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Abstract 

Most non-oxide catalysts based on transition metal elements will inevitably change their 

primitive phases under anodic oxidation conditions in alkaline media. Establishing a 

relationship between bulk phase and surface evolution is imperative to reveal the intrinsic 

catalytic active sites. In this work, it is demonstrated that the introduction of Fe facilitates the 

phase transition of orthorhombic CoSe2 into its cubic counterpart, and then accelerates the Co-

Fe hydroxide layer generation on the surface during electrocatalytic oxygen evolution reaction 

(OER). As a result, the Fe-doped cubic CoSe2 catalyst exhibits exhibited a significantly 

enhanced activity with a considerable overpotential decrease of 79.9 and 66.9 mV to deliver 10 

mA cm−2 accompanied by a Tafel slope of 48.0 mV dec−1 toward OER when compared to 

orthorhombic CoSe2 and Fe-doped orthorhombic CoSe2, respectively. Density Function Theory 

(DFT) calculation reveals that the introduction of Fe on the surface hydroxide layers will tune 

electron density around Co atoms and raise the d-band center. These findings will provide deep 

insights into the surface reconstitution of OER electrocatalysts based on transition metals. 

KEYWORDS: doping, transition metal selenide, phase transition, surface reconstitution, 

electrocatalytic oxygen evolution reaction 

  



 

 3 / 30 

 

Introduction 

Electrochemical water splitting, a green approach for hydrogen (H2) generation, is greatly 

cherished as a far-reaching design for energy structure transition and thus achieves carbon 

neutralization1, 2, 3. The anodic half-reaction of oxygen evolution reaction (OER) involving a 

four-electron-transfer process is considered as the bottleneck for efficient overall water splitting 

due to its sluggish kinetics4. At present, high-performance OER catalysts are mainly noble 

metal-based catalysts (e.g. IrO2 and RuO2) with unique electronic structures and ideal 

sorption/desorption properties on intermediates, however, suffering from severe scarcity and 

high cost5, 6. Therefore, it has become a research hotspot to develop non-precious catalysts with 

high activity and durability toward OER. 

Numerous efforts have been devoted to designing non-precious catalysts including transition 

metal oxides7, hydroxides8, 9, 10, chalcogenides11 and phosphides12, 13, etc. For most non-oxide 

catalysts based on metal elements, an in situ evolution occurs on the surface of the bulk phase 

during the OER process, and a hydroxylation layer thus forms, which is considered as the actual 

active species for oxygen evolution14, 15, 16. For instance, it has been proposed that due to facile 

surface reorganization, transition metal selenides show an ideal oxidation layer with a certain 

thickness and significant OER catalytic activity17. In alkaline media, Se atoms will dissolve out, 

and the in-situ generated nickel hydroxide is responsible for their activity18. Therefore, rigorous 

investigations on the surface reactive phases are imperative to figure out the actual catalytic 

enhancement mechanism with a particular focus on the relationship between the surface 

structure and the electrocatalytic process 19, 20.  

Cobalt selenide (CoSe2) has emerged with great potency as a bifunctional electrocatalyst for 

OER and hydrogen evolution reaction (HER) because of its unique catalytic performance21, 22. 

To further improve the electrocatalytic activity, nonmetallic atom substitution has been 

extensively adopted to optimize the interior coordination environment. Moreover, the lattice 
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distortion induced by heteroatoms could influence the local symmetry and might even cause 

structural phase transformation. It has been demonstrated that phosphorus (P) dopant could 

induce the phase transition of CoSe2 from cubic to orthorhombic phases and thus enhance the 

HER activity23. Besides, dopants can also affect the structural stability in alkaline media during 

the electrocatalytic process19, 21. However, investigations on how metallic dopants influence the 

surface structure of CoSe2 during the OER process have been rarely unveiled. Since the phase 

transition during the OER in alkaline electrolytes for CoSe2 is universal, it inspires us to re-

consider whether heterogeneous metallic dopants can regulate the surface oxidation during 

alkaline OER as well as whether the “extremely robust stability” is helpful to OER. 

Herein, cubic and orthorhombic Fe-doped CoSe2 (denoted as c-Co2/3Fe1/3Se2 and o-

Co2/3Fe1/3Se2, respectively), and orthorhombic CoSe2 (named as o-CoSe2) nanostructures were 

successfully prepared through metal doping and the subsequent selenium annealing. Among 

them, c-Co2/3Fe1/3Se2 exhibited the best intrinsic OER activity, i.e. an overpotential of 254.7 

mV delivering a current density of 10 mA cm−2 accompanied with a Tafel slope of 48.0 mV 

dec−1. Based on the ex-situ characterizations on the phase structure of catalysts before and after 

the OER process, it has been unveiled how Fe dopants influence the surface structure of CoSe2 

during the OER process. A migration hypothesis was thus proposed for c-Co2/3Fe1/3Se2 catalyst 

that Fe atoms were not stable in the selenide lattice, which would migrate into alkaline 

electrolytes easily and participate in the Co oxidation on the surface. DFT calculations illustrate 

the role of Fe atoms in the newly formed hydroxide layer. These findings will provide new 

perspectives on the relationship among surface evolution, bulk phase structure, and OER 

activity. 
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Experiment section 

