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oxides FeCoNiZrOx: Theory and experiment

Haiqing Zhao,1 Tao Wang,2 Can Li,1,4,* Miaogen Chen,3 Lengyuan Niu,1 and Yinyan Gong1

SUMMARY

The correlations between the experimental methods and catalytic activities are urgent to be defined for
the design of highly efficient catalysts. In this work, a new oxygen evolution reaction electrocatalyst of
high-entropy oxide (HEO) FeCoNiZrOx was designed and analyzed by experimental and theoretical
methods. On account of the shortened coordinate bond along with the increased annealing temperature,
the atomic/electronic structures of active site were adjusted quantitatively with the aid of the pre-de-
signed correlator of d electron density, which contributed to adjust the catalytic activity of HEO speci-
mens. The prepared HEO specimen exhibited the low overpotentials of 245 mV at 10 mA cm�2 and
288 mV at 100 mA cm�2 with small Tafel slope of 35.66 mV dec�1, fast charge transfer rate, and stable
electrocatalytic activity. This strategy would be adopted to improve the catalytic activity of HEO by ad-
justing the d electron density of transition metal ions with suitable preparation method.

INTRODUCTION

Splitting water into hydrogen and oxygen gases by an electrocatalyst is regarded as a green and effective method to solve the energy crisis

and air pollution problems.1,2 Due to the slow kinetics of oxygen evolution reaction (OER) with complex four-electron reaction processes, the

decomposition rate of water molecule is mainly decided by the anode OER.3–6 Therefore, it is necessary to develop the highly efficient OER

electrocatalysts to improve the water decomposition rate. Generally speaking, noble metal-based oxides (such as RuO2 and IrO2) are recog-

nized as the benchmark OER electrocatalysts on account of their high electrocatalytic activity,7,8 but they are severely restricted by the high

costs. Hence, it is important to develop the highly efficient and noble metal-free OER electrocatalysts to replace the noble metal-based

oxides.

On account of the similar extra-nuclear electron structures as noblemetals, the transitionmetal (TM) Fe, Co, andNi elements were consid-

ered as the potential candidates to replace the Ru and Ir elements9–11 in the past decades. Lots of TM-basedmaterials such as oxide,12 phos-

phide,13 layered double hydroxide,14 alloy,15–19 and high-entropy oxide (HEO)20–23 were developed as the noble metal-free electrocatalysts.

Among them,multi-component HEO attracted significant attention thanks to its unique advantages of discretionary component, stable struc-

ture, diversified active site, and low OER overpotential.24–27 For example, the synthesized HEO of CoCeNiFeZnCuOx by successive cation

exchange plus electrochemical oxidationmethods displayed a lowOER overpotential of 211mV at current density of 10mA cm�2 with a Tafel

slope 21mVdec-1.28 Previous research indicated that the electrocatalytic OER activity of HEOwas strongly associatedwith the abundant com-

ponents and diversified active sites.29–32 Although the abundant components in HEO contributed to provide more composition schemes to

adjust the catalytic activity than traditional binary and ternary TM oxides, the design of suitable modificationmethods becamemore complex

synchronously.

Designing a highly efficient HEO catalyst required the clear understanding of the relationships between surface atomic/electronic struc-

tures and catalytic performances at an atomic level. In recent years, the relationships between the local electronic structures and catalytic

performances of active sites were widely investigated by numerous catalytic activity descriptors, such as d band center (εd), eg filling, valence

band, etc.33–39 Although the theoretical descriptors exhibited nice correlations with the catalytic activity of various catalysts, the relationships

between them and experimental modification methods were still ambiguous, which impeded the design of optimization schemes for highly

efficient catalyst. In order to correlate the theoretical descriptor (such as εd) with modification methods, a correlator of d electron density (Dd)

of TM ions was designed to correlate the modification methods (amorphization and heteroatom incorporation) and OER catalytic activity of
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crystalline FeCo-hydroxyl phosphates and amorphous (FeCo)3O4 in our previous work.13,40 To extend the application areas of the correlator,

more modification methods and TM-based materials need to be studied for the development of highly efficient catalysts.

