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ABSTRACT: The performance of NiO-based electrocatalysts for
the oxygen evolution reaction (OER) is strongly influenced by the
interface betw een the metal support (current collector) and the
catalyst layer, which modulates electronic properties and electro-
chemical activity. This study systematically investigates the solid—
solid interface behavior of NiO thin films p repared b y reactive

magnetron sputtering on Pt, Au, and Ni, follow ed by electro-
chemical characterization. Stepw ise NiO deposition and X-ray
photoelectron spectroscopy reveal distinct band alignment and
electronic structure differences at the metal—catalyst interface. NiO
on Pt forms a Schottky barrier that facilitates charge separation but
increases electron transfer resistance, resulting in the lowest current
densities. NiO on Au exhibits superior OER performance,
attributed to forming an interfacial NiAu oxide that enhances electrochemically active site density and modifies t he electronic
structure at the solid—solid and solid—liquid interfaces. High-resolution TEM reveals that NiO grains on Au adopt a metastable
hexagonal structure along the [10—10] zone axis, deviating from the typical cubic phase. The absence of (001) and (010) reflections
in FFT patterns suggests disrupted lattice periodicity caused by point or planar defects. These structural distortions may stabilize the
hexagonal phase under strain and limited surface diffusion during deposition. NiO on Ni exhibits the lowest interfacial resistance and
the highest current density, but is limited by a low electrochemically active surface area and sluggish kinetics, as reflected in a higher
overpotential. Electrochemical impedance spectroscopy and band alignment confirm t hat i nterfacial e lectronic a nd structural
modifications h ave a critical i nfluence on ca talytic ac tivity. Th ese fin dings hig hlight the imp ortance of sub strate sel ection and
interface engineering, including defect-mediated metastability, in optimizing NiO-based OER anodes for next-generation alkaline
water electrolysis systems.
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1. INTRODUCTION
Developing efficient and durable electrocatalysts for the oxygen

the electronegative Au substrate. In their review, Liu et

al.'? collected available information on the mechanism of Au-

evolution reaction (OER) is essential for advancing electro-
chemical energy conversion technologies. Nickel oxide (NiO)
has garnered significant attention as a promising OER catalyst
for alkaline w ater electrolysis (AWE) due to its abundance,
stability, and favorable redox properties.”> However, the
underlying metal support layer, which also acts as a current
collector, can significantly i nfluence it s electrochemical
performance, as the interface betw een NiO and the metallic
support plays a crucial role in modulating the electronic
structure and charge transfer. Numerous studies have explored
the impact of metal supports, such as Au, Pt, Cu, Ag, and Pd,
on the catalytic activity of some transition metal oxides
(TMOs).>™ Yeo and Bell demonstrated enhanced OER
activity in Au-supported Ni and Co oxides, attributing this
improvement to charge transfer from the transition metal to

driven OER, which follows the adsorption evolution
mechanism (AEM) and the lattice oxygen-mediated mecha-
nism (LOM). They showed that Au enhances the catalytic
activity of most OER catalysts, a phenomenon attributed to the
unique structural characteristics of Au and its interaction with
other OER catalysts. Due to its high electronegativity, they also
showed that Au incorporation into the oxidic catalyst enhances
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Figure 1. Physical characterization of NiO deposited on top of the three-metal support catalyst. (a,b) SEM images of NiO deposited on Pt before
electrochemical conditioning (BE). (c,d) SEM images of NiO deposited on Pt after electrochemical conditioning (AE). (e,f) SEM images of NiO
deposited on Au before electrochemical conditioning. (gh) SEM images of NiO deposited on Au after electrochemical conditioning. (i,j) SEM
images of NiO deposited on Ni before electrochemical conditioning. (k), (I) SEM images of NiO deposited on Ni after electrochemical
conditioning. (m), HRTEM analysis at the Au—NiO interface before electrochemical treatment (n), FFT (Fast Fourier Transform) analysis
providing a detailed crystallographic assessment of NiO deposited on gold (Au).

OER electrocatalysts through AEM and LOM mechanisms. In
AEM, interfacial Au directly interacts with oxygen, accelerating
the OER kinetics. In LOM, the enhancement of OER
electrocatalysis arises from the synergistic interaction between
incorporated Au and oxygen vacancies."”'* Such catalyst—
substrate interactions can modify the binding energy of
reaction intermediates by altering the electronic structure of
active sites or directly participating in the reaction. Despite
some existing literature reports exploring NiO in conjunction
with platinum (Pt), gold (Au), or nickel (Ni) interactions'*~*°
relevant to oxygen or hydrogen evolution reactions (OER/

HER), a comprehensive understanding of solid—solid inter-
actions in thin films and their relevance for the OER remains
limited, necessitating further investigation into electrode-
substrate interactions to accurately evaluate the intrinsic
activity of OER catalysts.

In this study, NiO thin films were prepared on Pt, Au, and
Ni substrates via reactive magnetron sputtering, ensuring
precise control over film stoichiometry and surface morphol-
ogy. Given the intrinsic structural and electronic property
differences between metals and oxides, the interface plays a
crucial role in determining electrochemical performance.
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Metals exhibit atomic bonding primarily governed by
interactions between metal ions and free electrons, resulting
in a simpler and more ordered crystal structure with a higher
coordination number. In contrast, oxides rely on ionic
interactions between positive and negative ions, leading to
more complex atomic arrangements. These fundamental
differences contribute to variations in interfacial bonding,
often resulting in weak mechanical adhesion and interfacial
defects that impact electronic interactions, charge transfer, and
catalytic activity.” X-ray photoelectron spectroscopy (XPS)
and electrochemical characterization techniques were em-
ployed to investigate band-bending effects, electronic inter-
actions, and the influence of substrate material on OER
activity.

