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ABSTRACT 

Developing highly active and durable electrocatalysts, consisting of earth-abundant elements, for 

oxygen evolution reaction (OER) is pivotal for large-scale water splitting for hydrogen production. 

Herein, we report that the commercially available FeNiCo alloy can be converted to a highly active 

electrocatalyst for OER through galvanostatic anodizing in a fluoride-containing ethylene glycol 

electrolyte. Anodizing of the alloy develops a porous film consisting of the (FeNiCo)F2 phase, 

which is readily converted to a highly active porous oxyhydroxide during anodic polarization in a 

KOH electrolyte. The anodized alloy exhibits high activity and high durability for OER with the 

overpotential as low as 0.26 V at a current density of 10 mA cm−2. The present study demonstrates 

that a simple and cost-effective anodizing process can be used to form a highly active OER 

electrode from a low-cost, practical, iron-based alloy. In addition, we found that fluorides 

containing Fe, Ni, and Co are excellent precursors for the formation of oxyhydroxides exhibiting 

high OER activity and durability. 

 

Introduction 

Electrochemical water stripping for producing hydrogen is attracting increasing attention during 

the transition from a fossil fuel-dependent society to a renewable energy-based society, owing to 

hydrogen’s promising potential as a renewable energy carrier for energy conversion and storage. 

Several electrochemical devices, such as solid oxide electrolysis cells,1 polymer electrolyte 

electrolysis cells,2-3 alkaline electrolysis cells,2-3 and photoelectrochemical cells,4 are currently 

used to produce hydrogen. Alkaline water-splitting devices are cheap to produce hydrogen; 
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however, they are currently limited by their low energy conversion efficiency. Electrocatalysts 

exhibiting greater OER efficiency are required to increase hydrogen production efficiency, as 

current electrocatalysts exhibit the slow OER kinetics in alkaline media at temperatures below 

100 °C. 

Hydrogen production through alkaline electrolysis has been conducted for more than 40 years. 

Traditionally, porous Ni and Ni-based alloy electrodes have been utilized for the OER owing to 

their relatively high activity and high resistance to corrosion in alkaline media.5-6  Electrocatalysts 

for polymer electrolyte electrolysis in acidic environments are limited to noble metal elements, 

such as Pt, Ru, and Ir, which exhibit high activity and durability. In contrast, alkaline water 

splitting is achievable using low-cost electrocatalysts free from noble metals. 

The use of earth-abundant electrocatalysts is crucial for the large-scale production of hydrogen 

by water splitting. Fe-, Co-, and Ni-based electrocatalysts have been extensively investigated, and 

these studies are well summarized in recent reviews.7-11 Several studies have confirmed that the 

addition of Fe to Ni- and Co-based electrocatalysts significantly enhances the OER activity, 

suggesting the critical importance of Fe to the OER.10, 12-16 Although crystalline transition metal 

oxides and hydroxides are the majority of studies, highly active amorphous oxide electrocatalysts 

based on Fe, Co, and Ni elements have also been reported.17-20 

 OER electrode fabrication is generally realized through the binding of a powdered active 

electrocatalyst to the surface of a current collector with a polymeric binder. However, this 

fabrication route can potentially increase the electrode’s electrical resistance, bury active sites, and 

limit mass transport. Conductive additives, such as carbon black, are often added to the binder to 

ensure an electrical conduction route to electrocatalyst powders in electrodes exhibiting poor 

electronic conductivity.21 Conventional carbon additives are readily consumed under alkaline OER 
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conditions, although novel oxidation-resistant carbon materials have recently been reported.22 

Thus, the development of highly active and durable OER electrodes without binders and 

conductive additives is desirable for their practical application in water splitting. 

Electrodeposition of OER active materials on a current collector is a promising approach for the 

binder-free fabrication of electrodes. Lu et al. reported the electrodeposition of hierarchically 

porous amorphous Ni-Fe composite nanosheets directly onto a microporous Ni foam current 

collector, with the electrode exhibiting an OER onset potential as low as 200 mV.23 However, 

composite nanosheets deposited on a current collector through electrodeposition still face adhesion 

issues. More recently, the direct conversion of metal or alloy surfaces to active species has attracted 

particular interest. Zhang et al. reported the formation of a highly active Ni-Fe hydroxide/Ni foam 

electrode through hydrothermal surface oxidation of the Ni foam, which was then followed by 

soaking in an Fe(NO3)3 aqueous solution to facilitate the incorporation of Fe species.24 Fan et al. 

