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ABSTRACT 

Valence engineering has been proved as an effective approach to modify the electronic 

property of catalyst and boost its oxygen evolution reaction (OER) activity, while the limited 

number of elements restricts the structural diversity and the active sites. Also, the catalyst 

performance and stability are greatly limited by cationic dissolution, ripening or crystal 

migration in catalytic system. Here we employed a widely used technique to fabricate 

heteroepitaxial pyrite selenide through dual-cation substitution and boron dopant to achieve 

better activity and stability. The overpotential of Ni-pyrite selenide catalyst is decreased from 

543 mV to 279.8 mV at 10 mA cm-2 with the Tafel slope from 161 mV dec-1 to 59.5 mV dec-1. 

Our theoretical calculations suggest both cation and boron doping can effectively optimize 

adsorption energy of OER intermediates, promote the charge transfer among the heteroatoms, 
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and improve their OER property. This work underscores the importance of modulating 

surface electronic structure with the use of multiple elements, and provides a general guidance 

on the minimization of activity loss with valence engineering. 

 

KEYWORDS: oxygen evolution reaction, valence engineering, pyrite selenide, multimetallic 

compound, boron doping 

 

The oxygen evolution reaction (OER) has been extensively studied for the development of the 

sustainable and clean energy devices, such as, hydrogen fuel cells, metal-air batteries, etc.1-8 

The OER is based on a four electron-proton coupled reaction, requiring a high overpotential 

(η) with respect to the standard reduction potential E ≈ 1.23 V.3-6 To reduce the overpotential 

and the overall energy consumption of water electrolysis, researchers have developed various 

electrocatalytic systems to facilitate water splitting reactions.9-25 Transition metal pyrite 

selenides have been demonstrated as a promising catalyst for OER, which can provide a high 

activity and high cost-effectiveness compared to commonly used noble metals or oxides 

catalysts.8-12 However, their performances achieved so far is still rather low for practical 

applications. 

    The cation doping has been demonstrated to be an attractive approach to improve the OER 

activity of pyrite selenides, as it can improve the electrical conductivity and introduce more 

lattice vacancies as active centers.25-28 For example Li et al. found out that Fe, Co dual-cation 

in NiSe2 can enhance the Tafel slope from 105 mV dec-1 to 63 mV dec-1 for OER due to the 

increase of the surface active sites.26 Song et al. reported crystalline-amorphous phase F-Co2B 

exhibiting superior overpotential of ≈ 320 mV, which was better than Co2B and RuO2.28 

Although the interaction between the multiple element atoms can give rise to new geometries 

and/or surface electronic structures, the detrimental phenomena including cationic dissolution, 

ripening or crystal migration still limit practical applications of multimetallic selenides.10, 25, 26 
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    Modifying the local electronic structure of the multimetallic selenides by valence 

engineering is an effective method to improve their catalytic activity and stability. As a 

typical valence engineering route, the favorable heteroepitaxial structure has been extensively 

employed to suppress ripening or crystal migration compared to single-component metal and 

metallic alloys.21-25 Additionally, the boron dopant within the multimetallic selenides may 

relief the cationic dissolution.16,19,20 Furthermore, the nanoscale selenides with multiple 

exposed sites enable the decrease of the kinetic energy barriers of the OER reaction.20-25 The 

wet chemical approaches have been adopted to synthesize selenides with heterostructures at 

nanoscale by undergoing nucleation growth based on preformed seed particles.22,24,30-32 The 

alloy composition obtained by wet chemical method is usually restricted by three elements, 

which greatly limits the structural diversity and the possibility of adjusting the composition.2 

Although some techniques such as printing methods, melt processing, high temperature 

thermal reduction combined with cold-rolling operation, have been successfully used to 

prepare multi-metal composites consisting of five or more elements,31-36 these methods 

require sophisticated instruments, and are especially inapplicable for mixing elements with 

varied physical and chemical properties. In this work, we develop a facile method to produce 

boron dopant ternary pyrite selenide on amorphous membrane. The resulting materials exhibit 

superior performance in terms of low overpotential and long electrochemical stability. Our 

theoretical studies suggest that the boron dopant and binary atomic substitution can weaken 

the interaction between catalyst and OER intermediates, which enable efficient catalytic 

process. 

