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Abstract 

Non-noble metal-based nanomaterials can exhibit extraordinary electrocatalytic performance 

toward the oxygen evolution reaction (OER) by harnessing the structural evolution during 

catalysis and the synergistic effect between elements. However, the structure of active centers in 

bimetallic/multimetallic catalysts is under long-time debate in the catalysis community. Here, we 

report an efficient bimetallic Ni–Fe selenide-derived OER electrocatalyst and study the structure–

activity correlation during the OER evolution. By combining experiments and theoretical 

calculations, we provide a conceptual advance that the local coordination structure distortion and 

disordering of active sites inherited from the pre-catalyst and post-formed by a further 

reconstruction are responsible for boosting the OER performance. The active center is identified 

on Ni sites showing moderate bindings with oxygenous intermediates rather than Fe sites with 

strong and poisonous adsorptions. These findings provide crucial understandings in manipulating 

the local coordination and electronic structures toward rational design and fabrication of efficient 

OER electrocatalysts. 

 

Keywords: selenide, structure evolution, electrocatalysis, oxygen evolution reaction. 
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The increasing global energy consumption has stimulated tremendous research and industrial 

efforts on the development of sustainable and clean energy.[1-6] For water splitting to generate H2 

gas, a type of secondary energy converted from renewable electric energy, the development of 

which has been greatly hindered by a lack of efficient, cost-effective and robust electrocatalysts.[7-

12] The bottleneck of water splitting mainly stems from an inherently sluggish process, i.e., O2 

generation at the anode via the oxygen evolution reaction (OER), which is about four orders of 

magnitude slower compared with H2 production at the cathode.[13, 14] This urgently calls for the 

exploration of efficient and low-cost OER electrocatalysts. Non-noble metal-based compounds, 

such as phosphides, sulfides, and especially selenides, have been proven to be efficient OER 

electrocatalysts in alkaline electrolytes showing comparable and even superior performance than 

that of the commercial noble metal-based OER catalysts such as RuO2 and IrO2.
[15-18] These 

compounds undergo obvious structural transformation during the OER catalysis by forming metal 

(oxy)hydroxides, which ultimately surprisingly outperform the state-of-the-art metal oxide 

catalysts with similar architectures. This strategy has been widely approved and adopted in the 

field of OER.[19, 20] However, the reaction mechanism in terms of the local coordination structure 

and the electronic structure of active centers and the structure–activity correlation behind it 

remains elusive. In addition, the successful harnesses of the synergistic effects between different 

metals in the bimetallic/multimetallic catalysts and between the anchored nanoparticles and the 

oxide supports have been reported to significantly boost the reaction energetics in oxygen 

electrocatalysis.[21-25] Whereas the identification of the active center, the valence state of active 

sites, and the role of each metal in bimetallic/multimetallic catalysts are under long-time debate in 

the field.[26-34] For example, some recent reports demonstrate that metals with high valence state 

serving as the OER active site, whereas some other works argue that low-valence metals are the 
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OER catalytic active centers and the role of high-valence metals is to facilitate the reaction 

kinetics.[30-32, 35] Moreover, as for the role of high-valence Fe species in 3d transition metal-based 

OER electrocatalysts, Markovic and co-workers recently have demonstrated a dynamically stable 

Fe active site toward the OER.[36] To be more specific, in the bimetallic Ni–Fe-based OER 

electrocatalysts, contradictory conclusions in terms of the active sites highlighting either the “fast” 

reaction kinetics on high-valence Fe sites or the OER active NiOO− species in the catalysts have 

been drawn in the literature.[27, 32, 33, 37] 

Herein, we report a conceptual advance that the local coordination structure distortion and 

disordering of the active sites are responsible for the greatly enhanced OER performance. This in 

situ generated distorted coordination structure of the active centers with a high disorder degree is 

inherited from the heteroatom-containing structure in the pre-catalysts (for example, selenides). 

