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Abstract 

High-entropy oxide (HEO) electrocatalysts are appealing for multi-step catalytic reactions 

as their high compositional diversity and multi-element synergy effects. Herein, we find that 

the metal-oxygen (M-O) interactions in FeCoNi-based HEO can be well-optimized by 

introducing Al and Ce elements. The in-situ electrochemistry-triggered Al leaching exposes 

abundant newly-formed active sites with greatly reduced energy difference between TM 3d and 

O 2p orbitals. This fact shows the enhancement of M-O covalency, which is further quantified 

by the Fe/Co/Ni charge calculations. The stronger M-O covalency greatly decreases the 

activation energy of water oxidation at Fe/Co/Ni sites and the barrier of electrical transfer. 

Furthermore, the Ce element downshifts the O 2p band center, effectively refraining lattice 

oxygen loss. These advantages enable a supersmall overpotential of 303.7 mV at 500 mA cm-2 

that maintains 95.8% even operating for 840 h, which is the best report for the HEOs to date. 
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1. Introduction 

Oxygen evolution reaction (OER) is the core half-reaction of the low-carbon electrolytic 

hydrogen production, rechargeable metal-air batteries and so forth.[1-3] The sluggish reaction 

kinetics and harsh oxidation environment have brought great challenges to the exploitation of 

advanced OER electrocatalysts.[4-6] In recent years, high-entropy oxides (HEOs) have 

attracted great interests because of their high compositional diversity and multi-element 

synergy effects, which are a class of ideal electrocatalysts for meeting the demands of low-

budget, high-activity and long-life.[7-9] Their multiple adsorption sites, which have 

differentiated adsorption properties, enable the preferential adsorption of various OER 

intermediates (*OH, *O and *OOH). Besides, the reaction pathway of rate-determined step 

could be optimized by the efficient transfer and integration of adjacent intermediates, allowing 

to circumvent the scaling relationship.[10-12] Substantial machine learning and experimental 

results have proved that FeCoNi ternary oxides (M3Os) are located near the peak position of 

OER activity volcano plot, the most suitable candidate to replace precious metal based 

electrocatalysts.[13-15] Notably, their oxygen-related adsorption energy is directly determined 

by the covalency and ionicity interactions of metal-oxygen (M-O) bonds, giving a benchmark 

for enhancing the catalytic ability beyond the volcano summit.[16, 17] 

The optimization of M-O interactions is indispensable for improving catalytic activity and 

enhancing reaction kinetics.[18, 19] Generally, the M-O bonds in FeCoNi-based oxides show 

a highly-ionic nature due to the Coulomb repulsion enabling d-electron localization, which 

kinetically impedes the charge transfer.[20-22] Strengthening M-O covalency can expedite the 

d-electron hopping towards antibonding orbitals, giving rise to the high-spin Fe/Co/Ni species 

with optimized adsorption properties for reducing reaction barrier.[23-25] For instance, Zhou 

et al.[26] reported that the accelerated OER kinetics (31.4 mV dec-1) was achieved in ZnFexCo2-

xO4 electrocatalysts by Fe-induced greater covalency, which narrows the energy gap between 

Co 3d and O 2p orbits from 0.81 to 0.75 eV. Grimaud et al.[27] proposed the M-O covalency 
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as a key descriptor for evaluating OER activity of the La0.5Sr0.5CoO3 electrocatalysts, but the 

over-elevated covalency led to the movement and transformation of lattice oxygen during OER 

process, sacrificing the electrochemical stability. Nevertheless, it is a big challenge to 

accurately modulate their covalency and ionicity for achieving highly-active and ultra-stable 

HEO electrocatalysts, and the competition mechanism still faces the limited understanding. 

Herein, we have reported the M3O-based quinary HEO electrocatalysts with well-

balanced M-O interactions by integrating Al and Ce elements, in which the in-situ Al leaching 

exposes abundant highly-accessible active sites and enhances the M-O covalency, meanwhile, 

the Ce element effectively refrains the loss of lattice oxygen by downshifting the O 2p band 

center. A supersmall overpotential of 303.7 mV is required to obtain 500 mA cm-2 that 

maintains 95.8% even operating for 840 h, showing the best report for the HEO electrocatalysts 

to date. 

