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Abstract
High-entropy oxides (HEOs), as a subclass of high-entropy materials (HEMs), offer a versatile platform for catalysis by leveraging 
entropy-stabilized solid solutions with tunable compositions, lattice structures, and electronic properties. While exsolution-
dissolution of metal species in crystalline HEOs has emerged as a promising strategy for reversible active sites regeneration, the 
dynamic behaviour of HEOs possessing amorphous nature remains under-explored, particularly the difference with crystalline 
counterparts. In this work, we systematically investigate the architecture-dependent exsolution-dissolution behavior of HEOs by 
comparing a crystalline-phase HEO (c-HEO) and an amorphous-phase HEO (a-HEO), both comprising Ni, Mg, Cu, Zn, and Co as 
principal metal elements. Using a combination in situ variable-temperature X-ray diffraction (XRD), X-ray photoelectron 
spectroscopy (XPS), electron microscopy, and in situ CO diffuse reflectance infrared Fourier transform spectroscopy (CO-DRIFTS), 
the structural evolution of the two HEO phases under redox conditions was elucidated. Both materials exhibit reversible exsolution 
of metallic species or alloys in reducing environments, followed by re-incorporation into the host lattice upon oxidation. 
Remarkably, the a-HEO demonstrates more facile and dynamic self-healing behavior, with alloy exsolution and dissolution 
occurring under milder conditions because of its enhanced reducibility and structural disorder. This study provides critical insights 
into the design of next-generation regenerable catalysts based on amorphous HEOs, highlighting the role of phase structure in 
governing reversible metal-site formation dynamics and catalytic performance.

1 Introduction
High-Entropy Materials (HEMs) have emerged as a versatile platform for addressing persistent challenges in catalysis that 

remain unsolved by traditional, enthalpy-dominated systems.1-3 A wide spectrum of HEMs has been developed, incorporating 
metallic or cationic elements into solid solutions such as entropy-stabilized alloys, oxides, nitrides, carbides, fluorides, sulfides, 
phosphides, and inorganic-organic hybrids. These materials have demonstrated promising performance across diverse catalytic 
applications, including thermocatalysis, electrocatalysis, and photocatalysis.2, 4-10 HEMs are formed by incorporating multiple 
principal elements into a single crystalline lattice, stabilized primarily by high configurational entropy.10-15 This entropy-driven 
stabilization often results in well-defined crystal structures, where the synergistic effects of lattice distortion and chemical disorder 
give rise to unique catalytic properties. These include exceptional thermal and structural stability under harsh reaction conditions, 
as well as a high density of tunable defects that can modulate the electronic environment of active sites within the host lattice.16, 

17

High-entropy oxides (HEOs) are among the most extensively studied subclasses of HEMs, distinguished by their 
independently tunable cation and anion sublattices, which enable exceptional flexibility in both structure and composition.18-21 
Since the first report of a rock salt–structured (NiMgCuZnCo)Ox in 2015,22 HEOs have rapidly gained attention for their catalytic 
potential, with their first application in oxidative catalysis demonstrated in 2018.23 A wide range of crystal structures, including 
rock salt, fluorite, perovskite, and spinel, has since been explored, positioning HEOs as both active catalysts and supports across 
diverse catalytic processes.1, 24-31 Their structural diversity and chemical complexity allow for applications in thermal catalysis (e.g., 
alcohol oxidation, CO oxidation, methane combustion, CO₂ hydrogenation, and dry reforming of methane) and electrocatalysis 
(e.g., water splitting, the hydrogen evolution reaction, and the oxygen evolution reaction). A key advantage of HEOs lies in their 
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ability to accommodate multiple aliovalent cations within a single-phase lattice, enabling flexible tuning of local coordination 
environments and electronic structures, which facilitates the generation of oxygen vacancies and enhances activity in oxidative 
reactions such as aerobic alcohol oxidation,32 oxidative desulfurization,33 and CO oxidation.23, 34-38 Moreover, this structural 
tunability makes HEOs ideal platforms for anchoring and stabilizing noble metal species at the atomic scale. For instance, Pt single 
atoms embedded within the rock salt lattice of (NiMgCuZnCo)Ox have demonstrated excellent activity and durability for CO 
oxidation,23 while Pd single atoms stabilized in a fluorite-structured CeZrHfTiLaOx matrix showed high performance in the oxidative 
conversion of gas mixtures containing CO, propene, and NO.39

