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A B S T R A C T

This study demonstrates the transformation of commercially produced Inconel 625, a Ni-based superalloy, into a 
high-performance oxygen evolution reaction (OER) anode material through sequential nitridation and anodic 
oxidation treatments. Nitridation at 750 ◦C enriches surface NiFe content at the grain boundaries and scratches 
while reducing Cr concentration. Subsequent anodic oxidation further aggressively restructures the surface, 
introducing micrometer-scale cracks through aggressive intergranular corrosion, where the regions with smaller 
grains exhibit enhanced porosity. Through these surface modifications, an 8:1 NiFe ratio is established as an 
active OER oxyhydroxide film. Nano-to-microscale morphological and compositional insights are revealed 
through an advanced electrochemical characterization approach, utilizing identical location (IL) electron mi
croscopy techniques, including IL-scanning electron microscopy and IL-energy dispersive spectroscopy map
pings, along with time-of-flight secondary ion mass spectrometry, X-ray photoelectron spectroscopy and Fe and 
Ni K-edge X-ray absorption spectroscopy. The treated Inconel 625 exhibits a twofold increase in electrochemical 
surface area and outperforms both the untreated analog and iridium-based benchmark in OER performance. 
These findings establish Inconel 625 as a scalable and cost-effective material for alkaline water electrolyzers. 
Advanced surface engineering of complex alloys offers a promising route to address key electrocatalytic chal
lenges and drive the hydrogen economy forward.

1. Introduction

Global warming and the urgent need for renewable energy sources 
have intensified the search for efficient and sustainable methods to store 
and utilize clean energy [1]. Hydrogen, produced through water elec
trolysis, offers a promising solution for energy storage, a concept known 
as the hydrogen economy [2]. Alkaline water electrolysis is among the 
oldest and most mature technologies for hydrogen production, with 
roots tracing back over a century. It operates by splitting water via 
hydrogen and oxygen evolution reactions (HER and OER) using an 
alkaline electrolyte, typically 30 % potassium hydroxide (KOH) water 
solution, and has been deployed at an industrial scale since the early 
20th century. The design of alkaline electrolyzers closely mirrors that of 

the chloralkali process, sharing commonalities in both cell structure and 
electrode materials. In both cases, Ni is considered a state-of-the-art 
material in the form of an OER active film formed on a mesh-type Ni 
anode to facilitate gas transport and, at the same time, also enlarge the 
surface area. These bulk metallic electrodes must balance high con
ductivity, chemical stability, and mechanical durability while operating 
under strongly alkaline and oxidizing conditions.

NiFe-based oxyhydroxides (Ni1-xFexOOH) have emerged as prom
ising candidates for OER catalysis due to their earth-abundance and 
cost-effectiveness. These materials are particularly useful in alkaline 
water electrolyzers, where their performance is significantly influenced 
by the Fe/Ni ratio, typically ranging between 0.11 and 1 [3–8]. Despite 
their potential, several challenges remain. The nature of the active sites 
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in Ni1-xFexOOH, whether Fe atoms, Ni atoms, or a synergy between the 
two, continues to be debated. Some studies suggest that Fe atoms within 
a Ni oxo-hydroxide matrix are the primary active sites, with the matrix 
providing essential support in terms of electrical conductivity, chemical 
stability, and surface area. The synthesis of NiFe-based electrocatalysts 
often involves co-precipitation, homogeneous precipitation, or electro
deposition, which allows for crystal size and morphology tailoring. 
However, their long-term operational stability can be limited by poor 
adhesion to support materials or the degradation of the support itself, 
posing a significant barrier to industrial application.

Bulk commercial stainless steels and other compositionally complex 
alloys (CCAs) containing Ni and Fe have demonstrated significant po
tential as anode materials for OER [3]. Activation methods, such as 
applying high current in alkaline electrolytes or cyclic treatments be
tween high and low potentials, have induced stable, catalytically active 
surface layers. Research indicates that the Fe/Ni ratio in the resulting 
NiFe oxyhydroxide layer is critical in determining OER performance, 
with an optimal range between 0.2 and 0.4. Alloys with initially low Fe 
content benefit from Fe incorporation during electrochemical aging, 
while Fe-rich alloys tend to form Ni-enriched surface layers, leading to 
enhanced catalytic activity. Notably, regardless of the alloy’s initial 
composition, electrochemical aging typically results in forming a similar 
NiFe-based OER-active layer, with a thickness of approximately 10–50 
nm. Interestingly, Inconel 625 had the thickest active surface layer (38.8 
± 2.7 nm) among the samples studied [3]. Because Ni content is the 
primary cost driver for steel, the goal is to reduce Ni content as much as 
possible while preserving high OER activity, given nickel’s relatively 
high price and potentially limited availability.

Inconel 625 is interesting due to its Ni-rich composition, approxi
mately 60 % Ni, 20 % Cr, 5 % Fe, 10 % Mo, and trace elements (e.g., 1–2 
% Nb). These Ni-Cr-based superalloys are commercially available and 
still relatively cost-effective for use in alkaline water electrolyzers, 
where, for instance, a medium-sized alkaline electrolyzer with an anode 
surface area of 1 m2 and an anode thickness of 1 mm, made of Inconel 
625, is approximately 150 $ (in 2025). This would represent a small 
fraction of the costs associated with a 1 m2 alkaline water electrolyzer, 
including the balance of plant well above 20,000 $ (in 2025). Interest
ingly, the same size anode made from 304 type stainless steel, containing 
70 % Fe, 8–10.5 % Ni, 18–20 % Cr, ≤2% Mn, would cost roughly 36 $. 
However, this is approximately a five times reduction in anode price, 
which does not affect the price of the electrolyzer system. Although both 
Inconel 625 and various stainless steels are high-performance alloys, 
Inconel 625 exhibits higher oxidation and corrosion resistance in highly 
corrosive media.

