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Abstract 

High-entropy engineering has emerged as a promising strategy for designing compositionally 

complex materials with enhanced structural stability. However, it remains unclear whether high-

entropy structures intrinsically improve corrosion resistance. Herein, an entropy-stabilized rock-salt 

(MgCoNiCuZn)O (HEO) high-entropy oxide was selected as a model system and compared with a 

mechanically mixed oxide (MO) consisting of MgO, Co3O4, NiO, CuO, and ZnO mixed at equimolar 

metal-cation ratios. Despite the same nominal cation composition, MO consists of independent oxide 

phases, whereas HEO forms a single-phase rock-salt solid solution. Hydrochloric-acid immersion 

experiments reveal distinctly different corrosion pathways. MO undergoes pronounced elemental 

dissolution selectivity, with Mg-, Zn-, and Cu-containing phases preferentially removed while Ni- and 

Co-containing phases are relatively retained. In contrast, HEO exhibits substantially reduced elemental 

dissolution selectivity, consistent with coupled multielement dissolution within the common lattice. 

Moreover, the corrosion response of HEO strongly depends on acid concentration. HEO exhibits lower 

net mass loss than MO in 1 M HCl, whereas its degradation becomes substantially more severe in 6 M 

HCl and the net mass loss exceeds that of MO. Residual HEO retains the multielement rock-salt 

structure while developing interfacial stratification and localized Cu/Cl-containing corrosion-derived 

species. These results show that high-entropy solid-solution formation modifies corrosion pathways 

rather than universally enhancing corrosion resistance, highlighting the coupled roles of phase 

constitution, constituent chemistry, and environmental aggressiveness in designing corrosion-resistant 

ceramics. 
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1 Introduction 

Since the emergence of high-entropy alloys (HEAs) in 2004 [1,2], high-entropy engineering has 

evolved into a broad strategy for designing compositionally complex materials. The concept has 

subsequently been extended from metallic systems to ceramics, including oxides [3], carbides [4], 

nitrides [5], borides [6], and silicides [7,8], leading to the development of high-entropy ceramics 

(HECs) [9]. Their properties are commonly interpreted through four core effects, namely high-entropy 

effect, sluggish diffusion effect, severe lattice distortion effect, and cocktail effect [10–12]. However, 

these effects are not universal descriptors of improved performance, because their influence depends 

strongly on composition, crystal structure, bonding, and service environment. 

Corrosion provides a clear example. The corrosion behavior of HEAs in aqueous environments 

shows that high-entropy design does not necessarily improve environmental stability [13–16]. For 

example, ICP-AES analysis on the CoCrFeMnNi Cantor alloy revealed distinct dissolution behaviors 

among constituent elements during localized corrosion, with Cr playing a critical role in passive film 

regeneration and repassivation processes [17]. Studies on CoCrFeNiMox HEAs showed that phase 

constitution, together with the competition between Cr2O3 enrichment and selective dissolution, 

strongly influence corrosion behavior [18]. Furthermore, chloride concentration and temperature 

markedly alter passive-film stability and pitting susceptibility of CoCrFeMnNi HEA [19]. Together, 

these studies indicate that in HEAs, corrosion is governed by phase constitution, passive-film evolution, 
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element-specific dissolution, and environmental conditions, rather than by configurational entropy 

alone. 

Similar behavior has been reported for HECs. In high-temperature oxidation, a common form of dry 

corrosion, equimolar multicomponent carbides with identical ideal configurational entropy can show 

different oxidation resistance [20–22]. Specific constituents can also promote oxide-scale densification 

in high-entropy carbide-based composites and multicomponent diborides [23,24]. In CaO-MgO-

Al2O3-SiO2 (CMAS) melt and molten-salt environments, the corrosion behavior of high-entropy rare-

earth oxide ceramics remains sensitive to constituent chemistry and reaction-product evolution [25–

33]. Collectively, these studies show that the conclusion drawn for HEAs also holds for HECs, in that 

high-entropy solid-solution formation can modify degradation pathways, but across both HEAs and 

HECs the response is governed by phase constitution, constituent chemistry, interfacial reactions, and 

environment, rather than by configurational entropy alone. 

Beyond the high-temperature and molten-salt environments discussed above, HECs can be used as 

corrosion-resistant components in chemical equipment, including pipe linings and seals, where they 

will be exposed to acidic or alkaline media. Understanding their chemical stability in such 

environments is therefore important for designing corrosion-resistant materials. To date, however, 

aqueous-corrosion studies of HECs remain limited. In neutral solutions, static leaching tests on 

A2B2O7-type HECs for radioactive-waste immobilization showed that the synergy between sluggish 

diffusion effect, severe lattice distortion effect, and the intrinsic element–oxygen bonding strength 

governs elemental release [34]. Nevertheless, such tests primarily quantify leach rates under fixed 

conditions and do not resolve element-specific dissolution pathways or phase-associated differences. 
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Systematic aqueous-corrosion studies of HECs, particularly in acidic and alkaline media and at 

matched nominal cation compositions, therefore remain scarce, especially those that resolve element-

specific dissolution and examine phase-associated differences. 