In addition to their direct use in oxidation reactions, HEO and HEO-stabilized noble metal catalysts offer promising platforms 
for stabilizing reduced metal nanoparticles (NPs) and single atoms (SAs), benefiting their entropy-driven stability, structural 
diversity, and tunability in metal composition and lattice structure.1, 40 Notably, the self-regenerative exsolution-dissolution 
behavior of HEOs enables the development of highly efficient and durable catalysts for reduction reactions.41 For example, the 
temperature-dependent exsolution behavior of Au NPs in rock salt–structured NiMgCuZnCoOₓ was revealed through a thermally 
induced phase transition.42 Contrary to conventional sintering behavior of metal catalyst, where elevated temperatures promote 
particle aggregation, Au species in the Au-HEO catalyst, synthesized via mechanochemical treatment and calcination at 900 °C in 
air, were fully integrated into the HEO lattice, as indicated by the absence of Au signals and lattice expansion in XRD pattern of Au-
HEO. Interestingly, when calcined at 700 °C, exsolution of Au was observed due to reduced entropy stabilization and upon further 
heating to 900 °C in air, Au re-diffused into the lattice, demonstrating self-healing behavior. This concept has been extended to 
transition metal alloys, such as CoFeCuNi, exsolved from cubic HEO precursors like Zr0.5(NiFeCuMnCo)0.5Ox under H2 treatment.19 
These alloys could reversibly diffuse into (oxidized) and out (reduced) of the HEO lattice upon thermal cycling. Importantly, 
catalysts derived from such exsolution processes showed superior thermal stability and catalytic efficiency in CO2 hydrogenation, 
a reaction typically plagued by sintering and deactivation of conventional supported catalysts under high temperature and strong 
reducing conditions. The socketed architecture of the exsolved alloys, e.g., CoNiCu alloy from Co3MnNiCuZnOx, provides a strong 
metal–support interface and enhanced electron transfer, offering a distinct advantage over traditional supported metal catalysts.43 
Preliminary studies have demonstrated the potential of utilizing the dynamic regenerability of HEOs to develop stable and efficient 
metal catalysts. However, current research primarily focuses on dense, bulk-phase HEO catalysts, where the utilization efficiency 
of active sites remains low, as many are embedded deep within the bulk structure. To address this limitation, the development of 
thin-layer and amorphous HEO catalysts has emerged as a promising strategy to maximize the accessibility and utilization of active 
sites.20 For examples, ultrasonication-assisted approach could generate HEO particles with much smaller size than the high 
temperature-involved calcination procedures.44-46 Nevertheless, studies exploring the dynamic regeneration behavior of 
amorphous HEOs are still scarce, particularly in comparison to their bulk crystalline counterparts, leaving a critical knowledge gap 
in understanding their structural evolution and catalytic performance under redox conditions.

In this work, the reversible exsolution-dissolution behavior of HEO catalysts is systematically investigated, focusing on 
influence of structural architectures by comparing crystalline and amorphous phases. By employing a suite of complementary 
characterization techniques, including in situ variable-temperature powder X-ray diffraction (PXRD), X-ray photoelectron 
spectroscopy (XPS), electron microscopy, and in situ CO diffuse reflectance infrared Fourier transform spectroscopy (CO-DRIFTS), 
the structural evolution of both crystalline (c-HEO) and amorphous (a-HEO) phases under redox conditions are elucidated. The 
results reveal that in a reducing atmosphere, both HEO phases undergo exsolution of metallic species, either as single metals or 
alloys, which can subsequently re-dissolve into the host lattice upon exposure to oxidizing environments. Notably, compared to 
their crystalline counterparts, amorphous HEOs exhibit significantly more facile and dynamic exsolution-dissolution behavior, 
attributed to their higher reducibility and structural disorder. These findings highlight the potential of amorphous HEOs as efficient, 
self-regenerating catalyst platforms capable of achieving alloy evolution under relatively mild conditions. This work provides 
fundamental insights into the dynamic regeneration mechanisms of HEOs and underscores the importance of structural 
architecture design in maximizing active site accessibility, reversibility, and catalytic performance.

