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We report the first grain-resolved mapping of oxygen evolution
reaction (OER) activation on a Ni-based superalloy using identical-
location EBSD, complemented by IL-SEM, IL-EDS, and SECCM. NiFe
(oxy)hydroxide film formation and OER activity are strongly influenced
by grain size and orientation, with (111)-oriented and smaller grains
undergoing pronounced structural, chemical, and electrochemical
transformations. These findings reveal pronounced microstructure
heterogeneity in OER and establish IL-EBSD as a powerful tool for
the microstructure-guided design of advanced electrocatalysts.

Alkaline water electrolysis is a century-old and technologically
mature process that remains one of the most scalable and cost-
effective methods for green hydrogen production. Yet, despite
its long industrial history, key aspects of how electrode materi-
als evolve during initiation and operation remain poorly under-
stood. As the energy transition accelerates, the need for
efficient, durable, and flexible alkaline electrolyzers for inter-
mittent solar and wind power grows.'?

For alkaline conditions, NiFe-based (oxy)hydroxides are
among the most promising catalysts for the oxygen evolution
reaction (OER) due to their earth abundance, cost-effectiveness,
and high catalytic activity.>* Their performance depends on the
Fe/Ni ratio, with optimal activity typically observed for a 0.2-0.4
ratio.>® However, the precise nature of the active sites, whether
Fe- and/or Ni-centered, or due to synergistic interactions and
dissolution/redeposition from the electrolyte, remains under
debate.”® These catalytic films form in situ under OER condi-
tions when applied to NiFe-containing alloys, although they can
also be synthesized via methods such as co-precipitation or
electrodeposition. However, the microstructure-activity-stabi-
lity relationships, particularly under harsh OER and start-stop
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scenarios (e.g., reverse current phenomenon), remain poorly
understood.*°

In this context, commercial Ni-containing alloys such as
stainless steels and Inconel have emerged as promising anode
candidates, offering a compelling combination of catalytic effi-
ciency and durability.” Electrochemical treatment of these alloys
leads to the formation of nanostructured NiFe (oxy)hydroxide
surface layers, eliminating the need for additional catalyst
coatings. Notably, Inconel yields one of the thickest active layers
(~40 nm), which correlates with its high electrochemical
capacity.” Due to nickel’s cost and scarcity, shifting toward
lower-Ni steels that still form active NiFe (oxy)hydroxide films
offers a scalable, cost-effective path for alkaline OER electrodes.

Current strategies to improve OER performance primarily focus
on compositional tuning, surface coatings, or nano-structuring.'®
However, these approaches frequently neglect microstructural
characteristics, such as grain orientations, grain boundaries and
local crystallographic heterogeneities.'' These materials’ features
play a crucial role in determining mechanical properties; however,
they also have electrochemical properties like corrosion resistance
and electrocatalysis capabilities. Beyond grain size and orientation,
microstructural features such as grain boundary density, strain,
and crystallographic defects may also influence the growth and
activity of NiFe (oxy)hydroxide films. While microstructure-
function relationships are studied in metallurgy, these aspects
remain underexplored in electrocatalysis, primarily due to the lack
of utilization of spatially resolved techniques capable of tracking
changes at the sub-micrometre level. A promising solution is
identical location electron microscopy (IL-EM), which enables
tracking of structural and compositional changes in the same
regions of a material before and after electrochemical treatment.
IL-EM has provided essential insight into electrocatalyst restructur-
ing degradation mechanisms (Fig. 1).">™*

In this study, we present the first use of identical location
electron backscatter diffraction (IL-EBSD) to investigate the
grain-specific activation of electrocatalytic materials. We reveal
how Inconel 625 (IN625), a commercially available Ni-based
superalloy with homogeneous composition of Ni/Cr/Fe/Mo/Nb
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Fig. 1 Schematic showing IL-EBSD workflow, involving EBSD character-
ization of Inconel 625 before and after electrochemical cycling at the
identical location. Comparative analysis of the EBSD images reveals
structural changes induced by cycling.

(at% 62.2/23.3/6.7/5.4/2.4), changes during electrochemical
cycling. We show that NiFe (oxy)hydroxide film formation
depends on grain size and potentially crystallographic orienta-
tion. This represents the first direct visualization of grain-
resolved structural correlations in OER electrocatalysts.

To study grain-specific NiFe (oxy)hydroxide film growth,
polished IN625 was electrochemically activated under OER con-
ditions by cycling between 1.2 and 1.6 V vs. RHE at 20 mV s~ * for
200 cycles (Fig. 2). A typical oxidation of nickel(r) hydroxide to
nickel(m) oxyhydroxide peak is observed at 1.35-1.45 V vs. RHE
followed by the onsets of OER at approximately 1.5 V vs. RHE,
making this material a very promising OER catalyst. Further
experimental information, details and results are available in
the SI.