Entropy-stabilized oxides offer a platform to study how high-entropy solid-solution structures 

influence corrosion. Rost et al. [3] reported the reversible entropy-driven stabilization of 

(MgCoNiCuZn)O (HEO) as a single-phase rock-salt solid solution. Unlike many compositionally 

complex ceramics whose single-phase formation is primarily driven by a sufficiently negative enthalpy 

of mixing rather than by entropy stabilization [35], the entropy-stabilized HEO system offers a well-

defined model for comparing the same constituent cations accommodated in separate oxide phases 

versus a common rock-salt lattice. This model allows us to examine how phase constitution influences 

element-specific dissolution in multicomponent oxides with matched nominal cation compositions 

under aqueous corrosion conditions. On that basis, it becomes possible to ask whether a reduced 

elemental dissolution selectivity, necessarily translates into improved corrosion resistance. It also 

remains unclear how environmental aggressiveness affects elemental dissolution, residual-solid 

evolution, and overall degradation. 

To address these questions, we selected the entropy-stabilized HEO as a model system and compared 

it with a mechanically mixed oxide (MO) containing MgO, Co3O4, NiO, CuO, and ZnO at equimolar 

metal-cation ratios. The individual oxides were also examined as constituent-level references under 

the same conditions. Although the two materials share the same nominal cation composition, they 

differ fundamentally in how the cations are accommodated: MO contains independent oxide phases, 

HEO is a single-phase rock-salt solid solution in which the five cations share a common sublattice. By 
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comparing net mass loss, element-specific dissolution, residual-phase evolution, and post-corrosion 

morphology in 1 and 6 M HCl, this study examines how constituent-specific dissolution is expressed 

in distinct oxide phases, how it changes when the same cations share a common lattice, and how these 

changes translate into corrosion performance under different environmental aggressiveness. 

2 Experimental 

2.1.  Sample preparation 

MO powder and HEO powder with the same nominal equimolar metal-cation composition were 

prepared for corrosion comparison. Commercial MgO, Co3O4, NiO, CuO, and ZnO powders 

(analytical reagent grade) were used as starting materials. The molar ratio of Mg: Co: Ni: Cu: Zn was 

fixed at 1: 1: 1: 1: 1 for all samples. The MO powder was prepared by directly mixing the five oxide 

powders at an equimolar metal-cation ratio without further milling or heat treatment, to accurately 

control the stoichiometric proportions and preserve a mechanically mixed, non-reacted reference state 

for comparison. The HEO powder was synthesized via a conventional solid-state reaction route. The 

raw oxide powders were mixed by planetary ball milling at 560 rpm for 10 h using ZrO2 balls and 

ethanol as the solvent. The ball-to-powder mass ratio was 6:1, and 3 and 5 mm balls were used in equal 

masses. After drying, the mixed powders were sieved through a 200-mesh sieve and pressed into pellets. 

The pellets were heated to 950 °C at 5 °C min-1, held for 15 h in air, and then furnace-cooled to room 

temperature. After calcination, the pellets were crushed, re-ground, and sieved (200 mesh) to obtain 

final powders for corrosion experiments. Fig. 1 illustrates the sample preparation scheme. Both 

samples underwent identical corrosion testing conditions to ensure comparability. 
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Fig. 1 Schematic illustration of the preparation routes for MO and HEO powders. 

2.2.  Corrosion experiments 

The acid corrosion behavior of the oxide powders was evaluated using static immersion tests. The 

amounts of powder and solution were selected with reference to GB/T 2835-1998 (Test method for 

acid resistance of vitrified claypipe). Fig. 2 illustrates the experimental scheme. HCl solutions at 1 M 

and 6 M were prepared as corrosive media to examine the influence of acid concentration on corrosion 

behavior. For each test, an amount of MO powder or HEO powder corresponding to 0.0125 mol total 

metal cations was accurately weighed and immersed in 25 mL of HCl solution in a centrifuge tube. 

Individual MgO, Co3O4, NiO, CuO, and ZnO powders were additionally tested under the same 

conditions as constituent-level references. All immersion experiments were conducted in triplicate 

under static conditions for 12 h at an ambient temperature of 25 °C and a relative humidity of 65%. 
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After immersion, the solid and liquid phases were separated by centrifugation at 7000 rpm for 3 min. 

The supernatant (corrosion solution) was collected for inductively coupled plasma optical emission 

spectroscopy (ICP-OES) to determine the dissolved concentrations of Mg, Co, Ni, Cu, and Zn. The 

solid residue (corroded powder) was washed three times with deionized water via repeated 

centrifugation to remove residual acid. The wash solutions were not included in the ICP-OES analysis. 

The cleaned powder was then dried at 60 °C to constant mass, as verified by repeated weighing, and 

the final mass was used to calculate the net mass loss. 

 

Fig. 2 Schematic of the corrosion testing procedure. 