2 Methods

2.1 Synthesis of c-HEO

The dense-phase and highly crystalline HEO (c-HEO) composed of Ni, Mg, Cu, Zn, Co, and O was prepared via a combined 
mechanochemical and calcination procedure.37 Specifically, each (2 mmol) of MgO, ZnO, CoO, CuO, and NiO (molar ratio 1:1:1:1:1) 
was weighed and thoroughly mixed using an agate mortar. To ensure homogeneous mixing, all batches were subsequently ball-
milled for at least 2 hours. The resulting powder mixture was then calcined in air at 900 °C for 4 hours (heating rate: 5 ℃ min-1) to 
yield the desired bulk-phase HEO. 

2.2 Synthesis of a-HEO
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The amorphous HEO (a-HEO) with thin layer morphology was synthesized via a controlled deposition-precipitation approach in 
solution. A total of 2 mmol each of Mg(NO3)2·6H₂O, Cu(NO3)2·3H₂O, Co(NO3)2·6H₂O, Ni(NO3)2·6H₂O, and Zn(NO3)2·6H₂O were 
dissolved in 80 mL of deionized water under stirring at room temperature. After 15 minutes, 1.8 g of SBA-15 (Santa Barbara 
Amorphous-15) was added to the solution and stirred for an additional 30 minutes. Subsequently, 4.4 mL of aqueous ammonia 
solution (25 wt%) was introduced, and the mixture was continuously stirred for 6 hours. The suspension was then heated to 80 ℃ 
to facilitate gradual ammonia evaporation, allowing the pH to decrease to 7. The resulting product was collected by filtration, 
thoroughly rinsed with deionized water to remove residual ammonium ions, dried at 80 °C under vacuum for 12 hours, and finally 
calcined in air at 600 ℃ for 4 hours.

2.3 Inductively coupled plasma optical emission spectrometry (ICP-OES)

Inductively coupled plasma–optical emission spectroscopy (ICP-OES) analyses were conducted using an Agilent 5110 ICP-OES 
system equipped with an Agilent SPS 4 autosampler.

2.4 In-situ variable-temperature powder X-ray diffraction (PXRD)

In-situ variable-temperature powder X-ray diffraction (PXRD) measurements were conducted using the PANalytical Empyrean 
diffractometer operated at 45 kV and 40 mA. Diffraction patterns were collected over a 2θ range of 20-80° with a step size of 0.02° 
and a wavelength of λ = 0.1540598 nm. For the in-situ measurements, the sample was placed in the instrument and heated 
stepwise under a 2% H₂ atmosphere, with data collected at every 100 ℃/50 ℃ interval. Upon reaching a designated temperature, 
the gas environment was switched from hydrogen to air, and data collection continued with further temperature increases to a 
designated temperature. 

2.5 Hydrogen Temperature Programmed Reduction (H2-TPR)

The temperature-programmed reduction (TPD) experiments were measured on a Micromeritics AutoChem II 2920 apparatus. To 
test, 100 mg of catalyst was loaded into a U-shaped quartz tube and pretreated at 350 °C for 1 h in 5% O2/He mixture. After 
pretreatment, the sample was then cooled to 100 °C and then reduced in a flow of 10% H2 balanced with Ar (30 mL min−1) from 
100 to 900 °C with the ramp rate of 10 °C min-1. The consumption of H2 was monitored using a TCD detector.

