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A B S T R A C T

The oxygen evolution reaction (OER) is a major bottleneck in electrochemical water splitting due to its sluggish 
kinetics and high overpotentials. Here, we report a single-step laser surface engineering approach to convert 
commercial Inconel 625 alloy into an active OER electrocatalyst. Pulsed laser treatment generates a hierarchical, 
"cauliflower-like" nanostructure that significantly enhances the electrochemically active surface area. Electro
chemical testing in 1 M KOH shows that the laser-treated surface achieves an overpotential of 270 mV at 10 mA 
cm− 2, corresponding to a 30 mV cathodic shift relative to the untreated alloy. During electrochemical activation, 
selective dissolution of Mo and Cr produces a Ni-rich surface that facilitates the formation of catalytically active 
γ-NiOOH species. Raman spectroscopy confirms γ-NiOOH formation with characteristic bands at 470 and 548 
cm− 1, while the shoulders at 493 and 539 cm− 1 suggest Fe incorporation into the oxyhydroxide structure. Under 
OER conditions, we also detect low-intensity bands in the spectral region between 800 and 1150 cm− 1, which we 
ascribe to Ni-OO- species stabilized by cations. The Tafel slope decreases from 59.9 mV dec− 1 for pristine Inconel 
625 to 39.2 mV dec− 1 after laser-treatment and electrochemical conditioning. Identical location SEM technique is 
used to follow how the hierarchical structure of the laser-treated sample partly coalesce and locally flatten after 
the electrochemical treatment. These results demonstrate that laser surface engineering provides a scalable and 
effective strategy to transform robust industrial alloys into functional OER electrocatalysts, offering new avenues 
for cost-effective water-splitting technologies.

1. Introduction

Electrocatalytic water splitting is a key technology on the way to 
sustainable hydrogen production [1]. In particular, the oxygen evolu
tion reaction (OER) remains a major kinetic bottleneck due to its slug
gish multi-electron transfer mechanism. While noble metal oxides such 
as IrO2 and RuO2 exhibit the highest OER activity among known ma
terials, their high cost and scarcity hinder their use on a large-scale. This 
has led to intensive research into non-noble, earth-abundant transition 
metals, particularly Ni, Co, and Fe, as promising alternatives for alkaline 
electrocatalysis [1,2].

Ni is of particular interest due to its ability to form catalytically 
active Ni-oxyhydroxide species under anodic conditions [3,4]. Its 

performance can be further enhanced by elements such as Fe and Co, 
which modify the electronic structure and facilitate charge transfer [5,
6]. In addition to compositional tuning, surface nanostructuring has 
emerged as a key strategy for increasing the number of accessible active 
sites and improving mass transport. Among the various methods 
explored, laser-based surface engineering offers a straightforward, fast, 
and scalable approach to create large-surface-area catalyst surfaces. 
Recent applications include the preparation of laser-induced high-
entropy alloys for seawater splitting [7] and laser-structured Ni surfaces 
for the hydrogen evolution reaction (HER) [8]. However, their appli
cation in the development of OER catalysts remains largely 
underexplored.

A wide range of synthetic routes has also been used to obtain 
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nanostructured transition-metal oxides and hydroxides for electro
catalytic applications, including sol-gel synthesis [9], chemical vapor 
deposition (CVD) [10], electrodeposition [11], and hydrothermal pro
cessing [12]. Each of these techniques allows a certain degree of control 
over composition and morphology, yet they also exhibit specific draw
backs. The sol-gel method often requires precise control of pH, tem
perature, and ageing to achieve reproducible results, while CVD 
demands high-temperature conditions and specialized equipment. 
Electrodeposition and hydrothermal synthesis, although widely used, 
rely on chemical precursors and long processing times, which can 
complicate scaling to large, conductive metallic substrates. Moreover, 
these methods typically modify the surface by adding external material 
rather than directly transforming the existing alloy itself.

In contrast, laser-based surface modification offers a powerful means 
of tailoring surface structure and composition through localized melting 
and rapid solidification. Widely employed in fields such as corrosion 
protection, tribology, and functional coatings, techniques like laser 
remelting, cladding, and texturing have been used to enhance surface 
durability and reactivity [13,14]. These methods enable the formation 
of finely structured surface layers with unique morphological and 
chemical features. Despite their maturity in materials engineering, 
laser-based approaches are only gradually finding their place in elec
trocatalysis, where they remain largely underutilized for rational cata
lyst design. Motivated by this gap, we explored how a controlled laser 
processing protocol, rarely applied in the fabrication of electrocatalysts 
[15,16], modifies the surface morphology and chemical state of a 
commercial Ni-based alloy, and how these changes affect its oxygen 
evolution performance in alkaline media.

Among the various commercially available Ni-based alloys, Inconel 
625 stands out due to its excellent mechanical strength, thermal sta
bility, and corrosion resistance in aggressive environments [17,18]. It is 
widely used in the aerospace, marine, and chemical processing in
dustries, particularly in components exposed to high temperatures, 
pressure, and corrosive media. These demanding applications are made 
possible by the alloy's multicomponent composition, which includes Fe, 
Cr, Mo, and Nb, each contributing to its structural integrity and chemical 
durability.

Beyond its industrial relevance, Inconel 625 presents an appealing 
substrate for surface engineering: it is widely available, mechanically 
robust, and chemically versatile, making it well suited for research into 
complex surface transformations. For example, laser peening studies of 
Inconel 625 have demonstrated that laser treatment conditions can 
either improve or degrade the corrosion properties of this material [19]. 
Although its electrochemical stability has been extensively studied for 
corrosion protection applications, its behavior under electrocatalytic 
conditions remains largely unexplored. Furthermore, to our knowledge, 
laser-based surface modification has not yet been applied as a single-step 
method to transform Inconel 625 into an active electrocatalyst.

In this study, we performed a single-step laser treatment of Inconel 
625 to induce controlled surface nanostructuring and compositional 
redistribution. The goal was to investigate how laser irradiation mod
ifies the microstructure and chemical state of this complex, multicom
ponent alloy, both immediately after processing and after the exposure 
to OER electrochemical conditions in 1 M KOH. A comprehensive set of 
characterization techniques, including identical location scanning 
electron microscopy (IL-SEM) and energy-dispersive X-ray spectroscopy 
(EDXS) mapping, transmission electron microscopy (TEM), X-ray 
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), time-of- 
flight secondary ion mass spectrometry (ToF-SIMS) and mimicked in 
situ Raman spectroscopy, was employed to examine morphological and 
chemical changes across different scales and relate them to material 
transformation pathways. This work provides fundamental insights into 
the surface evolution and electrocatalytic properties of Inconel 625 upon 
combined laser and electrochemical treatments, offering a framework 
for its rational utilization in future functional applications.

