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Abstract

Nickel-titanium (NiTi) shape memory alloys are intermetallic compounds which can exhibit a
reversible martensitic phase transformation. While extensively studied for biomedical and
actuator applications, their potential as electrocatalysts for the oxygen evolution reaction (OER)
remains virtually unexplored. Here, we systematically investigate how phase structure
influences OER activity in NiTi alloys by comparing martensite NisoTiso (B19' monoclinic) and
austenite Nisi.2Tiss.s (B2 cubic). Despite differing by only 1.2 at.% Ni, the investigated
specimens exhibit markedly different electrocatalytic behavior. In 1 M KOH containing 15 ppb

Fe, the martensitic one requires 40 mV lower overpotential (450 mV vs. 490 mV at 10 mA cm™2)
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and maintains stable operation at 1.56 V vs. RHE over 12 hours. This improved activity
correlates with characteristic phase-dependent properties: enhanced electrical conductivity,
finer surface texture, and a markedly increased hydrophilicity of martensite (contact angle 21°
vs. 71°). The martensitic phase also shows a 10% larger electrochemically active surface area.
Under elevated Fe levels (150 ppb), the martensite phase undergoes stronger surface
restructuring and achieves a 370 mV lower overpotential, indicating superior Fe incorporation
compared to austenite. Together, these findings demonstrate that the OER performance in NiTi
alloys is systematically tunable via their microstructural states and establish phase engineering
of intermetallic shape memory alloys as a promising strategy for rationally designing next-

generation electrocatalysts for water splitting.
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1. Introduction

Nickel-titanium (NiTi) shape memory alloys (SMAs) represent a compelling class of
intermetallic compounds that can undergo reversible martensitic transformations between
austenitic (B2 cubic, Pm3m) and martensitic (B19' monoclinic, P21/m) phases [1, 3]. This
temperature-dependent, diffusionless transformation occurs within a narrow thermal hysteresis
bounded by specific characteristic start and finish temperatures upon cooling (Ms, Mf), and
heating (As, Af). Recent comprehensive investigations have revealed significant electronic
restructuring during this transformation, including substantial changes in charge carrier density,
charge carrier mobility, resistivity, Hall coefficient, and Seebeck coefficient [2, 4-6]. The
electronic entropy contribution to the total transformation entropy is considerable for near-
equiatomic compositions, with experimental evidence indicating electron redistribution
between free electron states (austenite) and bonding states (martensite) [2, 7, 8]. The phase
stability and therefore the resulting electronic properties of NiTi SMAs are highly composition-
sensitive: deviations from equiatomic compositions toward higher nickel contents stabilize the
austenite phase. Mechanistically, this stabilization is driven by the accommodation of excess
nickel atoms as anti-site defects, which induce local atomic displacements. These local lattice
distortions provide an energetic advantage to the (now imperfect) cubic B2 structure relative to
the monoclinic martensite [9]. As a result, each 0.1 at.-% Ni added decreases the temperature
Ms at which the transformation starts by approximately 10 K [1] (cf. Figure S1). As a result,
different compositions exhibit distinct electronic behaviors [4, 5]. Given that the electronic

structure influences catalytic activity in electrochemical reactions [10], these documented



electronic modifications suggest that NiTi alloys may represent an unexplored platform for

investigating phase-dependent electrocatalytic properties.

Electrochemical water splitting represents a promising pathway for sustainable hydrogen
production, yet the oxygen evolution reaction (OER) remains the kinetic bottleneck due to its
sluggish kinetics and high overpotentials [11-13]. In alkaline media, earth-abundant transition
metals like nickel, cobalt, and iron can be employed; however achieving both high activity and
long-term stability remains challenging, with catalysts often exhibiting an inverse relationship
between these properties [14-16]. Among these, nickel-based materials have attracted
considerable attention as viable OER electrocatalysts in alkaline conditions due to nickel's
ability to form electrochemically active oxyhydroxide species under anodic conditions [17, 18].
However, while the intrinsic catalytic potential of nickel is known, how this activity interplays
with the complex structural hierarchy inherent to the NiTi system remains an open inquiry.
Considering the electronic restructuring described above, specifically the shift between free and
bonding electron states, a critical fundamental question emerges, namely to what extent the
distinct crystal symmetries and their associated microstructural features, spanning from the
crystal lattice to displacive phase transformation interfaces, differentially modulate the oxygen
evolution kinetics. Answering this is essential for moving beyond simple compositional tuning
to establish precise structure-activity relationships in phase-engineered materials. Intermetallic
compounds, characterized by ordered crystal structures and distinct electronic properties from
their constituent elements, represent a largely unexplored class of materials for OER
electrocatalysis [19-23]. Understanding whether and how alloying modulates their catalytic
activity 1s essential for the rational design of next-generation electrocatalysts and for

establishing fundamental structure-activity relationships in multi-metallic systems.

While NiTi SMAs have been extensively studied for biomedical implants [24-26], actuators,
and energy harvesting devices [27, 28], their potential as electrocatalytic materials [29],
particularly for OER, remains virtually unexplored. The existing literature predominantly
addresses the corrosion resistance [30-32] and passive oxide formation of NiTi alloys [33-36]
in physiological environments, with no research examining their intrinsic electrochemical
activity or intentional application as OER catalysts to the best of our knowledge. This represents
a significant knowledge gap, particularly given that NiTi alloys inherently combine two
elements: nickel, which serves as the primary catalytic center, and titanium, which is typically
present as its oxide, and which mainly acts as a structural and electronic promoter that stabilizes

the catalyst and tunes the local environment of the active nickel sites [37-41]. The unique



surface chemistry of NiTi, characterized by dynamic oxide layer formation and phase-
dependent restructuring, presents an untapped opportunity to engineer electrocatalytic

interfaces with optimized activity and stability.