Such manipulated structures are generated during the structural transformation from selenides to 

(oxy)hydroxides by harnessing the bond distance mismatch between M–Se (M denotes transition 

metals such as Ni and Fe) and M–O bonds. This conjecture has been substantiated by studying the 

structural evolution of a NiFe diselenide (Ni–Fe–Se) nanocage electrocatalyst under the OER 

operation using quasi-in situ X-ray absorption fine structure (XAFS) analyses assisted by density 

functional theory (DFT) calculations. Moreover, the synergistic effect of bimetallic catalysts is 

unraveled in this model catalyst. The active center of the Ni–Fe–Se-derived OER catalyst has been 

identified on the Ni site with moderate adsorptions of the OER intermediates (e.g., *OH, *O, and 

*OOH) which is in contrast to that of the Fe site with strong bindings and poisonous effect and 

hence sluggish reaction kinetics, no matter how the structure evolves from selenide to 

(oxy)hydroxide. The role of Fe in this synergy is for optimizing the electronic structure of the 

active Ni species, both of which are proven to be catalytically sluggish in the monometallic 
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counterparts.[17, 29] These crucial findings may provide insightful understandings for engineering 

the local coordination and electronic structure of nanomaterials toward rational design and 

fabrication of efficient OER electrocatalysts. 

We select a bimetallic Ni–Fe system for the expectation to obtain an optimized electronic 

structure manipulation by involving Ni and Fe with poor and strong oxophilicity, respectively.[30] 

A bimetallic Ni–Fe Prussian blue analog (PBA) nanocube structure is used as the synthesis 

precursor for fabricating catalysts.[19, 38-40] Considering hollow-structured nanomaterials exhibit 

multiple interfaces, low density, and facilitated mass transport,[41] an acid etching approach is 

hence applied to convert solid PBA nanocubes to hollow nanocages.[18, 39, 42] Moreover, the 

nanocage hollow structure enables the exposure of more surface active site and hence a higher 

electrochemical activity, and most importantly exhibits an almost complete structure 

transformation during the OER process and therefore can serve as a very good model catalyst for 

XAFS characterizations detecting the bulk information of the ensemble catalyst film. Take the 

above advantages together, a Ni–Fe diselenide nanocage structure is hence selected as the target 

OER catalyst to study the structural evolution mechanism. 

The fabrication of Ni–Fe–Se nanocage catalyst is briefly demonstrated here. First, uniform 

Ni–Fe PBA nanocubes are synthesized as the sacrificial templates using a co-precipitation method 

(Figure S1, Supporting Information). The as-synthesized solid Ni–Fe PBA nanocubes are 

subsequently etched by a controllable acid etching approach to generate Ni–Fe PBA nanocages 

(Figure 1a,b; and Figures S2 and S3, Supporting Information). After a selenylation treatment on 

the Ni–Fe PBA nanocages, porous Ni–Fe–Se nanocages with open structures are fabricated. For 

comparison, Ni–Fe–Se nanocubes and Ni–Fe–O nanocages are also fabricated through a similar 

approach by altering the precursor or changing the calcination condition. 
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The morphology, composition, and crystal structure of Ni–Fe–Se nanocages are characterized 

by a set of techniques. The field-emission scanning electron microscopy (FESEM) image shows 

that the cubic and open structures of the nanocages are maintained but with a slight local 

aggregation and rough surfaces due to the formation of selenide nanocrystals (Figure 1c). The 

transmission electron microscopy (TEM) image clearly demonstrates the cavities inside the 

nanocages and the formation of small nanoparticles (Figure 1d). High-resolution TEM (HRTEM) 

image reveals lattice fringes with the interplanar spacings of 0.213 and 0.282 nm, which can be 

assigned to the (220) and (200) planes of MSe2 (M denotes Fe or NiFe hybrid; Figure 1e), 

respectively. The high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) image further substantiates the rough, porous, and open features of Ni–Fe–Se 

nanocages (Figure 1f). The corresponding elemental mapping images demonstrate that all 

elements distribute homogeneously throughout the nanocages. The X-ray diffraction (XRD) 

pattern of the Ni–Fe–Se nanocage catalyst is indexed to a mixture of NixFe1−xSe2 and FeSe2 crystal 

phases, which is dominated by the bimetallic structure (Figure S4a, Supporting Information). The 

energy-dispersive X-ray spectroscopy (EDX) spectrum further confirms the formation of the 

diselenide structure by showing a total metal/Se ratio of about 1:1.92 (Figure S4b, Supporting 

Information). The morphology, crystal structure, and composition of Ni–Fe–Se nanocubes (Figure 

S5, Supporting Information) and Ni–Fe–O nanocages (Figure S6, Supporting Information) are also 

characterized, demonstrating successful fabrications of the corresponding structures. 