2. Experimental section

2.1. Catalyst preparation

Laser treatment. The surface modification of Inconel 625 was per
formed using a pulsed Yb-doped fiber laser system (20 W, Gweike) 
operating at 1064 nm. The laser delivered pulses at a frequency of 20 
kHz with an average power output of 16 W. The beam was aligned 
perpendicular to the sample surface, with a working distance of 261 
mm. Laser scanning was carried out using a line spacing of 10 μm and a 
scanning speed of 500 mm s− 1, enabling homogeneous surface struc
turing over the treated area.

2.2. Catalyst characterization techniques

IL-SEM, IL-SEM–EDXS, and IL–EDXS mapping analyses. Identical 
location scanning electron microscopy (IL-SEM) and energy-dispersive 
X-ray spectroscopy (EDXS) were performed using a ThermoFisher 
Apreo 2S scanning electron microscope (Thermo Fisher Scientific, The 
Netherlands) equipped with an Ultim Max 100 EDXS detector (Oxford 
Instruments, UK).

TEM and STEM images were acquired using a Cs-corrected scanning 
transmission electron microscope, JEOL ARM 200 CF, operated at 80 
keV to reduce the effects of the electron beam on the sample. For 
chemical analysis, a Jeol Centurio EDXS system with a 100 mm2 SDD 
detector and a Gatan Quantum ER double EELS spectrometer were used.

XRD analysis. The phase composition of the starting alloy and laser- 
treated surface was analyzed by X-ray diffraction using a PANalytical 
X'Pert 3040 diffractometer equipped with a rotating copper anode (Cu 
Kα radiation: λ1 = 1.54059 Å, λ2 = 1.54441 Å). The instrument operated 
at an accelerating voltage of 40 kV and a current of 45 mA. The 
diffraction patterns were collected in the 2θ range from 20◦ to 100◦ with 
a step size of 0.02◦, using a linear detector. To minimize preferred 
orientation effects, samples were continuously rotated during data 
acquisition, with the laser-treated surface facing the incident beam.

XPS analysis. X-ray photoelectron spectroscopy (XPS) was per
formed with the Supra + device (Kratos, Manchester, UK) equipped with 
a monochromatic Al Kα source (photon energy 1486.6 eV). Prior to 
analysis, all samples were fixed to the sample holder using silicone-free, 
double-sided adhesive tape. The spectra were acquired at a take-off 
angle of 90◦, targeting a sample area of 300 μm by 700 μm. The 
chamber base pressure was maintained below 2•10− 9 mbar during 
acquisition. High-resolution core-level spectra were acquired at a pass 
energy of 20 eV. All binding energies were referenced to the C 1s peak 
corresponding to C–C/C–H at 284.8 eV. Data acquisition and processing 
were performed with ESCApe 1.5 software.

ToF-SIMS analysis. Time-of-flight secondary ion mass spectrometry 
(ToF-SIMS) measurements were conducted using an M6 instrument 
(IONTOF GmbH, Münster, Germany) operated in negative ion mode. 
The sample was mounted onto a stainless-steel holder using silicone- 
free, double-sided adhesive tape. The pressure in the analysis chamber 
was below 5•10− 10 mbar throughout the measurements. The surface 
analysis was carried out using a pulsed 30 keV Bi + primary ion beam, 
rastered over a central area of 300 μm by 300 μm within a larger sputter 
crater. Sputtering was performed with a 2 keV Cs+ ion beam over an area 
of 500 μm × 500 μm for 3 h. The Cs+ ion source was preconditioned for 
several hours prior to measurement to ensure beam current stability. 
Mass calibration was performed using characteristic peaks of known Ni- 
related species. Data collection and processing were carried out using 
the SurfaceLab 7.5 software (IONTOF).

ICP-OES analysis. The samples for the determination of the metal 
concentrations were collected from the 1 M KOH electrolyte after the 
electrochemical cycling and analyzed using optical emission spectrom
etry with inductively coupled plasma. All reagents used were of 
analytical grade or better. For sample dilution and preparation of stan
dards, ultrapure water (18.2 MΩ cm, Milli-Q, Millipore) and ultrapure 
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acid (HNO3, Merck-Suprapur) were used. The standards were prepared 
by dilution of certified, traceable, inductively coupled plasma (ICP)- 
grade single-element standards (Merck CertiPUR). A Varian 715-ES ICP 
optical emission spectrometer was used. Prior to analysis, samples were 
diluted with 2 %V/V HNO3 as required.

Electrochemical analysis. The electrochemical tests were carried 
out at room temperature using a custom-built single-compartment 
Teflon cell in a three-electrode configuration. The laser-treated Inconel 
625 sample, embedded in a Teflon holder, served as the working elec
trode. An Hg/HgO electrode (saturated KOH) was used as the reference, 
and a coiled Ni wire functioned as the counter electrode. The electrolyte 
consisted of 1 M KOH (Titripur, Merck), which was continuously satu
rated with oxygen during all measurements to maintain defined OER 
conditions. Prior to activity evaluation, samples were activated via cy
clic voltammetry (CV). An initial series of 50 cycles was performed be
tween 0.10 and 1.20 VRHE at 20 mV s− 1, followed by 200 cycles in the 
range of 1.20–1.60 VRHE at the same scan rate. Oxygen evolution reac
tion (OER) performance was evaluated using linear sweep voltammetry 
(LSV) recorded at 2 mV s− 1 before and after cycling under OER condi
tions. All measurements were conducted using a Biologic SP-300 
potentiostat with 85 % iR compensation applied.

To assess the electrochemical surface area of the samples, double- 
layer capacitance (Cdl) methodology was used. Cyclic voltammograms 
were recorded in Ar-saturated 1 M KOH at various scan rates between 
500 and 10 mV s− 1. The Cdl was estimated by plotting the average of the 
anodic (ja) and cathodic (jc) current density against the scan rate, where 
the slope is Cdl. The average double layer capacitive current density 
(javg) is given by the equation javg = (ja + |jc|)/2 = Cdl × ν, where ν is the 
scan rate.

To evaluate long-term operational stability, a chronopotentiometric 
test at a constant current density of 10 mA cm− 2 was performed for 24 h 
in O2-saturated 1 M KOH using the same three-electrode configuration 
as described above. The potential was recorded continuously, and no 
additional iR correction was applied during the stability measurement.

The IrOx benchmark catalyst (Premion, Alfa Aesar) was evaluated in 
a three-electrode setup. A thin film of IrOx powder was deposited onto a 
glassy carbon rotating disk electrode (RDE), which served as the work
ing electrode, while a HydroFlex reversible hydrogen electrode (Gas
katel GmbH) and a carbon rod were used as the reference and counter 
electrodes, respectively. The films were prepared by drop-casting 20 μL 
of an IrOx ink, obtained by dispersing the nanoparticles in Milli-Q water 
(18.2 MΩ cm). A 5 % Nafion stock solution (Aldrich) was added so that 
Nafion represented 25 wt% of the total solids in the suspension. The 
electrochemical protocol consisted of 20 CV scans at 50 mV s− 1 between 
0.05 and 1.45 V, followed by activity assessment using an LSV from 1.2 
to 1.6 V at 2 mV s− 1. Both activation and activity measurements were 
carried out in Ar-purged electrolyte, and the activity test was then 
repeated under O2-saturated conditions.

