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a b s t r a c t 

Metal–cation doping is a fundamental strategy for enhancing catalyst performance. Fe-doped Ni0.85 Se/NF (Fe- 

Ni0.85 Se/NF) nanoparticles were prepared at 80 °C via Fe2 + etching method. The addition of Fe altered the 

coordination environment of the Ni species along with the catalyst’s morphology, creating additional active 

sites. Notably, the synergistic interaction between the bimetallic components augmented the built-in activity 

and accelerated reaction kinetics. The Fe-Ni0.85 Se/NF electrocatalysts demonstrated remarkable catalytic activ- 

ity for the oxygen evolution reaction (OER), with an acceptable overpotential of 276 mV and a Tafel slope of 

58.1 mV dec− 1 at 100 mA cm− 2 . Moreover, they demonstrated exceptional durability. In situ Raman and X- 

ray photoelectron spectroscopy (XPS) analyses showed that the excellent OER performance stemmed from the 

reconstruction-induced hydroxyl oxide. This study offers a novel approach for streamlining the synthesis proce- 

dures and reducing the experimental costs for developing high-efficiency electrocatalysts. 
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. Introduction 

Energy and pollution pose significant challenges to sustainable hu-

an existence [1–5] . Since the beginning of the 21st century, re-

earchers have focused on developing renewable energy sources to re-

lace traditional, high-pollution options [6–9] . Hydrogen preparation

y electrolytic water has become a potential green energy source be-

ause of its high conversion efficiency and environmental compatibil-

ty [10–13] . Water splitting involves two half-reactions [14–16] , which,

owever, exhibit sluggish kinetics (especially the oxygen evolution reac-

ion (OER) involving a four-electron process), thus bottlenecking water

lectrolysis [17–19] . Although noble metal catalysts such as Pt, RuO2 ,

nd IrO2 have been utilized to produce hydrogen on an industrial scale,

heir scarcity and high cost restrict their widespread use and scalability

20–22] . Hence, developing affordable and highly effective non-noble-

etal OER catalysts remains a crucial research goal. 

Transition metal hydroxides, phosphates, and chalcogenides have

arnered significant interest because of their straightforward synthesis
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nd exceptional catalytic activity [23–28] . Non-stoichiometric nickel-

elenium compounds show excellent OER activity owing to their high

ntrinsic activity and adjustable properties [29–31] . In addition, their ac-

ivity can be further enhanced when Ni–Se compounds are doped with

ther cations [32–35] . Various studies have shown that metal cation-

oped nickel-selenium compounds exhibit excellent activity and stabil-

ty in the OER [36–40] . Liang et al. reported Co-doped NiSe nanoflowers

eposited in situ on Ni foam (NF) substrates, which exhibited excellent

atalytic performance for the OER, with an overpotential of 380 mV at

 current density of 100 cm− 2 [36] . Wang et al. used first-principles cal-

ulations to investigate the influence of metal cation doping on the cat-

lytic performance of NiSe2 , with the results confirming that Fe was the

est candidate for regulating NiSe2 [37] . Similarly, Chang et al. synthe-

ized a novel three-dimensional hierarchical network on a carbon paper

ubstrate with a high OER performance using 2D Fe-doped NiSe and

arbon nanotubes, demonstrating that the synergistic effect of Fe dop-

ng predominantly enhanced the catalytic activity [38] . Liu et al. used a

ne-step solvothermal approach to produce Ni0.85 Se on an NF substrate.
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y doping various quantities of Fe to control the morphology and elec-

rochemical properties of Ni0.85 Se, the optimized Fe-Ni0.85 Se exhibited

utstanding hydrogen evolution reaction (HER) and OER properties and

ould be employed for total water decomposition. This outstanding per-

ormance was attributed to the unique 2D nanosheet array structure,

igh conductivity, and enlarged electroactive area induced by Fe dop-

ng [39] . Despite the high catalytic activity of Fe-doped nickel-selenium

ompounds, the majority of them are prepared in a high-temperature

nvironment by adding nickel salt and a reducing agent, thereby pro-

ucing toxic gases and pollutive by-products that detrimentally impact

he green development of energy. 

