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A B S T R A C T

The effect of lattice strain due to relatively larger isovalent cation substitution on the stability landscape of 
equiatomic (Mg, Co, Ni, Cu, Zn)O high entropy oxide is explored. A simple yet effective formulation to incor
porate strain energy for calculating critical temperature for high entropy single-phase rocksalt phase formation is 
proposed. The estimated phase stabilization temperature is successfully validated for varying substitution cal
cium (x = 0.05, 0.1, 0.16) in (Co, Mg, Ni, Cu, Zn)1-xCaxO. We used XRD and electron microscopy to confirm the 
single-phase formation of rocksalt HEOs.

1. Introduction

The concept of the mixing of multiple principal components 
(element/compound) in nearly equimolar concentrations has resulted in 
several new compositions with novel properties. Cantor and Yeh were 
the first to demonstrate the synthesis of an equimolar multi-element 
single-phase alloy [1,2]. Although several names of this material class 
were proposed such as multi-component alloys, and multi-principal 
element alloys. Later, this class of material was designated as high en
tropy alloys (HEAs) [1–3]. The discovery of high entropy alloys has 
sparked a lot of attention as it opened up the prospect of using high 
configurational entropies (≥1.609R per mole of an atom) to stabilize a 
phase [4]. The concept of entropic stabilization has recently been 
expanded to the oxide system and named high entropy oxides (HEOs) 
[5–7]. Owing to the high configuration entropy of mixing, HEO tends to 
stabilize a single phase solid solution such as rocksalt [5], spinel [8], 
fluorite [9], and perovskite. Hume-Rothery and Paulling’s principles 
dictate the basic rationale for the selection of components for the for
mation of a single-phase solid solution, which includes similar ionic 
radii and the same oxidation state for the specific lattice structure [10]. 
Using these criteria, the simple MO rocksalt structure (M = Mg, Ni, Co, 
Zn, Cu) was first synthesized by Rost et al., in 2015 [3]. It has been 
established that entropic contribution to the Gibbs free energy may be 
exploited to stabilize the new oxide phase. It was initially suggested that 
an increase in ΔSmix of an equiatomic multi-element alloy might favour 
the single-phase formation over competing intermetallic phases; 

however, experiments revealed that in many cases configuration en
tropy could not overcome the contrasting driving force, i.e. enthalpy. 
Therefore, a high entropy does not guarantee the formation of a 
single-phase solid solution. For the stabilization of a single-solid solu
tion, TΔS should be enough to compensate for the positive enthalpy 
term. [12]. Incorporating six components could theoretically boost the 
configurational entropy, enhancing single-phase stabilization. However, 
this benefit is contingent upon avoiding microstates, any kind of 
ordering effects, or defect proliferation that might lower the enthalpy 
[11]. Additionally, maintaining structural electroneutrality, whether 
through accommodating larger cations or creating vacancies, must 
remain energetically viable [12,13]. Since each ion in a perfect crystal 
occupies a specific symmetry site within the unit cell, if the substitu
tional ion has the size and charge comparable to the ion it replaces, then 
it can occupy lattice positions with little disruption. The size difference 
between the host ion and substitutional ion causes strain in the lattice; as 
a result, ions in the crystal lattice shift their position until all the 
neighbouring ions experience zero force [14]. Increasing interest in the 
synergistic effects on properties in HEOs has been a driving force for 
designing and examining systems with five or more components. This 
effort has been tremendously useful to the materials community since it 
has resulted in the development of several novel systems with specific 
properties [15–18]. There are several studies indicating that the addi
tion of cations of varying sizes changes the stabilization temperature of 
the high entropy phase. For instance, Chen et al. [19] demonstrated that 
the stabilization temperature of rocksalt medium entropy oxides 
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increased linearly with the substitution of Zn2+. Anand et al. [20] 
investigated the role of configurational entropy and estimated thermo
dynamic properties of various oxide mixes and elucidated that the 
enthalpy penalty reduces with the number of cations making it easier to 
stabilize. However, no systematic study has been undertaken to quantify 
the effect of strain due to the addition of cations of varying radii on the 
phase stability of high entropy oxides. In the present work, Ca2+ having 
significantly different ionic radii is substituted in the equiatomic quinary 
(Co, Mg, Ni, Cu, Zn)O to synthesize single phase (Co, Mg, Ni, Cu, 

Zn)1-xCaxO (x = 0.05, 0.1, 0.16) HEO using solution combustion syn
thesis (SCS) route [13,21–24]. A simple model is utilized to quantify the 
strain and its effect on overall enthalpy and the stabilization 
temperature.