 

2. Experimental Section 

2.1. Material synthesis 

For synthesizing the AlCeM3O electrocatalysts, Fe(NO3)3·9H2O, Co(NO3)2·6H2O, 

Ni(NO3)2·6H2O, Al(NO3)3·9H2O and Ce(NO3)3·6H2O with the molar ratio of 6: 6: 6: 1: 1 were 

fully blended in a mixer (THINKY, ARE-310) and transferred to a 5 mL flask. A piece of pre-

treated Ni foam (thickness of 0.3 mm) was then immersed in the mixture and reacted in a pre-

heated muffle furnace at 200 oC for 20 min, followed by the quenching treatment. After washing 

and drying, the AlCeM3O electrocatalysts were obtained by calcining in Ar atmosphere at 

500 °C for 2 h. Based on the same melting method, the M3O, AlM3O and CeM3O samples 

were prepared for comparison using the corresponding metal nitrates. 

2.2. Material characterization 

The crystallographic structure was recorded by X-ray diffraction (XRD; Rigaku D/Max 

2550) adopting Cu Kα radiation operated at 40 kV. The morphology and microstructure were 
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imaged by field emission scanning electron microscopy (FESEM; Hitachi S-4800) and 

transmission electron microscopy (TEM; FEI Talos F200X) equipped with an energy dispersive 

spectroscopy (EDS) instrument. The element content was investigated by inductively coupled 

plasma mass spectrometry (ICP-MS). The surface chemical states were acquired by X-ray 

photoelectron spectroscopy (XPS; ESCALAB 250Xi) with Al Kα radiation (hν = 1486.6 eV).  

2.3. Electrochemical measurements 

The electrochemical measurements were carried out by the CHI760E electrochemical 

workstation using a standard three-electrode cell in 1.0 M KOH electrolyte saturated with high-

purity O2 (99.99%). The glassy carbon rod and saturated Ag/AgCl electrode were used as the 

counter and reference electrodes, respectively. The obtained samples were directly used as the 

working electrodes with a test area of 0.2 cm2. Electrochemical activation was performed by 

cyclic voltammetry (CV) with the scan rate of 50 mV s-1 for 100 cycles from 0 to 0.7 V (vs. 

Ag/AgCl). The samples after electrochemical activation are denoted as a-M3O, a-AlM3O, a-

CeM3O and a-AlCeM3O, respectively. The linear sweep voltammetry (LSV) was performed 

to assess the apparent activity with a scan rate of 2 mV s-1. The Tafel slopes (b) were acquired 

by fitting the linear portion of the Tafel plots: η = blog (j) + a, where η is the overpotential and 

j is the corresponding current density. The electrochemical surface area (ECSA) was calculated 

based on the following equation: ECSA = Cdl / Cs, where Cdl is the double-layer capacitance 

and Cs is the specific capacitance. The Cdl values were tested via multi-rate CV in non-Faradic 

range to explore the active site number, while the Cs is 40 μF cm-2 according to the previous 

literature.[28] An Autolab PGSTAT302N electrochemical workstation is available for 

electrochemical impedance spectroscopy (EIS) in the frequency range of 0.01 Hz to 100 kHz. 

The activation energy (Ea) for oxygen evolution was calculated based on the Arrhenius 

relationship: ln (j) = - Ea / RT + C, where j is the current density, R is the gas constant (8.3145 

J mol-1 K-1), and T is the Kelvin temperature. The chronoamperometry (CA) technique was 

carried out to assess the long-term stability. The electrochemical data are applied with a 95% 
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iR compensation and calibrated to the reversible hydrogen electrode (RHE) except for special 

explanation. The calibration of the saturated Ag/AgCl electrode was carried out by the 

CHI760E electrochemical workstation using a standard three-electrode cell in saturated KCl 

electrolyte. The reference electrode to be calibrated, bran-new reference electrode and glassy 

carbon rod were used as the working, reference and counter electrodes, respectively. Calibration 

is conducted using the i-t measurements under a potential of 0.1 V until the measured open-

circuit voltage is within 5 mV. 

2.4. Computational details 

The density functional theory (DFT) computations were implemented in Vienna ab initio 

simulation package (VASP) with the projector augmented wave (PAW) method and the spin‐

polarized manner.[29] The Perdew-Burke-Ernzerhof (PBE) functional with the generalized 

gradient approximation (GGA) was employed for the exchange-correlation functional.[30] The 

Ueff value was set as 4.0 eV for d-orbitals of transition metal in DFT + U method.[31] The 

medium/high-entropy oxide models were generated based on the Alloy Theoretic Automated 

Toolkit (ATAT) employed with the special quasi-random structure (SQS) method.[32] In terms 

of the surface simulations, a vacuum spacing of 10 Å was introduced where the top half layers 

are relaxed while the bottom half layers are fixed, and the DFT-D3 method was used to correct 

the Van de Waals interactions between the surface periodic models.[33] The Gamma-center k-

point meshes of 3 × 3 × 3 and 2 × 2 × 1 were respectively used for the bulk and surface models 

with a plane-wave cut-off of 600 eV. The electronic self-consistent field convergence criterion 

of 10-5 eV and a maximum force tolerance for atomic geometry relaxation of 0.03 eV/Å were 

employed, respectively. The energy difference between intrinsic and defective surfaces, where 

a certain atom was removed to the vacuum, was calculated to quantify the energy barriers for 

transition metal dissolution and lattice oxygen loss from electrocatalysts. 

