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ARTICLE INFO ABSTRACT

Keywords: Surface activation of transition metal chalcogenides (TMCs) is commonly attributed to electrochemical reduction
NAP-XPS and defect formation under applied bias. Herein, we demonstrate that for single-crystalline NiSeTe, a significant
NiSeTe

fraction of the surface transformation typically associated with electrochemical activation instead arises from
purely chemical, sulfuric acid-driven (H2SO4) reconstruction occurring prior to any applied potential. Near-
ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) is employed to monitor the evolution of pris-
tine, acid-exposed, and washed surfaces. Acid treatment selectively removes native TeOy species and Ni-O(H)
environments, while heterogeneous sulfate-derived species collapse into a transient S(VI)-rich adlayer. Subse-
quent washing eliminates weakly bound sulfates and yields a chemically simplified, oxide-free NiSeTe surface
with a thin, stable sulfate termination. Notably, operando, bias-controlled NAP-XPS measurements with simul-
taneous chronoamperometric current monitoring reveal that cathodic polarization under HER-relevant condi-
tions does not further reduce the acid-reconstructed surface, indicating that sulfuric acid exposure already
generates an oxide-free NiSeTe termination prior to electrochemical biasing. In contrast, anodic polarization
under OER-relevant conditions promotes tellurium re-oxidation. These findings establish acid-driven chemical
restructuring as a dominant contributor to surface activation in NiSeTe and underscore the importance of dis-
entangling chemical and electrochemical effects in chalcogenide electrocatalysts.

Acid-driven reconstruction
Oxide-free surface
TMCs

1. Introduction complexity: their crystal structures can accommodate variable anion
ordering and defect distributions, while their electronic structures offer
pathways for modulating both active-site energetics and reaction in-

termediates [10,11].

Transition metal chalcogenides (TMCs) have emerged as versatile
platforms for electrocatalysis because their catalytic activity is governed

by diverse chemical and electronic features derived from their electronic
bulk structure, surface termination, defect chemistry, and the dynamic
interplay between metal and chalcogen sites during operation [1-4]. Ni-
based selenides and tellurides have received attention for hydrogen
evolution and related interfacial reactions owing to their tunable
covalency and multivalent bonding environments [5-7]. The different
electronegativities, polarizabilities, and orbital sizes of Se and Te allow
the Ni coordination sphere to adopt a spectrum of charge distribution
patterns and metal-chalcogen hybridization strengths, making mixed-
anion systems especially attractive for catalytic design [8,9]. Within
this family, multinary compounds such as NiSeTe exhibit even richer

In practice, the catalytic response is dictated predominantly by the
outermost atomic layers, where chemical bonding, adsorption ener-
getics, and charge transfer are defined. As a result, surface-localized
transformations dominate apparent activity trends.

The surface chemistry of transition metal chalcogenides is rarely
pristine [12]. Air exposure commonly leads to the formation of self-
passivating layers composed of oxides, hydroxides, and sulfate-derived
species that cover the intrinsic chalcogenide termination. However,
direct NAP-XPS studies that systematically separate the pristine, acid-
exposed, and post-washed surface states of Te-containing transition-
metal chalcogenides remain scarce, making it difficult to distinguish
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spontaneous acid-driven reconstruction from changes induced by elec-
trochemical bias. These surface layers can obscure intrinsic activity and,
therefore, give rise to misleading interpretations of activation phe-
nomena. Te-containing chalcogenides are particularly susceptible to
such complications: Te readily forms TeO, or mixed TeOy species upon
air exposure [13,14], while Ni sites often oxidize to Ni(OH), or NiO,
producing complex multiphase surfaces that differ substantially from
the bulk lattice [15]. These native surface layers are not inert; they
dissolve, reorganize, or desorb rapidly upon contact with acidic
electrolytes.

Despite this, a recurring theme in the electrocatalysis literature is the
assumption that Te-bearing materials undergo self-reconstruction dur-
ing electrochemical activation, yielding Te®, Te vacancies, or Te-
depleted surfaces that are purported to enhance catalytic activity [16].
For example, in 1 T-MoTe, the HER overpotential required to sustain 10
mA cm 2 decreases from ~ 320 mV to ~ 178 mV when the electrode is
held at cathodic bias, and the enhanced activity reverts when the bias is
removed, directly linking electrochemical potential to catalytic perfor-
mance [17]. While such processes may indeed occur under sufficiently
high potentials (typically below -0.5 V vs RHE), much of the literature
fails to rigorously distinguish between bias-induced changes and those
arising from spontaneous chemical exposure.

Specifically, the direct interaction of TeOx and NiOy layers with
acidic electrolyte can trigger rapid dissolution and restructuring even
before the initial polarization cycles [18,19]. Without isolating these
contributions, assigning catalytic enhancement to intrinsic electronic
modifications, rather than to selective leaching or surface cleaning',
remains speculative.

In this work, we address this challenge directly by investigating the
intrinsic chemical activation of single crystalline NiSeTe induced solely
by controlled exposure to acidic media. Using near ambient pressure X-
ray photoelectron spectroscopy (NAP-XPS), we systematically track the
evolution of pristine, acid-exposed, and washed surfaces under identical
measurement conditions, without applying any electrochemical bias.
This approach enables us to isolate proton-driven chemical processes
and quantify their impact on surface composition and bonding.