Chemicals 

Cobalt (II) chloride hexahydrate (CoCl2·6H2O, Sinopharm Group China, >98%), iron(Ⅱ) 

chloride tetrahydrate (FeCl2·4H2O, Fujifilm Wako Pure Chemical Corporation, >99%), 

hexamethylenetetramine (HMT, Sinopharm Group China), sodium anthraquinone−2-sulfonate 

(AQS, Aladdin Reagent Group, >97%), selenium powder (Se Sinopharm Group China, >99%), 

potassium hydroxide (KOH, Sinopharm Group China, >85%), ethanol (C2H5OH, Sinopharm 

Group China, ≥99.9%) and Nafion dispersion (5 wt %, Alfa Aesar) were used directly without 

any further purification. Carbon paper (Toray) was cleaned with ethanol and deionized water 

successively. 

Synthesis of Co2Fe1-LDH (layer double hydroxide) and Co-LDH precursors  

Layer double hydroxide was synthesized by a simple coprecipitation process assisted by an 

oil bath according to our previous work24. Typically, 5 mmol CoCl2·6H2O, 2.5 mmol 

FeCl2·4H2O, 5 mmol AQS, and 10 mmol HMT were dissolved in 500 mL deionized water. The 

homogeneous solution was refluxed under 120 ℃ for 6 hours. Cooling to room temperature, 

the yellow precipitate was collected by centrifugation and then washed with ethanol and 

deionized water several times. The precursor was dried at 60 °C overnight in a vacuum, and 

then Co2Fe1-LDH precursor was obtained. The Co/Fe molar ratio of CoFe-LDH was tuned by 

adjusting the feed ratio, while Co-LDH was synthesized with the absence of FeCl2·4H2O while 

keeping other conditions the same. 

Synthesis of o-CoSe2 and c-Co2/3Fe1/3Se2  

Selenides were prepared through a high-temperature annealing process25. In brief, the LDH 

precursor and Se powder with a mass ratio of 1:3 were mixed adequately by grinding in a mortar. 

The mixture was placed in a porcelain crucible and heated at 450℃ with a heating rate of 2 ℃ 
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min −1 in a 5% H2/Ar atmosphere. Black selenides were attained after cooling to ambient 

temperature. Using Co2Fe1-LDH and Co-LDH as the starting materials, o-CoSe2 and c-

Co2/3Fe1/3Se2 were prepared, separately. 

Synthesis of o-Co2/3Fe1/3Se2 

The o-Co2/3Fe1/3Se2 was prepared by replacing the 5% H2/Ar atmosphere with pure Ar with 

other high-temperature annealing conditions the same as those for c-Co2/3Fe1/3Se2. 

Material characterizations  

X-ray powder diffraction (XRD) patterns were recorded at a Rigaku D/max 2500 powder X-

ray diffractometer with Cu Kα radiation. Scanning electron microscopy (SEM) and energy 

dispersive X-ray spectroscopy (EDS) data were collected on a Tescan Mira 3 field emission 

scanning electron microscope operated at 5 kV with an EDS detector. Transmission electron 

microscopy (TEM), selected area electron diffraction patterns (SAED), high-resolution 

transmission electron microscopy (HRTEM), and high-angle annular dark-field imaging 

(HAADF) images were obtained from a Talos F200X field-emission high-resolution 

transmission electron microscope. X-ray photoelectron spectroscopy (XPS) data were recorded 

on a Thermo Scientific K-Alpha with Al Kα radiation (hν = 1486.6 eV) and the binding energy 

scale was calibrated by referencing C 1s signal as 284.80 eV. Raman spectra were obtained by 

a HORIBA Scientific LabRAM HR Evolution. Inductively coupled plasma (ICP) spectroscopy 

was carried out on a PB avio 200. 