2. Experimental

We used SCS to synthesize HEO nanocrystalline powder using metal 
nitrate precursor including Cobalt (II) nitrate hexahydrate Co 
(NO3)2•6H2O, copper nitrate trihydrate Cu(NO3)2•3H2O, nickel nitrate 
hexahydrate Ni(NO3)2•6H2O, magnesium nitrate hexahydrate Mg(NO3) 
2•6H2O, zinc nitrate hexahydrate Zn(NO3)2•6H2O, calcium nitrate 
tetrahydrate Ca(NO3)2.4H2O were purchased from the Merk (purity 
assay~ 99 %). All reagents were of analytical grade and used as received 
without further purification. A 0.2 M solution of each metal nitrate 
precursor was dissolved in 40 ml of distilled water, followed by mixing 
of an appropriate amount of citric acid (C6H8O7) at room temperature 
using magnetic stirring. pH of the solution was adjusted using 30 % 
ammonia solution. The solution formed was stirred continuously for 24 

Fig. 1. (a) Schematic showing the rocksalt crystal structure of HEO, (b) stress-induced in the lattice due to substitution of cation (yellow) with larger ionic radius (a) 
and with smaller ionic radii on host oxide system. Here blue and red spheres represent cation and oxygen as anions, respectively. (c) plot depicts the relationship 
between Gibbs free energy and temperature for the synthesis of single phase rocksalt structure (b) the relationship between strain energy vs strain due to ionic size 
mismatch. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1 
The estimated strain, strain energy, enthalpy, entropy and critical temperature 
for single-phase formation.

Sample ε U (kJ/mol) ΔH (kJ/mol) ΔS (J/k-mol) TC (◦C)

Parent HEO 0 0 15 13.38 848
x = 0.05 0.025 1.74 17.66 14.35 957
x = 0.1 0.038 3.97 19.35 14.70 1043
x = 0.16 0.064 10.94 24.27 14.87 1359

Fig. 2. XRD pattern depicting phase evolution of TM-HEO5 powder sample at a temperature (a) 900 ◦C and (b) 960 ◦C (c) 1000 ◦C respectively. Phase pure rocksalt 
structure obtained on annealing at temperatures ≥960 ◦C (TC).
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h at 80 ◦C using a magnetic stirrer which resulted in the formation of 
dark blue gel. Thereafter, the temperature was increased slowly to the 
range of 300–350 ◦C until the combustion reaction was ignited, resulting 
nanocrystalline fluffy powers. The resulting fluffy powders were then 
calcined at 900◦C–1400 ◦C to achieve (Co, Mg, Ni, Cu, Zn)0.2O, and (Co, 
Mg, Ni, Cu, Zn)1-xCaxO (x = 0.05, 0.1, 0.16) HEO powders (hereafter 
indicated as TM-HEO0, TM-HEO5, TM-HEO10 and TM-HEO16, respec
tively). The crystallographic phase analysis of the nanocrystalline 

powders was performed using an X-ray diffractometer (Rigaku Mini-flex 
600) operating at 40 kV and 15 mA with Cu-Kα radiation (λ = 0.154 
nm). XRD patterns were recorded over a 2θ range of 20◦–80◦ at a scan 
rate of 2◦/min and a step size of 0.02◦. Rietveld refinement of XRD 
patterns was done using GSAS2 software suit. The elemental mapping 
and composition quantification of the calcined powders were analyzed 
using a scanning electron microscope (SEM, Nova Nano 450) equipped 
with energy-dispersive X-ray spectroscopy (EDS). Phase purity and 

Fig. 3. XRD spectra revealing phase evolution of TM-HEO10 powder sample at temperature (a) 900 ◦C (b)1000 ◦C (c) 1050 ◦C (d) 1100 ◦C respectively. Phase pure 
rocksalt structure obtained at TC ≥ 1050 ◦C.