By correlating the evolution of O-1 s, S-2p, Te-3d, Se-3d, and Ni-2p
signals, we construct a detailed picture of the acid-driven trans-
formation pathway. The data reveal that acid treatment selectively
dissolves Te-oxide species, thins Ni-oxide/hydroxide layers, reorganizes
surface sulfate environments, and transiently suppresses Se and Ni lat-
tice signals through partial dissolution or coverage by sulfate-derived
oxygen. Following rinsing, characteristic Se-chalcogenide doublets
reappear, the Ni-2p region collapses into a simplified chalcogenide
signature devoid of NiO/Ni(OH),, and the S-2p region develops two
distinct S(VI) environments that reflect the reconstructed termination.

Collectively, these observations demonstrate that acid alone, without
electrochemical bias, is sufficient to expose, reshape, and stabilize new
surface terminations on NiSeTe. This mechanism reflects the need for
precise characterizations before delving into the complex system of
electrochemical cell where more parameters operate. For instance,
numerous electrocatalysis studies report that reduction of surface oxides
or creation of oxygen/chalcogen vacancies improves catalytic activity
[18,19]. Defect-rich transition metal dichalcogenides, created via
reduction or defect engineering, also show dramatically enhanced
hydrogen evolution activity [20]. While these examples clearly show
that reductive removal of surface oxides or vacancy formation can
promote activity, they also highlight the importance of rigorously dis-
tinguishing such effects from acid-driven chemical transformations
when interpreting electrocatalytic activation. Instead, we focus on an
overlooked mechanism that operates at the earliest stages of the
hydrogen evolution reaction: acid-driven surface reconstruction occur-
ring prior to the application of any electrochemical bias. Our results
demonstrate that a substantial fraction of the surface transformations
frequently subsumed under the broad concept of electrochemical acti-
vation can, in fact, be explained by selective chemical dissolution of
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native oxides and subsequent reorganization of surface species induced
solely by electrolyte contact. Recognizing and separating these chemi-
cally driven processes from true bias-induced restructuring is essential
for the correct interpretation of activation phenomena in chalcogenide
electrocatalysts.

Because NiSeTe readily forms surface-localized oxide and hydroxide
species under ambient conditions, it is essential to disentangle chemical
restructuring confined to the outermost atomic layers from deeper
changes within the bulk lattice. Near-ambient pressure XPS provides
precisely this capability, offering element-specific sensitivity to the
removal of TeO,, the transformation of Ni-OH species, and the redis-
tribution of chalcogen bonding configurations that ultimately define the
functional surface chemistry.

2. Experimental section
2.1. Crystal growth and structural verification

Single-crystalline NiSeTe was synthesized via a high-temperature
method analogous to reported preparation routes for layered Ni [21].
Stoichiometric mixture of Ni (99.99%, 100 mesh), Se (99.999%, gran-
ules 2-4 mm), and Te (99.999%, granules 2-6 mm) corresponding to 25
g were sealed in quartz ampoule (25x100 mm) under high vacuum
(<1x10° Pa using oil diffusion pump and liquid nitrogen trap) by
oxygen-hydrogen welding torch. Ampoule was placed in muffle furnace
and heated to 1000 °C using heating rate of 1°C/min. After 6 h the
ampoule was cooled to 500 °C using cooling rate of 6°C/hour and finally
allowed to cool naturally to room temperature. The ampoule was
opened in argon filled glovebox and formed crystals were collected.

The bulk crystal structure was confirmed via powder and single-
crystal X-ray diffraction (XRD), collected on finely ground fragments
and oriented crystal surfaces using Cu Ka radiation. X-ray diffraction
(XRD) measurements were carried out using a Bruker D2 Phaser
benchtop diffractometer (Bruker, Germany) with a Cu Ko radiation
source (A = 1.54178 A). The diffraction patterns were acquired in the
range of 20 from 5 to 90°, at room temperature. The data were evaluated
by HighScore Plus 4.9 software.

2.2. Morphology and elemental composition

The morphology and elemental composition of the as-synthesized
NiSeTe were characterised by field emission scanning electron micro-
scopy (FESEM) with field emission Tescan LYRA3 GM dual-beam mi-
croscope and Tescan MAIA3 (Tescan, Czech Republic) at an acceleration
voltage of 5 kV. Elemental composition was investigated by energy-
dispersive x-ray spectroscopy (EDS) (Oxford Instruments X-MaxN de-
tector) at 20 kV acceleration voltage. For these measurements, the
crystalline powder was mounted on conductive carbon tape.

To evaluate the impact of chemical activation, surface morphology
and composition were examined before and after acid exposure using a
Tescan Mira III SEM operating in secondary electron mode at 10 kV.
Localized elemental changes were monitored via EDS using a Bruker
XFlash 6|10 detector. All surface analyses were performed on both
pristine and acid-treated/rinsed samples to track structural and stoi-
chiometric evolution; corresponding SEM micrographs are provided in
the Supplementary Information.

2.3. Acid exposure and washing procedure

To decouple purely chemical effects from electrochemical phenom-
ena, no electrical potential was applied during the surface treatment.
The chemical reconstruction was induced by drop-casting a 50 pL
aliquot of 0.5 M HSO4 onto the oriented crystal surface. The droplet was
left to react for 30 min under ambient conditions before being carefully
wicked away with lint-free paper.