The anodic OER, a critical half-reaction in water electrolysis, remains 
a major bottleneck due to its sluggish kinetics and high overpotentials, 
which significantly limit overall system efficiency [9]. Traditional OER 
electrocatalysts, such as iridium oxide and Raney nickel coatings, are 
relatively effective but are limited in availability and, in the case of 
iridium, have extremely high cost, highlighting the need to minimize 
their use or replace them with sustainable, high-performance alterna
tives. Furthermore, enhancing their performance without sacrificing 
stability requires innovative surface engineering strategies beyond 
conventional coatings or nanoparticle depositions. The scientific and 
innovation communities must adopt new conceptual approaches to 
achieve this. The traditional trial-and-error optimization of well-known 
catalysts has reached its limits and no longer yields breakthroughs. 
Therefore, the focus must shift toward novel materials, such as CCAs. 
These materials, composed of multiple metal elements similar to high 
entropy alloys (HEA), can form a diverse range of surface sites with 
tunable properties, which may exhibit optimal intrinsic activity for the 
OER [10].

Moreover, combining compositional versatility with structurally 
diverse features, such as defects, opens new avenues for fine-tuning 
electrocatalytic surfaces beyond traditional CCAs and HEAs. State-of- 
the-art electrocatalysis research has traditionally focused on surface 

and near-surface composition or atomic structure using platforms like 
single crystals [11] or nanoparticles [12] or recent sputtered materials 
libraries [13], to identify theoretical and experimental activity de
scriptors describing structure–function relationships, such as the d-band 
center or work function [12,14–16]. However, these approaches often 
neglect a wide range of structural and compositional defects ubiquitous 
in real metal-based anodes. These include point defects, dislocations, 
twin boundaries, grain characteristics (e.g., size, shape, orientation, and 
strain), grain boundaries, precipitates, and larger features like cracks 
and pits, which can affect both activity and stability of electrocatalysts 
[17–19]. Grain boundaries are often formed between regions of dis
similar compositions, creating complex electrochemical environments, 
namely defects, that can significantly impact catalytic performance 
[20]. While single-crystal electrodes offer characterization of individual 
surface phenomena, they fail to capture the intricate interactions and 
combined effects of coexisting surface types typical of polycrystalline 
materials. Oversimplifying these systems and ignoring such structural 
complexity limits our understanding of the actual behavior of bulk 
metal-based electrodes. Despite their well-established importance in 
metallurgy [21] and corrosion science, the effects of structural defects 
on electrocatalytic behavior remain underexplored. Even subtle micro
structural changes can dramatically alter mechanical and chemical 
properties [21]. Such know-how in steel metallurgy was obtained in 
centuries of trial-and-error experiments, due to the great complexity, the 
fundamental mechanisms still remain imperfectly explained. In elec
trocatalysis, details such as specific defects of nanoparticles were shown 
to significantly affect the catalyst’s performance [12,22].

The broad spectrum of defects in bulk metallic surfaces thus repre
sents a major opportunity for enhancing electrocatalyst performance 
and lifetime. For instance, grain boundary engineering is becoming 
popular in boosting electrocatalysis [23]. However, it introduces 
considerable complexity, making systematic investigation extremely 
challenging, if not impossible. This complexity is why literature lacks 
studies examining locally resolved discrepancies in the nano-to- 
microscale surface morphology and composition of electrocatalytic 
metals. While it is well established that metals comprise grains, grain 
boundaries, and complex metallic phases, even alloys with homoge
neous compositions can exhibit significant local variations. As demon
strated before, nanoparticulate electrocatalysts exhibit great structural 
complexity, leading to complex atomic-level changes [20,21], each 
nanoparticle possessing a unique atomic structure [24]. Thus, the only 
way to explore these systems is to study each nanoparticle individually 
and track how it changes with the operation time, referred to as the 
bottom-up approach [22]. Similarly to nanoparticles, polycrystalline 
bulk electrodes inherently possess heterogeneous surfaces of different 
grains. This makes it essential to investigate the electrochemical 
behavior of individual grains, sites, and defects and their synergistic 
interactions, the concept known as single-entity electrochemistry (SEE) 
[25]. To address this challenge, advanced local electrochemical tech
niques, such as electrochemical identical-location electron microscopy 
(IL-EM) [26], also referred to as Nano Lab [26], offer a unique capability 
to track morphological, compositional, and structural changes at 
selected sites with SEM and down to the atomic level with transmission 
electron microscopy (TEM).

While efficiency is undoubtedly important for minimizing energy 
losses in electrolysis, an excessive focus on achieving extreme efficiency 
can inadvertently drive up costs in terms of advanced equipment and the 
use of precious group metals while increasing system complexity. This 
trade-off can ultimately impede large-scale deployment. We argue that a 
more balanced approach is needed, considering both efficiency and 
affordability, scalability, and long-term stability. In this context, the 
scalability and low cost of Fe-containing alloys like steel make them a 
compelling candidate for repurposing as an anode material in alkaline 
OER systems, offering a practical and economically viable path forward 
for industrial-scale alkaline water electrolysis. As such, alkaline elec
trolysis holds significant promise for widespread adoption, whereas 
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proton exchange membrane (PEM) electrolysis may remain limited to 
niche applications where low system weight is a critical requirement 
[27].