2.3.  Characterizations 

Phase identification of the powder samples before and after corrosion was performed by X-ray 

diffraction (XRD, MiniFlex, Rigaku, Japan) with Cu Kα radiation at 40 kV and 15 mA over a 2θ range 

from 10° to 90°. The surface morphology and elemental distribution of the samples before and after 

corrosion were examined by scanning electron microscopy with energy-dispersive X-ray spectroscopy 

(SEM-EDS, GeminiSEM 560, ZEISS, Germany). Samples were sputter-coated with gold prior to 

observation to ensure sufficient electrical conductivity. The concentrations of dissolved metal ions in 

the corrosion solutions were quantified by inductively coupled plasma optical emission spectroscopy 
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(ICP-OES, Prodigy Plus, Teledyne Leeman Labs, USA). Before analysis, the immersion supernatants 

were diluted 80× with deionized water. Calibration was performed over a concentration range of 0.01-

100 mg/L. The measured ion concentrations were used to evaluate the dissolution behavior of 

individual elements during corrosion. The pH values of the HCl solutions before and after corrosion 

were measured using a calibrated pH meter (FE28-Standard, Mettler-Toledo, Switzerland) equipped 

with a combination pH electrode (LE410) to assess changes in bulk solution acidity after immersion. 

3 Results and Discussion 

3.1.  Initial phase constitution and structural characteristics 

Figure 3 shows the initial phase constitution and microstructure of MO and HEO. The XRD patterns 

(Fig. 3a) confirm that MO consists of five constituent oxide phases, including MgO, Co3O4, NiO, CuO, 

and ZnO. In contrast, HEO exhibits a single-phase solid solution with a rock-salt structure. Despite 

possessing the same nominal cation composition, MO and HEO exhibit fundamentally different phase 

constitutions. 

SEM observations (Fig. 3b, c) further reveal distinct particle characteristics between the two 

materials. MO contains constituent oxide particles with heterogeneous morphologies and sizes. HEO 

consists of irregular crushed particles with a comparatively more uniform morphology. SEM-based 

particle size analysis further confirms that HEO exhibits a larger characteristic particle size than MO, 

with average particle sizes of 0.74 and 0.27 μm, respectively (Fig. S1). 

The elemental distribution further highlights the difference between the two systems. As shown by 

the EDS elemental maps (Fig. 3d, e), Mg, Co, Ni, Cu, and Zn in MO are spatially associated with 

different particles, consistent with the coexistence of compositionally distinct oxide phases. In contrast, 
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all five elements are distributed throughout the examined HEO particles without the pronounced 

elemental separation observed in MO. Together with the single-phase XRD pattern, this observation 

supports incorporation of the five cations into a common rock-salt solid-solution lattice. 

Collectively, these results establish a compositionally controlled comparative model system in 

which MO and HEO have the same nominal cation composition but distinct phase constitutions and 

elemental distributions. This contrast provides the structural basis for examining how phase separation 

versus integration into a common multication lattice influences subsequent aqueous corrosion behavior. 
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Fig. 3 Initial phase constitution and microstructural characteristics of MO and HEO powders: (a) XRD 

patterns; (b, c) SEM images of MO and HEO, respectively; and (d, e) EDS elemental maps of MO and 

HEO showing the distributions of Mg, Co, Ni, Cu, Zn and O. The accompanying tables list the 
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corresponding element contents. 

3.2.  Macroscopic corrosion behavior under different hydrochloric acid concentrations 

Figure 4 summarizes the macroscopic corrosion responses of MO and HEO after immersion in 1 

and 6 M HCl for 12 h. As shown in Fig. 4a-f, the initial MO and HEO powders exhibited distinctly 

different appearances. After immersion, the recovered powders showed visible changes, with MO 

becoming more uniform in color while HEO retained a comparatively homogeneous dark appearance. 

These observations indicate distinct macroscopic responses of MO and HEO to acid exposure. 

The corresponding mass-loss results (Fig. 4g) reveal a pronounced concentration-dependent 

crossover in the relative corrosion behavior of MO and HEO. In 1 M HCl, both materials degraded 

substantially, but HEO showed lower net mass loss than MO. When the HCl concentration was 

increased to 6 M, the net mass loss of MO increased only slightly to 64.01 ± 9.19%, whereas that of 

HEO increased sharply to 85.58 ± 11.22%, exceeding that of MO. Thus, HEO exhibited lower net 

mass loss than MO in 1 M HCl, but a substantially higher value in 6 M HCl. This crossover indicates 

that forming a single-phase high-entropy solid solution does not necessarily reduce net mass loss and 

that its corrosion response depends strongly on acid concentration. To characterize the bulk solution 

acidity associated with these contrasting corrosion responses, Fig. 4h compares the pH values before 

and after immersion. Both the MO and HEO solutions remained strongly acidic after 12 h in 1 and 6 

M HCl. 

