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Abstract: Highly effective yet affordable non-noble metal catalysts are a key component for ad-
vances in hydrogen generation via electrolysis. The synthesis of catalytic heterostructures containing
established Ni in combination with surface NiO, Ni(OH),, and NiOOH domains gives rise to a
synergistic effect between the surface components and is highly beneficial for water splitting and
the hydrogen evolution reaction (HER). Herein, the intrinsic catalytic activity of pure Ni and the
effect of partial electrochemical oxidation of ultra-smooth magnetron sputter-deposited Ni surfaces
are analyzed by combining electrochemical measurements with transmission electron microscopy,
selected area electron diffraction, X-ray photoelectron spectroscopy, and atomic force microscopy. The
experimental investigations are supplemented by Density Functional Theory and Kinetic Monte Carlo
simulations. Kinetic parameters for the HER are evaluated while surface roughening is carefully
monitored during different Ni film treatment and operation stages. Surface oxidation results in the
dominant formation of Ni(OH),, practically negligible surface roughening, and 3-5 times increased
HER exchange current densities. Higher levels of surface roughening are observed during prolonged
cycling to deep negative potentials, while surface oxidation slows down the HER activity losses
compared to as-deposited films. Thus, surface oxidation increases the intrinsic HER activity of nickel
and is also a viable strategy to improve catalyst durability.

Keywords: hydrogen evolution reaction; magnetron sputter deposition; electrochemical surface
oxidation; electrolysis; water splitting

1. Introduction

One main aim and indispensable development in our society is decarbonizing en-
ergy considering the related climate change. Technological progress already allows the
generation of sustainable green energy by wind turbines, photovoltaic plants, and solar
power for competitive prices. A challenge, however, is the temporal and local depen-
dency of renewable energy sources. Thus, suitable energy storage is needed to efficiently
provide green energy independent of its natural fluctuations [1]. Therefore, hydrogen is
considered to play a key role in the energy transition, serving as a green energy vector.
However, worldwide hydrogen production relies almost entirely on fossil resources, while
sustainably-produced hydrogen through water electrolysis still faces high production costs
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and limited availability [2]. To compete with well-established fossil energy carriers, the
generation of green hydrogen needs to become more effective in terms of energy conversion
and connected prices.

One crucial field of improvement is the research of electrocatalytic materials to boost
electrolytic water splitting. Due to the sluggish reaction kinetics of both half-cell reactions,
decreasing the overpotential of the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER) is one crucial parameter in lowering the energy barrier and,
therefore, decreasing the overall process energy consumption [3,4].

The efficiency of the cathodic HER in alkaline media is strongly connected to the
adsorption and desorption behavior of reaction educts, products, and intermediates. The
optimum catalytic efficiency is reached with intermediate binding energies. Weak binding
of intermediates leads to inefficient reaction activation, while strongly bound intermediates
might block the surface and could poison the catalyst [5,6]. For the HER, the free energy
of hydrogen adsorption is an indicator of catalyst activity [5] and could be applied as a
descriptor in different electrolytes [7].

The HER in the neutral and alkaline electrolytes is described by the following steps [8]:

H,O+e™ +*— Hygs + OH™ (Volmer step) 1
H,gs + HHO+e™ — Hy + OH™ + * (Heyrovsky step) 2)
2H,4s — Hj + 2* (Tafel step) 3)

where (*) stands for the adsorption site on the catalyst surface. The cathodic reaction
proceeds either via the Volmer-Tafel ((1) and (3)) or via the Volmer-Heyrovsky route
((1) and (2)). The Volmer step (1) describes the dissociation of a water molecule and the
formation of an adsorbed hydrogen species, H,4s. Additionally, during electrolysis, the
charge carrier OH™ is formed. The role of OH™ adsorption on the catalyst surface is a
matter of recent intense studies in determining catalytic activity [9-11]. In the Tafel step (3),
H,4s can recombine with another H, 45, forming an H, molecule which ideally would leave
the surface in the form of gas. Another option for the second reaction step is the Heyrovsky
reaction, where H, 45 combines with a water molecule, generating a hydroxide anion in
addition to the hydrogen molecule (2).

In contrast to acidic water splitting, alkaline electrolysis suffers from more sluggish
reaction kinetics due to an additional water dissociation step, creating an extra energy
barrier [12]. Not only is the catalyst-hydrogen (M-H) binding energy shown to be relevant,
but water and hydroxyl ion adsorption energies are also of major interest [11,13]. Further-
more, factors like the electrochemical double layer and the potential of zero free charge can
influence the overall kinetics [14].

To lower the arising energy barriers, three main approaches can be emphasized in
developing novel catalytic materials, including manipulating the electronic structure, the
design of specific intermediate adsorption sites, and adjusting the catalyst surface [9].
Factors like improved conductivity and an enlarged active surface area can effectively
improve the catalytic efficiency [14]. Further, tailoring supported catalysts acknowledging
the active role of the support material is a feasible method [15].