The primary goal is to determine how different supported
metals between the current collector (in our case, polished
stainless steel (SS)) and the catalyst (in our case, NiO) affect
the catalytic performance of NiO in the OER. Charge transfer,
interfacial chemistry, as well as electronic structure at this
interface, influence the efficiency of the electrochemical
processes occurring in the active catalyst layer, viz., capacitive
charging/discharging, Faradaic processes like the activation of
the catalyst (NiO — Ni(OH), — NiOOH), and the OER
itself. The study reveals that NiO deposited on Pt forms a
typical Schottky barrier,”* increasing the electron transfer
resistance and thereby lowering the current density. In
contrast, NiO on Au enhances OER performance due to the
interfacial NiAu oxide, which increases active sites and
modifies the electronic structure. NiO on Ni shows the lowest
interfacial resistance and higher current density than NiO on
Pt, but it suffers from poor reaction kinetics, as seen in its
highest overpotential. The structural and mechanical dispar-
ities at metal/oxide interfaces thus influence interfacial charge
transport and overall catalytic performance.

By correlating interfacial chemistry with electrochemical
performance, this work provides fundamental insights into the
role of metallic support layers in optimizing NiO catalysts,
contributing to the rational design of high-performance OER
electrodes. Understanding these interfacial effects is crucial for
optimizing NiO-based catalysts and electrodes, thereby
enhancing overall electrolyzer efficiency.

The manuscript is organized as follows. Section 2.1 presents
the structural and chemical characterization of NiO thin films
at their interface with Au, Pt, and Ni substrates, prior to any
electrochemical testing, highlighting interfacial strain and
defect formation. Section 2.2 examines the electronic structure
using valence band XPS and UPS, with an emphasis on the role
of defect states and band alignment. Section 2.3 correlates
these findings with electrochemical OER performance based
on cyclic voltammetry, changes in electrochemical active
surface area, and impedance spectroscopy. The Methods
section compiles all experimental procedures. The manuscript
concludes with a discussion of the broader implications for
interface and defect engineering in Ni-based electrocatalysts.

2. RESULTS AND DISCUSSION

2.1. Preparation and Physical Characterization of NiO
Deposited on Pt, Au, and Ni Metal Support Layers. NiO
thin films were deposited via reactive magnetron sputtering
using 5% oxygen content in the plasma discharge. Under these
conditions, the resulting film stoichiometry was NiO, g, close
to the desired 1:1 Ni-to-O ratio. The deposition was made
onto polished stainless steel (SS) foils coated with 50 nm of Pt,

Au, or Ni. Previously used in our studies,”>™*° this technique

enables the preparation of clean catalysts while controlling
oxygen content and film thickness, key parameters for interface
engineering and analysis. Deposition and analysis were
conducted exclusively in an integrated ultrahigh vacuum
(UHV) cluster tool, which comprises a deposition chamber
and X-ray photoelectron spectroscopy (XPS) capabilities. This
setup ensures process cleanliness and preserves the integrity of
the thin film throughout.

The procedure involved sequential NiO depositions,
beginning with 3 s and increasing incrementally to 8, 17, 34,
60, 120, and 1800 s. Each deposition was followed by an XPS
analysis of core-level spectra and valence band (VB) to
monitor changes occurring at the developing interface. Final
NiO films, approximately 60 nm thick, were further
characterized by scanning electron microscopy (SEM) before
and after electrochemical testing. High-resolution transmission
electron microscopy (HRTEM) was also used to characterize
the NiO film deposited on Au. NiO prepared with 1% and 20%
oxygen concentration in the plasma discharge deposited on Ni
were also examined by (S)TEM, STEM—EDX, and STM-
EELS spectrum imaging on cross-sectional specimens prepared
by focused ion beam (FIB).

Figure la—I shows the SEM surface images revealing the
nanostructure morphology of the thin films. Before electro-
chemical conditioning (BE) (Figure lab,efij), the NiO
appears homogeneously distributed with irregular flat grains
and no cracks or pinholes when deposited on the three metals.
From Figure 1b,fj, larger grain sizes are observed for NiO
deposited on Pt, followed by Au, while the smallest grain sizes
occur on Ni. Pinholes appear on the catalyst after electro-
chemical conditioning (AE) (Figure lc,gk).

A closer inspection of the thin films after the electrochemical
conditioning (AE) was performed in the areas of interest
(Figure 1d,h)]) to determine the nature of these holes. NiO
deposited on Pt exhibits small delamination, which is not
uniformly distributed across the film, exposing the metallic
support layer (Figure 1d). In contrast, NiO on Au presents a
higher number of holes across the sample, and a closer
inspection (Figure 1h) reveals the absence of NiO in these
regions, suggesting poorer adhesion to the Au support layer.
Finally, for NiO on Ni (Figure 11), NiO still covers the internal
areas of the holes. However, it could be the Ni metallic
sublayer being reoxidized during or after the electrochemical
conditioning,

The oxygen content is a critical parameter to control, as its
concentration in the plasma discharge during the thin film
process influences the formation of defects, such as oxygen
interstitials and nickel vacancies, which affect grain size and
surface roughness.”®>” Controlling these factors is essential to
properly compare the effects of different metal support layers
without being biased by significant variations in surface
roughness or defect formations that could impact the OER
performance.”>**™*° To verify the impact of the metallic
support layer on roughness, we analyzed NiO thin films
deposited on Pt, Au, and Ni, employing 1% oxygen in the
plasma discharge. As shown in Figure S1, under lower but
identical oxygen partial pressure conditions, NiO exhibited a
triangular pyramid-like structure” with the largest grain sizes
observed for NiO on Pt, followed by Au, and the smallest for
Ni. Additionally, Table S1 shows that NiO thin films on Pt
exhibit the highest active surface area, followed by Ni, while
the lowest is observed for Au. These significant differences in
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Figure 2. Interface analysis of NiO in a consecutive deposition step on different metals before any electrochemical conditioning. The estimated
values are given in Table S2; therefore, 3 s corresponds to a ~0.2 nm, 8 s to a ~0.7 nm, 17 s to a ~1.7 nm, 34 s to a ~3.7 nm, 1 min to a ~8 nm,
and 30 min to a ~60 nm. (a—c) Evolution of the Ni 2p;/,, O 1s, and VB in NiO deposited on Pt. (d—f) Evolution of the Ni 2p;,, O 1s, and VB in
NiO deposited on Au. (g—i) Evolution of the Ni 2p;,,, O 1s, and VB in NiO deposited on Ni. (jk) Evolution of the Pt 4d and Au 4f, in the
corresponding NiO depositions on these metals. (1) Schematic diagram showing the different layers and the interface being studied. All time labels
(e.g, 35, 85, etc.) are shown in black and grouped for clarity; they indicate the sequential NiO deposition steps and correspond to the evolution of
the spectra, but are not linked to specific curves to avoid overcrowding the plot.

roughness cannot be ignored when comparing the OER
performance of these three systems.

