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Characterization Analyses

The synthesized electrocatalysts were extensively analyzed using various advanced 

techniques to explore their structural formation, surface morphology, elemental composition, and 

chemical properties. The surface topography and elemental mapping were checked through field 

emission scanning electron microscopy (FESEM, TESCAN S-8000, Czech Republic) coupled 

with energy-dispersive X-ray spectroscopy (EDS, Ultim Max, Oxford). High-resolution 

transmission electron microscopy (HR-TEM, Talos F200X, FEI Company, USA) was employed 

to provide detailed insights into the nanoscale structural features of the materilas. The crystalline 

structure and phase purity of the electrocatalysts were confirmed through X-ray diffraction (XRD) 

analysis, performed on a Bruker D8 Advance A25 X-ray diffractometer (Germany) using a Cu–Kα 

radiation (λ = 0.154 nm). Raman spectroscopy was conducted with a DXR3 Raman microscope 

(Thermo Fisher Scientific, USA) equipped with a 532 nm Nd:YAG laser as the excitation source, 

to analyze vibrational characteristics. Fourier-transform infrared spectroscopy (FTIR) 

measurements were performed on a Nicolet iS10 spectrometer (Thermo Fisher Scientific, USA) 

to identify functional groups present in the electrocatalysts. X-ray photoelectron spectroscopy 

(XPS, NEXSA G2, Thermo Fisher Scientific, USA) with monochromatic Al–Kα radiation was 

utilized to determine the oxidation states of metals, bonding environments, and surface elemental 

composition. Additionally, the specific surface area of the electrocatalysts was measured using the 

Brunauer Emmett Teller (BET) method with a BELSORP-mini II surface area analyzer (BEL 

Japan, Inc., Japan).
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Fabrication of the Working Electrode

To fabricate the working electrode, 1 mg of the synthesized catalyst was dispersed in a 

solution comprising 180 µL of isopropanol and 20 µL of 5 wt% Nafion binder. The resulting 

mixture was sonicated for 30 nm to achieve a homogeneous suspension. The prepared catalyst ink 

was uniformly coated onto a pre-treated nickel foam (NF) substrate with dimensions of 1 × 1 cm2 

and subsequently dried at 80℃ for 3 h.

Electrochemical Measurements

The electrocatalytic performance of the HE-Cr(NiFeCoV)2O4 catalyst for OER was 

evaluated using a CHI 708E electrochemical workstation (CH Instruments Inc, USA). A standard 

three-electrode setup was employed, consisting of the catalyst-loaded NF substrate as the working 

electrode, a graphite rod as the counter electrode, and a Hg/HgO electrode as the reference 

electrode. All electrochemical measurements were conducted in 1 M KOH as the electrolyte. The 

potentials recorded against the Hg/HgO reference electrode were converted to the reversible 

hydrogen electrode (RHE) scale using Equation (1): 

ERHE =  +  + 0.059 V × pH (1)EHg/HgO E 0
Hg/HgO

where  is the measured potential,  is the standard electrode potential (0.098 V), and EHg/HgO E 0
Hg/HgO

pH is the pH of the electrolyte. 

The Tafel slope, a key parameter for assessing reaction kinetics, was derived from the 

relationship between the overpotential (𝜂) and current density (j), as expressed in Equation (2): 

η = b  log(j) + a (2)

where b is the Tafel slope and a is the Tafel constant. 
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Mass activity and turnover frequency (TOF) were calculated to evaluate the intrinsic 

catalytic activity of the electrocatalysts. The mass activity (A⸱g−1) of the electrocatalysts was 

calculated using Equation (3): 

Mass activity =    (3)

𝑗 
𝑚

where, j indicates the current density and m denotes the catalyst mass. 