The electrocatalytic potential of NiTi has been recently demonstrated for the hydrogen
evolution reaction (HER), where austenitic NiTi outperformed platinum under alkaline
conditions, revealing optimal hydrogen binding energies in the austenite phase [29]. This
breakthrough, combined with detailed electronic characterization, suggests that NiTi SMAs
represent an untapped class of phase-tunable electrocatalysts. However, the development of
strain-engineered catalysts typically relies on complex core-shell structures or elastic substrates,
making the intrinsic phase transformation capability of NiTi particularly attractive. Despite the
comprehensive characterization of electronic transport properties and recent HER success, the

oxygen evolution behavior of bulk NiTi SMAs remains underexplored.

In this work, we present the first comprehensive electrochemical investigation of OER activity
in two selected NiTi SMAs representing different phases: NisoTiso - martensite and Nisi.2Tias.s
- austenite. Through systematic electrocatalytic performance assessment and microstructural
characterizations, we investigate the distinct phase-dependent OER activity in these NiTi
intermetallic compounds. The noted superior performance of the martensitic phase over the
austenite phase is attributed to synergistic effects arising from enhanced electronic conductivity,
increased electrochemical surface area, improved surface wettability, and more favorable Fe
incorporation kinetics. Our findings establish a foundation for utilizing the phase-dependent
properties of NiTi SMAs to further tune their electrochemical performance in alkaline water
electrolysis, opening pathways for future development of phase- and microstructure-engineered

intermetallic catalysts for sustainable hydrogen production.

2. Materials and Methods

2.1. Materials and Processing

The alloy compositions selected for this study were chosen to ensure the stability of either the
B2 austenite or B19’ martensite phase at the testing temperature of 300 K. The dependence of
the characteristic transformation temperatures on the nominal nickel content in the NixTi(100-x)
system is well documented (Figure S1). For instance, Ms for equiatomic NisoTiso is
approximately 330 K, whereas a slight increase in the Ni content to Niso.3Tis9.7 lowers Ms to
around 300 K. Consequently, NisoTiso and Nisi 2 Tisg s were selected as martensitic and austenitic

compositions for this work, respectively, as they are sufficiently distant from any transformation



temperatures at the testing temperature. This material choice minimizes the risk of undesired
phase transitions during experimental procedures, while remaining similar enough in
composition to attribute the observed property changes primarily to phase-dependent,

microstructural differences [1, 9].

Polycrystalline NiTi specimens were synthesized using the arc melting technique on a water-
cooled copper hearth previously described by Frenzel et al. [9, 42]. The melting was carried out
under an argon atmosphere to prevent oxidation. To achieve optimal chemical homogeneity,
each sample was remelted six times. Following solidification, the specimens underwent
homogenization annealing at 1223 K for 24 hours in evacuated quartz ampoules and were

subsequently quenched in water to suppress the formation of precipitates.

Specimens for electrochemical testing, measurement of thermophysical properties and phase
and topology analysis were extracted as 1 mm thick plates with a base area of 1.28 cm?. The
specimens were cut using an Acutom 10-100 by Struers GmbH, followed by grinding and
successive mechanical polishing steps. After polishing with 1 um diamond suspension, the
specimens were electrolytically polished in a LectroPol-5 by Struers GmbH using an optimized
electrolyte described by Pohl et al. (79% acetic acid and 21% perchloric acid (70-72% HCIO4))
for a duration of 45 seconds at 17 °C [42]. The voltage was 10 V for the NisoTiso specimen and
18 V for the Nis;2Tiss s one. These different voltages stem from preliminary evaluations of the
potential curves of each material. The goal of the electrolytical polishing was twofold. First, it
eliminated any topology arising from the previous processing (including the martensitic
transformation in the NisoTiso specimens), and second, it remediated any deformation-induced
martensite formation at the surface of the otherwise austenitic Nisi2Tisgs specimens (Figure
S2). The preceding mechanical polishing addressed reproducibility issues arising from variable

initial and final surface roughness values [38].

2.2. Characterization

2.2.1. Microstructure Characterization

X-ray diffraction (XRD) was employed for phase analysis in a Bruker D8 Advance
diffractometer with a Cu Ka radiation source with a wavelength of 1.5406 A. The selected 20
range varied from 30° to 100° with a step size of 0.02° and a dwell time of 10 s. The surface of
the sample was scanned through its rotation around its vertical axis. The diffraction spectra

were analyzed using the software DIFFRAC.EVA.



A MIRAS3 field emission scanning electron microscope (SEM) by Tescan GmbH equipped with
a field emission gun was employed to capture micrographs and analytic microstructure
information. All investigations were performed with an acceleration voltage of 15 kV and a
working distance of 15 mm. Local composition information was captured by energy-dispersive
spectroscopy (EDS) through an AZtec Energy Advanced system by Oxford Instruments
simultaneously to crystallographic data that was acquired through electron backscatter
diffraction (EBSD) using a Nordlys nano detector by Oxford Instruments. Data processing and

analysis was performed in the software AZtecCrystal, also by Oxford Instruments.