Extended X-ray absorption fine structure (EXAFS) spectroscopy is applied to analyze the 

local atomic and electronic structure of samples.[43, 44] The structural models of Ni, NiO, and 

NixFe1−xSe2 (Ni–Fe–Se) demonstrate the configurations and the main Ni–Ni, Ni–O, and Ni–Se 

bond distances of 2.50, 2.08, and 2.46 Å, respectively, in the first coordination shell of Ni (Figure 
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2a). Fourier transform of the Ni K-edge EXAFS for Ni foil, NiO, and Ni–Fe–Se nanocage catalyst 

reveals well-matched Ni–X (X represents O, Ni, or Se) bond distances in the order of Ni–O < Ni–

Se < Ni–Ni (Figure 2b), which is perfectly in line with the results shown in Figure. 2a. Further 

EXAFS fitting analyses confirm such a sequence for bond distance with exact values of 2.08, 2.44, 

and 2.48 Å for Ni–O, Ni–Se, and Ni–Ni bonds, respectively (Figure 2c,d; and Figure S7 and Table 

S1, Supporting Information). The coordination number (CN) of Ni–Se in the first shell of Ni–Fe–

Se nanocage catalyst is 5.8, which can be identified as the cubic NixFe1−xSe2 crystal structure with 

unsaturated Ni atoms in the open structure at the nanoscale. X-ray absorption near-edge structure 

(XANES) spectroscopy analyses are performed to identify the valence state and the three-

dimensional arrangement of atoms (Figure 2e). The valence state of Ni in the Ni–Fe–Se nanocages 

clearly locates in between those of Ni foil and NiO. Wavelet transform (WT) simulations are 

carried out to provide a visualized radial distance resolution in K space (Figure 2f). In NiO, two 

WT maximum values are identified at ~ 4.0 Å−1 and ~ 7.0 Å−1, which represent the first 

coordination shell of Ni–O and Ni–Ni, respectively. However, the WT maximum value for Ni–O 

at ~ 4.0 Å−1 is disappeared in the Ni–Fe–Se sample. In addition, the close maximum values 

contributed by Ni and Se with close atomic weight result in a merged center at 7.0–7.5 Å−1. The 

above results demonstrate the successful formation of Ni–Fe diselenide structure without oxidized 

phase. 

To demonstrate the advantage of this Ni–Fe–Se nanocage catalyst (strictly speaking, it should 

be called the pre-catalyst), the electrocatalytic performance of different catalysts for the OER is 

examined by a typical three-electrode setup in a 1.0 M KOH electrolyte. As shown by the linear 

sweep voltammetry (LSV) curves (Figure 3a), the Ni–Fe–Se nanocages show the best 

electrocatalytic activity toward the OER with the lowest overpotential of 249 mV to drive a target 
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current density of 10 mA cm−2, which outperforms that of Ni–Fe–Se nanocubes, Ni–Fe–O 

nanocages, and the commercial RuO2 (Figure S8a, Supporting Information). In addition, the Ni–

Fe–Se nanocages exhibit the lowest Tafel slope of 36 mV dec−1 (Figure 3b), the highest mass 

activity of 156 A g−1 (Figure S8b, Supporting Information) and the highest turnover frequency of 

0.14 s−1 (Figure S8c, Supporting Information) at an overpotential of 280 mV. The Ni–Fe–Se 

nanocage catalyst also exhibits the smallest charge transfer resistance as determined by the 

electrochemical impedance spectroscopy (EIS; Figure S8d, Supporting Information), and the 

highest electrochemical active surface area (ECSA; Figure S8e,f, Supporting Information) as 

examined by the electric double-layer capacitance (Cdl) for the OER among all catalysts. All these 

results clearly demonstrate that the Ni–Fe–Se nanocage catalyst exhibits excellent electrocatalytic 

performance for OER, outperforming other control samples especially for the Ni–Fe–O nanocage 

catalyst. 

This Ni–Fe–Se nanocage catalyst is used to study the mechanism of the structural evolution 

during the OER operation. We first take a look at the physical structure variations of the catalyst 

before and after the OER test using a few techniques. XRD patterns reveal a quick destruction of 

the crystal structure of selenide after 1 h of OER operation (Figure 3c). The compositional 

evolution of catalysts during OER is examined by EDX (Figure S9a, Supporting Information), 

showing that extensive Se species are gone after 1 h of operation. Moreover, the Fe/Ni ratio in the 

catalyst shows a gradual decrease during the OER operation (Figure S9b, Supporting Information). 