In this study, we investigated the catalytic potential of Inconel 625 
for the oxygen evolution reaction (OER) in alkaline media, building 
upon previous research that highlights the promise of various NiFe- 
containing compositionally complex material (CCM)-based catalysts. 
Two key unresolved questions remain: First, how can Inconel 625 be 
activated to further enhance the catalytic activity of the surface layer? 
This is particularly relevant because the alloy’s inherent corrosion 
resistance, beneficial in many industrial applications, can hinder elec
trocatalytic performance due to surface passivation, which limits the 
availability of active sites. To address this limitation, we implemented 
an advanced activation strategy combining thermal nitridation and 
electrochemical anodic oxidation to enhance both the surface area and 
intrinsic catalytic activity. The second, more fundamental question 
concerns how Inconel 625 behaves at the nano- to microstructural level 
during surface treatments and OER operation. Previous studies pri
marily assessed bulk or averaged surface properties, such as average 
NiFe oxyhydroxide film composition and thickness, using techniques 
such as X-ray photoelectron spectroscopy (XPS) and X-ray absorption 
spectroscopy (XAS), without accounting for local structural variations. 
In contrast, our study reveals how microstructural features, such as grain 
size, grain boundaries, and segregated regions, evolve during activation 
and OER cycling. To uncover these localized changes, we employed a 
suite of advanced characterization techniques, including IL-SEM, elec
tron backscatter diffraction (EBSD), energy dispersive spectroscopy 
(EDS), XPS, and time-of-flight secondary ion mass spectrometry (ToF- 
SIMS). This comprehensive approach enables tracking compositional 
and morphological transformations with nanoscale resolution and 
gaining insight into catalytic behavior’s structural origins. We observed 
that the initial surface state and only thermal treatment of Inconel 625 
provide limited OER enhancement. However, anodic oxidation effec
tively increases the active surface area, partially removes Cr, and opti
mizes the NiFe ratio in the OER active oxo-hydroxide layer to 
approximately 8:1. This tailored surface engineering achieves OER 
performance that surpasses commercial IrO2. By refining these activa
tion parameters, we successfully transformed Inconel 625 into a scalable 
and cost-effective NiFe-based oxygen-evolving electrode, demonstrating 
a broader concept for converting NiFe-containing alloys into efficient 
anodes with substantial potential for application in industrial alkaline 
water electrolyzers.

2. Experimental

2.1. Sample preparation

IN625 was machined into flat disc-shaped samples with a diameter of 
5  mm and a height of 3  mm. Then metallic samples were mechanically 
ground and polished following a standard metallographic procedure. 
First, specimens were ground using SiC abrasive papers with progres
sively finer grit sizes (typically from #320 to #1200) under running 
water to minimize heat generation. Subsequent polishing was carried 
out using diamond suspensions of decreasing particle sizes (9  µm, 3  µm, 
and 1  µm) on appropriate polishing cloths. The final polishing step was 
performed using a colloidal silica suspension (OP-S, ~0.04  µm) for 
approximately 15  min to obtain a deformation-free and highly reflective 
surface suitable for SEM and EBSD analysis. Between each polishing 
step, the samples were thoroughly rinsed with ethanol and dried with 
compressed air to avoid cross-contamination.

2.2. Characterization methods

Surface morphology and compositional analysis were performed at 
the National Institute of Chemistry, Ljubljana, Slovenia. Scanning elec
tron microscopy (SEM) was conducted using a Thermo Fisher Scientific 

Apreo field emission scanning electron microscope (FE-SEM), operated 
at an accelerating voltage of 10–20  kV. Imaging was carried out in both 
secondary electron (SE) and backscattered electron (BSE) modes to 
assess surface topography and compositional contrast. Elemental anal
ysis was performed using an energy-dispersive X-ray spectrometer (EDS) 
equipped with a silicon drift detector (SDD) Ultim Max 100 (Oxford 
Instruments, Oxford, UK).

At the Institute of Metals and Technology, Zeiss CrossBeam 550 field- 
emission scanning electron microscope (FIBSEM), produced by Carl 
Zeiss in Oberkochen, Germany, was utilised for the in-depth analyses 
performed in this study. This microscope features an EDAX Hikari Super 
electron-backscatter diffraction (EBSD) camera, which is crucial for 
delivering high-resolution crystallographic data. It utilises APEX soft
ware for thorough compositional analyses and EBSD for phase mapping. 
A wide array of parameters was selected to ensure the acquisition of the 
most accurate and relevant results during the imaging and analysis 
phases. Specifically, an accelerating voltage of 15 kV was applied, 
accompanied by a probe current between 2.0 and 5.0nA, allowing for 
high-quality secondary electron images that illustrate the microstruc
tural characteristics of the samples. Together with EBSD, using 15 kV 
and 10nA, crystallographic properties and phases were effectively 
determined.

Spherical indexing was employed to extract crystallographic orien
tation data with improved accuracy, particularly in low-quality or 
deformed regions. For the post-processing of low-intensity Kikuchi 
patterns from thick(er) films, which cannot be adequately analysed and 
characterised using a simple Hough transformation, EDAX OIM 9 has 
been utilised with spherical indexing. This method allowed for robust 
orientation mapping with enhanced precision over conventional Hough- 
based techniques, especially beneficial for fine-grained or plastically 
deformed microstructures. Post-processing included grain boundary 
detection, misorientation analysis, and noise reduction using standard 
cleanup routines.

X-ray photoelectron spectroscopy (XPS) measurements were per
formed using a Kratos Supra+ instrument (Manchester, UK) equipped 
with an Al Kα radiation source. The binding energy was corrected using 
the C–C/C–H peak in the C 1s spectrum set to 284.8 eV. Samples were 
affixed to the sample holder using double-sided Si-free tape. Spectra 
acquisition was carried out at a 90◦ take-off angle, targeting an analysis 
area of 300 by 700 µm. The pass energy was configured to 160 eV for 
survey spectra and 20 eV for high-resolution spectra. Data acquisition 
and processing were executed using Kratos ESCApe 1.5 software.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) analyses 
were conducted using an M6 instrument (IONTOF, Münster, Germany). 
Measurements were performed in negative polarity. For 3D ToF-SIMS 
imaging, a 2 keV Cs+ sputter beam was applied over a 500 by 500 µm 
area for 3 h, while data acquisition was carried out with a 30 keV Bi+

primary ion beam focused on a 300 by 300 µm region in the middle of 
the sputter crater. The acquired spectra were processed and analyzed 
using SurfaceLab 7.4 software.