Electrochemical measurements 

Electrochemical tests were carried out on a CHI 760E electrochemical workstation coupled 

with a standard three-electrode system. For the preparation of the working electrode, 4 mg 

catalyst was dispersed in the mixture of 490 μL alcohol, 490 μL deionized water, and 20 μL  

Nafion solution (5 wt%) to form a homogeneous ink. 100 μL of the as-prepared ink was dripped 
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on a piece of carbon paper (1 cm × 1cm with one side covered completely by Teflon tape) and 

then dried at 105 °C. The catalyst loading was unified as 0.4 mg cm−2. A Hg/HgO electrode 

(containing an interior electrolyte of 1.0 M KOH) and graphite rod were used as reference 

electrode and counter electrode, respectively. All the measured potentials (denoted as EHg/HgO) 

were converted to the reversible hydrogen electrode (RHE) form according to the following 

equation in which 0.098V stood for the potential value of Hg/HgO versus the normal hydrogen 

electrode:  

ERHE=EHg/HgO + 0.098 V + pH × 0.059 

Before each electrochemical test, the working electrode was activated by cycling the potential 

from 0 to 1.20 V versus Hg/HgO fifty times at a scan rate of 30 mV s−1. Linear sweep 

voltammetry (LSV) was conducted by scanning the samples in the potential scope of 0 - 1.20 

V versus Hg/HgO at a scan rate of 5 mV s−1 with 95% iR compensation. Double-layer 

capacitance (Cdl) linearly proportional to ECSA was measured by cyclic voltammetry (CV) 

curves within the non-Faradaic potential window between 0.2 and 0.3 V versus Hg/HgO at 

various scan rates (20, 40, 60, 80 and 100 mV s−1). From the plots of the difference between 

the anodic and cathodic current densities at 0.25V versus Hg/HgO against the scan rates, the 

Cdl value of a catalyst was determined as half of the slope. Electrochemically active surface 

area (ECSA) was then calculated following the following equation:  

ECSA = Cdl / 0.04 mF cm−2 

EIS was collected in the frequency range from 10000 to 0.1 Hz with an external voltage of 0.60 

V versus Hg/HgO. A chronopotentiometry measurement was carried out at a constant current 

density of 20 mA cm−2. 

DFT calculations 
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Density functional theory (DFT) calculations within CASTEP packages were applied in this 

work to reveal the electronic structure. The generalized gradient approximation (GGA) and 

Perdew–Burke–Ernzerhof (PBE) were chosen for all the calculations. Accordingly, the plane-

wave basis cutoff energy was set to 380 eV with the fine quality selection and the ultrasoft 

pseudopotentials. In addition, we also applied the Limited Broyden–Fletcher–Goldfarb–

Shannon (LBFGS) algorithm in this work with the costumed k-point set of 2*2*1 to balance 

the calculation accuracy and efficiency. For all models, 15 Å vacuum space in the z-axis was 

fixed to supply sufficient space for geometry relaxations. For the geometry optimization, the 

following convergence criteria were applied, which are the Hellmann-Feynman forces should 

be less than 0.03 eV Å−1, the total energy difference should not exceed 5 × 10−5 eV per atom, 

and the inter-ionic displacement should be smaller than 0.001 Å−1. 
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Results and discussion 

As illustrated in Figure 1a, o-CoSe2 and c-Co2/3Fe1/3Se2 were prepared through a selenylation 

annealing process under a 5% H2/Ar atmosphere using Co-LDH and Co2Fe1-LDH obtained 

from the coprecipitation procedure as the precursor, respectively. X-ray diffraction (XRD) was 

used to detect the crystalline phase compositions. As shown in Figure 1b, Co-LDH sample was 

indexed as a typical LDH phase. After the introduction of Fe3+ ions, the (012) diffraction of the 

precursor (the pink trace) exhibits a positive shift, suggesting a lattice contraction but also 

confirming the doping behavior. After the selenylation treatment in 5% H2/Ar flow, Co-LDH 

was converted into orthorhombic CoSe2 (JCPDS#53-0449, space group Pnnm), as evidenced 

by the purple XRD pattern in Figure 1c. Figure S1 displays the XRD pattern of the product 

treated under unitary Ar atmosphere, by which orthorhombic selenide structure was also 

indexed. When replacing Co-LDH with the Co2Fe1-LDH as the precursor, the cubic selenide 

phase (JCPDS #09-0234, space group Pa-3) is detected, which is similar to some previous 

works. This result suggests the phase transition after the introduction of Fe atoms, as depicted 

in Figure 1d. While o-Co2/3Fe1/3Se2 was prepared by annealing under pure Ar atmosphere. It 

should be noted that both the (011) and (101) peaks of o-Co2/3Fe1/3Se2 exhibit a positive shift 

by ~0.22° compared with those of o-CoSe2, indicating a small lattice contraction that might be 

caused by the substitution of Fe atoms. Based on the above results, it is concluded that the 

introduction of Fe dopant can lead to the lattice contraction of LDH precursor but also promote 

phase transformation during the selenylation treatment when 5% H2/Ar flow was adopted. 
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Figure 1. Material synthesis and phase structure characterizations. (a) Schematic illustration 

for the preparation of c-Co2/3Fe1/3Se2 and o-Co2/3Fe1/3Se2. XRD patterns of (b) LDH precursors 

and (c) selenide phases. (d) The magnification of (c) in the scope of 28 - 32°. 