Samples were then processed under two distinct protocols:



A. Abdelrahman Assadig Elameen et al.

Acid-exposed (unwashed): The sample was immediately transferred
to the XPS vacuum load-lock to monitor the transient surface
chemistry and the presence of sulfate-derived species.

Acid-treated and washed: A separate set of samples, following the 30-
minute acid exposure, was thoroughly rinsed with ultrapure water to
eliminate weakly bound ions and residual acid.

In both cases, samples were quickly transferred to the load-lock and
dried via rapid evacuation to 10® mbar to minimize any further inter-
action with atmospheric oxygen or moisture before analysis.

2.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed using a SPECS EnviroESCA instrument, equipped with a mono-
chromated Al Ka X-ray source (hv = 1486.71 eV) was used for
photoelectron excitation. Photoelectrons were collected using a Phoibos
160 NAP 1D-DLD hemispherical analyzer. High-resolution core-level
spectra were acquired at a pass energy of 20 eV, with a step size of 0.1 eV
and a dwell time of 0.3 s per point. Survey spectra (provided in Fig. S3)
were recorded at higher pass energy (100 eV) with a step size of 0.5 eV.

The analysis area was defined by a focused X-ray beam of approxi-
mately 300 pm in diameter, with sample positioning ensured by a laser-
based alignment system.

Operando NAP-XPS measurements with simultaneous chro-
noamperometric current monitoring were conducted using a custom-
built electrochemical NAP-XPS cell at the SPL-HTC infrastructure in
Prague, as detailed in Ref. [22]. The cell enables surface-sensitive
monitoring of catalyst layers deposited on polymer electrolyte mem-
branes during controlled electrochemical polarization. The complete
design and validation of the cell have been reported previously in
Ref. [22], while the NiSeTe-specific membrane-supported configuration
used in this work is shown in Fig. 1.

The cell was operated in a membrane-supported half-cell configu-
ration, with the NiSeTe catalyst as the working electrode (WE), a Pt wire
as the counter electrode (CE), and a hydrogen reference electrode
(Gaskatel) as the reference electrode (RE). To maintain membrane hy-
dration and ensure a continuous supply of reagents during polarization,
all NAP-XPS experiments were performed at a constant water vapor
pressure of 2 mbar. Chemical state assignments and peak fitting pa-
rameters are detailed in the Supporting Information. High-resolution
core-level spectra were fitted using Shirley-type backgrounds, with
chemically constrained spin—orbit splitting, area ratios, and full width at
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half maximum values as detailed in the Supporting Information.

In this work, the term “operando” is used specifically to describe
NAP-XPS measurements performed under applied electrochemical bias
while simultaneously recording the chronoamperometric current
response of the NiSeTe working electrode. These measurements corre-
late surface chemical evolution with the electrochemical state of the
electrode under HER- and OER-relevant polarization conditions, rather
than providing full catalytic performance benchmarking.

2.5. Preparation of membrane-supported NiSeTe working electrodes

Membrane-supported NiSeTe working electrodes were prepared by
ultrasonic spray deposition using an ExactaCoat system (SonoTek). The
catalyst ink was prepared by dispersing 25 mg of NiSeTe in a 3.5:1 (v/v)
H30/ethanol mixture and 100 uL of D521 Nafion ionomer solution (5 wt
%). The ink was sonicated in an ultrasonic bath for 1 h to ensure ho-
mogeneous dispersion. The ink was then deposited directly on NR212
Nafion Proton Exchange Membrane (PEM) (thickness 50.8 pm, Che-
mours), to achieve a catalyst loading of approximately 0.28 mg cm ™2
over an active area of 1 x 1 cm?

The resulting catalyst-coated membranes were mounted directly in
the membrane-supported electrochemical NAP-XPS configuration
without hot-pressing or further post-treatment, thereby preserving the
initial chemical state of the catalyst surface for bias-controlled operando
NAP-XPS measurements. Electrical contact for the catalytic layer was
provided by Au TEM grids (Agar Scientific; hole width 420 pm, bar
width 80 pm). In the membrane-supported half-cell configuration, the
working electrode (NiSeTe) faced the photoelectron detector from the
vacuum side, while the counter and reference electrodes on the opposing
side of the PEM were immersed in circulating 0.5 M HySO4 within the
liquid compartment of the cell.

3. Results and discussion

The chemical reaction of the acid electrolyte is intrinsically confined
to the topmost atomic layers of NiSeTe. Consequently, XPS serves as the
most direct and mechanistically informative probe to track this surface
evolution. The sub-nanometer depth sensitivity of the technique enables
us to monitor, with high fidelity, the selective dissolution of native Te
oxide species, the elimination of Ni-O(H) environments, and the sub-
sequent reorganization of chalcogen bonding configurations as the
surface undergoes acid-induced reconstruction.