On this basis, we herein propose a simple low-temperature hy-

rothermal strategy for the synthesis of Fe-doped Ni0.85 Se (Fe-Ni0.85 Se)

lectrocatalysts. SeO2 was utilized as the Se source without relying on

 reductant to mitigate pollutant introduction, and an NF substrate was

mployed as the nickel source. Notably, the etching of Fe ions dramat-

cally decreased the synthesis temperature required in our approach,

ielding a low-crystallinity catalyst exhibiting excellent OER activity

nd stability in 1 M KOH electrolyte. Specifically, an overpotential of

76 mV was achieved at a 100 mA cm− 2 current density, surpassing

he reported performances of catalysts like Ni0.85 Se without Fe doping

nd commercial RuO2 under the same load and operation conditions.

urthermore, our catalyst exhibited long-term electrochemical stability,

ith negligible performance degradation during a 100 h OER test. We

rospect for the findings reported herein to pave the way for the devel-

pment of highly efficient electrolytic water catalysts. 

. Results and discussion 

Granular Fe-Ni0.85 Se was synthesized using a one-step hydrothermal

rocess with NF and SeO2, respectively, as Ni source and Se sources.

 typical synthesis strategy is illustrated in Fig. 1(a) . After 4 h of low-

emperature hydrothermal treatment without Fe doping, two different

orphologies were realized on the NF substrate surface ( Figs. 1(b) –( d ))

n the scanning electron microscopy (SEM) images: one with a diameter

f approximately 1 μm and a relatively smooth surface, and the other

ith a diameter of approximately 200 nm and a rough surface resem-

ling that of frill. Energy-dispersive X-ray (EDS) elemental mappings el-

mental mapping was performed to determine further the chemical com-

osition of Ni0.85 Se/NF (Fig. S1). The bulk of Se was observed to cluster

n the large and smooth particles in the middle, whereas Ni and the

emaining Se were clustered on the surrounding folded particles. This

ndicated the excessive presence of SeO2 during the reaction. However,

he morphology of the catalyst changed after doping with 0.4 mmol Fe

 Figs. 1(e) –( g )). Particles, approximately 400 nm in size, were homo-

eneously supported on the NF surface. Additional smaller particles ex-

sted atop the surface of the larger particles, contributing to the surface’s

oughness, which was conducive to exposing more active sites. The pres-

nce of Fe was verified through EDS elemental mapping ( Figs. 1(h) –( k )),

hich showed an even distribution of Ni and Se in contrast to the rel-

tively sparse distribution of Fe. Combined with the X-ray diffraction

XRD) results (Fig. S1), no Fe peak was observed, demonstrating the

uccessful doping of Fe. 

The transmission electron microscopy (TEM) images in Figs. 2(a) –( e )

urther verified the structure of Fe-Ni0.85 Se/NF. The particle size dis-

ribution was uniform (approximately 400 nm), with numerous small

articles revealed upon further magnification. No apparent lattice was

bserved after magnification at 600000 × ( Fig. 2(e) ). This was attributed

o the low temperature and short synthesis time inhibiting the complete

rowth of the crystal structure, which was in accordance with the XRD

ow-intensity diffraction peak ( Fig. 3(a) ). In addition, electron diffrac-

ion analysis was performed on the material ( Fig. 2(f) ). The weak diffrac-

ion rings corresponded to the (102) and (101) crystal planes of Ni0.85 Se,

ith no discernible diffraction rings assigned to Fe. 

The effects of different temperatures and Fe2 + doping levels on

he phase composition of the catalyst were investigated. The X-ray
79
iffraction patterns of the catalysts are presented in Figs. S2(a)(b) (Fex -

i0.85 Se/NF-Y, where x represents the amount of Fe2 + doping (mmol),

nd Y represents the hydrothermal temperature). The Fex -Ni0.85 Se/NF-

0 sample did not exhibit a distinct Ni0.85 Se peak, while the intensity

f the Ni0.85 Se peak increased as the temperature rose. Similarly, the

i0.85 Se peak became more pronounced as the Fe2 + concentration in-

reased under a constant temperature. Notably, the diffraction peak

f Ni0.85 Se could hardly be observed when there was no Fe doping

 Fig. 3(a) ). This could be attributed to the release of Ni2 + from the Ni

oam driven by the etching effect of Fe2 + during the hydrothermal pro-

ess, which lowered the energy barrier of Ni0.85 Se formation [ 41 , 42 ].