demonstrated the formation of highly active nanosheets by anodizing electrodeposited FeCoNi 

alloys.25 Anodizing of metals and alloys is an established method of forming porous surface layers 

directly on metallic substrates.26-27 Recently, the activation of stainless steels for the OER has been 

reported.28-35 In this application, low overpotential for the OER and sufficient durability have been 

reported; however, under alkaline OER conditions, the dissolution of chromate occurs from the 

stainless steels, which contain, typically 16–18 mass% Cr. Thus, chromium-free steels are more 

suitable for use as OER electrodes. Ni-Fe alloy (Ni42 steel) containing 42 mass% Ni was activated 

and exhibited an OER onset overpotential of 215 mV at pH 14, establishing it as a promising 

candidate for OER electrodes.36-37 

In this study, we investigated a practical FeNiCo alloy, named Kovar, for its potential use as a 

highly active and durable OER electrode. The alloy was activated through galvanostatic anodizing 



 5

in a fluoride-containing ethylene glycol electrolyte. Then, the OER activity and durability were 

examined in a 1.0 mol dm–3 KOH electrolyte. The anodizing of the alloy developed a fluoride-

based porous layer, which was readily converted to a highly active, poorly crystalline, 

oxyhydroxide layer in the KOH electrolyte. This study demonstrates that FeNiCo fluoride is a 

suitable precursor for the formation of oxyhydroxide electrocatalysts exhibiting high OER activity. 

 

Experimental 

A commercial FeNiCo alloy (Kovar or ASTM F-15 alloy, Nilaco Corporation, Japan), with a 

composition of 29.72 wt% Ni, 16.28 wt% Co, 0.17 wt% Mn, 0.20 wt% Si with Fe balanced, was 

used in this study. Prior to anodizing, the alloy sheet of 0.3 mm thickness was ultrasonically 

degreased in acetone for 10 min. Porous anodic layers were formed by anodizing the alloy at a 

constant current density of 50 mA cm–2 in ethylene glycol electrolyte containing 0.54 mol dm–3 

NH4F and 2.5 mol dm–3 H2O at 293 K for predetermined periods of time. A two-electrode cell with 

a Pt counter electrode was used for anodizing. The anodized specimens were washed in ethylene 

glycol and dried in the air, followed by annealing in the air at 373 K for 1 h. 

The OER activity was evaluated through cyclic voltammetry (CV) measurements performed in 

a 1.0 mol dm–3 KOH electrolyte at room temperature using a computer-controlled electrochemical 

system (Princeton Applied Research, Versastat4) with a frequency response analyzer. The CV 

curves were obtained in a potential range between 1.1 and 1.8 V vs RHE using a three-electrode 

cell with a Pt counter electrode and a Hg/HgO/1 mol dm–3 KOH reference electrode at a potential 

sweep rate of 10 mV s–1. For iR compensation, the conductivity of electrolyte solution was 

determined by electrochemical impedance spectroscopy in the frequency range between 1 Hz and 

10 kHz at an amplitude of 5 mV at 1.55 V vs RHE. The electrochemical surface area (ECSA) of 
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the electrodes was estimated by CV measurements over the potential range of 0.74 and 0.88 V vs 

RHE at several potential sweep rates between 10 and 100 mV s–1 in 1.0 mol dm–3 KOH electrolyte. 

The durability of the electrodes was investigated by applying a constant current density of 100 mA 

cm–2 for 200 h. 

The surface morphology of electrodes was examined using scanning electron microscopy (SEM) 

(ZEISS, Sigma-500) operated at 1.5 kV. The thickness of the porous layer was determined through 

SEM analysis of the fractured cross-sections. Cross-sections were also analyzed using a scanning 

transmission electron microscope (JEOL, JEM-ARM200F) with energy-dispersive X-ray 

spectroscopy (EDS) facilities. The electron-transparent sections were imaged using a focused ion 

beam (FIB) system (Hitachi, FB-2100). The surface composition and chemical state of the 

individual elements were examined by X-ray photoelectron spectroscopy (XPS) (JEOL, JPS-9200) 

utilizing Mg K (h = 1486.6 eV) radiation. Phases in the electrodes were identified by X-ray 

diffraction (XRD) utilizing Cu K radiation ( = 0.15418 nm). Herein, -2 mode measurements, 

where  = 2°, were utilized to enhance the reflections from the porous surface layer. Phases in the 

anodized electrodes before and after immersion or polarization in the KOH electrolyte were also 

identified by Raman spectroscopy measurements (Horiba Scientific, XploRA) using a 532 nm 

laser beam. 