Concerning price reduction, the industry is interested in producing non-noble metal,
high surface area structures to limit the use of material and maximize efficiency in upscale
applications. However, limited work has been done on fundamental aspects of thin layers
and flat surfaces, although this is relevant for benchmarking the material’s intrinsic catalytic
activity and determining layer thickness influences which ultimately provide essential
data for necessary material consumption. Therefore, this work aims to study the intrinsic
material properties of an abundant element as Ni, rather than roughness and surface
area effects. The latter imposes significant problems in evaluating the intrinsic catalytic
activity of Ni surfaces as there is no reliable electrochemical method for determining the
electrochemically active Ni surface area.
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Concerning availability and economic factors, industrial alkaline electrolysis uses
either stainless steel or Ni catalysts, as they present the best non-noble alternatives to
expensive, platinum group metal catalysts [16-18]. Due to its good activity and stability in
alkaline solutions, a fundamental understanding of the HER mechanism on Ni surfaces is
a relevant topic of current research from both fundamental and application perspectives.
It has already been shown that the presence of transition metal oxide species influences
the catalytic behavior of pure metal catalysts like Pt and Ni [19-21]. Metal | metal oxide
heterostructures were shown to possibly have a positive influence on the shift of HER
overpotentials to energetically more favorable ones [22]. In the case of Ni, the presence of
oxide species on the surface is considered a possible factor in tailoring surface activities
and creating potential reduction sites. The interplay of Ni and its oxide species (NiO,
a-/ 3 Ni(OH),, NiOOH) has been extensively investigated before, showing that nickel
oxide species positively influence the activity and reaction overpotential via tailoring the
adsorption behavior of intermediate species [21,23,24].

However, bulk NiO and Ni(OH), show poor electrocatalytic behavior, mainly at-
tributed to the unfavorably high hydrogen adsorption energy [23]. Therefore, a synergistic
effect between Ni and NiO/Ni(OH), induces superior catalytic activities. For this effect,
surface Ni® provides optimized conditions for hydrogen adsorption, while the formation
of OH,4s should be promoted by surface oxide species (NiO) [11,25]. It should also be
highlighted that the release of reaction products is facilitated by oxide species on the surface,
thus preventing the occupation of the surface and its blocking [24]. However, a reliable
estimation of real activity increases by the formation of NiO | Ni interfaces also suffers
from the abovementioned obstacles related to real (electrochemically active) surface area
measurements.

This work concentrates on the preparation and evaluation of the HER activity of
ultra-smooth polycrystalline Ni thin films and the effect of electrochemical oxidation on
the catalytic activity of its modified surfaces towards HER in alkaline media. In this work,
we aim to evaluate the intrinsic catalytic properties of Ni and the effect of in-situ electro-
chemical oxidation on the catalytic behavior simultaneously, while precisely monitoring
the evolution of the surface state and the surface roughness of the deposited Ni films.
The present experimental work is supplemented by Density Functional Theory (DFT)
calculations and Kinetic Monte Carlo (KMC) simulations to obtain a deep atomic-level un-
derstanding of the HER on oxide-modified Ni surfaces and the role of the rates of different
elementary processes involved in the HER mechanism. Finally, we analyze the impact of
prolonged Ni film cycling to deep cathodic potentials while monitoring the evolution of
surface topology and local crystal structure.

2. Materials and Methods
2.1. Preparation of Ni Thin Layers

Low roughness Ni thin film electrodes were produced by DC magnetron sputtering.
The metal layer was deposited on various substrates, specifically on Cu substrate with
enhanced adhesion, as well as on silicon wafers for layer thickness evaluation. Before
deposition, the Cu foil was mechanically cleaned and polished to minimize the original
roughness. Subsequently, the substrate was washed thoroughly with deionized water and
isopropanol. The substrates were etched in HySO4 (v/v 10%) for enhanced adhesion and
rinsed with isopropanol. The cleaned substrates were used immediately to prevent the
formation of an oxidation layer, which negatively influences the adhesion of the sputter-
deposited layers.

Magnetron sputter deposition was performed with a HEX series Compact Thin Film
Deposition System by Korvus Technology equipped with a Fission DC Sputtering Source.
Due to the magnetic properties of Ni, the strong magnetron available from Korvus Tech-
nology was required for deposition. The Ni sputtering target with a purity of 99.9%, a
diameter of 50.8 mm, and a thickness of 1 mm was obtained from HMW Hauner GmbH &
Co. KG (Rottenbach, Germany). The targets were pre-sputtered for three minutes before
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every deposition. The deposition power was chosen to be 80 W with an argon flow of
20 sccm and a total constant pressure of 1.4 x 1073 bar. The sample stage rotation was
set to 20 rpm for homogenous deposition on the substrates with a fixed sample stage to
target distance of 12 cm. The deposition time was selected to produce Ni samples of about
50 and 300 nm thickness, yielding actual layer thicknesses of 46 &= 8 nm and 287 + 4 nm.
For simplification, the layers will be referred to as 50 and 300 nm films, respectively.

2.2. Materials Characterization

Layer thickness, deposition rates, and estimation of the roughness of the electrodes
were obtained by laser scanning confocal microscopy with an Olympus LEXT OLS4000
3D laser microscope (Tokyo, Japan). Determination of the thickness was performed for Ni
layers on Si wafers, enabling better contrast in the specimens.

Transmission electron microscopy (TEM) imaging was done on a Philips CM 12 TEM
with an acceleration voltage of 120 kV. The TEM samples were directly sputter deposited
on electropolished Cu support.

Topographic images of the thin films were recorded with a Bruker Dimension Icon
atomic force microscope (AFM). The AFM was operated in intermittent contact mode with
a TESPA-V2 etched silicon probe (Bruker) with a typical spring constant of 37 Nm™!, a
resonance frequency of 320 kHz, and a tip radius of 7 nm. Image processing and evaluation
were executed using Gwyddion 2.61 [26] data analysis software. All presented images were
processed using step-line correction. Before any roughness evaluation, images underwent
flattening to eliminate curvature originating from sample mounting.

X-ray photoelectron spectroscopy was conducted with a Thermo Fisher Scientific Inc.
Nexsa G2 photoelectron spectrometer system equipped with a low-power Al K-Alpha
X-ray source yielding a 30-400 um adjustable X-ray spot size. Survey spectra were recorded
for binding energies up to 1350 eV for each sample. Additionally, Ni 2p (840-890 eV)
spectra and O 1s (525-545 eV) spectra were recorded.