Furthermore, we prepared NiO thin films on polished,
mirror-like Ni foils with oxygen contents of 1%, 10%, and 20%
in the plasma discharge. Figure S2 demonstrates that increased
oxygen content reduces surface roughness, as reported by
different authors.””** This reduction in roughness correlates
with a decrease in the redox wave amplitude, indicating a lower
active surface area. However, despite the reduced active surface
area, the OER activity improves with higher oxygen content

(Figure S2d). These findings highlight the need to carefully
consider surface roughness and oxygen content when
comparing the OER performance of NiO thin films deposited
on different metal—supported layers.

Additionally, Figure S2f,g displays the HRTEM and
HRSTEM images of NiO thin films deposited on Ni metal
by reactive magnetron sputtering using 1% and 20% oxygen
content, respectively. The images reveal regions with distinct
periodic lattice contrast for Ni and NiO. The oxide layer
exhibits variations in lattice ordering and interplanar spacing
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that are visually consistent with the characteristics of NiO.
These differences become more pronounced with increasing
oxygen content, indicating a thicker and more developed oxide
layer at 20% oxygen. Figure S2h, i further supports this through
EELS elemental mapping, where the distribution of oxygen (O
K-edge) is localized to the oxide layer and is more intense in
the 20% sample, suggesting more extensive oxidation. The Ni
L,; and O K signals align spatially with the observed structural
features, confirming the coexistence of Ni and an oxygen-rich
phase at the surface.

Figure 1m, n presents an HRTEM analysis of the NiO—Au
interface, along with the corresponding fast Fourier transform
(FFT), respectively. The HRTEM image (Figure 1m) shows a
well-defined interface between crystalline Au and two distinct
NiO grains, marked by a yellow grain boundary. FFT patterns
(Figure 1n) from each region reveal a face-centered cubic (fcc)
structure for Au along the [001] zone axis, as evidenced by
strong 002, 220, and 200 reflections. However, both NiO
grains exhibit diffraction patterns consistent with a hexagonal
structure along the [10—10] zone axis, which differs from the
typical cubic NaCl-type structure of bulk NiO.*** The
absence of reflections such as (001) and (010) in the FFT
patterns of NiO indicates a loss of periodicity along the ¢- and
a-axes of the hexagonal lattice, pointing to the presence of
point or planar defects within key crystallographic planes.
These structural defects disrupt lattice order and could play a
role in stabilizing metastable polymorphs, as studied in another
system by Solomon et al.** Recent research has introduced the
concept of metastable defect phase diagrams (MDPD), which
incorporate the effects of defects into phase stability
predictions, demonstrating that defect structures can stabilize
phases not observed under equilibrium conditions.*> ™’

These observations suggest that the growth of NiO on Au
under oxygen partial pressure and at room temperature may
favor or stabilize a noncubic phase due to substrate-induced
strain or limited surface diffusion during deposition.

The structural disorder observed in the hexagonal NiO
grains may also influence the material’s electronic and catalytic
behavior. Planar and point defects are known to introduce
localized states within the band gap, which can alter the local
density of states and facilitate charge transfer at the interface.
Such effects are particularly relevant for electrocatalysis, as they
may promote enhanced conductivity and the activation of
surface oxygen species as presented by Qianyun et al. in their
comprehensive review on defect-modulated electrocatalysis.*”
Although the active phase during OER is generally NiOOH,
the structure and defect environment of the precursor NiO
layer can affect the formation and properties of the oxidized
phase. In particular, a hexagonal, defect-rich NiO may yield a
more disordered or reactive NiOOH, potentially improving
redox activity and contributing to the enhanced OER
performance observed for NiO on Au. The catalytic perform-
ance of these thin films is examined in detail in Section 2.3,
where it is correlated with electrochemical measurements.

While surface characteristics are important for OER, these
findings show that the buried catalyst-metal interface also plays
a critical role by influencing defect formation, electronic
structure, and ultimately, electrocatalytic behavior.

2.2. Interface Analysis of the Solid—Solid Contact
(Metal Support Layer-Catalyst). To investigate the
electronic and chemical nature of the NiO—metal interfaces,
we monitored the evolution of the Ni 2p, O 1s, Pt 4d, and Au
4f core levels and valence band spectra during sequential NiO

deposition at 8, 17, 34, 60, 120, and 1800 s. These XPS
features provide information about energy level alignment (via
binding energy shifts), oxidation state changes (via multiplet
splitting and peak shape), and chemical interactions (such as
interfacial oxide formation). In the following discussion, we
interpret spectral changes by distinguishing between electronic
effects, such as band bending, and chemical effects, including
oxidation or possible alloying. The data are presented and
analyzed in the order of Pt — Au — Ni for consistency with
the experimental sequence and to aid comparison across
systems.

The corresponding XPS analysis of the Ni 2p;,, spectra for
the deposited NiO on Pt and Au (Figure 2a,d) at very low
thicknesses (~0.2 nm, corresponding to 3 s of deposition)
show a shift at the near-interface, locating the Ni 2p;, at 853.2
eV, which is 0.8 eV lower than the NiO nominal position. This
shift suggests that a fully evolved NiO band structure is not
present at very low thicknesses (~0.2 nm), which is below the
cubic NiO lattice constant (0.43 nm)*® or the hexagonal NiO
lattice (a = 0.29 nm, ¢ = 0.34 nm).”” Therefore, the initial
observed binding energy shift is attributed to interface-induced
electronic effects, such as Fermi level alignment and charge
redistribution, as well as incomplete structural formation
during the initial stages of film growth.