 

Results and Discussion 

Characterization of the anodized alloy 

Scanning electron micrographs of the FeNiCo alloy anodized for 70, 250, 400, and 7200 s reveal 

the formation of a porous layer on the alloy surface (Figure S1). The thickness of the porous layer 
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increases almost linearly with anodizing time with a corresponding growth rate of 1.07 nm s–1 

(Figure S2). As discussed later, the highest OER activity was exhibited in the alloy anodized for 

250 s. Thus, a relatively short anodizing time was sufficient to obtain a highly active OER electrode, 

although previous studies have reported a considerably longer anodizing time of 8 h for similar 

FeCoNi alloys.25 

Phases in the porous layer were examined by XRD and selected area electron diffraction (SAED) 

patterns obtained from the TEM cross-section (Figure 1). The XRD pattern of the as-received 

alloy reveals three reflections at 42°, 51°, and 74°, corresponding to the 111, 200, and 220 

reflections of the face-centered cubic phase, respectively (Figure 1a). An additional weak 

reflection was recorded at 34° in all anodized specimens. This reflection corresponds to the 101 

reflection of the difluoride of Fe, Ni, and Co, which has a Rutile-type phase arrangement. The 

SAED pattern of the porous layer, as shown in the inset of Figure 1b, clearly indicates the presence 

of the Rutile-type (FeNiCo)F2 phase. 
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Figure 1. (a) XRD patterns of the FeNiCo alloy as-received and anodized for 70, 250, 400, and 

7200 s; (b) scanning transmission electron micrograph of an FIB-cross-section; and (c) selected 

area electron diffraction (SAED) pattern of the porous layer for the alloy anodized for 250 s. 

 

Figure 2 shows the STEM/EDS elemental mapping of the cross-section of the alloy anodized 

for 250 s. It was observed that the alloy’s constituent elements were homogeneously distributed 

throughout the porous layer formed during anodizing. Since the anodizing electrolyte contains 

fluoride, fluorine species were significantly incorporated into the porous layer, developing the 

(FeNiCo)F2 phase. The composition of the middle section of the porous layer is listed in Table 1. 

It was clear that the fluorine content in the anodic film was considerably higher than that of oxygen. 

Thus, it was confirmed that fluoride-rich oxyfluoride possessing a crystalline Rutile-type phase of 

(FeNiCo)F2 was developed through anodizing. The majority of constituent elements were 

homogeneously distributed throughout the porous layer, except in the case of fluoride enrichment, 

which occurred immediately above the alloy/porous layer interface (Figure 2e). Fluoride 

enrichment is associated with an increased migration rate of fluoride ions than oxide ions toward 

the alloy substrate within the barrier layer, located between the alloy substrate and the porous 

layer.38 Fluoride ion migration occurring at approximately twice the rate of oxide ion migration in 

the anodically formed TiO2 and Ta2O5 films has been previously reported.39-40  
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Figure 2. STEM/EDS elemental mapping of the FIB-cross-section of the FeNiCo alloy anodized 

for 250 s: (a) HAADF image, (b) Fe, (c) Co, (d) Ni, (e) F and (f) O elemental mapping. 

 
Table 1. EDS composition of the porous layer formed through anodizing of the FeNiCo alloy for 

250 s before and after the five CV cycles for OER in KOH electrolyte. 

Specimen 
Composition (at%) 

Fe Ni Co F O 

As-anodized 16.0 12.4 3.8 57.7 10.1 

After OER 17.0 14.6 4.2 3.2 60.9 

Substrate 55.3 28.2 16.5 - - 

 

 

OER characteristics 
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The OER characteristics of the anodized alloy were examined in a 1.0 mol dm–3 KOH electrolyte. 