The initial particle characteristics of MO and HEO may also contribute to the measured gravimetric 

response. SEM-based analysis showed that HEO possessed a larger apparent particle size than MO 

(Fig. S1), with average particle sizes of 0.74 and 0.27 μm, respectively. The BET specific surface areas 
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of the initial MO and HEO powders were 6.620 and 1.260 m2/g, respectively. Larger particles would 

be expected to reduce apparent HEO degradation under powder-immersion conditions by lowering the 

specific surface area exposed to the acid. Such a size effect is also consistent with the gravimetric 

differences among the individual-oxide references (Fig. S3), which may partly reflect variations in 

their initial particle morphology and size (Fig. S2). However, particle size alone cannot account for the 

concentration-dependent crossover, because HEO exhibited substantially greater net mass loss than 

MO in 6 M HCl despite its larger particle size. Particle size may therefore contribute to the mass-loss 

differences, but it is insufficient on its own to explain the crossover. Its origin is further examined 

through element-specific dissolution (Section 3.3) and post-corrosion phase evolution (Section 3.4). It 

should also be noted that the measured net mass loss represents a net change in the recovered solid 

mass rather than the amount of material dissolved directly. Oxide dissolution, retention or precipitation 

of corrosion-derived solids, and powder recovery during post-immersion processing can influence the 

recovered solid mass. 

Ju
st

 A
cc

ep
te

d



 

14 

 

Fig. 4 Macroscopic appearance and corrosion response of MO and HEO before and after immersion 

in 1 M and 6 M HCl: (a, d) initial MO and HEO powders; (b, c) recovered MO powders after immersion 

in 1 and 6 M HCl; (e, f) recovered HEO powders after immersion in 1 and 6 M HCl; (g) net mass loss 

after 12 h; (h) solution pH before and after corrosion. The mass-loss values are presented as the mean 

± standard deviation from three independent experiments. 

3.3.  Phase-dependent elemental dissolution 

Element-specific dissolution was quantified using the element dissolved fraction (Ki), defined as 

 𝐾𝑖 =
𝑛𝑖,𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑

𝑛𝑖,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 (1) 

where ni,dissolved is the amount of element i detected in the corrosion solution after immersion, calculated 

from its ICP-OES concentration and the solution volume, and ni,initial is its initial amount in the tested 

powder. Thus, Ki provides a common basis for comparing the extent of elemental dissolution among 
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the individual-oxide references, MO, and HEO (Fig. 5a). The corresponding elemental concentrations 

determined by ICP-OES are summarized in Table 1. Thus, Ki represents the net fraction of element i 

remaining dissolved in the corrosion solution at the end of immersion. 

The individual-oxide references exhibited strongly differentiated dissolution responses under the 

present immersion conditions (Fig. 5a). MgO, CuO, and ZnO were extensively dissolved, whereas 

NiO and Co3O4 showed only limited dissolution. This first-order separation persisted at both acid 

concentrations. The contrast became particularly pronounced in 6 M HCl, where MgO, CuO, and ZnO 

approached complete dissolution but the Ki of NiO and Co3O4 remained below 0.01. These 

measurements serve a dual purpose in the present analysis. First, they provide a constituent-level 

reference for distinguishing the more extensively dissolved oxides from the relatively persistent ones 

under the same immersion conditions. Second, they allow us to test whether MO, in which the same 

oxides coexist as separate phases, retains the constituent-specific dissolution tendencies of the 

individual oxides, and whether incorporation of the same cations into the single-phase HEO lattice 

alters these tendencies. Because the individual oxide powders differed in their initial particle 

morphology and size (Fig. S2), the absolute values should be regarded as as-tested dissolution 

responses rather than an intrinsic ranking of oxide dissolution susceptibility. Nevertheless, the first-

order separation between the extensively dissolved and the relatively persistent oxides is large enough 

to be used as a relative reference in the subsequent comparison. 

MO exhibited pronounced constituent-specific dissolution under both acid concentrations. In 1 M 

HCl, the Ki followed the order Co < Ni << Mg < Zn < Cu, with Cu, Zn, and Mg being substantially 

more extensively dissolved than Ni and particularly Co. Increasing the HCl concentration to 6 M did 
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not substantially alter this first-order separation, although the Ki of Ni increased. MO therefore retained 

the broad separation observed for the individual-oxide references, with substantially greater 

dissolution of Mg, Zn, and Cu than of Ni and Co. This correspondence suggests that MO retains the 

broad constituent-specific tendencies observed in the individual-oxide tests. 

In contrast, incorporation of the same five cations into the single-phase HEO substantially narrowed 

the range of Ki (Fig. 5a). In 1 M HCl, this convergence of Ki resulted from decreases in the Ki of Mg, 

Cu, and Zn and increases in those of Ni and Co relative to MO. This reduced elemental dissolution 

selectivity coincided with the lower net mass loss of HEO relative to MO in 1 M HCl (Fig. 4g). 

In 6 M HCl, HEO again exhibited substantially smaller differences in Ki, but the coupled 

multielement dissolution occurred at a markedly higher dissolution level. Relative to MO, the most 

pronounced changes were the increases in Ni and Co dissolution, whereas the changes in Mg, Cu, and 

Zn were comparatively smaller. To visualize these changes directly, the difference in mean Ki between 

HEO and MO was calculated as 

 𝛥𝐾𝑖 = 𝐾𝑖
𝐻𝐸𝑂 − 𝐾𝑖

𝑀𝑂 (2) 

where positive and negative ΔKi values indicate higher and lower Ki in HEO relative to MO, 

respectively (Fig. 5b). The ΔKi values therefore show that the reduced elemental dissolution selectivity 

in HEO arises from opposite changes in the dissolution of different constituents. In 6 M HCl, this 

reduced elemental dissolution selectivity coincided with substantially greater, rather than lower, net 

mass loss of HEO (Fig. 4g). 