For NiO deposited on Pt, the Ni 2p;,, spectrum at the 8 s
deposition step shows a well-resolved multiplet splitting band
at 856 eV (Figure 2a), characteristic of Ni** in NiO and
indicating no apparent formation of a Ni—Pt alloy at the
interface. This conclusion is further supported by the
agreement between the overlayer thickness calculated using
the Lambert—Beer law"' from the XPS interface experiment
and the thickness estimated from profilometry calibrations
(Table S2). If significant alloying or interdiffusion had
occurred at the interface in this sample, the actual film
thickness measured by XPS attenuation would deviate from the
expected values due to the formation of a mixed interfacial
layer or buried species not accounted for by a pure NiO
overlayer model. The observed consistency between the
calculated XPS interface and the estimated profilometer
thicknesses thus suggests that there is no chemical reactivity
between Ni and Pt.

In addition, as the NiO film grows, the Ni 2p;,, peak,
initially at 854.2 eV at 8 s, shifts to 853.9 eV for the 60 s
deposition step. A similar shift is observed in the O 1s peak
(from 529.8 to 529.4 V) and in the valence band maximum
(VBM) (Figure 2b,c) shifts, which we attribute to the band
bending of NiO at the platinum interface.

For NiO deposited on Au (Figure 2d—f), it is not easy to
clearly distinguish between electronic and chemical shifts; this
is due to the significant spectral changes observed in the Ni 2p
region (Figure 2d), especially during the first five deposition
steps (3, 8, 17, 34, 60 s). The Ni 2p multiplet splitting bands
are poorly resolved for NiO deposited on Au, in contrast to the
well-defined features at 856.0 eV observed for NiO deposited
on Pt. Similarly, the O 1s peak shifts differently for NiO on Au
(from 529.0 to 529.4 eV) compared to NiO on Pt, further
complicating the interpretation.

To further explore the NiO—Au interface, we conducted an
additional deposition experiment using increased oxygen
content (Figure S3); this revealed clear evidence of Au, O,
formation during the first 59 s (corresponding to the third
deposition step, ~6 nm NiO). The observed shift in the O 1s
peak at this stage is likely associated with Au-oxidation.
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Meanwhile, the Ni 2p spectra continue to show poorly
resolved multiplet splitting bands, even after 60 s of deposition
(Figure S3a), suggesting the formation of a mixed NiAu oxide
at the interface. This behavior aligns with previous reports of
alloy-like NiAu oxide structures in thin films with 1.1
monolayers of NiO or nanoparticle sizes of 2 nm.' %

On the other hand, for NiO deposited on nickel, the O 1s
and VB shifts (Figure 2h,i) cannot conclusively indicate band
bending at the interface. These changes could instead result
from oxidation of the nickel metal support sublayer, where Ni
transitions from Ni° to Ni** upon exposure to oxygen during
the deposition process or by reacting with deposited NiO. This
distinction emphasizes the challenges of interfacial analysis for

NiO deposited on nickel, particularly when compared to
platinum.

For the final NiO layer at 1800 s, the O 1s spectra for the
three systems (Figure 2b,e,h) exhibit a main peak at 529.4 eV,
attributed to the lattice oxygen atoms in NiO and an additional
shoulder between 531.0 and 531.5 eV, which is associated with
structural disorder in the film, as previously reported in
literature.*>*

Furthermore, the detection of Au in the NiO film after 120 s
of deposition for samples before any electrochecmial treatment
(>10 nm thickness, Figures 2k and S3a) could indicate some
metallic interdiffusion of Au into the NiO layer, a phenomenon
previously observed in NiCeO,-Au coatings by Desmond et
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al;* however, this observation was not visible in the STEM-
EDS analysis of the FIB cross-section (Figure S4) probably due
to the uneven surface of the specimen.

Interdiffusion between different materials has been widely
studied”"*~" and it is partially influenced by the film
structure, where defects such as dislocations, vacancies, and
grain boundaries serve as diffusion pathways for atomic species.
These defects facilitate mass transport across film interfaces,
significantly impacting overall diffusivity. Grain boundaries
rapidly accumulate foreign material, enabling interdiffusion at
the interface, along the grain boundaries, and into adjacent
lattices. However, the extent of interdiffusion is also dictated
by lattice mismatch, which plays a crucial role in determining
interfacial stability. For instance, the formation of AuNi oxide,
but not PtNi oxide (Figure 2a,d), can be attributed to the
lattice mismatches. Considering their respective lattice
constants, 4.170 A for NiO, 3.923 A for Pt, and 4.078 A for
Au;***"* while the mismatch between Au and NiO is
relatively low (2.2%), the mismatch between Pt and NiO is
much higher (6.3%), leading to increased interfacial strain,
which the system mitigates by forming dislocations that act as
diffusion barriers, reducing atomic intermixing.

Beyond structural considerations, the reactivity of the metal-
oxide interface significantly influences interdiffusion behav-
ior.”*° In our case, NiO on Pt represents a nonreactive
interface, where charge redistribution occurs without signifi-

cant bond breaking, resulting in negligible interdiffusion, which
explains why we do not observe the formation of a new oxide
phase at the NiO—Pt interface. On the other hand, NiO on Au
exhibits a more reactive interface, where charge transfer leads
to the breaking of existing bonds and the formation of new
chemical states. This reactivity may promote the formation of
interfacial Au—NiO bonding environments or localized
chemical states, such as partially oxidized Au or non-
stoichiometric NiO, which modify the electronic structure at
the interface, as suggested by the observed spectroscopic shifts
and structural disorder.