2.2.2. X-ray Photoelectron Spectroscopy (XPS)

Surface compositions of NisoTiso and Nis;»Tissg specimens were determined by XPS. XPS
measurements were conducted employing a ULVAC-PHI Versaprobe II, (Chanhassen, USA)
device. The NiTi specimens were analyzed applying an Al Ka radiation (hv = 1253.6eV) with
a band-pass energy of 11.75eV. As a reference, the XPS spectra were calibrated using the Cls
adventitious carbon C—C binding energy at 284.8 eV. All spectra were analyzed with the
CasaXPS 2.3.25 software.

2.2.3. Atomic Force Microscopy (AFM)

The surface topography of the NisoTiso and Nisi2Tisgs specimens, both before and after
electrochemistry measurements were characterized using AFM with the TOSCA 400 (Anton
Paar Germany GmbH). To statistically back up the results, multistage data quantification
(MSDQ) that we recently developed to accurately extract quantitative and representative
surface features [43] was applied. The methodologies and conditions followed in this study are
consistent with those outlined in our previous work [44], and the specific parameters used are
detailed in the supporting information section S1. In addition, combined AFM and conductive
AFM (cAFM) measurements for characterization of the local transport properties were
performed on a Cypher ES Environmental AFM (Oxford Instruments, Santa Barbara, CA,
USA). For the measurements, CDT-NCHR (NANOSENSORS, Neuchatel, Switzerland) AFM
tips with boron-doped diamond-coating were used. A bias of 0.5 V was applied to the back
electrode through a 500 MQ resistor.



2.2.4. Thermophysical Properties

Temperature-dependent electrical resistivity measurements were conducted using a closed-
cycle cryostat. Electrical contacts were established using an aluminum wire applied via wedge
bonding. Measurements were performed using an alternating current of 10 mA, and the signal

was amplified and detected employing lock-in technique to amplify the signal [2].
2.2.5. Contact Angle Measurements

Contact angle measurements were performed using OCA15PRO equipment (Data Physics
Instruments GmbH). The measurements were conducted using 1 M KOH as the probe liquid

which was dropped at a drop-eject-rate of 5 uL s™'.
2.2.6. Beaker Cell Electrochemical Measurements

For the alkaline OER analysis, the electrochemical performance of the specimens was tested by
using them as working electrodes in a three-electrode beaker cell setup. A spiral Pt wire was the
counter electrode, and Hg/HgO in 1 M KOH was used as the reference electrode. All
experiments were performed under ambient condition in 100 mL of 1 M KOH (Pellets, 85%,
Sigma Aldrich). A Biologic potentiostat VMP3 (BioLogic, France) was used to control the

potential.

The measurement sequence began by recording the open circuit potential (OCP) for 60 seconds
to enable the system to reach a stable equilibrium potential. Potentiostatic electrochemical
impedance spectroscopy (PEIS) was then performed at OCP over a frequency range of 100 kHz
to 10 Hz with 10 mV rms AC voltage to determine the uncompensated resistance (Ru). The real
impedance value was obtained where the phase angle reached a minimum and used for potential
correction with respect to reversible hydrogen electrode (RHE). Before evaluating the OER, the
catalyst underwent electrochemical preconditioning by cycling 50 CVs (Cyclic
Voltammograms) between 0.4 and 1.6 V vs. RHE at a scan rate of 100 mV s™! followed by a set
of CVs with different scan rates for analysis of the electrochemical active surface area (ECSA).
This preconditioning step was essential for stabilizing the catalyst surface and eliminating
residual impurities. Subsequently, the OER activity was assessed using linear sweep

voltammetry (LSV) at a scan rate of 5 mV s\,

After conditioning by cyclic voltammetry (CV), electrochemical surface area (ECSA)

measurements were carried out. CVs were taken from a potential range (non-faradaic region)



between 1.00 to 1.20 V vs RHE at different scan rates ranging from 20-200 mV s™! to determine
the double layer capacitance (CDL) from the current (I) vs. scan rate (U) plot. The slope of the
linear fit gives the CDL, which is divided by a constant specific capacitance (Cs), 40 pF/cm?,
giving the ECSA [43]. For current normalization, two approaches were opted, normalization by
geometrical cross-sectional area (length x width of the NiTi plate; 1.28 cm?) and by the
electrochemical surface area which is calculated as described above [45]. To study the effect of

Fe incorporation during OER, all these experiments were carried out in KOH containing both,

15 and 150 ppb Fe.

3. Results and Discussion

3.1. Microstructure Characterization

As opportunely stated, the core scientific question in this work is based on achieving two
different microstructures with comparatively similar NiTi SMA compositions. Figure 1 shows
that, as expected, the Nisi»Tisgg specimen presents a diffractogram compatible with a B2
ordered cubic structure (ICDD# 18-0899). The diffractogram of the NisoTiso, on the other hand,
indicates a monoclinic B19’ structure (ICDD# 35-0899). This result highlights the success of
the material casting and, therefore, the resulting material purity, as no further phases were
identified [9]. Furthermore, the absence of martensite in the Nis2 1 Tiss 8 specimen confirms that

the electropolishing step successfully produced deformation-free surfaces [42].
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Figure 1. XRD diffractogram of the selected alloys after electropolishing. The martensitic NisoTisg
specimen shows peaks compatible with a B19’ structure (ICDD# 35-1281), whereas the austenitic

Nis; 2 1iss.s indicates a B2 cubic structure (ICDD# 18-0899).