The main objective of X-ray absorption spectroscopy (XAS) mea
surements was to determine the valence state of constituent Fe and Ni 
cations in a catalyst film formed on the surface of the samples after 
nitridation and anodic oxidation. To distinguish the structure of the OER 
oxyhydroxide film, we performed XAS measurements in total electron 
yield (TEY) detection mode. Due to the low penetration depth of photo- 
excited electrons, TEY detection mode allows measurements of XAS 
spectra of predominantly the surface layer of about 100 nm.

The XAS experiments were performed at the SAMBA beamline of the 
SOLEIL synchrotron radiation facility in Paris on pristine and treated 
samples. A Si(220) double crystal monochromator was used (a first flat 
water-cooled crystal and a sagittal bent 2nd crystal) with an energy 
resolution of about 1 eV at 8 keV. The size of the beam on the sample was 
set to about 300 µm × 300 µm. Sample disks were glued with conductive 
silver paste on the sample holder. TEY detection mode measurements 
were done in a vacuum chamber at pressures below 10–5 mbar. The 
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incident monochromatic X-ray beam was orthogonal to the sample 
surface. The XAS spectra were measured in the energy range of the Fe 
and Ni K-edges in each sample, on the same spot on each sample, i.e. 
without moving the sample. The beam position on the sample was stable 
within a few microns. The XAS scans were performed in the energy 
range from − 150 eV to + 1000 eV relative to the K-edge of the inves
tigated element, with a velocity of 10 eV/s and an energy step of 0.25 eV. 
To improve the signal-to-noise ratio, 10 repetitions of each scan were 
collected. The exact energy calibration was established with absorption 
measurement on a 5-µm thick Fe or Ni metal foil. The absolute energy 
reproducibility of the measured spectra was ± 0.03 eV.

The analysis of XANES spectra is performed with the Demeter 
(IFEFFIT) program package in combination with the FEFF6 program 
code for ab initio calculation of photoelectron scattering paths [28]. Fe 
and Ni K-edge XANES analysis was used to determine the valence states 
of the constituent metals in the 100 nm surface layer of the pristine 
samples and samples after nitridation and anodic oxidation. The Fe and 
Ni K-edge XANES spectra of pristine Inconel 625 and after nitridation 
and anodic oxidation (n + ao) are shown in Figs. XANES1 and XANES2, 
together with spectra of the reference Fe and Ni compounds. Different 
oxidation states and local environments of Fe and Ni cations lead to 
different Fe and Ni K-edge profiles and K-edge energy positions. The 
energy position of the Fe and Ni K-edges correlates with the valence state 
of the Fe and Ni cations in the sample [29–31]. The energy of the Fe and 
Ni K-edge of the is shifted to higher energies by 4 eV and 2 eV per 
valence state, respectively.

When the sample contains the same cation in two or more chemical 
states with different valence states and local structures, then the 
measured XANES spectrum is a linear combination of individual XANES 
spectra of the individual cation states. In such cases, a linear combina
tion fit can provide very precise information about the relative amounts 
of the cation in each valence state. In our case, we determined relative 
amounts of different valence states of each investigated metal cation in 

the samples by a linear combination fit with a set of reference XANES 
spectra measured on selected reference compounds with known valence 
states and local structure of the investigated element. In this way, we 
identified different valence states of the investigated metal cations and 
determined the relative amounts of cations in each valence state in about 
a 100 nm thick surface layer of the samples before and after the treat
ment (nitridation and anodic oxidation). Results of LCF XANES analysis 
for Fe and Ni in the Inconel sample before and after the treatment are 
presented in Table S1 below.

All electrochemical measurements were conducted at ambient tem
perature in a single-compartment electrochemical cell equipped with a 
three-electrode configuration. Unmodified and activated Inconel 625 
samples were mounted in a custom-made Teflon holder and used as the 
working electrode. A Hg/HgO reference electrode and a nickel wire coil 
as the counter electrode were employed. The electrolyte was 1 M KOH 
(Titripur, Merck), continuously purged with oxygen throughout the 
measurements. Linear sweep voltammetry (LSV) was used to assess OER 
activity performed at a scan rate of 2 mV s− 1. Electrochemical imped
ance spectroscopy (EIS) measurements were performed at OER potential 
of 1.55 V vs. RHE in the frequency range between 100 kHz and 1 Hz with 
an amplitude of 10 mV. The potentiostat used was a Biologic SP-300, 
and 85 % iR compensation was applied in all measurements.

IrO2 benchmark preparation: A thin film of commercial IrO2 powder 
(Alfa Aesar) was deposited on a glassy carbon rotating disk electrode 
(RDE) with a catalyst loading of 102  µg/cm2. The film was prepared by 
drop-casting 20  μL of an ink composed of IrO2 nanoparticles dispersed 
in a 7:1 mixture of water and 2-propanol. The ink pH was adjusted to 11 
using 1 M KOH. A 5 % Nafion stock solution (Aldrich) was added to 
achieve a Nafion content of 25 wt% relative to the total solids in the 
suspension.