Taken together, and consistent with their dual role defined above, the individual-oxide references 

and MO exhibit a similar first-order separation between the extensively dissolved Mg-, Zn-, and Cu-
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containing constituents and the relatively persistent Ni- and Co-containing constituents. Structural 

integration of the same cations into the common rock-salt phase substantially reduces these differences 

in elemental dissolved fractions. Importantly, the level toward which the Ki converge depends strongly 

on acid concentration: convergence occurs at comparatively low Ki in 1 M HCl but at substantially 

higher Ki in 6 M HCl. Reduced elemental dissolution selectivity can therefore be associated with either 

lower or higher overall net mass loss, depending on environmental aggressiveness. 

Table 1 Dissolved elemental concentrations determined by ICP-OES after immersion of MO and HEO 

in 1 and 6 M HCl for 12 h. 

Sample Condition 

Elemental concentrations (mM) 

Mg Co Ni Cu Zn 

MO 1 M HCl 74.03 0.18 1.71 90.11 75.59 

HEO 1 M HCl 32.35 37.86 33.97 30.67 34.27 

MO 6 M HCl 71.59 0.38 13.91 88.91 75.50 

HEO 6 M HCl 62.71 78.48 69.69 71.43 66.17 

 

 

Fig. 5 Element-specific dissolution characteristics of the individual-oxide references, MO, and HEO 

after immersion in 1 and 6 M HCl for 12 h: (a) element dissolved fractions (Ki) of Mg, Co, Ni, Cu, and 

Zn, expressed as the mean ± standard deviation of three independent experiments; and (b) difference 

in mean elemental dissolved fractions between HEO and MO (ΔKi). 

3.4.  Phase evolution after acid corrosion 
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Figure 6 presents the XRD patterns of MO and HEO before and after corrosion in HCl solutions, 

revealing distinctly different phase evolution of the residual solids. For MO (Fig. 6a), the pristine 

sample exhibits diffraction peaks corresponding to the individual oxide phases, including MgO, Co3O4, 

NiO, CuO, and ZnO. After corrosion, the diffraction peaks of MgO, CuO, and ZnO disappear or are 

significantly weakened, whereas the reflections of NiO and Co3O4 remain detectable. This phase 

evolution is consistent with the ICP-OES results for the corrosion solution of MO, which show 

substantially greater Ki of Mg, Cu, and Zn than of Ni and Co (Fig. 5a). The preferential retention of 

NiO and Co3O4 therefore provides solid-state evidence consistent with the phase-dependent selective 

dissolution observed for MO. 

In contrast, the diffraction patterns of the pristine and corroded HEO samples are dominated by 

reflections of the rock-salt (MgCoNiCuZn)O solid solution (Fig. 6b). After immersion in both 1 M and 

6 M HCl, the characteristic diffraction peaks of the rock-salt phase remain visible, showing that the 

recovered HEO solids retain a detectable parent rock-salt phase. Importantly, persistence of the rock-

salt diffraction pattern should not be interpreted as evidence of limited corrosion, particularly for HEO 

exposed to 6 M HCl, which exhibits substantial net mass loss. Rather, the XRD results indicate that 

the remaining solid retains the parent structure despite extensive material removal. 

The HEO sample after corrosion in 1 M HCl shows weak additional diffraction features. Several of 

these reflections are consistent with a Cu2(OH)3Cl-type copper hydroxychloride phase, suggesting the 

presence of minor Cu/Cl-containing corrosion-derived species in the washed and dried residue (Fig. 

6b). In contrast, no distinct secondary crystalline phase was resolved after exposure to 6 M HCl. 

However, the absence of detectable diffraction peaks does not exclude the presence of minor or poorly 
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crystalline Cu/Cl-containing corrosion-derived species. The nature and spatial distribution of the 

corrosion-derived species are further examined by SEM/EDS in the following section. 

Overall, MO and HEO exhibit distinctly different phase evolution after acid exposure. Selective 

removal of the more soluble oxide constituents in MO results in the relative retention of NiO and 

Co3O4, whereas the residual HEO retains the parent rock-salt structure despite substantial material loss. 

The additional weak reflections observed after exposure to 1 M HCl suggest the presence of minor 

secondary crystalline species in the washed and dried HEO residue. Together with the elemental 

dissolution results, these observations establish a clear association between phase constitution and the 

evolution of the residual crystalline phases during acid corrosion. 

 

Fig. 6 XRD patterns showing the phase evolution of MO and HEO before and after immersion in 1 

and 6 M HCl for 12 h: (a) MO and (b) HEO. In (b), inverted triangles mark the weak additional 

reflections observed in HEO after 1 M HCl exposure. 

