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Abstract 

Entropy-stabilized oxides represent a novel family of advanced ceramic materials with attractive 

functional properties. 

In this work, entropy-stabilized oxides, in the system (Mg, Co, Ni, Cu, Zn)O, were produced by co-

precipitation and hydrothermal synthesis. Although TG/DTA and XRD analyses of as-synthetized 

powders point out complex thermal evolution, in both cases the desired single-phase rock salt solid 

solution was obtained after a proper thermal treatment.  

The dilatometric analysis points out the excellent sinterability of the obtained powders, which were 

successfully consolidated for the first time reaching nearly full density ( ~ 97%) at relatively low 

temperature (1050°C). 

 

1 Introduction 

Entropy-Stabilized Oxides (E-SO) are a new class of ceramic materials characterized by very 

promising and still partially unexplored functional properties<sup>1–5</sup>. They were 

synthetized for the first time by Rost et al. in 2015 [1] by mixing five equimolar metal oxides (MgO-

CoO-NiO-CuO-ZnO), the powder mixture being heat treated at 1000°C and then quenched. At such 

temperature the oxides mixture reacts forming a single phase solid solution with rock salt 

crystalline structure (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O)[1] which is thermodynamically stabilized by the 

mixing entropic contribution (∆𝑆!"#) to the Gibbs free energy [1, 6]:  

∆𝐺!"# = ∆𝐻!"# − 𝑇	∆𝑆!"# =	∆𝐻!"# + 𝑅𝑇	∑ 𝑥" 	𝑙𝑛(𝑥")$
"%&    Eq. 1 

where 𝑇 is the absolute temperature, ∆𝐺!"# and ∆𝐻!"# the free energy and enthalpy of mixing, 

respectively, 𝑅 the universal gas constant and 𝑥"  the molar concentration of each component of 

the mixture. ∆𝑆!"# is always positive and, therefore, the rock salt single-phase stability increases 



with temperature. Rost et al. pointed out that for temperature in excess to 875°C the solid solution 

of the equimolar MgO-CoO-NiO-CuO-ZnO system is more stable than the separated oxides. 

Therefore, slow cooling or annealing at temperature below 875°C causes phase separation via 

exsolution. But, if the cooling rate is high enough (quenching), the metastable elevated 

temperature rock salt single-phase can be stabilized down to room temperature. 

The work by Rost et al. opened a new broad materials research field, pointing out how to produce 

new complex materials with virtually infinite different compositions and properties. Basically, the 

idea can be applied to different classes of inorganic materials, thus allowing the production of 

highly disordered new crystalline phases. Similar works were focused on the production of entropy-

stabilized carbides, carbo-nitrides and borides [7–9]. Recently, new E-SO were developed with 

compositions different from the equimolar (Mg, Co, Ni, Cu, Zn)O[10–12]. In particular, Bérardan 

and co-workers showed that (Mg, Co, Ni, Cu, Zn)O can be easily doped with alkali metal oxides, i.e. 

Li2O, Na2O and K2O[10]. They were able to obtain single phase rock salt (Mg, Co, Ni, Cu, Zn)1-xLixO 

with x up to ~ 0.3. Such materials are characterized by interesting electrical properties like room 

temperature superionic Li+ and fast Na+ conductivity [10] and giant dielectric constant[12], 

suggesting possible applications in the field of energy storage and microelectronics. 

Although E-SO represent a very promising innovative class of ceramics, no works have been carried 

out to investigate their consolidation and densification processes. In some works E-SO 

manufactured by conventional solid state synthesis route were used to produce pellets for 

electrical properties measurements, but their relative density did not exceed 75-80% [5, 10, 12].  

Finally, it must be pointed out that solid state synthesis route requires a homogeneous distribution 

of the different oxides particles prior to the high temperature treatment. Therefore, very long ball-

milling is necessary before starting the synthesis process. 



Recently, Sarkar et al. have shown that different chemical synthesis routes allow the production of 

nanometric E-SO powder in the system (Mg, Co, Ni, Cu, Zn)O [13]; among them, flame spray 

pyrolysis, nebulized spray pyrolysis and co-precipitation, using NH3 as precipitating agent. 

In this work, a processing route based on wet chemical synthesis procedures (co-precipitation and 

hydrothermal synthesis) was developed to obtain (Mg, Co, Ni, Cu, Zn)O entropy-stabilized 

nanometric oxides which allows the production of almost fully dense ceramic components by 

sintering at relatively low temperature.  