Membrane-supported operando NAP-XPS configuration for NiSeTe

Al Ka X-ray source

NiSeTe catalyst layer

2 Nafion NR212 membrane
Sealing

0.5 M H,S0,,

; . PEEK cell
circulating

Pt counter
electrode

To photoelectron analyzer

2 mbar of H,0

Au TEM grid

H, (RHE)
reference electrode

Fig. 1. Schematic of the membrane-supported operando NAP-XPS configuration used for NiSeTe. The NiSeTe catalyst layer on Nafion NR212 faces the analyzer from
the vapor side, while the Pt counter electrode and H; reference electrode are located in circulating 0.5 M H>SO4 on the opposite side. Measurements were performed

under 2 mbar H,O vapor with simultaneous current monitoring.
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3.1. Structural and morphological characterization of NiSeTe

The structural layered nature of the NiSeTe single crystals was first
established through XRD and SEM prior to any surface chemical anal-
ysis. The diffraction pattern (Fig. 2a) exhibits pronounced (00 1) re-
flections, specifically the (001) and (002) peaks at 17.5 and 35.2° 20
respectively. The logarithmic intensity scale further reveals weaker
higher-order (003) and (004) basal reflections at approximately 54" and
74" 20, respectively, without showing intense additional peaks attrib-
utable to secondary crystalline phases, confirming the expected hexag-
onal P-3 m1 structure with marked preferential orientation along the c-
axis. This agrees well with prior crystallographic reports [10,23] of
ternary Ni(Se,Te) layered phases and highlights the quasi-two-
dimensional character of NiSeTe, where weak van der Waals forces
separate chalcogen-Ni-chalcogen trilayers. The XRD analysis confirms
phase identification through lattice parameter correspondence with
ICOD 00-018-0896 pattern [24]. The sharp peak shapes and absence of
secondary reflections indicate high crystalline order and negligible
intergrowth of impurity phases.

SEM imaging (Fig. 2b) reveals large, terraced-like features, indi-
cating that the crystals cleave along natural planes rather than fracturing
irregularly. The absence of granular roughness or microcracks further
supports this interpretation. Corresponding EDS elemental maps
confirm a homogeneous distribution of Ni, Se, and Te, see Fig. S1. These
results demonstrate that the crystals are structurally uniform and that
any surface modifications observed upon acid treatment arise from
chemical processes rather than morphological defects or inhomogeneity.
This structural baseline is critical when evaluating the subsequent XPS
results.

3.2. Electronic and chemical state of pristine NiSeTe

The pristine crystal exhibits a complex but chemically interpretable
surface landscape shaped by native oxidation, adsorbed species, and
intrinsic chalcogenide bonding. Correlative core levels analysis for these
species is analysed simultaneously and continuously to understand the
surface reconstruction following exposure to the acidic environment,
which we establish via the Te-3d core level which provides the clearest
window into this state. As shown in Fig. 3a, two oxidation species fea-
tures appear in the spectra in the higher binding energy region: a strong
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component at 577.0 eV, assigned to fully oxidized TeOs, and a slightly
lower-energy band at 574.6 eV, corresponding to substoichiometric
TeOy species (0 < x < 2) [25,26]. Their presence is unsurprising given
the known tendency of Te to oxidize spontaneously under ambient
conditions, forming mixed surface oxides even on freshly cleaved crys-
tals. Alongside these oxidized features, a lower binding energy Te-3ds,2
component at 573.4 eV is observed, consistent with reduced Te envi-
ronments within the NiSeTe lattice [23]. The coexistence of reduced and
oxidized tellurium thus reflects a partially oxidized native layer.

We also measured Ni-2p region of pristine NiSeTe which exhibits
complex multiplets structure characteristic of Ni-based compounds as
indicated in Fig. 3b. This behavior arises from final-state effects and
charge-transfer configurations in Ni2* compounds (e.g., NiO and Ni
(OH)3), which produce broad envelopes with satellite features ~ 6 eV
above the main line [27,28].

It is well established that Ni-2p spectra cannot be interpreted in
terms of single binding energies for distinct oxidation states, because of
the multiplets splitting and charge transfer effects, overlapping enve-
lopes whose intensity distribution reflects the local chemical environ-
ment rather than discrete valence states [29]. In this context, the
component centered at 854.1 eV is assigned to Ni coordinated by chal-
cogen atoms (Ni-Se/Te), consistent with literature values reported for
nickel selenides and tellurides while 856.6 eV envelope is conservatively
assigned to a mixed Ni-O(H) environment, encompassing contributions
from NiO- and Ni(OH),-like species, rather than to one unique Ni state.
Additionally, the components at 859.2 and 861.8 eV are satellites which
are diagnostic of Ni-O containing species The accompanying shake-up
satellites appearing at 859.2 and 861.8 eV further confirm the oxide/
hydroxide origin of this contribution. Furthermore, the O-1 s spectrum
does not exhibit a distinct lattice-oxygen feature near ~ 529.5-530.0 eV
that would be characteristic of stoichiometric NiO [30,31]. This
discrepancy underscores that in disordered or surface-hydroxylated
systems, the Ni-2p multiplet structure provides a more reliable diag-
nostic tool for the metal local environment than the corresponding lat-
tice oxygen signal in O-1 s [33,34]. We analyse O-1 s core level which in
principle captures the most prominent oxide surface features of NiSeTe
surface. Since we are considering acid treatment in a later stage, oxygen
and sulfur core levels together provide a coherent picture of the oxidized
surface termination of pristine NiSeTe. The O-1 s spectrum (Fig. 3d) is
composed of four chemically distinct components, reflecting

T T T T T T T T
10 20 30 40 50 60 70 80

26 (degree)