Additionally, the turnover frequency (TOF) of the electrocatalysts was estimated using 

Equation (4):

TOF (s−1) =  

𝑗 𝑥 𝑁𝐴

𝑛 𝑥 𝐹 𝑥 𝑆𝑎

(4)

where NA is Avogadro’s number, n is the number of electrons transferred in the reaction (which is 

4 for OER), F is the Faraday constant (96,485.3 C mol−1), and Sa is the number of active sites. The 

active sites (Sa) was assessed using Equation (5):

Sa           
=

(∫𝐴𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒/𝑆𝑐𝑎𝑛 𝑟𝑎𝑡𝑒)
𝐶ℎ𝑎𝑟𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

(5)

Electrochemical impedance spectroscopy (EIS) was conducted to analyze the charge 

transfer resistance (Rct), with Nyquist plots were generated over a frequency range of 0.1 Hz to 

105 Hz at a fixed potential (V vs. RHE). The double-layer capacitance (Cdl) was assessed by 

analyzing the difference in anodic and cathodic current densities (Δj/2 = (ja−jc)/2) at varying scan 

rates. The slope of the linear plot yielded Cdl as per Equation (6):

Cdl =  (6)

𝑑(∆𝑗)
2𝑑𝑣



5

where ν is the scan rate. 

Subsequently, the electrochemical surface area (ECSA) was determined via Equation (7):

ECSA =      (7)

𝐶𝑑𝑙

𝐶𝑠

Where Cs is the specific capacitance of NF substrate. 

In situ Raman Spectroscopy Analysis

In situ Raman spectroscopy was conducted using a custom-built electrochemical cell 

(redoxme AB, Sweden) configured with a three-electrode system. This setup comprised a catalyst-

loaded NF substrate as the working electrode, a graphite wire as the counter electrode, and a 

Hg/HgO referencd electrode. All measurements were performed in a 1 M KOH electrolyte using 

a CHI 708E electrochemical workstation (CH Instruments Inc., USA). A DXR3 Raman 

spectrometer (Thermo Fisher Scientific, England) equipped with a 532 nm Nd:YAG laser and a 

high resolution 50× objective beam lens was employed to collect Raman spectra. This system 

enabled the monitoring of real-time spectral changes under varying applied potentials during the 

OER. The in situ Raman spectra provided direct insights into surface intermediates and structural 

transformations occurring on the catalyst during OER operation, revealing the dynamic evolution 

of active species and their interaction with the catalyst's surface under electrochemical conditions. 

Theoretical Simulation Details

To construct the high-entropy HE-Cr(NiFeCoV)2O4 (HE-Cr(NiFeCoV)2O4) model, we 

adopted the following strategy. An equimolar ratio of Cr, Co, Ni, Fe, and V elements was used, 

with Ni, Fe, and V systematically introduced into the spinel CrCo2O4 structure, maintaining its 
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structural consistency. In the CrCo2O4, Cr3+ and Co2+ ions occupy the tetrahedral and octahedral 

sites, respectively. For the HE-Cr(NiFeCoV)2O4 configuration, the spinel framework was retained, 

wherein Cr3+ ions remained in the tetrahedral sites, while Ni2+, Fe2+/Fe3+, Co2+, and V3+ ions were 

randomly distributed across both octahedral and tetrahedral sites depending on their ionic radii and 

oxidation states. This random distribution resulted in atomic-scale disorder and site occupancy 

variation, thereby stabilizing a high-entropy phase. The formation energy for each configuration 

was computed using the following equation (8):

(8)𝐸𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝐸𝑇𝑜𝑡𝑎𝑙 ‒ (ƞ𝐶𝑟𝐸𝐶𝑟 + ƞ𝑁𝑖𝐸𝑁𝑖 + ƞ𝐹𝑒𝐸𝐹𝑒 + ƞ𝐶𝑜𝐸𝐶𝑜 + ƞ𝑉𝐸𝑉)  

Where, ETotal is the total energy of the HE-Cr(NiFeCoV)2O4 system, ƞ element is the number of 

each element in the HE-Cr(NiFeCoV)2O4 systems, and Eelement is the energy of pure element. 