2.6 Oxygen Temperature Programmed Oxidation (O2-TPO)

The temperature-programmed Oxidation (TPO) experiments were measured on a Micromeritics AutoChem II 2920 apparatus. Each 
catalyst was reduced ex-situ at 600 oC in a 5% H2/N2 mixture for 1 hour with a 5 oC min-1 ramp rate. Then, 100 mg of catalyst was 
loaded into a U-shaped quartz tube and pretreated at 350 °C for 1 h He. After pretreatment, the sample was then cooled to 100 °C 
and then oxidized in a flow of 5% O2 balanced with He (30 mL min−1) from 100 to 900 °C with the ramp rate of 10 °C min-1. The 
consumption of O2 was monitored using a TCD detector.

2.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analyses were performed using a Thermo Scientific K-Alpha instrument equipped with a 
micro-focused, monochromatic Al Kα X-ray source (1486.6 eV). The X-ray beam spot size is adjustable from 30 to 400 μm; for most 
measurements, a 400 μm spot was used to maximize signal intensity and provide representative surface composition over a large 
area. The instrument features a hemispherical electron energy analyzer coupled with a 128-channel detection system. The base 
pressure in the analysis chamber was typically maintained at or below 2 × 10-9 mbar. Spectral deconvolution and quantification 
were carried out using the CasaXPS software package.

2.8 HAADF-STEM images and EDX element mapping

The high-resolution electron micrographs and energy-dispersive X-ray (EDX) maps were acquired using a Thermo Fisher Scientific 
Spectra 300 aberration-corrected scanning transmission electron microscope (STEM) operated at 200 keV. The instrument offers 
a point resolution of 0.08 nm in aberration-corrected mode and is equipped with a SuperX™ detector system comprising four 
silicon drift detectors for high-throughput X-ray mapping. EDX mapping was conducted using an average beam current of 100 pA, 
with a resolution of 512 × 512 pixels and a dwell time of 50 μs per pixel. Each elemental map was generated by summing 10 
individual frames. Drift correction and data processing were carried out using Velox software.

2.9 CO Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Carbon monoxide diffuse reflectance infrared Fourier transform spectroscopy (CO-DRIFTS) analysis after calcination was 
conducted using a Thermo Fisher Nicolet iS50 FTIR spectrometer equipped with a liquid nitrogen-cooled MCT detector. Samples 
were pretreated in a Harrick Scientific diffuse reflectance cell with temperature control, initially heated to 150 ℃ under a helium 
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flow for 30 minutes. Subsequently, temperature-programmed reduction under 5% H2/Ar or oxidation under Air was performed as 
required, followed by CO-DRIFTS analysis. After pretreatment, background spectra were recorded at 30 ℃. The sample was then 
exposed to a 1% CO/He mixture (30 mL min-1) for 10 minutes at 30 ℃, followed by a 10-minute purge with He (30 mL min-1) to 
remove physisorbed CO. Spectra were collected at 1-minute intervals throughout the adsorption-desorption cycle, with 50 scans 
per spectrum at a resolution of 0.4 cm-1.

3 Results and Discussion
To elucidate the reversible exsolution-dissolution behaviour of HEO in crystalline and amorphous phases, two HEO catalysts 
possessing rock salt structures are synthesized via developed approaches (Figure 1A). Dense phase and highly crystalline HEO (c-
HEO) composed of Ni, Mg, Cu, Zn, Co, and O was prepared via combined mechanochemical and calcination procedure.37 Specifically, 
the equimolar ratio mixture of metal oxides were homogenized by ball milling and then calcined at 900 ℃ in air to obtain the 
desired bulk-phase HEO (see Experimental section for details). In contrast, amorphous HEO (a-HEO) with thin layer morphology 
was synthesized via a controlled deposition-precipitation approach in solution. Initially, aqueous solutions containing nitrate salts 
of Ni2+, Mg2+, Cu2+, Zn2+, and Co2+ were prepared, and their pH values were precisely adjusted using aqueous ammonia. 
Subsequently, mesoporous silica (SBA-15) was introduced to facilitate adsorption of the resulting metal cations. The pH of the 
solution was then gradually lowered from 12 to 7 through controlled evaporation of ammonia, converting the adsorbed metal 
species into their hydroxide counterparts. A subsequent calcination step at 600 ℃ in an air atmosphere led to the decomposition 
of metal hydroxide precursors and the formation of uniform amorphous HEO thin layer on the mesoporous support. The metal 
cation compositions of c-HEO and a-HEO samples were quantitatively determined by inductively coupled plasma (ICP) analysis. 
The c-HEO sample contained Ni (20.59 wt%), Mg (7.37 wt%), Cu (21.11 wt%), Zn (20.79 wt%), and Co (18.84 wt%), while the metal 
contents for a-HEO sample were: Ni (5.13 wt%), Mg (3.34 wt%), Cu (4.78 wt%), Zn (4.98 wt%), and Co (5.02 wt%). 