EBSD inverse pole figure (IPF-Z) maps and SEM imaging were
used to analyze the polished surface of IN626 before and after
cycling at identical locations. Due to its orientation-specific signal,
EBSD enables direct determination of grain orientations (see the
insert in Fig. 3) and grain sizes (see the distribution in Fig. S1). To
resolve grain orientations beneath the oxidized surface, we
applied EBSD postprocessing using spherical indexing,'® which
successfully recovered crystallographic information otherwise lost
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Fig. 2 Subsequent activation polarization curves of Inconel in 1 M KOH.
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Fig. 3 IL-EBSD and IL-SEM of polished IN625 before (a) and (b) and after
OER activation (c) and (d).

in standard EBSD maps. As shown in Fig. S2 and S3b, conven-
tional EBSD primarily records noise due to the formation of a
NiFe (oxy)hydroxide layer. Notably, such films can block EBSD
even at thicknesses of a few tens of nanometres, consistent with
films observed in the literature.” Examining larger grains with
different orientations in the refined EBSD map in Fig. 3 reveals no
clear correlation with grain orientation. In contrast, regions
containing smaller grains exhibit a noisy EBSD signal after OER
activation, likely due to the formation of a thicker and more
uneven NiFe (oxy)hydroxide layer. Furthermore, close inspection
reveals that the noisiest EBSD signal is located at grain bound-
aries, likely caused by surface roughening from intergranular
corrosion driven by Cr depletion and the formation of §-phase
(NizNb) precipitates, a phenomenon commonly observed in ther-
mally treated Inconel alloys."® The most pronounced restructuring
is thus observed on smaller grains, where the aspect ratio of
boundary to surface is higher and the presence of local deforma-
tions and substructure (as revealed by Kernel Average Misorienta-
tion analysis, Fig. S4). This is confirmed with additional IL-EBSD
analysis in Fig. S3. We note that in order to enable reliable EBSD
and EDS mappings, beam-induced carbon contamination was
removed using an effective argon cleaning procedure (see SI). This
step is essential for Ni-based polycrystalline OER electrocatalysts.
To complement the IL-EBSD analysis, we also performed IL
energy dispersive spectroscopy (EDS) mappings. Averaged EDS
revealed a notable compositional shift after electrochemical
treatment, with the Ni/Cr/Fe/Mo/Nb/O (at%) ratio changing
from 60.9/22.9/6.6/5.8/3.3/0.5 to 51.0/15.1/6.8/3.9/2.3/20.9.
This surface oxidation change aligns with Pourbaix dia-
grams, where Ni and Fe are prone to oxidation, while Cr, Mo,
and Nb preferentially dissolve under OER conditions. IL-EDS
mappings (Fig. 4) further revealed the inhomogeneous surface
behavior of IN625. Before electrochemical cycling, Ni, Fe, and
Cr were uniformly distributed, while Nb and Mo were locally
enriched due to the presence of carbide and d-phases, which
dissolved upon OER activation (see Mo and Nb signals in Fig. 4
and IL-SEM in Fig. S5). Notably, in Fig. 4, blue grains oriented
near the (111) direction showed more pronounced Cr depletion

This journal is © The Royal Society of Chemistry 2025
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Fig. 4

IL-SEM, IL-EBSD IPF Z and IL-EDS maps of polished IN625: (a) before OER activation and (b) after OER activation. In IL-EDS mapping analysis, Ni

locations and relative quantities are depicted with red, Cr in green, Fe in blue, O in yellow, Mo in violet and Nb in pink. (b) shows EBSD image from post-

processing using spherical indexing.

and reduced surface oxidation, indicating a crystallographic
influence on dissolution behavior that likely impacts subse-
quent OER film formation and performance.

To further validate the grain-dependent electrocatalytic
behavior observed via IL-EBSD, we performed localized OER
measurements using scanning electrochemical cell microscopy
(SECCM). As shown in the final section of the SI, SECCM
activity maps, recorded at ~5 pm lateral resolution, revealed
up to 30% variation in OER activity across the surface, high-
lighting significant microscale heterogeneity. Correlating
SECCM with EBSD showed that spots with grains oriented near
the (111) direction and some with smaller grains in segregated
regions exhibited higher OER activity. We must, however, note
that deviations from these trends were also observed, suggest-
ing that additional factors, such as the presence of different
surface defects or even of §-phases, can also influence electro-
catalytic behavior. For further details, refer to the SI.

The integration of IL-EBSD with known IL-SEM and IL-EDS
provides a robust framework and versatile toolbox for investi-
gating local microstructural effects in complex, real-world
materials, bridging metallurgical materials science and electro-
catalysis. This grain-level perspective is particularly valuable for
the development and post-processing of electrocatalytic alloys,
where precise control over microstructure can lead to improved
durability and activity."” Our methodology offers a blueprint for

This journal is © The Royal Society of Chemistry 2025

future studies on microstructure-activity-stability relationships
and supports the rational design of electrocatalysts with tai-
lored microstructures for renewable energy applications.

In summary, this study reveals the first direct correlation
between grain-dependent microstructure and the formation of
OER-active surface on a Ni-based superalloy using a newly
developed IL-EBSD, complemented by IL-SEM and IL-EDS.
We show that electrochemical activation under alkaline OER
conditions leads to microstructure-dependent formation of
different OER active sites, with (111)-oriented grains, smaller
grains, and grain boundaries undergoing the most significant
transformations. Specifically, (111) grains exhibit greater Cr
depletion with reduced oxidation, while smaller grains, likely
due to higher defect densities (e.g., presence of strains and 9-
phases), show increased surface roughening. SECCM measure-
ments revealed up to 30% variation in local OER activity and
partially confirmed enhanced performance for (111)-oriented
and smaller grains; however, observed deviations from this
trend indicate that additional microstructural and chemical
factors also influence electrocatalytic behavior. These findings
underscore the critical role of local microstructure in electro-
catalyst behavior and establish IL-EBSD as a powerful tool for
resolving crystallographic contributions to catalytic activity. Our
findings demonstrate the untapped potential of combining classical
metallurgical tools with electrochemical insight and offer a new
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strategy for engineering high-performance anodes for the green
hydrogen economy. Additionally, we address two practical chal-
lenges arising in such measurements: how to access grain informa-
tion beneath relatively thick surface films and how to effectively
eliminate unwanted carbon deposition during SEM imaging.
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