The electric double-layer capacitance was determined to estimate the ECSA through CV 

measurements (Figure S3). The current density in the CV curves of the alloy anodized for  250 

s is larger than that of the alloy anodized for 70 s. The anodic current density at 0.81 V vs RHE 

exhibits a linear relationship with the potential sweep rate (Figure 3a); from this linear correlation, 

the electric double-layer capacitance, CDL, was estimated using the slope and the following 

equation: 

𝑖௔ ൌ 𝜈𝐶஽௅,      (1) 

where  is the potential sweep rate.41 Assuming a specific capacitance of 0.040 mF cm–2,41 the 

roughness factor (RF) for each electrode was estimated and summarized in Table 2. Although the 

thickness of the porous layer increases with anodizing time, the RF does not exhibit a similar 

increase; the RF enlargement is limited to approximately twice that of the as-received alloy. The 

limited increase in RF, regardless of the thickness of the porous layer, may result from the poor 

electrical conductivity of the porous layer formed through anodizing.  

 

Table 2. Changes in the capacitance, roughness factor (RF), Tafel slope, and OER onset potential 

of the FeNiCo alloy under varying anodizing periods. 

Anodizing time 

(s) 

Capacitance 

(mF cm–2) 
RF 

Tafel slope 

(mV decade–1) 

Onset potential 

(V vs RHE) 

0 0.25 6.3 40 1.572 

70 0.20 5.0 47 1.511 

250 0.47 11.8 42 1.490 

400 0.42 10.5 41 1.494 
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7200 0.53 13.2 35 1.502 

 

The CV curves were then measured to evaluate OER activity. Figure 3b shows the CV curves 

of the alloy anodized for 250 s. The OER current remained almost unchanged throughout the five 

cycles, while the onset OER potential, defined as the potential of 10 mA cm–2, had a value of 1.490 

V vs RHE. CV curves that were independent of the CV cycles were obtained for the alloys 

subjected to different anodizing periods as well as the as-received alloy. Figure 3c shows the linear 

sweep voltammetry (LSV) curves of the alloy as-received and anodized for different periods.  The 

LSV curves disclose significantly enhanced OER activity through anodizing. The onset potential 

of the as-received alloy was 1.572 V vs RHE, whereas each of the anodized alloy electrodes 

exhibited a less noble shift of the onset potential of more than 60 mV. It was observed that the 

alloy anodized for 250 s exhibited the lowest onset potential (Table 2).  

 

 

Figure 3. (a) Change in the anodic current density at 810 mV vs RHE in the CV curves with 

potential sweep rate, (b) CV curves of the alloy anodized for 250 s for the OER during five cycles, 

and (c) LSV curves of the alloy as-received and anodized for several periods for OER. 
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The Tafel slope is shown in Figure 4a and Table 2 and does not change significantly with the 

anodizing time. The Tafel slope is in the range of 35–47 mV dec1; these relatively small values are 

beneficial for reducing the overpotential at high current densities. The reaction mechanism for the 

OER is rather complex, and the followings are the most widely accepted elementary steps in 

alkaline media:6, 42-43 

 

First step: 

M൅ OHି → MOHୟୢୱ ൅ eି         (1) 

Second step: 

MOHୟୢୱ ൅ OHି → MOୟୢୱ ൅ HଶO൅ eି       (2) 

or 

MOHୟୢୱ ൅MOHୟୢୱ → MOୟୢୱ ൅M ൅ HଶO       (3) 

Third step: 

2MOୟୢୱ → 2M൅ Oଶሺgሻ         (4) 

 

In the above mechanism, it has been reported that Tafel slopes of 120, 40, 30, and 15 mV dec−1
 

should be detected when the overall reaction rate is controlled by steps (1), (2), (3), and (4), 

respectively.42 Thus, it is suggested from the Tafel slopes that step (2) controls the overall rate of 

the OER on the as-received and anodized FeCoNi electrodes. 

Le Formal et al. recently reported the OER activity of FeNiCo alloys of various compositions in 

a KOH electrolyte.44 They used an as-polished alloy, which was not subjected to anodizing. The 

OER activity was largely dependent on the alloy composition, and the overpotential remained 

above 300 mV at 10 mA cm−2 even at the highest activity. It can, therefore, be said that the 
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anodized FeNiCo alloys in this study exhibit greater OER activity than FeNiCo alloys of any 

practical composition. The findings in this study indicate that anodizing is a simple and effective 

process for converting commercial, low-cost, iron-based alloys into highly active OER electrodes. 

 

 

Figure 4. (a) Tafel plots of the alloy as-received and anodized for several periods and (b) the 

change in potential with time during the durability test at 100 mA cm−2. 