Powder X-ray diffraction (PXRD) was employed to characterize the crystallographic structures and phase purity of the 
synthesized HEO samples. For the bulk-phase high-entropy oxide (HEO), the XRD pattern exhibited well-defined diffraction peaks 
at approximately 36.9°, 42.8°, and 62.2°, indexed to the (111), (200), and (220) crystallographic planes of the rock-salt structure, 
respectively (Figure 1B). In contrast, the XRD pattern of the mesoporous silica-supported HEO films predominantly displayed a 
broad amorphous signal originating from the silica substrate, with no detectable diffraction peaks corresponding to the rock-salt 
structure. This clearly indicates that the HEO in a-HEO exists as ultrathin amorphous films uniformly deposited on the inner surfaces 
of the silica support channels without forming larger crystalline particles (Figure 1B). The morphology and elemental distributions 
of the synthesized bulk and amorphous HEO were further characterized by electron microscopy. High-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) imaging clearly revealed that the crystalline high-entropy oxide (c-HEO) 
exhibited large particle morphology indicative of the bulk phase (Figure 1C). In contrast, the amorphous high-entropy oxide (a-
HEO) maintained the highly ordered mesoporous structure of SBA-15 after HEO deposition, with no apparent formation of 
nanoparticles or aggregates observed. Additionally, STEM coupled with energy-dispersive X-ray spectroscopy (EDS) elemental 
mapping confirmed that metal cations (Ni, Mg, Cu, Zn, and Co) were homogeneously distributed across both c-HEO and a-HEO 
samples, uniformly dispersed without evident segregation or clustering of any specific metallic species (Figure 1C).
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Figure 1 (A) Synthesis procedure and characterization of c-HEO and a-HEO by (B) XRD; (C) SEM, TEM, and elemental mapping.

First in-situ variable-temperature powder X-ray diffraction (PXRD) was performed to monitor and compare the exsolution-
dissolution behavior of c-HEO and a-HEO. As shown in Figure 2A, under a programmed temperature increase in a 2% hydrogen (in 
He) atmosphere, the PXRD patterns of c-HEO remained unchanged up to 500 ℃. However, at 600 ℃, new diffraction peaks 
corresponding to metallic species began to emerge. As the temperature increased further to 700°C, prominent peaks attributed 
to Cu-Co-Ni alloy were clearly observed, indicating the formation of alloy nanoparticles through exsolution process. Upon switching 
the atmosphere from hydrogen to air at 700 ℃, these metallic alloy peaks immediately transformed into metal oxide peaks. Raising 
the temperature further to 850 ℃ resulted in the disappearance of these oxide peaks (Figure 2B), indicating that the alloy 
nanoparticles dissolved back into the bulk oxide phase under oxidative conditions. These observations demonstrate the clear 
reversible exsolution-dissolution behavior in c-HEOs. A similar methodology was applied to study the phenomenon in a-HEO 
(Figure 2C). Due to the higher reducible feature of amorphous phases, metallic phases appeared at a significantly lower 
temperature, observed initially at 350 ℃ and becoming prominent at 450 ℃. Additionally, when the gas atmosphere was switched 
from hydrogen to air at 450 ℃, the metallic peaks immediately vanished, confirming rapid dissolution back into the amorphous 
oxide matrix (Figure 2D). These findings clearly suggest that a-HEO exhibits more facile exsolution and dissolution processes 
compared to c-HEO, that is, the reversible self-healing of alloys can be induced under relatively mild conditions.
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Figure 2 In situ XRD patterns of c-HEO (A, B) and a-HEO (C, D) collected at programmed temperatures under reducing (2% H2 in He) and 
oxidative (air) atmosphere.