RESULTS AND DISCUSSION 

    The boron dopant ternary pyrite selenide (Fe5Co4Ni20Se36Bx) was synthesized by wet 

chemical method. Scheme S1 depicts the growth process of Fe5Co4Ni20Se36Bx nanocatalyst 

supported on amorphous FeCoNi-B membrane. Figure S1 shows the pre-loaded amorphous 

multimetallic boride membrane (MBM) selenized in a tube furnace under the nitrogen flow. 
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The Fe/Co/Ni/Se composition was determined to be 5:4:20:36 by using transmission electron 

microscopy energy-dispersive X-ray spectroscopy (TEM-EDX) and the corresponding 

elemental maps are displayed in Figure S2. The gaseous Se atoms react with the MBM and 

generate Fe5Co4Ni20Se36Bx nuclei on the surface of MBM during this initial stage. The 

nucleus grow into small Fe5Co4Ni20Se36Bx clusters with the deposition of the newly formed 

selenide atoms. Finally, Fe5Co4Ni20Se36Bx nanoparticles were synthesized on MBM. 

 

Figure 1. (A) XRD rietveld refinement of Fe5Co4Ni20Se36Bx and (B) the atomistic model; (C, D) Schematic 

illustration of NiSe2 and Fe5Co4Ni20Se36Bx crystal structures. 

 

    The X-ray powder diffraction (XRD) analysis was used to further understand the crystal 

structural of the Fe5Co4Ni20Se36Bx nanoparticles. The diffraction peaks in the XRD spectrum 

(Figure S3) can be well identified to the (210), (200), (211), (311) and (321) for the 

Fe5Co4Ni20Se36Bx nanomaterials compared to NiSe2 with the JCPDS number 88-1711.24-27 

The Rietveld refinement analysis was carried out using the computer software General 

Structure Analysis System (GSAS) showing that Fe, Co and Ni atoms co-occupy in the same 
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site with the composition ratio of 2:1 and 1:1 for Ni/(Fe+Co) and Fe/Co (Figure 1A), 

respectively.37,38 These refined results reveal that B atoms are embedded in the interstitial 

sites of crystal. Some of them form the B-M (M=Fe, Co, Ni) bonds, as show in Figure 1B-D, 

while other portions bond to Se.11,14 

   The structure of Fe5Co4Ni20Se36Bx materials was characterized by spherical aberration 

corrected transmission electron microscope (AC-TEM). The as-prepared Fe5Co4Ni20Se36Bx 

nanoparticles are supported on the FeCoNiB membrane with good dispersion and narrow 

distribution of particle size (Figure 2A). The selected area electron diffraction (SAED) pattern 

of Fe5Co4Ni20Se36Bx nanoparticles exhibits (Figure 2B) discrete and bright diffraction dots, 

indicating their good crystallinity.23 The inset fast Fourier transformation (FFT) image in 

Figure 2C indicates the amorphous structure of the supporting membrane.14,19 The HAADF-

STEM-electron energy-loss spectroscopy (EELS) mapping was used to characterize the 

elemental distribution of Fe5Co4Ni20Se36Bx nanoparticles (Figure 2D, E), in which the 

particular atoms are visualized as Fe (red), Ni (green), Co (pink), B (yellow), Se (blue). The 

individual elemental maps and their combined distribution map confirm the presence of all the 

five elements in the nanoparticles. 
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Figure 2. (A) HRTEM image and (B) SAED pattern of the Fe5Co4Ni20Se36Bx nanoparticles; (C) The STEM images of 

the supporting membrane. The inset is the fast Fourier transformation (FFT) image; (D) STEM image of the 

FeCoNiSeBx catalyst and (E) the corresponding HAADF-STEM-electron energy-loss spectroscopy (EELS) mapping 

images. 