2.3. Electrochemical Measurements

Electrochemical measurements were conducted with a PARSTAT4000A potentiostat
using VersaStudio 2.63.3 software and a three-electrode setup. The working electrodes
were the produced sputter-deposited Ni thin films on the Cu substrate. The electrodes
were contacted and electrically insulated to avoid Cu contribution during the analysis.
A Pt coil served as the counter electrode. We note that Pt counter electrode dissolution
followed by Pt re-deposition on the working electrode was not observed using XPS. All
measurements were conducted with an ALS Co., Ltd. (Tokyo Japan) Hg/HgO reference
electrode for alkaline solutions and were performed in 1 M KOH at room temperature.
The employed electrolyte was prepared from KOH pellets (99.99% purity; Sigma-Aldrich,
Darmstadt, Germany) dissolved in deionized water. The iR drop was compensated in
all cyclic voltammetry (CV) measurements up to 75% of the electrolyte resistance, which
was determined via single-point impedance measurements (E = —0.8 V vs. Hg/HgO,
100,000 Hz).

To analyze the catalytic activity towards the HER and monitor the effect of electrochem-
ical oxidation of the samples, the working electrode was first used as a cathode examining
the HER by cyclic voltammetry in the region from —0.6 V to —1.3 V vs. Hg/HgO. For
electrochemical oxidation of the films, the samples were cycled in the anodic regime from
—0.4V t0 0.7 V vs. Hg/HgO. The electrode was cycled from —0.6 V to —1.3 V vs. Hg/HgO
after the electrochemical oxidation process to monitor the influence of oxidation on the cat-
alyst activity. A sweep rate of 5 mV s~! was chosen for all cyclic voltammetry experiments.
For further comparison of acquired data and calculations, the back loop of the third cycle
was selected. For reproducibility, all experiments were performed at least three times. Com-
parative data were collected from the back-cycling curve at —10 mA cm 2. As benchmark
catalysts, electrodeposited Ni and Pt layers from McCrory et al. were chosen [27].
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To test the durability of the sputter-deposited Ni thin films during HER, cyclic voltam-
metry in the range of —0.6 V to —1.3 V vs. Hg/HgO and a sweep rate of 5 mV s~! was
performed. In total, 100 cycles were recorded to monitor the evolution of the catalyst
activity and analyze the influence of the surface oxide. The cell was purged with Nj
continuously during the measurements.

The potentials provided in this work were converted from Hg/HgO to the Reversible
Hydrogen Electrode (RHE) by the following equation:

ERHE = Eng/mgo + 0.098 V +0.059 V x pH @)

2.4. Computational Modeling

First-principles Density Functional Theory (DFT) calculations were performed using
the Vienna ab initio simulation code (VASP) [28-30]. The Generalized Gradient Approxi-
mation (GGA) in the parametrization by Perdew, Burk, and Ernzerhof [31] combined with
the projector augmented wave (PAW) method was used [32]. Cut-off energy of 600 eV
and Gaussian smearing with a width of o = 0.025 eV for the occupation of the electronic
levels were used. Spin-polarization was included in all the calculations. The first irre-
ducible Brillouin zone was obtained using a I'-centered 4 x 4 x 1 grid utilizing the general
Monkhorst-Pack scheme [33].

The Ni(111) surface was modeled using a (4 x 4) supercell with 5 Ni layers. During
structural relaxation, two bottom layers were kept fixed in their bulk positions, while other
layers were allowed to fully relax until the forces acting on the atoms dropped below
0.01 eV A~1. To investigate the interface between metallic nickel and oxidized nickel phase
as catalytically active sites, a (NiO), fragment was placed on the surface of the Ni(111)
slab. To quantify the interactions between adsorbates (OH and H) with (modified) Ni(111)
surface, the binding energies (E,) were calculated as:

E, = Esurf+A - Esurf —Ea (5)

where Eg 1,4, Esurt, and Ep are the total energies of the surface with adsorbate, the total
energy of the surface, and the total energy of an isolated adsorbate, respectively.

KMCLib v1.1 [34] was used for all Kinetic Monte Carlo (KMC) simulations. All
elementary processes (rare events) with their assumed reaction rates, along with the initial
configuration of the system, defined on a regular grid in space, were provided to the code.
The systems were then propagated in time on the free energy landscape defined by the
provided elementary processes and rates. Simulations were provided enough time to
equilibrate, and the statistics were then collected, including integral H, production rates
and spatial maps of H, production (normalized from 0 to 1). The initial configurations
of the systems were defined on a 130 x 130-points grid which was first populated with
metallic sites (Ni), and then circular islands of oxidized Ni phase (OX) were placed on the
surface. The set of elementary processes involved reactions (1-3) and considered possible
water dissociation at the Ni | OX interface in such a way that H, 45 is formed on Ni sites,
while OH™ does not remain adsorbed at OX (much faster removal of OH™ compared to
other rates in the system). Thus, the reaction is analogous to the Volmer step but only
occurs at the Ni| OX interface. Water dissociation at the Ni| OX interface and clean parts of
the Ni surface were considered independent and mutually affected indirectly only by the
amount of H 44 at Ni sites. In addition, surface diffusion of H,4s at non-modified parts of
the Ni surface was also included in the model. As explained in previous works [15,35], the
rates of the considered elementary processes were 10" (with n being an integer number),
and were then systematically varied to analyze the effects of the rates of the elementary
processes on the total H, production rate.
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3. Results
3.1. Properties of the Deposited Ni Films