At the atomic level, lattice mismatch-induced strain is often
accommodated through reconstruction of the interfacial
atomic arrangement, where atoms shift from their regular
lattice positions to minimize strain energy. This structural
disorder, caused by vacancies, dislocations, and interfacial
strain, affects the local density of states (DOS), resulting in
variations in interfacial bonding strength. A higher DOS at the
Fermi level strengthens interfacial bonding, influencing char§e
redistribution at the interface, as shown by Lobzenko et al.”!

To explore this experimentally, we analyzed the valence
band region of NiO films using XPS and UPS to identify
signatures of such defect-induced states. XPS and UPS valence
band measurements (Figure 3a—c) for both thick (~60 nm)
and thin (~8 nm) NiO films provide insight into the occupied
electronic states near the Fermi level for samples deposited on
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Pt, Au, and Ni. XPS (for samples of 60 nm thickness), with a
probing depth of ~5—8 nm, identifies a VBM at 0.71 eV for
NiO on Pt and Au, and 0.63 eV for NiO on Ni, with a defect-
induced tail extending to ~0.5 eV below the Fermi level. These
defects perturb the band edges by inducing potential
deformation effects and creating impurity state bands.”*>”
UPS, with higher surface sensitivity (~1—2 nm), reveals similar
valence band tailing down to ~0.43 eV (Figure 3b), confirming
that these states are also present at the surface.

Furthermore, valence band tailing is already evident at the
early deposition stage at 1 min step process (which correspond
to a total of 2 min NiO deposition, aprox. ~8.0 nm NiO layer,
Figure 3c), showing a VBM for NiO at 0.77 with a band tail
extending to 0.43 eV below the Fermi Level, indicating that
defect-related states form from the onset of NiO growth and
are not limited to thicker films, supporting the interpretation
that defects originate near the metal-oxide interface and persist
throughout the film. The consistent presence of tailing in both
UPS (surface-sensitive) and XPS (subsurface-sensitive) spectra
confirms that these states span several nanometers into the
film, rather than being confined to the surface, underlining the
substantial impact of early stage structural disorder on the
electronic structure of the catalyst layer.

The corresponding NiO work functions, measured with XPS
for the final layer deposited at 1800 s on Pt, Au, and Nij, are
6.00, 5.90, and 5.98 eV, respectively. Table S3 shows the
corresponding work functions as measured by XPS. Although
the work function involves bulk electronic properties,””" it is
fundamentally a surface-sensitive quantity that depends
strongly on surface atomic structure, reconstruction, crystallo-
graphic orientation, and the presence of adsorbates or
impurities.”> The work function is crucial in governing the
efficiency of interface electron transfer, a key factor in
electrocatalysis. Differences in the work function between
materials substantially influence band alignment and carrier
transport, important factors in catalytic performance.***%~%

Since band bending depends on the relative work functions
of the metal and NiO, a larger work function mismatch results
in stronger band bending, potentially forming Schottky
barriers, while a smaller mismatch leads to an ohmic contact.
In NiO deposited on Pt (with a work function difference of 0.5
V), a Schottky-type band structure, presented in Figure 3d,
was extracted from the interface XPS evolution of the Ni 2p
core levels, suggesting a depletion layer at the interface, which
could influence charge transfer kinetics by limiting electron
transport. In contrast, for NiO deposited on Au, despite the
largest work function difference of 0.6 eV between the Au and
NiO, the formation of NiAu oxide may disrupt the NiO
electronic structure, preventing the expected band bending.
Our results reveal that NiO deposited on Ni exhibited the
smallest work function difference (0.25 eV) between the metal
and NiO. Although small shifts are observed in the O 1s and
valence band spectra (Figure 2h,i), no visible Ni 2p level shifts
are detected, indicating minimal or nonexistent band bending;
therefore, the system can be assigned a flat-band configuration
(Figure 3f). The lack of a significant interface potential barrier
indicates that NiO—Ni interactions are likely governed by
chemical bonding or interfacial oxidation rather than electro-
static band realignment. Such a configuration may facilitate
electron exchange at the interface, which is relevant for
catalytic applications where efficient charge transfer is
necessary.

2.3. Electrochemical Evaluation. Having established the
electronic structure of NiO deposited on different current
collectors, we now evaluate the electrochemical performance of
NiO thin films on Au, Pt, and Ni substrates. The electro-
chemical testing of NiO thin films was conducted in unpurified
1 M KOH using a three-electrode electrochemical cell, as
described in previous papers.”””* The cyclic voltammogram
measured before conditioning the samples (Figure 4a—c)
showed that NiO on Au achieved the highest current density
(reported with respect to the geometric surface area) of 76.1
mA cm™? at 380 mV overpotential, followed by NiO on Ni
with 72.7 mA cm™ at 420 mV overpotential, and the lowest
for NiO deposited on Pt with 59.1 mA cm™ at 420 mV
overpotential. However, the overpotentials required to reach
10 mA cm™* were significantly higher than some literature
values,*°** with 310 mV for NiO on Au and 340 mV for NiO
on both Pt and Ni. After the electrochemical conditioning
consisting of 1200 cyclic voltammograms from 1.0—1.5 V (vs
RHE) at 100 mV s~ scan rate, the overpotentials required to
reach 10 mA cm™ decreased to 300 mV, 310 mV, and 320 mV
for NiO deposited on Au, Pt, and Ni, respectively.
Interestingly, despite NiO on Pt exhibiting the highest
electrochemical surface area (ECSA) and the most pro-
nounced redox wave amplitudes (Figure 4d), it showed the
lowest current density. Conversely, NiO on Ni, despite having
the lowest ECSA values and the highest overpotential,
demonstrates a better current density maximum than NiO
on Pt. The superior performance of NiO on Au, achieving the
lowest overpotential and highest oxygen evolution reaction
(OER) activity, suggests a significant catalyst—substrate
interaction due to the formation of AuNi oxides at the
interface.”'”*> As mentioned by Strickler et al,’* the
overpotential and enhancement when having an Au support
film is not likely a result of increased conductivity, which we
can corroborate with the electrochemical impedance spectros-
copy (EIS) results, where the resistance for NiO on Au is
considerably higher than NiO deposited on Ni or Pt. They
attribute the enhancement to Au-facilitated Ni-oxidation or the
formation of an AuNi interfacial oxide. However, for this to
happen in our system, the KOH would need to interact with
the metal layer near the metal-catalyst interface and not only at
the catalyst—liquid interface following the lattice oxygen-
mediated mechanism (LOM), as the catalyst constantly
undergoes dynamic changes, oxidation, exchange, and release
of oxygen ligands at the surface during the OER. If the reaction
process happened near the Au—NiO interface (however, not
necessarily in contact with the Au), Au would enhance the
activity of oxygen vacancies and promote the direct formation
of O—0 bonds by the LOM mechanism, thus providing high
OER activity, as studied by Chao and Liu et al.">"* To verify
this assumption, we analyze the XPS measurement, which
reveals a tenue Au signal in the Au 4f region (Figure SS).
Additionally, SEM Figure 1gh exposed small pinhole areas for
NiO deposited on Au, which may indicate that at some point
in the electrochemical reaction, KOH could have interacted
with the metal—supported layer.