 

2 Experimental procedures 

Zinc (II) sulphate (ZnSO4
.H2O RPE, Carlo Erba Reagents), copper (II) sulphate (CuSO4

.5H2O RPE, Carlo 

Erba Reagents), nickel (II) sulphate (NiSO4
.5H2O RPE, Carlo Erba Reagents), cobalt (II) nitrate 

(Co(NO3)2
.5H2O RPE, Carlo Erba Reagents) and magnesium (II) nitrate (Mg(NO3)2

.5H2O RPE, Carlo 

Erba Reagents) were used as precursors for preparing the aqueous solutions used in the present 

work. Two different wet synthesis methods were adopted, a simple co-precipitation method and 

a combined co-precipitation/hydrothermal treatment synthesis. Potassium carbonate (K2CO3, RPE, 

Carlo Erba Reagents) and sodium hydroxide (NaOH, RPE, Carlo Erba Reagents) were used as 

precipitating/mineralizer agent in the two cases, respectively. These products were chosen as 

precipitating agents after some preliminary experiments, where the coprecipitation in the 

presence of ammonia appeared rather difficult to be completed, due to the formation of ammonia 

complexes (Ni and Cu only partially precipitate). Moreover, precipitating agents based on 

carbonates, typically produce weakly agglomerated powder which exhibits better sintering [14]. 

Initially, the proper amount of salts was dissolved in de-ionized water to obtain a first solution (A) 

with 0.1 M total cationic concentration (0.02 M for each cation). K2CO3 was dissolved in de-ionized 

water to form 0.15 M solution (B). The co-precipitation was carried out in reverse mode, i.e. by 



slowly adding solution A to solution B. In a typical synthesis, 400 ml solution A were added at a rate 

of about 20 ml/min to 400 ml solution B under vigorous stirring. The mix was kept under continuous 

stirring for 30 min and, finally, the gelatinous co-precipitate was filtered, repeatedly washed with 

de-ionized water and dried overnight at 60°C. This sample was labeled as CP. 

In a typical combined co-precipitation/hydrothermal synthesis route, 40 ml of solution A were 

quickly added to 10 ml 1.2 M NaOH solution in a Teflon vessel (60 ml), kept under stirring, to induce 

the formation of a co-precipitated. The Teflon vessel was then sealed and placed in stainless steel 

pressure vessel for the hydrothermal treatment, which was carried out for 2 days in air-

thermostated rotating (25 rpm) oven at 130°C to allow the complete system homogenization. After 

the hydrothermal treatment, the product was filtered, repeatedly washed with de-ionized water 

and dried overnight at 60°C. This sample was labeled as HT. 

The thermal behavior of CP and HT powders was analyzed by simultaneous Differential Thermal 

Analysis and Thermo-Gravimetric Analysis (DTA-TG) both in air and in argon atmosphere, using α-

Al2O3 as reference (Thermoanalyzer STA 409, Netzsch) and 10°C/min heating rate. Additional DTA 

analysis was performed in air by using different heating rates between 2°C/min and 40°C/min.  

In order to understand the complex thermal evolution of the systems, mineralogical analysis was 

carried out by XRD (Panalytical X'PERT MPD diffractometer, Cu Kα radiation) on CP and HT powders. 

The spectra were collected on samples heat treated at different temperature (from room 

temperature up to 1000°C) selected on the basis of the thermal effects visible on DTA-TG plots. 

The heat treatments were carried out in a Lenton chamber furnace under static air atmosphere 

using heating rate of 10°C/min; once the maximum temperature was reached, the samples were 

immediately air quenched. The mineralogical composition and the microstructural features (i.e. 

lattice strain, crystallite size…) were determined by quantitative Rietveld analysis as implemented 

in Maud software [15]. 



The relative cations concentration in CP and HT samples was measured by ICP (Spectro Ciros). 

About 0.15 g of powder was dissolved in 20 ml of a 70% nitric acid (Sigma Aldrich) water solution. 

This was diluted using 80 ml distilled water to reach 100 ml total volume and then used for the ICP 

measurements. Two distinct samples were analyzed for CP and HT powders and the analysis was 

repeated three times on each sample.  

The sintering behavior of CP and HT powders was also investigated. As-synthetized powders were 

preliminarily calcined at 450°C for 1 h (heating rate = 10°C/min) to allow the complete evolution of 

water. Cylindrical pellets (diameter ~ 6 mm) were produced by uniaxial pressing at 250 MPa. 

