111]s and
(220)rs || (224)s ; [2110]n || [T11]rs and (0002) || (202)rs ; and [2110]w || [T11]s

and (0002)x || (422)s (RS: Rocksalt, S: Spinel; H: Hexagonal phase).

Extensive compound deformation twins with s = (2110), K; = (0002), n1= [0110],

K> = [1010] and n2 = [0111] as twin variants are observed along with anti-phase
boundaries (APBs) in the hexagonal phase. Ordering and twinning in the hexagonal

phase takes place in a bid to relax its lattice strain.

Configurational entropy is not the sole stabilizing factor in the quinary oxide. It is
a trade-off between the configurational entropy and the strain energy that stabilises

the phases by minimizing its free energy.
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4.1. Introduction

High entropy materials/ceramics (HEMs/HECs) [1-2] have emerged over the last decade
as a potential candidate for catalysis, electrochemical energy conversion and storage [3-7].
High entropy oxides (HEOs) [8-9] are one of the important members in the family of
HEMSs/HECs. They differ from high entropy alloys (HEAs) [10-11], as in case of
HECs/HEOs, there are distinct sublattices for cations and anions [12-14]. The entropy of
the materials may be made high either by the substitution of cations or anions or both in
their respective sublattices in equimolar or near equimolar proportions [15]. As a result, the
calculation of total entropy is also done separately for cation and anion sublattice for
HEOs/HEC:. It is also believed that little difference in the ionic sizes coupled with negative
enthalpy of mixing and isostructuralism of most of the precursors are promoting factors for
synthesis of stable, single-phase HEOs/HECs [16]. Presence of multiple ions in the cation
or anion sublattice makes the configurational entropy so high that this class of materials are
always stabilized by entropy, which has led to the derivation of their new name as entropy

stabilized materials (ESMs) [12].

(CoCuMgNiZn) high entropy oxide is the first known ESO in this class, which is stabilized
in a cubic rocksalt structure [12, 17]. A good volume of data has been reported on the
synthesis and functional properties of this ESO [18-20]. However, its mechanism of
entropic stabilization, distribution of cations, stability in the time-temperature space and
tailoring of novel properties upon further substitution has received relatively less attention
[13, 15, 21-22]. An atomistic picture that combines its structure, stability and properties is

still missing.

The present work has been taken up to synthesize single-phase ESO in equimolar
(CoCuMgNiZn) system and study its local structure, chemistry and stability in the time-

temperature space so that the atomic scale mechanisms behind the evolution of novel
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properties may be deciphered and tailored further. It is observed that the ESO forms a cubic
rocksalt structure globally. However, there are modulated domains within the structure and
there is a definite tendency of the ESO to minimize its volumetric, lattice and interfacial
strain through the formation of tweeds, domains and inter-growth of structurally correlated

phases, which is presented in the subsequent sections of the communication.

4.2. Materials & methods

Multicomponent, equimolar (CoCuMgNiZn) entropy stabilized oxide has been prepared
through solid state synthesis route pertaining to the ease of materials handling and
probability of success. High purity metal oxide; Co(I, II1)O (>99.8 at%), CuO (>99.9 at%),
MgO (>99.95 at%), NiO (>99.9 at%) and ZnO (>99.95 at%) were procured from either
Sigma Aldrich or Alfa Aesar. Metal oxides in stoichiometric proportions were mixed
thoroughly in a mortar and pestle. The mixed powder was compacted in a uniaxial hydraulic
press with 4T load to form the green compacted pellets of ~12 mm diameter and ~4-5 mm
thickness. The green compacted pellets were sintered in a high temperature tube furnace in
air to obtain the entropy stabilized (CoCuMgNiZn) oxide. In order to maintain perfect
stoichiometry and avoid contamination, a number of green compacted pellets were
vertically stacked in a platinum crucible with the lid on. The sintered pellet from the center
of the stack, in all the heat treatments, was taken for further studies. Four different heat
treatment schedules for sintering the green compacted pellets to form the entropy stabilized
(CoCuMgNiZn) oxide was followed. Those are; sintering at 1323 K for 10 h followed water
quenching, sintering at 1323 K for 100 h followed by water quenching, sintering at 1323 K
for 10 h followed by furnace cooling to room temperature at ~3 °C/min and sintering at

1323 K for 10 h followed by ageing at 723 K for 120 h and subsequent water quenching.

Phase evolution in the sintered samples in pellet and powder form were studied by x-ray

diffraction (XRD) in a Malvern Panalytical Empyrean high-resolution x-ray diffractometer
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with Cu-K, (A= 1.54 A) and Co-K, (A= 1.79 A) radiation. The diffractometer was operated
at 40 kV operating voltage with 40 mA tube current. Prior to the x-ray diffraction
experiments of the pellets, both sides of the pellet were polished in a conventional way.
Microstructure and chemistry of the sintered pellets were studied in a FEI Quanta 200F
scanning electron microscope (SEM) operated with an accelerating voltage of 30 kV. For
SEM studies the sintered, aged and quenched pellets were metallographically polished and
ultrasonicated in ethanol. X-ray energy dispersive spectroscopy (XEDS) mapping of the
samples was done at the regions of interest in order to understand the distribution of the
ions. The sintered, aged and quenched samples of the entropy stabilized (CoCuMgNiZn)
oxide were studied in a FEI Tecnai G2 T20 transmission electron microscope (TEM) under
200 kV accelerating voltage. For TEM observation, the sintered, aged and quenched
samples were cut into thin slices by using a low-speed diamond saw, then they were
polished to a minimal thickness of ~100 um, dimple ground to ~30 um and then they were

thinned to electron transparency by PIPS II Gatan ion mill.

The simulation of x-ray diffraction patterns was done by indigenously developed code and
JEMS software was used for simulation of electron diffraction patterns. VESTA software

was used for development of crystal structure models.
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4.3. Results

X-ray diffraction (XRD) patterns with Co-K, (A= 1.79 A) radiation from the
(CoCuMgNiZn) entropy stabilized oxide (ESO) after sintering at 1323 K for 10 h followed
by water quenching are given in Figure 4.1a. The XRD pattern (in pink) from the sintered
quenched pellet shows sharp 111, 200, 220, 311 and 222 peaks corresponding to a rocksalt
structure with a~4.24 A lattice parameter. The sharp diffraction peaks are indicative of
strain free grains with large grain size. In this diffraction pattern shouldering of the 220,
311 and 222 peaks can be observed. Shouldering of the peaks in an ESO with exactly
similar composition has been observed before, which has been attributed to the diffraction
by Kan radiation of the target material [17]. However, it could be due to the introduction of
tetragonality in the otherwise (CoCuMgNiZn) ESO with cubic rocksalt structure or local
modulation in the d-spacings in the crystal. It has also been investigated with electron
diffraction and will be discussed later in this communication. The XRD pattern (in blue)
from the sintered, quenched (1323 K for 10 h) and powdered sample shows similar
diffraction peaks with minor right shift, which can be indexed to a rocksalt phase with
a~4.23 A lattice parameter. In this sample, the diffraction peaks are quite sharp indicative
of large strain free crystals in the microstructure. In this diffraction pattern also shouldering
of the peaks at higher angle could be observed. In comparison to the diffraction pattern
from the pellet (in pink), the diffraction peaks from the powder sample are relatively broad.
Additionally, a reversal in the total integrated intensity of 111 and 200 peaks in the pellet
and the powder sample is easily discerned. In the pellet (in pink), the total integrated
intensity of the 111 peak is ~1.17 times of that of the 200 peak. However, the total integrated

intensity of the 111 peak in the powder sample (in blue) is ~0.81 times of the 200 peak.
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Figure 4.1: (a) X-ray diffraction (XRD) patterns of (CoCuMgNiZn) ESO after sintering at
1323 K for 10 h followed by water quenching. The diffraction pattern in pink is from the
sintered and quenched pellet and the pattern in blue is from its crushed powder. (b)
Deconvolution of the XRD peaks from the crushed powder and (c) deconvolution of the
XRD peaks from the pellet. Deconvoluted peaks can be matched with CoO, MgO and NiO.
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The ideal intensity ratio of 111 and 200 diffraction peak from a typical rocksalt structure
should be ~0.15-0.68 (as obtained from simulation and reported JCPDS data cards), which
is closely observed in the powder. In fact, it is worth mentioning that none of the intensity
ratios in the diffraction pattern from the pellet and the powder match with the ideal intensity
ratios for a cubic rocksalt structure. The reversal in intensity in case of the pellet may be
attributed to the development of a weak surface texture. It is also reported that in this ESO,
reversal of intensity may appear due to the distortion in the structure induced by Jahn-Teller
distortion and processing history [23, 24]. The departure of the diffraction patterns from
the ideal diffraction pattern of a cubic rocksalt structure is indicative of the presence finer

structural modulations, which is worth probing further.

In order to probe the presence of finer structural details in the sintered and quenched (1323
K for 10 h) (CoCuMgNiZn) ESO, all the XRD peaks from the powder and the pellet have
been deconvoluted (Figure 4.1(b-c)) and each of the deconvoluted peaks has been matched
against individual oxide precursors used for the synthesis of the ESO. The XRD peaks from
the powder sample (Figure 4.1b) are relatively broad with several discontinuities. All the
diffraction peaks may be deconvoluted to several major and minor peaks with the left most
one (blue), middle one (red) and right most one (yellow) matching with CoO, MgO and
NiO respectively. Similar trend is observed in the XRD peaks from the pellet sample. The
XRD peaks from the pellet may be deconvoluted (Figure 4.1c) to three major peaks; the
left most (blue), middle (red) and right most (yellow) may be indexed with the
corresponding d-spacings of CoO, MgO and NiO respectively. Deconvolution of the XRD
peaks and its similarity with the corresponding d-spacings of the pure precursor oxides
hints at local composition variation that may exist in this otherwise cubic rocksalt based
ESO. It may further be inferred that local modulation of the structure, caused by local

composition variation, is very much akin to the rocksalt structures of CoO, MgO and NiO.
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Copper and zinc ions are incorporated into the local structure. Introduction of copper and
zinc may further introduce distortion and Jahn-Teller effect, which is manifested by the

presence of shouldering and non-ideal intensity distribution in the XRD pattern.