The morphological change after the OER test is also characterized (Figure 3d,e; and Figure S10, 

Supporting Information). FESEM and TEM images demonstrate that the nanocage structure of 

Ni–Fe–Se catalyst is preserved but with the formation of some amorphous structures on the surface 

after the long-term OER test (Figure S10a,b, Supporting Information). HRTEM images reveal the 
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fine structure of materials after the OER test, showing abundant lattice fringes of ~0.213 nm, which 

can be assigned to the (103) plane of Ni–Fe–OOH structure[17] (Figure 3d; and Figure S10c,d, 

Supporting Information). HAADF-STEM and the corresponding elemental mapping images 

further show that all elements are distributed homogeneously throughout the architecture (Figure 

3e; and Figure S10e,f, Supporting Information). Fourier-transform infrared spectroscopy (FTIR) 

measurements further substantiate the formation of Ni–Fe–OOH structure by showing an emerging 

peak at 1124 cm−1 after the OER test (Figure 3f), which can be assigned to the bending vibration 

of OH modes in FeOOH.[45] 

Next, we have investigated the electrocatalytic performance evolution of the catalysts during 

the OER operation. The cyclic voltammetry (CV) curves at different reaction stages of the Ni–Fe–

Se nanocage catalyst are recorded (Figure 3g). The rainbow CV curves demonstrate that the redox 

peaks of Ni(II)/Ni(III) are emerging as the reaction goes on. The reduction peak of Ni(III)/Ni(II) 

at ~ 1.35 V (vs. RHE) shows a negative shift while the reduction peak area increases, 

demonstrating more Ni species are exposed to the surface of the catalyst (Figure S11a,b, 

Supporting Information). The overpotentials to drive a current density of 10 mA cm−2 are extracted 

from Figure 3g and are plotted as a function of the reaction operating time (Figure 3h). The OER 

overpotential of the Ni–Fe–Se nanocage catalyst undergoes a slight variation and gradually 

increases to a stable value at ~ 243 mV. The reaction kinetics generally obeys a second-order 

exponential decay function with an ultimate OER overpotential of 243 mV (Figure S11c, 

Supporting Information). The evolution of the ECSA determined by Cdl of the Ni–Fe–Se nanocage 

catalyst along with the reaction time is also traced (Figure S11d,e, Supporting Information). The 

trend of Cdl is highly consistent with that of the peak area contributed by Ni(III) reduction, 

indicating that the Ni sites possibly act as the active sites for the OER. The charge transfer 
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resistance evolution during OER is monitored by EIS (Figure 3i; and Figure S11f, Supporting 

Information). The results show a gradual but slight charge transfer resistance increase from the 

beginning to 96 h before reaching a relatively stable value. The electrocatalytic performance 

evolution of the Ni–Fe–O nanocage catalyst has also been examined. In sharp contrast, the Ni–Fe–

O nanocage catalyst shows gradual OER activity increase (Figure S11g,h, Supporting Information) 

and charge transfer resistance decrease (Figure S11i, Supporting Information). For comparison, 

after experiencing sufficient structural evolution, the Ni–Fe–Se-derived catalyst exhibits a much 

higher OER activity than that of the Ni–Fe–O-derived sample, demonstrating the advantage of 

catalyst inherited from the selenide structure as the pre-catalyst. 

For a more in-depth mechanism study of the structure–activity relationship, we have 

performed quasi-in situ XAFS analyses to investigate the averaged information in terms of the 

oxidation state and the local coordination structure of metals in the catalysts before and after 

certain periods of OER tests. XANES spectroscopies are first conducted to analyze the valence 

states of 3d transition metals (Figure 4a,b; and Figure S12, Supporting Information). In the pristine 

Ni–Fe–Se catalyst, the valence state of Ni is determined to be +1.79 (Figure 4b), which can be 

attributed to a close electronegativity between Ni (1.91) and Se (2.55), in contrast to that of O 

(3.44). After the OER operation, the valence state of Ni first significantly increases to +2.64 after 

1 h but surprisingly slightly decreases to +2.56 after 12 h. Similarly, the oxidation state of Fe 

increases to +3.06 after 1h but slightly falls back to +3.05 after 12 h (Figure S12a,b, Supporting 

Information). It is very obvious that both Ni and Fe undergo the oxidation state increase after the 

OER test, which agrees well with some previously reported results[28, 32] and demonstrates the 

structural evolution from selenides to (oxy)hydroxides. The average valence state of Ni is 

generally lower than that of Fe during the OER operation but much higher than its stable oxidation 
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state in NiO (+2). This strongly indicates a modulated electronic structure in this bimetallic catalyst. 