 

The durability of the highly active, anodized FeNiCo alloy electrode was also examined at a 

constant current density of 100 mA cm−2 (Figure 4b). The potential of the as-received FeNiCo 

alloy gradually shifted toward a noble direction, suggesting a degradation of the electrode. In 

contrast, a relatively stable potential of ~1.51 V vs RHE was maintained during the durability test 

up to 200 h, confirming the high durability of the anodized alloy electrode. The strong adhesion 

of the porous layer formed through anodizing is one factor that contributes to its high durability. 

The surface morphologys of the electrode did not change siginificantly even after the durability 

test, as shown inFigure S4.  
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It is worth comparing the OER activity of the present anodized FeNiCo electrode with the 

previously reported Ni- and Co-based electrocatalysts (Table 3).  The overpotential at 10 mA 

cm−2 of the anodized FeNiCo electrode studied in this study is relatively low compared with the 

reported electrocatalysts. Furthermore, the Tafel slope in the present study is comparable to those 

of the layered double hydroxides (LDHs). Therefore, the short-period and straightforward 

anodizing of FeNiCo alloy is an efficient approach to fabricating a highly active OER electrode.     

 

Table 3.  Comparison of the overpotential and Tafel slope of the various Fe-, Ni-, and Co-based 

electrocatalysts in 1.0 mol dm−3 KOH electrolyte.    

Sample 
η (mV)  

at 10 mA cm-2 
Tafel slope 
(mV dec-1) 

Anodized FeNiCo (This study) 260 42 

Anodized Ni-11.8%Fe 45 260 53 

Activated 316 stainless steel 30 254 41 

Ni0.83Fe0.17(OH)2 nonosheet 46 245 61 

NiFe-LDH/CNT 12 247 31 

Holey Ni(OH)2 
47 335 65 

Exfoliated NiFe LDH 48 302 40 

Exfoliated NiCo LDH 48 334 41 

Exfoliated CoCO LDH 48 307 45 

Ni0.75Co0.25Ox 
49 345 33 

CoOx 
49 423 42 

Ni2P/NF 50 290 47 

CoP films 50 345 47 

IrO2 
50 338 47 
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OER active species 

To understand the high OER activity mechanisms of the anodized FeNiCo electrodes, XPS 

analysis of the electrode was performed after anodizing, five CV cycles, and durability tests. 

Figure 5 shows the XPS spectra of Fe 2p3/2, Ni 2p3/2, Co 2p3/2, O 1s, and F 1s electrons. The peak 

binding energies of Fe 2p3/2, Ni 2p3/2, and Co 2p3/2 spectra shifted toward lower binding energies 

after the five CV cycles and durability tests than those obtained from the as-anodized electrode. 

This binding energy shift is associated with converting the fluoride-rich oxyfluoride to 

oxyhydroxide with minimal fluoride content.51 The presence of more electronegative fluoride 

anions than oxide anions causes higher binding energy shifts of the Fe, Ni, and Co peaks. After 

five CV cycles and the durability test, the peak binding energies suggested the presence of Fe3+, 

Ni2+, and Co3+ species.52 The broader peaks of Fe and Ni 2p3/2 electrons for the anodized electrode 

in comparison with those after OER are probably due to the presence of several species containing 

fluoride and oxide anions, although the former peaks were not deconvoluted into individual species.   

It is observed that the intensity of the O 1s peaks is markedly enhanced (Figure 5d), whereas 

the F 1s peak is significantly reduced after the OER in the KOH electrolyte (Figure 5e). The 

intensities of the Fe 2p3/2 and Ni 2p3/2 peaks were reduced after the durability test. In contrast, the 

Co 2p3/2 peak increased significantly at the surface, suggesting the preferential dissolution of Ni 

and Fe at high anodic potentials during the durability tests. The two prominent peaks found at 

529.6 and 531.2 eV after the five CV cycles and durability test in the O 1s spectra correspond to 

O2- and OH- type oxygen species, respectively. Thus, the dominant anion component after OER is 

oxyhydroxide, which is derived from the fluoride formed by anodizing. 
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Figure 5. XPS spectra of (a) Fe 2p3/2, (b) Ni 2p3/2, (c) Co 2p3/2, (d) O 1s, and (e) F 1s electrons 

after anodizing, five cycles of CV, and the durability test in 1.0 mol dm−3 KOH electrolyte. 