 

    As widely accepted, the surface structure of catalysts plays a very important role in the 

catalytic reaction.15,21 Therefore, the understanding the exterior structure of catalyst is 

indispensable for the OER catalytic mechanism.34-36 The atomic-resolution TEM images of 

Fe5Co4Ni20Se36Bx nanoparticles (Figure 3) show the exposed (210) and (111) facets (Figure 

3A1-A3, Figure 3B1-B3, respectively) with the corresponding FFT images, revealing the 

uniformity of the crystal structure. Although it is difficult to observe the exactly atomic 

structure through TEM images (Figure 3C, E), the corresponding simulated images in Figure 
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3D, F with the typical [210] and [111] zone axis reveal that the B atoms locate at interstitial 

sites consistent with the rietveld refinement analysis conclusions. 

 

 

Figure 3. The corresponding FFT images of the exposed (210) (A1,2,3) and (111) (B1,2,3) facets for Fe5Co4Ni20Se36Bx 

particle; (C, D) and (E, F) HRTEM and simulated images of Fe5Co4Ni20Se36Bx with the three typical zone axis [210], 

[111]. 

 

    In order to characterize the chemical states of the synthesized Fe5Co4Ni20Se36Bx materials, 

we perform X-ray photoelectron spectroscopy (XPS). Figure 4A-E clearly show the Fe, Co, 

Ni, Se and B signals in the XPS spectrum. Obviously, the elements of Fe, Co, Ni mainly exist 

as oxidation states in the Fe5Co4Ni20Se36Bx materials. For Fe 2p spectrum, the multiple peaks 

at 711.79, 715.26, 725.49 and 729.35 eV are assigned to Fe-B, Fe3+ 2p3/2, Fe2+ 2p1/2 and Fe3+ 

2p1/2, respectively, along with the corresponding satellite peaks at 720.19 and 734.01 eV.12,15 

The 2p3/2 peaks of Co 2p spectrum (Figure 4B) can be decomposed into three peaks at 776.39, 

781.68, and 786.75 eV, which are associated with Co-B, Co2+ and a satellite peak.11 Similarly, 

the Ni 2p3/2 peaks can be assigned to Ni-B, Ni2+, Ni3+ and satellite peak at 851.6 eV, 856.2 eV, 

859.9 eV and 862.7 eV.11,14 The corresponding XPS spectra of Fe, Co, Ni indicate that the 
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electrons are transferred from these transitional metals into boron atoms in the 

Fe5Co4Ni20Se36Bx materials. The B1s spectrum clearly shows two chemical forms, including 

M-B (M=Fe, Co, Ni) (185.68 eV) and trivalent oxidation states (192.15 eV).11 The surface 

oxidation stems from the inevitably direct exposure to the ambient environment. The Se 3d 

XPS spectrum is fitted into two peaks at 54.74 (Se 3d5/2) and 55.73 eV (Se 3d3/2), which 

originate from the Se2- of Fe5Co4Ni20Se36Bx.7,17 In addition, a doublet peak (58.8 eV) assigned 

to the oxidation state of Se species can be attributed to the oxidation of Se at 

Fe5Co4Ni20Se36Bx surface.7,17 The XPS spectra of NiSex, B-NiSex and Ni2p in Figure S4 

further reveal that electron transfer from transitional metals into B atoms. Through density 

function theory (DFT) calculations, we also found that the B atoms are bonded with 

surrounding atoms, which can be demonstrated by projected density of states (PDOS) of 

atoms in Fe0.125Co0.125Ni0.75Se2B0.2, as displayed in Figure 4F. Clearly, the p orbital of B (red 

line) is overlapped with outermost orbital of other atoms around B, including p orbital of Se 

and d orbital of metal atoms. To accurately describe the bonding state of B to metal atoms, the 

negative Crystal Orbital Hamilton Population (-COHP) between B and metals are calculated 

by Lobster code39, which can describe detailed chemical interactions of bonding states 

