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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 (A) 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

Figure 3.5: (a) Back scattered electron (BSE) image and X-ray energy dispersive spectrum
(XEDS) from the points marked by s1-s6. 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 Fe ion 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

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

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

[T11]ks || [T11]s and (220)&s || (224)s ; [21107u || [T11]rs and (0002)x || (302)ks ; and [211

OJu || [T11]s and (0002)x || (422)s (RS: Rocksalt, S: Spinel; H: Hexagonal phase)

Figure 3.8: TEM (a) BF image and (b) corresponding rotationally aligned selected area
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the inset in (c)) from the quinary equimolar (CaCoFeMgNi)-oxide after sintering at 1523
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curvilinear contrast in (¢) 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
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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

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
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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.

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




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 (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

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. (¢) 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),




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 Sh, 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




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




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 (CoMgMnNi0O-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




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.