XRD patterns of the (CoCuMgNiZn) ESO pellet after sintering at 1323 K for 10 h followed
by water quench, sintering at 1323 K for 100 h followed by water quench and
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Figure 4.2: (a) X-ray diffraction patterns (XRD) of (CoCuMgNiZn) ESO pellet after
sintering at 1323 K for 10 h followed by water quenching (red), after sintering at 1323 K
for 100 h followed by water quenching (pink) and after sintering at 1323 K for 10 h followed
by furnace cooling (brown). (b) Superimposition of XRD peaks after three different thermal
treatments. Long h of exposure at high temperature leads to a systematic left shift coupled
with broadening and reduction in total integrated intensity.

sintering at 1323 K for 10 h followed by furnace cooling at ~3°C/min are given in Figure
4.2a. The x-ray diffraction experiments were conducted by Cu-K, radiation (Acu ko = 1.54
A). All the diffraction patterns may be indexed with cubic rocksalt structure with subtle
differences. In the diffraction pattern from the pellet after sintering at 1323 K for 10 h sharp
peaks with clear shouldering in the higher angle peaks could be observed. However, in the
diffraction patterns, after sintering for 100 h followed by water quenching and sintering for

10 h followed by furnace cooling, shouldering is not clearly visible and the diffraction
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peaks have broadened instead. Broadening of the diffraction peaks after longer h of
sintering and after furnace cooling is counter-intuitive as longer h of exposure at high
temperature should release the strain in the sample and corresponding grain growth should
result in sharpening of the peaks. In order to rationalize this observation, the diffraction
peaks after three heat treatment cycles are superimposed (Figure 4.2b). It is observed that
for samples after sintering at 1323 K for 10 h the diffraction peaks (in red) are the most
intense ones. After sintering at 1323 K for 10 h followed by furnace cooling there is no
shift in peak position (in brown), however there is a broadening induced reduction in the
peak intensity. This observation indicates that longer h of exposure at high temperature
results in more variation in the d-spacings of the same crystal structure, which is intuitively
indicative of a local fine scale composition modulation that is likely to induce a change in
the structure parameters of the crystal. It will be probed further in the later sections of the
communication. A clear left shift in the peak positions along with broadening induced
reduction in total intensity of the peaks (in pink) is observed after sintering the ESO at 1323
K for 100 h. Broadening of the peaks with associated reduction in the total intensity may
be explained by the local fine scale composition modulation induced structural changes
leading to a wider variation in the d-spacings. However, the left shift of the peaks indicates
an additional increase in the average cell parameter and the cell volume. Increase in average
cell parameter and its volume may be directly correlated with reduction in the volumetric
strain in the crystal as the increase in the crystal volume necessarily means increase in size
of the octahedral voids and easier accommodation of the cations in there in an ideal rocksalt
structure. It will be discussed further and will be associated with the stabilization of the

ESO in later part of the communication.
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Figure 4.3: Scanning electron microscope (SEM) image and XEDS chemical maps of Co,
Cu, Mg, Ni, Zn and the composite map of (CoCuMgNiZn) ESO pellet after (a) sintering at

1323 K for 10 h and (b) 1323 K for 100 h followed by water quenching. Fine scale

segregation of Cu and Mg ions is evident in the maps. It is marked with arrows and
delineated with dotted boundaries.

Secondary electron image and X-ray energy dispersive spectroscopy (XEDS) maps of all
the ions in the (CoCuMgNiZn) ESO after sintering at 1323 K for 10 h and 100 h are given
in Figure 4.3(a-b) respectively. In the secondary electron image of the ESO after sintering
at 1323 K for 10 h (Figure 4.3a), uniformly sintered grains with varying grain sizes is
observed. In the image, a few scattered pores and microcracks (marked with arrows) are
also observed. In the XEDS maps, Co, Ni and Zn ions are uniformly distributed. However,
local segregation of Cu and Mg is easily discerned (marked with arrows). The Cu ion
enriched regions are depleted in Mg ions and vice versa. In the composite map of all the
ions, clearly delineated colour distribution indicates that microscale chemical segregation
of Cu and Mg takes place after 10 h of sintering at 1323 K in this ESO. (CoCuMgNiZn)

ESO has been reported to form chemically homogeneous single phase [12, 17]. However,
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microscale chemical segregation is clearly evident in this system. The same ESO after
sintering at 1323 K for 100 h (Figure 4.3b) continues to maintain the grainy morphology
with a wide variation in grain size. In the XEDS maps, a fairly uniform distribution of Co,
Ni and Zn ions can be readily discerned over a large scale. However, there are isolated
regions (marked with arrows) where Cu and Mg ions are preferentially segregated at sub-
micron length scales. In the composite map, sub-grain boundaries have been delineated,
where sub-grains preferentially enriched in Cu or Mg ions are observed. This observation,
contrary to published literature reports [12, 17], proves that chemical segregation takes
place in this ESO and the segregated regions grow in size with the time of sintering.

However, the kinetics of chemical segregation and grain growth appears to be quite

sluggish.

Figure 4.4: Sintered and quenched equimolar quinary (CoCuMgNiZn)ESO exhibiting (a)
Polycrystalline electron diffraction pattern with spotty rings which can be indexed to a
FCC phase with a~4.23 A lattice parameter whereas (b) and (c) are the corresponding BF-
DF pair showing nano-crystallites of the rocksalt phase. It was recorded from the periphery
of the sample after ion-milling, making it necessary to revisit and optimize the electron
thinning parameters to avoid such process-induced particle size refinement.
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Selected area electron diffraction pattern with its corresponding bright field and
complimentary dark field images of the sintered and quenched (CoCuMgniZn) ESO is
shown in Figure 4.4(a-c). The diffraction pattern brings out the polycrystalline nature of
the ESO, which shows concentric spotty rings that may be indexed to a FCC structure with
a~4.2 A (marked in Figure 4.4a). The intensity line profile when plotted along the radius of
the circles, gives rise to all the allowed reflections of the cubic rocksalt phase.
Corresponding BF/DF pair shows the presence of nano-crystallites of the rocksalt phase,
which undergoes reversal of contrast from dark spots in BF to illuminated bright spots in
the complimentary DF image (marked with arrows in Figure 4.4b-c). However, in order to
probe single-crystal diffraction patterns for further insights, the ion-milling parameters

were optimized to reduce such process-induced particle size refinement.

Bright field TEM images and selected area electron diffraction patterns from different zone
axes of the (CoCuMgNiZn) ESO after sintering at 1323 K for 10 h followed by water
quenching are given in Figure 4.5(a-f). The electron diffraction patterns (Figure 4.5(a-d))
may be indexed to a cubic rocksalt structure with a~4.22 A, which is in agreement with the
lattice parameter value as obtained from the XRD patterns. Some of the diffraction spots
are diffused, streaked and occasionally a shape is observed (marked by dotted circles in
Figure 4.5(a-d)). In the bright field image (Figure 4.5¢) large faceted grains with fringe
contrast at the grain boundaries is observed. However, within the grain a tweed like contrast
is observed, which is not expected in single-phase materials with uniform chemistry. Higher
magnification image (Figure 4.5f) of the grain body shows an inter-weaved pattern. The
size of the inter-weaved regions is ~5-15 nm. However, there are regions in the grain body,
which are free from such tweed-like structures. It is marked with a faceted boundary
structure. The tweeds are wavy and the tweed boundaries are not perpendicular to one

another (Figure 4.5f).
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Figure 4.5: (a-d) Electron diffraction patterns of (CoCuMgNiZn) ESO after sintering at
1323 K for 10 h followed by water quenching. The electron diffraction patterns are from
(a) z=[012], (b) z=[114], (c) z=[123], (d) z=[112]. In the bright field image in (e) tweed
contrast within the grain body and fringe contrast at the grain boundaries is observed. (f)
Magnified image of the region marked with dotted square in (e). Tweed free region is
marked with yellow lines.
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The origin of this inter-woven tweed morphology could be due to the oriented growth of
polymorphically related structures within the same grain with or without any modulation
in chemistry. However, in the secondary electron images and in the XEDS chemical maps,
fine scale chemical segregation has been observed (Figure 4.3). It is expected that the tweed
morphology evolves out of a fine scale chemical modulation induced polymorphic
transformations within the grain body. It requires further investigation and it will be

reported in subsequent sections of the communication.

Selected area electron diffraction pattern from one large and faceted grain of
(CoCuMgNiZn) ESO after sintering at 1323 K for 10 h followed by water quenching may
be indexed to a [100] zone axis pattern of a cubic rock
salt structure with a~4.22 A lattice parameter (Figure 4.6a). However, there are finer details
in the pattern, e. g. 020 type spots are streaked along two almost perpendicular directions
and there is diffuseness around the spots. The 022 type of spots show intensity modulation
along two almost perpendicular directions and there is diffused streaking around it (Figure
4.6a inset). Intensity modulation leading to a particular shape of the diffraction spots and
diffused streaking clearly indicates local modulation in d-spacings in the crystal. In order
to rationalize the observation, extreme ends of the intensity modulations are joined together
with dotted coloured lines (Figure 4.6a), which bring out the [100] zone axis symmetry
shapes of a cubic rocksalt structure, however mutually rotated with respect to one another.
Individual differently coloured [100] zone axis symmetry shapes are given in Figure 4.7a.
The symmetry shapes may be divided into two sets (blue, pink form one set and green,
yellow form another set), in each set the symmetry shapes are rotated in opposite sense,
however by varying degrees. From each of these symmetry shapes, when 002 and 020 type
vectors are plotted (Figure 4.7b), it appears that the magnitude of ratio of 002 and 020

vectors for the blue and pink pair is ~1, however the same ratio is ~1.02 for the green and
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yellow pair. This definitely indicates that there could be local composition modulation
induced distortions in the crystal. To support this point further the angular relationships
between the 002 and 020 type vectors have been looked at and it has been found to be not

exactly 90°.

Figure 4.6: (a-d): Electron diffraction patterns, bright and dark field images of
(CoCuMgNiZn) ESO after sintering at 1323 K for 10 h followed by water quenching. The

diffraction pattern in (a) corresponds to z=[100] zone axis pattern of a cubic rocksalt

structure. Diffused scattering, streaking and shape evolution (inset) of 022 type spot is
observed. Extreme ends of the modulated spots are joined together to reveal the mutually
rotated symmetry shapes. In the dark field image in (b) mutually intersecting non-
orthogonal tweeds are observed. The electron diffraction pattern in (c) is from z=[011]
zone axis of the same grain, where streaking and diffused intensity of the spots is observed.
The bright field image in (d) shows the inter-penetrating tweeds.
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This further indicates that local composition fluctuation induced non-cubic distortions take
place in the crystal, and that in turn leads to shape evolution in the diffracted spots. The
size of the modulated domains is so small that it gives birth to streaking in perpendicular
directions. The structure of this phase largely remains to be cubic rocksalt globally, when
such fine details in the diffraction pattern are ignored. However, such fine scale
modulations are definitely present in the crystal and they manifest themselves in terms of
shape evolution of the diffracted spots. When individual and differently coloured [100]
symmetry shapes with their relative rotation and distortion are superimposed (Figure 4.7c¢),
it gives rise to the experimentally observed diffraction pattern in Figure 4.6a. It is worth
noting at this point that, such kind of composition modulation may not be detected by high
resolution chemical mapping as chemically modulated domains are randomly distributed
in the crystal and even fine probe techniques will not be able to detect the small variations

in local chemistry within the individual domains due to the finite thickness of the crystal.