 

3. Results and Discussion 
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Figure 1. (a) Design concept and advantages of incorporating Al and Ce in FeCoNi-based HEO 

electrocatalyst. (b) XRD pattern, (c) high-magnification TEM image (inset showing the corresponding 

SAED pattern), (d) TEM-EDS line and mapping analyses of AlCeM3O. 

 

To accommodate highly-active and ultra-stable water oxidation, we have designed 

FeCoNi-based HEO electrocatalysts with Al and Ce incorporation (denoted as AlCeM3O), as 

illustrated in Figure 1a. Compared with M3O, Al element has a lower standard electrode 

potential (Al: -1.66 V versus Fe/Co/Ni: -0.03/-0.28/-0.25 V), which is inclined to selectively 

dissolve under alkaline OER conditions.[34, 35] Through the electrochemical activation, in-

situ Al leaching would optimize the electronic state of other metal centers, thereby creating 

highly accessible active surface for amplifying the synergistic advantage of M3O. On the other 

hand, Ce element with high M-O bond energy (790 kJ mol-1) could effectively strengthen the 

M-O framework by band structure modification, making AlCeM3O a robust electrocatalyst 
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with ultra-stable structural chemistry.[36, 37] Figure 1b shows the XRD pattern of the as-

prepared AlCeM3O, where the diffraction peaks could be well-indexed to (111), (220), (311), 

(400), (511) and (440) planes of cubic spinel structure (Fd-3m space group). No peak splitting 

demonstrates its single-phase solid solution nature without phase separation.[38] FESEM and 

TEM images (Figure S1 & 1c) exhibit that AlCeM3O presents an urchin-like microstructure 

composed of spines with the width of about 10 nm. Such favorable architecture with abundant 

connected channels facilitates the electrolyte and bubble diffusion, which is conducive to the 

electrochemical reaction kinetics.[39] The corresponding selected area electron diffraction 

(SAED) pattern (insert of Figure 1c) and high-resolution TEM images (Figure S2) further 

verify the well-crystalized spinel structure of AlCeM3O. Additionally, the EDS line-scanning 

and mapping analyses (Figure 1d) reveal the homogeneous distribution of Fe, Co, Ni, Al, Ce 

and O elements in AlCeM3O electrocatalysts. 

 

Figure 2. (a) Electrochemical activation of CeM3O and AlCeM3O in 1.0 M KOH. (b) Dynamic changes 

of Al content in electrode and electrolyte, (c) Al 2p XPS spectra and (d) M3+ proportion of AlCeM3O 

during CV activation process. (e) Tafel slopes and (f) ECSA values of CeM3O and AlCeM3O at 

different CV cycles. 

 

Electrochemical activation was performed in 1.0 M KOH by CV at 50 mV s-1. As shown 

in Figure 2a, AlCeM3O exhibits an equivalent OER activity to CeM3O at the initial stage. 
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Unlike the consistent activity of CeM3O, the oxidation peak and oxygen evolution current of 

AlCeM3O dramatically raise with cycling, demonstrating the increase in electrochemically 

accessible sites.[40] After 100 cycles, the CV curve tends to be stable, and the overpotential 

drops by 49 mV at the current density of 100 mA cm-2. The M3O and AlM3O represent the 

similar phenomena (Figure S3), indicating Al-containing samples display a self-optimization 

behavior during electrochemical activation process. The real-time Al distribution in electrode 

and electrolyte was detected by ICP-MS. As exhibited in Figure 2b, the Al mass density of 

AlCeM3O gradually decreases from 0.149 to 0.011 mg cm-2 along the activation progress and 

remains at this content level. Accordingly, these leached Al cations are detected in the 

electrolyte. The dynamic change of XPS signal further witnesses such Al leaching process 