The electrons transfer from Fe to Ni, which might be the origin of the boosted OER reactivity. The 

consideration of the elevated valence states of metal active centers under the applied 

electrochemical potential reported in some recent operando works is one of our on-going 

researches.[11, 29] 

The local atomic coordination and structural information of catalysts are characterized by 

EXAFS analyses. Comparing with the pristine Ni–Fe–Se catalyst, Fourier transform of the Ni K-

edge EXAFS after the OER test exhibits an obvious fading of the peak corresponding to the Ni–

Se bond (Figure 4c), which agrees well with the above-mentioned findings in terms of the 

destruction of the selenide structure during the OER test. After 1 h of OER test, the emerging 

strong peak at 1.59 Å indicates the generation of Ni–O bonds reflecting the structural information 

of the first coordination shell, which slightly positively shift to 1.60 Å after 12 h of operation, 

approaching to that in NiO with a peak position at 1.64 Å. The shortened Ni–O bond in Ni–Fe–Se 

catalyst reflects a stronger binding of Ni with the surrounding O atoms and is indicative of the 

local coordination structure distortion and disordering comparing with the NiO sample. This is in 

line with the elevated valence state of Ni in the conditioned Ni–Fe–Se catalysts. The emerging 

peak at 2.75 Å, representing the Ni–M (M denotes Fe/Ni) bond in the second coordination shell of 

Ni, exhibits negligible shift after different OER operation times. A similar chemical bond evolution 

phenomenon is captured on Fe (Figure S12c, Supporting Information). Further quantitative 

EXAFS curve fitting results (Figure 4d–g; and Figure S13 and Table S1, Supporting Information) 

demonstrate the shortened Ni–O bond distance of 2.05 Å, but an elongated Ni–Ni distance to 3.17 

Å in the 12 h conditioned Ni–Fe–Se catalyst comparing with that in NiO (Ni–Ni: 2.95 Å) and in 

NiOOH (Ni–Ni: 2.82 Å).[46] This elongated Ni–Ni distance in the second coordination shell of Ni 
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strongly demonstrates that the post-formed (oxy)hydroxide structure is inherited from the selenide 

structure in the pristine Ni–Fe–Se catalyst. The CN of Ni–Ni is determined to be 3.8 in the 12 h 

conditioned Ni–Fe–Se catalyst, which is much lower than the case in NiOOH (Ni–Ni CN: 6).[46] 

Meanwhile, the CN of Ni–O bond is 6.1, which is slightly higher than that of NiO and NiOOH. 

These pieces of evidence demonstrate that the post-formed Ni–Fe (oxy)hydroxide exhibits the 

formation of amorphous structures with small nanoclusters/nanoparticles and distorted local 

coordination structure of the metal centers. In addition, the 12 h conditioned Ni–Fe–Se catalyst 

exhibits a high σ2 fitting value for the Ni–Ni coordination, demonstrating a highly disordered 

feature of the post-formed structure after catalysis (Table S1, Supporting Information). The 

structural distortion reflects more on the local coordination environment of atoms while the 

structural disordering is more likely to demonstrate the overall averaged information of catalysts. 

Taking together, XAFS analyses substantiate the structural transformation of Ni–Fe–Se catalyst 

from selenide to Ni–Fe–Se-derived (oxy)hydroxide (Ni–Fe–Se–OOH) (Figure 4h). Inherited from 

the initial long Ni/Fe–Se bond distance, while taking the advantage of the residue heteroatom Se 

with a larger atomic radius than that of O as well as harnessing the in situ generated vacancies and 

the bond distance mismatch between Ni–Se and Ni–O, the post-formed Ni–Fe–Se–OOH exhibits 

anticipated local coordination structure distortion and disordering (Figure 4h), which are believed 

to be largely responsible for the boosted OER activity. 