Ni thin layers were fabricated via magnetron sputter deposition on a conductive and
polished Cu substrate. The deposition time was chosen to produce layers of 50 nm and
300 nm, allowing us to analyze the influence of film thickness on the catalytic behavior.
Using laser confocal microscopy (LEXT), real obtained thin film thicknesses were con-
firmed. Subsequent calculations revealed a deposition rate of 11.6 nm min~!. Freshly
produced films were further characterized via TEM imaging (Figure 1(al)). The TEM
bright-field image shows a contrast sensitive to the grain orientations and therefore reveals
that the synthesized Ni thin films are nanocrystalline with an estimated mean grain size of
~9 nm. This small grain size and, therefore, high density of grain boundaries (GBs) has
already been found to potentially have a positive influence on the catalytic activity towards
HER [36,37]. It was shown in a combined DFT and experimental study by Jiang et al. that
the GBs efficiently affect the activity of Au catalysts. As a consequence, it is concluded
that a high density of GBs can be traced to an increased ability to adsorb hydrogen and
stabilize H* during the reaction steps [37]. The accompanying selected area electron diffrac-
tion (SAED) pattern and the corresponding profile obtained by azimuthal integration [38]
confirm the polycrystalline fcc structure of the sputter-deposited film (Figure 1a). In addi-
tion to examining microstructure and crystal structure, the surface topography was also
investigated. AFM of the as-deposited films revealed a homogenous surface coverage of
a dense Ni layer on the Cu substrate without evidence of periodic pore structures, which
would systematically increase the real surface area. As the produced Ni films were tuned
in a way to exclude the roughness factor (RF) effect in the evaluation of Ni activity, sputter
deposition and substrate preparation were optimized for obtaining low-roughness samples.
The root mean square roughness (RMS) of the Ni films was determined to be around 2 nm
using AFM (Figure 1b,c), confirming a successful optimization of the thin film properties.
The residual roughness mainly originates from the substrate and its preparation technique
rather than the deposition settings. Thus, produced Ni layers exhibit roughness factors (RF)
practically equal to 1 (Table 1), allowing a precise determination of kinetic HER parameters
without the uncertainties related to electrochemical active surface area determination.

Figure 1. TEM and AFM investigation of a Ni thin film deposited at 80 W. (al) TEM bright-field
image and inset: SAED pattern, (a2) obtained peaks from SAED, (b) AFM image of a 50 nm-thick Ni
film, (c) AFM image of a 300 nm-thick Ni film.
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Table 1. Ni thin film electrochemical data for 50 and 300 nm films in alkaline solution (1 M KOH).
Overpotentials at —10 mA cm~?2 7719 were evaluated and compared to benchmark catalysts. Tafel
slopes (b) and exchange current densities (jy) were extracted using Tafel analysis. Roughness factors
were obtained using AFM analysis as the ratio between the real surface obtained by AFM and the
geometric surface area of scanned spots. In ref. [27], RFs were obtained using the double-layer

charging method.
Film Thickness Film State 1110 (V) b (mV dec 1) log(jo/A cmfzgeom) RF
50 as-deposited —(0.263 4+ 0.003) —(89 +4) —(4.92 £0.15) 1.004 + 0.071
nm oxidized —(0.220 £+ 0.004) —(92 +£2) —(4.42 £ 0.13) 1.006 4+ 0.070
300 as-deposited —(0.256 £ 0.005) —(92 £3) —(4.71£0.14) 1.004 + 0.070
nm oxidized —(0.215 £ 0.006) —(108 £ 5) —(4.03 £0.12) 1.011 + 0.071
Benchmarks [27]
Ni (electrodeposited) —(0.26 £ 0.04) / / 16 +2
Pt (electrodeposited) —(0.10 £ 0.02) / / 10 +2

3.2. HER Catalysis by the Deposited Ni Films

Following extensive characterization of the initial state, low-roughness Ni thin films
were analyzed according to their electrocatalytic behavior towards the HER. First, the HER
activity of as-deposited films was determined. Next, the electrode surface was intentionally
oxidized by polarizing the working electrode in the anodic regime. This step was performed
immediately after the HER analysis without removing the electrodes from the electrolyte
between subsequent steps. This in-situ oxidation treatment was followed by another
analysis of the HER activity following the same procedure as described for the first step.

The reason for the application of this exact method is the anodic oxidation of the pure
Ni catalysts, as it has been reported that Ni/Ni(OH); and Ni/NiO catalysts develop high
efficiencies towards the HER [24,39-42]. The formation of the surface oxides starts with
the formation of «-Ni(OH), at low anodic potentials. This formation is reversible between
0.30-0.50 V vs. RHE, oxidizing and reducing Ni to Ni(II) and forming «-Ni(OH), and
NiO [43-45]. In the region of 0.7-1.2 V vs. RHE, «-Ni(OH), is irreversibly transformed
to 3-Ni(OH), [46]. This process is featureless in the CV of the Ni electrode. Moreover
3-Ni(OH); can be derived by direct oxidation of Ni [44]. Alsabet et al. concluded from XPS
analysis that the formed oxide layers consist predominantly of 3-Ni(OH), and NiO, while
the hydroxide presents the outermost layer, and NiO is considered an interlayer between
Ni and 3-Ni(OH),. With increasing potential, the oxide layer is prone to growth [44].
Above 1.35 V vs. RHE, the reversible formation and reduction of 3-NiOOH take place [47].
All those processes considered, the expected oxygen species residing on the surface after
the cyclic oxidation and reduction in the anodic regime are assumed to be 3-Ni(OH),
and, possibly, underlying NiO. Both of the named species can potentially influence the
catalytic activity of Ni catalysts. The analysis of the as-deposited thin films in the cathodic
regime (Figure 2a) revealed the overpotentials at a current density of —10 mA cm ™2 (1710)
to be —(0.263 =+ 0.003) V for the 50 nm Ni thin film. The 300 nm Ni film developed an
overpotential of —(0.256 + 0.005) V, slightly lower than the overpotential of the 50 nm
sample but within the experimental uncertainty (Table 1). After anodic oxidation of the
Ni films, as expected, a shift of overpotentials was noticed, yielding —(0.220 £ 0.004) V
for the 50 nm Ni films and —(0.215 4 0.006) V for the 300 nm films. Compared with the
initial overpotentials, a clear enhancement of the catalytic activity towards the HER can be
observed (Figure 2a).
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Figure 2. Electrochemical analysis of Ni thin films and topology analysis. (a) HER polarization curves
before and after oxidation, the arrow indicates the boost of HER upon oxidation. (b) Tafel plots
(arrows indicate HER activity improvement), (c¢) AFM image of a 50 nm-thick film after cycling to
anodic potentials, (d) AFM image of a 300 nm-thick film after cycling to anodic potentials.