Dark field TEM image from the grain body (Figure 4.6b) with the 020 spot in the diffraction
pattern in Figure 4.6a clearly brings out the tweed contrast in the grain interior. The
individual tweeds are wavy but continuous and they do not intersect each other in exactly
perpendicular orientation (marked by the traces in Figure 4.6b). This perfectly corroborates
the experimentally observed diffraction pattern (Figure 4.6a) and its theoretical
interpretation (Figure 4.7). Selected area electron diffraction pattern from the same grain
along [011] zone axis (Figure 4.6c) exhibits similar shape evolution and streaking of 200,
022 and 222 type of spots. Similar wavy and mutually intersecting tweeds are observed in
the bright field image (Figure 4.6d). Similar and mutually corroborating evidence in real
and reciprocal space from two different major zone axis directions of the same grain
definitely proves local composition modulation and distortion in the crystal after sintering

and quenching.
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Figure 4.7: (a) Mutually rotated symmetry shapes as obtained from the electron diffraction
pattern in Figure 5(a). The symmetry shapes may be separated into two groups with mutual
relative rotation and with different c/a ratios. (b) Principal vectors from the symmetry
shapes in (a) are plotted to reveal their relative rotation. (c) Mutually rotated symmetry
shapes in (a) are superimposed to schematically generate the electron diffraction pattern
in Figure 5(a).

Selected area electron diffraction patterns and corresponding bright field images from a
different region of the (CoCuMgNiZn) ESO after sintering at 1323 K for 10 h followed by
water quenching are given in Figure 4.8(a-d). The diffraction pattern in Figure 4.8a, may
be indexed to a [100] zone axis pattern of a cubic rocksalt structure with a~4.23 A lattice

parameter, which is exactly similar to the lattice parameter as obtained from the XRD

studies. However, in the diffraction pattern, the 002 type of spots are elongated and the 220
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type of spots are arced with a definite intensity modulation. The two extreme ends of the
arced reflections are connected by dotted cyan and yellow lines, which bring out two
mutually rotated symmetry shapes of [100] zone axis of a cubic rocksalt structure. Similar
such symmetry shapes may be generated by connecting all the in between spots of the arced
220 type of reflections. It may be inferred from this observation that several cubic domains
with mutual in-plane rotation gives birth to such arced reflection in the diffraction pattern.
In the corresponding bright field image (Figure 4.8b) mottled contrast with parallel linear
fringes (marked with arrows) may be observed. Combined observation of arcing in the
diffraction pattern (Figure 4.8a) and mottled contrast with linear fringes in the bright field
image (Figure 4.8b) corroborates to the fact that several mutually rotated domains exist in

the grain. In order to reduce the interfacial strain, the domains rotate with respect to one

another. Selected area diffraction pattern from the same grain but along [112] zone axis
(Figure 4.8c) exhibits similar elongation and arcing of the diffraction spots with definite

intensity modulation. When the extreme ends of the arced spots are connected together by

dotted cyan and yellow lines, mutually rotated symmetry shapes of [ 112] axis are observed.
In the corresponding bright field image (Figure 4.8d) mottled contrast with linear fringes
is observed. It further reinforces the fact that mutually rotated cubic domains do exist in the
ESO. As arcing is observed from two not mutually perpendicular zone axes, it is confirmed
that the domains are having both in-plane and out-of-plane rotation. It arises out of the
tendency of the material to reduce strain, which will be elucidated further in the discussion

section.
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Figure 4.8: (a-d): Electron diffraction patterns and TEM bright field images of
(CoCuMgNiZn) ESO after sintering at 1323 K for 10 h followed by water quenching. Arcing

in (a) z=[100] and (c) z=[112] electron diffraction patterns is associated with the mutual
in-plane and out-of-plane rotation of domains. Intensity modulated arcs in each of the
diffraction patterns are connected with dotted lines to reveal the symmetry shapes of the
corresponding zone axes. Fringe contrast is observed in corresponding bright field images
in (b) and (d). The fringes are marked with arrows.

XRD pattern of the (CoCuMgNiZn) ESO powder after sintering at 1323 K for 10 h
followed by water quenching (in red) and the same powder after sintering at 1323 K for 10
h followed by ageing at 723 K for 120 h followed by water quenching (in blue) are given

in Figure 4.9. The x-ray diffraction experiments were conducted by Co-K,, radiation (Aco ke

=1.79 A). As observed previously, in the XRD pattern of the sintered and quenched ESO
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powder the diffraction peaks are sharp and they may be indexed to a cubic rocksalt structure
with a~4.23 A lattice parameter. Minor shouldering is observed in the diffraction peaks,
which may be attributed to local composition modulation induced variation of d-spacings
or introduction of tetragonality in the crystal. The ratio of the integrated intensity of 111
and 200 peaks is ~0.81, which is close to the ideal value. In the XRD pattern of the same
ESO powder after ageing at 723 K for 120 h, similar peaks corresponding to a cubic rocksalt
structure are observed. However, the peaks are broad, which is counter intuitive. The
broadening of the peaks may be attributed to the development of a wider variation in d-
spacings in the crystal upon ageing. It has been investigated further by electron diffraction
and diffraction contrast imaging. After ageing the sample, reversal of 111 and 200 peak
intensities is observed. The integrated intensity ratio of 111 and 200 peak after ageing the
ESO turns out to be ~1.83. Reversal in intensity ratio in ESOs has been attributed to the
processing history and active interplay of Jahn-Teller distortion [23]. The microstructural

effect of this has been investigated by diffraction contrast imaging.

Selected area electron diffraction pattern from [100] zone axis of the (CoCuMgNiZn) ESO
after sintering at 1323 K for 10 h followed by ageing at 723 K for 120 h and water
quenching (Figure 4.10a) shows spot splitting and asymmetric diffused scattering. Spot
splitting and diffused scattering clearly indicates the formation of structurally related
domains with possible minor rotation among them. The diffraction pattern may be indexed
as a whole to a cubic rocksalt structure with a~4.23 4 lattice parameter. However, it is not
possible to determine the variation in crystal structure and lattice parameter of individual
domains with accuracy. In the corresponding bright field image (Figure 4.10b)
interpenetrating boundaries leading to a domain-like structure are observed. In the higher
magnification image of the same area (Figure 4.10c) almost square domains of ~15-25 nm

size are observed.
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Figure 4.9: XRD patterns of (CoCuMgNiZn) ESO after sintering at 1323 K for 10 h
followed by water quenching (in red) and after sintering at 1323 K for 10 h followed by

ageing at 723 K for 120 h followed by water quenching (in blue). Anomalous intensity
distribution and broadening of diffraction peaks after ageing is evident in the ESO.

The domain boundaries are thick and appearance of o-fringes at the boundaries indicates
that the domain walls are tilted with respect to the electron beam. The domains are formed
after ageing and they grow to a size of ~15-25 nm after 120 h of holding, which clearly
indicates that the growth kinetics of such domains is quite sluggish. In the dark field image
(Figure 4.10d) with 020 spot lights up some of the boundaries. The domain wall boundaries
are likely to be a variant of 020 type of planes. The growth of such domain walls, its
implication on the stability of the single cubic rocksalt phase of this ESO will be discussed

in the discussion section.
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Figure 4.10: (a) z=[100] electron diffraction pattern, TEM (b-c) bright field images and
(d) dark field image of (CoCuMgNiZn) ESO after sintering at 1323 K for 10 h, subsequent
ageing at 723 K for 120 h followed by water quenching. In the diffraction pattern in (a),
asymmetrical diffused streaking of spots, splitting of spots is observed. In the bright field
images (b-c) domain like structure with domain wall boundaries are observed. The domain
wall boundaries are lightened up in the dark field image in (d) with g=020 diffraction spot.
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Selected area electron diffraction pattern from a different region of the (CoCuMgNiZn)
ESO after sintering at 1323 K for 10 h followed by ageing at 723 K for 120 h and water
quenching is given in Figure 4.11(a-b). Both the diffraction patterns in Figure 4.11 are one
and the same, however, one is inverted with respect to the other. In the diffraction pattern,
modulation of intensity of the spots with occasional diffuseness is observed. All the
principal reflections, their corresponding d-spacings, angular relations and the ratio of the
principal vectors are given in Figure 4.11a. The diffraction pattern cannot be indexed
consistently only with a cubic rocksalt phase with disordered cation distribution. The
reflections connected with green dotted lines in the shape of a distorted hexagon
corresponds to the [011] zone axis pattern of a cubic rocksalt phase with a~4.22 A4 lattice
parameter. In that case, the rocksalt phase is ordered along [200] and [022] type of
directions. However, extra diffused intensity of 200 and 022 type of spots indicates that

there is a likelihood of another correlated phase being present. The reflections connected

with dotted yellow line in the form of a rectangle may be indexed to [112] zone axis pattern
of a cubic spinel phase with a~8.15 A lattice parameter. In that situation, there is a specific

orientation relationship between the cubic rocksalt phase and the cubic spinel phase with
random cation distribution. The orientation relationships are [112]spinel || [011]Rocksaie and

[220]spinet || [022]rocksatt- There is a possibility that the cubic rocksalt phase is ordered and/or
cubic spinel phase has grown locally with a specific orientation relationship with the
rocksalt phase. The structural and thermodynamic implication of such observation will be

discussed in the discussion section.
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Z=[011]

Figure 4.11: (a-b) Electron diffraction patterns from a different region of (CoCuMgNiZn)
ESO after sintering at 1323 K for 10 h, subsequent ageing at 723 K for 120 h followed by
water quenching. The diffraction pattern in (a) is inverted with respect to the diffraction
pattern in (b). The patterns may be indexed with co-existent rocksalt phase and a spinel
phase with a definite orientation relationship. The d-spacings, angular relationships and
ratio of principal vectors are marked in (a). In (b) the diffraction spots corresponding to a
rocksalt phase and a spinel phase are marked with different colours. The diffraction spots
are connected with differently coloured dotted lines to bring out the zone axes symmetry
shapes.