Mimicked in situ Raman spectroelectrochemical measurements. 
The Raman spectra were measured with the confocal Raman WITec 
spectrometer Alpha 300. The spectra were recorded with a 532 nm laser 
at a power of 1 mW, 20× objective, and an integration time of 1 s. 100 
scans were acquired for each measurement. The measurements were 
performed for: a) the IN625-LT starting sample, which was subsequently 
treated electrochemically. First, ten CV cycles between 1.20 and 1.55 
VRHE were performed at a scan rate of 20 mV s− 1 to activate the electrode 
surface. The scan rate was then reduced to 2 mV s− 1, and the mea
surement protocol involved pausing these slow scans at the following 
potentials: b) after the Ni oxidation peak at 1.45 VRHE (close to the OER 
onset potential); c) at 1.55 VRHE (anodic potential limit in the OER re
gion); d) at 1.20 VRHE (after the reduction peak of Ni3+). After each 
electrochemical treatment (b-d), the mimicked in situ spectra were 
measured after the sample was transferred to the Raman spectrometer 
with a droplet of 1 M KOH electrolyte. The electrolyte droplet acted as a 
protective layer, preventing any possible rapid changes under atmo
spheric conditions.

2.3. Data management

The experimental data were systematically managed using the Qx 
application (Quipnex, Ljubljana, Slovenia). The software enabled 
structured documentation of all steps, including sample preparation, 
surface treatment, characterization, and electrochemical tests.

3. Results and discussion

3.1. Structural characteristics of the laser treated sample (IN625-LT)

To investigate the structural and compositional changes induced by 
the laser treatment, the pristine IN625 and laser-treated IN625-LT 
samples, as well the sample IN625-LT_EC_ST obtained after the elec
trochemical stability test, were characterized by XRD analysis (Fig. 1). 
The diffraction pattern of pristine IN625 exhibits the characteristic 
peaks of Inconel 625, and can be indexed as a single-phase, face- 
centered cubic (FCC) austenitic γ-(Ni,Cr,Fe) solid solution, strengthened 
by Mo and Nb, and containing only very small amounts of γ”,δ, and 
carbide precipitates, which are usually below the detection limit of 
laboratory XRD in the as-processed state. Prominent reflections are 
observed at 2θ ≈ 43.4◦, 50.5◦, 74.2◦, 90.1◦, and 95.3◦, corresponding to 
the (111), (200), (220), (311), and (222) planes of the γ phase, respec
tively. This diffraction behavior is consistent with reports on conven
tionally processed and additively manufactured IN625 and is in very 
good agreement with previously published XRD patterns of IN625 pro
duced by different processing routes [17,18,20–22].

The same set of γ-phase peaks, with unchanged positions and relative 
intensities, is observed for the laser-treated sample IN625-LT and re
mains essentially unchanged after electrochemical stability test (IN625- 
LT_EC_ST), confirming that the bulk of the alloy retains a γ-(Ni,Cr,Fe,Mo, 
Nb) solid-solution structure and that no additional crystalline secondary 
phases appear within the detection limit of XRD. This behavior is ex
pected because the laser-modified or activated layer is only a few μm 
thick and consists mainly of 2–5 nm Ni-based hydroxide or nanooxide 
particles embedded in an amorphous matrix; such nanocrystalline or 
amorphous surface phases produce very broad and weak diffraction 
features that are largely overshadowed by the much stronger signal from 
the underlying metallic substrate, especially considering the 5–20 μm X- 
ray penetration depth for Cu Kα radiation.

To overcome the limitation of XRD bulk analysis, TEM microscopy 
was employed, where the sample was prepared by placing a droplet of 
deionized water on the laser-treated surface, gently scratching it with a 

Fig. 1. XRD diffractograms of a) pristine IN625, b) IN625-LT and c) IN625- 
LT_EC_ST samples.
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scalpel, and then immersing a TEM grid into the suspension. The TEM 
micrographs (Fig. 2A–C) show that 2–5 nm sized nanoparticles were 
formed during the laser treatment, and the FFT analysis confirms the 
onset of crystallization in these nanoparticles. The experimental SAED 
pattern shows broad and diffuse rings corresponding to the cubic NiO 
bunsenite phase (Fig. 2D). Although the SAED pattern is primarily 
indicative of the bunsenite phase, elemental EDXS mapping reveals a 
homogeneous distribution of all alloying elements at the submicrometer 
scale in the IN625-LT sample (Fig. 2E, Figs. S1 and S2, and Table S1 in 
Supplementary Information (SI)). This suggests that while NiO represents 
the predominant crystalline phase, other elements remain distributed 
throughout the laser-modified layer, likely in amorphous or poorly 
crystalline forms. The XRD and TEM findings are further supported by 
Raman spectroscopy, which confirms the presence of short-range 
ordering and poorly crystalline oxide layers on the surface of the 
IN625-LT (see section on Raman spectroscopy below).

The compositional changes induced by the laser treatment were 
quantified using SEM-EDXS analysis (Figs. S3 and S4, Table S2 in the SI). 
The pristine IN625 alloy exhibits a composition characteristic of Ni- 
based superalloy: Ni (61.8 at.%), Cr (23.6 at.%), Fe (6.9 at.%), Mo 
(5.2 at.%), and Nb (2.1 at.%), with minimal oxygen content (0.4 at.%). 
After laser treatment (IN625-LT), substantial surface oxidation occurs, 
as evidenced by an increase in oxygen content to 42.5 at.%. This 
oxidation is accompanied by a proportional decrease of all metallic 

elements: Ni (37.1 at.%), Cr (12.1 at.%), Fe (4.1 at.%), Mo (3.0 at.%), 
and Nb (1.2 at.%). However, the ratios of the at.% concentrations of the 
different elements relative to Ni show an unchanged stoichiometry (the 
ratios of Fe/Ni, Mo/Ni, Nb/Ni remain constant), while only the ratio of 
Cr/Ni exhibits a slight decrease (~13 %). This indicates a preferential 
loss of Cr from the surface during the high-temperature laser treatment, 
although it was performed in the presence of considerable amounts of 
Ar. This redistribution of elements is confirmed by EDXS mapping, 
which shows the spatial distribution of each element on the laser-treated 
IN625-LT surface (Fig. S4 in the SI).