1
90

Fig. 2. Structural and morphological characterization of as-synthesized NiSeTe. (a) XRD pattern plotted on a logarithmic intensity scale to enhance the visibility of
weak reflections. The dominant (001) and (002) basal reflections, together with weaker higher-order (003) and (004) reflections, confirm the preferential orientation
of the layered NiSeTe crystal along the c-axis. (b) SEM image showing the terraced morphology characteristic of the layered crystal surface.
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Fig. 3. (a) Te-3d, (b) Ni-2p3,», (¢) S-2p, (d) O-1s and (e) Se-3d core levels of NiSeTe pristine crystal.

contributions from native tellurium oxidation, hydroxylated nickel
species, and adsorbed sulfur-oxygen groups. The lowest binding energy
component at 531.0 eV is assigned to Te-O bonding in TeOy/TeOx,
consistent with the presence of oxidized tellurium identified indepen-
dently in the Te-3d region. This assignment is well established for Te
oxides on chalcogenide surfaces, where lattice oxygen in TeO5 appears
in the 530.8-531.2 eV range [32,33]. The dominant O-1 s contribution
at 532.0 eV (41.4%) is attributed to Ni-OH species, including surface
hydroxyls and partially hydroxylated nickel sites formed during ambient
exposure.

At higher binding energies, two oxygen components dominate the
remaining spectral weight. The peak at 532.8 eV is assigned to oxygen
bound in sulfate or bisulfate groups (S-O) chemisorbed at the surface
whereas the highest binding energy contribution at 533.9 eV is assigned
to H-bonded S-O/OH environments, including hydrogen-bonded sulfate-
related oxygen and hydroxylated oxygen species. This assignment is
kept distinct from the additional ~ 535.0 eV component observed after
acid exposure and washing, which is attributed to HyO species.[34].
Together, these two components account for nearly half of the total O-1 s
intensity, demonstrating that sulfur-oxygen species constitute a major
fraction of the pristine surface termination.

This interpretation is strongly corroborated by the S-2p spectrum
(Fig. 3c), which reveals three distinct S(VI) doublets with S-2p3,,
binding energies at 169.1 eV, 172.8 eV and 173.8 eV. The component at
169.1 eV is characteristic of sulfate or bisulfate species (SO%’ / HSO3)
adsorbed on metal or chalcogenide surfaces [35]. The two higher
binding energy components above 172.0 eV are assigned to H-bonded S-
O environments within S(VI)-type sulfate/bisulfate species, rather than
to sulfite-like S(IV) species. These higher binding energy sulfur envi-
ronments are distinguishable in S-2p but do not correspond uniquely to a
single O-1 s component because the high binding energy O-1 s region
also contains overlapping contributions from hydrogen-bonded S-O/OH
and hydrated oxygen species. Similar multi-component S(VI) envelopes
have been widely reported for sulfate adsorption on oxides and sulfated

surfaces and are attributed to variations in hydrogen bonding, proton-
ation state, and surface binding geometry rather than discrete sulfur
phases [36].

Importantly, no S-2p features are observed below 168 eV, excluding
the presence of sulfide, sulfite, or elemental sulfur [37]. Sulfur therefore
exists exclusively in its highest oxidation state in the pristine crystal. The
coexistence of multiple S(VI) components in S-2p and their corre-
sponding oxygen contributions in O-1 s indicates a heterogeneous sul-
fate/bisulfate adlayer accumulated during air exposure or sample
handling, rather than sulfur incorporation into the NiSeTe lattice.

One the other hand,the Se-3d region reveals two distinct chalco-
genide environments. Peaks at 54.1 eV and 54.7 eV correspond
respectively to Se coordinated within the NiSeTe lattice and Se situated
in a more Ni-rich local environment akin to that found in NiSe [38].

In summary, the multi-core analysis of Te-3d, Ni-2p, Se-3d, O-1 s and
S-2p spectra demonstrate that the pristine NiSeTe surface is terminated
by a chemically complex but well-defined oxidized overlayer composed
of TeOy/TeOyx, Ni-OH species, and a heterogeneous population of sul-
fate/bisulfate groups. This sulfur-oxygen rich termination masks the
underlying chalcogenide lattice and plays a decisive role in the subse-
quent acid-induced reconstruction. The following section tracks how
this structurally complex termination evolves under acidity.

3.3. Acid-Induced surface evolution: dissolution and overlayer formation

Exposure of NiSeTe to 0.5 M HySO4 produces an immediate and
striking transformation across all core levels, reflecting the intrinsic
chemical reactivity of the native oxide-rich termination. The most pro-
nounced change occurs in the Te-3d spectrum. In the pristine surface,
more than half of the detected tellurium exists in oxidized form (~ 31 at.
% of the total surface signal, corresponding to 53% of total Te). Upon
acid exposure, both TeOy and TeOx components disappear completely.
Their removal is not accompanied by the emergence of metallic Te
features, but instead by a strong attenuation of the overall Te signal,
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leaving only a weak contribution attributable to lattice Te. This behavior
confirms that the transformation is chemical rather than reductive. The
acid therefore strips the oxidized Te layer while simultaneously
reducing the surface sensitive chalcogen signal through overlayer
formation.

The O-1 s region provides complementary evidence for this disso-
lution process. The 531.0 eV Te-O component present in the pristine
sample vanishes after acid exposure, consistent with the loss of TeO,
(Fig. 5b). At the same time, the 532.8 eV is associated with mixed S-O
and sulfate-derived oxygen, expands becoming the dominant oxygen
contribution. The strong growth of S(VI)-related components indicates
that the surface becomes enriched in sulfate/bisulfate species rather
than depleted of oxygen overall. The most plausible explanation is that
the removal of TeO3 exposes sites that rapidly bind bisulfate and sulfate
species from the acid droplet, forming a highly hydrated S(VI)-rich
adlayer.