3.5.  Post-corrosion morphology 

Figure 7 shows the macroscopic appearance and interfacial stratification of MO and HEO after 12 

h of immersion in 1 and 6 M HCl. As shown in Fig. 7a-d, MO produces relatively homogeneous 

colored solutions under both acid concentrations. HEO systems exhibit visible heterogeneity near the 

solid-liquid interface. Enlarged views of the HEO systems (Fig. 7e, f) further reveal clear macroscopic 
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stratification under both 1 and 6 M HCl, with visually distinguishable residual oxide, inner and outer 

stratified regions, and the overlying corrosion solution. Although stratification is observed under both 

conditions, the color and spatial appearance of the stratified regions differ between 1 and 6 M HCl. 

Macroscopic observation alone cannot determine the chemical nature of these regions. The time-series 

photographs in Fig. S4 further show that the stratified appearance of the HEO systems becomes 

progressively more distinguishable during immersion, whereas no comparably pronounced 

stratification develops in MO. 

SEM observations further reveal distinct post-corrosion morphologies of MO and HEO (Fig. 8). For 

MO, the residual particles remain morphologically heterogeneous under both conditions, with more 

evident surface roughening after exposure to 6 M HCl. HEO shows a clearer concentration-dependent 

change. After immersion in 1 M HCl, many particles retain relatively well-defined outlines with 

localized surface degradation. Exposure to 6 M HCl results in more widespread surface roughening 

and numerous fine particles attached to the larger residual particles. These morphological features are 

consistent with the contrasting residual-solid evolution indicated by the elemental dissolution and 

phase analyses above. 

Their local elemental distributions provide further evidence of contrasting residual-solid evolution 

(Fig. 9). EDS mapping of representative MO regions after corrosion in both 1 and 6 M HCl reveals 

pronounced elemental heterogeneity, with the residual particles dominated by Ni and Co signals and 

only weak Mg, Cu, and Zn signals (Fig. 9a, b). The corresponding semi-quantitative EDS results 

further indicate relative enrichment of Ni and Co. This distribution is consistent with the low Ki of Ni 

and Co determined by ICP-OES (Fig. 5) and the persistence of NiO and Co3O4 reflections in the post-
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corrosion XRD patterns (Fig. 6a), collectively supporting the relative retention of Ni- and Co-rich 

oxide phases in the recovered MO solids. 

In contrast, Mg, Co, Ni, Cu, and Zn remain detectable within the analyzed residual HEO particles 

after corrosion (Fig. 9c, d). After exposure to 1 M HCl, localized regions enriched in both Cu and Cl 

are observed, consistent with the Cu/Cl-containing corrosion-derived species indicated by the weak 

additional XRD reflections (Fig. 6b). Following exposure to 6 M HCl, localized Cl enrichment is also 

detected, primarily in association with some of the fine particles attached to the larger residual particles, 

whereas comparably pronounced Cu/Cl-rich regions are not observed. 

Overall, MO and HEO exhibit distinct modes of residual-solid evolution after acid exposure. MO 

retains Ni- and Co-rich oxide phases after selectively removing more readily dissolved constituents. 

In contrast, the recovered HEO retains a multielement rock-salt phase accompanied by Cu/Cl-

containing corrosion-derived species. These observations are consistent with the constituent-specific 

dissolution identified by ICP-OES and further highlight the distinct residual-solid evolution associated 

with the different phase constitutions of MO and HEO. 
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Fig. 7 Macroscopic appearance of MO and HEO after immersion in HCl for 12 h: (a) MO in 1 M HCl; 

(b) HEO in 1 M HCl; (c) MO in 6 M HCl; (d) HEO in 6 M HCl; (e, f) enlarged views of the boxed 

regions in (b, d), respectively, highlighting macroscopic stratification near the HEO solid-liquid 

interfaces. 

 

Fig. 8 SEM images of residual MO and HEO powders after immersion in HCl for 12 h: (a) MO in 1 

M HCl; (b) MO in 6 M HCl; (c) HEO in 1 M HCl; and (d) HEO in 6 M HCl. 
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Fig. 9 EDS elemental maps of residual powders after immersion in HCl for 12 h: (a) MO in 1 M HCl; 

(b) MO in 6 M HCl; (c) HEO in 1 M HCl; and (d) HEO in 6 M HCl. The maps show the distributions 
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of Mg, Co, Ni, Cu, Zn, O and Cl. The accompanying tables list the corresponding element contents. 

3.6.  Corrosion mechanisms of MO and HEO 

Building on the dissolution and residual-solid contrasts described above, the corrosion responses of 

MO and HEO can be explained by differences in cation accommodation and how their dissolution 

responses evolve with acid concentration (Fig. 10). In MO, the constituent oxides remain as 

independent phases, whereas in HEO the same five cations are incorporated into a common rock-salt 

solid-solution lattice [3,36]. This difference in phase constitution is associated with markedly different 

expressions of constituent-specific dissolution during acid exposure. 

In MO, constituent-specific dissolution differences remain pronounced. Mg-, Zn-, and Cu-

containing phases undergo substantially greater dissolution, whereas Ni- and Co-containing phases are 

preferentially retained. ICP-OES, XRD, and EDS analyses consistently support this interpretation. 