The micro-/nano-structural details of the as-prepared samples were investigated using SEM 

and TEM. Figure S2 shows the morphological and compositional information of the LDH 

precursors, from which it can be seen that Co2Fe1-LDH is of hierarchical nanoflowers 

assembled by nanosheets. The compositional analysis further confirmed the successful 

introduction of Fe content into Co2Fe1-LDH precursor. After the high-temperature selenylation 

process, the hierarchical nanostructure was severely damaged, as depicted in Figure S3. EDS 

data, as shown in Figure S4, suggest that the molar ratio of Co: Fe: Se  is about 1.7: 1: 4.2 for 

c-Co2/3Fe1/3Se2, which is rather close to that for o-Co2/3Fe1/3Se2 (1.8 : 1: 3.6). Figure 2a 

demonstrates o-Co2/3Fe1/3Se2 lattice with interplanar spacing of 0.265 nm, corresponding to the 

(111) planes. In Figure 2d, the lattice fringes of 0.310 nm correspond to the (200) lattice planes 

of c-Co2/3Fe1/3Se2. The corresponding SAED patterns in Figure 2b and 2e with bright spots also 
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confirm the phase transition. Elemental maps, as shown in Figure 2c and 2f, overlap with the 

profiles of the selenides, revealing that all of the Co, Fe, and Se elements are homogeneously 

distributed over c-Co2/3Fe1/3Se2 and o-Co2/3Fe1/3Se2 nanostructures. 

 
Figure 2. TEM characterizations. (a, d) HRTEM images, (b, e) SAED patterns, and (c, f) 

elemental mapping of o-Co2/3Fe1/3Se2 and c-Co2/3Fe1/3Se2, respectively. 

Raman and XPS measurements were carried out to verify the surface chemical environment 

as well as the phase change mechanism. The peaks at ~186.8 nm−1 and 261.7 nm−1 are attributed 

to the Se-Se librational models and stretching vibrations, separately (Figure 3a)26. The 

librational signal exhibits a red shift when Fe atoms are introduced to the orthorhombic lattice 

and further reveals an obvious shift to 169.3 nm−1 when the bulk phase structure is converted 

into cubic. It has been unveiled that the shift is closely related to the local symmetry and Fe 

atoms order can increase the local symmetry of Pnnm27. As the faint variation spreads to a 

certain extent, the dominant phase transforms from orthorhombic (Pnnm) to cubic (Pa-3). 

Compared to those of o-CoSe2, the peaks of c-Co2/3Fe1/3Se2 demonstrate a diametrically 
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opposite shift, indicating the Se-Se bond or the unit cell shows expansion (186.8 nm−1) and 

compression (261.7 nm−1) along the specific crystal orientations. The overall XPS survey 

spectra, as depicted in Figure S5, certify the co-presence of Co, Fe, and Se in three samples. 

Fe 2p signal is divided into spin-orbital splitting peaks of Fe-Se bond, Fe-O bond, and extra 

shake-up satellite peaks (Figure 3b)28, in which the Fe-Se 2p3/2 peak of c-Co2/3Fe1/3Se2 exhibited 

a negative shift of 0.2 eV compared with that of o-Co2/3Fe1/3Se2. In addition, the ratio of Fe-Se: 

Fe-O in c-Co2/3Fe1/3Se2 decreased based on the area ratio of the corresponding fitting peaks 

(Table S1), both of which indicate Fe atoms in the cubic crystal system possess higher electron 

cloud density. Co 2p spectrum of o-CoSe2, as shown in Figure 3c, confirms the co-existence of 

Co-Se and Co-O bonds (the latter may originate from the inevitable surface oxidation)21, 29, 30. 

In comparison, Co-Se 2p3/2 of o-Co2/3Fe1/3Se2 and c-Co2/3Fe1/3Se2 show a positive shift by 0.11 

and 0.41 eV respectively, revealing an electron loss of Co ions in o-Co2/3Fe1/3Se2 and c-

Co2/3Fe1/3Se2 with the doping of Fe. The ratio of Co-Se: Co-O in c-Co2/3Fe1/3Se2 is the largest 

among the three samples, indicating that Co atoms lose more electrons in the electron coupling 

effect. It is widely accepted that the high-valence Co species prefer to convert into reactive 

oxygen intermediate (i.e. CoOOH) which is significant to strengthen the OER activity31. Se 3d 

spectrum consists of three peaks, i.e. the Se-O bond and two metal-Se spin-orbital peaks (Figure 

3d). Se-O bond is mainly attributed to the unavoidable surface oxidation in the air32. The Se 

3d5/3 signals of o-CoSe2 and o-Co2/3Fe1/3Se2 almost overlap, however, show an enormous shift 

to higher binding energy compared to that of c-Co2/3Fe1/3Se2. The results suggest that the 

electron interaction in the cubic symmetry is much stronger, which may optimize the d-band 

electronic structure and thus tune ideal adsorption properties on reactant and/or intermediates33. 
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Figure 3. Electronic structure. (a) Raman spectra of c-Co2/3Fe1/3Se2, o-Co2/3Fe1/3Se2, and o-

CoSe2. XPS spectra of (b) Fe 2p, (c) Co 2p, and (d) Se 3d of different selenide nanostructures.  