he elemental states and electronic interactions of the optimized cata-

ysts were determined via X-ray photoelectron spectroscopy (XPS) anal-

sis. Fig. 3(b) illustrates the total XPS spectra of Ni0.85 Se/NF-80 and

 typical Fe-Ni0.85 Se/NF sample. Compared to Fe-Ni0.85 Se/NF equiva-

ent, the Ni 2p peak of Ni0.85 Se/NF was weak, with no discernible Fe

p peak. This further corroborates that the introduction of Fe facilitates

he etching of metallic Ni on the NF surface [42] , inducing the release of

i2 + and the decrease of the energy barrier for the synthesis of Ni0.85 Se.

arallelly, the XPS results revealed a weak Fe 2p peak, indicating the

uccessful doping of Fe. In the high-resolution Fe 2p XPS spectrum of

e-Ni0.85 Se/NF ( Fig. 3(c) ), the peaks at 709.56 and 722.81 eV were as-

igned to the 2p3/2 and 2p1/2 states of Fe2 + . The other two peaks at 711.6

nd 724.89 eV corresponded to the 2p3/2 and 2p1/2 states of Fe3 + . The

resence of Fe3 + was caused by the partial oxidation of Fe2 + during the

ydrothermal process. In addition, the peaks at 716.88 and 731.71 eV

ere attributed to satellite peaks (denoted "Sat."). The Ni 2p XPS profile

f Ni0.85 Se/NF is shown in Fig. 3(d) . The peaks at 854.01 and 870.98 eV

orresponded to the 2p3/2 and 2p1/2 states of Ni2 + , while the peaks

t 855.9 and 873.31 eV were attributed to Ni3 + . Further, the peak at

62.2 eV was attributed to the satellite peaks [43] . With Ni0.85 Se/NF-

0 as a reference, after Fe doping, the Ni2+ 2p3/2 and Ni3 + 2p3/2 peaks

egatively shifted by 0.82 and 0.44 eV, respectively, indicative of the

igh charge density of Fe [44] . The Se 3d spectrum ( Fig. 3(e) ) showed

 peak at 58.93 eV, attributable to the oxidation state of Se, while the

eaks at 54.55 and 55.53 eV corresponded to the 3d5/2 and 3d3/2 states

f Se. Notably, the Se 3d5/2 peak negatively shifted by 0.9 eV after Fe

oping. The XPS results further confirmed the successful synthesis of Fe-

oped Ni0.85 Se. Meanwhile, Fig. 3(f) shows the in-situ Raman spectra of

he OER process under varying potentials (1.0–1.9 V) in an alkaline so-

ution. The strong peak observed from 1.0 to 1.4 V at ∼681 cm− 1 was

ttributed to Ni-OH. When the potential reached 1.4 V, oxygen evolu-

ion was stimulated, and the Raman band for Ni-OH decreased; however,

hen the potential approached 1.6 V, the peaks of the 𝛿 (O–M–O) and

(O–M–O) vibrations at ∼604 and ∼803 cm− 1 , respectively, increased.

oncurrently, peaks at ∼443 and ∼492 cm− 1 , attributed to NiOOH, ap-

eared and increased. The peak that appeared at 1072 cm− 1 was as-

igned to MOO− . Overall, the above results demonstrate that under al-

aline conditions, the OER kinetics when employing the Fe-Ni0.85 Se/NF

lectrocatalyst is directly tied to the reconstruction-induced hydroxyl

xide. 

The OER performance of the catalyst was investigated using a typ-

cal three-electrode setup in a 1 M KOH electrolyte. As shown by

he linear sweep voltammetry (LSV) curves ( Fig. 4(a) ), the optimized

e-Ni0.85 Se/NF configuration demonstrated the best catalytic perfor-

ance, with overpotentials of 261, 276, and 307 mV under current

ensities of 50, 100, and 300 mA cm− 2 , respectively. The optimized

e-Ni0.85 Se/NF catalyst outperformed its Ni0.85 Se/NF and commercial

uO2 /NF analogs regarding electrocatalytic OER performance under the

ame loading mass. In general, a smaller Tafel slope reflects better ki-

etic properties ( Fig. 4(b) ). Obviously, the Tafel slope value of the opti-

ized Fe-Ni0.85 Se/NF (58.1 mV dec− 1 ) was below those of Ni0.85 Se/NF

76.2 mV dec− 1 ) and RuO2 /NF (146.6 mV dec− 1 ). Fig. 4(h) confirms that

he optimized Fe-Ni0.85 Se/NF has the lowest overpotential and Tafel

lope compared with other catalysts and commercial RuO2 , approxi-

ating the values of equivalent recently reported OER catalysts (Table
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Fig. 1. (a) Preparation flow-chart of Fe-doped Ni0.85 Se. SEM images of (b) Ni0.85 Se/NF, (c) Fe-Ni0.85 Se/NF at different magnifications, and (h)–(k) EDS elemental 

mapping of typical Fe-Ni0.85 Se/NF. 
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1). The corresponding electrochemical impedance spectroscopy (EIS)

esults at a fixed potential of 1.5 V were further explored ( Fig. 4(c) ).