Fig. 1. Microstructural characterization of polished Inconel alloy surface: a) EBSD, b) grain size distribution, c) SEM backscatter image, and d) EDS spectrum of the 
identical surface region. Fig. c) shows white dashed lines representing a region with smaller grains, also referred to as segregation regions.
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3. Results and discussion

3.1. Microstructural analysis of polished Inconel 625 surface

Polished Inconel 625 predominantly exhibits well-defined grains 
with distinct boundaries, as revealed by EBSD and SEM backscatter 
imaging (Fig. 1a,c). Grain size distribution analysis confirms a pre
dominantly uniform grain structure (Fig. 1b), although ~ 10 % of the 
surface features smaller grains in a marked area with dashed lines 
(marked on Fig. 1a,c), formed due to segregation during alloy thermal 
treatment. These microstructural variations are expected to influence 

the material’s properties, including its susceptibility to subsequent 
surface treatments, as discussed in later sections. More examples of 
microstructural EBSD and SEM backscatter analysis are shown in the 
Supplementary Information (Fig. S1).

EDS analysis (Fig. 1d and Table 1) and elemental mapping (Fig. 2) of 
the untreated Inconel 625 surface reveal that the constituent metals are 
generally evenly distributed across grain interiors and boundaries. 
Closer inspection indicates the presence of localized precipitates 
enriched in Cr, Mn, and Nb carbides or oxides (marked with white ar
rows) and slight compositional variations in Nb and Mo across the sur
face (marked with white dashed lines), which are typical features for 
Inconel. XRD analysis (Fig. S2) reveals typical Inconel 625 diffractions, 
corresponding to the face-centered cubic (FCC) Ni-Cr solid solution 
phase [32].

3.2. Effects of nitridation

Nitridation at 750 ◦C for 30 min in NH3 atmosphere induced local
ized precipitation at grain boundaries and surface defects such as 
scratches (Fig. 3) as confirmed by IL-SEM imaging of the identical 
location of Inconel surface before and after nitridation (Fig. 3a,b). The 
locations of the formation of secondary phases on the grain boundaries 
are highlighted by yellow dashed lines and scratches by the red line 

Table 1 
Atomic concentrations (in %) of different elements in Inconel 625 measured 
with EDS.

element at.% before treatment After nitridation After AO After OER

Ni 62.1 56.1 45.4 40.7
Cr 23.6 12.0 9.9 7.2
Fe 6.8 6.1 5.9 6.3
Mo 4.9 3.3 / 2.0
Nb 2.0 1.3 1.1 1.4
O 0.5 3.3 15.5 30.3
N / 18.1 14.2 n.d.
F / n.d. 7.9 n.d.

Fig. 2. SEM image and corresponding EDS elemental maps of the identical surface region of polished Inconel 625. Elemental distribution is color-coded as follows: 
red – nickel, blue – iron, green – chromium, yellow – oxygen, purple – molybdenum, and wine – niobium.
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(Fig. 3 c,d). The nitridation process roughened the surface and induced 
elemental segregation. Notably, some grain boundaries exhibited 
greater precipitation, especially compared to scratches, while some 
remained visually intact (Fig. S3). XRD analysis (Fig. S2) identified the 
emergence of additional broad peaks, which can be attributed to the 
formation of chromium nitride (CrN) and possibly γʹ-Ni3Nb or other 
metastable nitride phases, indicating surface modification through ni
trogen incorporation. As seen from EDS mapping analysis in Fig. 4, 
precipitates at grain boundaries are primarily enriched in Ni and Fe, but 
not in the form of nitrides and oxides, while Cr undergoes depletion. 
This is also in line with the following XPS and ToF-SIMS analysis. The 
observed precipitates are most likely δ-phase (Ni3Nb, orthorhombic 
D0a), which typically nucleates preferentially along grain boundaries 
under such thermal conditions. According to the literature, δ-phase 
precipitation is commonly observed in Inconel 625 after short-term 
exposure to high temperatures [33]. Nevertheless, the presence of 
additional, finer precipitates inside the grains and occasional intra
granular decorations suggests that γ″ phase (Ni3Nb, body-centered 
tetragonal D022) may also be present. This is consistent with reports 
where δ-phase dominates grain boundaries, while γ″ precipitates form 
within the matrix during intermediate temperature exposures, resulting 
in a mixed precipitation behavior [34]. Furthermore, due to the signif
icant Nb and Mo content in Inconel 625, the possible formation of sec
ondary carbides, such as M6C or MC-types, particularly at grain 
boundaries, cannot be excluded under these conditions. Such carbide 
phases have been reported to co-precipitate with δ-phase during thermal 
exposures in the 750–950 ◦C range, further contributing to grain 
boundary decoration [33].

3.3. Impact of anodic oxidation and OER electrochemistry on surface 
morphology and local composition

As observed in IL-SEM images (Fig. 5), anodic oxidation (AO) in
duces micrometer-scale intergranular corrosion (IGC) primarily along 
grain boundaries, where pronounced material etching occurred 

(Fig. 5c). In contrast, regions with pre-existing surface scratches 
(marked with red lines in Fig. 5) showed little to no material removal, 
indicating that these shallow defects did not penetrate deeply into the 
structure. More pronounced crack formation, particularly along grain 
boundaries, indicates deeper localized degradation, suggesting that the 
extent of IGC is closely tied to the compositional profile along the grain 
boundaries. After AO, EDS analysis confirmed that cracks were still 
enriched in Ni and Fe, while a significant depletion of Cr was also 
observed (Fig. 6, Fig. S5 and S6). This led to the spontaneous formation 
of an optimal surface Ni/Fe ratio of ~ 8:1 (Fig. S6), a composition 
known for enhancing OER activity [3–8]. The metals released into the 
electrolyte during AO are listed in Table S2. At the microscale, however, 
no significant morphological differences were observed (Fig. 5). XRD 
analysis (Fig. S2) shows a reduction in overall intensity and the absence 
of new crystalline oxide peaks, suggesting the formation of a predomi
nantly amorphous or nanocrystalline oxide layer. The reduced intensity 
of Inconel peaks further implies partial dissolution or restructuring of 
the surface during the anodization process.