Taken together, these observations suggest that the NiO—
Au interaction is not only structurally present but may also
directly influence the catalytic mechanism. The Au—NiO
mixture at the interface could modify the electronic structure
by enhancing the hybridization between Ni 3d and O 2p
orbitals, which facilitates oxygen vacancy formation and
stabilizes high-valent Ni species, both of which are critical
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Figure S. Nyquist representations of electrochemical impedance spectroscopy (EIS) data. (a,b) NiO on Pt before and after electrochemical
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conditioning; AE = after electrochemical conditioning.

for activating the lattice oxygen-mediated mechanism (LOM).
Several studies have shown that tuning the bulk electronic
structure of transition metal oxides—particularly by raising the
oxygen 2p-band center and increasing metal—oxygen cova-
lency—can significantly promote OER activity.*® Grimaud
et al®” demonstrated that increased metal—oxygen covalency
not only enhances OER kinetics but also enables the
participation of lattice oxygen, thus opening up alternative
reaction pathways beyond the classical surface metal-site
mechanisms.

While our study does not directly probe LOM, the presence
of pinholes (Figure 1gh) and a detectable Au signal at the
surface after electrochemical conditioning (Figure SS) suggests
that the electrolyte may access the NiAu interface allowing the

interfacial region to participate in lattice oxygen activation,
cogsistent with previous studies by Liu et al.'” and Chao et
al.

Figure S presents a series of electrochemical impedance
spectra (EIS) recorded at 0.0 and 1.5 V DC offset (vs RHE)
before and after electrochemical conditioning, displayed in the
Nyquist (complex plane) representation. At 0.0 V, the surface
is primarily composed of NiO or Ni(OH),, whereas at 1.5V,
the system operates in the Faradaic region where Ni** fully
transforms into Ni** at the surface level.”* As previously
reported,”””* the electrochemical conditioning through 1200
CV cycles facilitates the transformation of the material into
Ni(OH),. Upon applying 1.5 V, this phase oxidizes to Ni**
(NiOOH), decreasing the charge transfer resistance (R.)
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across all three systems. The reduction in R, along with an
increase in the Q value of the constant phase element (CPE),
indicates higher admittance and suggests an increased number
of active sites on the electrode surface. However, as more
Ni(OH), forms, the dispersion parameter (a) decreases,
indicating a shift away from ideal capacitive behavior (Table
S4). This decrease in a reflects increased surface heterogeneity,
suggesting that although the electrode surface becomes more
electrochemically active, its nonuniformity compromises
capacitive performance.

At 1.5 V DC offset, the impedance response of NiO
deposited on Au (Figure 5d) shows a characteristic semicircle
that closely matches that of NiO on Pt, suggesting similar
charge transfer characteristics. However, the significantly
higher R, of NiO on Au than NiO on Pt or Ni indicates
that its superior OER performance is not driven by enhanced
conductivity, confirming previous studies.”* In contrast, NiO
on Ni (Figure 5f) exhibits the lowest R, measured at just 35
Q, indicating superior charge transfer efliciency. This
substantial reduction in charge transfer resistance is likely
due to the favorable band alignment between NiO and Ni
(Figure 3f), which minimizes interfacial resistance and
enhances charge mobility. This enhanced charge transfer
efficiency contributes to superior electrochemical performance
compared to NiO on Pt.

Figure Se,f also displays an inductive loop in the low-
frequency region for the nonconditioned sample at 0.0 and 1.5
V (vs RHE). The inductive loop likely arises from the
adsorption and desorption of intermediates on the electrode
surface.”*~7° However, this feature was not well represented in
the fitting simulation; thus, the corresponding equivalent
circuit models do not include it.

The Nyquist representation of NiO on Ni at 0.0 V DC
(Figure Se) can be modeled using an equivalent circuit model
similar to that used for the system at 1.5 V DC. However, the
resistance observed at 0.0 V DC is not associated with charge
transfer resistance, as no Faradaic reactions occur at this
potential due to the absence of redox activity. Instead, the
progressive increase in resistance, reaching 2940 Q after 1200
CV cycles, suggests an inhibited electrochemical interaction
between the electrolyte and the electrode. This behavior is
likely due to the intercalation of water molecules, which
promotes the formation of a-Ni(OH), on the electrode
surface. The increased presence of @-Ni(OH), results in higher
resistance, which correlates with the reduced maximum current
density observed after electrochemical conditioning (Figure
4c).

The Nyquist plot for NiO on Pt at 0.0 V DC (Figure Sa)
shows similar impedance characteristics before and after
electrochemical conditioning. However, a distinct small
semicircular loop appears in the high-frequency region before
conditioning. This well-defined small semicircle corresponds to
the initial stage of the equivalent circuit model, characterized
by low R, and C, values. This feature is likely linked to the
electrode—electrolyte interface, as it appears adjacent to R, in
the Nyquist plot. The remainder of the equivalent circuit
model follows a Randles circuit representation, describing the
charge transfer and diffusion processes.