4.4. Discussion

Equimolar (CoCuMgNiZn) ESO is the first ever reported high entropy oxide in this class
of new engineering materials, which is known to be stable in single phase rocksalt structure
with random cation distribution and uniform chemistry [12]. The novel properties of this
class of materials are sensitive to the structure and chemistry at the atomic scale [17, 25].
The properties have been explored with a general assumption that the structure and
chemistry is uniform with absolutely random cation distribution. In the present study, the
ESO has been systematically explored by XRD and electron microscopy in order to revisit
its stability in the temperature-composition space. The evidences, when jotted down
together, brings out a unified picture that clearly indicates the presence of very small

structural domains with subtle variation of chemistry and oriented intergrowth of phases. It
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may be directly related to the thermodynamic stability, kinetics of evolution of the

microstructure, which will be discussed in the following sections.

4.4.1. Single phase and uniform chemistry of (CoCuMgNiZn) ESO

Over the last decade several high entropy oxides with multiple cation or anion disordering
in their respective sublattices have been reported in literature [1-2, 26]. Single phase cubic
rocksalt structure with uniform chemistry in (CoCuMgNiZn) ESO was the first ever high
entropy oxide synthesized and characterized that initiated the excitement in this field [12].
Through XRD studies, the cubic rocksalt phase in this ESO has been reported. The
shouldering or splitting that is observed in the XRD pattern has been attributed to the
diffraction of Cu-Kqr and Cu-Kgi radiation [17]. In the present study, (CoCuMgNiZn) ESO
after sintering at 1323 K for 10 h in pellet and powder form has been characterized by XRD
with Co-K, radiation. The diffraction pattern (Figure 4.1a) may be indexed to a cubic
rocksalt structure with a~4.24 A lattice parameter. The shouldering may be attributed to the
diffraction by Co-Kq and Co-Kgn radiations. However, similar shouldering or splitting may
also arise due to polymorphic transformation or local variation of chemistry. In order to
explore the possibility of diffraction by Co-Ka and Co-Kgi radiations, experimentally
observed split between the peaks has been compared with the theoretically expected split
between the peaks, which is given in Table 4.1. It is consistently observed for all allowable
reflections that the experimentally observed split between the peaks is ~1.5-2.0 times
higher than the theoretically expected separation between the peaks. Similar experiments
have been done for the same ESO after sintering at 1323 K for 10 h, 100 h followed by
water quenching and sintering at the same temperature followed by furnace cooling.
However, for these samples, XRD experiments have been done with Cu-K, radiation. In
conformity with the earlier publications [17], shouldering and peak splitting is observed in

these experiments also (Figure 4.2). However, the experimentally observed split between
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the peaks is consistently ~1.5-2.5 times higher than the theoretically expected split due to
the diffraction by Cu-Ka and Cu-Kgn radiations (Table 4.1). It may be concluded from this
experimental observation and theoretical calculation that the shouldering and splitting in
the XRD pattern is not likely due to the diffraction either by Co-K, or Cu-K, doublets. The
possibility of local polymorphic transformation with or without associated local modulation

of chemistry should be explored.

Table 4.1: Theoretically calculated peak positions, the expected separation between Ko
and K peaks and their relative comparison with the experimentally observed split
between the peaks in (CoCuMgNiZn) ESO. The values are truncated after 3" place of
decimal without approximation.

Mo Kar = 1.789 A, Aco ka1 = 1.792 A; Acu ka1 = 1.541 A, hcu ka1 = 1.544 A
Plane d-spacing (A) 208 (°) 208 (°) 2A6g (°)

CoKy CuKy CoKuy CuKg CoKar CuKan Experimental Theoretical

(111) 2.445 2447 42919 36.623 42995 36.745 0.107 0.122 0.076

(2000 2.117 212 49988 42.551 50.078 42.761 0.129 021  0.090

(220) 1.497 1.497 73386 61.825 73.530 62.065 0202 0.24 0.144

311) 1277 1276 88.930 74.082 89.118 74.365 0.261 0.283 0.188

(222) 1.223 1.222 94.008 77.966 94213 78.291 0.284 0.325 0.205

There are several indirect evidences in the XRD patterns of the ESO after different types
of thermal treatments that polymorphic transformation associated with local compositional
modulations leads to the broadening, shouldering and splitting of peaks with non-ideal
intensity ratio. In the XRD pattern with Co-K, radiation of the pellet and the powder of

(CoCuMgNiZn) ESO after sintering at 1323 K for 10 h followed by water quenching, non-
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ideal intensity ratio has been observed (Figure 4.1a). Similar non-ideal intensity ratio with
Cu-K, radiation has been observed in the same ESO after different thermal treatments
(Figure 4.2 and Figure 4.9). In earlier literature departure from ideal intensity ratio of the
diffraction peaks has been attributed to the thermal history of the ESO along with Jahn-

Teller distortion induced changes in the structure [23-24].

In the present study, in the SEM-XEDS maps (Figure 4.3) local variation of chemistry
associated with the enriched and depleted regions of Mg and Cu has been observed. This
further reinforces the idea of local polymorphic transformations with associated chemical
modulation in this ESO. The XRD peaks of ESO after sintering at 1323 K for 10 h followed
by water quenching (Figure 4.1(b-c)) may be deconvoluted to a number of peaks, which
resemble after the d-spacings of the precursor oxides. Similar observation holds good for
all other XRD patterns of the ESO with different thermal history. Moreover, longer h of
exposure at high temperature (Figure 4.2 and Figure 4.9) leads to the reduction in total
integrated intensity of the XRD peaks along with broadening. This observation is counter
intuitive so far grain growth and stress relaxation in the grains is concerned. However, it
definitely points to the formation of local structural domains with or without variation in
chemistry. This statement may further be supported by the observation of tweeds within the
grain body of the ESO along with shape evolution and diffused streaking of the diffraction

spots (Figure 4.5 and Figure 4.6).

4.4.2. Structural modulation induced tweed formation and strain

minimization

In the bright field images of the ESO, after sintering at 1323 K for 10 h, tweed formation
within the grain body is observed. The tweeds are discontinuous that form ~5-15 nm

domains (Figure 4.5). The corresponding electron diffraction patterns conform to a cubic
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rocksalt structure with a~4.23 A lattice parameter. However, diffused intensity around the
spots with diffused streaking, spot splitting and evolution of shapes with modulation of
intensity may be observed (Figure 4.6). When the extreme ends of the intensity modulated
diffraction spots are connected with dotted lines, approximately [100] zone axis symmetry
shapes of a cubic rocksalt structure are observed (Figure 4.6a). It may further be deduced
that the symmetry shapes belong to two groups with different c¢/a ratios, which are rotated
with respect to one another (Figure 4.7a). Experimentally observed diffraction pattern in
Figure 4.6a may be generated schematically by superimposing the symmetry shapes in
Figure 4.7a. Combined observation of this diffraction pattern along with tweed formation
within the grain body clearly indicates the formation of local structural domains within the
ESO. Structural domains may be associated with local variation of chemistry. However, it
cannot be confirmed as the chemical variation may be random and finite thickness of the
sample renders it impossible to associate one domain with a particular chemistry even by a
fine probe technique as domains with different chemistry are stacked together along the

thickness of the sample.

In a different region of the ESO, after sintering at 1323 K for 10 h, arcing of spots with
finite intensity modulation is observed (Figure 4.8). It may further be deduced from the
diffraction patterns that structural domains are formed with mutual in-plane and out-of-
plane rotation that leads to the arcing of the diffraction spots. In the corresponding bright
field images linear fringe contrast is observed (Figure 4.8). After ageing the ESO for long
h, growth of such domains with clear domain walls is observed (Figure 4.10). Similar
domain formation with in-plane and out-of-plane rotation leading to a helical structure of

domains has been observed in (CaCoFeMgNi) multicomponent oxide [27].

Mutually rotated domain formation that appears as tweed or two-dimensional fringes is

schematically presented in Figure 4.12a. In this figure, local composition modulation has
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been assumed to be the driving mechanism that leads to local structural variation. Local
structural variation helps in relaxing the lattice strain that is manifested due to the presence
of multiple cations in the same lattice. However, in order to minimize the interfacial strain,

the local structurally modulated domains rotate with respect to one another.
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Figure 4.12: (a) Schematic representation of structurally modulated domains in 2D and in
3D in the (CoCuMgNiZn) ESO. Structural modulation may be initiated with the chemical
modulation in individual domains, which are represented with different colours. Structural
modulation in 3D makes the ESO appear as uniform in chemistry due to the overlap of
domains with different chemistry. (b) Schematic representation of oriented growth of
rocksalt phase and a spinel phase. The interface is coherent.
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The assumed local chemical variation leading to local structural modulation is presented
with different colours of the domains in the schematic in Figure 4.12a. Such domains grow
further with ageing. However, the growth kinetics is sluggish. Chemical modulation of such
domains is quite difficult, if not impossible, to capture through fine probe imaging and
spectroscopy techniques as the domains are randomly distributed and due to the finite
thickness of the sample, domains with different chemistry may stack up one on the top of
other. As the interaction volume of the probe is not restricted within one domain, the

domains will always reveal uniform average chemistry of the ESO.

The (CoCuMgNiZn) ESO after sintering at 1323 K for 10 h followed by ageing at 723 K
for 120 h and quenching shows oriented growth of spinel domains in the rocksalt structure
(Figure 4.11). There is a possibility of cation ordering in the rocksalt structure along <200>
and <022> type directions. There is a specific orientation relationship between the rocksalt
phase and the spinel phase. Rocksalt and spinel phase are structurally quite correlated as in
the rocksalt phase all the octahedral voids are filled out and in the spinel phase only
alternate octahedral voids are filled out. There is a good possibility that spinel phase grows
within the rocksalt phase locally in an oriented manner. The interface structure of the
rocksalt phase with the spinel phase with the observed orientation relationship is
schematically presented in Figure 4.12b. It is observed from the crystal structure diagram
that the interface between the rocksalt phase and the spinel phase is coherent that assures
minimal interface strain. Similar coherent and semi coherent interface formation through
oriented growth of phases has been observed in (CaCoFeMgNi) multicomponent oxide

after different heat treatments [27].