The obtained HER polarization curves were further processed using Tafel analysis. The
linear sections of the Tafel plots (Figure 2b) were extrapolated to ## = 0 V to extract exchange
current densities (jo). The summarized HER kinetic data (Table 2) indicate a minor effect of
surface oxidation on the Tafel slopes, while the exchange current densities are increased
by a factor of 3.2 for the 50 nm film and by 4.8 for the 300 nm film. For the HER on Ni
metals of various morphologies, there are reports of Volmer-Tafel and Volmer-Heyrovsky
reaction mechanisms, as well as mixed forms [48]. However, at higher overpotentials,
where Tafel analysis was performed, the Heyrovsky reaction path is considered the rate-
determining step in a successive combination of the Volmer and Heyrovsky mechanism. In
contrast, the Tafel step is considered negligible in this potential range [49]. AFM analysis
(Figures 2¢,d and S3) of the as-deposited thin films showed comparable surface roughness
and was only slightly affected by surface oxidation. This finding indicates that the RFs
(Table 1) hardly changed upon anodic treatment and remained effectively equal to 1. Thus,
the calculated exchange current densities are considered to correspond to those evaluated
for the electrochemically active surface area.

Table 2. Relative contributions (in at.%) of different Ni species identified by XPS.

Ni2+ Ni2+
[NiO] [Ni(OH),]
as-deposited 65.6 18.2 16.2

oxidized 154 34.5 50.1

as-deposited 39.2 47.9 12.9
oxidized 16.4 35.3 48.3

Film Thickness Film State Ni

50 nm

300 nm

Moreover, AFM did not indicate any difference in the porosity comparing dense
sputter-deposited Ni films before and after oxidation. We believe that the presented
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exchange current densities are qualified to be considered reliable values for future reference
due to the minimization of uncertainties in real surface estimation by careful experimental
design. Interestingly, the obtained 771y goes along with established data presented by
McCrory et al. who set the benchmark for Ni catalysts for the HER to 7739 = —0.26 V, despite
featuring a much higher RF [27], as well as with some other high surface area Ni-based
cathodes [48-51]. These findings could indicate that increasing roughness factors can
improve the catalytic activity to a certain point, but pushing boundaries for HER activity
requires additional strategies to amplify the intrinsic catalytic activity to approach or even
outperform noble Pt catalysts. One possibility to do so is surface oxidation, as shown
herein. Despite HER activity being significantly improved upon oxidation, it is still quite
far from the Pt benchmark (Table 1).

3.3. Surface Chemical Composition

For the boosted catalytic activity, two main surface properties are assumed to have
a decisive influence. Both morphology of the surface and the chemical composition do
effectively alter the HER mechanism [48-51]. Primarily, through the oxidation treatment,
roughening of the surface could occur and might impact the overall catalytic activity.
However, measured RMS and RFs of the samples were found to be practically unaffected
by surface oxidation. Thus, increased roughness enhancing the catalytic activity can be
evidently excluded, leaving the surface chemical composition the relevant tuning factor to
be monitored closely. XPS measurements were conducted to detect the available surface
species on the as-deposited Ni thin films and after the in-situ oxidation process, allowing a
better understanding of the origin of the increased HER activity (Figure 3).

The evaluation of XPS spectra was done via curve fitting using NiY, NiO, and Ni(OH),
specific fitting envelopes. The sharp peak at a binding energy (BE) of 852.7 eV can be
assigned to Ni’ in all recorded curves [52-54]. For both samples, it decreases strongly in
relative height upon oxidation.

The peaks occurring at BE 854.4 eV and BE 856.2 eV originate from Ni?*, and the
peak at the lower BE can be assigned to NiO, while the latter partly originates from Ni in
Ni(OH), [44,55]. The satellite peaks at BE 861.4 eV support the assignment and availability
of Ni(OH), on the surface [52-55], while the satellite at BE 858.4 eV is attributed to Ni® [53].
Table 2 summarizes the Ni surface species found on the studied catalytic films and their
relative contributions.