Dilatometric tests were carried out in Linseis L75 dilatometer using heating rate of 10°C/min up to 

1100°C. Additional samples were sintered at 1050°C for 1.5 h in Nabertherm muffle under static 

air atmosphere using 10°C/min heating rate. After firing, the samples were air-quenched by quickly 

removing them from the furnace. 

The microstructure of fired specimens was characterized by SEM (Jeol JSM 5500); the grain size 

was determined using the linear intercept method on the free surface of sintered pellets, the 

measure being repeated 10 times. The density of fired bodies was determined according to 

Archimedes’ principle by using an analytical balance (Gibertini, sensitivity ± 0.0001g). The 

measures were repeated on four different samples per each composition. 

 

3 Results and discussion 

3.1 Synthesis and thermal evolution  

Figure 1 shows the XRD pattern recorded on the synthesized powders. Only some very broad peaks 

appear for the sample obtained by co-precipitation, this pointing out its nanocrystalline or 

amorphous structure. Conversely, three specific crystalline phases can be recognized in HT powder, 

namely Brucite, Mg(OH)2, (ICDD card N. 86-441), Cobalt oxide Co3O4 (ICDD card N. 80-1539) and 



Tenorite, CuO, (ICDD card N. 45-937). Nevertheless, the presence of Ni(OH)2 and ZnO cannot be 

excluded since their XRD reflexes are partially overlapped with those associated with the other 

identified phases. 

The thermal behavior of the synthesized powders is reported in Figure 2. DTA-TG plots for CP 

powder are characterized by five main thermal effects upon heating (indicated as α, β, γ, δ and ε); 

conversely, only two effects (ζ and η) appear for the material produced by hydrothermal 

treatment. The first two effects (α and β) for CP powder take place at about 100 and 315°C and 

correspond to endothermic peaks paired with consistent weight losses, about 10 and 20 wt% for α 

and β transformation, respectively. The origin of α effect is very likely the evaporation of residual 

water; instead, β appears to be related to the evolution of crystallization water and carbon dioxide. 

As a matter of fact, β transformation takes place within the temperature range where hydroxides 

and basic carbonates of the different metals used in this work typically decompose [16–22]. 

HT powder is characterized by an unique thermal effect at low temperature (ζ in Figure 2(b)). This 

phenomenon takes place at ~ 345°C and it is associated to an endothermic peak and 9-10% weight 

loss. Since some metal hydroxide are formed during the synthesis procedure (Figure 1), ζ is likely 

associated to the removal of their crystallization water. 

At higher temperature two exothermic peaks (γ at ~ 450°C and δ at ~ 595°C) can be observed in CP 

powder, not paired with any weight change in the TG plot. To investigate these transformations, 

XRD spectra were collected after heating the co-precipitated powder at specific temperatures and 

successive quenching. The results, reported in Figure 3 and Table I, reveal the complex thermal 

evolution of the system. At 390°C (between β and γ effects) Co3O4-like spinel and MgO-like rock 

salt can be distinguished. The presence of Co3O4 spinel points out that cobalt ions, introduced as 

Co2+ in the solution, are partially oxidized to Co3+ during the thermal treatment; on the other hand, 

the absence of diffraction signals from any other phases suggests that the lattices of both 

compounds could be at least partially substituted with other cations. The material at 390°C is 



nanocrystalline, with crystallite size of 7.0 and 3.5 nm for the Co3O4 and the MgO-like phases, 

respectively. At 520°C (between γ and δ effects) Co3O4, MgO, CuO and ZnO phases are detected, 

this suggesting that γ effect in Figure 2 shall be associated to the crystallization of CuO and ZnO. At 

this temperature, Co3O4 and MgO crystallite size remarkably increases up to 24 and 18 nm, 

respectively, whereas CuO and ZnO exhibit an almost ideal crystallization. Finally, at 690°C 

(between δ and ε effects) the material is mainly constituted by MgO-like rock salt structure, with 

smaller amounts of CuO and ZnO. The thermal and slow decomposition of Co3O4 into CoO with 

simultaneous evolution of O2(g) is very likely the cause of the very gradual weight loss observed in 

this temperature range by TG (Figure 2(a)). It is interesting to observe that at 690°C the system is 

already largely composed by the rock salt structure typical of (Mg, Co, Ni, Cu, Zn)O entropy-

stabilized oxide. This suggests that the dissolution process in the powders manufactured in the 

present work starts at temperature lower than the threshold one identified by Rost et al. for 

complete solubility in solid state-synthesized material around 875°C[1]. Nevertheless, the 

dissolution at 690°C is only partial and higher temperatures are needed for complete solubilization 

(Figure 3 and Table I). Indeed, the driving force for the single-phase solid solution formation 

increases with temperature, it being entropy-driven. The result that a partial dissolution takes 

place also at temperature lower than 875°C is consistent with XRD patterns reported by Rost et al. 