The HE-Cr(NiFeCoV)2O4 structure exhibited a lower formation energy of –13.3 eV per 

formula unit, which is slightly lower than that of the CrCo2O4 structure (–12.7 eV per formula 

unit), indicating enhanced stability. A 2×2×2 supercell was used in the calculations. For clarity in 

atomic visualization, three layers were initially removed in earlier figures; however, the full slab 

has now been included in the revised manuscript. For all further calculations, including the binding 

energy of OER intermediates, the (111) crystallographic plane was selected. This is the most 

thermodynamically stable surface for spinel structures due to its dense atomic packing, which 

reduces surface energy. Moreover, this plane contains a mix of tetrahedral and octahedral sites, 

effectively representing the complexity and site disorder of the high-entropy phase.

Density Functional Theory (DFT) calculations were performed using the Quantum 

ESPRESSO simulation package, which employs plane-wave pseudopotential methods to model 

electronic structures and catalytic activity. The simulations were focused on the HE-

Cr(NiFeCoV)2O4 catalyst, emphasizing its electronic properties, such as the total density of states 
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(TDOS), projected density of states (PDOS), charge density distribution, and its electrocatalytic 

behavior towards OER. The structure was modeled in its spinel phase. All atomic positions were 

relaxed until the forces acting on atoms were below 0.02 eV/Å. Initial lattice parameters were 

taken from experimental data, and structural optimization included relaxation of both lattice 

volume and atomic positions. Ultrasoft pseudopotentials were employed for Cr, Ni, Fe, Co, V, and 

O to capture their electronic behavior accurately. A plane-wave basis set was used with a kinetic 

energy cutoff of 50 Ry for wavefunctions and 450 Ry for charge density. Monkhorst-Pack k-point 

sampling was set to 10×8×6, and the self-consistent field (SCF) convergence threshold was 10‒6 

eV. Convergence tests were also conducted for plane-wave cutoff, k-point density, and vacuum 

thickness in the slab models. Electronic structure analyses included spin-polarized TDOS and 

PDOS calculations to determine the contributions from individual atomic orbitals (Cr, Ni, Fe, Co, 

V, and O). The charge density distribution was examined to understand electron localization and 

charge transfer processes within the spinel lattice. Visualization of these results was performed 

using VESTA, enabling spatial interpretation of charge distribution across the structure. The OER 

mechanism was studied through its four typical proton-coupled electron transfer steps, as outlined 

in Equations (9–12). The associated reaction energies (ΔE) and Gibbs free energy changes (ΔG) 

for each step were calculated using Equations (13–19), providing insight into the catalyst’s 

efficiency and potential rate-limiting steps.

                                                                                                                            (9)
-+

2   +  H + OH * → * + OH e

                                                                                            (10)              -+   +  H + O * → OH * e

                                                                                                  (11)  
-+

2   +  H + OOH * →O * + O(l)H e
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                                                                                                                                (12)
-+

2  +  H + O +* →OOH * e

                                                        (13))]0.5(H - O)[E(H - E(*) - E(*OH) = ΔE(*OH) 22

                                               (14) pHTln10k + U -ST - ΔZPE + ΔE(OH) = ΔG(1) B  e

                                                                (15) )]E(H - O)[E(H - (*) E - E(*O) = ΔE(*O) 22

                                                (16) pHTln10k + U -ST - ΔZPE + ΔE(*O) = ΔG(2) B  e

                                               (17) )]1.5E(H - O)[2E(H - E(*) - E(*OOH) = ΔE(*OOH) 22

                                           (18) pHTln10k + U -ST - ΔZPE + ΔE(*OOH) = ΔG(3) B  e

                                                                        (19)ΔG(3) - ΔG(2) - ΔG(1) - 4.92 = ΔG(4)