  

XPS depth profiles were also measured after anodizing, five CV cycles for OER, and the 

durability test (Figure 6). Similar to the results from the EDS analysis (Figure 2), the as-anodized 

electrode was found to be rich in fluorine. At the same time, the oxygen content was low in the 

porous layer above the alloy substrate (Figure 6a). The considerable compositional change 

occurred after only five CV cycles in the KOH electrolyte. The fluorine content decreased to ~10 

at% or less throughout the porous layer, with oxygen becoming the most prominent component 

(Figure 6b). A similar composition was maintained throughout the durability test of 200 h (Figure 

6c). The sputtering time of the porous layer was reduced from ~90 min to ~50 min after the 

durability test, suggesting a thinning of the porous layer, although the OER activity remained 

unchanged. The compositional changes in the constituent alloying elements are summarized in 

Figure 6d-6f. The atomic ratios of Fe, Ni, and Co in the porous layer are similar to those in the 

alloy substrate post-anodizing, suggesting no preferential dissolution occurs during anodizing in a 
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fluoride-containing ethylene glycol electrolyte (Figure 6d). However, it is found that Ni is 

enriched, and the Fe content is diminished in the porous layer over the course of five CV cycles in 

the KOH electrolyte, indicating that preferential dissolution of Fe takes place during the 

conversion of the fluoride phase formed during anodizing to oxyhydroxide. It was observed that 

Co enrichment also occurred in the porous layer during the durability test, particularly at the 

outermost surface. The Ni to Fe ratio remained almost unchanged throughout the durability tests. 

Thus, Co enrichment in the porous layer appears to result from the dissolution of Fe and Ni in this 

layer at a comparable rate. The dissolution rate of Fe and Ni is rather low, resulting in a marked 

enrichment of Co only at the outermost surface of the electrode. 

 

Figure 6. XPS depth profiles of the FeNiCo electrodes (a, d) as-anodized, (b, e) after five CV 

cycles and (c, f) after the durability test. 

 

After five CV cycles, the phases and composition of the porous layers were examined using 

FIB/STEM analysis. Figure 7a shows the remaining porous layer (~500 nm thickness) on the alloy 
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substrate, which appears at the bottom of the micrograph. The porous layer is highly adherent to 

the substrate throughout the FIB cross-section. The selected area diffraction pattern of the central 

area of the porous layer (inset of Figure 7a) reveals weak Debye–Scherrer rings that correspond 

to d spacings of 0.26 and 0.15 nm. These spacings can be assigned to the 100 and 110 reflections 

of β-NiOOH (JCPDS card No. 6-141), known to be one of the active phases for the OER in alkaline 

media.53-55 The EDS elemental maps in Figures 7c–7g indicate the homogeneous distribution of 

each element throughout the porous layer. The quantitative EDS analysis of the porous layer 

(Table 1) indicates a slight enrichment of Ni, a marked increase in O content, and a significant 

decrease in F content in the porous layer, which is in agreement with the XPS analysis. These 

findings suggest that the active phase for the OER of the anodized FeNiCo electrodes is poorly 

crystalline β-NiOOH which is highly doped with Fe and Co. 

 

 

Figure 7. (a) FIB/STEM image and SAED pattern, (b) HAADF and EDS elemental maps of (c) 

Fe, (d) Ni, (e) Co, (f) F, and (g) O for the anodized FeNiCo electrode after five CV cycles in 1.0 

mol dm−3 KOH electrolyte. 
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 The transition from fluoride to oxyhydroxide 

As discussed previously, the porous fluoride layer formed by anodizing in a fluoride-containing 

ethylene glycol electrolyte was converted to a highly OER active oxyhydroxide layer during the 

OER in the KOH electrolyte. Despite such a significant compositional change, the CV cycles of 

the as-anodized electrode for the OER (Figure 3b) confirmed the high OER activity from the first 

cycle, and the activity remained unchanged throughout the following cycles. In order to understand 

the high activity during the initial OER measurements, Raman spectra were measured before and 

after immersion in KOH electrolyte and after potentiostatic polarization at each potential. The 

results are shown in Figure 8a. The as-anodized electrode exhibits broad peaks at 745 and 545 

cm−1, possibly attributed to the A1g and Eg modes of the Rutile-type metal fluorides. The Raman 

spectrum changed after immersion in the KOH electrolyte for 10 min. The immersed electrode 

exhibits a peak at 535 cm−1 and a shoulder at 470 cm−1, corresponding to the pair of Ni-O vibrations 

in NiOOH.13 Thus, the findings indicate that the (FeNiCo)F2 phase (Figure 8b) is not stable in the 

KOH electrolyte and converts to an oxyhydroxide (Figure 8c) immediately after immersion. 