It is worth pointing out that the (CoCuMgNiZn) ESO after sintering at 1323 K for 10 h,
100 h followed by water quenching and furnace cooling shows definite changes in the XRD

patterns (Figure 4.2). There is a reduction in the total integrated intensity of the peaks with
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finite broadening after longer h of heat treatment, which might be associated with the local
chemical variation leading to a modulation in d-spacings. A finite leftward shift of the peaks
is also observed after longer h of heat treatment. Left shift of the peaks indicates increase
in the d-spacings and increase in the lattice parameter and volume of the crystal. This may
be associated with the volumetric stress relaxation of the crystal with longer h of exposure
at high temperature. The structure of the ESO is cubic rocksalt with a~4.22 A lattice
parameter. In the rocksalt structure, oxygen ions form the FCC lattice and the cations are
octahedrally located. Assuming [110] direction to be the closest packed direction, the
relationship between the lattice parameter ‘a”and the radius of the oxygen ion ‘#’is 4r=\2a
and the size of the octahedral void V: may be written as V,= (N2-1)r. Based on this
calculation, the maximum size of cation that may be accommodate in the octahedral void
is ~62 pm. However, the size of Co?*, Cu*", Mg?*, Ni**, Zn?" at octahedral coordination are
~75 pm, ~73 pm, ~72 pm, ~69 pm and ~74 pm respectively. Size of the octahedral cations
being larger than the octahedral size, accommodation of the cations in the octahedral voids
leads to the generation of volumetric stress. High temperature exposure for longer time
provides the required stimuli to release the volumetric stress by increasing the average
lattice parameter of the crystal and the volume. Further, local modulation helps in reducing

the lattice strain.

It may be summed up from the above discussion that the ESO with random distribution of
cations always attempts to reduce its strain field provided an external energy stimulus is
obtained. Local chemical modulation, variation in d-spacings and increase in lattice
parameter helps in reducing the volumetric stress and lattice strain, which is manifested in
broadening of x-ray diffraction peaks, diffused intensity around the electron diffraction
spots and its shape evolution, arcing of the diffracted spots and tweed/domain formation in

the grain body. Local structural variation induced by local chemical modulation leads to
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the formation of interfacial strain between the tweeds and the domains. Mutual rotation,
interpenetration of domains/tweeds and oriented growth of correlated phases with
coherent/semi-coherent boundaries helps in accommodating the interfacial strain. Very
similar observation in case of (CaCoFeMgNi) multicomponent oxide [27] further

reinforces the mechanism of strain minimization in multicomponent ESOs.

4.4.3. Thermodynamic implications of strain minimization and stability

of ESO

High entropy oxide (HEO), an important member in the family of high entropy materials
(HEMs), is said to be entropy stabilized by random distribution of cations in the cation
sublattice [2, 15, 22]. It is believed that random distribution of five or more cations
increases the configurational entropy so much that free energy of the system is always
dominated by the entropic contribution irrespective of enthalpy of formation of such oxides
[28]. This has led to the new name of this class of materials as entropy stabilized oxide
(ESO) [12]. Equimolar (CoCuMgNiZn) oxide is the first ever reported high entropy oxide
that is believed to be stabilized in a cubic rocksalt structure in the time-temperature space.
It is also widely reported that the presence of five cations makes the lattice quite strained

[15].

In the present study, fine scale composition segregation between Cu and Mg ions has been
observed in a subtle way. Additionally, the tendency of the system to reduce its volumetric
strain, lattice strain and interfacial strain has been observed through the formation of
tweeds, inter-grown domains and oriented growth of structurally correlated phases with or
without compositional modulation. Though entropy remains to be the single most

dominating factor in deciding the stability of the phase in time-temperature space, other
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factors should also be taken into account in order to understand the thermodynamic stability

issue of the material.

Change in Gibbs free energy is given by AG= AH-TAS, where the symbols have their usual
meaning. Further, AH= AU+PAYV for a constant pressure process. The term PAV may be
considered to be the change in the mechanical energy in the process. A qualitative look in
the above equations indicates that the presence of five or more cations in the same sublattice
will make the configurational entropy very high. However, it will definitely increase the
strain energy in the crystal. -TAS term will always have a negative contribution and the
strain energy term (PAV) will always have a positive contribution to the Gibbs free energy
change. Formation of local compositionally modulated domains will reduce the negative
contribution of -TAS term, however, the reduction of volumetric strain, lattice strain and
interfacial strain through the formation of tweeds, inter-grown domains and oriented
growth of structurally correlated phases will reduce the positive contribution of the PAV
term. Combined interplay of these two terms should negatively maximize the change in
Gibbs free energy. It is understood that the stability of such multicomponent oxides is not
solely determined by the entropy. However, it is a combined interplay of entropy and strain
energy. Similar behaviour has been observed in case of (CaCoFeMgNi) multicomponent

oxide [27].

4.5. Conclusions

It may be concluded from the present study that first ever reported (CoCuMgNiZn) ESO
forms a cubic rocksalt structure with a~4.22 A lattice parameter. However, the shouldering
or splitting of peaks in XRD, hitherto which has been understood as the diffraction from
Cu-K, or Co-Ky doublets, may not be correct. The shouldering, splitting and non-ideal
intensity distribution should be attributed to local structural modulation in the ESO,

accompanied with local compositional variation. The rocksalt phase in the ESO reduces its
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volumetric strain, lattice strain and interfacial strain by tweed formation and sluggish

growth of the tweeds in the form of domains that separates several structurally modulated

domains within the rocksalt phase. Oriented growth of structurally correlated phases with

coherent/semi-coherent interfaces further reduces the strain in the ESO. The stability of the

ESO is not solely determined by the maximization of configurational entropy. However, it

is the trade-off between the configuration entropy and different types of strain energy that

determines the stability of the phase in time-temperature space.
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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);04 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,
(CoFeMgNi1)-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 1. e. Co(ILIII)O, Cr(II1)O, Fe(ILII1)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 5Sh, 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-K, (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(ILIIT)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 @spinet ~ 8.1 A and arocksac~ 4.2 A. The lattice parameters of MgO, NiO and CoO are
a~4.21 A, a~4.15 A and a~4.26 A respectively. However, the lattice parameter of Co3Os4
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 A lattice parameters are observed. In the ternary
(CoMgNi)-oxide only cubic rocksalt phase with a~4.20 A 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.

N

1 ]
T —_am T L
I(111) E (('00.331\/11:g0 33;Nl :9:3)0
- I_ =0.39 ! 3 ! -
e (111) (220) i ;
: (311) 535
s A A 222 LWI e
i ]IIL“EO 76 =
I(200)
O.SNiO.S

Intensity (a.u)

1
L
&
il

SIS (i -~ Ha
i
9

e o o e e
~
@)
A - W

J IL‘”=0.47§ i L
P (Mg, Ni, JO |
5 JL | J‘{L LAl
I 2 I " I 3 I 2 I I
30 40 50 60 70 80

20 (deg.)

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 4
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 5e 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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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 after 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 A 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 A 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 A4 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 5.8c, 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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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]spinel || [001]rocksalt and (440)spinet || (220)rocksatt.
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 I‘elatlonshlp iS [012]Spine1 || [013]Rocksalt al’ld (400)Spinel || (ZOO)Rocksalt.

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 4 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 ~5nm 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.
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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, Co3z04
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, i. 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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6.1. Introduction

The accelerated depletion of fossil fuel reserves coupled with rapidly changing geo-
political scenario has put alternative energy sources, its conversion and storage at the
forefront of research activities globally [1-3]. Renewable-energy based economy is driving
the modern society away from fossil-fuel based economy slowly and steadily [4-6].
However, the age-old tradition of producing hydrogen using coal or natural gas is still
prevalent, continuously degrading the environment in the process and is likely to be ceased
as an option in the near future [4,5]. In this context, production, storage and transportation
of hydrogen has emerged as the new energy currency [6-8]. However, most renewable
sources of energy are intermittent and spurious, which calls for material containers for
efficient energy storage and conversion techniques [9,10]. Thus, the ability to split water
efficiently and effectively to produce clean hydrogen plays a vital role in energy sciences
with the potential to help decarbonize the global energy harvesting system [6-8]. There are
three broad ways of splitting water to obtain clean hydrogen i.e. thermochemical,
electrochemical and photochemical methods which produces oxygen through oxygen
evolution reaction (OER) at the anode and hydrogen through hydrogen evolution reaction
(HER) at the cathode as redox pairs [11]. The major bottleneck in electrochemical water-
splitting experiments is the high activation barrier for a 4-electron transfer process for
efficient OER and HER making it kinetically extremely sluggish, requiring very high input
energy as overpotential to break the O-H bonds [12]. Thus, developing efficient
electrocatalysts and understanding the properties in relation to its composition, phase(s)
and structure promises the way forward [13-15]. Noble metal oxides IrO, and RuO
remains to be the state-of-the-art electrocatalysts, however, their extremely high cost and
scarcity has led to a resurgence of developing multicomponent oxides in the last few

decades [15].
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Moreover, there is a dearth of literature so far, the structure-property correlation of high
entropy oxides or multicomponent oxides (HEOs/MCOs) are concerned. The current work
has been carried out to understand the factors affecting the electrocatalytic performances
of phase pure rocksalt and spinel HEOs, two-phase mixture of rocksalt and spinel along
with multi-phase MCOs. The compositions have been tested against linear sweep
voltammetry (LSV), cyclic voltammetry (CV) and obtained Tafel slopes along with
overpotential values. The results have been correlated with the experimental findings from
SEM, XRD and TEM studies in an attempt to understand the relationship between

electrocatalytic activity and phase, microstructure and chemistry.

6.2. Sample preparation and experimental setup

Precursor metal oxides Co(ILIIT)O, Cr(II)O, Cu(I)O, Fe(ILIII)O, MgO, Mn(III)O, NiO
and ZnO of high purity (>99.8%) were procured from either Alfa Aesar or Sigma Aldrich.
Weighed powder in stoichiometric proportions were taken and mixed thoroughly in a
mortar and pestle. Mixed powders of different equimolar compositions i.e. (CoMgNi)-
oxide, (CoMgMnNi)-oxide, (CoCaFeMgNi)-oxide, (CoCuMgNiZn)-oxide and
(Co(Mg/Cr)FeMnNi)-oxide were green compacted in an uniaxial hydraulic press under 4T
load. The green compacted pellets were sintered at either 1323K or 1473K for 10 h followed
by water quenching in an air-atmosphere tube furnace. Moreover, sintered pellet from

couple of compositions were further subjected to ageing treatment at 723K for 120 h.