The observed intergranular corrosion (IGC) in Inconel 625 is pri
marily caused by the precipitation of δ-phase (Ni3Nb), γ″ phase (Ni3Nb), 
and carbides (e.g., MxC) along grain boundaries during heat treatments 
[35]. Laves phase (Ni2(Nb,Mo)) or (Fe2Nb), however, forms only at high 
temperatures or after long exposures (thermal aging). These precipitates 
deplete chromium and molybdenum from adjacent zones, forming Cr- 
depleted regions that are prone to selective dissolution, similar to 
sensitization phenomena observed in stainless steels. Grain boundaries, 
as high-energy sites, further promote this process, accelerating IGC by 
facilitating micro-galvanic coupling [35]. After the OER measurement, 
Ni and Fe remained enriched at the cracks, although to a lesser extent. 
Interestingly, a localized increase in oxygen and chromium signals 
within the cracks was also observed, as indicated by the arrows in Fig. 6. 
We hypothesize that this increase in oxidized Cr originates from the 
interior of the alloy, where it had segregated during nitridation. Driven 
by selective surface dissolution and preferential oxidation of Ni and Fe, 
which do not redeposit locally, Cr becomes exposed. Notably, after the 

Fig. 3. IL-SEM images of polished Inconel 625 a, c) before and b,d) after nitridation. After nitridation, the formation of precipitates is observed at the grain 
boundaries marked with yellow dashed lines and scratches marked with a red dashed line in c) and d).
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stability test (discussed later), the local elemental distribution remains 
preserved. However, the exact mechanism behind these observations 
remains unclear and requires further investigation.

A closer inspection of the SEM image in Fig. 5c reveals the formation 
of shallow micro-craters localized on individual grain facets. These 
features do not appear to correlate with pre-existing surface structures, 
suggesting their formation is not related to pre-existing topographical 
crystallographic features. Instead, they are likely influenced by local 
variations in the electric field and/or electrolyte composition during 
anodic oxidation, which may be inherently non-uniform across the 
surface. Additional supporting IL-SEM images are provided in the SI 
Fig. S4. Corrosion attack at the grain boundaries and the development of 
cracks are attributed to the depletion of Cr and enrichment of a less 
stable metal, such as Ni and Fe, at the grain boundaries following 
nitridation, as indicated by arrows in Fig. 4. Furthermore, the treatment 
increased surface roughness and porosity, increasing the electrochemi
cally active surface area (ECSA) as shown later in the text.

The microstructure had a pronounced influence on morphology 
development during anodic oxidation and thus subsequent OER per
formance. Regions containing smaller grains, also referred to as segre
gation regions, exhibited significantly higher porosity formation [36]. 

This behavior is again most likely associated with chromium depletion 
at the grain boundaries, a phenomenon commonly observed in ther
mally treated Inconel alloys [35]. As a result, fine-grained regions are 
more susceptible to localized dissolution and IGC (Fig. 7, S6, S7, S8), 
consistent with previous reports showing that smaller grains exhibit 
higher corrosion rates [37]. The enhanced porosity in these areas 
contributed to an increase in electrochemically active surface area, 
thereby improving catalytic activity. In contrast, regions dominated by 
larger grains formed textured surfaces with deep and more defined 
cracks. These morphological features are believed to enhance oxygen 
bubble detachment efficiency at elevated current densities by creating 
more effective gas escape pathways, potentially reducing local mass 
transport limitations during OER operation [17,38]. Notably, EDS 
analysis confirmed that the Ni content remained consistent across both 
grain size regions (Fig. S6), suggesting that the observed differences in 
corrosion behavior and surface evolution are primarily driven by 
microstructural and compositional heterogeneities, particularly related 
to Cr distribution.

Fig. 4. SEM and EDS elemental mappings of Ni, Cr, Fe, O, and N on the identical surface region of nitrided Inconel 625. White arrows indicate a precipitate enriched 
in Ni and Fe, accompanied by a depletion of Cr, O, and N.
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Fig. 5. IL-SEM of Inconel 625 a) before nitridation, b) after nitridation, c) after AO, and d) after OER electrochemical experiment. Marked dashed lines indicate grain 
boundaries (yellow) and scratches (red).

Fig. 6. EDS elemental mapping of Ni, Cr, Fe, O, and N on the identical surface region of polished Inconel 625 shown by SEM micrographs after AO and after OER 
electrochemistry. The white arrow at the region within the cracks before OER marks the local enrichment in Ni and Fe and depletion of Cr and O. After OER, O and Cr 
in the cracks exhibit growth while Fe exhibits slight depletion.
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3.4. Surface analysis using XPS, ToF-SIMS and XANES

XPS confirms the presence of all Inconel metals, namely Ni, Cr, Fe, 
Nb and Mo on all surfaces (Fig. 8a). After nitridation, the N 1s peak 
appears, indicating nitrogen incorporation. The intensity of the N 1s 
signal decreases significantly after anodic oxidation and becomes un
detectable after OER (Fig. 8a), suggesting that nitrogen species are 
removed during these treatments, which is consistent with EDS analysis 
in Fig. 4. Besides metal oxides (feature at around 530 eV), an additional 
feature at approximately 531 eV suggests the presence of metal hy
droxides (Fig. 8b). The high EB side of the main O 1s peak can also 
correspond to oxidized carbonaceous species (as suggested in the C 1s 
spectra; Fig. S9). The Mo 3d spectrum (Fig. 8c) shows significant binding 
energy shifts. After nitridation, the dominant Mo 3d5/2 peak appears at 
228.3 eV, which is attributed to MoO [39]. The shoulder on the more 
negative binding energy most likely corresponds to metallic Mo 
(Fig. S10a). Following AO, MoO undergoes oxidation, shifting Mo 3d5/2 
peak to 232.3 eV, corresponding to Mo(VI) (Fig. S10b) [40,41]. After 
OER electrochemistry, Mo is no longer detected, indicating its removal 
from the topmost position. The Ni 2p3/2 spectra were fitted as suggested 
previously by Biesinger et al. [42]. The Ni 2p spectrum (Fig. 8d) suggests 
that after NT, the surface is mainly composed of metallic Ni (Fig. S10c, 
while some Ni-hydroxide is also present), as also observed in Fig. 4. 
However, after anodic oxidation and OER, Ni-hydroxide form 
(Figs. S10d,e), indicating progressive oxidation of the Ni surface, 
consistent with EDS analysis in Fig. 6, where the oxygen signal is 
increased, especially in cracks after OER. Cr species are observed only 
after nitridation (Fig. 8e). The position of the Cr 2p peaks corresponds to 
Cr2O3 with some metallic Cr also being present on the surface 
(Fig. S10f). After anodic oxidation and OER, Cr is absent in the topmost 
position, which is consistent with EDS analysis, where the Cr signal was 
observed only in the cracks (Fig. 6). The Cr 2p3/2 spectrum in Fig. S10f 
was fitted as suggested previously by Biesinger et al. [42]. The Fe 2p 
spectra suggest a low overall surface concentration of Fe species (Fig. 8f, 
note the non-normalized spectra). After nitridation, a peak at 