ICP-OES reveals substantially lower Ki of Ni and Co than of Mg, Cu, and Zn (Fig. 5), while post-

corrosion XRD and EDS show the persistence of NiO- and Co3O4-rich residual phases (Figs. 6 and 9). 

The individual-oxide references show the same first-order separation between the more extensively 

dissolved Mg-, Zn-, and Cu-containing constituents and the more persistent Ni- and Co-containing 

constituents under the present immersion conditions, as established in Section 3.3. Corrosion of MO 

can therefore be described as a phase-dependent selective dissolution pathway in which constituent-

specific dissolution responses remain largely independently expressed because the oxide components 

persist as separate phases. 

HEO exhibits a distinctly different dissolution response. Incorporation of Mg, Co, Ni, Cu, and Zn 

into the common rock-salt phase is associated with a substantial narrowing of the differences among 
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their Ki relative to MO. In 1 M HCl, relative to MO, the Ki of Mg, Cu, and Zn decrease, whereas those 

of Ni and Co increase, causing the five elements to converge toward a comparatively low dissolution 

level. In 6 M HCl, the differences among Ki remain small. Still, this narrowing occurs at a substantially 

higher dissolution level, with particularly pronounced increases in Ni and Co dissolution relative to 

MO (Fig. 5). Thus, structural integration into the common rock-salt phase is associated with less 

selective multielement dissolution, consistent with a coupled dissolution response. The overall extent 

of dissolution remains strongly dependent on acid concentration. First-principles calculations for the 

same entropy-stabilized oxide have shown that cation-vacancy formation energies depend strongly on 

local compositional and structural environments [37], providing independent evidence that cation 

stability within the shared lattice cannot be inferred simply from the corresponding binary oxides. 

The residual-solid analyses support this interpretation. Unlike MO, no independent NiO or Co3O4 

residual phases were detected by XRD in HEO after corrosion. Instead, a detectable parent rock-salt 

phase remains in the recovered HEO solids after exposure to both acid concentrations (Fig. 6). At the 

same time, EDS shows that Mg, Co, Ni, Cu, and Zn remain detectable within the analyzed residual 

particles (Fig. 9). The remaining crystalline solid retains the parent structural framework after 

substantial material removal. HEO also exhibits interfacial stratification (Fig. 7), while the XRD and 

EDS results indicate the presence of Cu/Cl-containing corrosion-derived species in the recovered 

solids. These features are more evident after exposure to 1 M HCl. Retention of corrosion-derived 

species may contribute to the lower net mass loss of HEO under this condition, although the magnitude 

of this contribution has not been quantified. 

The concentration-dependent coupled multielement dissolution provides a basis for understanding 
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the crossover in the macroscopic corrosion response. In 1 M HCl, the comparatively low dissolution 

level toward which the constituent responses converge coincides with lower net mass loss of HEO than 

that of MO. The larger initial particle size of HEO may also contribute to its lower net mass loss in 1 

M HCl, and its contribution cannot be separated from that of phase constitution in the present 

comparison. In 6 M HCl, however, convergence occurs at substantially higher Ki, particularly because 

Ni and Co, which remain relatively persistent as independent oxides in MO, dissolve substantially 

more extensively once incorporated into the HEO lattice. This change coincides with the reversal in 

the relative net mass loss of HEO and MO, with HEO exhibiting substantially greater net mass loss 

than MO. The present results therefore distinguish elemental dissolution selectivity from overall 

corrosion resistance. Reducing differences among constituent dissolution responses does not 

necessarily reduce material degradation. 

Overall, the corrosion behavior of MO and HEO follows two distinct, phase-dependent pathways. 

In phase-separated MO, constituent-specific dissolution differences remain pronounced, resulting in 

preferential removal of Mg-, Zn-, and Cu-containing phases and retention of Ni- and Co-rich residual 

phases. In single-phase HEO, although incorporation of the same cations into a common rock-salt 

lattice is associated with a narrower distribution of Ki, the level toward which these responses converge 

depends strongly on acid concentration. Collectively, for the two model materials compared here, 

phase constitution influences how constituent-specific dissolution responses are expressed, whereas 

acid concentration strongly influences the overall extent of dissolution and net mass loss. 
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Fig. 10 Schematic illustration of the corrosion pathways of MO and HEO in HCl, highlighting selective 

dissolution in MO, concentration-dependent dissolution convergence in HEO, and the resulting 

differences in residual-solid evolution and net mass loss. 

3.7.  Implications of the core effects of high-entropy materials for corrosion-resistant ceramic 

design 

The present comparison provides a basis for re-examining the relevance of the four core effects to 

aqueous corrosion. The four core effects were originally developed primarily to rationalize phase 

stability, diffusion, and mechanical behavior, particularly at elevated temperatures [11]. Their 

relevance to ambient aqueous corrosion is therefore less direct. Acid corrosion of oxides is governed 

primarily by interfacial processes, including proton adsorption, disruption of M-O coordination, cation 

detachment, and the evolution of corrosion-derived species [38,39]. Accordingly, the four core effects 

should not be treated as independent mechanisms that inherently improve corrosion resistance, but 

rather as structural and chemical factors that may modify different stages of the corrosion pathway. 