The Electron Backscatter Diffraction (EBSD) scans of the electropolished samples provide
additional insights into the main features of the microstructures of the studied alloys and their
length scales. Figure 2 presents the inverse pole figure map Y (IPF-Y) a), ¢), and the phase
distributions b), d) of the studied specimens: a,b: NisoTiso; d,e: Nisi2Tisgs. The IPF-Y, shows
the orientation of the crystallites. As expected from the employed casting and heat treatment
process, the grain size of the austenite phase exhibits a coarse grain structure, generally on the
order of several hundred micrometres or even reaching to the millimetre range [9, 42]. In the
region shown in Figure 2c, the austenite grains extend over 350 um, whereas the indexed
martensite variants shown in Figure 2a have a width ranging between 0.5 and 2 pm. It is worth
noting that the NisoTiso specimen had a similar austenitic grain size prior to its transformation
into martensite, demonstrating the strong microstructural change induced by the displacive
phase transition [46, 47]. The EBSD map of NisoTiso shows considerable amounts of unindexed
positions, represented in Figure 2a,b as dark regions. This incomplete indexing is characteristic
of thermally transformed B19' martensite, which self-accommodates to minimize internal
lattice strain [3]. This configuration requires the formation of hierarchical nanotwins with
lamellar widths that are smaller than the interaction volume of the electron beam, extending
down to just a few lattice spacings [48, 49]. Consequently, the EBSD detector captures
overlapping Kikuchi patterns from multiple twin variants simultaneously, resulting in pattern
interference, low pattern quality, and null solutions [50]. The phase maps (Figure 2b,d)
substantiate the findings of the XRD analysis. Ti2Ni and TiC inclusions were detected and will
be discussed later in the surface characterization section. These were not observable in the XRD

patterns likely because of their low content and small size.
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Figure 2. EBSD maps of NisoIiso a), b); and of Nis;2Tiss. c), d). IPF-Y: a), c). Phase map: b), d).

3.2.Surface Chemical Analysis

To characterize the electropolished surface chemical state of the NiTi specimens prior to
electrochemical testing, XPS was performed on both compositions. XPS survey spectra of both
NiTi specimens were characterized by the desired elements such as Ni, Ti, O and C as shown
in Figure S3. These observations are consistent with previous studies, which have shown that
the native oxide layer formed on NiTi alloys under ambient conditions is composed primarily
of Ti and O, with a lower nickel contribution due to preferential surface oxidation of titanium

[51, 52].

High-resolution XPS spectra of Ni 2p (Figure 3a) revealed pronounced Ni 2ps/> peaks at
852.9 eV and Ni 2pi/2 peaks at 870.0 eV for both phases. This binding energy is indicative of

metallic Ni° in these NiTi compositions.

For titanium, the Ti 2p region (Figure 3b) in both martensitic and austenitic alloys displays the
characteristic spin-orbit split doublet, with Ti 2ps/> at 459.1 eV and Ti 2pi/2 at 464.8 eV (blue
and green deconvoluted peaks), confirming the dominant presence of Ti*" in TiO.. Lower
binding energy components at 457.5 and 456.0 eV (orange/yellow) are attributed to reduced
titanium species (T1**, Ti*"), and a subtle feature at 454.5 eV is assigned to metallic Ti. These

results indicate that the major Ti species belong to Ti**, however the TiO: layer is relatively



thin and graded, allowing detection of both oxidized and metallic titanium, as likewise observed

in prior detailed XPS studies [53, 54].

In summary, our XPS measurements reveal that the surfaces of the two as-prepared NiTi
electrodes are nearly identical and are dominated by a TiO--rich passivating overlayer, with
subsurface regions containing both reduced Ti species and mostly metallic Ni. This graded
structure is a well-established characteristic of NiTi alloys exposed to air, consistent with
titanium’s greater oxygen affinity, and it has been directly observed in numerous XPS

investigations [51-53, 55].
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Figure 3. High-resolution XPS spectra of Ni 2p (a) and Ti 2p (b) regions for martensitic NisoTiso and
austenitic Nisi.2Tiss.s. The spectra reveal the coexistence of metallic and oxidized states of nickel and

titanium, indicating a TiO:-rich passivating layer with subsurface reduced and metallic species.
3.3.Surface Morphology Analysis

To evaluate the topography of these NiTi specimens in more detail, SEM and AFM analyses
were performed. Together, they reveal the interplay between surface topography and

microstructure for the Ni-Ti alloy specimens after electropolishing.
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Figure 4. SEM and AFM-MSDQ surface analysis of electropolished NiTi SMAs: SEM secondary
electron micrographs showing (a) martensitic NisoTiso and (b) austenitic Nis; »Tiss s surface morphology
and impurity distribution and corresponding AFM topographical images of (c) Nisoliso and (d)

Nisp.2Tiss.s specimens.