To evaluate the influence of crystal structure on OER activity, detailed electrochemical tests 

were conducted in 1.0 M KOH. LSV curves, as can be seen in Figure 4a-b, suggest Fe doping 

could increase the OER activity of o-CoSe2. Moreover, c-Co2/3Fe1/3Se2 exhibits a greatly 

reduced OER overpotential (254.7 mV) by ~67 mV and 80 mV to deliver a current density of 

10 mA cm
−2

 compared with o-Co2/3Fe1/3Se2 (321.6 mV) and o-CeSe2 (334.6 mV), separately. 

It was mentioned that the c-Co2/3Fe1/3Se2 exhibits outstanding OER performance compared to 

some recently reported catalysts (Table S2).  Tafel slope is also used to investigate the reaction 

kinetics and the rate-determining step (Figure 4c). c-Co2/3Fe1/3Se2 offers the smallest slope of 
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48.0 mV dec−1 while the two orthorhombic catalysts almost keep the same values of ~60 mV 

dec−1, implying that the cubic cell possesses a faster catalytic kinetic process with the first 

electron transfer step followed by rate-determining chemical transformation34. The Nyquist 

plots in Figure 4d suggest that c-Co2/3Fe1/3Se2 possesses the minimum charge transfer resistance 

(3.17 Ω) compared with 15.48 Ω for o-Co2/3Fe1/3Se2 and 60.12 Ω for o-CoSe2 (Table S3), 

indicating that Fe dopant dramatically accelerated the interfacial kinetics and the phase 

transition could further enhance this effect. By plotting the current density against CV scan 

rates in the non-Faradaic potential window, the electrochemical active surface area (ECSA) 

linearly proportionating to Cdl (double-layer capacitance) was evaluated, as presented in Figure 

4e. It’s worth noting that o-CoSe2 exhibits the largest Cdl value of 24.63 mF cm−2 and Fe dopant 

substantially decreases the active surface area. In particular, c-Co2/3Fe1/3Se2 exposed more 

active sites compared with o-Co2/3Fe1/3Se2. The specific ECSA value was calculated according 

to the specific capacitance (0.04 mF cm−2)35 for an ideal flat surface (insert in Figure 4f). To 

further clarify the relationship between surface area and catalytic activity, the ECSA-

normalized current density was presented in Figure 4f. The redox peak at around 1.4 V is 

attributed to the Co2+ →  Co3+ oxidation and thus c-Co2/3Fe1/3Se2 shows improved redox 

properties intrinsically. All the electrochemical results indicate that c-Co2/3Fe1/3Se2 could be a 

better choice as an OER catalyst. The OER performance of Co2Fe1-LDH is provided in Figure 

S6, of which overpotential is small bigger that of c-Co2/3Fe1/3Se2. 
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Figure 4. Electrochemical OER performance in 1.0 M KOH electrolyte. (a) LSV curves with 

iR-correction, (b) Overpotentials delivering 10 mA cm−2, (c) Tafel slopes, (d) Nyquist plots, (e) 

Cdl values and (f) LSV curves normalized by ECSA, the insert in (f) shows the estimated ECSA 

values according to (e).  

Earlier studies demonstrated that metal selenides will convert into the corresponding 

hydroxide and then serve as the actual active phase during OER process, however, further 
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relationships between surface structure and the electrocatalytic performance have been rarely 

studied in detail. 17, 18, 19, 33. Herein, the surface-active phase transformation was investigated by 

ex-situ experiments. Chronopotentiometry (CP) test was first estimated at a fixed current 

density of 20 mA cm−2 at room temperature to investigate the durability (Figure 5a). c-

Co2/3Fe1/3Se2 exhibits the lowest steady voltage of 1.520 V compared with that of o-

Co2/3Fe1/3Se2 (1.543V) and o-CoSe2 (1.583V). It should be noted that the activity of all catalysts 

after a long-term test, as shown in Figure 5b,  reveals an improved trend and the c-Co2/3Fe1/3Se2 

still possesses the best OER catalytic activity. This phenomenon is mainly attributed to the 

active species forming on the surface of primitive selenide catalysts.  The Cdl, ECSA, and EIS 

values after CP test are provided in Figure S7. o-CoSe2 still exhibits the largest Cdl value of 45 

mF cm−1 and c-Co2/3Fe1/3Se2 remains the highest intrinsic electrocatalytic activity. The ECSA 

of all catalysts exhibited an obvious increase (139 for c-Co2/3Fe1/3Se2, 57 for o-Co2/3Fe1/3Se2, 

and 505 for o-CoSe2), confirming that the surface evolution is beneficial to the OER process. 