[1], where a strong reduction of the secondary phases peaks intensity is observed already between 

750 and 800°C. 

The origin of the δ exothermic peak is not completely clear. It cannot be accounted for by the spinel 

decomposition or by the formation of the solid solution in the rock salt phase, these processes 

being endothermic. It can be probably related to the crystallization of some residual amorphous 

phase. Finally, one can observe that the DTA plot recorded on HT powder does not show any 

exothermic effect: HT powder does not undergo to any crystallization upon heating, it being 

already crystalline after the synthesis process (Figure 1). 



In order to investigate γ and δ crystallization effects better, DTA analyses with different heating 

rates (ϕ = 2 - 40°C/min) were additionally performed. As shown in Figure 4(a), typical DTA peak 

displacement associated to phase transformation appears. Therefore, the activation energy for γ 

and δ transformation can be estimated by using a Kissinger-like analysis [23, 24] according to the 

equation [23, 24]: 

ln3𝑇'( 𝜑⁄ 6 = 	𝐸) 𝑅𝑇' + 𝐵⁄ ,       Eq. 2 

where 𝑇' is the DTA peak temperature in Kelvin degrees, 𝐸) the activation energy of the specific 

phase transition and 𝐵 a constant. The interpolation of the experimental data using Eq. 2 is shown 

in Figure 4(b),(c). One can observe that the plots ln3𝑇'( 𝜑⁄ 6 vs. 1000 𝑇'⁄  are linear as predicted by 

Eq. 2. Therefore, it is possible to estimate the activation energy for the two crystallization 

processes, equal to 225 and 275 kJ/mol for γ and δ transformation, respectively. 

At higher temperature an endothermic effect, associated to a moderate weight loss, is recorded 

for both materials. Such effect, indicated as ε and η in Figure 2, takes place at about 780°C. In order 

to understand the possible phenomena responsible for such endothermic peaks, the thermal 

analysis was repeated in Ar atmosphere. The corresponding thermographs, compared to those 

recorded in air, are shown in Figure 5, DTG representing the derivative of TG. Some remarkable 

differences can be observed for CP powder (Figure 5(a)). DTA-DTG curves do not point out any 

relevant weight loss and endothermic effect at 780°C in Ar atmosphere. In other words, ε can be 

observed only in air and this suggests that the phenomenon might be related to the modification 

of the oxidation state of some cations. As a matter of fact, transition metal monoxides like CoO 

and NiO are typically characterized by consistent deviation from stoichiometry, due to the 

oxidation of Co2+ and Ni2+ to trivalent cations [25] which can be easily accommodated in the 

monoxide crystal structure. Indeed, when the thermal treatment is carried out in Ar atmosphere, 

no trivalent cations are formed upon heating in the CP sample, all cations remaining in their initial 

divalent state. Therefore, one can argue that ε effect is associated with the reduction of 3+ cations 



formed during the thermal treatment in air, only; this accounts for molecular oxygen evolution, 

weight loss and the endothermic effect.  

Conversely, DTA-DTG curves for HT sample are characterized by the presence of an endothermic 

peak at about 780°C paired with a modest weight loss both in air and Ar (Figure 5(b)). The different 

thermal behavior of HT and CP powders in argon can be explained by considering the pre-existing 

presence into the as-synthetized HT sample of Co3O4-like spinel (Figure 1). Therefore, the starting 

HT material is already characterized by the presence of 3+ cations prior to the thermal treatment, 

whose high temperature reduction causes η effect. One can additionally observe that η is less 

pronounced in Ar than in air atmosphere, this being correlated to the fact that the absence of O2 

upon heating in Ar does not allow further oxidation of other divalent cations. 