Fig. 4. XRD patterns of equiatomic (Co, Mg, Ni, Cu, Zn, Ca)O (TM-HEO16) powder annealed at varying temperatures from 1000 ◦C to 1400 ◦C.
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crystallinity of the synthesized samples were analyzed by TEM (Tecnai 
G2 20 TWIN, FEI) under an operating voltage of 200 kV. Samples for 
TEM imaging were prepared by dispersing the powder in ethanol 
through ultrasonication for 90 min followed by drop-casting on a 200- 

mesh carbon-coated Cu grid.

Fig. 5. XRD patterns of powder sample of (a) five components HEO (TM-HEO0) and Ca added (Co, Mg, Ni, Cu, Zn)1-xCaxO HEO at different compositions (x =
0.05,0.10 and 0.16) at 900 ◦C,1000 ◦C,1100 ◦C and 1400 ◦C, respectively; (b) depicts the increase in lattice parameter as fraction of mole fraction of Ca2+.

Fig. 6. (a) Bright-field TEM image (b) phase contrast image showing interplanar distance 0.243 nm and (c) SAED pattern showing polycrystalline nature of TM- 
HEO0 sample.

Fig. 7. (a) Bright-field TEM image (b) phase contrast image showing inter-planar distance 0.245 nm and (c) SAED pattern showing polycrystalline nature of TM- 
HEO5 sample.

Fig. 8. (a) Bright-field TEM image, (b) phase contrast image showing interplanar distance 0.249 nm, and (c) SAED pattern showing polycrystalline nature of TM- 
HEO10 sample.
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3. Results and discussion

The strain due to the large ionic size of the Ca2+ doping in (Co, Mg, 
Ni, Cu, Zn)O has been shown to influence the formation of single-phase 
and change the phase stability landscape [20,25,26]. The strain ε due to 
a larger cation (Ca2+) substitution is described by Ref. [27]: 

ε= ∂r
r

(1) 

ε= r 1 - r 0

r 0
(2) 

where r0, and r1 are the average ionic radii of the parent HEO cations 
and Ca2+ substituted six component HEO, respectively. The effective 
radius of Ca2+ substituted HEO at different doping concentrations is 
calculated by using the relation [28]. 

r 1 =
∑6

i=1
(ni .ri ) (3) 

where ni , ri is the molar concentration of constituent cations and their 
ionic radius. Fig. 1(a) shows the schematic of the crystal structure of 
rocksalt five component HEO. Since in rock-salt structure, cation and 
anion are arranged in a cubic lattice, volumetric strain is determined by 
the relation 

εv =
∂V
V

= 3
∂a
a

(4) 

εv =
3
(
asub − apar

)

apar
(5) 

where asub, and apar are the lattice parameters of Ca2+ substituted HEO 
and the parent TM-HEO0, respectively. For equation (4), it was assumed 
that the lattice experiences the hydrostatic state of strain. Fig. 1(b) 
shows how ionic size mismatch creates local strain in the lattice. For 
estimating strain energy stored in the lattice due to the substitution of 
larger size Ca2+ into the lattice of the five-element HEOs, it was assumed 
that TM-HEO0 experiencing negligible strain (as ionic radii of the TM 
cations are nearly the same; 0.69–0.72 Å) and taken as reference. The 
strain energy equivalent to local elastic pressure for the structural 
decomposition was calculated from the lattice strain model proposed by 
Brice et al., [27,29–31] 

U=4πENA

(
r 0

2
( r 1 − r 0)2

+
1
3
( r 1 − r 0)3

)