he Rct of Fe-Ni0.85 Se/NF was lower than those of Ni0.85 Se/NF and

uO2 /NF, indicating that Fe doping optimized the electron mass trans-

er rate. Double-layer capacitance ( Cdl ) is an important index for eval-

ating the catalytic performance of a material. Figs. S5(a)(b) illustrate

he cyclic voltammetry (CV) curves of different catalysts under differ-

nt scanning rates within the 1.0–1.1 V range. The Cdl value of Fe-

i0.85 Se/NF (4.6 mF cm− 2 ), as obtained from the CV curves, surpassed

hat of Ni0.85 Se/NF (2.9 mF cm− 2 ), further indicating that Fe introduc-

ion accelerates OER kinetics (Fig. S3(c)). As has been previously estab-

ished, the electrochemical surface area (ECSA) has a linear relationship

ith Cdl . To verify the intrinsic activity of the catalyst, the current den-

ity of the OER polarization curve was normalized to the electrochemical
80
urface area. As shown in Fig. 4(d) , Fe-Ni0.85 Se /NF showed the highest

urrent density under the same overpotential, indicating its higher in-

rinsic activity compared to those of Ni0.85 Se/NF and RuO2 /NF, while

ccentuating that Fe doping can effectively enhance the active center

45] . 

The corresponding LSV curves were obtained at a scanning rate of

 mV s− 1 to examine the effect of temperature on catalytic performance.

s depicted in Fig. S4(a), when 0.4 mmol Fe was quantitatively added,

he catalyst prepared at 80 °C exhibited the highest catalytic perfor-

ance with an overpotential of 276 mV at a current density of 100 mA

m− 2 , outperforming the catalysts prepared at 60 °C (292 mV) and

00 °C (286 mV). The above corroborates that temperature carries an

mportant effect on the Fe doping process. In the catalyst synthesized at

0 °C, the 2p peak of Fe disappeared. At 80 °C, the ratio of Fe3 + /Fe2 + 
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Fig. 2. (a)–(c) TEM images of typical Fe-Ni0.85 Se/NF at different magnifications, (d)(e) high-magnification TEM images of Fe-Ni0.85 Se/NF, and (f) corresponding 

SAED images of nanoparticles. 

Fig. 3. (a) XRD patterns of Fe-Ni0.85 Se/NF and Ni0.85 Se/NF. (b) Full spectrum of Fe-Ni0.85 Se/NF and Ni0.85 Se/NF. Corresponding high-resolution XPS spectra of (c) 

Fe 2p, (d) Ni 2p, and (e) Se 3d. (f) In situ Raman spectra of Fe-Ni0.85 Se/NF for the OER process in 0.1 M KOH solution. 
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F  
as approximately 3:2, while at 100 °C, only the characteristic peak of

e3 + (Fig. S5) was observed. This suggested that the coexistence of Fe3 + 

nd Fe2 + markedly enhanced the OER process. The Tafel slope of each

lectrolyte was calculated from its corresponding polarization curve

Fig. S4(b)). The smaller Tafel of Fe0.4 -Ni0.85 Se/NF-80 (58.1 mV dec− 1 )

ompared to those of Fe0.4 -Ni0.85 Se/NF-60 (67.4 mV dec− 1 ) and Fe0.4 -
81
i0.85 Se/NF-100 (68.9 mV dec− 1 ) highlighted that the temperature had

 notable effect on the reaction kinetics. To illustrate the underlying

echanism of its excellent OER performance, the optimized catalyst

nderwent EIS analysis at a fixed potential of 1.5 V (Fig. S4(c)). Al-

eit not significantly different from those of Fe0.4 -Ni0.85 Se/NF-60 and

e0.4 -Ni0.85 Se/NF-100, Fe0.4 -Ni0.85 Se/NF-80 demonstrated the small-
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Fig. 4. (a) Linear sweep voltammetry and (b) corresponding Tafel slopes of typical samples (Fe-Ni0.85 Se/NF, Ni0.85 Se/NF, and commercial RuO2 ) in 1 M KOH. 