 In these expressions, the symbol * represents to the active site, while *OH, *O, and *OOH 

denote to the intermediates adsorbed at the active site. The parameters ΔE(*OH), ΔE(*O), and 

ΔE(*OOH) signify the energy differences related to the adsorption of *OH, *O, and *OOH 

species, respectively. The terms ΔZPE and ΔS designate the zero-point energy correction derived 

from DFT calculations and the entropy change obtained from vibration frequency analysis at T 

=298 K, respectively. U represents the electrode potential relative to the reversible hydrogen 

electrode (RHE). The kBTln10•pH is a correction factor set to account for the effect of pH, where 

kB is the Boltzmann constant. 

In a typical OER, the overall reaction involves four proton-coupled electron transfer steps, 

with a total energy requirement of 4.92 eV. Ideally, this energy is equally distributed among the 

four steps, meaning that each step requires 1.23 eV to proceed efficiently. The overpotential (η) is 

defined as the additional potential beyond the standard electrode potential required to drive the 

reaction. It serves as a crucial metric for evaluating the catalytic activity of a material. The 

overpotential can be calculated using Equation (20):

                                                    (20)
         V

e
23.14G,3G,2G,1Gmax 




Where ΔG is the Gibbs free energy change of each elementary step, and e is the elementary charge.
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Fig. S1. FESEM and EDS mapping images of (a) CrCo2O4 and (b) HE-Cr(NiFeCoV)2O4 catalysts.
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Fig. S2. SEM-EDS spectra of (a) CrCo2O4 and (b) HE-Cr(NiFeCoV)2O4 catalysts.
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Fig. S3. TEM-EDS spectrum of HE-Cr(NiFeCoV)2O4 catalyst.
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Fig. S5. XPS full survey spectrum of the HE-Cr(NiFeCoV)2O4 catalyst.
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Fig. S6. XPS spectra of the CrCo2O4 catalyst: (a) Full survey, (b) Cr 2p, (c) Co 2p, and (d) O1s.
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Fig. S7. UPS spectra of (a) CrCo2O4 and (b) HE-Cr(NiFeCoV)2O4 catalysts.
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Fig. S10. CV curves of the (a) bare NF, (b) CrCo2O4, (c) HE-Cr(NiFeCoV)2O4, and (d) commercial 

IrO2 catalysts within the potential range of 0.926 to 1.526 V vs. RHE at 50 mV⸱s−1 in 1 M KOH 

electrolyte for TOF analysis.
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Fig. S11. CV curves of the (a) bare NF, (b) CrCo2O4, (c) HE-Cr(NiFeCoV)2O4, and (d) commercial 

IrO2 catalysts within the potential range of 1.1 to 1.2 V vs. RHE at 50 mV⸱s−1 in 1 M KOH 

electrolyte for Cdl analysis. 
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Fig. S14. FE-SEM and EDS mapping images of the HE-Cr(NiFeCoV)2O4 electrode (a) before and 

(b) after OER stability test over 100 h.
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Fig. S15. Core-level XPS spectra of (a) Cr 2p, (b) Ni 2p, (c) Fe 2p, (d) Co 2p, (e) V 2p and (f) O 

1s for HE-Cr(NiFeCoV)2O4 electrode before and after OER stability test over 100 h.
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Fig. S16. DFT-derived side-view and top-view crystal structures of the CrCo2O4 catalyst.
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Fig. S17. DFT-derived side-view and top-view crystal structures of the HE-Cr(NiFeCoV)2O4 

catalyst.
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Fig. S18. Charge density difference maps of the HE-Cr(NiFeCoV)2O4 catalyst showing both side-

view and top-view crystal structures.
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Fig. S19. DFT-predicted crystal structure of surface-formed FeOOH species on the HE-

Cr(NiFeCoV)2O4 catalyst.



28

Table S1. Comparison of the OER performance of the HE-Cr(NiFeCoV)2O4 catalyst in terms of 

overpotentials with previously reported electrocatalysts for OER in 1 M KOH electrolyte.