To further investigate the reducibility of the high-entropy oxides and the influence of crystallinity on the exsolution behavior, hydrogen 
temperature-programmed reduction (H2-TPR) was performed on both c-HEO and a-HEO samples. As shown in Figure 3A, the TPR profile of 
a-HEO exhibits a prominent hydrogen consumption peak centered around 250 °C, followed by a broad feature around 400-700 °C. In contrast, 
the c-HEO sample shows a shifted initial reduction peak at ~325 °C, a smaller intermediate peak at ~550 °C, and a broader reduction envelope 
from 700-900 °C. The low-temperature peak at ~250 °C in a-HEO is attributed to the facile reduction of Cu species (Cu2+→Cu0), which is known 
to occur at relatively low temperatures, particularly when copper is atomically dispersed or poorly coordinated within an amorphous 

matrix.47 The shift of this reduction feature to ~325 °C in c-HEO implies that Cu is more strongly bound or structurally stabilized within the 
crystalline oxide lattice, likely requiring higher activation energy for reduction. The broader reduction peak from 400-700 °C observed in a-
HEO is consistent with the stepwise reduction of Ni2+ and Co2+ species and the progressive formation of Cu-Ni-Co alloy nanoparticles, which 

is also supported by in situ PXRD data showing alloy emergence at 450-600 °C.48 Conversely, c-HEO displays a more segmented reduction 
process, with a discernible intermediate peak at 550 °C attributed to isolated Ni2+ or Co2+ species requiring higher temperatures for reduction, 

consistent with their known reducibility in crystalline mixed oxides.49 The delayed, high-temperature reduction feature from 700-900 °C 
suggests further reduction of bulk-stabilized metal ions and possibly partial reduction of Zn2+ or Mg2+ species, or more strongly coordinated 

Co/Ni species, requiring elevated temperatures to initiate oxygen abstraction and alloy formation.50 
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O2 temperature-programmed oxidation (O2-TPO) was performed following the H2-TPR experiments to reinforce the redox dynamics and 
probe the oxidative reversibility of the exsolved metallic phases. As shown in Figure 3B, the a-HEO sample exhibits four distinct O2 
consumption features: a weak low-temperature peak at ~250 °C, a dominant peak centered at ~350 °C, a medium-intensity peak at ~500 °C, 
and a minor broad feature around ~750 °C. The pronounced 350 °C oxidation peak in a-HEO corresponds to the rapid re-oxidation of exsolved 
Cu–Ni–Co alloys, which were previously formed at lower temperatures under H2 atmosphere.51 The preceding ~250 °C shoulder likely reflects 
early-stage Cu0→Cu2+ oxidation, occurring as discrete or atomically dispersed Cu sites oxidize.52 The intermediate ~500 °C peak in a-HEO is 
attributed to reformation of mixed metal oxides or spinel-like phases (e.g., NiCo2O4), consistent with the broader multi-step reduction profile 
seen in H2-TPR.53 In contrast, the c-HEO sample exhibits delayed and broader oxidation behavior, with the majority of O2 uptake occurring 
only after 500 °C. The presence of high-temperature oxidation from ~700-800 °C may also point toward solid-solution reconstruction, where 
entropy-stabilized configurations are gradually re-established.54 Together, the H2-TPR and O2-TPO analyses reveal distinct redox behaviors 
between the amorphous and crystalline high-entropy oxides, directly reflecting the structural features established earlier in the study. The 
a-HEO sample exhibits enhanced reducibility and oxidative reversibility, with sharp H2 consumption peaks at lower temperatures and well-
resolved O2 uptake features at moderate temperatures, which are signatures of facile alloy exsolution and rapid reintegration of metal species 
into the oxide matrix.

