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Efficient water splitting is a major challenge in green hydrogen production and energy transition. Thus,
considerable scientific efforts are devoted to optimize surface geometries for enhancing the performance of
water-splitting catalysts. The current study aims to develop a reliable and facile 3-step (re-)production technique
for manufacturing structured surfaces by combining multi-photon lithography (MPL) and nanoimprint lithog-
raphy (NIL). MPL enables structuring of high-definition micrometer-scale surface geometries. A variation of these
topologies was used as masks for replication by NIL. Thus, molds were derived to emboss the original nano-
structured topologies repeatedly into a UV-curable resin. Subsequently, a Ni thin film metallization was
deposited by physical vapor deposition onto the final imprinted polymeric structures, thereby realizing topo-
logically structured conductive electrodes. To demonstrate the applicability of this elaborated technique, the
catalytic activities towards the hydrogen evolution reaction were assessed for different surface geometries. An
increase in catalytic performance was achieved through surface enlargement by structuring, whereby a direct
contribution of the specific structure geometry was not evident. This elegant method is highly versatile and
scalable for producing a wide range of structured functional surfaces on a lab scale, as demonstrated for the water
splitting reaction, with results transferable to an industrial scale.

1. Introduction

The generation of green hydrogen from electric energy via electrol-
ysis is an important topic of ongoing scientific research. To guarantee
the economic compatibility of sustainably produced hydrogen, devel-
oping stable, non-noble metal catalysts for water-splitting reactions
(hydrogen evolution reaction; HER, oxygen evolution reaction; OER)
presents a major concern in energy transition [1]. In general, two stra-
tegies are applied in catalyst design, whereby the activity of a catalyst
can be either tuned by increasing the intrinsic activity (chemical
composition, alloying [2], intercalation, polymorphs, core-shell struc-
tures) or by increasing the number of active sites in the system (nano-
structuring [3], nanoparticle loading and shape [4,5], substrate choice
[6-8]). This also includes surface structuring as a successful measure to
multiply the surface area [9] and implies a pure structural design related
aspect. Ideally, both routes are combined to develop a suitable system
capable of gradually displacing the gold standard noble metal catalysts
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in electrolysis. Many of these strategies, however, focus on small-scale
material production and do not allow upscaling. Herein, we aim to
develop a convenient and versatile method for fast large-scale produc-
tion of catalyst materials, with the possibility to upscale to a technically
relevant throughput, using Nanoimprint Lithography (NIL) and Multi-
Photon Lithography (MPL).

NIL is a promising method to produce nanostructured surfaces on
scalable areas by replicating a mold [10-13]. Up to now, many materials
have been nanoimprinted through a variation of processes [12,14].
Herein, thermosets obtained through resin curing are used. A thin liquid
film of resin is applied onto a substrate. Subsequently, a mold made from
a flexible polymer [15] is pressed onto the film while the resin is cured
simultaneously. Due to the direct contact between the resin and the
mold, this technique is highly precise, while being limited solely by the
curing rate of the resin. The principle can be realized via flat molds to
emboss flat surfaces [11,16] or through a roll-on process [17-20] to
achieve high throughput and cost efficiency [10].
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MPL provides a versatile way of producing the described NIL masks.
This technique employs a photocurable resin to manufacture the original
structure required for imprinting. The used polymer system is cured by
multi-photon polymerization. The process is triggered via multi-photon
absorption by a photoinitiator leading as a consequence to activation
and curing. MPL writing is characterized by its high resolution, precision
and versatility regarding structures, thus is a production method suit-
able for individual needs, with only a few limitations such as the
inability to deposit unsupported material [21].

The present work aims to investigate the potential of MPL-derived
masks for the production of surface-structured electrodes. The combi-
nation of MPL and NIL techniques promises a flexible structural design
with short iteration cycles (by MPL), and fast and reliable reproduction
(by NIL). Additionally, the merge of techniques enables the use of a
broad range of materials including non-transparent, highly filled, and
even time-sensitive or thermally cured resins with retarded polymeri-
zation, which might be beneficial for future substrate material
improvements.