approximately 710.7 eV corresponds to oxidized Fe species. However, 
the Fe 2p signal interpretation is complicated by overlapping XPS- 
induced Ni LMM Auger peaks (Fig. 8a), which may contribute to this 
spectral feature. After the OER, this peak is significantly less intense, 
suggesting a lower surface concentration of this Fe species in the 
topmost position. Cs-related peaks in Fig. 8a are attributed to the pre
vious ToF-SIMS sputtering procedure involving a Cs+ sputter source 
rather than an intrinsic component of the analyzed surfaces. The K, F, 
and Na most likely originate from the AO or OER experiment electro
lytes or from other sources of contamination. The detected carbon- 
containing species primarily comprise C–C/C–H and COO/COOH, 
likely originating from adventitious carbonaceous contamination 
(Fig. S9).

For the nitridated sample, Mo species were primarily identified as 
oxides using XPS analysis. Thus, the MoO− signal was utilized for both 
nitridation and anodic oxidation samples to characterize the spatial 
distribution of these oxides in 3D ToF-SIMS images (Fig. 9). After OER, 
Mo was no longer detected via XPS, suggesting its near-complete 
removal or substantial depletion from the surface, which is consistent 
with the instability of molybdenum in alkaline solution [43]. Despite 
this, the presence of Mo− in the ToF-SIMS images confirms that Mo re
mains in trace amounts, likely embedded within the surface layer. The 
detection of Mo-species after OER was only possible with ToF-SIMS, as it 
has a significantly lower detection limit than XPS (the surface atomic 
concentration of Mo is probably below 0.1 at.%). To represent Ni-related 
species, 3D ToF-SIMS images were obtained using the signal for Ni− , 
which can originate from metallic Ni as well as other Ni-related species. 
After anodic oxidation and OER, progressive oxidation into hydroxides 
was determined by XPS and is consistent with the formation of the OER 
active film as reported previously [3–5,7,8]. Accordingly, 3D ToF-SIMS 
images were obtained by employing the NiOH− signal that predomi
nantly originates from Ni-hydroxides (however, the NiOH− signal can 
also originate from Ni oxide) [40]. After nitridation, XPS analysis 
revealed that Cr is mainly present as Cr2O3. To show the distribution of 
these species, 3D ToF-SIMS images were obtained using the CrO2

− signal. 

Fig. 7. IL-SEM of Inconel 625: a) before nitridation, b) after nitridation, c) after AO, and d) after OER electrochemical experiment. Marked dashed lines indicate 
regions with smaller grains and higher porosity formation.
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Additionally, for samples after anodic oxidation and OER, the Cr− signal 
was employed to show the distribution of the Cr-related species (the 
same reason as for the Mo-species, as explained above). Cr shows a less 
homogeneous distribution across the surface compared to Ni, which is 
consistent with the above-described increase of local concentration of Cr 
in the cracks (Fig. 6) and in line with the intergranular corrosion 
mechanism. Fe-oxides and Nb-oxides/hydroxides were characterized by 
FeO2

− and NbO2
− signals, providing insight into their distribution across 

the samples. Both Fe- and Nb-related oxidized species are present on all 
three surfaces. This observation supports the established understanding 
that only a small amount of surface Fe is needed to enhance the OER 
activity of Ni-oxyhydroxide catalysts [6].

Fe and Ni K-edge XANES results, presented in Table S1 and Figs. S11 
and S12, support the above observations. The spectra clearly reveal the 
presence of specific oxidation states of Fe and Ni cations and consistent 
trends induced by nitridation and anodic oxidation treatments. In the 

Fig. 8. Survey and high-resolution XPS spectra: a) survey, b) O 1s, c) Mo 3d, d) Ni 2p, e) Cr 2p, and f) Fe 2p. The lowest spectra correspond to the sample after NT, 
the middle spectra represent the sample after AO, and the highest spectra correspond to the sample after EC.
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100 nm thick surface layer of the polished Inconel disc, approximately 
30 % of Fe cations are in the oxidized state, predominantly as Fe3+, 
while the remaining 70 % are metallic. After treatment, the fraction of 
oxidized Fe increases to ~ 40 %, with 60 % remaining metallic. For Ni, 
the pristine surface is composed almost entirely of metallic Ni, with a 
minor NiO contribution (~4%). Post-treatment, ~15 % of Ni is oxidized, 
mainly to Ni2+, with ~ 4 % as Ni3+, while ~ 85 % remains metallic. 
Notably, Ni2+ is typically present in the pristine or ex-situ resting state of 
NiFe oxyhydroxide and is re-oxidized to Ni3+ under OER conditions. Due 

to the ~ 100 nm probing depth of the TEY detection mode, the XANES 
spectra reflect not only the modified Inconel surface but likely also a 
portion of the bulk material. For further details, please refer to the 
Experimental section.