The chemical state of catalysts during the OER process is further investigated by conducting 

X-ray photoelectron spectroscopy (XPS) measurements (Figure 4i,j; and Figure S14, Supporting 

Information). The XPS spectra in the Se 3d region of the pristine Ni–Fe–Se catalyst shows three 

major peaks at 54.8 eV, 55.7 eV, and 59.1 eV, corresponding to Se–Se, Se–M (M denotes Ni/Fe), 

and Se–O bonds, respectively (Figure S14a, Supporting Information). After the OER conditioning, 
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only the Se–M peak remains but with greatly decreased peak intensities, indicating the Se species 

dissolution and the destruction of the selenide structure. The formation of metal (oxy)hydroxide is 

further substantiated by the observation of the increasing XPS peak areas associated with M–OH 

and M–O bonds along with the OER operation time (Figure 4i). The XPS spectra in the Ni 2p 

region show a clear fading of the Ni–Se bond peak after 1 h OER operation (Figure 4j). The Ni2+δ 

(0 < δ < 1) 2p3/2 peak at 855.9 eV reveals a negligible shift after 1 h but shows an obvious negative 

shift to 855.3 eV after 12 h, demonstrating that the valence state of Ni decreases from 1 h to 12h 

during the OER test which agrees well with the XANES analysis results. As a contrast, the XPS 

spectra in the Fe 2p region show a relatively stable chemical state during the OER operation 

(Figure S14b, Supporting Information), which is also in line with the XANES data. 

DFT calculations have been carried out to demonstrate the activity origin, to simulate and 

trace the structural evolution, to unravel the structure–activity correlation during the OER process, 

and most importantly, to identify the real active site for the OER. First of all, the free energy 

diagram for the OER of Ni and Fe sites, respectively, on Ni–Fe–Se (210) surface model is 

calculated (Figure 5a). At the pristine state of Ni–Fe–Se before the OER operation, the active site 

for OER can be identified on the Ni site (Ni–Se bridge site for *O) with a much lower OER 

overpotential of 0.24 V, comparing with that on the Fe site (overpotential of 0.85 V). This can be 

attributed to the very strong bindings between the Fe site and the adsorbed oxygenous 

intermediates, especially for that of *O. Due to a higher electronegativity of Ni (1.91) than that of 

Fe (1.83), a partial charge would transfer from Fe to Ni in this bimetallic system (top panel in 

Figure 5b). As a result, Ni species exhibit moderate bindings to the adsorbed oxygenous 

intermediates and hence excellent reaction thermodynamics for the OER. The experimentally 

observed initial high OER activity of the Ni–Fe–Se catalyst might be attributed to the above DFT 
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findings. More importantly, it is well known that metal selenides tend to transform to the 

corresponding metal oxide/(oxy)hydroxide structures under the OER operation. This process is 

simulated by DFT using the transition state theory (Figure 5c).[47, 48] The replacement process 

between the surface Se atom and the adsorbed O atom can be simply described by two steps, i.e., 

the insertion of adsorbed O atom into the lattice and the replacement step between lattice O and 

Se. A negligible reaction barrier of 0.06 eV is obtained on the O atom insertion step, demonstrating 

that the adsorbed *O intermediates can be readily transformed into lattice oxygen (Olat) on the Ni–

Fe–Se catalyst surface. The huge reaction energy of −0.96 eV of this exothermic reaction reveals 

its irreversibility. Thereafter, the inserted O would replace the lattice Se with a reaction barrier of 

0.63 eV. The product of this replacement step, i.e., Se adsorbed on the surface, could be further 

reconstructed by Se atom leaching into the alkaline electrolyte to form Ni–Fe–O structure. The 

overall reaction of this replacement reaction is exothermic, demonstrating its feasibility in 

thermodynamics. This partially explains why selenides can be transformed to oxides during OER 

without considering the solvent effect and the applied electrochemical potential, which would 

further facilitate this process and need more in-depth studies. 