This evolution is mirrored clearly in the S-2p spectrum. The pristine
surface exhibits a triplet of S(VI) components at 169.1, 172.8, and 173.8
eV, typical of heterogeneous sulfate-like environments accumulated
under ambient exposure. Upon acid treatment, these collapse into a
single dominant peak at 169.6 eV, indicating consolidation into a
chemically uniform sulfate/bisulfate termination. The comparative S-2p
spectra of the acid-exposed and washed surfaces are provided in
Fig. S4.6 and show that acid exposure reorganizes the sulfur chemistry
into a more uniform sulfate-like S-O termination. The reduction in
spectral multiplicity indicates that the acid exposure removes or re-
organizes the weak H-bonded S-O environments present on the pristine
surface, leaving a chemically simpler sulfate-like S-O termination,
consistent with the dominant sulfate-related O-1 s contribution.

The Ni-2p spectrum undergoes the most drastic restructuring. Both
the lattice Ni-Se-Te component at 854.1 eV and the oxide/hydroxide
component at 856.6 eV disappear, along with their satellite structures
(Fig. 4a). The envelope becomes nearly featureless. This suggests that
the acid removes the NiO/Ni(OH), layer and destabilizes the uppermost
Ni-chalcogenide bonds, either through partial dissolution or by burying
the Ni beneath a newly formed sulfate adlayer. Because sulfate carries
strong cross sections in O-1 s but virtually none in the Ni-2p region, a
thick S(VI) termination would severely attenuate the Ni signal without
leaving detectable Ni-related spectral features.

The Se-3d region exhibits substantial attenuation under acid treat-
ment. In the pristine surface, selenium contributes approximately (24 at.
%) of the surface composition. Following acid exposure, the Se signal
drops to near the detection limit (Fig. 4b). The dramatic loss of Se in-
tensity is most plausibly attributed to surface sensitive attenuation
caused by dissolution of the oxide cap and formation of a sulfate-rich
overlayer that reduces effective photoelectron escape from deeper
chalcogen planes.

(b) | Se-3d
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These combined observations point to a coherent chemical picture:
the acid does not reduce the surface but instead strips away native ox-
ides and replaces them with a dense, disordered sulfate-rich layer. TeOq
and NiO(H) dissolve first; mixed S(VI) species reorganize; Se and Ni
become attenuated; and the underlying NiSeTe lattice becomes partially
shrouded. The resulting surface is chemically distinct from both the
pristine and washed states and represents a transient restructuring state
induced solely by acid chemistry.

The most revealing insights emerge after rinsing the acid-exposed
crystal. Washing removes soluble sulfate and bisulfate species but
leaves behind stable, tightly bound S(VI) groups and re-exposes the
recovered NiSeTe surface (Fig. S4.6). This regeneration becomes evident
across all core levels.

In the Te-3d region, the oxide signatures remain absent, confirming
that TeO2 and TeOx removal is irreversible (Fig. 4a). The lattice Te
contribution re-emerges and now dominates the surface composition
(~73 at.% of the detected signal), consistent with removal of both the
oxide cap and much of the sulfate overlayer. This recovery supports a
model in which washing removes the sulfate overlayer, allowing X-rays
to once again reach the chalcogenide planes beneath.

The O-1 s signal decreases substantially after washing, indicating
desorption of physisorbed sulfate and water (Fig. 5b). The remaining
oxygen is dominated by sulfate-like contributions and minor hydroxyl
species. Importantly, the lower binding energy component at 532.0 eV
remains approximately at the same binding energy as observed in the
pristine sample. However, RSF-corrected Ni-2p quantification shows
that the NiOH contribution (~5 at.% in the pristine state) is eliminated
after acid exposure and does not recover upon washing. The absence of
Ni-O(H) satellites in Ni-2p confirms that the original NiO(H) phase is not
reformed. Therefore, the persisting 532.0 eV O-1 s component after
washing is more plausibly assigned to surface hydroxyl species or defect-
associated oxygen on the reconstructed NiSeTe termination rather than
to a stoichiometric NiOH overlayer. The simultaneous presence of a
feature at 535.0 eV, characteristic of adsorbed water, further supports a
hydrated surface environment in which isolated -OH groups can form
without regenerating a bulk NiO(H) phase.

The comparative S-2p spectra in Fig. S4.6 provide diagnostic support
for the residual sulfate-derived termination after washing. After
washing, two sulfate-derived peaks reappear at 168.9 eV and 169.6 eV.
These values lie remarkably close to the pristine 169.1 eV component,
implying that the washed surface retains a stable, chemisorbed sulfate
layer comparable in composition but not identical to the native atmo-
spheric sulfur-oxygen groups. The higher-order S(VI) components at
172.0-174.0 eV, however, do not return, meaning the acid and wash
sequence removes the weakly bound sulfur environments present on the
pristine surface. The remaining O-1 s intensity at high binding energy is
therefore assigned to overlapping H-bonded S-O/OH and H30

NiSe
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Fig. 4. (a) Te-3d and (b) Se-3d core levels of pristine, acid-exposed and washed NiSeTe crystal.
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Fig. 5. (a) Te-3d and (b) O-1s core levels of pristine, acid exposed and washed NiSeTe crystal.

contributions.