Electrocatalysts Overpotential
(mV)

Current density
(mA cm-2) Reference

HE-Cr(NiFeCoV)2O4 284 10 This work

MnFeCoNiOx 302 10 1

(CoCuFeMnNi)3O4-MWCNT 350 10 2

Sr2Fe0.8Co0.2Mo0.6Co0.4Ox 345 10 3

FeCoNiCrNbOx core-shell 288 10 4

K0.8Na0.2(MgMnFeCoNi)F3 314 10 5

(CoCrFeMnNi)3O4 288 10 6

La(CrMnFeCo2Ni)O3 325 10 7

(CoNiMnZnFe)3O3.2 336 10 8

(Co0.2Mn0.2Ni0.2Fe0.2Zn0.2)Fe2O4 326 10 9

(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 350 10 10

(Mn0.2Fe0.2Ni0.2Mg0.2Zn0.2)3O4 293 10 11

(Cr0.2Mn0.2Fe0.2Ni0.2Zn0.2)3O4 295 10 12

(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 332 10 13

Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O 360 10 14

Fe-NiHF 290 10 15

Dp-MnCo2O4 327 10 16

CoFeNiCrMn HEO 307 10 17

(MgFeCoNiZn)O 300 10 18

(NiFeMnCuZn)3O4 308 10 19

NiCo-(FeCrCoNiAl0.1)Ox 327 10 20

La0.7Sr0.3Co0.2Mn0.2Ni0.2Fe0.2Al0.2O3 339 10 21

HEO/Ti3C2Tx 331 10 22

NiCoFeMoMn 350 10 23

Co-doped RuO2 NWs 304 10 24
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NiFe-LDH 300 10 25

CoFeLaNiPt HEMG-NP 377 10 26

CoFe-LDH/MXene 319 10 27

NiCoFe-LDH 340 10 28

NiFe-LDH@SWNT 250 10 29

CoNi-LDH@PCPs 350 10 30
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Table S2. Comparison of the OWS performance of HE-Cr(NiFeCoV)2O4 as anode in terms of cell 

voltages with previously reported OER electrocatalysts for OWS system in 1 M KOH electrolyte.

OER catalyst Cell voltage Current density
(mA cm-2) Reference

Cr(NiFeCoV)2O4 1.57 10 This work

Co/NBC-900 1.68 10 31

Ru-doped Co3O4/CoP 1.66 10 32

Mo-Co3O4/NC 1.62 10 33

CuO@Cu3P 1.75 10 34

NP-NiCo2O4 1.63 10 35

PdZn/TiO2-x NSs 1.67 10 36

Ni-CoSe2/BCT 1.69 10 37

CoO-Co9S8/CFP 1.66 10 38

FeCoS2/Co4S3/NGF 1.68 10 39

Ni-MoxC/NC 1.72 10 40

FeCoSe@NCNSs 1.66 10 41

NiCo2Px/CNTs 1.61 10 42

N-NiMoO4 /NiS2 1.6 10 43

Co-NC@ Mo2C 1.68 10 44

Co–P/rGO 1.7 10 45

ONPPGC/OCC 1.66 10 46

Ni5P4 1.7         10 47

FeP NTs 1.69 10 48

NiCo-nitrides/NiCo2O4 1.68 10 49

CoAl–Fe2N/Fe3N 1.67 10 50

MoS2/NiS2 1.59 10 51

CoP@NC 1.69 10 52

CoP/NCNHP 1.64 10 53

 TiN@Ni3N 1.62 10 54
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 Co4Mo2@NC/Ti 1.74 10 55

W–Co3S4@Co3O4 1.63 10 56

 Co9S8-CoSe2 1.66 10 57

NiO/Co3O4 1.63 10 58

Co-MnCH 1.68 10 59

CoMoS4 1.72 10 60
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