(6) 

where U is the strain energy in kJmol− 1, E is Young’s modulus of the 
HEO (108 GPa [32]). r0, and r1 are the average ionic radii of cations in 
five-component TM-HEO0 and Ca2+ added six-component HEOs, 
respectively. Fig. 1(c) depicts a plot of strain energy due to large-size 
cation substitution. This strain energy was added to the enthalpy of 
mixing (ΔH) to calculate the critical temperature beyond which ΔG 
become negative for the single-phase formation [33]. Thus, it was 
evaluated that strain energy on increasing Ca2+ concentration enhanced 
the enthalpy of mixing. In addition to the strain effect, the enthalpy 
penalty (ΔH) for (Co, Mg, Ni, Cu, Zn)1-xCaxO (x = 0.05, 0.1, 0.16) system 
involves enthalpy change associated with the phase transition of ZnO 
(wurtzite to rocksalt) and CuO (tenorite to rocksalt). The enthalpy 
associated with the phase transition to rocksalt for ZnO and CuO was 
reported 25 kJmol-1 and 22 kJmol-1, respectively [5,32]. The crystal 
structure of CaO (sixth constituent) is also the same with some marginal 
difference in lattice parameter (4.80 Å) from the final states (4.23 Å). 
There is only a volume misfit in the case of CaO and thus doesn’t involve 
a significant enthalpy change associated with the structural transition. 
For simplicity, we assumed that the solution of each binary oxide into 
rocksalt is ideal. To account for the structural transition of ZnO and CuO, 

enthalpic penalties were calculated based on a product of the mole 
fractions of each component multiplied by reference transition enthalpy, 
including the strain effect. Thus, the overall driving force (ΔH) can be 
formulated as: 

ΔH=UCa2+ + xi(25 ) + yi(22) kJ⋅mol− 1 (7) 

where xi, and yi represents the molar compositions of ZnO and CuO, 
respectively. The configurational entropy of parent equiatomic HEO 
(Co, Mg, Ni, Cu, Zn)O and Ca2+ added HEOs are calculated using the 
relation [34]: 

ΔSconfig. = − R

(
∑n

i=1
xi ln xi

)

cation

(8) 

Phase formation is governed by the minimization of Gibbs free en
ergy which is connected to the enthalpy ΔH and entropy ΔS, through the 
equation [6,28]. 

ΔG=ΔH – TΔS (9) 

It is obvious that in the case ΔH > 0, the entropy term (TΔS) should 
be high enough to surpass the enthalpy penalty so that ΔG becomes 
negative for single-phase formation [6]. Since the configuration entropy 
for the random solid solution phase is constant, it can be stable above a 
critical temperature (Tc). Fig. 1 (d) shows variation in the estimated 
critical temperature for varying Ca2+ substitution. The estimated critical 
temperature increases with the calcium addition. The critical tempera
ture increased from 848 ◦C for the parent HEO to 957, 1043, and 1359 ◦C 
for 0.05, 0.1 and 0.16 mol fraction Ca2+ substitution (Table 1). A similar 
observation was made by Chen et al., [19] for a four-component medium 
entropy oxide where stabilization temperature increased linearly with 
the substitution of Zn2+. The increase in the critical stabilization tem
perature was due to the positive enthalpy associated with the wurtzite to 
rocksalt transition of ZnO.

To validate the estimated critical temperature, the five-component 
HEO (TM-HEO0) and Ca2+ substituted samples (TM-HEO5, TM- 
HEO10 and TM-HEO16) were synthesized by solution combustion 
methods and annealed to form a single phase. X-ray diffraction patterns 
were recorded after annealing at varying temperatures at intervals of 
100 ◦C and analyzed to examine the phase and structural parameters 
((Fig. 2(a–c) and Fig. 3(a–d)). For samples having x = 0.05 and x = 0.1 in 
(Co, Mg, Ni, Cu, Zn)1-xCaxO, single-phase rock-salt (space group Fm3m) 
is observed on annealing at temperatures 960, and 1050 ◦C, which is 
close to the calculated values of 957 and 1043 ◦C, respectively (Figs. 2 
(b) and 3(c)). Below this critical temperature, in addition to the prom
inent rocksalt phase, some other phases are observed which could be 
indexed to the tenorite (CuO), wurtzite (ZnO), and traces of interme
diate CaCuO2 phase (Figs. 2a, 3a and 3b). The presence of separate 
phases was attributed to the greater positive enthalpy (ΔH) than to the 
negative TΔS term, below the critical temperature. On increasing the 
temperature above the estimated critical temperature, single phase solid 
solution was observed.