In this work, a series of FeCoNiZr-based HEO specimens were prepared via the simple thermostatic water bath plus low-temperature an-

nealing methods. To design the amorphous HEO specimen, the early TM of Zr element plus lately TM of Fe, Co, and Ni elements were

selected on account of the different chemical activity and atom size of them. The OER active site and electrocatalytic performances of

them were evaluated by experimental measurements and theoretical density functional theory (DFT) simulations. The correlations between

annealing temperature and catalytic activity of HEO specimens were analyzed with the aid of the pre-designed correlator. A highly efficient

OER electrocatalyst was designed by adjusting the local atomic/electronic structures of active sites with suitable annealing temperature.

RESULTS AND DISCUSSION

Experimental measurements

To confirm the structures of HEO powder specimens, the X-ray diffraction (XRD) patterns of them were measured and compared under

different annealing temperatures and times. As shown in Figure 1A, the HEO-T0H0 powder specimen exhibited the amorphous phase which

was retained under the annealing temperatures of 200�C and 400ºC and annealing times of 3, 6, and 9 h.Meanwhile, the phase transition from

amorphous to crystalline phase (Co2NiO4: Joint Committee on Powder Diffraction Standards (JCPDS) No. 02–1074) appeared under the an-

nealing temperature of 600�C and 1,000ºC. Then, all powder specimens were uniformly covered on nickel foam (NF) for scanning electron

microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM) measurements. As shown in Figure 1B, the dendritic

morphology was observed from the SEM image of HEO-T200H6 specimen which exhibited rougher surface and thus more active sites for cat-

alytic reaction than the other HEO specimens in this work (see Figure S1). Moreover, themicro-structures of HEO-T0H0 and HEO-T200H6 spec-

imens were also observed by HRTEM images in Figures 1C and S2; the disordered atomic arrangement also indicated the amorphous struc-

ture of HEO specimens. Besides, the TEM elemental mapping images of HEO-T200H6 specimen displayed the uniform distributions of

involved Fe, Co, Ni, and Zr elements (see Figure 1D). In order to confirm the composition of HEO specimen, the atomic percentages of

all elements were measured by the energy dispersive X-ray spectroscopy (EDS). As shown in Figure S3, the Fe, Co, Ni, Zr, and O elements

(C and Au elements originated from carbon pollution and additional spraying) were found in the HEO-T200H6 powder specimen, where

the unequal molar ratios of Fe: Co: Ni: Zr (estimated as 3.45: 1.00: 1.45: 2.63) depended on the different precipitation behaviors of various

metal cations during co-precipitation. Meanwhile, abundant O element was also measured; it showed that the prepared HEO-T200H6 spec-

imen was regarded as the HEO phase. Finally, according to the aforementionedmeasurements, the phase structure and surfacemorphology

of the HEO specimens were significantly affected by the annealing temperatures and times.

Figure 1. The structural and morphological characterization of specimens

(A) XRD patterns of HEO powder specimens under different annealing temperatures and times.

(B) SEM, (C) TEM, and (D) TEM elemental mapping of HEO-T200H6 specimen.
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The effects of annealing temperature on the TM ion concentrations were also investigated by X-ray photoelectron spectroscopy (XPS) for

HEO-T0H0, HEO-T200H6, and HEO-T400H6 specimens (see Figures 2 and S4). As shown in the survey spectrum of Figure S4A, the Fe, Co, Ni, Zr,

and O elements were observed in three HEO specimens (C element originated from carbon pollution). Meanwhile, the XPS spectra of each

element was compared under different annealing temperatures. As shown in Figure 2A, Fe2+ and Fe3+ ions coexisted in the specimens and

the binding energies of Fe 2p orbital were altered by annealing temperature. Comparing to HEO-T0H0 specimen, the binding energies of Fe

2p1/2 and 2p3/2 orbitals synchronously increased 0.1 and 0.3 eV for HEO-T200H6 and HEO-T400H6 specimens, respectively, which indicated the

continuously shortening of Fe-O bond, while the variation trends of binding energies were disordered for Co, Ni, and Zr elements. The bind-

ing energies of Co 2p1/2 and 2p3/2 (Ni 2p1/2 and 2p3/2, O 1s) orbitals synchronously increased 0.2 (0.3, 0.1) eV for HEO-T200H6 specimen and

reduced 0.3 (0.4, 0.2) eV for HEO-T400H6 specimen. The binding energies of Zr 3d3/2 and 3d5/2 orbitals reduced (increased) 0.1 eV for HEO-

T200H6 (HEO-T400H6) specimen. Besides, the binding energies ofO 2p orbitals (H2O,M-OH, andO2�) synchronously increased 0.1 (or reduced

0.2 eV) for HEO-T200H6 (or HEO-T400H6) specimen. The changing trends of O element were consistent with those of Co, Ni, and Zr elements.