Surface morphology analysis of the untreated Inconel 625 alloy 
(Fig. 3A, E) shows a smooth metallic surface with well-defined grain 
boundaries and no nanoscale structuring. This morphology is charac
teristic of Ni-based superalloys and provides a low electrochemically 
active surface area, consistent with the poor OER performance observed 
for the untreated sample. Laser treatment induces a profound trans
formation of the surface (Fig. 3B, F). IL-SEM imaging reveals the for
mation of uniformly distributed hierarchical nanostructures across the 
entire treated region. These structures can be categorized into three 
characteristic regions marked in Fig. 3B: spherical domains (red), 
elongated interconnected structures (yellow), and ridge-like inter
connected zones (orange). Higher magnification imaging of the spher
ical domains (Fig. 3F) reveals a distinct ‘cauliflower-like’ substructure 
consisting of fine features, confirming the large surface area architecture 

Fig. 2. A,B) TEM micrographs of the IN625-LT sample at different magnifications. C) The BF/STEM micrograph of 2–5 nm sized nanoparticles with labelled crystal 
planes. The inset shows the indexed FFT of the micrograph indicating poorly crystallized particles. D) Experimental SAED (left) and simulated diffraction pattern 
(right) for cubic NiO (bunsenite). E) Elemental EDXS mapping with the main Ni, Cr, Fe elements shown.

A.K. Surca et al.                                                                                                                                                                                                                                International Journal of Hydrogen Energy 205 (2026) 153321 

4 



observed in the TEM analysis (Fig. 2).
After electrochemical treatment (Fig. 3C, G), pronounced morpho

logical changes are observed on the IN625-LT_EC surface. The originally 
continuous nanostructures partially coalesce and locally flatten, 
accompanied by the appearance of fine cracks and voids between 
adjacent domains. These features indicate localized dissolution and 
restructuring of the oxide layer during OER cycling. The smoothing of 
the characteristic “cauliflower-like’’ features is consistent with the se
lective dissolution of Mo and Cr detected by SEM-EDXS analysis.

After the 24 h stability test (Fig. 3D, H), the surface shows further 
morphological evolution relative to the electrochemically activated 
state. The hierarchical structures remain recognizable, but the nanoscale 
features become progressively less defined. The spherical domains 
appear more compacted and irregular, with partial collapse of their 

characteristic “cauliflower-like” texture. These changes are consistent 
with the continued loss of less stable alloying elements during long-term 
OER operation, which leads to gradual smoothing and restructuring of 
the surface. Despite this evolution, the overall high-surface-area archi
tecture remains present.

3.2. Electrochemical surface evolution and OER performance

Electrochemical activation of the laser-treated IN625-LT surface in 1 
M KOH led to pronounced compositional and morphological trans
formations, accompanied by a substantial enhancement in OER perfor
mance (Fig. 4). Post-activation SEM-EDXS analysis revealed a marked 
increase in oxygen content (from 42.5 to 60.4 at.%) and a corresponding 
decrease in Ni (to 29.7 at.%), with Cr falling below the detection limit, 

Fig. 3. SEM images of: A,E) untreated IN625 surface, B,F) the laser-treated IN625-LT surface, C,G) the electrochemically treated IN625-LT_EC surface, and D,H) the 
surface after the 24 h stability test at 10 mA cm− 2. B,C,D) Low magnification SEM images highlighting three characteristic surface areas - spherical domains (red), 
elongated interconnected structures (yellow), and ridge-like interconnected zones (orange). F,G,H) Higher-magnification images of the area of spherical domains 
before and after electrochemical treatment. Progressive changes in surface morphology, including partial coalescence, smoothing of nanoscale features, and localized 
cracking, are observed after electrochemical cycling and long-term operation. These transformations are consistent with the selective dissolution of Cr and Mo. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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consistent with its rapid dissolution under alkaline conditions [23]. Mo 
was also significantly depleted, Nb slightly, while Fe content increased 
from 4.1 to 7.9 at.%, indicating Fe incorporation from both the alloy 
matrix and the electrolyte. These changes point to progressive oxidation, 
selective removal of less stable alloying elements, and restructuring of 
the oxide layer during electrochemical cycling. The impact of these 
transformations on Ni2+/Ni3+ redox behavior and OER activity is dis
cussed below.

Ni2þ/Ni3þ oxidation. A characteristic feature of activated Ni-based 
electrocatalysts is the appearance of a Ni2+/Ni3+ oxidation peak that 
precedes oxygen evolution. For the IN625-LT sample, this peak appears 
at approximately 1.42 VRHE (Fig. 4A), which is consistent with literature 
values for the conversion of Ni(OH)2 to Ni3+-oxyhydroxide phase [3–6,
24–28]. The potential of Ni2+/Ni3+ oxidation varies in the literature, in 
part due to different preparation routes, substrates, and electrochemical 
activation procedures, but several basic principles can be established. 
The potential of α-Ni(OH)2/γ-NiOOH depends on the nature of these 
phases, which are characterized by intercalated water molecules and 
anions between the layers. When β-Ni(OH)2/β-NiOOH structures are 
formed by electrochemical cycling or aging in alkaline media, the po
tential shifts to a more positive potential [5,6]. Similarly, the incorpo
ration of Fe into Ni-based samples shifts the oxidation potential in the 
anodic direction [5,6]. The IN625-LT_EC sample shows a particularly 
interesting behavior, exhibiting overlapping oxidation peaks: the main 
peak at 1.40 VRHE and a shoulder at ~1.38 VRHE. Evidently, the shift of 
the IN625-LT peak at 1.42 VRHE to more negative potentials and its 
splitting (IN625-LT_EC) confirm the gradual transformation and hy
dration of the originally amorphous oxide surface (Fig. 4A). The peak 
splitting for the IN625-LT_EC sample suggests the formation of more 
hydrated α-Ni(OH)2/γ-NiOOH phases, possibly also a γ-NiOOH phase 
with incorporated Fe [5,6]. Cr and Mo are unlikely to contribute to these 

peaks, as SEM-EDXS analysis (Figs. S3 and S4 in the SI) shows that they 
dissolve almost completely from the IN625-LT-EC surface. Niobium, 
which is only present in minor quantities, typically oxidizes at lower 
potentials than the range we investigated [29]. Therefore, the observed 
peak splitting most likely originates from different Ni-based phases.

In contrast, the pristine IN625 surface shows no Ni or Cr oxidation 
peaks in the potential range up to around 1.50 VRHE, where oxygen 
evolution starts (Fig. 4A). This behavior confirms the high electro
chemical stability of Inconel 625 and is consistent with reports of 
stainless steels containing Cr and Ni in alkaline media [30].