The estimated critical temperature for TM-HEO16 was 1359 ◦C; 
however, even after heating to 1400 ◦C, CaO peaks were observed, 
although the intensity of CaO peaks decreased significantly. XRD pattern 
of TM-HEO16 annealed at different temperatures is depicted in Fig. 4. 
For TM-HEO16, apart from prominent peaks belonging to the rocksalt 
phase, there are minor peaks of CaO (estimated to be ~4 mol% from 
Rietveld analysis) present even after annealing at 1400 ◦C. Since the 
difference in ionic radius of the calcium ion and the average size of the 
cation in the host (Co, Mg, Ni, Cu, Zn) O is 37.89 % which is much larger 
and can impose a solubility limit on Ca2+ in the parent HEO [11]. This 
indicates that the solubility limit of Ca2+ is somewhere between 0.1 and 
0.12 mol fraction.

It is obvious from Fig. 5(a) that the diffraction peaks shift to lower 
angles on increasing Ca2+ concentration, indicating lattice parameter 
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increase, which is plotted in Fig. 5(b). The lattice parameter of the high 
entropy rocksalt phase was calculated from the XRD patterns. An in
crease in lattice parameters follows a linear trend with the Ca2+ content. 
This shows that the interaction parameter for Ca2+ substitution in the 
HEO is rather small if not zero. The elemental mapping of all the samples 
using SEM-EDS (Figs. S1–S4) confirms the random and uniform distri
bution of all constituent elements.

To confirm the phase purity and crystallinity of the synthesized 
samples, we performed TEM analysis at several spots. Representative 
images and SAED patterns are shown in Figs. 6–8 for TM-HEO0, TM- 
HEO5 and TM-HEO10, respectively. The bright field TEM image and 
corresponding phase contrast images (Figs. 6a, 7a and 8a) and SAED 
patterns (Figs. 6c, 7c and 8c) confirm the phase purity and crystallinity. 
SAED in all the cases could be indexed to the rocksalt phase. Figs. 6b, 7b 
and 8b show the lattice fringes with inter-planar distances of 
0.243,0.245, and 0.249 nm in the phase contrast image is attributed to 
(111) planes of rocksalt phase of sample TM-HEO0, TM-HEO5 and TM- 
HEO10, respectively.

4. Conclusions

A formulation for accounting the strain energy for the dissolution of 
larger isovalent cation into high entropy phase formation is proposed 
and validated by substituting Ca2+ in (Mg, Co, Ni, Cu, Zn)O. The strain 
due to the large size of the Ca2+ caused a larger activation energy bar
rier, for the formation of single-phase rocksalt solid solution (Co, Mg, Ni, 
Cu, Zn)1-xCaxO, which enhanced the critical temperature for entropic 
stabilization (TΔS). The critical temperature for single-phase solution 
phase formation increased from 875 ◦C for (Co, Mg, Ni, Cu, Zn) O to 
around 960 and 1050 ◦C for (Co, Mg, Ni, Cu, Zn)0.95Ca0.05O and (Co, Mg, 
Ni, Cu, Zn)0.9Ca0.1O. In the case of equimolar six-component (Co, Mg, 
Ni, Cu, Zn, Ca) O HEO, although the critical estimated temperature was 
1359 ◦C, even after heating to 1400 ◦C only about 0.12 mol fraction of 
Ca2+ could be dissolved, indicating to the solubility limit imposed by the 
large cationic size difference.
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