In the present work, a process outlined in Fig. 1 was chosen. Firstly,
various surface structures on the micrometer scale were produced
through MPL and replicated by NIL. Subsequently, a metallization step
was required to add a conductive and catalytically active film to the
system to deliver fully operational electrodes for hydrogen evolution
experiments. Therefore, pure Ni was employed as a well-known elec-
trode material with good HER performance for non-noble metals [22].
Physical vapor deposition (PVD) as a comparably gentle and surface-
preserving technique was selected to deposit a metallic Ni thin film on
top of the NIL structures. Finally, the HER performance of these MLP-
NIL-derived electrodes was assessed [2]. Different surface structures
are compared to demonstrate the versatility of the process enabled by
the utilization of MPL.

To the authors’ best knowledge, there have been no reports of in-
vestigations concerning PVD thin film electrodes deposited onto NIL

Multi-Photon lithography
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replicated structures produced from MPL-derived masks. Therefore, we
focus on the aspects of surface structuring. Further, the use of the out-
lined process specifically for producing metalized HER electrodes is
demonstrated. Finally, possible applications are assessed. Structure
replication is considered the key aspect of this process since the high-
resolution MPL manufacturing is time-consuming and therefore un-
suitable for producing multiple electrode pre-structures. Initial surface
design and preceding structure selection considerations are addressed
and transparently discussed in the supplementary material. From this
starting point, the repeatability of the replication process is assessed,
reflected in the magnitude of scatter within the performance of the
electrodes derived. Finally, the absolute effect of structural design
choices, will be rated by exemplary application in regarding hydrogen
evolution reaction catalysis and performance evaluation The aim is to
give a holistic application-based assessment of the developed aspects
and procedures. It should be emphasized here, that we introduce a
scalable process for potentially accelerating the development and pro-
duction of structured electrodes suitable for various applications.

2. Experimental

The initial structure design process started with the selection of
different micrometer-sized surface structures (dome, cylinder, prismatic
star). The selected surface structures were printed in a square grid-like
manner spanning 500 x 500 pm? for each type. After successful mask
writing, molds were cast and NIL replication was conducted with a
commercial photoresist. The obtained replicas and a flat film as refer-
ence were subjected to a PVD coating process to apply a conductive Ni
coating. Masking was used to ensure that all samples had identical
geometric surface areas. Finally, hydrogen evolution experiments were
conducted on the structured Ni thin film electrodes to assess their cat-
alytic performance, as detailed below.
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Fig. 1. Illustration of the process developed within this work. Starting from geometrically advanced MPL structures, NIL replication was performed and PVD
sputtered films were subsequently deposited to serve as electrodes on the replica for final hydrogen evolution experiments. WE: Working electrode, CE: Counter

electrode, RE: Reference electrode.
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2.1. Surface structure design

To examine potential constraints of the replication process, various
structures were subjected to a selection process during the initial
structural investigation. Therefore, the process described in the
following was applied to a single substrate containing various geome-
tries (see supplementary Fig. S1). The results are displayed in detail in
the supplementary section and also briefly addressed in the results
section. From the preliminary investigated structures, dome, cylinder,
and prismatic star shapes were selected due to the increasing length of
exposed edges while preserving reliable NIL forming. Edges were
considered as important geometrical characteristic since they are known
to provide HER-catalytically active sites [23,24] and thus potentially
influence the activity of certain structures.

The domes were designed with a diameter of 3.5 um, and the cyl-
inders with a diameter of 3 um. The star-shaped prisms had a regular 5-
fold star footprint with an outer diameter of 3 um and an inner diameter
of 1.5 um, respectively. The surface area increase (compared to a flat
surface) of the dome was used to scale the height of the other two ge-
ometries. All surface structures were constructed in a way to nominally
increase the overall surface area by 60 % concerning the flat surface in
theory. The geometric shapes were designed with CAD software (Free-
CAD, version: 0.20). For further processing, a slicing software, included
in the MPL device software package (DeScribe 2.7, Nanoscribe GmbH &
Co. KG, Eggstein-Leopoldshafen, Germany) was used.

2.2. NIL mask writing via MPL

For model multiplication, each structure design was multiplied in the
MPL software using the array function. The structures were arranged in
two perpendicular axes 20 times in each direction with a defined spacing
of 4 um between the centers. A preview of the structural layout is
illustrated in Fig. 2. Since the device covers only a limited field of view,
consecutive stitching of smaller sections (single print job: 80 x 80 pm?)
was necessary. This was implemented by consecutive shifts of the printer
stage commanded through the MPL devices instruction language. Thus,
a full print job was obtained, with a total area of 2.5 x 2.5 mm?2. This
resulted in 250 000 structures per mask, neglecting stitching artefacts
such as slightly overlapping structures.