OER activity. The laser treatment significantly enhanced OER per
formance. The pristine IN625 sample (Fig. 4A) shows oxygen evolution 
onset above 1.50 VRHE, i.e. the onset potential being defined as the po
tential where the anodic current exceeds 0.1 mA cm− 2 above the non- 
faradaic baseline. The potential required to achieve 10 mA cm− 2 is 
1.55 VRHE, corresponding to an overpotential (η10) of 320 mV. In 
contrast, the laser-treated IN625-LT sample exhibits an onset potential 
of approximately 1.47 VRHE, with the current density increasing to 
approximately 85 mA cm− 2 at 1.55 VRHE. The potential required to reach 
10 mA cm− 2 decreases to 1.50 VRHE, giving η10 = 270 mV. After elec
trochemical treatment (IN625-LT_EC), the onset potential shifts slightly 
to positive, resulting in 73 mA cm− 2 at 1.55 VRHE. The potential required 
to achieve 10 mA cm− 2 is 1.51 VRHE, giving η10 = 270 mV, which is 74 
mV lower than the one of the IrOx benchmark with an overpotential of 
344 mV.

The electrochemically active surface area was assessed through 
double-layer capacitance (Cdl) measurements (Fig. S7). The pristine 
IN625 surface exhibited a Cdl of 98 μF cm− 2, while laser treatment 
significantly increased the Cdl to 456 μF cm− 2 for IN625-LT. When the 
current densities are normalized by their respective Cdl values to account 
for the differences in surface area, the laser-treated sample demonstrates 

Fig. 4. OER activity and stability of laser-treated Inconel 625. A) Polarization curves showing significantly enhanced OER performance of laser-treated samples 
(IN625-LT and IN625-LT_EC) compared to pristine IN625 and IrOx benchmark. B) Tafel analysis demonstrating improved OER kinetics, with Tafel slopes decreasing 
from 59.9 mV dec− 1 (pristine IN625) to 39.2 mV dec− 1 (IN625-LT_EC). The measurements were recorded in oxygen-saturated 1 M KOH at a scan rate of 2 mV s− 1. C) 
Chronopotentiometric stability measurement at 10 mA cm− 2 for 24 h showing only a slight increase in potential, confirming stable long-term operation. D) Elec
trochemical impedance spectra (Nyquist plots) recorded at 1.50 VRHE for the pristine alloy and after the 24 h stability test, demonstrating a substantial decrease in 
charge-transfer resistance after surface reconstruction.
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1.5 times higher intrinsic activity per electrochemically active area 
compared to pristine IN625. This indicates that the enhanced OER 
performance arises from both increased surface area (4.7 times higher) 
and improved catalytic efficiency per active site, likely due to surface 
restructuring and Cr depletion that creates more favorable active sites 
for OER.

In the OER region, the measured data in Fig. 4A align with previous 
reports. The OER activity of pure Ni(OH)2 is generally relatively low, 
whereas the incorporation of Fe significantly enhances its performance 
and shifts the onset of OER to more cathodic potentials [5,6,26]. The 
surface modifications induced by the laser treatment allow Fe to be 
incorporated from both - the alloy matrix and the electrolyte - into the Ni 
(OH)2 formed on the surface, thereby positively influencing the OER 
activity.

Tafel slope analysis confirms the enhanced OER kinetics of the laser- 
treated surfaces (Fig. 4B). The pristine IN625 exhibits sluggish kinetics 
with a Tafel slope of 59.9 mV dec− 1, while the laser treatment improves 
the value to 42.9 mV dec− 1 for IN625-LT. Electrochemical treatment 
further enhances the kinetics, yielding a Tafel slope of 39.2 mV dec− 1 for 
IN625-LT_EC, whereas the one for the IrOx benchmark was 47 mV dec− 1. 
These values align well with literature reports for Ni-based and mixed 
Ni/Fe electrocatalysts. For comparison, Louie et al. [6] reported 
approximately 55 mV dec− 1 for Ni-based films and approximately 40 
mV dec− 1 for mixed Ni/Fe-based films, while Fukushima et al. [4] 
determined 62 mV dec− 1 for Ni-based nanohole-array electrodes. The 
systematic improvement of the Tafel slopes correlates with the struc
tural and compositional evolution of the surface: the removal of 
Cr/Mo-containing passive film and creation of the hierarchical nano
structure by the laser treatment. This provides increased surface area for 
formation of highly active Ni-rich and Fe-incorporated α-Ni 
(OH)2/γ-NiOOH layer, that facilitates charge transfer and O–O bond 
formation on Ni–Fe sites dominating the kinetics and yielding the 
characteristic ~40 mV dec− 1 slope of highly active OER catalysts. EDXS 
analysis quantifies this Fe incorporation, showing increased Fe/Ni 
atomic ratio from 0.11 (IN625-LT) to 0.27 (IN625-LT_EC), confirming 
substantial Fe uptake during electrochemical cycling.

Long-term stability and electrochemical impedance spectroscopy. 
The long-term operational stability of the catalyst was evaluated using a 
24 h chronopotentiometric test at a constant current density of 10 mA 
cm− 2 (Fig. 4C). Throughout the measurement, the potential remained 
essentially stable, fluctuating only within a narrow range due to bubble 
formation at the electrode surface, indicating no measurable degrada
tion of catalytic activity.

To further probe the charge-transfer characteristics, electrochemical 
impedance spectroscopy was performed at 1.50 VRHE for the pristine 
alloy and for the sample after the 24 h stability test (Fig. 4D). The un
treated IN625 exhibits a large semicircle characteristic of slow charge- 
transfer kinetics, whereas the post-stability surface shows a markedly 
reduced semicircle, consistent with the formation of a conductive and 
catalytically active Ni-rich oxyhydroxide layer. These Nyquist plots 
corroborate the improved kinetics observed in the Tafel analysis and 
confirm that the catalyst maintains low charge-transfer resistance after 
extended operation.

3.3. Chemical state analysis

XPS analysis confirmed the findings explained above. For the starting 
IN625-LT sample, the O 1s spectrum (Fig. 5A) exhibits a main peak at 
529.9 eV, originating from metal oxides. A high binding energy shoulder 
at approximately 531.0 eV indicates that some metal hydroxides have 
already formed at the surface [31]. After electrochemistry, the main O 1s 
peak shifts to 531.0 eV, suggesting an enrichment of metal hydroxides 
on the surface of the IN625-LT_EC sample. The Fe 2p spectra (Fig. 5B) 
show pronounced noise due to the low Fe surface concentration. Inter
pretation is further hindered by the overlap with the Ni LMM Auger 
feature, which complicates Fe 2p spectra interpretation. For both 

samples, IN625-LT and IN625-LT_EC, the Ni 2p3/2 peak appears at 855.6 
eV, accompanied by the characteristic shake-up satellite structure 
(Fig. 5C). As the Ni 2p XPS spectra are similar for Ni(OH)2 and NiOOH 
phases [31], one of these species or both might be present at the surface. 
For the IN625-LT sample, the intense satellite at ~861–862 eV is also 
consistent with a Ni2+ hydroxide environment. Although NiOOH (Ni3+) 
also exhibits a main 2p3/2 peak near 855.5–856.0 eV, the differentiation 
between Ni(OH)2 (Ni2+) and NiOOH (Ni3+) is challenging by XPS alone 
because: their 2p3/2 binding energies overlap, both phases exhibit 
similar shake-up satellite structure, the Ni 2p region suffers from 
multiplet splitting and broadening, making precise assignments difficult 
[32]. Narrowing of the Ni 2p peak has been reported during the trans
formation of mixed Ni2+/Ni3+ oxyhydroxides toward more 
hydroxide-rich surfaces. Therefore, the spectra are more consistent with 
dominant Ni2+ (Ni(OH)2) rather than significant Ni3+ (NiOOH) forma
tion. The absence of additional satellite suppression or the slight 
+0.3–0.5 eV shift typically associated with NiOOH also supports this 
conclusion. Thus, while Ni3+-containing species cannot be fully 
excluded, the spectra primarily indicate the presence of Ni2+ hydroxide, 
which becomes more prevalent after electrochemical treatment.