A large body of recent works has demonstrated that the real active site for the OER is the 

post-formed oxide, hydroxide, or oxyhydroxide structures rather than the pristine selenide 

compounds.[7, 17] To trace the structure–activity correlation for the OER during the structural 

evolution, we investigated the impacts of the lattice O (Ni–Fe–Se–Olat; Figures S15 and S16, 

Supporting Information) and the adjacent surface oxidized Fe site (Ni–Fe–Se–OFe; Figure S17, 

Supporting Information) on the OER energetics of Ni sites. The results reveal a decreased OER 

activity by introducing the lattice O but a boosted OER activity via the neighboring surface 

oxidized Fe species due to its strong binding with *O. When the surface of Ni–Fe–Se is converted 
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to oxyhydroxide (Ni–Fe–Se–OOH), the active center toward OER can be still identified on the Ni 

sites with the significantly optimized reaction energetics and the lowest OER overpotential of 0.14 

eV (Figure 5d,e; and Figure S18, Supporting Information). The electronic structure calculation 

results demonstrate a less positive charge carried on Ni comparing with that on Fe in the bimetallic 

system but is higher than the case of Ni in NiO. This correlates well with the experimental 

observations that Ni species exhibit an elevated valence state of ~ +2.6 after the OER operation, 

which lies in between that of Ni in NiO (+2.0) and Fe in the conditioned catalyst (+3.05). The Ni 

sites with a modulated electronic structure in this bimetallic system serve as the real active site for 

the OER, which is in contrast to the monometallic Ni-based OER catalysts showing poor OER 

activities.[27, 49] We have also calculated the OER energetics on the fully oxidized Ni–Fe–Se 

surface (Ni–Fe–Se–O), showing similar conclusions (Figure S19, Supporting Information). The 

strong binding between *O and Fe sites and the strong stretching force might be responsible for 

the dissolution of Fe species in the catalyst (Figure S20, Supporting Information). In general, the 

active site during the OER operation can be always identified on Ni sites no matter how the 

structures change. The post-formed models, e.g., Ni–Fe–Se–OOH and Ni–Fe–Se–O, show obvious 

local coordination structure distortion and disordering of the active sites and excellent OER 

activities, which adequately reflect the experimentally observed such structural information and 

the boosted OER activity and parallel the technologies of “stainless” random alloy[3] and high-

entropy-alloy[50] with high catalytic activities. 

The OER thermodynamics is highly dependent on the local coordination and electronic 

structure of active sites. Changing the coordination environment of Ni/Fe in Ni–Fe–Se–OOH 

would result in varied OER energetics. Despite the DFT calculated OER overpotential on Ni–Fe–

Se–OOH is the lowest among all structures during the evolution, the total number of the highly 
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active centers with specific coordination environment would be lower than the number of active 

sites determined by ECSA. This explains why the ECSA of catalyst increases but the OER activity 

decays during the OER operation. Special attention should be paid here that the electrochemical 

oxygen evolution is a highly dynamic process. The structure of the catalyst is dynamically 

changing all the time with the reaction going on. The XAFS analyses in this work provide averaged 

information of samples and correlate well with our theoretical explanations, strongly 

demonstrating: i) the local coordination distortion and disordering of active sites are responsible 

for the boosted OER activity; ii) Ni is the real active site in the bimetallic Ni–Fe system for the 

OER. Indeed, the electrochemical oxygen evolution is very much complicated than the simple 

theoretical models. Although the current DFT calculations can provide some insightful 

explanations to the experimental phenomena, further investigations are still needed for a better 

link between the experiments and calculations. 

In summary, a conceptual advance of the local coordination structure distortion and 

disordering inherited from the selenide structure in the pre-catalyst for the boosted OER 

performance has been proposed and substantiated by studying the structural evolution and the 

structure–activity correlation on a bimetallic Ni–Fe–Se-derived OER electrocatalyst using a set of 

quasi-in situ experiments assisted by theoretical calculations. The active center of the OER in this 

Ni–Fe bimetallic system has been successfully identified on Ni sites due to moderate bindings 

between the Ni active centers and the oxygenous intermediates, rather than Fe sites with strong 

and poisonous bindings. The boosted OER energetics originates from the synergistic effect 

between two metals with different degrees of oxophilicities and hence the modulated electronic 

structure. These findings are very important for achieving an in-depth understanding for a rational 

design of efficient non-noble metal-based OER electrocatalysts in water electrolyzers by 
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manipulating the local coordination and electronic structures toward achieving energy 

sustainability. 
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Figures and captions 

 

Figure 1. (a) FESEM image and (b) TEM image of Ni–Fe PBA nanocages. (c) FESEM image, (d) 