As shown in Section 3.6, MO and HEO differ fundamentally in whether the constituent oxides retain 
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independent phase identities or share a common rock-salt lattice. For HEO, the most direct implication 

of high-entropy effect or configurational-entropy stabilization is precisely the formation of such a 

multicomponent single-phase structure [3]. This common-lattice architecture provides a structural 

basis for the substantially reduced elemental dissolution selectivity observed in HEO. Thus, high-

entropy effect or configurational-entropy stabilization is most relevant to the present study through the 

formation of a single-phase structure, although its corrosion consequences still depend on solution 

aggressiveness. 

If operative, the sluggish-diffusion effect could limit near-surface elemental migration within the 

shared lattice and thus influence the evolution of compositional gradients and interfacial products 

[11,40]. However, the present dissolution data provide no direct evidence for such a contribution, and 

sluggish diffusion is therefore not invoked to explain the reduced elemental dissolution selectivity of 

HEO. 

Severe lattice distortion provides another possible connection between high-entropy structure and 

interfacial reactivity. High-entropy oxides contain heterogeneous local coordination, strain, and defect 

environments [37,41], and local strain can substantially modify vacancy-formation energetics [37]. 

Because oxide dissolution is also sensitive to surface coordination and proton-assisted disruption of 

M–O bonds [42], different local configurations may exhibit different susceptibilities to acid attack. 

The resulting corrosion consequence is not necessarily beneficial: favorable or unfavorable effects 

depend on the specific local atomic configuration and solution chemistry. 

The cocktail effect describes emergent and non-additive properties arising from interactions among 

multiple constituent elements and their structural and chemical environments [10,11]. The crossover 
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between MO and HEO shows that formation of a common lattice does not simply average or improve 

the corrosion resistance of the constituent oxides. A similar departure from simple compositional 

averaging has been reported in CMAS corrosion of high-entropy rare-earth phosphates, where the 

response remained sensitive to constituent-specific chemical factors [29]. Together with the present 

results, this indicates that multicomponent coupling modifies the expression of constituent-specific 

chemical tendencies within a shared structural environment. On this basis, the present results and 

related observations in other high-entropy oxide systems suggest that the corrosion consequence of the 

cocktail effect depends on composition-specific interactions and environmental conditions rather than 

on configurational entropy alone, and therefore need not be universally beneficial. 

This interpretation suggests that the composition of corrosion-resistant HECs could be deliberately 

tuned to promote preferential reactions of selected constituents with the service environment. Such 

reactions could potentially generate stable, adherent, transport-limiting surface products while 

preserving the structural integrity of the underlying multicomponent lattice. This idea parallels the 

formation of protective Cr2O3 scales during alloy oxidation [43] and the role of corrosion-resistant 

alloying elements in stabilizing passive films in aqueous environments [44]. However, this is a design 

hypothesis rather than a demonstrated mechanism. The Cu/Cl-containing species observed here 

suggest that compositional design may influence near-surface reaction chemistry, although their 

protective function has yet to be established. 

Accordingly, assessing the corrosion resistance of HECs requires considering three coupled factors: 

the intrinsic stability of each constituent in the target medium, changes in dissolution behavior after 

incorporating the constituents into a common lattice, and the aggressiveness of the service environment. 
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Composition and phase-constitution design should thus aim at minimizing material loss under a 

defined service environment, and whether high-entropy solid-solution formation improves corrosion 

resistance must be evaluated case by case. High-entropy engineering therefore provides a strategy for 

tailoring elemental dissolution behavior and corrosion pathways to specific service environments. 

 

4 Conclusion 

By comparing an entropy-stabilized rock-salt (MgCoNiCuZn)O (HEO) high-entropy oxide with a 

mechanically mixed oxide (MO) of identical nominal cation composition, this study shows that high-

entropy solid-solution formation modifies corrosion pathways during immersion in 1 and 6 M HCl, 

with the resulting corrosion response strongly dependent on acid concentration. In MO, the 

independent oxide phases dissolve selectively, with Mg-, Zn-, and Cu-containing phases removed 

preferentially and Ni- and Co-containing phases retained. In HEO, the same cations share a rock-salt 

lattice and exhibit coupled multielement dissolution, with the dissolution level of this coupling 

increasing markedly with acid concentration. This concentration dependence produces a crossover, 

with HEO losing less mass than MO in 1 M HCl but more in 6 M HCl. These findings indicate that 

reduced elemental dissolution selectivity does not necessarily mean improved corrosion resistance, 

and that the corrosion performance of high-entropy ceramics is governed by the interplay among phase 

constitution, constituent chemistry, and environmental aggressiveness. Further studies are needed to 

determine whether the Cu/Cl-containing, corrosion-derived species observed here can be deliberately 

engineered into protective surface products, and to extend this phase-constitution-resolved comparison 

to other high-entropy oxide systems and service environments. 
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