Figure 3 (A) H2 TPR analysis of a-HEO and c-HEO with summary of H2 TPR peaks; (B) O2 TPO analysis of a-HEO reduced at 600oC in H2 and c-
HEO reduced at 600oC with summary of O2 TPO peaks.

To further investigate the reversible exsolution–dissolution behaviour, X-ray photoelectron spectroscopy (XPS) analysis was 
conducted for c-HEO and a-HEO samples (Figure 4). All elemental spectra were calibrated using the C-C peak at 286.4 eV in the C 
1s spectrum as a reference. In the case of c-HEO, XPS spectra were compared among the pristine, reduced sample (annealed at 
600 °C under a 5% H2/Ar atmosphere), and the re-oxidized sample (treated at 900 °C in an air atmosphere). The Zn 2p3/2 (1021.8 
eV) and Mg 1s (1303.8 eV) spectra reveal that both Zn and Mg consistently exist in the +2 oxidation state. In contrast, the Ni2p 
(Figure 4A), Cu 2p (Figure 4B), and Co 2p (Figure 4C) spectra exhibited significant changes after the reduction and subsequent re-
oxidation treatments. Upon reduction, characteristic peaks corresponding to the metallic states emerged at 853.6 eV (Ni 2p2/3), 
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932.2 eV (Cu 2p2/3), and 780.6 eV (Co2p2/3), while coexisting with the peaks attributed to oxidized species further confirm the 
partial exsolution of the NiCuCo alloy from the HEO matrix upon reduction.19, 24, 35 Following re-oxidation, the metallic peaks 
disappeared, and the spectra reverted to oxidized-state profiles, suggesting that the exsolved NiCuCo alloy dissolved into the HEO 
matrix. These observations are consistent with the structural changes confirmed by in situ XRD patterns. A similar reversible 
exsolution–dissolution behavior was observed for a-HEO, but under significantly milder conditions (Figure 4D, 4E and 4F). After 
reduction at 300 °C, XPS spectra displayed distinct metallic peaks for Cu, Co, and Ni, confirming the exsolution of these species 
from the amorphous HEO matrix. Following air oxidation at 600 °C, the metallic XPS peaks completely disappeared, and the spectra 
reverted to the fully oxidized state. This confirms that the exsolved NiCuCo alloy species were fully re-dissolved into the amorphous 
HEO matrix, completing the reversible cycle.

Figure 4 XPS spectra for pristine, reduced (5%H2/Ar at 600 °C), and re-oxidized (air at 900 °C) c-HEO (A: Ni 2p region; B: Cu 2p 
region; C: Co 2p region), and pristine, reduced (5%H2/Ar at 300 °C), and re-oxidized (air at 600 °C) a-HEO (D: Ni 2p region; E: Cu 2p 
region; F: Co 2p region) samples.

Furthermore, the structure evolution and elemental distribution variation of c-HEO upon thermal treatment under diverse 
gas atmosphere are probed by electron microscopy to provide additional insights into the exsolution-dissolution process. As 
illustrated in Figure 5A, under reducing conditions, metallic copper, cobalt, and portions of nickel exsolved from the HEO matrix, 
forming nanoparticles that may consist of pure metals or alloys. During the oxidation process, these exsolved metal phases 
dissolved back into the HEO matrix, effectively reconstructing the original structure (Figure 5B), and the darker regions observed 
on the surface indicated sites where metal exsolution had previously occurred. In the case of a-HEOs, electron microscopy revealed 
that all five metal elements remained well dispersed in both the reduced and re-oxidized samples, with no detectable exsolved 
metal phase, likely due to the extremely small size of the nanoparticles, which may reside within the pore channels of SBA15 and 
fall below the resolution limit of the instrument (Figure 6). This comprehensive analysis demonstrates the distinct reversible 
exsolution-dissolution behavior in both c-HEO and a-HEO, with the amorphous phase exhibiting a more rapid and facile reversible 
regeneration process.
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Figure 5 Microscopy of treated samples of c-HEO after reduction under 5% H2 at 600 ℃ (A) and subsequent oxidation under air at 
900 ℃ (B).