3.5. Electrochemical performance evaluation

The electrochemical analysis demonstrated a marked improvement 
in OER activity for treated Inconel 625, as shown in Fig. 10a. 

Fig. 9. 3D ToF-SIMS images obtained during sputtering of NT, AO, and EC samples showing a–c) Mo-related signals, d–f) Ni-related signals, g–i) Fe-related signals, 
j–l) Cr-related signals, and m–o) Nb-related signals. Square dimensions are 300 times 300 µm in x and y.

Fig. 10. a) OER performance analysis, including b) polarization curves and tafel slope evaluation, of untreated and modified inconel 625 compared to a commercial 
IrOx catalyst.
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Polarization curves showed a reduction of approximately 40 mV in 
overpotential relative to the untreated Inconel disc, while Tafel slope 
analysis indicated improved reaction kinetics, reflecting more favorable 
charge transfer processes. We note that the untreated sample is in line 
with the performances measured in the literature, exhibiting 10 mA/cm2 

at 1.55 V vs. RHE [3]. Electrochemical surface area (ECSA) was esti
mated via electrochemical double layer capacitance measurements (Cdl) 
that demonstrated more than fourfold increase (Fig. S13), which is in 
accordance with the observed improvement in catalytic performance. 
Normalization of the OER polarization curves to the Cdl values confirms 
that the surfaces exhibit comparable specific activity (Fig. S14). None
theless, differences in mass transport behavior and bubble dynamics 
may still significantly affect the measured performance and must be 
considered in the interpretation. EIS Nyquist plot (Fig. S14) further 
confirmed a significant reduction in charge transfer resistance for the 
treated Inconel 625 (IN625_N_AO), as evidenced by the smaller semi
circle compared to untreated IN625. Additionally, a slight decrease in 
high-frequency intercept on the real axis suggests lower internal elec
trolyte resistance, which may result from improved bubble removal 
dynamics during operation at 1.55 V vs. RHE. Low concentration of 
metal ions was determined in the electrolyte (Table S3), however, the 
anode material was stable. This is confirmed by the SEM analysis, where 
no morphological changes in the materials were observed (Figs. 5, 6, 7, 
S4, S6, S7, and S8). In terms of composition, some local oxidation was 
observed, where, after OER, O and Cr signals in the cracks exhibit 
further growth and Fe exhibits some depletion (Figs. 6, S5, and S6). 
Notably, the treated alloy significantly outperformed commercial IrOx in 
OER performance, underscoring its potential as a cost-effective and 
scalable AWE anode material (Fig. 10a). For comparison, we evaluated 
the OER performance of samples that underwent only nitridation and 
anodic oxidation as separate steps. Both treatments resulted in poor 
activity, as shown in Fig. S14.

Additionally, stability was evaluated by applying a current density of 
10  mA cm− 2 for 96 h to IN625_N_AO. Interestingly, no degradation in 
OER activity was observed (Fig. S14). On the contrary, we observed a 
decrease in charge transfer resistance and a doubling of the electro
chemically active surface area (ECSA), as shown in Fig. S15 and S8. 
These results are consistent with findings from Chatenet’s group, which 
reported dynamic stabilization of similar systems during extended 
operation [3]. Morphologically, no significant changes were observed at 
low magnifications. However, upon closer inspection at higher magni
fications, we detected the formation of pores and Ni(OH)2/NiOOH 
nanoflakes or nanosheets, features that correlate well with the observed 
increase in ECSA. Such structures have indeed been reported previously 
[5]. Compositionally anode was further oxidized and Cr, Mo and Nb 
continued to dissolve, while Ni, Fe N remained relatively unaffected 
(Fig. S17). Local distribution of elenets did not change according to the 
IL-EDS mapings (Fig. S18).

4. Conclusion

This study demonstrated the successful activation of commercially 
available Inconel 625 into a high-performance OER anode through a 
combination of nitridation and anodic oxidation. The nitridation process 
induced NiFe enrichment and Cr depletion at grain boundaries, signifi
cantly affecting subsequent treatments. Anodic oxidation further 
restructured the catalytic surface by creating localized cracks and some 
micrometer-scale craters and established a surface NiFe ratio of 
approximately 8:1, a critical parameter for optimized OER activity. 
Regions with smaller grains exhibited higher porosity, contributing to 
an increased active surface area, while larger grains promoted the for
mation of textured regions with deeper cracks, improving oxygen bubble 
detachment efficiency. Electrochemical analysis revealed that the 
treated Inconel 625 outperformed commercial IrOx in activity, with a 
twofold increase in the electrochemical surface area. Furthermore, after 
the 96-hour chronopotentiometry stability test, OER activity was 

retained, highlighting the exceptional stability of this material. IL-SEM 
and IL-EDS analyses provided valuable insights into the microstruc
tural evolution during the treatments, highlighting the interplay be
tween grain size, porosity, and catalytic performance. These findings 
establish commercial Inconel 625 as a prospective candidate for alkaline 
water electrolyzers, bridging the gap between performance, availability, 
and scalability. Future work will focus on refining surface and electro
chemical treatment protocols to enhance surface properties, optimizing 
grain size and distribution, reducing Ni content in the native alloy and 
maximizing Cr removal to improve industrial applicability. The scal
ability and affordability of this approach offer significant potential for 
advancing industrial hydrogen production technologies.
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review & editing, Investigation, Formal analysis, Data curation. Iztok 
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[18] A.R. Kamšek, F. Ruiz-Zepeda, M. Bele, A. Logar, G. Dražić, N. Hodnik, 
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