(Figure 2c). According to the XPS spectra of other metals (Figure S4 & 2d), the proportions 

of trivalent Fe, Co and Ni sites respectively increase by 13.4%, 34.3% and 28.7% as the Al 

leaching, showing their crucial involvement in OER enhancement. More importantly, raised 

valency typically induces the downshift of metal d-band to penetrate the p-band of oxygen 

ligands, resulting in an enhanced M-O covalency along with the Al leaching.[23, 25] In contrast, 

the chemical state of Ce changes insignificantly (Figure S5). The characterizations after 

electrochemical activation are exhibited in Figure S6, showing the in-situ formation of highly-

active hydroxide species for improving OER properties. Benefiting from their motivated 

synergistic catalysis, the Tafel slope of AlCeM3O markedly decreases from 58.0 to 39.2 mV 

dec-1 through electrochemical activation (Figure S7 & 2e), manifesting its enhanced reaction 

kinetics with improved OH- adsorption.[41] Furthermore, the AlCeM3O demonstrates the 

highly exposed active surface as we anticipated, whose ECSA doubles after 100 CV cycles 

(Figure S8, S9 & 2f). Based on the above results, we can conclude that the in-situ 

electrochemistry-triggered Al leaching efficiently optimizes the active sites in the AlCeM3O 

electrocatalysts, thus remarkably improving the OER activity and kinetics. 
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Figure 3. (a) OER polarization curves and (b) Tafel plots of a-CeM3O and a-AlCeM3O. (c) Performance 

comparisons among a-AlCeM3O and reported multi-metal oxide catalysts. (d) Rct, (e) jECSA and (f) Ea of 

a-CeM3O and a-AlCeM3O. (g) Computed band centers, (h) charge values and (i) 2D charge-density 

distributions of a-CeM3O and a-AlCeM3O. 

 

The alkaline OER performance was assessed in 1.0 M O2-saturated KOH using the 

standard three-electrode setup. Figure 3a & S10 displays the polarization curves of the pre-

activated samples (denoted as a-CeM3O and a-AlCeM3O), as well as the bare Ni foam and 

commercial RuO2. The a-AlCeM3O delivers small overpotentials of 218.5, 261.6 and 303.7 

mV at 10, 100 and 500 mA cm-2, respectively, superior to a-CeM3O (η10 = 263.0 mV; η100 = 

316.8 mV) and RuO2 (η10 = 242.9 mV; η100 = 307.0 mV). It also exhibits the lowest Tafel slope 

of 39.2 mV dec-1 in comparison with a-CeM3O (50.9 mV dec-1) and RuO2 (51.2 mV dec-1) 

(Figure 3b), suggesting an accelerated reaction kinetics for boosting OER process.[42] Such 

catalytic properties outperform most reported multi-metal oxide electrocatalysts (Figure 3c & 

Table S1). EIS titrations were carried out at a series of overpotentials ranging from 0.21 to 0.31 
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V (Figure S11). The a-AlCeM3O is observed to maintain a smaller charge transfer resistance 

(Rct) throughout the potential range (Figure 3d), further confirming its rapid electron transfer 

kinetics.[43] Moreover, the a-AlCeM3O shows a boosted intrinsic activity by comparing the 

ECSA-normalized current density (jECSA, Figure 3e & S12), suggesting that Al leaching could 

effectively exert synergetic advantage among Fe, Co and Ni sites. Based on the polarization 

curves at different temperatures (Figure S13), their corresponding Ea can be calculated. As 

shown in Figure 3f, a-AlCeM3O requires only 44.8 ± 3.6 kJ mol-1 for driving alkaline OER, 

prominently lower than that of a-CeM3O (54.4 ± 2.5 kJ mol-1), indicating the effectively 

decreased OER energy barrier.[44] DFT calculations were applied to further clarify the OER 

enhancement mechanism. Figure 3g summarizes the computed band center statistics of metal 

and oxygen atoms in each simulation model (Figure S14). The energy differences between 

Fe/Co/Ni 3d and O 2p orbitals of a-AlCeM3O are 0.52, 0.67 and 0.13 eV, respectively, much 

lower than those of a-CeM3O (1.08, 1.00 and 0.41 eV). The smaller energy difference 

represents stronger M-O covalency, correlating with highly-active water oxidation with 

expedited charge transfer pathways and optimized adsorption towards oxygen-containing 

intermediates. More impressively, metal atoms at different locations have differentiated band 

structure, which is beneficial to enrich the functionality of catalytic sites. As shown in Figure 