The different changes of binding energies indicated that the electronic states of TM and O ions could be effectively altered by annealing

temperature, which could directly affect the chemical and catalytic activities of active sites.

Besides the changed electronic states, the concentrations of each TM ion were also altered by annealing temperature. As shown in Fig-

ure 3A, the percentage of each TM ion was estimated by the normalized integral area of XPS. Meanwhile, the normalized electrochemical

active site areas (ECSAs) of all specimens (see Figure 3B) were evaluated based on the measured cyclic voltammetry (CV) curves at 0.81–

0.93 V versus reversible hydrogen electrode (see Figure S5), where no faradaic current was produced. Based on the relationships between

the percentage of each TM ion and ECSAs of three HEO specimens, as shown in Figure 3C, only the percentage of Fe3+ ion exhibited the

increasing relationship with the ECSAs values, and Fe3+ ion could be the main active site for the HEO specimens, which was consistent

with the other FeCoNi-based catalysts.21,41,42 Moreover, HEO-T200H6 specimen had the largest ECSA (4.33 3 10�3 cm�2) and capacitance

(1.06 mF cm�2) compared to HEO-T0H0 (ECSA of 3.13 3 10�3 cm�2 and capacitance of 0.77 mF cm�2) and HEO-T400H6 (ECSA of 2.82 3

10�3 cm�2 and capacitance of 0.71 mF cm�2) specimens. Hence, the percentage of each TM ion and the amount of main active sites were

effectively altered by annealing temperature.

The electrocatalytic OER performances of HEO specimens were measured and compared in Figure 4. Based on the electrocatalytic

stability test in Figure 4E, the HEO-T200H6 specimen underwent the structural restructuring during the initial 24 h i-t test due to the

Figure 2. The electronic states of specimens

High-resolution XPS spectra of (A) Fe 2p, (B) Co 2p, (C) Ni 2p, and (D) Zr 3d orbitals in HEO-T0H0, HEO-T200H6, and HEO-T400H6 specimens.
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fluctuated current density and then entered into the stable catalytic stage on account of the smooth change of current density at the latter

24 h i-t test, which was also observed from the distinguishing Raman, SEM/TEM images (see Figure S6), and XPS data (Figure S7) before

and after 48 h i-t test. Moreover, the OER performances of HEO specimens were remarkably affected by annealing conditions on account

of the changed electronic states and the percentage of each TM ion. Thereinto, HEO-T200H6 specimen displayed the lowest experimental

OER overpotential (hexp) of 245 mV at 10 mA cm�2 and 288 mV at 100 mA cm�2 (see Figures 4A and 4B) with the smallest Tafel slope of

35.66mV dec�1 (see Figure 4C), the smallest electrode resistance (see Figure 4D), and the highest turnover frequency (TOF) value (0.091 s�1

at the hexp of 350 mV) (see Table S1). The OER performance of HEO-T200H6 specimen was better than that of our pre-designed amorphous

(FeCo)3O4 and FeCo-hydroxyl phosphates (see Figure S8) and comparable with that of the other HEO specimens (see Table S2). Mean-

while, the electrocatalytic stability of HEO-T200H6 specimen was also carried out by long-term electrolysis at a given current density of

10 mA cm�2. As shown in Figure 4E, the HEO-T200H6 specimen maintained 91% current density after 48 h i-t test and the linear sweep vol-

tammetry (LSV) curve stayed in identical tune with the formal curve of HEO-T200H6, which indicated the excellent catalytic stability of HEO-

T200H6 specimen.

Theoretical simulations

Since the hexp of HEO specimens were mainly affected by annealing temperature, the enhancement mechanisms of it were analyzed for the

HEO specimens. Meanwhile, the variation tendencies of atomic/electronic structures and theoretical OER overpotentials (htheory) were

compared with the aid of DFT simulations. On account of the variable TM ion concentrations in HEO specimens under different annealing

temperatures (see Figure 3A), the local atomic/electronic structures were also varied, whichwould necessarily affect the chemical and catalytic

activity of activity sites in HEO specimens.