Electrocatalytic activity for efficient catalysis in OER experiments were carried out on an
Electrochemical workstation (CORRTEST CS 350) using CS Studio. A three-electrode
setup has been used with glassy carbon as working electrode, Ag/AgCl as reference

electrode, graphite rod as counter electrode and 1M KOH solution as electrolyte. The glassy
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carbon electrode was cleaned and polished (mirror finish) using high purity alumina and
“ink” of each composition was drop-cast onto the glassy carbon electrode (0.071 cm?
surface area). For preparing the ink, thin slices were cut from the sintered pellets of various
compositions and it was ground into powder by mortar and pestle after which 1 mg of the
specimen powder was mixed with 10 puL of 5wt% Nafion solution and 350 pL of ethanol
in a vial. The vial was then ultrasonicated for sufficient time before ~ 7 puL of the ink was
pipetted out on to the glassy carbon electrode. After the setup was complete, linear sweep
voltammetry (LSV), cyclic voltammetry (CV) and electron impedance spectroscopy (EIS)
was carried out multiple times on each of the compositions for reproducibility of results.
For phase and microstructural characterization, standard metallographic procedure was
carried out before its examination by XRD, SEM and TEM as mentioned in chapters 3, 4
and 5. Finally, an attempt has been made to correlate the electrocatalytic activity of the
multicomponent oxides in relation to its phase, crystal structure, microstructure and

chemistry.
6.3. Results and Discussion

All the sintered, quenched, aged equimolar multicomponent oxides (MCOs) and high
entropy oxides (HEOs) were tested for linear sweep voltammetry (LSV) response at a scan
rate of 10 mV/sec under alkaline condition. The current density (J) vs reduced hydrogen
potential (RHE) plots of sintered and quenched (CaCoFeMgNi)-oxide, (CoFeMgMnNi)-
oxide, (CoCuMgNiZn)-oxide and (CoCrFeMnNi)-oxide are given in Figure 6.1. The
respective trends have been colour coded as well as marked by arrows. For reproducibility
of results, three data sets were recorded from each of the oxides and the best one plotted,
which has less than 1% difference in values from the rest. It is evident from Figure 6.1 that
sintered and quenched (CaCoFeMgNi)-oxide performs the least well, followed by

(CoFeMgMnNi)-oxide. So far as (CoCuMgNiZn)-oxide is concerned, it yields the
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maximum current density per incremental increase in voltage, however, (CoCrFeMnNi1)-
oxide outperforms the rest in terms of earliest onset to oxygen evolution reaction (OER). It
may be discerned from the x-axis offsets from which the curves start rising with positive
slopes (Figure 6.1). It is a common practice to provide some sort of activation to the
specimen ink coated electrode, before recording the LSV response. This is usually done to
coat the working electrode with oxide and hydroxide products on the surface, which is
responsible for enhanced electrocatalytic activities. Surface oxygenation of active metal
sites is believed to be key for evaluating catalytic response. Even if the specimen ink is not
activated before the LSV response is recorded, analytical equations may be fitted from open
circuit potential values or by IR (product of current and resistance) correction method post
experiment. Subtraction of the solvent resistance effect and non-activation effect from the
obtained plots is often done. These refinements in essence makes the LSV curves rise very
steeply and sharply from the onset of OER overpotential. However, in the set of
experiments discussed throughout this chapter, neither prior activation was provided nor
post-mortem IR correction has been employed. Figure 6.1 depicts the raw response of the
MCOs/HEOs and an attempt has been made to understand their trends from subsequent
characterization of phase, microstructure and chemical distribution. They will be discussed
in the subsequent sections. Figure 6.1 inset compares the LSV responses from equimolar
quinary (CoCuMgNiZn)-oxide and its derivative equimolar ternary (CoMgNI)-oxide, in
both sintered and quenched condition as well as sintered, quenched and aged condition.
Both the current density response as well as overpotential response is better for higher-

order oxide than its derivative lower order oxide.
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Figure 6.1: LSV plots recording the current density as a function of applied voltage,
calibrated against reduced hydrogen electrode. The response from each oxide is colour
coded. The inset compares the electrocatalytic response from (CoCuMgNiZn)-oxide and its
derivative (CoMgNi)-oxide after sintering and ageing heat treatments.

Moreover, in both the ternary and quinary oxides, it is evident that with ageing heat
treatment of the same compositions, a consistent deterioration of the electrocatalytic
activity may be discerned (Marked in inset). The reasons for such performances and trends
have been investigated through the systematic characterization and will be discussed

subsequently.

Phase evolution of the respective MCOs and HEOs after solid-state synthesis, sintering and
quenching are represented in the XRD patterns of Figure 6.2. It is observed that equimolar

ternary (CoMgNi)-oxide crystallizes in a phase-pure rocksalt structure (a~4.22A). The
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major FCC peaks 111, 200, 220, 311 and 222 have been marked with filled circles. The
ratio of the total integrated intensity of the 111 and 200 peaks also matched with simulated
results. However, presence of very small volume fraction of a spinel phase (a~8.1A) has
been previously reported in this composition [16]. Partial substitution of Mn-ions in the
ternary oxide yielded equimolar quaternary (CoMgMnNi)-oxide. Quaternary equimolar
(CoMgMnNi)-oxide formed a mixture of two phases namely, rocksalt phase (a~4.22A) and

spinel phase (a~8.4A) of roughly ~39% and 61% phase fraction respectively.
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Figure 6.2. Experimental XRD patterns from sintered and quenched equimolar, ternary
(CoMgNi)-oxide  (green), quaternary  (CoMgMnNiO-oxide (purple),  quinary
(CoFeMgMnNi)-oxide (blue), (CaCoFeMgNi)-oxide (orange) and (CoCuMgNiZn)-oxide
(magenta). Respective phases have been marked with different coloured symbols.
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Higher 20 peaks of the rocksalt phase are absent, and shouldering of 200 and 220 peaks
may be discerned, which may be indexed to 400 and 440 peaks of the spinel phase.
Systematic addition of Fe-ions to the quaternary equimolar mixture of (CoMgMnNi)-oxide
produced equimolar quinary (CoFeMgMnNi) HEO. It forms a single-phase spinel structure
(a~8.38A) globally, although systematic peak splitting and shouldering is observed. The
XRD signature from sintered and quenched equimolar (CoCrFeMnNi) HEO also produced
very similar pattern to that of (CoFeMgMnNi) HEO, as reported previously, and therefore
it has not been shown in Figure 6.2 for the purpose of clarity [16]. Replacement of Mn-ions
with Ca-ions in equimolar proportion produced quinary (CoFeMgMnNi)-oxide. It showed
a complex diffraction pattern with several peaks. The major rocksalt phase (a~4.15A) could
easily be discerned, however, simulation methods had to be employed to retrieve the minor
phases accurately, which has been reported elsewhere [17]. It has been found out that apart
from a disordered rocksalt major phase, significant phase fraction of an ordered hexagonal
phase (a~2.94A, ¢~5.28A) exists along with minor phase fraction of another rocksalt phase
(a~4.78A) and spinel phase (a~8.35A) respectively. The approximate phase fractions were
computed to be ~48%, ~35%, ~11% and 5% respectively. Finally, equimolar quinary
(CoCuMgNiZn)-entropy stabilized oxide (ESO) crystallizes in a phase-pure rocksalt
structure (a~4.23A) on a global average. In its diffraction pattern, significant non-ideal
intensity distribution between the 111 and 200 peaks may be discerned, along with
systematic shouldering. It is envisaged that local composition modulation or Jahn-Teller
induced local structural modulation or both may substantiate the experimental deviations

from ideal structure, as has been reported earlier [18].

In order to rationalize the LSV behaviours of the four quinary MCOs/HEOs from Figure
6.1, microstructural characterization of the sintered and quenched pellets of the respective

oxides have been carried out (Figure 6.3) by SEM and TEM techniques. Representative
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SEM-SE images at two different magnifications, TEM BF/DF image and corresponding
electron diffraction patterns have been shown for each of the four compositions in Figure
6.3. The common characteristic from all the SEM images is the uniform sintering of the
pellets, which is estimated to be very close to its theoretical density, with minimal porosity
observed. The sintered and quenched (CaCoFeMgNi)-oxide shows grainy morphology of
varying size distribution and contrast (Figure 6.3-al). The average grain size lies in the
range of ~5-10 um. Grains of dark contrast phase are occasionally engulfed by lighter
contrast agglomerate phase (figure 6.3-al(inset)). It has been confirmed earlier that the dark
contrast phase is preferentially enriched in Co-, Ni- and Mg-ions while light contrast phase
is enriched in Ca- and Fe-ions preferentially [17]. While the major rocksalt phase is found
in (Co,Mg,Ni)-enriched areas, the minor phases of an ordered hexagonal structure, cubic
rocksalt structure and cubic spinel structure are often found to coexist together in the
(Ca,Fe)-enriched regions. They are found to share definite orientation relationship with one
another, while sharing coherent/semi-coherent interphase interfaces among each other. A
selected area electron diffraction pattern corroborating the same is given in Figure 6.3-a2.
The three phases are marked in different colours, with their zone axis and principal vectors
marked. Figure 6.3-a3 is dark field (DF) image from the ordered hexagonal phase, which
is often found to exist independently from the other minor phases. Bands of alternating
contrast may easily be discerned in the DF image, which are compound type of twins. The
electron diffraction pattern clearly brings out systematic splitting of higher order spots,
maintaining an angle of ~5.2 degrees (Figure 6.3-a3(inset)). The SEM-SE image from
sintered and quenched (CoFeMgMnNi)-oxide in Figure 6.3-bl shows bimodal grain size
distribution with larger grains (~25 um) surrounded by agglomerates of much finer grains

(~3 um). Porosity is also observed in between the grain size distribution.
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Figure 6.3: SEM-SE micrographs, selected area diffraction pattern and TEM bright
field/dark field images from sintered and quenched (al-a3) (CaCoFeMgNi)-oxide, (b1-b3)
(CoFeMgMnNi)-oxide, (cl-c3) (CoCuMgNiZn) ESO and (dI-d3) (CoCrFeMnNi) HEO
respectively. The microstructural features are marked with arrows and indexing of
diffraction patterns have been done employing different colour schemes.