First, SEM investigations provide a microstructural perspective (Figure 4a,b). They reveal
different surface topographies for the martensitic and austenite specimens. Both exhibit Ti>Ni
and TiC phase-type inclusions (identified via SEM and EDS data, see Figure S4,
simultaneously captured to the EBSD data shown in Figure 2). These inclusions appear
randomly scattered in both specimens, with some occasionally positioned at (prior) austenite
grain boundaries (PAGB) (Figure 4a). These phases, which form during solidification by a
peritectic reaction in intercellular/interdendritic regions [1] , are related to the purity of the
material: The Ti2Ni phase is stabilized by small amounts of oxygen, which cannot be solved in
the NiTi matrix [1]. TiC, on the other hand, is the result of carbon contamination. Besides the
inclusions, these SEM micrographs indicate that the prepared specimens exhibit differences in
the underlying topography of the phases themselves. When considering the martensite and
austenite surface independently from the inclusions, the martensite specimen shows a distinct

surface texture that is absent in the austenite one (see the red box in Figure 4a).

Subsequently, AFM was employed and analysed by in-house developed MSDQ that enables a



statistically relevant extrapolation of small-area features to the whole specimen area [43].
Parameters derived in the primary MSDQ stage are given in Table ST1. Figure 4c,d show the
surface topography of the NisoTiso and Nisi2Tissg electropolished specimens, respectively.
Evaluating the entire 100 x 100 um? region in the AFM-MSDQ image in Fig. 4c, including all
topographic anomalies/impurities, the NisoTiso (martensitic) specimen exhibits a lower root
mean square roughness of 47 + 13 nm, a reduced maximum surface height of approximately
0.55 um, and a homogeneity score of 0.98 +0.003. In contrast, the Nis;2Tisgs (austenitic)
specimen has a higher root mean square roughness of 75 + 13 nm when evaluated for an area
of comparable size and reaches a maximum surface height of 1.2 um, while exhibiting a
homogeneity score of 0.97+0.011 which is slightly lower than martensite. This AFM
topographical analysis reveals that both specimens exhibit relatively flat surfaces with surface
impurities that appear as bumps in both specimens (marked with pink dashed circles in
martensite and with red circles in austenite, also visible in the SEM images). The martensite
specimen additionally displays elongated features following a line-like pattern (marked with

red square boxes), as also observed in the SEM data.

Additional high-resolution topography measurements recorded in parallel with cAFM
conductance maps are presented in Figure 5. Figure 5ab display three-dimensional
presentations of the surface topography for martensitic NisoTiso and austenitic Nisi2Tisss,
respectively. Corresponding cAFM scans with overlaying contour lines are presented in
Figure 5c,d. The AFM measurements are obtained away from the larger defects seen in Fig. 4
c,d and, hence, allow for an evaluation of the local surface structure, giving arithmetic
roughness values (mean absolute deviation from the middle value) of 20.3 nm for martensite
(Figure 5a) and 14.6 nm for austenite (Figure 5b). The topography data show that for the
martensite, variations in height occur at much shorter length scales than for the austenite, which
is rather smooth except for sparsely distributed elevated inclusions. This slightly rougher
surface in the NisoTiso specimen is attributed to the martensite variants: local electropolishing
rates are governed by crystallographic orientation [51, 52]. Consequently, a topography arises
from the differential dissolution rates of the variously oriented martensite variants, creating
surface relief. The corresponding conductance maps (Figure 5¢,d) show only minor variations
in local conductance in the order of a few nanoampere. Importantly, as highlighted by the
contour lines derived from the AFM data, more pronounced variations in the conductance map

consistently correlate with topographical features, which leads to the conclusion that they



originate from changes in the tip-sample contact rather than intrinsic electronic
inhomogeneities. Aside from these roughness-related variations in conductance, no substantial
differences in the local transport behavior are observed, reflecting homogenous transport

properties at the micrometer length scale across both specimens.

Martensite Austenite
a b

AFM

cAFM

Figure 5. AFM-cAFM surface analysis of electropolished NiTi SMAs: Three-dimensional AFM
topography of (a) martensitic NisoTiso and (b) austenitic Nis;»Tisss anodes, and corresponding (c,d)
cAFM current maps with overlaid contour lines, highlighting nanoscale roughness differences and the

correlation between local conductance variations and topographical features.

3.4.Wettability Analysis

Since surface wettability directly influences the electrode-electrolyte interfacial contact and
thus the accessibility of active sites during electrochemical reactions, time-dependent contact
angle measurements were conducted to investigate the surface characteristics of the NiTi
electrode surfaces [56]. A clearly distinct surface wettability between the two NiTi SMA phases
was observed. NisoTiso-martensite exhibited highly hydrophilic behavior with a contact angle
of initially 54° which decreases to 21° after 7 sec, while Nisi.2Tiss.s-austenite displayed a
moderately hydrophilic character with a contact angle of initially 74° that decreases only
slightly to 71° after 7 sec. (Figure 6). This substantial change in wettability behavior has
implications for OER performance, particularly at elevated current densities where oxygen
bubble evolution becomes mass-transport-limiting [13, 56]. In particular, hydrophilic surfaces
facilitate rapid bubble detachment and efficient gas evolution, preventing bubble accumulation

that would otherwise block active sites and increase ohmic resistance [13]. The superior



wettability of the martensite phase also ensures unimpeded access of electrolyte to the catalyst
surface and promotes continuous renewal of the electrochemical double layer, thereby
sustaining higher catalytic activity [56, 57]. These differences in wettability behavior might
originate from the distinct microstructures of the two phases, but they could also result from

the slight differences in surface textures observed through SEM and AFM (cf. Figure 3).
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Figure 6. Contact angle measurements of (a) NisoTiso-martensite and (b) Nis:.2Tiss.s-austenite specimens,
demonstrating the hydrophilic character of the surface. The significantly lower contact angle of the

martensite phase indicates enhanced wettability compared to austenite.

