
  

      

 

 

 

 

 

 

  

 

 
 



  

 

  



  

5.1. Introduction 

 



  

 

5.2. Materials and methods 
 

Multicomponent, equimolar oxides of (CoFeMgMnNi), (CoCrFeMnNi) and its binary, 

ternary and quaternary derivatives i. e. (MgNi)-oxide, (CoNi)-oxide, (CoMgNi)-oxide, 

(CoFeMgNi)-oxide and (CoMgMnNi)-oxide have been synthesized by solid-sate synthesis 

route due to the ease of materials handling and probability of success. Starting precursor 

oxides i. e. Co(II,III)O, Cr(III)O, Fe(II,III)O, MgO, Mn(III)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 5h, 15h and 40h of milling. The collected 

samples were characterized by X-ray diffraction (XRD) in a Rigaku MiniFlex600 table top 



  

X-ray diffractometer with Cu-K  (

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  (  and Co-K  (  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 VestaTM software. 

 

 



  

5.3. Results 
 

In the XRD pattern of the as mixed equimolar mixture of Co(II,III)O, MgO and NiO (Figure 

5.1a), individual diffraction peaks of the precursor oxide phases could be easily discerned. 

The Co(II,III)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 aspinel ~ 8.1 Å and arocksalt ~ 4.2 Å.  The lattice parameters of MgO, NiO and CoO are 

a~4.21 Å, a~4.15 Å and a~4.26 Å respectively. However, the lattice parameter of Co3O4 

with spinel structure is a~8.08 Å, 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 



  

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. 

 

 



  

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 5h 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 5h 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 



  

Figure 5.2. In the binary (MgNi)-oxide exclusively rocksalt phase with a~4.21 Å lattice 

parameter is observed. In the binary (CoNi)-oxide cubic rocksalt phase with a~4.20 Å and 

a cubic spinel phase with a~8.25 Å lattice parameters are observed. In the ternary 

(CoMgNi)-oxide only cubic rocksalt phase with a~4.20 Å 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.  

 

 

 

 



  

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. 

 



  

 

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. 
 



  

 



  

 

 

 



  

 

 

 



  

 

 

 

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 Å lattice parameter. Upon systematic addition of Fe-ions, in the 

quaternary (CoFeMgNi)-oxide after sintering at 1473 K for 10h followed by water 



  

quenching the cubic rocksalt phase with a~4.2 Å lattice parameter continues to exist. 

However, the most intense 311 peak of a spinel phase with a~8.4 Å lattice parameter 

appears. Upon systematic addition of Mn-ions, coexistence of two-phase mixture of a cubic 

rocksalt with a~4.2 Å lattice parameter and a cubic spinel with a~8.4 Å 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 Å lattice parameter is observed. It is worth mentioning that the diffraction peaks of 

a cubic rocksalt phase with a~4.2 Å (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. 

 



  

 

 

 

 



  

 

 



  

 

 

 



  

 

 



  

 

 

 

 



  

 

 

 

 



  

 

 

 

 

 



  

 

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(II,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, Co3O4 

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 



  

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 Å 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 



  

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. 

 



  

 

 

 

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 



  

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 -

where the symbols have thei

pressure process. Combining both the equations, Gibbs free energy equation may be written 

-

transformation. In a multicomponent oxide, due to the presence of several cations in the 

term. However, maximizing the entropy comes with a cost of enhanced strain the lattice, 

which is reflected 

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 

-

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. 

 



  

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 



  

 

 