After electrochemical treatment, Cr- and Mo-related species were no 
longer detected by XPS (Fig. 5D, F), which confirms their removal from 

Fig. 5. High-resolution XPS spectra for the laser-treated IN625-LT sample 
(lower black spectra) and sample IN625-LT_EC after electrochemical treatment 
(upper red spectra): A) O 1s, B) Fe 2p, C) Ni 2p, D) Mo 3d, E) Nb 3d, and F) Cr 
2p. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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the surface of the IN625-LT_EC sample, as has also been shown by EDXS 
(Figs. S3 and S4, and Table S2 in the SI). For the same sample, the Nb 
signal (Fig. 5E) remained non-intense, indicating its low surface atomic 
concentration. ToF-SIMS analysis confirmed the presence of Nb- 
containing species after electrochemistry (Fig. 6). It must be pointed 
out that ToF-SIMS has a lower detection limit than XPS. Moreover, using 
ToF-SIMS, a depth profiling was performed, while an XPS experiment 
was performed without sputtering. Cr- and Mo-related signals were not 
detected by ToF-SIMS, implying their effective dissolution from the 
outermost surface layers after electrochemical treatment. Before elec
trochemical treatment, both Mo 3d and Cr 2p peaks were measured, 
confirming that Mo and Cr were initially present on the surface (Mo 3d5/ 

2 at 232.0 eV and Cr 2p3/2 at 576.3 eV, Fig. 5D, F).
In ToF-SIMS, the M− (where M represents metal) signal indicates 

metallic elements and/or their oxidized forms on the surface (M− can 
originate from metal and metal oxide/hydroxide/oxyhydroxide). The 
MO− and MOH− ions result from oxygen-bound metal species and are 
characteristic of metal oxides/hydroxides/oxyhydroxides [33–35]. The 
3D ToF-SIMS reconstruction shown in Fig. 6 presents the spatial distri
butions of Fe, Ni, and Nb-related signals. The Ni-related species domi
nate the surface, appearing across the analyzed area, consistent with the 
XPS results indicating the presence of Ni(OH)2 (Fig. 5C). Notably, the 
metallic Ni− signal extends throughout the entire analyzed depth, 
whereas the oxidized NiO− and NiOH− species are strongly enriched in 
the uppermost surface region, reflecting the formation of a thin Ni-based 
oxide/oxyhydroxide layer on the electrochemically conditioned alloy. 
Fe-related signals are detected to a lesser extent, with localized regions 
of higher intensity suggesting surface heterogeneity or partial enrich
ment. The presence of FeO− and FeOH− signals indicates that Fe is 
present predominantly in oxidized states, not in metallic form. More
over, the Nb-related signals are confined to discrete domains or sub
surface regions. This agrees with SEM-EDXS results showing that Nb is 
partially dissolved during electrochemical cycling.

Electrolyte analysis by ICP-OES provided additional evidence for 
selective element dissolution during electrochemical treatment. Anal
ysis of the 1 M KOH electrolyte after the electrochemical treatment 
revealed dissolved Mo (0.25 mg L− 1) and Fe (0.09 mg L− 1), while Ni 
remained below detection limits (<1 mg L− 1). This confirms the pref
erential leaching of Mo observed by the analyses presented above and 

indicates that Fe dissolution occurs alongside the formation of Fe- 
incorporated Ni-based phases. Note that Cr and Nb were not included 
in the ICP-OES analysis. However, the dissolution of Cr is clearly evi
denced by its complete absence from post-cycling EDXS and XPS data 
(Fig. 5, Figs. S3 and S4, and Table S2 in the SI).

3.4. Mimicked in situ Raman spectroelectrochemistry

Mimicked in situ Raman spectroelectrochemistry was performed to 
corroborate the phase transformations in the IN625-LT sample. Since 
NiOOH phase exhibits characteristic Raman spectrum, the measure
ments were extended to the potential region of Ni3+ formation. Raman 
spectra were recorded at four key potentials: a) the starting IN625-LT 
sample, b) after the oxidation peak to Ni3+ at 1.45 VRHE (near the 
onset of OER), c) in the OER region (1.55 VRHE), and d) after reduction to 
Ni2+ (1.20 VRHE). To minimize atmospheric effects and preserve the 
electrochemical state, the samples were transferred to the spectrometer 
with a droplet of electrolyte remaining on the surface. The mimicked in 
situ Raman spectra are presented in the spectral range of 200–3700 cm− 1 

(Fig. 7), also showing the characteristic bands of electrolyte water 
(bending mode at 1650 cm− 1 and a broad band between 3000 and 3700 
cm− 1). Enlarged spectral regions of the same spectra are provided in 
Fig. S5 (SI).

The Raman spectrum of the IN625-LT sample (Fig. 7a) shows several 
overlapping broad, low-intensity bands, which are characteristic of 
heterogeneous mixtures of metal oxides, possibly also hydroxides, in 
amorphous or poorly crystalline form (Fig. 1). The broad shoulder band 
between 480 and 530 cm− 1 can be associated with the Ni–O or Ni–OH 
stretching vibrations [36,37]. Additional features are consistent with the 
amorphous/poorly crystalline oxide/hydroxide phases of other alloying 
elements, i.e. Cr (550–600 cm− 1) [30,38], Fe (around 500 cm− 1 and 
600–700 cm− 1) [6,39], and at around 700–850 cm− 1 Mo [40] and Nb 
[41].

Formation of γ-NiOOH during oxidation. The spectrum measured at 
1.45 VRHE after oxidation peak (Fig. 7b) shows characteristic Ni3+- 
containing species of NiOOH [3,28,37]. Two prominent bands appear at 

Fig. 6. 3D ToF-SIMS images of IN625-LT_EC showing the spatial distribution of 
Fe, Ni, and Nb-related species.