3.5.Electrocatalytic Performance Evaluation

The OER activity of martensitic NisoTiso and austenitic Nisi.2Tiss.s was evaluated in 1 M KOH
(with 15 ppb Fe) using a standard three-electrode potentiostat configuration. Prior to
performance assessment, all electrodes underwent controlled electrochemical conditioning via
repetitive cyclic voltammetry (CV) to establish reproducible surface states and minimize
contributions from adventitious surface species (see experimental section for details).
Figure 7a displays the evolution of CVs during the activation protocol. Both compositions
exhibited redox features characteristic of the Ni**/Ni** couple at approximately 1.4 V vs. RHE,
corresponding to the reversible transformation between Ni(OH). and NiOOH, the catalytically
active Ni-phase for alkaline OER [44]. Notably, the peak characteristics and their evolution

over 50 cycles differed markedly between the two compositions.



Following the activation, steady-state polarization curves were recorded via linear sweep
voltammetry at a scan rate of 5 mV s™! (Figure 7b). To attain a current density of 10 mA cm™,
NisoTiso required an overpotential of 450 mV, representing a 40 mV improvement over
Nisi.2Tiss.s (490 mV). This performance difference, while modest in absolute terms, is
electrochemically significant given the nearly identical nominal compositions of the two
specimens and suggests that variations in microstructure and electronic properties exert
measurable influence on the OER performance [58]. The chronopotentiometric (CP) stability
test at 10 mA revealed minimal potential drift over 12 hours after an initial performance loss
for both electrodes (Figure 7c), with NisoTiso operating at 1.56 V and Nisi.2Tiss.s at 1.59 V vs.
RHE (at 12 hrs). The absence of significant long-term deactivation indicates that both NiTi
intermetallics form more stable oxide/hydroxide surface layers under OER conditions after an

initial degradation, limiting further dissolution or passivation [1, 59].

To dissect the underlying mechanisms behind the observed overpotential differences,
electrochemical impedance spectroscopy (EIS) was employed. The uncompensated resistance
(Ru), measured via potentiostatic EIS, was 0.92 Q for NisoTiso and 1.05 Q for Nisi.2Tiss. While
both values are acceptably low, the 14 % reduction in R, for the martensitic phase further
validates the influence of the microstructure in these NiTi SMAs on their electrochemical
behavior [60]. The lower uncompensated resistance of NisoTiso likely reflects enhanced bulk
electronic conductivity in the martensite NisoTiso phase. To directly probe bulk transport
properties, temperature-dependent electrical resistivity measurements were also conducted
(Figure S5). At room temperature, the resistivity of martensitic bulk NisoTiso was 4.1x107 Qm,
whereas it was 4.7x107 Qm for austenitic Nisi2Tisss. These values are consistent with data
previously published [2], and closely mirror the trends observed in the EIS measurements.
These results confirm distinct charge-carrier characteristics between the two phases, where the
martensitic NiT1 exhibits higher conductivity in comparison with the austenitic counterpart [2].
The reason behind this behavior is not yet clear. The key might lie in the many interfaces that
are created in the displacive phase transformation. Ultimately, because the martensite crystals
are small and the twin density is exceptionally high (Figure 2), it can be argued that NiTi
martensite is an interface-dominated material. Another hypothesis, put forward by Kunzmann
et al., proposed that the underlying anomalous electronic behavior is attributable to the potential
formation of a Charge Density Wave (CDW) state during the martensitic transformation. While
the CDW transition reduces the total free carrier density by locking electrons into bonding
orbitals, it simultaneously triggers a drastic increase in carrier mobility, effectively creating a

pathway for electron flow [2].



To distinguish the intrinsic activity from the geometrical effect, the electrochemical active
surface area (ECSA) was calculated through double layer capacitance in the non-faradaic region
(Figure S6) [61]. The LSV curves (Figure 7d) were normalized by the ECSA determined from
the double layer capacitance. These results align with the trend obtained from the geometric-
area normalization, indicating that the observed differences in the activity are correlated to the
intrinsic catalytic activity of the specimen. Assuming a specific capacitance of 40 uF cm™ for
metal oxide surfaces in alkaline media [61], the ECSA values were determined to be 9.39 cm?
for NisoT1so and 8.41 cm? for Nisi.2Tias.s. The higher ECSA of the martensitic phase might be
correlated to its slightly higher surface roughness (cf. AFM and SEM data), which, as discussed,

likely originated during the electropolishing step itself as a result of the underlying