Before conditioning, the Nyquist response of NiO on Au
(Figure Sc) is best represented by a constant phase element
(CPE) to account for nonideal capacitive behavior. Since no
charge transfer reactions occur, a Warburg element is
introduced to describe diffusion-controlled processes. This

Warburg impedance originates from diffusion-controlled
processes related to w ater intercalation during the phase
transition from NiO to a-Ni(OH), rather than charge transfer
across the electrode—electrolyte interface. After electro-
chemical conditioning, the Warburg element disappears,
indicating the complete surface transformation of NiO into
a-Ni(OH), across the film.**

In addition, these three systems w ere compared to NiO
deposited on clean SS and used as a reference system, where
no metal support layer was added. Although the ECSA value of
8.6 cm’ is considerably larger than the ECSA for NiO
deposited on Au and Ni, consisting of 2.7 cm” and 1.6 cm?,
Figure S7a show s that the maximum current density before
electrochemical conditioning of S0 mA cm™ at 360 mV
overpotential is the low est compared to the three systems.
After the 1200 conditioning cycles, the overpotential at 10 mA
em ™2 is reduced from 360 mV to 330 mV, which is not better
than the 300 mV, 310 mV, and 320 mV for NiO deposited on
Au, Pt, and Ni, respectively. Finally, the electrochemical
impedance spectroscopy (EIS) spectra recorded at 0.0 and 1.5
V DC offset ( vs R HE) b efore a nd a fter electrochemical
conditioning displayed in the Nyquist (complex plane)
representation in Figure S7d show sincreased resistances
reaching 1000 Q at 1.5 V DC and 6000 Q at 0.0 V DC,
indicating a high charge transfer resistance at the catalyst—
substrate interface.

3. CONCLUSIONS

This work highlights the critical role of the metal support layer
in modulating the electrocatalytic behavior of NiO thin films
for the oxygen evolution reaction. Through comparative
analysis of Pt, Au, and Ni support metals, w e demonstrate
that the interfacial electronic structure—governed by band
alignment, charge transfer resistance, and surface chemistry—
directly impacts the kinetic and thermodynamic aspects of
OER activity.

NiO on Au emerged as the most catalytically active
configuration, achieving the lowest o verpotentials and highest
current densities, likely due to the favorable formation of
interfacial oxides and the activation of lattice oxygen pathways.
Despite exhibiting a relatively high interfacial resistance, its
performance appears to be driven by interfacial electronic
effects s uch a s d efect-induced v alence b and s tates a nd band
alignment shifts observed in XPS/UPS, along with likely
charge redistribution at the metal—oxide interface, which
facilitates catalytic turnover w ithout necessarily improving
overall conductivity. In contrast, NiO on Ni, while displaying
the low est charge transfer resistance and a favorable ohmic
contact, w as limited by slow er reaction kinetics and higher
overpotentials, reflectinga 1 ow e ntrinsic ¢ atalytic activity.
NiO on Pt formed a Schottky-type barrier that hindered
efficient electron transfer, suppressing catalytic activity despite
good charge carrier separation.

These findings reveal that the metal support is not merely a
passive current collector but an active component that
influences i nterfacial e nergetics a nd ¢ atalytic pathways.
Optimal performance arises not from minimizing resistance
alone, but from achieving a synergistic balance between
interfacial charge transfer, catalytic site accessibility, and
favorable reaction energetics. These findingsh ighlight the
significance o f's ubstrate s election a nd i nterfacial electronic
structure engineering in designing next-generation electro-
catalyst systems.



While this study focused on single-interface systems, future
investigations involving multilayer configurations, such as NiO
deposited on thin Au layers precoated onto Ni or Pt substrates,
could offer deeper insight into how buried metal layers
influence the interfacial electronic structure and catalytic
activity. These stacked systems may allow further tuning of
charge redistribution, band alignment, or oxygen species
activation, and represent a promising direction for continued
exploration.

4. EXPERIMENTAL SECTION

4.1. Preparation of NiO Thin Films. Stainless steel (SS) foils of
1 cm?® were polished using 15 and 8 um silicon carbide (Starcke,
Struers) and 0.5 pm alumina paste (MicroPolish Alumina, Buehler).
After that, they were cleaned sequentially in an ultrasonic bath with
acetone, isopropanol, and Millipore water for 10 min each. They were
loaded into the deposition chamber, which is a UHV chamber
containing a magnetron sputtering source from MeiVac (MAK 2").
The chamber is part of the DAISYFUN cluster tool (DArmstadt’s
Integrated SYstem for FUNdamental research), integrating thin film
preparation and XPS surface analysis (Figure S9a). The NiO thin
films were prepared at room temperature by DC magnetron
sputtering using a Ni target (Kurt J. Lesker with purity 99.99%) in
a system with a base pressure of 1.0 X 10~ mbar. Two mass flow
controllers (MKS) introduced 1.0 sccm of O, and 19.0 sccm of Ar
(Air Liquide with purity 99.995% and 99.999%, respectively). The
working pressure was set to 3 X 107> mbar, and the plasma power to
1S W, with a substrate-to-target distance of 20 cm.

4.2. Electrochemical Characterization. Electrochemical meas-
urements were conducted in a three-electrode setup in a PECC-2 cell
from Zahner Elektrik, controlled by a potentiostat from Gamry
Instruments (Interface 1000E) (Figure S9b). All measurements were
performed in 1 M KOH (Carl Roth, unpurified, Fe < 7 ppb by ICP-
OES). The same KOH solution was used consistently across all
measurements, including NiO on Au, Pt, Ni, and stainless steel (SS),
to ensure valid internal comparisons despite the presence of trace
impurities.