The Nyquist plots of three catalysts suggest the active species forming on the surface enhance 

the charge-transfer kinetics, and this influence on o-CoSe2 is greatest. c-Co2/3Fe1/3Se2 still 

exhibits the smallest Rct value. 

To further verify the surface evolution, inductively coupled plasma (ICP) technology was 

used to detect the ion components of the electrolyte after the CP test, as presented in Figure 5c. 

Se atoms were dissolved out substantially from selenide catalysts, implying the surface phase 

change during the continuous catalysis (Figure 5c, the Fe atoms in 1.0 M KOH electrolyte may 

be ascribed to the trace Fe in solid KOH). It should be noted that the Fe atoms in c-Co2/3Fe1/3Se2 

exude more massively compared with that of o-Co2/3Fe1/3Se2, while the Co atoms in the three 

catalysts exhibit different degrees of dissolving. Moreover, the elemental compositions of the 

catalysts after the catalytic reaction were determined by EDS (Figure S8). The atoms ratio of 

Co: Fe: Se: O in o-Co2/3Fe1/3Se2 is 14.6: 10.6: 11.3: 63, which further confirms that the Se atoms 
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dissolve out from the primitive catalyst partially during the limited test time. In comparison, c-

Co2/3Fe1/3Se2 exhibits a molar ratio of 21.9: 13.6: 1.1: 63.4, which suggests that almost all the 

Se atoms separate out. These findings drive us to link Fe atoms diffusion with surface evolution, 

both of which determine the OER performance. For cubic CoSe2, the Fe atoms located at the 

Co lattice position will migrate to the surface more easily in alkaline media compared to the 

orthorhombic system, and a Co-Fe synergetic active species which possesses better OER 

activity compared with a single Co-contained active intermediate layer is thus formed. XPS 

spectra after the CP test were used to verify the surface chemical environment preliminarily. 

The survey spectra in Figure S9 indicate the co-presence of Co and Fe elements while the signal 

of Se almost disappeared. Co 2p XPS spectra, as displayed in Figure 5d, demonstrate the 

disappearance of Co-Se bond compared with those in Figure 3c. The binding energy of Co 

species in c-Co2/3Fe1/3Se2 after the CP test exhibits a positive shift compared with those of o-

Co2/3Fe1/3Se2 and o-CoSe2, agreeing with some previous literature which declares high-valance 

Co species contribute to better OER activity. Detailed information suggests the Co is in +2 and 

+3 valence state after the CP test36. Fe 2p XPS spectra of c-Co2/3Fe1/3Se2 and o-Co2/3Fe1/3Se2, 

as shown in Figure 5e, almost overlap and indicate the disappearance of Se-Fe bonds.  Surface 

Fe species is also in mixed +2/+3 valence states. Se 3d XPS spectra exhibit a big difference 

compared with primitive catalysis in the strength of metal-Se bond (Figure 5f), indicating the 

leaching out of Se atoms for the lattice. All the results suggest that Se atoms exude and a phase 

transformation into hydroxide occurs during the OER process.  
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Figure 5. (a) Chronopotentiometry test at 20 mA cm−2. (b) LSV curves before and after CP test. 

(c) Element concentration in electrolyte after CP test. (d) Co 3d, (e) Fe 2p, (f) Se 3d spectra 

after CP test. 

Raman spectra were collected to further analyze the surface activity species. Figure 6 

provided the Raman before and after CP test. The spectra of o-CoSe2 before and after CP test 

almost remained the same, indicating the bulk phase remains in the initial state during the OER 

process.  On the contrary, the surface structure phases of o-Co2/3Fe1/3Se2 and c-Co2/3Fe1/3Se2 

evolve dramatically and the characteristic Se-Se stretching bond at around 192 cm−1 even fades 

away for c-Co2/3Fe1/3Se2, indicating the surface oxidation of different bulk structures is different 

from each other. This result matches well with the EDS data. Surface oxidation is vital to 

forming an active structure for non-oxide transition metal catalysts37, 38. Based on Raman and 

XPS results, it can be concluded that phase transformation indeed takes place for water 

oxidation. Since the effective measurement thickness of the Raman technology is about 10 nm, 

and the consisted components of the bulk catalyst (e.g. Fe and Co oxide, hydroxide phases, 

herein we will not further distinguish hydroxide and oxyhydroxide) are structurally similar, it 
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is rather difficult to identify the stretching bonds accurately. Even so, some early in situ studies 

are available to help us draw a general conclusion. The peak positions located at 266.4 cm−1, 

425 cm−1, and 504.5 cm−1
 are attributed to Co (OH)2 according to some existing work39. The 

bond at 457 nm−1
 is ascribed to the M-OH translation mode which is similar to Co-Fe LDH40.  