3h, the atomic charge values of a-CeM3O and a-AlCeM3O deviate from the corresponding 

valence, which is caused by the electron perturbation among M-O bonds and can be quantified 

as a valid parameter for evaluating their covalency.[45] The a-AlCeM3O displays a higher ionic 

bias value (dO = 0.93), confirming its enhanced covalent nature. Their representative charge-

density distributions from [001] direction are mapped out to visualize the above results. Figure 

3i clearly shows that there are stronger electron interactions in a-AlCeM3O, which is positively 

correlated with the OER performance. 
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Figure 4. (a) CA measurements of a-AlM3O and a-AlCeM3O, inset showing the corresponding ion 

concentrations in electrolyte after ADT. (b) Stability comparison among a-AlCeM3O and reported 

multi-metal oxide catalysts. (c) Computed O 2p PDOS, (d) energy barriers for transition metal 

dissolution and lattice oxygen loss of a-AlM3O and a-AlCeM3O. (e) O 1s XPS spectra of a-AlM3O and 

a-AlCeM3O before and after ADT. 

 

To examine the long-term OER stability, CA measurements were conducted under the 

current density of 0.1 A cm-2. As shown in Figure 4a, the a-AlCeM3O demonstrates the 

considerable durability, being able to operate continuously for 840 h (more than a month) with 

an ultrahigh current retention rate of 95.8%. In contrast, the apparent activity of a-AlM3O starts 

to deteriorate rapidly after 240 h until losing efficacy. Moreover, the a-AlCeM3O yields quite 

less Fe, Co and Ni dissolution (0.15, 0.04 and 0.08 ppm, respectively) in the electrolyte after 

accelerated durability test (ADT). The structural and compositional changes (Figure S15 & 

Table S2) of high entropy oxides are not significantly, confirming its excellent long-term 

stability. Figure 4b highlights the stability comparison, in which the gray dashed lines represent 

the total charge transferred through the electrode, calculated by multiplying the current density 

by the effective operating time.[46] The a-AlCeM3O exceeds the threshold of 3 × 105 C cm-2, 

far surpassing the reported multi-metal oxide catalysts. The stability improvement principle was 
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explored based on DFT calculations. As mentioned above, excessive elevation of O 2p band 

center (> -2.2 eV vs. EF) may sacrifice electrochemical stability because lattice oxygen would 

be activated to participate in OER process.[47] Attributed to the Ce incorporation, the O 2p 

band center of a-AlCeM3O is successfully modulated from -2.18 to -2.51 eV (Figure 4c). 

Consequently, the lattice oxygen framework of a-AlCeM3O is stabilized, whose energy 

required for oxygen loss (4.65 eV) is remarkably higher than that of a-AlM3O (4.41 eV), as 

shown in Figure 4d. Meanwhile, the energy barriers for Fe, Co and Ni dissolution of a-

AlCeM3O increase from 5.09, 6.43 and 5.22 eV to 7.47, 7.72 and 6.76 eV, respectively. These 

results reveal that Ce incorporation plays an important role in improving long-term OER 

stability by inhibiting surface metal dissolution and lattice oxygen loss, which is consistent with 

our CA measurements.[48] The corresponding structural degradation processes are illustrated 

in Figure S16 & S17. The cross-comparison of O 1s XPS spectra (Figure 4e) before and after 

ADT confirms the theoretical results, showing that the percentage of highly-active species 

(*O/*OOH) in a-AlCeM3O increases from 8.4% to 15.1%, while the defect degree remains at 

a moderate level (~ 9.5%). 

 

3. Conclusion 

In summary, we demonstrate that the integration of Al and Ce elements in FeCoNi-based 

HEO electrocatalysts is responsible for the well-balanced M-O interactions, thus enabling 

highly-active and ultra-stable water oxidation. Specifically, the in-situ Al leaching during 

electrochemical activation induces the exposure of highly-accessible multifunctional active 

sites and the enhancement of M-O covalency, leading to highly-oxidized Fe/Co/Ni species for 

accelerating OER kinetics. Meanwhile, the Ce element significantly stabilizes the M-O 

framework by inhibiting surface metal dissolution and oxygen loss. Consequently, the a-

AlCeM3O exhibits superior OER performance with a small overpotential of 303.7 mV and a 

low Tafel slope of 33.0 mV dec-1 to realize the current density of 500 mA cm-2. Furthermore, it 
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demonstrates the considerable stability for continuously operating over 840 h with an ultrahigh 

current retention rate of 95.8%, being one of the most advanced multi-metal oxide 

electrocatalysts to date. This work sheds light on the relationship between M-O interactions and 

catalytic performance, allowing to improve high-entropy electrocatalysts towards sustainable 

electrochemical energy technologies. 
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