microstructure.
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A critical consideration in Ni-based OER electrocatalysis is the effect of trace Fe impurities,
which can be incorporated into Ni(OH)./NiOOH structures to form highly active NiFe catalytic
sites [44, 58]. To investigate whether the observed composition-dependent activity trends in
NiTi SMAs are also influenced by the Fe contamination, additional electrochemical
measurements were conducted in KOH electrolyte containing 150 ppb Fe. Figure S7a depicts
the CVs of NisoTiso and Nisi.2Tiss.s electrodes in 150 ppb Fe-containing electrolyte during the
electrochemical conditioning over 50 cycles where these specimens presented different surface
evolution behaviors. The martensitic NisoTiso electrode exhibited pronounced, sharper redox
peaks that intensify substantially over repeated cycling indicating extensive surface
restructuring and formation of highly electroactive species [62]. This points toward a facile
incorporation of Fe into the evolving oxy-hydroxy layer in the NisoTiso composition. In contrast,
the austenitic Nisi.2Tiss.s exhibits minimal redox peak evolution over potential cycling
suggesting restricted surface restructuring due to Fe intake in comparison to the martensitic
phase. To further validate the influence of the electrolyte Fe concentration on the OER
performance, LSV measurements were conducted (Figure S7b). While the austenitic Nisi.2T1iss.s
achieved a current density of 10 mA cm™ at an overpotential of 544 mV, the martensitic phase
showed 378 mV lower overpotential for the same current density thus underlining its enhanced
OER performance at elevated Fe concentrations in the electrolyte. Furthermore, the CP
measurements indicated a stable OER performance of these electrodes over 12 h at a current of
10 mA (Figure S7c). Altogether, the electrochemical measurements performed at lower and
higher Fe concentrations show that the martensitic NisoTiso electrode is more prone to the Fe-
induced effects in the OER performance in comparison to the austenitic phase. These results
suggest that the NisoTiso electrodes behave in a similar way to that of other Ni-containing oxides
for OER [44]. Here, it is conceivable that the enhanced edge sites, twin boundaries, and defects
in the martensitic phase together with its high surface area compared to the austenite phase
might provide undercoordinated, easily accessible sites that facilitate enhanced Fe
incorporation from the electrolyte during OER [63]. Regarding the general surface evolution
during electrochemical testing, post-electrochemical XPS analysis (Figure S8) confirmed that
both specimens underwent surface oxidation to form a Ni (OH)> phase as expected while the

chemical state of Ti remained similar with all the lower oxidation states transforming into Ti*".
Overall, the enhanced OER performance of martensite can be attributed to the following:

1. Enhanced electrolyte wetting: Better electrolyte-electrode contact maximizing wet

surface area for ion transport. The improved wettability features of NisoTiso can be mainly



correlated to the phase-dependent microstructure which are distinct from the austenitic
phase.

2. Improved electronic transport: B19' martensitic specimens exhibited higher bulk
electronic conductivity and reduced uncompensated resistance than the austenitic ones.
This higher conductivity facilitates more efficient charge transport within the electrode,
a behavior potentially arising from the high density of internal interfaces or phase-
specific electronic phenomena.

3. Increased electrochemically active surface area: The martensitic phase exhibits ~10%
higher ECSA than the austenite phase owing to the higher surface roughness, providing

a greater density of accessible active sites for OER.

All these factors contribute simultaneously to enhancing the OER activity of the martensite
phase in comparison with the austenite phase and thus the impact of individual factors cannot
be decoupled. However, overall, the electrochemical assessment highlights the impact of

distinct phase-dependent electrochemical activity of NiTi intermetallic compounds.

4. Conclusions

This study compares the microstructure properties of martensitic (NisoTiso) and austenitic
(Nis1.2Tias.s ) SMAs and their subsequent influence on the performance as OER anodes. After
confirming the crystal structures of these NiTi SMAs using XRD coupled with analytic electron
microscopy and surface chemical state by XPS, the bulk electronic conductivities were
evaluated. The B19’ martensitic specimen showed a lower bulk resistivity (4.1x1077 vs.
4.7x1077 Qm), characterized by reduced uncompensated resistance (0.92 vs. 1.05 Q). AFM
analysis revealed that both the martensitic and austenitic specimens exhibited homogeneous
surface morphologies, with the martensitic specimens showing notably higher surface
roughness. The martensitic NisoTiso was also characterized by dramatically enhanced
hydrophilicity (contact angle 21° vs. 71°), a property expected to reduce mass-transport

limitations and promote rapid bubble detachment under high-current operation.

Overall, these changes in the microstructure, conductivity and wetting behaviour contributed to
distinct performance of these samples as electrodes in OER. Although the two investigated
alloys differ by only 1.2 at.% Ni, martensite NisoTiso (B19") clearly outperforms austenite
Nisi.2Tias.s (B2). In 1 M KOH containing 15 ppb Fe (lower Fe concentration), the martensitic
electrode requires 40 mV less overpotential to reach 10 mA cm 2 and maintains stable operation

at 1.56 V vs. RHE for 12 hours. The performance gap remains even after normalizing to the



respective ECSA, confirming that the enhancement arises from intrinsic catalytic properties
rather than purely geometrical effects. We also discussed the interface-dominated nature of the
NiTi martensite microstructure - or even the formation of a CDW - as possible explanation for

this enhanced performance.

Surface characterization by XPS of the pre- and post-catalyst shows that both alloys possess
TiO2-rich passive layers prior to electrochemical testing and transform into mixed
Ni(OH)2/NiOOH phases under anodic polarization, with Ti oxidized fully to Ti**. However,
their restructuring behavior diverges in Fe-containing electrolytes. At 150 ppb Fe, the
martensitic electrode undergoes markedly stronger activation, as evidenced by the substantial
growth of redox features over 50 conditioning cycles, and achieves a 170 mV lower
overpotential than the austenitic phase (1.60 V vs. 1.77 V at 10 mA cm™2). These results
demonstrate that the martensite NisoTiso phase experiences significantly stronger activation

especially in higher Fe-containing electrolyte compared to the austenite Nisi.2Tias.s phase.