Analyzing the XPS spectra of the as-deposited Ni thin films reveals that the Ni’ peak
is the dominant species displayed in the Ni 2p spectra. However, peaks for Ni%* are also
detected, indicating the presence of a native oxide layer on the sputter-deposited Ni surface.
Upon intended electrochemical oxidation of the surface, a decrease in the relative intensity
of Ni® can be monitored. Therefore, Ni(OH), presents the most prominent species upon
oxidation and further thin film electrochemical processing. However, the Ni’ peak is
still detectable after oxidation of the surface, indicating that the Ni(OH), and NiO layers
might not form a continuous thin film with complete surface coverage. The coexistence of
those three species on the catalyst surface seems to contribute simultaneously to lowering
the HER overpotential. It is already well established that the presence of elements and
structures in addition to pure Ni can lead to a synergistic effect, which can tailor catalytic
sites and lead to higher catalytic efficiency [23]. This interplay of Ni and Ni(OH); has been
shown by Danilovic et al., who stated the synergistic effects on bifunctional metal/metal
hydroxide surfaces [40]. Also, the less prominent NiO is known to be capable of producing
a comparable effect [25,41,42,50,56]. Here, we see (Table 2) that both Ni films have very
similar surface composition upon surface oxidation, varying by less than 2 at.%. How-
ever, the 300 nm-thick as-deposited films have significantly higher NiO content than the
50 nm-thick counterparts. This finding could explain the slightly higher HER activity of the
as-deposited 300 nm Ni films (Figure 2a), which is also visible in the evaluation of survey
spectra (Figure S1). The higher NiO content might result from prolonged deposition time,
increasing the probability of contamination by oxygen species. However, the pronounced
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formation of Ni(OH), in both cases can be associated assuredly with increased HER activity.
Additionally, the theory of Ni(OH), formation is supported by collected O 1 s spectra
(Figure S2). The two arising peaks are attributed to NiO (529.6 eV) and NiO in combination
with Ni(OH), (531.6 eV), while the asymmetry of the latter is caused by adsorbents and
defective sites [52]. The strong decrease of the pure NiO peak at lower energies and the
simultaneous relative growth of the mixed oxide and hydroxide peaks indicate Ni(OH),
formation on the surface.
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(a) — Ni® — Ni(OH) NiZpslt 22,000 (b) Fit Ni® —— Ni(OH), Ni2p3/2
120,000
/ 37,500
110,000
50 nm ‘ 36,000 50 nm
,, 100000 as deposited | " oxidized
3 234500
Aol o
= 90000 . 33,000
= =
|72} |7}
£ 80000 5 31,500
3 3
S S
70,000 30,000
60,000 28,500
50,000 27,000
56 25,500
868 866 864 862 860 858 856 854 852 850 868
Binding Energy / eV Binding Energy / eV
—— Experimental Data —— Background ~—— NiO . 8,400 —— Experimental Data —— Background ~—— NiO .
96,000 (C) — Fit Ni® —— Ni(OH), Ni2ps/2 (d) —— Fit Ni® —— Ni(OH); Ni2ps/2
8,100
90,000
7,800
84,000 300 nm 300 nm
as deposited 7,500 oxidized
2 78,000 8
= 2 7200
= 72000 2
3 ‘Z 6,900
g 66000 g
k= S 6,600
60,000 1%
6,300
54,000
6,000
48,000
5,700
42,000
868 866 864 862 860 858 856 854 852 850 868 866 864 862 860 858 856 854 852 850

Binding Energy / eV Binding Energy / eV

Figure 3. Ni 2p XPS spectra of Ni thin films. The top row (a,b) gives the spectra of 50 nm-thick films
before and after oxidation, while the bottom row (c,d) gives analogous spectra for 300 nm-thick films.
The fitting envelopes of the found species are distinguished by color.

Although the Ni films were carefully produced to have RF values close to 1 and to
eliminate other possible factors that make the understanding of the HER on oxidized Ni
surfaces difficult, it is still elusive what the key factors in boosting HER activity are and
what is their mutual interplay. Moreover, XPS is a surface-sensitive technique, but it is not
limited to the uppermost atomic layer only. It is, thus, challenging to state with certainty
the exact fractions of Ni species observed by XPS at the Ni | electrolyte interface.