between two atoms, as well as their bond states of orbital (Figure S5). The positive –COHP 

values represent the bonding state, and the negative values represent the anti-bonding. Clearly, 

the –COHP curves below the Femi level almost lie in the region of positive values, which 

means that the B 2p orbitals are bonded with 3d orbitals of metals, and some of electrons 

between B-Metals are easy to lose for the existence of negative values under Fermi level, 

which is beneficial for the catalysis processes. These results suggest that B atoms bond with 

surrounding atoms, which is consisted with our experimental results (Figure 4A-E). 
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Figure 4. (A-E) X-ray photoelectron spectroscopy (XPS) spectra for the Fe5Co4Ni20Se36Bx MMC, (F) Projected density of 

states (PDOS) of Fe0.125Co0.125Ni0.75Se2B0.2. 

 

    The electrocatalytic OER activities of the prepared materials were investigated using a 

standard three-electrode half-cell and 1.0 M KOH as the electrolyte. The NiSeB, FeNiSeB 

and CoNiSeB compounds were adopted as the control samples to understand the activity of 

the Fe5Co4Ni20Se36Bx composite. The SEM images and the corresponding EDS analysis of the 

NiSe2Bx, FeNi3Se8Bx and CoNi3Se8Bx (Figure S6-8) show their similar structure with stable 

element composition. Based on the OER polarization curves (Figure 5A), the 

Fe5Co4Ni20Se36Bx composite obviously exhibits the lowest overpotential (η) of 279.8 mV to 

reach a current density of 10 mA cm-2, compared to those of NiSe2Bx, FeNi3Se8Bx and 

CoNi3Se8Bx (543, 335, and 453 mV, respectively. The current density at η = 250 mV is 7.3 

mA cm-2, which is 4.6-, 4.4- and 3.8-fold higher than those of NiSe2Bx, CoNi3Se8Bx, and 

FeNi3Se8Bx, respectively (Figure S9). The Tafel slopes of these catalysts were further 

investigated to estimate their OER performance. As presented in Fig. 5B, the Tafel slopes are 

59.5, 86.3, 121, and 161 mV dec-1 for Fe5Co4Ni20Se36Bx, FeNi3Se8Bx, CoNi3Se8Bx, and 

NiSe2Bx, respectively. The Fe5Co4Ni20Se36Bx MMC exhibited the smallest Tafel slope, which 

suggests more favorable OER kinetics than the other samples. The electrochemically active 



     

10 
 

surface areas (ESCAs) of these catalysts were evaluated from the double-layer capacitance 

(Cdl) (Figure S10). The ECSA-normalized polarization curves presented in Figure S11 show 

that current densities of Fe5Co4Ni20Se36Bx is still higher than those of other three catalysts. 

The OER kinetics of these catalysts were further investigated by electrochemical impendence 

spectroscopy (Figure S12), exhibiting similar results. This outstanding OER performance of 

Fe5Co4Ni20Se36Bx is superior compared to most of the other selenides or Fe/Co/Ni-based OER 

catalysts in alkaline solution, as well as the noble metal oxides IrOx and RuO2 (Figure 5C and 

Table S1, S2 in the Supporting Information). We investigate the effect of metal doping on the 

overpotential through DFT calculations. Figure 5D shows the overpotentials for the catalysts 

with and without B dopants. These results indicate that the catalysts with FeCo co-doping 

exhibit lower overpotentials than that with Fe or Co-doped surfaces. Meanwhile, the Fe or 

Co-doped surfaces without B also have higher overpotential than FeCo co-doping ones with 

B-doping. These results indicate that the co-doped metals atoms are also beneficial to OER 

processes, which is consistent with our experimental results. 
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Figure 5. Electrochemical performances of NiSe2Bx, FeNi3Se8Bx, CoNi3Se8Bx and Fe5Co4Ni20Se36Bx for OER. (A) iR-

corrected polarization curves obtained in 1.0 M KOH at a scan rate of 2 mV s-1; (B) The corresponding Tafel plots; (C) 

Tafel slopes and overpotentials of Fe5Co4Ni20Se36Bx compared with other OER catalysts (Table S2). (D) The 

overpotentials from experimental and theoretical works. 