The NIL mask writing was carried out with a dedicated MPL device
(Photonic Professional GT2, NanoScribe GmbH & Co. KG, Eggstein,
Leopoldshafen, Germany) onto a pre-silanized silicon substrate. The
silanization procedure was required to guarantee enhanced surface
adhesion, specifically for the later molding process. The procedure
stands out due to its simple design and is described in detail in a previous
publication [21]. A 63x objective (Plan-Apochromat 63x N.A. 1.4 Oil

Fig. 2. Preview of the designed and arranged structures obtained via the MPL
device software. The depicted surface structures (stars, domes and cylinders)
were printed on individual substrates to act as NIL masks.

Materials & Design 252 (2025) 113809

DIC, Carl Zeiss AG, Oberkochen, Germany) with the dedicated pro-
prietary photo resin IP-DIP (Nanoscribe GmbH & Co. KG, Eggstein-
Leopoldshafen, Germany) was used. This combination is specified for
the highest resolution on the employed platform. The standard pro-
cessing parameters were reproduced (slicing distance 300 nm, hatching
distance 200 nm). To obtain a more uniform final appearance and
accommodate for the feature size, a 90° shift was introduced between
consecutive printed layers.

2.3. NIL PDMS molding

For deriving PDMS molds a standard two-component resin (Sili-
xonl0, Silikonfabrik.de, Bad Schartau, Germany) was used, specified for
a feature size down to 1 ym. PDMS was selected regarding its low
stiffness, facilitating the later peel-off without damaging the MPL-mask
structures, nor the mold itself or the finally replicated ones. Therefore,
the cavities are not clogged by mask remnants and multiple molds can be
derived from one precursor structure.

The base component and the hardener of the PDMS resin were mixed
with a 1:1 wt ratio. The mixture was homogenized and subsequently
degassed in a vacuum desiccator, with multiple vacuum cycles until no
further bubbles emerged. The PDMS resin (6-8 drops) was applied to the
substrate, starting near the printed structures. By adding small portions
of resin at a time the liquid slowly covered firstly the structured region
and then a large portion of the mask area around. With this approach, no
bubbles were trapped close to the structured region and a decently thick
mold was formed. For the mold basis, a piece of well-adhering etched PP
foil, with dimensions of around 3 x 3 cm? was placed on top of the
liquid resin without applying force to preserve the mask elements. By
pure surface tension between film and MPL-substrate, the PDMS resin
was drawn outwards to cover the entire area of the substrate. After
curing for at least 24 h the mold was peeled, starting from one edge,
whereby special attention was paid to avoid contact between mold and
mask after separation.

2.4. NIL forming

A standard and easily available UV curable photo resin (translucent
UV resin — clear, Anycubic Technology Co Ltd., Hongkong, China),
originally designed for conventional direct laser processing printers, was
chosen for the NIL process. Soda-lime glass slides were prepared with
dimensions of roughly 25 x 25 mm? to be used as NIL substrate. After
scribing and splitting, the edges were rounded by sand paper to simplify
handling.

For the actual replication process, 6-8 drops of bubble-free resin
were directly applied onto the mold. Starting from an unstructured re-
gion and by adding further resin drop by drop, the structured region was
slowly covered in a controlled way. Therefore, any bubble formation or
trapping of air in the cavities was avoided. A substrate glass piece was
put onto the resin without any additional force. For illumination, a 6 W
405 nm UV lamp (Sovol, Shenzhen, Guangdong, China) with an opening
angle of 120° was employed for UV resin curing. The stack was illumi-
nated for ~ 1 min with a distance of 20 cm to fully cure the photo resin.
Due to the released heat, the stack was subsequently allowed to cool
down for a few minutes before peeling the PDMS mold starting from one
edge, where again contact between mold and imprint after separation
was strictly avoided. To create a flat reference surface without any
structures, a few drops of photoresist were cured between a substrate
and a glass slide.