In short, this work establishes the phase-dependent microstructure independent of the nominal
composition as a powerful lever for tuning electrocatalytic behavior in intermetallic systems.
The martensitic B19" structure combines advantageous electronic transport, uniform surface
conductivity, superior wettability, and enhanced Fe incorporation kinetics, collectively boosting
OER performance. NiTi SMAs thus offer a promising strategy for fine-tuning their

electrocatalytic performance via controlled phase engineering.
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We compare martensitic (NisoTis0) and austenitic (Nisi.2Tiss.s) at room temperature NiTi shape
memory alloys as oxygen evolution reaction (OER) anodes, demonstrating that phase-
dependent microstructure governs electronic conductivity, surface roughness, and wettability.
The martensitic phase exhibits intrinsically enhanced OER performance and stronger
electrochemical activation, particularly in Fe-containing alkaline electrolytes, highlighting

phase engineering as an effective route to tune electrocatalytic activity in intermetallic systems.
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1. Supplementary Figures, Tables and discussions

1.1 Material Processing
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Figure S1. Dependence of the characteristic temperatures of the martensitic transformation on the
nickel concentration in the system NixTi oo near X=50 at.%. Adapted from [1]. The employed alloys
are shown as dashed vertical lines. Upon cooling from austenite: martensite start (Ms) and martensite
finish (Mf). Upon heating from martensite: austenite start (As), austenite finish (Af). All temperatures
decrease continuously with increasing nickel concentrations. This decrease is initially linear. For
instance, for Ms, the slope is of 83 K / at.% Ni. This is followed by a non-linear reduction from nickel

contents from approximately 51 at.%.



1.2 Microstructure characterization

S/

Figure S2. Deformation-induced martensite formation at the surface of the otherwise austenitic
Nisi2Tisss specimen caused by mechanical polishing. SEM secondary electron micrograph
taken after mechanical polishing and before electropolishing. The electropolishing step is
effective at generating deformation-free, smooth surfaces. The topography of the martensitic
region stems from the martensitic transformation during polishing itself, coupled with material

removal through abrasion.



1.3 Surface chemical analysis
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Figure S3. XPS survey spectra of both NisoTiso -martensite and Nis1.»Tiss.s -austenite with significant

elemental peaks marked.

1.4 Surface Morphology Analysis

Table ST1. Parameters utilized in MSDQ: Homogeneity score (Hs) at different region of selection (ROS),

standard deviation (o), margin of error (E), confidence interval (o) and optimal number of ROS (x) for

NisoTiso -martensite and Nis; 2Tiss.s -austenite samples.

Parameters NisoTiso Nis; 2Tisg s
H; ros1y /- 0.98729 0.97162
H; Ros2) /- 0.98598 0.97125
H; ros3) /- 0.99231 0.97988
H; rosa) /- 0.98496 0.95344

c/- 0.003259 0.000668
E /% 5 5

a /% 95% 95%
Xz /- 4 4

X /- 0.98729 0.97162



Figure S4. Identification of the impurities present in the specimen microstructures. Here exemplarily

shown for Ni50Ti50. SEM (secondary electron contrast) and the corresponding composition maps
for the elements Ni, Ti, and O.

1.4. Electrocatalytic Performance Evaluation
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Figure S5. Temperature dependent electrical resistivity data, p, of the investigated NisoTiso - martensite

and Nis; 2Tiss.s - austenite specimens [2]
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Figure S6. Electrochemically active surface area (ECSA) determination for NiseTiso martensite (a, b)

and Nis1.2Tiss.s austenite (c, d) using 15 ppb Fe KOH. (a, ¢) CV curves at different scan rates (20 to 150

mV s7) in the non-faradaic region. (b, d) Linear relationship between capacitive current and scan rate,

used to calculate the double-layer capacitance (Cdl). The Cdl values are used to calculate the ECSA,

with martensite showing a slope of 3.756 x 107 A-V'-s and austenite 3.365 x 107 A-V'-s, indicating

comparable electrochemically active surface areas.
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Figure S7. (a) CV of NisoTiso-martensite and Nisi.2Tis.s-austenite showing the 50th cycle measured at
100 mV s over 0.4—1.6 Vvs. RHE, highlighting distinct phase-dependent redox behavior. (b) CP curves
recorded at 10 mA in 1 M KOH with 150 ppb Fe complement the CV analysis.

b 2p,, V2P

NigoTige - Martensite

Nigy Tigo - Martensite

Intensity (a.u.)

Nigs 5 Tiyg 5 - Austenite

Nig; 2 Tigs 5 - Austenite

890 885 880 875 870 865 860 855 850 470 468 466 464 462 460 458 456
Binding energy (eV) Binding energy (eV)

Figure S8. High-resolution XPS spectra of Ni 2p (a) and Ti 2p (b) regions for martensite NisoTiso and
austenite Nisi.2Tis.s. after electrochemistry. The enhanced satellite features in Ni 2p and

broadening/shift in Ti 2p spectra indicate formation of NiO/Ni(OH): and TiO: passive films.
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