 

    Long-term stability of the catalysts is another critical factor for practical applications. As 

shown in Figure S13, the Fe5Co4Ni20Se36Bx maintain a current density of 10 mA cm-2 over a 

period of at least 10 hours without obvious potential increase, suggesting the excellent 

durability of the synthesized Fe5Co4Ni20Se36Bx. Figure S14 shows the TEM image and the 

STEM elemental mapping images of the Fe5Co4Ni20Se36Bx after the durability test, 

respectively. During the durability test, the Fe5Co4Ni20Se36Bx particles were slightly enlarged 

(Figure S14A) on the amorphous membrane. The distribution of elements for 

Fe5Co4Ni20Se36Bx after the stability test demonstrates the excellent structural durability of the 

multimetallic selenide-boride with maintaining stable elemental composition. The excellent 

stability is attributed to the presence of the support of homogeneous membrane, which 
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prevents the agglomeration of catalytic nanoparticles as a result of the strong interaction by 

the in situ growth.  

 

 

Figure 6. Activities of OER intermediate process for calculated with DFT+U. The processes of OER steps on (111) 

surfaces of different materials: (A) Fe0.25Ni0.75Se2, (B) Fe0.25Ni0.75Se2B0.2, (C) Co0.25Ni0.75Se2, (D) Co0.25Ni0.75Se2B0.2, (E) 

Fe0.125Co0.125Ni0.75Se2 and (F) Fe0.125Co0.125Ni0.75Se2B0.2. The solid line: the computed free energies without external 

voltage (U=0), and the dashed line: the modified free energies under theoretical reaction potential. 

 

    To understand the effect of Fe5Co4Ni20Se36Bx on the promotion of the activity of the 

oxygen evolving catalysts, we performed DFT calculations to evaluate the composition effect 

on the energetics of OER intermediates, including (111) surfaces of pristine structures and 

their corresponding ones with B dopants (namely, Fe0.25Ni0.75Se2, Fe0.25Ni0.75Se2B0.2, 

Co0.25Ni0.75Se2, Co0.25Ni0.75Se2B0.2, Fe0.125Co0.125Ni0.75Se2, Fe0.125Co0.125Ni0.75Se2B0.2). Figure 6 

shows the Gibbs free energy (∆G) for each OER intermediate steps, where the solid line 

indicates the computed free energies without external voltage (U=0), and the dashed line 

represents the modified free energies under theoretical reaction potential. For Fe0.25Ni0.75Se2 

(Figure 5A), the overpotential value for OER is 1.63 V. This large overpotential is mainly 

limited by the high desorption ∆G of 2.86 eV for the step of *OOH → * +O2+H++e, where * 
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represents the catalyst. In contrast, the B-doped Fe0.25Ni0.75Se2 has lower but still large 

overpotential of 0.977 V, which can be attributed to the stronger adsorption to the OOH-based 

intermediate, (the corresponding ∆G for limit step is 2.207 eV). Details of relationship 

between overpotential value and ∆G is described in section of “Calculation methods”. 

Similarly, the other catalysts with B dopants exhibit smaller overpotential than that of pristine 

ones. Specifically, the overpotentials of Co0.25Ni0.75Se2, Co0.25Ni0.75Se2B0.2, 

Fe0.125Co0.125Ni0.75Se2, Fe0.125Co0.125Ni0.75Se2B0.2 are 1.361 V, 0.679 V, 0.581 V and 0.472 V, 

respectively. 

    We also investigated the deformation charge density for all surfaces and the PDOS at active 

sites to understand the effects of multimetal and B-doping on the activity of the OER catalysts. 