3.4. DFT Modeling and KMC Simulations

Surface oxides and hydroxides can increase the HER reaction rate by boosting the
Volmer reaction step via increasing the dissociation of water and adsorption of hydrogen
species on the catalyst surface [40,50]. It is believed that in the given surface scenario, water
adsorption will occur at Ni species via the interaction of O with Ni oxide species and H
with pure Ni on the surface. After the dissociation of the water molecule, Ni facilitates the
adsorption and recombination of hydrogen [56]. Moreover, the multifunctional catalyst
oxide domains might mediate OH™ desorption from the catalyst surface [21,56,57].
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To better understand the effect of the Ni surface modification by oxygen-containing
species, we performed a series of DFT calculations on Ni(111) and (NiO),@Ni(111) surfaces,
comparing how H and OH interact with these surfaces. We found that H, 4 prefers Ni(111)
terraces on both surfaces and that the H,45 binding energy is unaffected by the presence
of oxide island (NiO); (Figure 4a). OH,4s was found to prefer a bridge position between
partially oxidized Ni atoms from (NiO), islands and Ni atoms from the Ni(111) surface
(Figure 4b). The interaction of OH,4s with the (NiO),-modified surface is significantly
stronger compared with clean Ni(111) (—4.01 eV vs. —3.25 eV). The linearity of the relation
between the activation energy barrier for water dissociation and the enthalpy change of
water dissociation [58] leads to an acceleration of the Volmer step (1) on an oxide-modified
surface compared to clean Ni(111) surfaces. Importantly, our findings suggest that the
effect is solely due to the enhanced interaction of OH, 45 with the oxidized phase, while the
impact of H,45 energetics is negligible. Under electrochemical conditions, OH™ is formed
upon dissociation (1). It is unstable at the negative potentials applied for the HER and is,
therefore, desorbed off the surface. Considering the formation of the subsurface hydride on
clean and modified Ni(111), we found that Hy, (Figure 4c) is energetically more favorable
for a modified surface.
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Figure 4. DFT and KMC modeling of an oxide-modified Ni catalyst surface. (a) Optimized structure
of H,gs on (NiO),@Ni(111), (b) optimized structure of OH, 45 on (NiO),@Ni(111), and (c) subsurface
H (Hgyp) in (NiO),@Ni(111). The indicated numbers give the corresponding binding energies,
while values in parentheses give the corresponding Eb for clean Ni(111). (d1-d3) Spatial maps of
H, production when the OX|Ni interface is not active for HyO dissociation with increasing H,gs
diffusion rate, (el-e3) spatial maps of Hp production when the OX|Ni interface is active for HyO
dissociation with increasing H, 44 diffusion rate, (f1-£5) spatial maps of H, production, when the
OX 1 Ni interface is active for HyO dissociation and H,44 diffusion is fast with increasing coverage of
Ni by the OX phase. The numbers above the maps (d—f) give integral H, production rates (in a.u.).
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Moreover, the literature suggests that the availability of surface oxides mediates
the amount of H,45s and OH,45 and promotes H,45 recombination via the Tafel reaction
(3) [21,56]. To investigate this possibility, we performed a set of KMC simulations for the
Volmer-Tafel mechanism of H; evolution (Figure 4d—f). In the first scenario, the surface
modifier (OX phase) does not contribute to the water dissociation. When the rate of H,4s
surface diffusion increases, the total H, production rate decreases (Figure 4(d1-d3)). This
is due to the high mobility of H,4s, reducing the probability of H,4s recombination. In
the second set, the surface modifier (OX phase) allows for fast HO dissociation at the
OX| Ni interface. Increasing H, 45 mobility in this scenario boosts the total Hy production
(Figure 4(el1-€3)), as Hoq4s is allowed to diffuse away from its formation site. Empty OX | Ni
interfacial sites allow the creation of more H,4s and increase H,4s concentration on the
surface. This raises the probability of the H,45 recombination tremendously. In this case,
Hj; is not only produced at the OX|Ni interface but all over the Ni surface (Figure 4(e2)
vs. Figure 4(e3)). It can, therefore, be concluded that if the presence of a surface modifier
increases the mobility of H,4s, both the HyO dissociation rate as well as the H, production
will increase significantly. For comparison (Figure 4(di) vs. Figure 4(ei) (i = 1, 2, or 3)),
the rates of all elementary processes were chosen equally (including H, 45 diffusion rates),
except for the HyO dissociation at the OX | Ni interface, which was assumed 10,000 times
faster in the second scenario. Dissociation acceleration gives Hj production enhancement
factors close to those experimentally observed by comparing jy before and after oxidation
of the Ni films. In a third scenario, we investigated how the surface coverage by a modifier
(OX phase) affects the H, production rate. We note that in our simulations, H, cannot
be produced at the OX phase surface. Therefore, the modifier’s only contribution is the
mediation of H,O dissociation at the OX|Ni interface. In this set of simulations, H,g4s
diffusion was considered as fast as in previous simulations. It was found that an increase
in the OX surface fraction leads to an increase in the H, production rate. This accelerating
effect passes through a maximum governed by Ni surface coverage, unfolding in the
finding that an optimal OX phase coverage provides a maximum Hj; production rate. The
existence of this maximum is the result of an interplay between the length of the OX M
interface at which H,O dissociates and the number of Ni sites at which H,y, is formed and
can recombine to Hy. In practice, this means that the concentration of oxidized Ni phase on
Ni catalysts can/should be carefully optimized to provide a maximum enhancement of
HER activity.

3.5. HER Activity upon Prolonged Cycling—The Crucial Role of Surface Oxidation

In addition to the initial activity of a catalyst, its stability is also a crucial factor
to be closely monitored. The stability of the Ni thin films was tested via CV in the ca-
thodic regime. The electrodes were cycled to deep negative potentials, typically reaching
~—50 mA cm~2. The electrodes were switched 100 times between intense HER and po-
tentials corresponding to the formation of x-Ni(OH), and NiO. Considering the potential
scan rate, each experiment took about 8 h. The results (Figure 5a) show a continuous
overpotential increase upon cycling. However, the observed activity loss is more pro-
nounced for as-deposited films in comparison to the oxidized films. Even after 50 cycles,
the overpotentials of oxidized samples still outperform the corresponding as-deposited
films (Figure 5a).

AFM analysis shows more prominent topography changes after 100 cycles and con-
firms an increasing RMS roughness to 4.1 nm (50 nm films) and 12 nm for 300 nm films
(Figure 5b,c). Surface roughening occurs after the oxidation step and after 100 cycles,
each reaching intense H; evolution. Still, the roughness factors remain rather low. For
50 nm films, RF is found to be 1.2, and for 300 nm films, RF is 1.6. Higher RFs for 300 nm
Ni films align with higher HER activities. The surface oxidation associated with stable
Ni(OH), formation (Table 2) is crucial to maintain HER activity. We have not observed
any substantial changes in the surface topology. However, we note that samples were not
exposed to very high currents (up to —50 mA cm~2) during the testing. The possibility
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of more pronounced structural changes at industry-relevant currents cannot be excluded
at this point and is beyond the scope of the present work. Despite the overall activity
decrease trend during cycling, the oxidized thin films preserve superior activity compared
to their as-deposited counterparts. For as-deposited films, after 100 cycles, 771 is shifted by
—65mV and —71 mV for 50 nm and 300 nm-thick films. For oxidized films, 7 shifts less,
specifically by —41 mV (50 nm films) and —34 mV (300 nm films). Moreover, the state of
the Ni surface evolves under HER conditions (Table 3), surprisingly increasing the total
NiO and Ni(OH); content at the expense of Ni’. The evolution of the chemical composition
depends on the film thickness, even though the surface chemical composition of both
50 nm and 300 nm films was very similar after the oxidation (Table 2).
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Figure 5. Catalyst durability and topology evolution. (a) HER overpotentials (171¢) for as-deposited
and oxidized films (3rd, 50th, and 100th cycle), (b) AFM image of oxidized 50 nm-thick films after
100 cycles (5 pm X 5 um spot), (¢) AFM image of oxidized 300 nm-thick films after 100 cycles
(5 um x 5 pm spot), (d,e) Ni 2p XPS of 50 nm and 300 nm-thick Ni films after oxidation and three
cycles of hydrogen evolution. The fitting envelopes of the found species are distinguished by color.