Based on the accepted descriptor of d band center43–45 (εd: estimated by partial density of state (PDOS) of Fe3+ ions in Figure S9A)

and p band center46,47 (εp: estimated by PDOS of O2+ ions around Fe3+ ions in Figure S9B), the correlations between εd (and εp) values

and the adsorption free energy of OER intermediates (DGOH*, DGO*, and DGOOH* estimated by Equations 18, 5, 6, and 7 for the stable

adsorption structures in Figures S10 and S11) were exhibited in Figures 5A and 5C; the approximate linear relationships between them

indicated the excellent descriptive ability of εd (and εp) for the chemical activity of Fe3+ active sites. At the same time, the proportional

correlation between εd and εp values indicated that the chemical activity of Fe3+ ion was directly adjusted by its surrounding O2� ions (see

Figure 3. The percentages of metal ions, ECSAs, and the relationship between them

(A) The percentages of metal ions estimated by normalized integral area of XPS.

(B) The capacitive current as a function of scan rate.

(C) The relationship between the percentage of each metal ion and ECSAs of three HEO specimens.
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Figure 5B). Moreover, the HEO-O systems exhibited the lower εd (and εp) energy levels than the corresponding HEO systems (see Ta-

ble S5), which showed that the covered O group contributed to promote the stability of HEO systems and reduced the chemical activity

of Fe3+ active sites. Besides the aforementioned changed electronic structures, the magnetism states of HEO and HEO-O systems were

also altered on account of the changed spin-up and spin-down orbitals of Fe3+ and O2� ions (see Figures S9A and S9B). Based on the

estimated average spin density of surface Fe, Co, Ni, and Zr ions (see Table S6 and Figure S9C), the surface Fe ions exhibited the largest

average electronic spin moment (mB) than the others, and the mB value of each TM element was irregularly changed by its coordinated

atomic structures (including the covered O group).

In order to correlate the modification method and chemical activity, the pre-designed Vd and correlator Dd were estimated by Equations

19 and 20. On the one hand, the approximate linear relationships between εd and Dd values indicated that, as shown in Figure 5B, the local

electronic structures of active site (εd) could be quantitatively adjusted by its coordination atomic plus electronic structures of Dd.
13,48 On the

other hand, the Dd values were increased from HEO-O-1 to HEO-3 systems on account of the shortened Fe-O bond, which were consistent

with the experimental XPS measurements. Hence, the pre-designed correlator Dd could effectively correlate the modification method and

chemical activity. Moreover, as shown in Figure 5D, the adsorption free energies increased along with the reduced Dd values; the linear re-

lationships between them contributed to ensure the practicality of the correlator Dd for the chemical activity of Fe3+ active sites in HEO and

HEO-O systems. The self-defined d electron density exhibited the chemical activity of active site which derived from not only the local elec-

tronic structures as the d band center but also the coordination atomic structures of active site.

The free energy changes of each one-electronOER step (DG1,DG2,DG3, andDG4 in Figures 6A–6F and Table S4) were further estimated to

forecast the htheory of Fe3+ active site in each HEO system. As shown in Figure 6A, the first one-electron reaction of * + OH� / OH* + e�

denoted the OER determining step for HEO-1, HEO-O-1, and HEO-O-2 systems due to its low chemical activity. Compared to HEO-1

(HEO-O-1) system, the Fe-O bonds at active sites were gradually shortened in HEO-2 and HEO-3 (HEO-O-2 and HEO-O-3) systems (see

Table S4), which was consistent with the experimental results. The shortened Fe-O bonds increased the Dd values of active sites and reduced

the adsorption free energy of each intermediate. On account of the reduced adsorption free energy, the OER determining step transformed

the first one-electron reaction to the final one-electron reaction of OOH* + OH� / * + O2(g) + H2O(l) + e� for HEO-2, HEO-3, and HEO-3-O

systems. Meanwhile, the htheory reduced from 407 mV of HEO-O-1 to 239 mV of HEO-O-2 system but increased to 343 mV of HEO-3 system

(see Figures 6A–6C). Besides, the chemical and catalytic activities of Fe3+ ions were effectively adjusted by the covered O group on HEO-1,

HEO-2, and HEO-3 surfaces.

Figure 4. Electrocatalytic OER performance of specimens on NF

(A) The LSV plots of HEO specimens and NF.

(B–D) (B) The hexp at current density of 10 mA cm�2 and 100 mA cm�2, (C) Tafel curves, and (D) electrochemical impedance spectroscopy of HEO specimens.

(E) The electrocatalytic stability of HEO-T200H6 during 48 h test.