Fig. 7. Mimicked in situ Raman spectra of IN625-LT sample in the spectral range 
200–3700 cm− 1: a) IN625-LT starting sample, b) after the oxidation peak to 
Ni3+ at 1.45 VRHE (onset of OER), c) in the OER region at 1.55 VRHE, and d) after 
reduction to Ni2+ (1.20 VRHE). For the mimicked in situ Raman spectra mea
surements, the samples were transferred under the objective of the spectrom
eter with an electrolyte droplet. The broad band between 3000 and 3700 cm− 1 

is due to aqueous 1 M KOH electrolyte.
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470 and 548 cm− 1, which correspond to the bending and stretching 
vibrations of Ni–O in γ-NiOOH. These positions are slightly lower than 
the typical literature values (474–482 cm− 1 and 554–562 cm− 1) [3,5,6,
24,37], indicating a more loose, structurally distorted, and weakly 
bound form of γ-NiOOH. The significantly enhanced intensity of these 
two bands compared to the bands of the starting IN625-LT sample 
(Fig. 7a) reflects the well-known resonance Raman enhancement of 
NiOOH [3,6,24].

OER region. The spectrum obtained in the OER region at 1.55 VRHE 
(Fig. 7c) retains the main γ-NiOOH bands at 470 and 548 cm− 1 (Fig. 7b) 
but also shows shoulders at 493 and 539 cm− 1. Although such features 
could, in principle, arise from structural disorder or the formation of a 
secondary oxyhydroxide phase, their appearance can also be attributed 
to Fe incorporation into the Ni-oxyhydroxide lattice. This process is well 
documented to enhance OER activity and induce characteristic spectral 
shifts in Ni-based electrocatalysts [42]. Numerous studies have 
demonstrated that Fe impurities from alkaline electrolytes readily 
incorporate into Ni-based matrices, thereby increasing OER activity [3,
5,43]. For instance, Raman spectra of α-Ni(OH)2/γ-NiOOH recorded in 
Fe-containing KOH electrolytes exhibited slower ageing to the β-Ni 
(OH)2/β-NiOOH counterpart compared to Fe-free conditions [5]. With 
regard to Raman spectra, Klaus et al. [5] reported a red shift of the 
higher-frequency γ-NiOOH band from 560 cm− 1 in Fe-free electrolyte to 
a lower value of 558 cm− 1 in Fe-containing electrolyte. Similar small 
shifts of this band to lower wavenumbers were also observed by Garcia 
et al. [25] and Jing et al. [27]. Moreover, the study of Ni–Fe samples by 
Louie et al. [6] revealed (in addition to the red shift of the 
higher-frequency component) the convergence of the γ-NiOOH bands 
from 474 and 554 cm− 1 in Fe-free Ni sample to 476 and 548 cm− 1 in 
Ni–Fe(51 %) samples. Simultaneously, the authors [6] reported a sig
nificant decrease in the intensity ratio of these two bands (I(474)/I 
(554)), with increase of Fe content. In our case, Fig. 7b,c (and Fig. 5S A 
in the SI) shows a similar red shift and convergence of the γ-NiOOH 
bands - from 470, 548 cm− 1 bands to shoulder positions at 493, 539 
cm− 1. The intensity ratio I(470)/I(548) reaches 1.3, while it decreases to 
1.1 for the shoulder pair I(493)/I(539). Accordingly, the incorporation 
of Fe into γ-NiOOH remains highly probable for our sample, as these 
shoulder features emerge exclusively under OER conditions and coin
cide with compositional changes observed by SEM-EDXS – namely, 
significant Cr and Mo depletion accompanied by Fe enrichment.

Spectral region 800–1150 cm¡1. Under OER conditions, broad but 
very low-intensity Raman bands are observed between 800 and 1150 
cm− 1 in our spectra (Fig. 7; Figure S5 B, SI). These bands are detected 
both at the onset of OER (1.45 VRHE) and within the OER region (1.55 
VRHE). We also verified their appearance at different locations on the 
sample, and they consistently remain present (Fig. S6, SI). In the liter
ature, bands in the 800–1150 cm− 1 region have been attributed to so- 
called ‘active oxygen’ species in NiOOH [3,4,25], as well as in 
Ni/Fe-oxihydroxides [26,43]. The term is not used consistently 
throughout the literature but can denote negatively charged NiOO−

species at the surface (lattice oxygen), as well as can be attributed to 
superoxide groups (-OO), peroxide groups (-OOH) or oxygen atoms (O) 
[44]. Jiang et al. [26] assigned similar features on metal foils to nega
tively charged superoxides (–OO-) on Ni, Co, Cu, and Ag (850–1200 
cm− 1) and to peroxyl groups (–OOH) on Au (500–900 cm− 1). Different 
authors [3,44] confirmed the oxygen related nature of these bands by 
isotopic labelling of the electrolyte water (H2

16O). Due to the possibility 
that various oxygen species are simultaneously existing on Ni and Ni/Fe 
surfaces, the ‘active oxygen’ bands are typically broad [4]. Trześniewski 
et al. [43] further reported that the signal intensity of these species does 
not necessarily increase with potential, but rather emerges already 
during Ni oxidation and remain present during OER. In line with these 
observations, our spectra measured at the onset of OER and within the 
OER region (Fig. 7; Figure S5 B, SI) show similar intensity of the 
800–1150 cm− 1 bands, suggesting that their intensity is rather related to 
the available surface than to the applied potential. The persistence of the 

‘active oxygen’ bands in our spectra – even under mimicked in situ con
ditions – was unexpected, but it is in fact consistent with known 
behavior of Ni(OH)2/NiOOH films. Such films have been extensively 
investigated as electrochromic films, where long-lived ‘memory effects’ 
– also for many hours – are attributed to the slow reduction of Ni3+

species and associated oxygen-based intermediates for extended periods 
even without applied potential or in atmosphere [45]. A controlled 
Raman experiment was also performed for DC magnetron sputtered 
films, following the reduction of NiOOH to Ni(OH)2 with time in KOH 
electrolyte (at OCP), air and vacuum [46]. The films remained the bands 
of NiOOH in Raman spectra for up to 2 h if they were activated with 
cycling prior measurements. According to our experience in electro
chromic films we would like to state that the reduction of NiOOH is 
much faster for highly porous films and nanoparticles than is for dense 
and covalently bonded films. Accordingly, the existence of short-living 
intermediates in our mimicked in situ spectra is not expected, but the 
presence of 800–1150 cm− 1 bands suggests the presence of surface 
Ni-OO- groups that can be stabilized by the presence of cations [25].