Figure S15 shows the deformation charge density of selected (111) facets. For the catalysts 

with B dopants, electrons (yellow area in Figure S15) are clearly accumulated around B atom 

(white balls in Figure S15). These electrons are transferred from adjacent metals atoms, where 

the electron deletion areas (displayed as cyan area in Figure S15) are only located on metal 

atoms. Such polarized charge distribution strengthens the interaction between B and metal 

atoms, and reduces the number of electrons in metal atoms, especially the outermost electrons 

in d orbit, which heavily modifies the properties of metals sites. Taking Co0.25Ni0.75Se2 

(Figure 6C) and Co0.25Ni0.75Se2B0.2 (Figure 6D) as the examples, the strong adsorption of -

OOH group limits the overpotential of Co0.25Ni0.75Se2. The Gibbs free energy difference (∆G) 

for the generation of OOH-based intermedium (*OOH) is 2.584 eV, which is greatly reduced 

to 1.909 eV with the B dopants (Figure 6C). This reduction can be understood as a result of 

the loss of d electrons of metal atoms, as displayed in Figure S15, which reduces the 

possibility of the charge transfer from metal atoms to –OOH group and gives rise to a weak 

interaction between metal site and –OOH group. As a result, the Gibbs energy ∆G is reduced 

for the OER process. Through Bader analyzing,40 the total electrons of –OOH group on 

Co0.25Ni0.75Se2B0.2 is 13.489e, which means that –OOH group accepts 0.489e from 
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Co0.25Ni0.75Se2B0.2. In contrast, the electrons transferred from Co0.25Ni0.75Se2 to –OOH group 

is 0.527e. The proposed OER mechanisms for selenides before and after B dopant shown in 

Figure 7A, B clearly show that the B dopant weakens the interaction between catalyst and –

OOH group as the results of ∆G. Similar phenomena are also observed for other multimetllic 

selenide-borides. Figure 7C shows the PDOS of d orbitals of atoms at active sites, indicating 

that the d electron of metal atoms are redistributed with the introduction of other metal atoms 

and B. We also calculated the number of d electrons of active metal sites. The B-doping can 

reduce the total d electrons around metals, which have been transferred to B atoms, consisted 

with the data of deformation charge density. In addition, the transfer of d electrons from 

metals to B enhances the interactions between B and metals, which can reasonably explain the 

present of M-B bonds in XPS data in Figure 4. 

 

Figure 7. (A, B) Proposed OER mechanisms for pyrite selenides before and after B dopant; (C) PDOS of atoms at 

active sites. 
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CONCLUSIONS 

    In summary, the heteroepitaxial pyrite selenides by dual-cation substitution and boron 

dopant can effectively prevent corrosion benefiting from the in situ nucleation growth process, 

and exhibit superior OER activity and stability. In particular, boron in the Fe5Co4Ni20Se36Bx 

can effectively adjust the adsorption energy of OH intermediates, and facilitates the charge 

transfer from the surface to current collector. The synergistic effect between the embedded B, 

Se and Fe, Co, Ni in the pyrite selenides can generate active sites that further improve the 

OER reaction kinetics. This work illustrate the potential of multimetallic selenide-boride 

materials in energy conversion owing to the special atomic and electronic structures, which 

may contribute to rationally fabricating high performance electrocatalysts. 

 

EXPERIMENTAL METHODS  

Materials synthesis. The NiSe2Bx, FeNi3Se8Bx, CoNi3Se8Bx and Fe5Co4Ni20Se36Bx powders 

were synthesized by two simple steps. Firstly, the Ni, FeNi, CoNi, and FeCoNi based 

precursors were synthesized by chemical methods. 1mmol Co(NO3)2·6H2O (Sigma-Aldrich), 

1mmol Ni(NO3)2·6H2O (Sigma-Aldrich), and 1mmol FeCl3·6H2O (Sigma-Aldrich) were 

dissolved in DI water to form a transparent solution, respectively. The FeCoNi based 

precursor was prepared by adding moderate NaBH4 (Sigma-Aldrich) solution into the 

Ni(NO3)2·6H2O (1mmol), Co(NO3)2·6H2O and FeCl3·6H2O (1mmol) mixed solution (Mole 

ratio of 3:0.5:0.5), then a black precipitate was immediately produced. The precipitate was 

collected and dried at 60 ℃ in an oven overnight. Then a thermal selenization process was 

employed in the following step to obtain the Fe5Co4Ni20Se36Bx. The as-prepared precipitate 

and selenium powder were placed in a quartz boat. The selenium powder (Alfa Aesar) was 

put at the upstream side of the tube furnace with a distance of 10 cm to the precipitate. 