Selenium partially reappears after washing with almost the same
atomic concentration as in the pristine crystal (~23 at. %), supporting a
model in which the acid-induced attenuation was primarily overlayer-
driven rather than complete selenium dissolution. The two lattice
components at 54.1 eV and 54.7 eV return with essentially the same
energy separation as before, demonstrating that the acid-treated surface
has not undergone irreversible compositional alteration within the
detectable subsurface region. The attenuation in area is explained by the
persistence of the S(VI) overlayer, which partially obscures the chalco-
genide lattice beneath.

Nickel remains detectable but strongly attenuated (~ 4 at.%),
consistent with its deeper position and lower escape depth relative to Te
and Se.

Taken together, the washed-state spectra reveal a surface that has
been chemically reset. The oxidized Te and Ni layers are gone; the
chalcogenide lattice is again visible; and only a thin, stable sulfate
adlayer persists. This final state is chemically simpler, more uniform,
and electronically cleaner than the pristine surface and therefore has
significant implications for both catalysis and the preservation of to-
pologically relevant surface states.

To examine whether acid treatment induces any structural or
compositional degradation beyond the surface sensitive changes detec-
ted by XPS, we conducted SEM and EDS on the washed crystal. The SEM
results revealed no visible surface degradation, as shown in Fig. S2.1.
Similarly, the EDS spectra before and after the acid treatment were
comparable (Fig. S2.2). We conclude that the transformations induced
by the acid, as detected by XPS, correspond to surface-localized chem-
ical reconstruction rather than bulk dissolution or destructive etching.
This distinction is significant because it is the surface restructuring,
rather than any morphological changes, that influences the electro-
catalytic behavior in chalcogenides.

Additionally, RSF-corrected quantification trend confirms that the
pristine surface contains approximately 31 at. % oxidized tellurium
(TeO4 + TeOy), corresponding to ~ 53% of the total Te signal, and ~ 5
at. % NiOH (~28% of total Ni) (Table S4.1 and Table S4.2). Acid
exposure eliminates these oxide components entirely while strongly
attenuating both Ni and Se intensities due to the formation of a sulfate-
rich overlayer. After washing, the surface becomes dominated by lattice
Te (~73 at. % of the detected signal), while selenium returns to
approximately its pristine relative atomic fraction (~23 at. %). Impor-
tantly, although the normalized Se concentration remains similar, its
absolute photoelectron intensity decreases, indicating attenuation
rather than stoichiometric enrichment. Nickel strongly suppressed (~ 4
at. %), consistent with its lower escape depth and sensitivity to overlayer
coverage.

3.4. Operando NAP-XPS with simultaneous current monitoring:
distinguishing bias-induced effects from chemical surface evolution

To disentangle potential-induced electrostatic effects from true
chemical changes in the NAP-XPS data, special care must be taken
because absolute binding energies in operando NAP-XPS measurements
can be strongly influenced by the local electric potential at the elec-
trode-electrolyte interface, particularly when a hydrated polymer
electrolyte such as Nafion is present together with a catalyst ink layer
[39,40]. Apparent shifts of core level binding energies with applied
potential have been widely observed in operando/ambient-pressure XPS
studies of electrochemical systems and are understood to arise primarily
from the electrostatic potential drop across the electrolyte and interface,
rather than purely from intrinsic chemical oxidation states. Neverthe-
less, qualitative analysis based on core level line shapes and relative
intensity evolution provides a reliable approach for monitoring genuine
chemical changes under electrochemical bias.

Simultaneous chronoamperometric current-time responses were
recorded during the operando NAP-XPS measurements to verify elec-
trochemical polarization of the NiSeTe working electrode during spec-
tral acquisition (Fig. 6¢,d). Under HER-relevant cathodic potentials,
stable negative currents were observed, with the largest cathodic
response at - 0.20 V. Under OER-relevant anodic potentials, positive
currents were recorded at both 1.50 and 1.80 V, with the larger response
at 1.80 V and a gradual current decay consistent with surface oxidation
or passivation. These traces confirm that the NAP-XPS spectra were
collected under active electrochemical bias, while the chemical inter-
pretation remains based on the evolution of core-level line shapes and
relative intensities.

Under HER-relevant cathodic polarization, the Te-3d line shape re-
mains essentially unchanged as shown in Fig. 6a, while simultaneous
current monitoring confirms stable cathodic response during spectral
acquisition (Fig. 6¢). No new high binding energy components attrib-
utable to Te-O bonding are observed, and the relative intensity of
reduced Te species remains constant within experimental uncertainty.
This behavior indicates that the tellurium surface is already in a
reduced, oxide-free state prior to bias application, consistent with the
acid-induced removal of native TeO; identified on the single crystal
surface. Importantly, the absence of further Te-3d line-shape evolution
under cathodic polarization indicates that, once Te-oxide species have
been chemically removed by sulfuric acid exposure, the applied HER-
relevant bias does not induce additional detectable Te reduction under
the present measurement conditions.