The sharp peak observed at around 572.2 cm−1 is attributed to the formation of CoOOH which 

was regarded as an active intermediate phase for most Co-based OER catalysts41, 42. Alexis T. 

Bell demonstrated that the introduction of Fe atoms contributed to a blue shift at around 573 

cm−1, which might originate from Fe3O4, γ-Fe2O3, and γ-FeOOH, respectively43, 44. Based on 

the ICP data, EDS, and XPS results before and after CP test, it is speculated the Fe substitution 

will cause lattice distortion and accelerate the surface evolution during OER process. The lattice 

distortion of −the cubic system is unstable in alkaline media and tends to form a hydroxide phase. 

For c-Co2/3Fe1/3Se2 catalyst, the Fe atoms will migrate to the alkaline electrolyte more easily 

and participate in the Co oxidation on the surface, which contributes to much more active Co-

Fe composite hydroxide. Numerous pieces of research have demonstrated that the introduction 

of Fe element will optimize the electronic structure of transition metal compound, which will 

further facilitate the oxygen intermediate adsorption/desorption processes and contribute to the 

improved OER activity45, 46, 47. 
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Figure 6. Raman spectra of catalysts before and after CP test 

 

To obtain a deep insight into the OER catalytic mechanism on different selenide 

nanostructures, HRTEM images after a long-time CP test were also collected. As illustrated in 

Figure 7a-b, an amorphous oxidation layer was generated on the surface of c-Co2/3Fe1/3Se2, and 

a core@shell-like structure was thus formed, identical well with XPS and Raman spectra results. 

Clear lattice planes with interspace values of 0.319 nm and 0.263 nm may correspond to the 

(120) plane of CoOOH (JCPDS #16-0480, space group Pbnm) and some planes of CoOx (for 

instance, the (111) plane of cubic CoO JCPDS#42−1300, space group F-43m), separately. The 

associated fast Fourier transform (FFT) image with several diffraction rings suggests the partial 

layered and amorphous structure of the oxidation phase (insert in Figure 7a).  

Local up-scaling HRTEM insert in Figure 7b reveals the packing method of ABCABC 

corresponding to the face-centered cubic phase structure, and the loss of Fe atoms contributes 

to several defects which may also affect the conductivity of core structure and further optimize 

catalytic activity48, 49, 50. Considering both the considerable conductivity of Co-based selenide 

with Se atom dissolution during the anodic OER process and the hydroxide shell layer 
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contacting with the electrolyte directly, it was thus reasonably speculated that the defects didn’t 

influence OER activity to a great extent. The FFT image suggests the Se migration contributed 

to a certain degree of structural evolution compared with the diffraction pattern in Figure 2e. 

However, the core remains the cubic system. The HRTEM and corresponding FFT images of 

o-CoSe2 and o-Co2/3Fe1/3Se2 provided in Figure 7c-d suggest that only a thin oxidation layer 

existed and the orthorhombic bulk phases are well preserved, which could be further evidenced 

by the spot pattern in FFT images. This phenomenon demonstrates that c-Co2/3Fe1/3Se2 turns to 

form a thicker oxidation layer (Co-Fe hydroxide) which is the real active species for OER 

process as illustrated in Figure 7e. It is common that the newly formed hydroxide layers are 

prone to amorphous when the non-hydroxide catalysts are under the anode current in alkaline 

media 17, 20, 51. Compared with above ECSA results, it is suggested that there is an inverted 

relationship between ECSA and the surface oxidation evolution. It may be attributed to the 

exposed metal atoms, which play as the absorption sites in OER process52, 53, 54. For o-

Co2/3Fe1/3Se2, the surface evolution is poor and more Co and Fe atoms are exposed to the 

electrolyte. On the contrary, the surface of c-Co2/3Fe1/3Se2 is more susceptible to evolution. 

However, the number of metal atoms in the layer hydroxide is much smaller than bulk phase. 