TEM image, (e) HRTEM image, and (f) HAADF-STEM image and the corresponding elemental 

mapping images of Ni–Fe–Se nanocages.  
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Figure 2. (a) Structural models of Ni, NiO, and Ni–Fe–Se. The bond distances of Ni–Ni and Ni–

O are derived from experiments while that of Ni–Se is obtained from calculations. (b) K-edge 

EXAFS spectra for Ni foil, NiO, and the pristine Ni–Fe–Se catalyst. (c,d) Experimental and the 

best-fit EXAFS spectra in R space (c), and K space (d) for the pristine Ni–Fe–Se catalyst. (e,f) 

Experimental XANES spectra (e) and Wavelet transform (f) for the k2-weighted EXAFS signals 

for Ni foil, NiO, and the pristine Ni–Fe–Se catalyst.  
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Figure 3. (a) LSV curves of Ni–Fe–Se nanocages, Ni–Fe–Se nanocubes, Ni–Fe–O nanocages, 

RuO2, and carbon paper. (b) Tafel slopes of catalysts extracted from (a). (c) XRD patterns of Ni–

Fe–Se nanocage catalyst before and after OER tests with carbon paper as a comparison. (d) 

HRTEM image and (e) HAADF-STEM image and mapping images of Ni–Fe–Se nanocage 

catalyst after the OER test. (f) FTIR spectra of Ni–Fe–Se catalyst at the pristine stage and after the 

OER test. (g) CV curves and (h) the plot of the extracted corresponding overpotential at a current 

density of 10 mA cm−2 in the backward sweep in (g) of Ni–Fe–Se catalyst along with the operation 

time. (i) EIS Nyquist plots at the overpotential of 270 mV of Ni–Fe–Se catalyst along with the 

operation time from 0 to 144 h.  
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Figure 4. (a) Normalized Ni K-edge XANES spectra of samples. (b) Linear fitting of the 

absorption edge position in XANES spectra against the oxidation state of Ni in different samples. 

(c) K-edge EXAFS spectra for the Ni–Fe–Se catalyst at the pristine stage and after 1 h and 12 h 

OER tests. Inset is a better visual comparison of the spectra in the dashed box. (d,e) Ni K-edge 

EXAFS analysis of 12 h conditioned Ni–Fe–Se catalyst in (d) K space and (e) R space. (f,g) 

Experimental and the best-fit EXAFS spectra in (f) K space, and (g) R space for the 12 h 

conditioned Ni–Fe–Se catalyst. (h) A schematic illustration showing the structural transformation 

from Ni–Fe–Se to Ni–Fe–Se–OOH. Green, gray, dark yellow, red, and white balls denote Fe, Ni, 

Se, O, and H atoms, respectively. (i,j) XPS spectra and deconvoluted peaks for the pristine and 

conditioned Ni–Fe–Se catalyst in regions of (i) O 1s, and (j) Ni 2p.  



25 

 

 

Figure 5. (a) Free energy diagram for the OER of Ni and Fe sites on Ni–Fe–Se (210) surface 

model. (b) Schematic models showing O atom adsorption on Fe and Ni site on pristine Ni–Fe–Se 

(top panel) and post-formed Ni–Fe–Se–OOH (bottom panel). Green, gray, dark yellow, red, pink, 

and white balls denote Fe, Ni, Se, lattice O, adsorbed O, and H atoms, respectively. (c) Reaction 

free energy pathway of O adsorption, O insertion, and replacement between O and Se atom on Ni–

Fe–Se (210) surface model. TS denotes transition state. The light green ball represents the 

replacing Se atom by the adsorbed O atom. (d) Free energy diagram for the OER of Ni and Fe sites 

on Ni–Fe–Se–OOH surface model. (e) The OER cycle for Ni–Fe–Se–OOH on the Ni site. Pink 

balls represent O atoms in the adsorbed OER intermediates. Yellow numbers are the Mulliken 

charge values on atoms.  
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for Table of Content Entry 

 

Bimetallic Ni–Fe selenide-derived (oxy)hydroxide nanocage electrocatalysts are in-situ 

generated by inheriting the structure of the pre-catalyst. The successful manipulations of the local 

coordination and electronic structures of the electrocatalyst enable superior electrocatalytic 

activity and stability for the oxygen evolution reaction. 