Finally, at higher temperature (Figure 3, Table I), both materials appear to be constituted by the 

single-phase MgO-like rock salt structure, typical for this class of E-SO. The hydrothermal 

synthesized material shows almost perfect crystallization, all the diffraction peaks appearing very 

sharp (Figure 3(b)). Conversely, CP powder XRD pattern is characterized by evident peak 

broadening of the ( 2 0 0 ), ( 2 2 0 ) and ( 3 1 1 ) reflections, whereas ( 1 1 1 ) and ( 2 2 2 ) reflections 

do not show any relevant broadening (Figure 3(a)). Such phenomenon is known as anisotropic peak 

broadening, it taking place only on some specific crystallographic planes. It can be due to 

anisotropy in the crystallite size (i.e. the crystallite size is different on different crystallographic 

directions) or to the presence of anisotropic lattice strains due to anisotropic lattice disorder. As 

observed in Ref. [5], anisotropic broadening (in the form of reduction in the coherence length 

perpendicular to the (111) direction) is often observed in this class of materials and it is likely 

originated by short-distance displacements of the cations/oxygen in the lattice with respect to their 

ideal position. In order to characterize the observed behavior, a Popa-Balzar crystallite size/strain 

model was introduced in the Rietveld refinement [26], assuming pure strain-broadening 

hypothesis, with negligible size-related effects (i.e. no anisotropic broadening associated to the 



crystallite shape). The absence of relevant anisotropy due to the crystallite shape is consistent with 

the high symmetry of fcc rock salt phase and it is confirmed by SEM micrographs, which will be 

discussed in “3.2 Sintering”, pointing out a very equiaxial grain structure. The refined values for the 

Popa strain coefficients are 0.5% for the average lattice strain and -0.4% along the cell diagonal 

direction. Such strains can adequately model the absence of broadening for the { 1 1 1} reflections 

and remarkable broadening effects in the others. 

The different lattice strain behavior exhibited by HT and CP samples is thought to be associated 

with differences in the materials composition. Therefore, the chemical composition of HT and CP 

powder was measured by ICP and the results are shown in Figure 6. One can observe that the two 

samples are significantly different, the measured composition of HT sample being very close to the 

nominal one; conversely, Mg2+ content in CP sample is about one third the nominal one. The 

observed different results are easily justifiable on the base of the solubility data. In fact, while 

transition metals carbonates and hydroxides are practically insoluble in water, magnesium 

hydroxide has limited solubility and magnesium carbonate is relatively soluble. Therefore, in the 

presence of K2CO3 as precipitating agent, the final solution pH was too low (around 9 as measured 

after the co-precipitation step, the carbonate anion being a weak base) to allow the complete 

magnesium precipitation as Mg(OH)2. Conversely, the remaining transition metal cations almost 

completely co-precipitated because of the very low solubility product for hydroxides, carbonates 

and basic carbonates. On the other hand, by using NaOH as precipitating agent for the combined 

co-precipitation/hydrothermal treatment, the solution pH was high enough (around 13, being 

NaOH a strong base) to ensure that all cations precipitate as hydroxides or oxides. The result is 

consistent with previous findings by Sarkar et al., who pointed out that pH = 10 is high enough to 

allow a complete precipitation of Mg2+ [13]. 

Starting from these results, the differences in lattice strain in CP and HT powder can likely be 

ascribed to the different Mg load. Since the E-SO crystal structure is well approximated by MgO-



like crystal, more limited Mg load in CP sample causes higher substitutional disorder with respect 

to the hydrothermal case. Therefore, it increases the broadening along ( 2 0 0 ), ( 2 2 0 ) and ( 3 1 

1 ) reflections, likely due to higher cationic site density along these crystallographic planes. 

3.2 Sintering 

Figure 7 shows the dilatometric behavior of CP and HT powders. The plots are referred to pellets 

produced using powder calcined at 450°C to allow complete removal of crystallization water and 

CO2 (β and ζ effects in Figure 2) before the green component production and firing. This was done 

to avoid possible damages of the specimens upon the sintering treatment, the rapid evolution of 

gaseous species in the green body very likely causing defects. The diagrams point out that the two 

materials are characterized by significant shrinkage at relatively low temperature. In particular, the 

powder produced by co-precipitation starts to shrink at about 400°C and the sintering process is 

almost completed at 950°C. The consolidation process for the powder obtained by hydrothermal 

route starts at about 700°C and a consistent shrinkage (in the order of 25%) is recorded at 1100°C 

although the process is not completed.  