Page 9 of 14 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 8
/2

0/
20

25
 8

:2
0:

28
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online

DOI: 10.1039/D5FD00081E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fd00081e


ARTICLE Journal Name

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Figure 6 Microscopy of treated samples of a-HEO after reduction under 5% H2 at 300 ℃ (A) and subsequent oxidation under air at 
350 ℃ (B).

Based on the understanding in the exsolution-dissolution variation of HEO with different architectures, their gas adsorption 
behavior was further studied using CO as probe molecules (Figure 7). For c-HEO sample, the CO diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS) results indicate that after being subjected to different reduction temperatures (up to 500 °C 
under 5%H2/Ar atmosphere), they do not exhibit any significant CO adsorption peaks (Figure 7A). This could be attributed to the 
low specific surface area of the bulk HEO (around 5 m2 g-1),35 which limits the number of accessible metal sites for CO binding. In 
addition, the dark coloration of the c-HEO sample after reduction further attenuates the IR signal, resulting in a decreased signal-
to-noise ratio and weakened spectra. In contrast, the a-HEO uniformly dispersed in the mesoporous material exhibits distinct CO 
adsorption peak (2124 cm-1) after reduction at 300°C, which belonged to adsorbed CO molecules on metallic Cu species.55 Notably, 
a slight redshift was observed by further increasing the reduction temperature to 500 °C, which can be attributed to local electronic 
structure changes induced by the gradual exsolution of the NiCoCu alloy.56 However, with increasing reduction temperature, the 
catalyst exhibits a progressively darker color, which in turn attenuates the signal intensity detected by the instrument. 
Consequently, the resulting spectra appear increasingly weakened and broadened.57 Further examination of the redox process 
revealed that after air oxidation at elevated temperatures, the CO adsorption peak at 2127 cm-1 gradually decreased in intensity. 
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Importantly, after oxidation at 600 °C, the CO peak completely disappeared, indicating that the exsolved metallic species were 
fully re-oxidized and reincorporated into the a-HEO matrix (Figure 7C). This observation is consistent with the XPS results, which 
also confirm the complete oxidation of the exsolved metal alloy at 600 °C.

Figure 7 CO-DRIFTS results of c-HEO (A) and a-HEO (B) at different reduction temperatures under 5%H2/Ar atmosphere and a-HEO 
(C) at different oxidation temperatures under air atmosphere.

Conclusions
In summary, the reversible exsolution-dissolution behavior of high-entropy oxides (HEOs) with distinct structural architectures-
crystalline (c-HEO) and amorphous (a-HEO)-were systematically investigated to elucidate their dynamic structural evolution and 
catalytic regeneration potential under redox conditions. Using a comprehensive suite of in situ and ex situ characterization 
techniques, including variable-temperature PXRD, H2-TPR, O2-TPO, XPS, electron microscopy, and CO-DRIFTS, we revealed that 
both HEO phases exhibit clear reversible exsolution of metallic species or alloys in reducing atmospheres, followed by re-
incorporation into the oxide matrix upon re-oxidation. The amorphous HEOs exhibited significantly lower reduction temperatures 
and more rapid reversibility, enabling self-healing of active metal species under milder conditions. This enhanced redox 
responsiveness is attributed to the structural disorder and higher reducibility of the amorphous matrix, which promotes efficient 
diffusion and reversible reconstruction of metal species. These findings provide fundamental insights into the architecture-
dependent dynamics of HEOs and highlight the potential of amorphous HEOs as a promising platform for the design of regenerable 
and durable catalysts. By maximizing active site accessibility and enabling low-temperature regeneration, this study opens new 
avenues for the development of advanced catalytic systems that leverage the intrinsic flexibility of high-entropy materials.
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Data availability 

All the data is presented in the manuscript. 
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