(F) Radar chart for comparison of comprehensive OER performance of three specimens.
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The correlations between the htheory values and atomic/electronic structures of Fe3+ active sites (εd, εp and Dd) were exhibited in

Figures 6D–6I. The "volcanic" correlations between them indicated that the catalytic activity of Fe3+ active sites could be directly adjusted

by the local atomic/electronic structures. The correlations between the free energy changes of each one-electron OER step and the

atomic/electronic structures of Fe3+ active sites (εd, εp and Dd) were fitted and listed in Table S5. In "volcanic" correlations, the HEO-1,

HEO-O-1, and HEO-O-2 systems with weak chemical activity located at the red DG1 ridge and the htheory value were decided by DG1 values.

Conversely, the HEO-2, HEO-3, and HEO-O-3 systems with strong chemical activity located at the blue DG4 ridge and the htheory value were

decided byDG4 values. At tip-top of "volcanic", the HEO systemwould have the theoretical minimumhtheory value of 168mV as the εd, εp, and

Dd achieved the optimal values of 2.384 eV, 4.284 eV, and 26.548 e/Å3, respectively. Hence, the suitable annealing temperature would be

chosen to adjust the atomic and electronic structures of active sites for enhancing the catalytic activity of HEO. This strategy would be adop-

ted to design more highly efficient HEO-based catalysts.

Conclusion

In summary, a new HEO-based electrocatalyst of (FeCoNiZr)Ox was designed and analyzed by experimental and theoretical methods. On

account of the shortened coordinate bond and increased d electron density at active sites along with the increased annealing temperature,

the atomic/electronic structures of active sites were adjusted with the aid of our pre-designed correlator of Dd, which could quantitatively

adjust the electrocatalytic OER activity of the HEO specimens. The prepared HEO-T200H6 specimen exhibited the low hexp of 245 mV

at 10 mA cm�2 and 288 mV at 100 mA cm�2, the small Tafel slope of 35.66 mV dec�1, fast charge transfer rate, high intrinsic activity

(TOF = 0.091 s�1 at hexp of 350 mV), and stable electrocatalytic activity. This strategy would be adopted to improve the catalytic activity of

HEO by adjusting the d electron density of TM ions with suitable annealing method.

Limitations of the study

Based on the comprehensive analyses by experiment and theory methods, the d electron density of activity ion was explained as a key factor

for excellent OER activity. However, in order to gain a deeper understanding of d electron density, more catalytic systems need be investi-

gated by improving the expression of d electron density in the near future.

Figure 5. The correlations between the adsorption free energy and local electronic structures

The approximate linear correlations between the adsorption free energy and (A) d band center (εd), (D) d electron density (Dd) of Fe
3+ active sites and (C) p band

center (εp) of O
2� ions in HEO and HEO-O systems.

(B) The approximate linear correlations between εd and εp (Dd) values.
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SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.108718.

Figure 6. The free energy change curves and the correlations between theoretical potential and local electronic structures

The free energy change curves of (A) HEO-1, (B) HEO-2, (C) HEO-3, (D) HEO-O-1, (E) HEO-O-2, and (F) HEO-O-3 systems during OER. The correlations between

theoretical potential and (G) d band center (εd), (I) d electron density (Dd) of Fe
3+ ions, and (H) p band center (εp) of O

2� ions.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Can Li (canli1983@

gmail.com).

Materials availability

Catalysts are available up on request.

Data and code availability

� Data reported in this article will be shared by the lead contact on request.
� This paper does not report original codes.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Firstly, the solution A was prepared by adding a bit of 0.3 mol/L KOH solution into 0.1 mol/L NaH2PO2 with pH = 7. The solution B was pre-

pared by dissolving 0.1 mol/L FeSO4$7H2O, CoCl2$6H2O, NiCl2$6H2O and ZrCl4 into 5 mL deionized water. The solution C was prepared by

adding 1 g C6H12O6 and 5 mL C2H6O2 into 20 mL deionized water. Secondly, 15 mL solution A was slowly dripped into solution B for the

uniformmixed solution D. Then, 25 mL solution C was dripped into the mixed solution D for the uniformmixed solution E. Thirdly, the mixed

solution E was transferred to an electric-heated thermostatic water bath at 85�C for 30 min. The precipitates were collected, washed thor-

oughly by water and ethanol and then dried at 60�C. Finally, each specimen was obtained by annealing in air under temperatures of 200,

400, 600 and 1000 ºC and times of 3, 6 and 9 hour. The annealed specimens were labeled as HEO-T200H3, HEO-T200H6, HEO-T200H9, HEO-

T400H6, HEO-T600H6 and HEO-T1000H6, where the subscripts of T and H denoted the corresponding annealing temperatures and times.