The strain rate curves (Figure 7) point out that the sintering process consists of two fundamental 

events for both materials, occurring at about 610/770°C and 795/1060°C for the co-precipitated 

and hydrothermal powder, respectively. Such relatively complex dilatometric behavior is very likely 

associated to different phenomena taking place upon heating, namely densification, 

crystallizations and phase transitions. In particular, a certain correspondence can be identified 

between the shrinkage rate maxima at 610/770°C (co-precipitated) and 795°C (hydrothermal) and 

the transformations previously indicated as δ, ε and η (Figure 2). The shrinkage at higher 

temperatures for the hydrothermal powder (maximum at 1060°C) can be ascribed instead only to 

densification and sintering. 



The excellent sinterability of the material is confirmed by SEM/density analysis carried out on 

pellets treated at 1050°C for 1.5 h. The micrographs reported in Figure 8 reveal a very dense 

microstructure for CP material with few well-distributed small pores, mainly located at the grain 

boundary. A lower densification level is observed in the hydrothermal powder, although the 

material appears homogeneous and well-consolidated. The density measurements are in 

agreement with the microstructural analysis, the relative bulk density being close to 97% and 91% 

for CP and HT samples, respectively. XRD spectra recorded on the sintered pellets point out that 

the manufactured materials are constituted by the desired single-phase rock salt structure, 

additionally confirming the anisotropic strain broadening effect in CP sample (Figure 9). Therefore, 

the synthesis and sintering procedure developed in the present work represents a huge 

improvement with respect to previous literature results, where density in the range of 75-80% was 

obtained [5, 10, 12]. Nevertheless, we can observe a limited asymmetry in the low-angle part of 

the peak of HT sample (Figure 9). This could be accounted for by the coexistence of a second MgO-

like phase with slightly different (larger) lattice parameters, or, more likely, by a slight distortion in 

the cubic structure of the main MgO-like phase due to the presence of lattice disorder (probably 

introduced during the comminution of the sintered pellet). As a matter of fact, the presence of a 

secondary phase would cause an increasing peak-splitting and such effect can not be observed in 

the diffraction patterns in Figure 9, the presence of a secondary phase appearing unlikely.  

Additional micrographs of the crystalline grains structure are reported in Figure 10. The 

micrographs, obtained on free surface after sintering, show that the grains are almost equiaxial 

and the grain size is about 3.2 and 2.0 μm for the co-precipitated and hydrothermal synthesized 

material, respectively. Some abnormal grains can be also detected in the co-precipitated material, 

whose size is approximately 5 μm. 

The obtained results suggest that self-diffusion kinetics in the considered materials are extremely 

rapid at relatively low temperature. Moreover, such kinetics are faster in CP sample, it being 



characterized by quicker densification and grain coalescence. This can be associated to the 

different composition of the two materials, which mainly defers for the Mg load. The effect of Mg 

on sintering and grain growth can be examined by considering the defect chemistry of the material. 

The rock salt phase is constituted by the combination of a closed-packed anionic and cationic 

sublattices. In such structures, the most common defects are Schottky pairs, constituted by anion 

and cation vacancies. Frenkel disorder, which requires the formation of interstitials, is instead less 

common, the well packed crystal structure being poorly able to accommodate interstitial ions [25]. 

Therefore, sintering rates are very likely controlled by vacancies diffusion.  

Indeed, the self-diffusion kinetics of anions (O) and cations (M) depends on the intrinsic diffusivities 

of the corresponding vacancies (	𝐷*+..  and 𝐷*,,,) and on the defect population. In fact, the self-

diffusion coefficients (𝐷+
-./0 and 𝐷,

-./0) can be calculated as following: 

𝐷+
-./0 =	 [𝑉+	∙	∙]	𝐷*+..         Eq.3 

𝐷,
-./0 =	 [𝑉,33]	𝐷*,,,  ,        Eq.4 

where [𝑉+	∙	∙] and [𝑉,33] are the concentration of anion and cation vacancies, respectively. On one 

hand the Mg load could interact with the intrinsic vacancies diffusivities. As a matter of fact, we 

observed that different Mg content is responsible for changes in the unit crystal cell, the cell 

parameter being 4.2442 Å and 4.2368 Å for the CP sample   and HT sintered sample, respectively 

(calculated from XRD spectra in Figure 9). Therefore, the cell parameter is about 0.175% smaller in 

HT sample (with higher Mg load). The modification of the crystal structure indeed changes the 

vacancies diffusivities. 