Subsequently, the precipitate was heated at 450 ℃ for 2 h with a heating rate of 5 ℃ min-1 

under argon atmosphere, and finally cooled to ambient temperature naturally. For comparison, 
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NiSe2Bx, FeNi3Se8Bx, CoNi3Se8Bx were also prepared under the similar conditions despite the 

differences of metal irons. 

Structural characterizations. Powder XRD data were obtained through an X-ray 

diffractometer (Rigaku SmartLab) using Cu Kα (γ=1.54178 A) radiation. SEM images were 

recorded in a field-emission scanning electron microscope (JSM-6490, JEOL) operating at 5 

kV. TEM and HRTEM, selected area electron diffraction (SAED), and electron energy loss 

spectroscopy (EELS) energy-dispersive X-ray spectroscopy (EDX) elemental mapping were 

collected on a JEOL model JEM-ARM-200F microscope operated at 200 kV. X-ray 

photoelectron spectroscopy (XPS) was acquired on an ESCALAB 250Xi XPS system using 

Mg as the excitation source. 

Electrochemical measurements. To prepare the working electrode, 5 mg catalysts were 

dispersed in 750 μL of DI water, 210 μL of isopropanol and 40 μL of 5 wt% Nafion solution 

followed by sonication to form a homogeneous ink. Then 10 μL of the ink was loaded onto a 

glassy carbon electrode of 5 mm in diameter. Then the electrode was dried naturally at room 

temperature. Electrochemical measurements were carried out on a CHI 660E electrochemical 

workstation (CH Instruments, Inc., Shanghai) in a standard three-electrode system at room 

temperature with an aqueous solution of 1.0 M KOH (PH = 14) used as the electrolyte. A 

Hg/HgO (1.0 M NaOH) electrode and a graphite rod were used as the reference electrode and 

counter electrode, respectively. All the measured potentials vs Hg/HgO were converted to 

reversible hydrogen electrode according to the equation: E(RHE) = E(Hg/HgO) + 0.098 + 

0.059 pH. The polarization curves obtained from linear sweep voltammetry (LSV)  

measurements were recorded at a scan rate of 1.0 mV s-1. Electrochemical impendence 

spectroscopy (EIS) measurements were performed in Solartron Electrochemical workstation 

(German) in the frequency ranging from 0.01 to 105 Hz with small AC voltage amplitude, of 

which the data were fitted by Zview software. The electrochemically active surface area 
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(ECSA) was determined by the electrochemical double-layer capacitance (Cdl) from the scan-

rate dependence of CVs. 

Calculation methods. Vienna Ab Initio Simulation Package (VASP) code were employed to 

study the adsorption of OH groups on the potential catalysts.41 The nuclei–electron 

interactions were described by the projector augmented wave (PAW) pseudo-potentials,42 at 

the level of generalized gradient approximation (GGA) in the form of Perdew, Burke, and 

Ernzerhof (PBE).43 The spin-polarization was considered in these calculations, as well as the 

van der Waals interaction, which was described by DFT+D3 method developed by 

Grimme.44,45 Further, the Coulombic interaction for transition metals are corrected by GGA + 

U approach, in which the parameters of Ueff of 3.4 eV, 3.4 eV and 3.3 eV were used for Ni, 

Co and Fe, respectively. For all calculations, the cut off energy was 500 eV, and the 

convergence criterions are 10‒5 eV for energy and 10‒2 eV/Å for force. Methods for the 

process of OER were in more details described in our initial previous work.46 
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