In contrast, anodic polarization at 1.50 and 1.80 V vs RHE produces
positive current responses (Fig. 6d) and leads to the emergence of
higher-binding energy Te-3d components consistent with reoxidized
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Fig. 6. Operando NAP-XPS measurements with simultaneous chronoamperometric monitoring under HER- and OER-relevant polarization. Te-3d spectra collected
under (a) cathodic HER-relevant and (b) anodic OER-relevant potentials. Corresponding current-time responses recorded during spectral acquisition under (c)
cathodic potentials of - 0.05, - 0.10, and - 0.20 V and (d) anodic potentials of 1.50 and 1.80 V. All potentials are reported versus RHE.

TeOy/TeO, species (Fig. 6b).

The larger apparent binding energy shifts observed under OER-
relevant anodic polarization compared with HER-relevant cathodic po-
larization are attributed to anodic formation of an insulating surface
oxide layer, which reduces electronic screening and weakens electrical
coupling to the grounded current collector, causing a greater fraction of
the applied potential to drop locally at the catalyst-electrolyte interface
rather than being efficiently dissipated through the metallic catalyst, as
commonly observed in operando AP-XPS of oxide-forming electrodes
[39,41].

Crucially, the line shape evolution of the Te-3d spectra, rather than
the absolute energy position, provides the chemically meaningful in-
formation. The appearance of broad, asymmetric high energy compo-
nents under anodic bias is consistent with oxygen incorporation into
tellurium surface sites and the re-formation of TeOy species. Further-
more, the corresponding Se-3d and Ni-2p operando spectra (Fig. S5.1
and Fig. S5.2) support this interpretation. Se exhibits larger apparent
binding energy shifts under OER (~5 eV) than HER (~1 eV), yet without
clear SeO4 formation. In contrast, Ni-2p line shape does not change
under HER, however, it is strongly attenuated under anodic bias,
consistent with growth of an insulating surface oxide that suppresses Ni
photoelectrons.

These observations confirm that cathodic bias does not induce a new
chemical oxidation state of NiSeTe surface under the present HER-
relevant conditions, whereas anodic polarization promotes oxidative
reconstruction of tellurium at the outermost surface. Above all, the
consistent absence of Te-O under HER-relevant polarization and its
reappearance under OER-relevant polarization therefore remains a
robust indicator of bias-dependent surface evolution.

The operando NAP-XPS results reinforce the central mechanistic
picture established from the single crystal study: acid exposure alone is
sufficient to remove native Te oxides and generate an oxide-free NiSeTe
surface, while anodic bias primarily governs re-oxidation kinetics rather

than reduction. Thus, the combined spectroscopic and electrochemical
response separates acid-driven chemical reconstruction from bias-
induced surface oxidation.

4. Conclusion

This work demonstrates that NiSeTe single crystals undergo a sub-
stantial, yet chemically controlled, surface reconstruction upon expo-
sure to acidic media. By combining systematic multi-core XPS analysis
(Te-3d, Se-3d, Ni-2p, O-1 s and S-2p) with complementary SEM/EDS and
operando NAP-XPS measurements coupled to simultaneous chro-
noamperometric monitoring, we have established a coherent recon-
struction pathway, driven primarily by chemical reactions at the
outermost atomic layers, rather than by electrochemical reduction.

In its pristine state, the NiSeTe surface is dominated by TeO,/TeOx
species, Ni-O(H) groups, and a heterogeneous adlayer of oxidized sulfur
species, which collectively obscure the underlying chalcogenide lattice.
Acid exposure, even in the absence of any applied potential, rapidly
removes both TeO, and Ni-O(H) layers through chemical dissolution,
while simultaneously reorganizing sulfur-oxygen species into sulfate/
bisulfate-rich adlayer.

Subsequent rinsing removes weakly bound sulfate species while
preserving a thin, chemisorbed S(VI) layer, revealing a chemically
simplified and oxide-free NiSeTe termination. In this “reset” state,
lattice-derived Te and Se signals are recovered, Ni-chalcogenide coor-
dination dominates the Ni-2p spectrum, and no reformation of Te oxides
or Ni hydroxides is detected. The resulting surface is therefore closer to
the intrinsic Ni-Se-Te bonding environment than the native, air-exposed
crystal.

Operando NAP-XPS measurements with simultaneous -current
monitoring further support this interpretation. Under cathodic poten-
tials relevant to the hydrogen evolution reaction (HER), no additional Te
reduction is detected under the present HER-relevant conditions,
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indicating that the acid-reconstructed surface is already oxide-free
before cathodic polarization. Conversely, OER-relevant anodic polari-
zation produces positive current responses and induces a partial reox-
idation of tellurium, manifested as Te-O spectral broadening, while large
apparent binding energy shifts are shown to arise predominantly from
electrostatic potential drops across the Nafion-based electrode archi-
tecture rather than from intrinsic chemical changes.

Collectively, these results clarify that many surface activation phe-
nomena previously attributed to electrochemical reduction in Ni/Te-
based electrocatalysts are instead explained by acid-driven chemical
cleaning and surface reorganization. The reconstructed, post-washed
surface represents a chemically stable and electronically cleaner termi-
nation that preserves the intrinsic electronic structure of NiSeTe. More
broadly, this work highlights the necessity of disentangling chemical
surface reconstruction from electrochemical effects and establishes
controlled acid treatments as a reliable, reproducible route to preparing
well-defined oxide-free surfaces for both catalytic and electronic studies
of transition metal chalcogenides.
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