In addition, to investigate the effect of Fe element content on OER activity, the molar ratio 

of Co/Fe raw material is further reduced to 4:1 and 8:1, separately. XRD patterns with different 

shifted deviations, as displayed in Figure S10, indicate Fe atoms cause small lattice contraction 

by replacing the Co atoms in the cubic lattice of CoSe2. c-Co2/3Fe1/3Se2 samples with a feed 

ratio of 4:1 and 8:1 need an overpotential of 284 and 317 mV to deliver the current density of 

10 mA cm−2, respectively, which are larger than 254.7 mV for c-Co2/3Fe1/3Se2 with the ratio of 

2:1, but superior to that of o-Co2/3Fe1/3Se2 (321.6 mV) with the ratio of 2:1 (Figure S11). The 

Nyquist plots of c-Co2/3Fe1/3Se2 with the ratio of 4:1 and 8:1 exhibit charge transfer resistance 

of 9.37 Ω and 21.70 Ω, separately, which suggests the introduction of Fe atoms in cubic CoSe2 
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can also enhance electron transport capacity. This finding suggests the OER activity of CoSe2 

is strongly associated with the Fe content, and the in situ formed oxidation layer on the surface 

of c-Co2/3Fe1/3Se2 is vital for efficient OER activity.  
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Figure 7. HRTEM images of (a-b) c-Co2/3Fe1/3Se2, (c) o-CoSe2 and (d) o-Co2/3Fe1/3Se2 after the 

CP test, the inserts show the corresponding FFT patterns. (e) Schematic illustration of the 

catalyst surface oxidation mechanism for c-Co2/3Fe1/3Se2 during the OER. 

DFT calculations were used to reveal the role of the Fe atom regarding the electronic structure. 

Some previous works have claimed that there are hydroxide layers on the surface of selenides 

and oxides under the anode current17, 19, 20, 55, which further confirms our opinion. The (001) 

surface Co(OH)2 with a space group of P-3m1 is selected as the model and the same surface 

exposed and replaced the Co atom to obtain CoFe hydroxide56, 57. The calculation results are 

elaborated in Figure 8. In consideration of the atom difference charge density in the slice of 

(001) (Figure 8a, 8b), Fe atoms possess lower electron density compared with Co. It is 

suggested that the Fe atoms will lose more electrons and are prone to exhibit a higher valence 

state during the surface evolution takes place. Furthermore, we visualized the Mulliken charge 

quantitative value (Figure 8c). There are two equivalent positions for Co atoms, the nearest 

position to Fe atoms was named Co1, and the remote position Co2. The value for Fe atoms is 

1.08 which is bigger than that of Co1 (0.95) and Co2 (0.98). It can be concluded that the 

inducing of Fe will endow the nearest Co atoms with more electrons and this function will be 

weak when applied to remote atoms. Finally, the Density of states (DOS) and d band (Figure 

8d, 8e, 8f) is calculated. Clearly, near the Fermi lever, the charge density mainly originates from 

the d band which confirms the d-band Theory58, 59. Maybe because of the near-atomic number 

and the small number of introduction Fe atoms, the total DOS could not exhibit very different, 

as well as the d-band centre. Specifically, the value of the d-band centre for CoFe hydroxide is 

-1.25 eV and -1.30 eV for Co hydroxide. Small rise indicates stronger absorption ability and it 

is beneficial for the stability of intermediates60. The d-band partial DOS (PDOS) for different 

atoms was also displayed (Figure 8f). There is an obvious conjugate action for Fe and Co atoms 
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and an energy shift, which indicates Fe improves the chemical environment of Co and it is 

consistent with Mulliken charge result. 

 

Figure 8.  Theoretical calculations. Differential charge densities of (a) Co hydroxide and (b) 

CoFe hydroxide, in which the red contours represent electron accumulation. (c) The Mulliken 

charge of CoFe hydroxide. DOS of (d) Co hydroxide and (e) CoFe hydroxide. (f) Site-

dependent PDOS of d orbitals in CoFe and Co hydroxide. 

4. Conclusion 

In summary, Fe dopant could induce the phase transition of CoSe2 from orthorhombic to 

cubic symmetry during the selenylation process of the LDH precursor. c-Co2/3Fe1/3Se2 exhibits 

an outstanding electrocatalytic activity in 1.0 M KOH with an overpotential of 254.7 mV 

delivering a current density of 10 mA cm−2 and a Tafel slope of 48.0 mV dec−1
, overpassing 

both o-Co2/3Fe1/3Se2 and o-CoSe2. The ex-situ characterizations before and after the OER 

process show that the Fe dopant in c-Co2/3Fe1/3Se2 efficiently promotes the in-situ formation of 

thin Co-Fe hydroxide layers on the surface of the catalyst and thus endows the enhanced OER 

activity. DFT calculations reveal that Fe atoms in CoFe hydroxide are in high value and tune 



 

 25 / 30 

 

the charge density of Co atoms and enhance the absorption capacity to intermediate. These 

findings unveil the relationship between the surface structure and the electrocatalytic 

performance during the anodic OER process, which may open a new door to designing 

advanced electrocatalysts based on transition metal elements. 
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Our research puts forward new opinion for the surface evolution which is 

meaningful for high-performance catalysts design. 

 