Similar spectra were also obtained after polarization. The intensity of the two peaks was 

observed to increase at potentials ≥ 1.45 V vs RHE, higher than that of the redox couple Ni2+/Ni3+ 

(Figure 3b). The increased intensity observed at high potentials may indicate the increased 

formation of the NiOOH phase owing to the oxidation of Ni2+ species. Louie et al. examined the 

Raman spectra of NiOOH with various concentrations of incorporated Fe.13 The iron concentration 

exhibits a significant influence on the relative intensity of the two peaks, with the intensity of the 

lower wavenumber peak being greater than that of the higher wavenumber peak in Fe-free NiOOH. 

However, the peak intensity of the former decreases with increasing Fe content. The increased 

intensity of the higher wavenumber peak of the immersed and polarized electrodes in Figure 8 
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suggests that a comparable amount of Fe is incorporated into NiOOH. This is consistent with the 

EDS (Figure 6) and XPS analyses (Table 1). 

 

 

 

Figure 8. (a) Raman spectra of anodized alloy electrodes before and after immersion or 

polarization at several potentials in 1.0 mol dm−3 KOH electrolyte for 10 min, and the crystal 

structures of (b) (FeNiCo)F2 and (c) (FeNiCo)OOH. 

 

Recently, Yamada et al. reported that Ni-Fe electrodeposited electrodes exhibit markedly 

enhanced OER activity through anodizing in a fluoride-containing ethylene glycol electrolyte.45 

The OER activity of the anodized Ni-Fe electrodes is dependent on the alloy composition, and the 

Ni-rich (Ni-11.8 at%) Fe alloy exhibited the highest OER activity. However, the activation occurs 

gradually during potential cycling over 50 cycles between 1.1 and 1.8 V vs RHE in 1.0 mol dm−3 

KOH electrolyte, in contrast to the immediate activation in the present anodized FeNiCo electrode. 

The significantly different activation behavior of the anodized FeNiCo and Ni-rich Ni-Fe 
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electrodes is likely a result of the differing alloy compositions. The Ni-rich fluoride should exhibit 

greater stability and resistance to conversion to oxyhydroxide in the KOH electrolyte than fluorides 

containing large concentrations of Fe and Co, resulting in a reduction in the OER activation rate 

of the former fluoride phase. 

Recently, highly active Fe-doped NiOOH electrocatalysts for the OER have been prepared from 

precursors of amorphous Fe-doped nickel phosphate,56 Ni2P nanocrystals,57 metal-organic 

frameworks,58 and NiSe2 nano-dendrites.59 The work presented in this study confirms that the 

(FeNiCo)F2 formed through anodizing is also a valuable precursor for the preparation of highly 

active oxyhydroxides for the OER. The advantages of this method include the formation of a 

porous fluoride layer directly on a metal substrate, which can be used as a current collector, and 

the ready and rapid conversion to the OER active poorly crystalline (FeNiCo)OOH configuration. 

Thus, anodizing iron-based alloys containing Ni and Co is a promising approach for fabricating 

practical OER electrodes exhibiting high activity and durability. 

 

Conclusions 

Highly active and durable OER electrodes were successfully prepared by the simple and cost-

effective anodizing of commercially available FeNiCo bulk alloys in a fluoride-containing 

ethylene glycol electrolyte. Anodizing produces a porous layer consisting of a crystalline, Rutile-

type, (FeNiCo)F2 phase, which is immediately converted to a poorly crystalline oxyhydroxide in 

the KOH electrolyte. The anodized FeNiCo electrode exhibits an overpotential as low as 0.26 V 

at 10 mA cm−2, a Tafel slope of ~40 mV dec−1, and acceptable durability in alkaline media. Thus, 

the porous metal fluoride formed by anodizing FeNiCo alloy is a promising precursor for 

developing a highly active OER electrocatalyst. Furthermore, the anodizing of iron-based alloys 
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is a practical approach for activating low-cost commercial transition metal alloys, i.e., free from 

noble metals, for the OER. 
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synopsis 

A highly active FeNiCo oxyhydroxide OER electrode is formed directly from the (FeNiCo)F2 

layer formed by anodizing.   

 

 