2.5. Preparation of electrode masks

For enhanced control over geometric electrode areas, self-adhering
shadow masks were used to guide thin film deposition on the pro-
duced structured substrates. For this, two layers of galvanic tape (Circuit
Plating Tape 1280, 3M, St. Paul, MN, USA) were cut by a commercial cut
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plotter (Cricut Explore Air 2, Cricut, South Jordan, Utah, USA), with the
shape defined in the corresponding software (Cricut Design Space
v8.21.54), consisting of a 4 x 4 mm? square with a 3 mm wide contact
bar, facilitating the later use as an electrode. The self-adhering shadow
masks were applied on the prepared NIL imprinted specimens with the
structured surface in the center of the square before sputter deposition.
After removing the tape after metal coating, the process yielded struc-
tured electrodes with a defined surface area.

2.6. Thin film deposition

Metallization of the cured structures was done via magnetron sputter
deposition using a small-scale sputtering device (HEX, Korvus Tech-
nology Ltd, High Wycombe, United Kingdom), equipped with a fission
DC sputtering source. A Ni target with a 2 inch target diameter, a purity
0f 99.999 % (HMW Hauner GmbH & Co.KG, Rottenbach, Germany), and
a thickness of 1 mm was used. The magnetic properties of Ni demand
the use of a strong magnetron (available from Korvus Technology Ltd.)
for deposition. Plasma ignition was done in power-controlled mode with
an Ar flow of 100 sccm at an average pressure of 6.5 x 10~> mbar. The
deposition power was set to 80 W for Ni deposition. The sample stage
was rotated at 20 rpm and the Ar flow was set to 20 sccm, reaching an
overall chamber pressure of ~ 2 x 10~ mbar during the process. The
deposition time was set to 30 min to reach an estimated film thickness of
~ 300 nm. The film thickness was verified by Confocal Laser Scanning
Microscopy (CLSM) imaging (LEXT OLS4000, Olympus Corp., Tokyo,
Japan). The selected parameters are based on a previous work and
achieve continuous thin films that provided complete coverage and low
initial roughness [25]. Special care was taken to achieve reproducibility
and comparability within this article regarding the results of thin film
deposition.

2.7. Electrochemical measurements

Electrochemical measurements were conducted using a three-
electrode setup combined with a potentiostat (PARSTAT4000A, Ame-
tek Inc., Berwyn, PA, USA) including the VersaStudio software (version:
2.60.6). The measurements were conducted in 1 mol/l1 KOH (99.99 %
purity; Sigma-Aldrich) electrolyte employing a high surface graphite
rod as counter electrode and a Hg/HgO reference electrode (ALS Co.
Ltd., Tokyo, Japan) for alkaline solutions as a reference. The structured
and metalized working electrodes were prepared as described above.

To obtain HER polarization curves, cyclic voltammetry (CV) was
employed to monitor the activities of the prepared catalysts in the range
between —0.75 and 1.4 V vs. Hg/HgO at a scan speed of 50 mV/s. For
data evaluation, the back loop of the third CV was analyzed. To guar-
antee reproducibility, each experiment was repeated at least three times.
The potentials reported herein were converted to the reversible
hydrogen electrode (RHE) potential.

2.8. Surface topography evaluation

Confocal laser scanning microscopy (CLSM) was employed to
monitor the metalized 3D structures and to calculate the projected
surface area for electrochemistry. Atomic force microscopy images were
obtained using an atomic force miscrioscope (AFM) (Bruker Dimension
Icon, Bruker Corp., Billerica, MA, USA) in tapping mode, equipped with
an RTESPA-300 probe and corresponding software (NanoScope.
Version: 10.0) for assessing surface characteristics. For data analysis and
image visualization, the Gwyddion data analysis software was used
[26]. The roughness factor (Rp) was calculated from the topography
images. All scanning electron microscopy (SEM) images (AURIGA, Carl
Zeiss AG, Oberkochen, Germany) were obtained with 5 kV acceleration
voltage, an aperture size of 30 um and a working distance of 11.5 mm.
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3. Results