(c) Nyquist curve of typical sample at 1.5 V fixed potential. (d) OER performance of Fe-Ni0.85 Se/NF, Ni0.85 Se/NF, and RuO2 /NF after the electrochemical surface 

area normalization. (e) Multistep chronopotentiometric curves of optimized Fe-Ni0.85 Se/NF at different current densities (without iR compensation), (f) long-term 

CP curves of Fe-Ni0.85 Se/NF measured at 50 mA cm− 2 for 100 h (without iR compensation) and (g) LSV curves of samples after long-term stability testing. (h) 

Performance comparison of oxygen evolution catalysts synthesized under different conditions. 
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st charge transfer resistance, indicating comparable electron transport

ates. In addition, the Cdl values obtained from the CV curves gradually

ncreased with a rise in temperature (Figs. S6 (a)–(d)). 

Furthermore, the effects of different mole ratios of Fe doping on

he characteristics at 80 °C were investigated. Fig. S7(a) illustrates the

SV curves. An overpotential of 296 mV was necessary for 0.2 mmol

e doping to reach a current density of 100 mA cm− 2 , while Fe0.6 -

i0.85 Se/NF-80 required 289 mV. As shown in Fig. S8, the XPS maps

llustrate that Fe0.4 -Ni0.85 Se/NF-80 possessed the highest Fe3 + /Fe2 + ra-

io, followed by Fe0.6 -Ni0.85 Se/NF-80 and Fe0.2 -Ni0.85 Se/NF-80. The re-

ults indicated a close correlation between the Fe3 + /Fe2 + ratio and the

ER performance, with performance improving as the ratio increased.

his behavior stemmed from Fe3 + exhibiting the best bonding energy

or the adsorption of OER intermediates, which increased the catalyst’s

onductivity. Combined, these characteristics accelerated the electrode

eaction kinetics. More importantly, Fe3 + can act as a Lewis acid that

xidizes Fe3 + and Ni3 + cations during the catalytic process [46] , ulti-

ately producing highly active Ni4 + species in the NiOOH matrix [47] .
82
herefore, the abundance of Fe3 + ions favors the OER processes, as ver-

fied by the corresponding LSV curves (Fig. S7(a)). The Tafel slope of

e0.4 -Ni0.85 Se/NF-80 (58.1 mV dec− 1 ) was comparable to that of Fe0.6 -

i0.85 Se/NF-80 (62.6 mV dec− 1 ), with both being smaller than that of

e0.2 -Ni0.85 Se/NF-80 (73.8 mV dec− 1 ), indicating similar reaction kinet-

cs (Fig. S7(b)). The corresponding EIS behavior at a fixed potential of

.5 V was further investigated (Fig. S7(c)). Fe0.4 -Ni0.85 Se/NF-80 had the

owest charge transfer resistance compared to Fe0.2 Ni0.85 Se/NF-80 and

e0.6 -Ni0.85 Se/NF-80, demonstrating that the electron mass transfer rate

s greatly affected by Fe doping. Furthermore, the Cdl increased as the

e content increased (Figs. S9(a)–(d)). 

Catalyst durability poses another crucial factor to consider when

valuating catalytic efficacy. The multistep chronopotentiometric (CP)

urves of the conditioned Fe-Ni0.85 Se/NF sample recorded without iR

orrection are shown in Fig. 4(e) . The potential also increased and

tabilized as the current density increased, demonstrating the remark-

ble electron mass transfer performance and mechanical stability of Fe-

i Se/NF. Furthermore, the CP curve of Fe-Ni Se/NF at a current
0.85 0.85 
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Fig. 5. High-resolution XPS spectra of (a) Fe 2p, (b) Ni 2p, and (c) O 1s before and after the stability test of Fe-Ni0.85 Se/NF. (d)–(f) SEM diagram and (g)–(h) 

corresponding EDS element mapping after stability test. 
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p  
ensity of 50 mA cm− 2 was evaluated for 100 h ( Fig. 4(f) ). The initial