Reduction behavior. Upon reduction from Ni3+ to Ni2+ (Fig. 7d, 
Fig. S5 A, SI), the ‘active oxygen’ bands disappear and the overall 
spectral intensity decreases markedly. The most prominent change is the 
shift of the first band from 580 cm− 1 in the starting IN625-LT (Fig. 7a 
and Figure S5 Aa) to a broad and intense band between 420 and 560 
cm− 1 (Fig. 7d and Figure S5 A d). This shift indicates the transformation 
of a large part of the sample, even in the bulk, to Ni-hydroxide and Fe/ 
Ni-hydroxide during cycling and the appearance of Ni2+-OH vibrations. 
The other two bands at 681 cm− 1 (very low intensity) and 802 cm− 1 

(Fig. 7d) reappear at the positions of the IN625-LT starting sample 
(Fig. 7a) but have much lower intensity, consistent with partial deple
tion of Cr and Mo and possible modification of Ni-based structures by Fe 
incorporation.

3.5. Integrated discussion of surface transformation mechanism

The comprehensive characterization reveals a complex surface evo
lution process that explains the enhanced electrocatalytic performance 
of the laser-treated Inconel 625. Initially, the laser treatment creates 
hierarchical nanostructures consisting mainly of amorphous/poorly 
crystalline phases while maintaining the homogeneous distribution of 
all alloying elements (EDXS mapping). The presence of 2–5 nm sized 
NiO nanoparticles was found by TEM while XPS shows the predomi
nance of Ni(OH)2 at the surface. The nanostructuring significantly in
creases the electrochemically active surface area, as evidenced by Cdl 
measurements.

During electrochemical activation, selective dissolution occurs with 
complete removal of Cr and a considerable depletion of Mo (EDXS, XPS, 
ToF-SIMS, ICP-OES), leaving behind a Ni-rich surface. Crucially, it 
seems that Fe could be incorporated into the developing Ni(OH)2 
structure from both the alloy matrix and the electrolyte. Raman spec
troscopy suggests the formation of two catalytically active γ-NiOOH 
phases. The first γ-NiOOH phase is evident from the appearance of 
intense bands at 470 and 548 cm− 1 while the shoulders at 493 and 539 
cm− 1 indicate another γ-NiOOH phase, presumably the phase with 
incorporated Fe.

The enhanced OER mechanism involves synergistic Ni–Fe in
teractions within the oxyhydroxide structure, supported by: (1) the 
appearance of low-intensity bands between 800 and 1150 cm− 1 in 
Raman during OER conditions, (2) improved Tafel slopes (59.9 → 39.2 
mV dec− 1), and (3) cathodic shift of the onset potential (~30 mV). The 
hierarchical nanostructure facilitates mass transport and bubble release, 
while the Ni–Fe oxyhydroxide provides intrinsic catalytic activity.

Stability mechanisms include the strong adhesion between the oxide 
layer and metallic substrate (formed through high-temperature laser 
fusion) and the elimination of less stable alloying elements that could 
cause degradation.

At this point we would also like to stress that Inconel 625 was 
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intentionally chosen for our experiments due to its industrial relevance 
and compositional complexity. We firmly believe that Ni–Fe alloys or 
even pure Ni metal under Fe-containing alkaline conditions would yield 
comparable Fe-incorporated γ-NiOOH active phases. The herein re
ported results thus not only illustrate the catalytic conversion of an 
industrially important alloy but also offer a framework applicable to Ni- 
and NiFe-based systems.

4. Conclusion

This study demonstrates that pulsed laser surface engineering rep
resents an effective approach for transforming commercial Inconel 625 
alloy into an active OER electrocatalyst. The single-step laser treatment 
creates hierarchical nanostructures that improve both surface area and 
catalytic activity, resulting in a 30 mV cathodic shift in OER onset po
tential and improved Tafel slope from 59.9 to 39.2 mV dec− 1.

The main advantages of this approach include: (1) direct conversion 
of an industrially available, mechanically robust substrate into a func
tional electrocatalyst without additional binders or complex synthesis 
steps, (2) formation of stable Ni-based and Ni–Fe-based oxyhydroxide 
active phases, through selective element dissolution and Fe incorpora
tion into the Ni-matrix, and (3) good electrochemical durability due to 
the strong adhesion between the catalytic layer and the substrate, with 
the Ni-based framework retaining its activity despite possible phase 
transitions during cycling.

Raman spectroscopy provides crucial mechanistic insights: confirms 
the formation of two catalytically active γ-NiOOH phases and the pres
ence of low-intensity bands between 800 and 1150 cm− 1 under OER 
conditions. While 470 and 548 cm− 1 bands belong to γ-NiOOH phase, 
the shoulders at 493 and 539 cm− 1 are suggested to reflect the Fe 
incorporation into γ-NiOOH. The reversible appearance and disappear
ance of these spectral features demonstrates the electrochemically 
driven nature of active phase formation.

Beyond the specific material studied, this work establishes laser 
surface engineering as a promising strategy to develop cost-effective 
electrocatalysts from industrial alloys. The scalability, speed, and 
versatility of laser processing, offer practical pathways for 
manufacturing large-scale water splitting electrodes for hydrogen pro
duction technologies.
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would also like to thank Matjaž Finšgar (Faculty of Chemistry and 
Chemical Engineering, University of Maribor, Slovenia) for performing 
the XPS and ToF-SIMS analyses. Special thanks to our student Vid 
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Goran Dražič a, Nejc Hodnik a,b, Luka Suhadolnik a,**

a Department of Materials Chemistry, National Institute of Chemistry, Hajdrihova 19, SI-1000, Ljubljana, Slovenia
b Institute of Metals and Technology, Lepi pot 11, SI-1000, Ljubljana, Slovenia
c Department of Analytical Chemistry, National Institute of Chemistry, Hajdrihova 19, SI-1000, Ljubljana, Slovenia

The authors regret that some funding sources were incorrectly listed 
during the proof-reading stage. Please note that these changes do not 
affect the results or conclusions of the study. The authors would like to 
apologise for any inconvenience caused.

Corrigendum to Acknowledgements
The provision of financial support for the research and the prepa

ration of the manuscript by the Slovenian Research and Innovation 
Agency (ARIS) within the research programs P1-0034, P2-0132, P2- 
0393, P2-0421 and I0-0003 and the projects GC-0001, GC-0003, GC- 
0004, MN-0022, N2-0155, N2-0248, N2-0425, J2-3041, J1-4401, J7- 
4636, and J2-50076 is gratefully acknowledged. The authors acknowl
edge partial support from the Republic of Slovenia, the Ministry of 
Higher Education, Science and Innovation, and the European Union – 
NextGenerationEU in the framework of the project HyBReED, part of the 
Slovenian Recovery and Resilience Plan. Views and opinions expressed 

are however those of the authors only and do not necessarily reflect 
those of the Republic of Slovenia, the Ministry of Higher Education, the 
European Union, or the European Commission. Neither the Republic of 
Slovenia, the Ministry of Higher Education, Science and Innovation, the 
European Union nor the European Commission can be held responsible 
for them. The authors would also like to thank Matjaž Finšgar (Faculty of 
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