First, a variation of structures was produced via MPL and subse-
quently rated concerning NIL replicability and uniformity of the applied
coatings. Based on this holistic structure screening the shapes used for
structured electrode manufacturing presented in this work were chosen.
The reviewed structures and models and the advantages and disadvan-
tages of the explored range are summarized in the supplementary ma-
terial Fig. S2. The homogeneity of PVD on the structures was analyzed
by depositing a metallic thin film onto the structures presented in
Fig. S2. The analysis of coating homogeneity revealed a visible effect of
shadowing originating from the structural features and strongly influ-
enced by their dimensions (see Fig. S3). Due to the line-of-sight coating
characteristics of PVD, strongly inclined and shadowed regions exhibit
considerably reduced film thickness. Significant deviations are particu-
larly evident at the edges of structures on vertical surfaces. To achieve a
uniform metal thin film on the chosen electrode structures, it was
essential to maintain a height-to-diameter ratio of less than 1. A ho-
mogenous thin film thickness and coverage are crucial to avoid damage
during periodic catalyst electrochemical testing. Applying the NIL pro-
cess described above, a PDMS mold was produced, which was further
used for the replication of the structures. The replicas were equally
coated with a metallic thin film (see Fig. S4) to assess the final result of
the combined processes. Thin, single-line structures could not be repli-
cated, and high aspect ratio structures tended to be lost in the NIL
process. The film thickness along the structure perimeter seems to be
more uniform on replicated structures, presumable due to rounded
edges. Thus, in addition to the decreased aspect ratio, the general size
was increased by a factor of two for the selected structures. Within the
PVD film pores developed, presumably due to the intrinsic roughness of
the MPL process, which cannot be prevented. However, the pores
seemed reduced on replicated structures, leading to a more uniform film
appearance compared to coatings on the original structures. Ultimately
this extensive structure investigation led to the selection of the following
three shapes: cylinders, domes and star-shaped prisms (see Fig. 2). Those
structures were further produced on a larger scale to be suitable as NIL
masks for electrode surface structuring.

Ni thin film electrodes were produced as outlined in Fig. 1. Before
evaluating the catalytic activities, the electrodes were structurally
analyzed using various techniques. As a first analysis step, CLSM was
used to check the thin film quality and get an overview of the electrode
surfaces, depicted in Fig. 3(a). The square-shaped surface-structured
region (featuring domes, cylinders and stars) was easily distinguishable
from the flat region at low magnification. A magnified section of the
cylindric surface structures is depicted in Fig. 3(b). The surrounding
non-structured Ni surface was found to feature very low roughness and
high reflectivity and thus brighter appearance in the microscope images.
A corresponding AFM topography evaluation (see Fig. 3(c)) confirmed
the extraordinarily low roughness in the nanometer range of the non-
structured electrode parts. Any features in this area originate from
substrate manufacturing (molding, demolding, curing), sputter deposi-
tion, or enclosed impurities. Consequently, the surface area increase
through roughness was close to zero, and it was thus assumed further
that the geometric area is very close to the real surface area in this re-
gion. The Ni deposition parameters were developed elsewhere [25],
focusing on structure and grain size as well as optimized adhesion to the
substrate and film stresses while obtaining smooth thin films excluding
roughness arising through the deposition process. Upon a detailed
investigation of the electrode surfaces, hairline cracks were visible in
several Ni thin films. It is assumed that the cracks occur due to different
coefficients of thermal expansion and mechanical properties of the
polymeric substrate base and thin film Ni causing film stress. Besides
that, the Ni film exhibits qualitatively good adhesion on the polymeric
substrate underlined by micro scratch tests conducted and (see Fig. S5)
and described in the supplementary material in detail. In short, the film
shows low delamination tendency, but chipping of the brittle polymeric
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(a)
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Fig. 3. Representative NIL structured Ni thin film electrode. (a) Overview CLSM image with functional sections marked. The electrical contact leads out towards the
bottom, covered with tape for insulation and a defined surface area. (b) High magnification top-view image of the structured region, showcasing cylindrical features.
(c) AFM height topography image of the flat, unstructured electrode surface, documenting surface roughness in the nanometer regime.

substrate was the predominant failure mechanism prohibiting a detailed
analysis. However, possible consequences of poor film adhesion or stress
and cracks will be discussed later. The obtained film thickness was
evaluated through surface height profiles on a silicon reference spec-
imen, half covered during deposition, yielding a thickness of 279 +
5 nm.

For subsequent testing and evaluation, detailed information about
the electrode geometry and surface characteristics was necessary. The
total electrode areas (as depicted in Fig. 3(a)) were 15.70 + 0.30 mm?
(Standard deviation) with the structured part showing a surface area of
6.56 + 0.17 mm?. For the surface structures, the initial design goal for

all structures was a roughness factor Rp = Ag‘::r‘n = 1.6, since the targeted

surface increase was 60 % compared to the flat surface.