The non-annealed specimen was labeled as HEO-T0H0.

Electrochemical measurements

The electrocatalytic performances were measured on an electrochemical analyzer (CHI 660E) at 25�C. The electrochemical OER was

happened in a typical three-electrode system, using specimen on the the nickel foam as the working electrode, a saturated Hg/HgO elec-

trode as the reference electrodes, and a graphite rod as the counter electrode. To prepare the working electrode, 5 mg specimen was mixed

into a solution containing 240 mL ethanol, 240 mL deionizedwater and 20 mL 5 wt%nafion to form a slurry, and then 5 mL slurry was droppedon a

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

FeSO4$7H2O Aladdin, China CAS no. 7782-63-0

CoCl2$6H2O Aladdin, China CAS no. 7791-13-1

NiCl2$6H2O Aladdin, China CAS no. 7791-20-1

ZrCl4 Aladdin, China CAS no. 10026-11-6

C6H12O6 Aladdin, China CAS no. 50-99-7

C2H6O2 Aladdin, China CAS no. 107-21-1

KOH Aladdin, China CAS no. 1310-58-3

NaH2PO2 Aladdin, China CAS no. 7681-53-0

Nafion perfluorinated resin 5% in alcohol RHAWN, China CAS no. 31175-20-9

Ni foam MTI, China N/A

Software and algorithms

Origin 8 Origin Lab N/A

CHI 660E CHI Instruments N/A

MS 8.0 Materials Studio N/A
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nickel foam (surface area: 1 cm2 ) and air dried naturally. The electrolyte was 1.0 M KOH. The linear sweep voltammetry (LSV) was tested with

the scan rate of 10 mV s-1. And the polarization curves were also obtained by 85 % ohmic potential drop (iR) correction. Electrochemical

impedance spectroscopy (EIS) data for all specimens and controls in three-electrode configuration in 1 M KOH aqueous electrolyte. The

data were collected for the electrodes under 0 V vs Hg/HgO.

Characterizations

Powder X-ray diffraction (XRD) was measured by Bruker D2 phaser diffractometer with Cu Ka radiation (l = 1.541 Å, V = 30 KV and I = 10 mA)

with a step of 0.2 �/s. Field-emission scanning electron microscopy (SEM, JEOL JEM-7100F) and high-resolution transmission electron micro-

scopy (HRTEM, JEOL JEM-2100) were utilized to characterize the morphology of specimens. X-ray photoelectron spectroscopy (XPS) was

measured by a Thermo Scientific Ka spectrometer with a monochromatic Al Ka source at 1486.6 eV, the binding energy was corrected based

on the C 1s photoelectron peak at 284.6 eV. The energy dispersive X-ray spectroscopy (FEI QUANTA 400FEG) was measured.

Computational methods

Simulation details

The structural, energetic and electronic performances of all systems were estimated by DFT simulations in CASTEP code.49 The cutoff kinetic

energy of 750 eV and k-point of 73731 were tested to be converged on account of the norm-conserving pseudopotentials50 and Perdew-

Burke-Ernzerh functional of generalized gradient approximation (GGA).51 The convergence tolerances were set to 0.01 eV/Å, 1.0310-6 eV per

atom and 5.0310-4 Å for force, energy and displacement, respectively. The empirical correction of Grimmeʹs scheme D2 was adopted to

describe the van der Waals interactions between intermediates and substrates.52 The GGA+U with spin polarization was also adopted to

describe the localized d states,53 where U = 4.2, 4.2, 4.2 and 3.0 eV was applied for Fe, Co, Ni and Zr elements.54

The electrochemical model of OER in alkaline media could be divided into the four one-electron reactions:

* + OH� / OH* + e� (Equation 1)

OH* + OH � / O* +H2O (l) + e� (Equation 2)

O* + OH � / OOH* + e� (Equation 3)

OOH*+OH �/*+O2(g)+H2O(l)+e� (Equation 4)

The adsorption energies of OH, O and OOH groups on substrates were calculated by following:

DEO* = E(sub/O) – E(sub) – [E(H2O) – E(H2)] (Equation 5)

DEOH* = E(sub/OH) – E(sub) – [E(H2O) – E(H2)/2] (Equation 6)

DEOOH* = E(sub/OOH) – E(sub) – [23E(H2O) – 33E(H2)/2] (Equation 7)

where E(sub/H2O), E(sub/OH), E(sub/O) and E(sub/OOH) denoted the total energies of H2O, OH, O and OOH groups on substrate. E(sub),

E(H2O) and E(H2) were the energies of bare substrate, water, and hydrogen gas, respectively.