Fine sub-micron bands of dark contrast may be discerned within the larger grains (Figure

6.3-b1(inset)). The selected area diffraction pattern may be indexed to a z=[122] zone axis
of a cubic spinel phase (Figure 6.3-b2). However, clear modulation of intensity and bulging
of the first order spots may be discerned. The corresponding bright field image shows
mottled contrast in the single crystal grain body, with occasional fringe contrast, which are
marked by arrows (Figure 6.3-b3). The SEM image in Figure 6.3-c1 of (CoCuMgNiZn)
ESO shows uniform grain size distribution with finer agglomerates. The sub-grain structure
is visible within the agglomerate clusters, with minimal porosity (Figure 6.3-c1(inset)).

Selected area diffraction pattern from z=[011] zone axis confirms a global average single-
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phase rocksalt structure, however with shape evolution and splitting of spots (Figure 6.3-
c2). The corresponding BF image in Figure 6.3-c3 shows fringe contrast along with domain
structure (marked with arrows). The SEM image from a region of interest in sintered and
quenched (CoCrFeMnNi) HEO again shows uniform sintering with bimodal grain size
distribution (Figure 6.3-d1). The finer colonies have roughly spherical shaped particles of
~2um, interconnected with one another (Figure 6.3-d1(inset)). A representative electron

diffraction pattern from the average single-phase with spinel structure is depicted in Figure

6.3-d2. It conforms to the z=[334] zone axis single crystal pattern, however, bulging and
onset of splitting of the 440 type of spots may be seen. The corresponding bright field image
in Figure 6.3-d3 shows fine nano-domain contrast, which are arranged mutually
perpendicular to each other (marked with arrows). It has been previously shown that they
are interweaved fringes, with in between domain size of ~5-10 nm [16]. It may be
concluded from the above observations combined, that local structural modulation within
a global average single-phase in quinary ESO/HEO enhances the electrocatalytic

performance in contrast to phase-pure ternary or multi-phase quinary oxides.

In order to rationalize the drop in electrocatalytic activity with ageing, SEM-XEDS maps
have been collected from both equimolar ternary (CoMgNi)-oxide as well as
(CoCuMgNiZn) ESO (Figure 6.4(a-b)). Elemental mapping has been carried out on pellets
of the same composition (al,a2 and b1,b2), one after sintering at 1323K for 10h followed
by water quenching (al,bl) and the other one after sintering followed by ageing at 723K

for 100h (a2,b2).
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Figue 6.4: SEM-XEDS chemical mapping from (al) sintered and quenched (CoMgNi)-
oxide, (a2) sintered, aged and quenched (CoMgNi)-oxide, (bl) sintered and quenched
(CoCuMgNiZn) ESO and (b2) sintered, aged and quenched (CoCuMgNiZn) ESO
respectively. The quantification of the cation weight % has been provided in coloured boxes

adjacent to the respective maps.
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It may be easily discerned from the chemical quantification of the respective cation K-shell
excitations in both the oxides, that the surface composition gets altered after ageing heat
treatment. The ternary (CoMgNi)-oxide shows a significant enrichment of Mg-ions after
ageing, however with a depletion of Co-ions and similar concentration of Ni-ions (Figure
6.4al-a2). Similarly, in (CoCuMgNiZn) ESO after ageing, a significant depletion of Co-,
Cu- and Zn-ions may easily be discerned, with enrichment in Mg- and Ni-ions (Figure
6.4b1-b2). Preferential micro-segregation of ionic species may be seen in SEM-XEDS
composite maps. Since surface composition, especially the concentration of redox active
cation sites determines the electrocatalytic activity, the drop in performance after ageing

heat treatment becomes clear from the chemical distribution maps.

The current density (J) has been plotted against the reduced hydrogen potential (RHE) for
equimolar quaternary (CoMgMnNi)-oxide in Figure 6.5a. For reproducibility of results,
three linear sweep voltammetry (LSV) curves have been plotted. It shows the best
electrocatalytic activity among all the other HEO/ESO or multicomponent oxides reported
in this chapter. Equimolar quaternary (CoMgMnNi)-oxide records the steepest slope among
the rest, which points to the enhanced conductivity of the multicomponent oxide. It has also
recorded the highest current density along with the lowest overpotential to achieve 10
mA/cm?. The cyclic voltammetry (CV) test was carried out on the same composition at
different scan rates and is plotted in Figure 6.5b. It is seen that with progressively higher
scan rates, the area under the hysteresis loop keeps on increasing. This points to the
enhanced efficiency of redox reaction rates. However, no significant oxidation and
reduction peaks could be discerned in the CV curves. It is recalled that equimolar
quaternary (CoMgMnNi)-oxide shows a two-phase mixture of spinel and rocksalt phases

(Figure 6.2 in purple).
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Figure 6.5: (a) LSV response from sintered and quenched equimolar (CoMgMnNi)-oxide,
(b) CV plots from the same oxide under varying scan rates and (c) schematic representing
possible mechanism behind enhanced electrocatalytic activity in the dual-phase oxide.

It is also previously reported that dual-phase (CoFeMgMn)-oxide drastically lowers the
temperature of a two-step thermochemical water-splitting via interconversion of rocksalt
and spinel phases during heating and cooling [19]. In order to rationalize the superior
performance of sintered and quenched (CoMgMnNi)-oxide based on the current
observations and the school of thought proposed earlier, a schematic representation has
been depicted in Figure 6.5c. The possible interconversion between spinel and rocksalt
phases in varying phase fractions during oxidation and reduction cycles is thought to

enhance the electrocatalytic activity in this multicomponent oxide [19]. In this process, the
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Overpotential () (mV)

thermodynamic cycle becomes essentially a redox heat engine due to the continuous

exchange of oxygen. The lattice oxygen mechanism (LOM) is more likely to be operational.

The overpotential plots and the Tafel slopes of all the oxides have been plotted in Figure
6.6a-b. Figure 6.6a represents the bar diagram of the overpotential required to cross current
density of 5 mA/cm? for the respective oxides. The overpotential values at 1 mA/cm? and
at 10 mA/cm? is reported in white and black respectively. The equimolar quaternary
(CoMgMnN)-oxide shows the least overpotential values at all possible current densities,
followed by singl-phase spinel structured (CoCrFeMnNi) HEO followed by phase-pure
rocksalt structured (CoCuMgNiZn) ESO. It is also to be noted that the spread in the
recorded overpotential values to achieve 1, 5 and 10 mA/cm? current density respectively,
is quite high for most of the oxides barring quaternary (CoMgMnNi)-oxide. This further
validates the solvent resistance and non-activation effect of the specimen inks. Multi-phase
(CaCoFeMgNi)-oxide and single-phase (CoMgNi)-oxide shows the highest overpotential
values and performs the poorest. Correspondingly, the Tafel slope is the lowest for

(CoMgMnNi)-oxide while it is the highest for (CaCoFeMgNi)-oxide (Figure 6.6b).
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Figure 6.6: (a) Overpotential plots for all the respective multicomponent oxides at 5
mA/cm? and (b) Tafel slopes for the same oxides. The histogram is accompanied with
computed overpotential values at 1 mA/cm’ (in white) and at 10 mA/cm? (in black). The
Tafel slopes are marked over each oxide.
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6.4. Conclusions

It may be concluded from the present study that equimolar quaternary (CoMgMnNi)-oxide
is a potential candidate for efficient electrocatalysis, recording a low overpotential of 390
mV to achieve a current density of 10 mA/cm? with a Tafel slope of ~74.6 mV/dec. It is
thought that the possible interconversion between spinel and rocksalt phases in varying
phase fractions during oxidation and reduction cycles enhances the redox activity of the
material. It thus becomes likely that the lattice oxygen mechanism (LOM) becomes
operative over and above adsorbate evolution mechanism (AEM) during the
interconversion between spinel and rocksalt phases. Equimolar quinary (CaCoFeMgNi)-
oxide performs the poorest as electrocatalyst, owing to large scale chemical segregation
and multi-phase nature. Both the (CoCrFeMnNi) HEO characterized by spinel structure
and (CoCuMgNiZn) ESO characterized by rocksalt structure show encouraging
electrocatalytic performance, which scope for further enhancement. This is attributed to the
local structural modulation in both the compositions, with or without associated fine-scale
compositional modulation. Moreover, lower order derivative oxides perform poorer
compared to similar structured higher order oxide. Furthermore, probable change in bulk
chemistry and a definite change in surface chemistry in the multicomponent oxides occurs
during ageing treatment, which in turn affects the electrocatalytic activity for the worse.
While Co-, Ni-, Fe-, Mn-ions are known to enhance the conductivity of the catalysts,
enrichment of Mg-ions is known to stabilize a particular kind of phase and hence reduce

the catalytic response.
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7.1 Thesis conclusion

The research work carried out throughout the thesis concludes the following:

R/
L X4

Multicomponent metal oxides have inherently much higher molecular weights and mass
absorption coefficients than their metallic alloys counterpart. This essentially increases
the inelastic component of scattering during x-ray diffraction (XRD) experiments and
raises the Compton modified background level. It has been demonstrated in the case of
equimolar quinary (CoCuMgNiZn) ESO (Chapter 4) where a prominent reversal of
intensity is observed between the two most intense peaks of an average cubic rocksalt
phase. Moreover, sintered and quenched equimolar ternary (CoMgNi) MCO reveals a
prominent spinel 220 peak, which is present in the sintered pellet but it is found to be
absent in its crushed powder (Chapter 5). Hence the commonplace practice of
characterizing such complex chemistry metal oxides in its powder form, established in
literature (owing to the brittle nature of the sintered pellets), may be interpreted with
caution.

Cubic rocksalt and cubic spinel phases have highly correlated crystal structure. Both the
phases are FCC derivative structures with anions decorating the close-packed lattice.
However, in the rocksalt phase, the cations fill out all the four octahedral voids and
forms six-fold coordination polyhedras with neighbouring anions while in the spinel
phase, cations in their +2 oxidation states fill out half of the octahedral voids whereas
remaining cations in their +3 oxidation states occupy one-eighth of the tetrahedral voids.
Hence geometric frustration in the lattice (high entropy composition) coupled with
external stimulus (temperature, pressure) can bring about interconversion between
rocksalt and spinel phases through diffusional reconstructive transformation. It has been
shown in Chapters 3, 4 and 5 where local spinel domains inside major rocksalt phase

and local rocksalt domains inside major spinel phase are found to coexist, sharing
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definite orientation relationship with coherent/semi-coherent interphase interfaces
between them.