otential increased to 1.561 V without iR correction and to 1.572 V af-

er 100 h of long-term testing. Further, the overpotential increased to

pproximately 11 mV. Moreover, the polarization curve generated by

he catalyst shortly after the stability test nearly overlapped with that at

he beginning ( Fig. 4(g) ), demonstrating outstanding OER stability. Fe-

i0.85 Se/NF exhibited excellent performance and stability, which can

e attributed to the following factors: (1) the existence of multi-ionic

alence Fe promoting the OER [48] ; (2) the highly active Ni4 + species

ormed in the structural transformation process owing to the synergis-

ic effect of the Fe3 + Lewis acid; (3) the synergistic effect of bimetallic

e and Ni species on the OER process; (4) the enhanced coordination

nvironment of Ni species as a result of Fe doping, which apart from

mproving the conductivity of the catalyst, it also positively modified

ts morphology by exposing additional active sites; and (5) the presence

f the nickel foam conductive substrate, which enhanced the electron

apture ability of Fe species, thereby improving their contribution to

he OER. 
83
The structure of the catalysts transformed after the OER test con-

ucted herein, which has also been confirmed in several previous re-

orts [49–51] . Figs. 5(a) –( c ) show the XPS spectra of Fe-Ni0.85 Se/NF

efore and after the stability tests. Following the OER test, the ratio

f Fe3 + /Fe2 + and Ni3 + /Ni2 + both increased. This was attributed to the

lectrophilic ∗ O (∗ represents the adsorption center) in the OER pro-

ess restructuring a part of the surface of Fe-Ni0.85 Se/NF into MOOH

M = Fe, Ni) through a nucleophilic attack, which has been confirmed to

ubstantially enhance the catalytic activity in the OER process [ 52 , 53 ].

he XPS profiles of the catalysts were recorded before and after the

est ( Fig. 5(c) ). Before the OER test, the O 1s peaks can be deconvolved

nto defective oxygen (O2 ) at 529.5 eV and adsorbed oxygen (O3 ) at

30.8 eV. Nevertheless, after the OER test, they can be deconvolved

nto metal-oxygen (O1 ) at 528.5 eV, defect oxygen (O2 ) at 529.5 eV,

nd adsorbed oxygen (O3 ) at 530.7 eV. The emergence of O1 confirmed

he occurrence of structural transformation in the Fe and Ni species dur-

ng the OER, with MOOH (M = Fe, Ni) being the likely cause of the O1 

eak appearance. The change in the surface morphology further indi-
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[  
ated this transformation, which was also observed in the in-situ Ra-

an spectra depicted in Fig. 3(f) . As shown in Figs. 5(d) ( e ), the catalyst

urface underwent limited morphological changes, and some originally

arge particles changed into irregular small particle aggregates, demon-

trating that the metal active center was transformed into amorphous

OOH at the initial OER stage. Parallelly, EDS elemental mapping was

erformed post-OER process to confirm the presence of elements before

he OER ( Figs. 5(g) ( h )). The results demonstrated an even distribution

f Fe, Ni, and Se elements, further accentuating the excellent stability

f the catalyst. Compared to the pre-OER test, O was evenly distributed,

s expected; however, the Fe/Ni ratio and Fe species content decreased

Fig. S10). As reported previously [41] , the strong interaction between

e and ∗ O was responsible for the collapse of the Fe species, resulting

n a lower Fe/Ni ratio after the completion of the OER test [54] . 

. Conclusions 

In conclusion, Fe-doped NiSe compounds with remarkable OER per-

ormance and stability were synthesized via ion etching using a straight-

orward one-step hydrothermal method without exogenous Ni salts. Fe

oping induced changes in the local coordination environment and sur-

ace morphology of the Ni species, exposing more active sites. The pres-

nce of polyvalent Fe ions facilitated the adsorption of ∗ O by the Ni

pecies, promoting structural transformation during the OER and en-

ancing activity. Additionally, the Lewis acidity of Fe3 + contributed to

he oxidation of Ni species to Ni4 + , further boosting catalytic activity.

verall, Fe-doping significantly enhances the OER properties of NiSe

ompounds. Interestingly, the optimized Fe-Ni0.85 Se/NF exhibited out-

tanding performance with an overpotential of 276 mV at a current den-

ity of 100 mA cm− 2 , maintaining high performance throughout a 100 h

ER test. This study presents a straightforward and successful method-

logy for developing non-noble metal catalysts while streamlining the

ynthesis steps and reducing experimental costs. 
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