The detailed Gibbs free energy changes of steps 1-4 could be calculated by:

DG1= DGOH* – eU (Equation 8)

DG2 = DGO* –DGOH* – eU (Equation 9)
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DG3 = DGOOH* – DGO* – eU (Equation 10)

DG4 = 4.92eV – DGOOH* – eU (Equation 11)

where the sum of DG1-4 was fixed to the negative of experimental Gibbs free energy of formation of two water molecules (�2Dexp
H2O

= 4.92 eV).

The Gibbs free energy of (H+ + e�) in solution was estimated as the half energy of H2 molecule at standard condition.

The overpotential of OER was determined by following formulas:

htheory = UOER – 1.23 (Equation 12)

UOER = Max(DGOH*, DGO* –DGOH*, DGOOH* – DGO*, 4.92 eV –DGOOH*)/e (Equation 13)

The correlations between the free energy changes of each one-electron OER step (DG1, DG2, DG3 and DG4) and the atomic/electronic

structures of Fe3+ active sites (εd, εp and Dd) were fitted as:

DG1 = �2.093εd - 3.631 = �6.288εp - 25.573 = �0.490Dd + 14.376 (Equation 14)

DG2 = 0.322εd + 1.863 = 0.960εp + 5.205 = 0.074Dd - 0.877 (Equation 15)

DG3 = 0.633εd + 2.610 = 1.848εp + 9.014 = 0.146Dd - 2.776 (Equation 16)

DG4 = 1.138εd + 4.078 = 3.480εp + 16.271 = 0.270Dd - 5.803 (Equation 17)

Structural models

The structural models of three HEO surfaces were built by adjusting the contents of Fe, Co, Ni and Zr ions based on the experimental data of

HEO-T0H0, HEO-T200H6 and HEO-T400H6 specimens in Figure 3A, the contents of O2- ions were estimated by neutralizing the TM ions. The

HEO surfaces of HEO-1 plus HEO-O-1, HEO-2 plus HEO-O-2 and HEO-3 plus HEO-O-3 systems respectively represented the corresponding

surface models of HEO-T0H0, HEO-T200H6 and HEO-T400H6 specimens (see Figures S10 and S11), where HEO-O-1, HEO-O-2 and HEO-O-3

systems denoted the O group covered HEO-1, HEO-2 and HEO-3 systems (HEO-O) in alkaline environment. The vacuum space of 20 Å was

adopted for all systems to avoid the interaction between two neighboring images. Then, the OER intermediates of OH, O and OOH groups

were adsorbed on themain active site of Fe3+ ion based on the experiment data. During the geometry optimization, the bottom three atomic

layers were fixed and the other atoms were relaxed adequately.

OER processes

The four one-electron OER processes were considered based on the Equations 1, 2, 3, 4, 5, 6, and 7.55,56 The reactive Gibbs free energy of

each step on the main active site of Fe3+ ion were evaluated by57,58:

DG = DE + DEZPE – TDS – eU (Equation 18)

whereE, ZPE and Swere the calculated total energy, zero point energy and entropy of each system, respectively. The room temperature of T=

300 K was considered. e = 1 denoted the transferred charge during each one-electron reaction, U denoted the applied potential versus

reversible hydrogen electrode.
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The pre-designed formula of Dd and the occupied volume of d electrons (Vd) was following
48:

Dd =
CN3 nd

Vd
(Equation 19)

Vd =
XCN

i = 1

�
r iFe

�3
=

XCN

i = 1

�
di
Fe�O � rO

�3

(Equation 20)

where rFe and rO denoted the ionic radius of Fe3+ andO2- ions.CN= 5 denoted the coordination number of surface Fe3+ ions. The Fe-O bond

lengths (dFe-O) were listed in S1, the rO = 1.280 Å was considered,59 nd = 6 was the d electron number of elemental Fe atom.
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