Processing parameters like sintering temperature, holding time and subsequent ageing
heat treatment play a crucial role in phase formation and its stability. It has been
demonstrated in Chapters 3, 4 and 5 that prolonged exposure to high temperatures not
only forces non-isostructural phases to combine with the major phase but also possible
rearrangement in crystal structure with successive in-plane and out-of-plane rotations.
Such arrangement ensures maximum randomness along individual atom-columns (high
entropy effect) while also relieving the lattice strain (enthalpic penalty) at the same time.
This observation also explains the randomly mixed column chemistry frequently
encountered in ESOs/HEOs using high-resolution fine-probe techniques like STEM-
XEDS and APT.

Both the rocksalt forming (CoCuMgNiZn)-ESO (Chapter 4) and spinel forming
(CoCrFeMnNi)-HEO (Chapter 5) tends to form nano interweaved modulated
microstructure. However, in the former scenario 200-type planes (rocksalt) take part in
the process of structural modulation whereas 220-type of planes (spinel) becomes
operative in the later. The structurally modulated domains may or may not be associated
with chemical modulation. Although the fundamental reason behind such observation
remains unanswered at the moment, however, it perhaps explains the oriented growth of
spinel 220 type reflection in otherwise phase-pure rocksalt structure of ternary
(CoMgNi)-oxide (Chapter 5).

Iron (ILIII) oxide (predominantly in the +3 state) forms an ordered hexagonal phase
(hR10; R -3 ¢ prototype) with planar defect-structure in presence of larger ionic radii
Ca*? cations and exsolves out of the major rocksalt phase in (CaCoFeMgNi)-oxide

(Chapter 3). However, in the presence of similar cationic radii Mn*?, it helps to stabilize
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the average cubic spinel structure (cF56; F d -3 m prototype) in (CoFeMgMnNi)-oxide
(Chapter 5). Therefore, the same cation in presence of different species is amenable to
hop along local minima in the energy landscape and change its coordination
environment, in order to stabilize a particular kind of ordered/disordered structure
(Chapters 3 and 5). This observation further brings out the enthalpic penalties in highly
concentrated compositions and the importance of fluctuation in oxidation states,
coordination environment and consequently ionic radii.

Ternary phase-pure (CoMgNi)-oxide with average rocksalt structure relieves its lattice
strain by forming a helical domain structure with small amount of correlated spinel
phase formation (Chapter 5). However, quinary phase-pure (CoCuMgNiZn)-ESO with
global average rocksalt crystal structure and single-phase (Co(Cr/Mg)FeMnNi)-HEO
with global average spinel crystal structure tends to form tweed microstructure with
structural modulation. It also hints at non-random distribution of multiple cations and
therefore to the presence of short-range order (SRO) domains. The tweeds may act as
template for subsequent phase separation to form self-assembled microstructure over
large length scales. Further geometric frustration due to disproportionate differences in
ionic sizes, leads to chemical segregation along with structural modulation and/or
formation of planar fault dominated defect microstructure.

Equimolar quaternary (CoMgMnNi)-oxide outperforms its quinary HEO counterparts
as electrocatalyst for OER activity having a two-phase rocksalt plus spinel structure.
This observation leads to the importance of phase-fractions, related crystal structures
and their reversible interconversion during oxidation and reduction cycles, bringing out

excellent match with a recent model proposed in literature (Chapter 6).
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7.2 Scope for further research

Since no scientific research is truly exhaustive, the scope of further research along the lines

of this thesis may be summarized as follows:

» Employing high-energy ball-milling on sintered and quenched pellets of
MCOs/HEOs/ESOs to refine the particle size and promote inter-mixing of phases. The
refinement of crystallite size is bound to enhance the OER activities manifold as
established in literature, whereas the effect of forced inter-mixing after sintering can be
studied for the first time.

» Exploring domain chemistry and fine structure of such materials through XPS and
STEM-EELS spectroscopic techniques and 4D-STEM datasets respectively. Since
transition metal oxides are amenable to switch their oxidation states, such experiments
may shed further insights regarding phase formation and microstructural evolution.
Furthermore, TEM in-situ experiments inside a gas-cell with regulated
oxidizing/reducing environment are bound to provide with novel atomistic mechanisms

of structural phase transformation.

Figure 7.1: Sintered and quenched pellet of equimolar ternary (CoMgNi)-oxide placed on
an alumina tray filled with a mixture of alumina and graphite powder (a) before ageing
treatment and (b) after ageing treatment. The obvious change in colour of the powder bed

and not the pellet, may easily be discerned.
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» Enhancing phase separation events through prolonged holding time at low to
intermediate temperatures (to overcome kinetic barrier) in order to navigate the energy
landscape of the material systems and its manifestation on microstructural evolution.

» Exploration of MCOs/HEOs/ESOs as possible candidates for effective carbon capture,
either from environment or industries. In an accidental trial of ageing a sintered pellet
placed on a mixture of graphite and alumina powder inside an alumina crucible, it has
been seen that the greyish white mixture turns clear white after ageing treatment. The
brownish sintered pellet showed no change in colour nor XRD signature when compared

to the same composition pellet after ageing without the graphite plus alumina bed.
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Appendix-I: Simulated spot electron diffraction patterns
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Figure A.1: Single-crystal spot electron diffraction patterns from several zone axis of a
FCC structure (u’+v?+w?<22). The patterns have been simulated with the help of JEMS
software. The respective zone axis directions are marked as “ZA” on top of each pattern.
The ratio of the principal vectors along with the interplanar angles are marked in the
respective patterns.
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Appendix-I1: Python code for XRD pattern simulation

Excerpt from the python code for simulation of x-ray diffraction (XRD) patterns:
"cell type": "code",
"execution_count": 226,
"id": "abc88470-a468-4a2e-bele-482a5c05390e",
"metadata": {},
"outputs": [],
"source":
"material ='w-Ti'\n",
"lattice_type="hexagonal'\n",
"wavelength=1.54\n",
"a=4.6\n",
"b=4.6\n",
"c=2.82\n",
"In",
"alpha= 90\n",
"beta= 90\n",
"gamma=90\n",
"alpha_rad = math.radians(alpha)\n”,
"beta_rad = math.radians(beta)\n",
"gamma_rad = math.radians(gamma)\n",
"lattice={}\n",
"In",
"motifs = {\n",
" #"AN": mp.array([[0.0, 0.0, 0.0],/0.5,0.5,0.0],/0.5,0.0,0.5],/0.0,0.5,0.5]]),\n",
" #"Mn\": np.array({[0.5, 0.5, 0.5],/0.0,0.0,0.5],/0.0,0.5,0.0],/0.5,0.0,0.0]]),\n",

n #\ ch\ "‘.
np.array([[1/4,1/4,1/4],[3/4,3/4,3/4],[3/4,3/4,1/4],[3/4,1/4,3/4],[1/4,3/4,3/4],[1/4,1/4,3/4
1,[1/4,3/4,1/4],[3/4,1/4,1/4]])\n",
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" "Cu\": np.array([[0.5,0.0,0.5],/0.0,0.5,0.5]])\n",

" #\"Si\": np.array([[0.0, 0.0,
0.07,/0.5,0.5,0.0],/0.5,0.0,0.5],[0.0,0.5,0.5],[1/4,1/4,1/4],[3/4,3/4,1/4],[3/4,1/4,3/4],[1/4,
3/4,3/4]]),\n",

" #"As\": mp.array([[1/3, 2/3, 1/4],[2/3,1/3,3/4]])\n",

" \"Ti\": mp.array([[0.0, 0.0, 0.0], [1/3, 2/3, 1/2],[2/3,1/3,1/2]])\n",

" #"Sn\": mp.array([[0.0,0.0,0.0],/0.5, 0.5, 0.5],/0.0,1/2,1/4],[1/2,0.0,3/4]])\n",
n",
"Hn",
"In",

"#motifs = np.array([[0.0, 0.0, 0.0], [0.0, 0.5, 0.5],/0.5, 0.0, 0.5],[0.5, 0.5, 0.0]])\n",
"#motifs = np.array([[0.0, 0.0, 0.0], [0.5, 0.5, 0.5]])\n",

"#motifs = np.array([[0.0, 0.0, 0.0], [2/3, 1/3, 1/2]])\n",

"#motifs = np.array([[0.0, 0.0, 0.0]])\n",

"In",

"peak_positions = []\n",

"peak_intensity=[]\n",

"df=pd.read csv(\"atomic scattering factor.csv\")\n",

"df raw = pd.read_excel(\"lorentz polarization factor.xlsx\", header=0)"

/
pe

{
"cell type": "code",

"execution_count": 228,

"id": "b8079682-aa88-4ae7-bbch-7ec852f5dcfb”,
"metadata": {},

"outputs": [

{

"name": "stdout”,
n. n

"output _type": "stream”,

"text": [
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"rounded 0.4\n",
"10.9\n"

/
/
/.
"source":
"def find_fo(h,k,l,element):\n",
" sll = b**2 * c**2 * math.sin(alpha_rad)**2\n",
" s22= a**2 * c**2 * math.sin(beta_rad)**2\n",
" §33= a**2 * b**2 * math.sin(gamma_rad)**2\n",
" s12 = a * b * c**2 * (math.cos(alpha _rad) * math.cos(beta_rad) -
math.cos(gamma_rad))\n",

" §23 = ¢ * b * a**2 * (math.cos(beta_rad) * math.cos(gamma_rad) -

math.cos(alpha_rad))\n",

" sI13 = a * ¢ * b**2 * (math.cos(gamma _rad) * math.cos(alpha _rad) -
math.cos(beta_rad))\n",

" v=a*b *c *math.sqri((l - math.cos(alpha_rad)**2 - math.cos(beta_rad)**2 -
math.cos(gamma_rad)**2 + 2 * math.cos(alpha rad) * math.cos(beta_rad) *
math.cos(gamma_rad)))\n",

” ”

\n"

”

"\l’l A

" numerator =s11 * h**2 + §22 ¥ [**2 + g33 F[F*2 + 2 *g]2*Fh ¥k + 2 *523 ¥ *
[+2*s13*]*h\n"

d = v/ math.sqrt(numerator)\n",

" d=round(d,2)\n",

theta = np.arcsin(wavelength / (2 *d))\n",
" theta=round(theta,2)\n",

position= round(np.degrees (2 *theta),2)\n",

”

"\n A

” ”

temp= (math.sin(math.radians(position/2)))/wavelength\n",

”

rounded_temp = round(temp, 1)\n",

”

value=1\n",
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”

print(\"rounded\", rounded_temp)\n",

”

try:\n",
" value = df.loc[df['Element'] == element, str(rounded temp)].values[0]\n",

n

except KeyError:\n",

”

value=1\n",

n

return value\n”,

"print(find_fo(0,0,2,'Ti"))\n"
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