Before the measurement, a Hg/HgO reference electrode from
ProSense was calibrated against a reversible hydrogen electrode
(RHE) (HydroFlex, Gaskatel). The counter electrode was a platinum
wire. By an electrochemical impedance measurement at OCP, the
current response during cyclic voltammetry (CV) was manually iR-
corrected in the data post-treatment. The conditioning consisted of
1200 voltammetry cycles in the 1.0 V - 1.5 V (vs RHE) range with a
scan rate of 100 mV s™! to form Ni(OH),. Additionally, 3 CVs before
and after the conditioning were measured between 1.0 V - 1.9 V (vs
RHE) at a scan rate of S0 mV s™' to verify the redox wave behavior.
Current densities refer to the geometric areas of the electrode, unless
otherwise specified.

4.3. Electrochemical Impedance Spectroscopy (EIS). Before
the first 3 initial scans from 1.0—1.9 V (vs RHE), before and after the
conditioning, EIS measurements at 0.0 V DC and 1.5 V DC were
conducted using a probing signal amplitude of 1 mV rms, with a
frequency range of 100 kHz—0.1 Hz, with 10 points taken per each
decade. The obtained EIS data was processed using the Kramers—
Kronig transformation (K—K), as outlined in egs 1 and 2, to validate
each data point. Data points with deviations A | or |Ag | greater than
5% were masked out to ensure accuracy. Additionally, the distribution
of relaxation times (DRT) analysis was employed to gain insight into
the number of elements with distinguishable time constants present in
the circuit. The DRT analysis often reveals Gaussian distributions
consisting of multiple overlapping peaks within similar time domains.
However, in some cases, DRT analysis reveals distinct Gaussian peaks
at different time domains, which facilitates the accurate determination
of the equivalent circuit model. The equivalent circuit fitting process
was performed using several optimization methods, including the
Levenberg—Marquardt, least-squares, and Powell algorithms, all of
which are available in the DearEIS module.”' The method that

resulted in the lowest fitting error was selected for the final equivalent
circuit model.
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4.4. X-Ray Photoelectron Spectroscopy (XPS) and Ultra-
violet Photoelectron Spectroscopy (UPS). Photoelectron spec-
troscopies were employed to study the evolving electronic structure at
the near interface before and after electrochemical conditioning and
to determine if the sample underwent a phase transformation from
NiO to Ni(OH), (Figure S4). After conditioning, the samples were
extracted from the electrochemical cell, which was held at a potential
of 1.0 V (vs RHE), rinsed with Millipore water, blown dry with
nitrogen, and immediately transferred into an ultrahigh vacuum
(UHV) environment. XP spectra were acquired using a SPECS
PHOIBOS 150 spectrometer implemented in the DAISY-FUN cluster
tool. It is equipped with an Al Ka X-ray source (monochromatic
Focus 500 with XRS0 M (SPECS), hv = 1486.74 eV). Survey and
detail spectra were measured in fixed analyzer transmission mode,
with a pass energy of 20 eV (step size of 0.5 eV) for the survey and 10
eV (step size of 0.05 eV) for the core levels. The system was
calibrated to 0.00 eV binding energy of the Fermi level of sputter-
cleaned Au and Cu, as well as to the emission lines of Au 4f,,, at
83.98 eV, Ag 3d;, at 368.26 eV, and Cu 2p;, at 932.67 eV binding
energy with deviations < 0.1 eV. The UPS spectrum was measured
with the same detector as the XPS. Monochromatized He I radiation
of hv = 21.22 eV was chosen using an HIS 13 Mono source from
Focus GmbH.

4.5. Scanning Electron Microscopy (SEM), Profilometry, and
Transmission Electron Microscopy (TEM). SEM, Profilometry,
and TEM were employed to characterize the surface morphology of
the films. The measurements were performed using a Zeiss Gemini
500 field-emission microscope at the GSI Helmholtz Centre for
Heavy Ion Research.

A DektakXT profilometer was used to measure the thickness of the
NiO film on a smooth glass substrate, where a well-defined step edge
was created by masking part of the surface during deposition.
Thicknesses were determined for films deposited for 30, 60, and 90
min, and a linear extrapolation was used to estimate deposition rates.
These rates were then applied to infer approximate thicknesses for
shorter deposition times (e.g., 3—8 s). Although profilometry cannot
reliably resolve subnanometer-scale features, the extrapolated
deposition rates were consistent with XPS attenuation-based thickness
estimates derived using the Lambert—Beer law. This approach
enabled us to assign subnanometer thickness values—such as ~0.2
nm—for early deposition stages used in interface analysis.

For the TEM measurements, we prepared a TEM lamella of the
NiO/Au interface for TEM investigations using a plasma-focused ion
beam system (Helios S Hydra DualBeam PFIB-SEM, ThermoFisher).
The TEM analysis was performed using a JEOL JEM F2100 TEM
equipped with an EDS detector (X-Max 80 SDD detector, Oxford).

Cross-sectional NiO on Ni TEM lamella was prepared by FIB
(Starta dual beam, ThermoFisher). TEM and STEM images, STEM—
EDX and STEM EELS spectrum imaging were performed on a double
aberration-corrected Themis Z (ThermoFisher Scientific) TEM
equipped with a Super-X energy-dispersive X-ray detector and a
Gatan GIF Continuum 970 HighRes + K3 IS camera (operated at 300
kv).

4.6. UV—vis Spectrometry. UV—vis spectroscopy measurements
were conducted using a Cary 7000 spectrometer (Agilent
Technologies). The incident light was shaped with slit widths of 3
mm in both the vertical and horizontal directions without a
polarization filter. For transmittance measurements, the sample was
tilted at an angle of 6°, with the detector positioned at 180°. For
reflectance measurements, the detector was set at an angle of 12°.
Spectral data were collected from 250 to 2000 nm, with a step size of
1 nm and a dwell time of 0.1 s. A halogen lamp was used for



wavelengths above 320 nm, while the deuterium lamp was employed
for wavelengths below 320 nm. The corresponding optical band gap
used to determine the energy gap in Figure 3 is presented in Figure
S8.
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