Table 3. Relative contributions (in at.%) of different Ni species identified by XPS of oxidized thin
films after three cycles of hydrogen evolution reaction (Figure 5d,e).

Film Thickness Film State Ni [at.%] Ni2* (NiO) [at.%] Ni%* (Ni(OH),) [at.%]
50 nm oxidized + HER 6.6 48.9 445
300 nm oxidized + HER 49 334 61.7

We believe that cycling leads to mechanical stresses within the Ni layer upon oscil-
lating lattice expansion and subsequent contraction, which is most likely responsible for
surface roughening. This emphasizes the possibility of either hydrogen incorporation into
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interstitial sites or even the formation of a NiH phase in the catalyst. The hydrogen uptake
could, therefore, lead to oscillating lattice deformation and potentially causes damage in
the sputtered layers promoting delamination. That mode of catalyst deactivation via NiH
formation has already been described in several studies and can be attributed to a change
in electronic surface structure [59,60]. Thus, the activity loss can be linked to the uptake
and incorporation of hydrogen into Ni, forming hydrides on the metal surface and within
the thin film [45,61], despite the fact that no direct observation of hydrides was possible in
this work. Influencing the density of states on the surface, NiH is considered to increase
the overpotentials and form a barrier for hydrogen diffusion within the catalyst [45,59-61].
However, we note that the DFT calculations suggest that subsurface hydride is more stable
in modified Ni(111) (Figure 4c) compared to clean Ni(111) by 0.09 eV, but this result relates
to thermodynamic stability only. Thus, the question remains whether the oxidized Ni
phases might induce an additional barrier for H,q45 diffusion to subsurface sites, which
could explain slower activity loss for the oxidized films. Using TEM and SAED analysis,
no residual NiH after the cycling stability tests was observed. On the other hand, structural
inhomogeneities arise in the films, which present themselves as NiO and Ni(OH),-rich
islands on the surface. This inhomogeneous coverage with oxide and hydroxide species
supports the XPS results, indicating the coexistence of Ni’ and its oxide species on the
surface. The detection of in-situ-formed NiH might be challenging, especially considering
the presence of oxides and hydroxides (Figure 6). This issue is yet to be addressed, and it is
particularly challenging to resolve it as the as-deposited Ni films are also clearly partially
oxidized (Table 2).
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Figure 6. TEM and SAED analysis of a 50 nm Ni film after 100 cycles of the stability test. (a1l) TEM
bright-field image of a representative spot and (b1) of surface alterations (highlighted region) as well
as corresponding diffraction profiles obtained by azimuthal integration of the SAED patterns (a2,b2).
The profile of the as-deposited layer and theoretical reference peaks are displayed for comparison [62].
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At the same time, the surface phases present under electrochemical conditions could
be different from those observed in ex-situ experiments such as XPS or SAED.

4. Conclusions

Ni thin films of different thicknesses were prepared via magnetron sputter deposition
to minimize roughness and properly evaluate the intrinsic catalytic activity of Ni towards
HER in alkaline solutions. TEM investigations revealed a Ni fcc nanocrystalline structure
of the films with a grain size of about 9 nm. AFM images confirmed the deposition of
smooth films with extremely low roughness factors close to 1. HER activities of 50 nm and
300 nm-thick Ni films are comparable. To study the premise of enhanced HER due to the
presence of oxide phases, the surface chemical composition was tuned via electrochemical
oxidation performed by cyclic voltammetry in the anodic regime to study the premise
of enhanced HER due to the presence of oxide phases. XPS studies confirmed a change
of the exposed surface species and, therefore, a successful alteration of Ni surface-active
species upon oxidation, resulting in a high surface content of Ni(OH),, irrespective of film
thickness. On the other hand, negligible surface roughening is seen, allowing for precise
evaluation of exchange current densities for as-deposited and oxidized films. The applied
oxidation process shifts the onset of hydrogen evolution towards lower overpotentials and
increases the exchange current densities 3-5 times. DFT calculations correlated the boost of
HER activity with enhanced OH adsorption at the oxide | nickel interface, while no impact
of oxide species on the H,45 energetics was observed. Additionally, KMC simulations
proved that speeding up HyO dissociation at the oxide I nickel interface enhances the
H, production rate, even if the rates of other processes in the overall mechanism remain
unchanged. The H,q44 surface diffusion rate on the nickel surface also plays a significant role.
The maximum Hj production rate can be reached when the number of oxide | nickel sites for
H,O dissociation is appropriately balanced with the H,q45 surface diffusion rate. The results
imply that surface oxidation is crucial for retaining high HER activity under a prolonged
operation of a nickel catalyst. During this process, the surface roughness increases while
structural inhomogeneities arise in the deposited Ni films, which can be associated with
Ni hydride formation under HER conditions. The presented results contribute to a better
understanding of the HER on nickel in alkaline media and give additional guidelines for
boosting the HER performance of Ni-based cathodes.
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https:/ /www.mdpi.com/article/10.3390 /nano13142085/s1, Figure S1: XPS survey spectra of Ni thin
films; Figure S2: O 1 s XPS of Ni thin films; Figure S3: AFM topography images of Ni thin films.
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