On the other hand, one can propose that the different Mg content influences the defect 

population. Many transition metal oxides with rock salt structure (Co and Ni, among them) have a 

strong tendency to non-stoichiometry due to the cation propensity to modify the oxidation state 



from 2+ to 3+ [25]. This cation oxidation state variation is accommodated in transition metal rock 

salt monoxides by the formation of cation vacancies (𝑉,33)[25] according to the equilibrium:  

1 2⁄ 	𝑂((5) 	↔ 	𝑂+# + 𝑉,33 + 2ℎ	∙	.      Eq.5 

The electron holes (ℎ	∙) are associated to divalent lattice cations [27], which increase their oxidation 

state to 3+. Therefore, one can argue that E-SO are themselves partially non-stoichiometric rock 

salt compounds and, for this reason, we limit the discussion only to Mg, Co and Ni which have the 

same crystal structure of E-SO. In the case of CoO and NiO, the non-stoichiometry is relatively 

strong, it being in the order of 10-2 and 10-4 per cation sublattice site, respectively (T ~ 1200°C and 

PO2 ~ 0.2 atm) [28]. On the other hand, MgO is much more stoichiometric than NiO and CoO and 

the ionic vacancies concentration, according to Schottky equilibrium, is practically negligible at 

1050°C (the intrinsic vacancies concentration is only 4·10-7 even at melting temperature ~ 2850°C 

[25]). Therefore, the different composition of CP and HT powder can cause a substantial 

modification of the defects population, the latter being very likely more stoichiometric as a result 

of the larger Mg content. 

 

4 Conclusions 

(Mg, Co, Ni, Cu, Zn)O entropy-stabilized oxides can be successfully obtained by employing wet 

chemical synthesis methods like co-precipitation (using K2CO3 as precipitating agent) and 

hydrothermal synthesis. Albeit a certain deviation from the predicted stoichiometry is observed in 

the co-precipitated sample, both produced materials are constituted by the desired single-phase 

solid solution with rock salt structure. 

The obtained powders are characterized by an excellent sinterability, which allows the production 

of well-consolidated pellets at relatively low temperatures (1050°C), the relative density of the 

fired samples being ~ 97% and ~ 91% for CP sample and HT sample, respectively.  
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 Table I: Mineralogical composition calculated by Rietveld method (using Maud software) from 

the spectra in Figure 3. 

 T [°C] Rock salt [wt%] Spinel [wt%] Zinc oxide [wt%] Tenorite [wt%] 

CP
 

520 32.0 50 4 14 

690 87 0 4 9 

1000 100 0 0 0 

H
T  

700 69 9 5 17 

920 98 0 2 0 

1000 100 0 0 0 

 



 

Figure 1: XRD spectra of powders synthesized by co-precipitation (CP) and hydrothermal process 
(HT). Crystalline phases and corresponding reflexes in HT powder are indicated: brucite (B), 
cobalt oxide spinel (S) and tenorite (T).  

 

 

	

Figure 2:TG/DTA plots of powders synthesized by co-precipitation (a) and by hydrothermal 
synthesis (b).  

 



Figure 3: XRD spectra of co-precipitated (a) and hydrothermal synthesized powder (b) after 
calcination at specific temperature and successive quenching. Crystalline phases and 
corresponding peaks are indicated: rock salt MgO-like (R), cobat oxide spinel (S), zinc oxide (Z) 
and tenorite (T). 

 

	

Figure 4: DTA plots recorded using different heating rates on the material produced by co-
precipitation (a). Linearization of the relation between DTA peak temperature and heating rate 
(Eq. 2) for γ (b) and δ (c) transformations. 

 



	

Figure 5: DTA-DTG taken on CP (a) and HT (b) powders in Ar and air atmosphere. 

 

	

Figure 6: Cation concentrations determined by ICP on the calcined powders (450°C, 1 h). 

 



	

Figure 7: Linear deformation and corresponding derivative from dilatometric analysis carried out 
up to 1100°C on calcined powder pellets (heating rate = 10°C/min). 

 



	

Figure 8: SEM micrographs of sintered pellets fracture surface: co-precipitated (a) and 
hydrothermal synthesized (b) powder. 

 



 

Figure 9: XRD spectra obtained on ground sintered pellets (1050°C, 1.5 h). 

 

 

 

Figure 10: SEM micrographs of the sintered pellets free surface: co-precipitated (a) and 
hydrothermal synthesized (b) powder. 

 