Selected SEM images of the individual structures are depicted in
Fig. 4, showing details of well-replicated structures with a smooth Ni
coating. The visible horizontal lines on all structures originate from
stepwise MPL manufacturing. These details were further replicated
along the NIL process and led to structural precursors during Ni film
growth. Besides, the edges were smoothed, which is visible on the
cylindric (Fig. 4(a)) and star-shaped structures (Fig. 4(c)), which even
appeared reduced in size due to the loss of the star’s vertical edges. In
comparison, the dome structures (Fig. 4(b)) were extraordinarily well
replicated and most resembled the original MPL layout.

In addition to the SEM investigations, CLSM height images were
originally acquired as complementary analyses to determine the devia-
tion from the ideal shape. From the height images, a 3D image can be
constructed (see Fig. S6) and the surface area (enlarged due to

(b) ===y

structuring) can be calculated. However, due to arising edge artefacts in
CLSM imaging, we decided against using the derived values for the
calculated surface area. Instead, idealized values for the surface area
increase (Rf = 1.6) were used. The CLSM image analysis, including ob-
tained R values, and data evaluation is included in the supplementary
material. From a qualitative perspective, the effect of structuring on the
surface area was confirmed, along with the perception of smaller surface
areas for the star structures.

For the electrochemical measurements, the Rg of the structures is not
to be mistaken for the effective Rg s, of the entire electrode. For R efr,
the surface increase by the structured part was calculated for the overall
electrode surface, thus also including the non-structured electrode part.
The ideal Rg eff was calculated to be 1.25, taking into account the actual
electrode proportions.

4. HER activity of structured thin film electrodes

Sputter-deposited and structured electrodes were further tested for
their catalytic activity towards HER. In theory, two concepts can be
taken advantage of in this regime. On one hand, catalyst efficiency is
boosted by an increased surface area [9]. This does not alter the intrinsic
catalytic properties of the material; however, it can reduce the necessary
catalyst loading and contributes therefore to process optimization. On
the other hand, kinks, terraces, and edges are known to provide cata-
lytically active sites within the material [23,24]. By artificial modifi-
cation and generation of such sites, one expects a positive influence on
the catalytic process. Notably, both parameters are addressed with the

Fig. 4. Representative SEM images of the surface structures obtained after NIL replication and Ni coating.
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outlined experimental design.

For evaluation of the structured electrodes, linear polarization
curves were analyzed. The reported overpotentials (17109) were evaluated
at —10 mA/cm? [2], analyzing the back loop of the third recorded cycle.
The resulting polarization curves are shown in Fig. 5(a). The displayed
data is given for the geometric area for comparability reasons. As ex-
pected, the flat Ni metalized samples, lacking any additional structures,

(a) 0

-10 mA/cm?

blank
—= domes
- cylinders
—— stars

-025  -0.15  -005

Evs.RHE/V

blank domes cylinders stars

(c) _o.6]
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-0.30+
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Fig. 5. Electrochemical evaluation of surface structures presenting (a) HER
polarization curves of structured Ni thin film electrodes, (b) overpotentials (at
—10 mA/cm?) including standard deviation, after compensation for the effec-
tive electrode surface and (c) Tafel plots corresponding to the polariza-
tion curves.
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showed the lowest catalytic activity of — 0.298 + 0.010 V. This over-
potential is rather high compared to reported values for high-
performance Ni electrodes obtained via various other production tech-
niques [2,25], but also comparable graphs histories can be found for Ni
wires and powder [27] or films [24] showing higher overpotentials. For
these samples, it should be considered that the surface roughness is very
low meaning the surface area is small and Ageon, is equivalent to Ayeql.
However, this simplifies the system and presents a sample perfectly
suitable as baseline or reference for the conducted measurements. Also,
the substrate is not conductive in this case, which can further influence
the observed catalytic activity. The related influences of substrate choice
and substrate requirements are not the focus of the present work and
have been explained elsewhere [6,8,28-32]. Additionally, the standard
deviation between the measured blank samples was found to be
remarkably low, especially compared to other Ni catalysts in alkaline
solutions [24,33,34]. This enhanced reproducibility is assigned to the
careful and standardized production process, which was the initial aim
of this work. Due to the effective surface increase, all structured samples
are reproducibly more active than the blank reference. The structures of
domes and cylinders exhibit comparable activities of — 0.264 + 0.082 V
and — 0.251 + 0.042 V, while the star-structured electrodes exhibit
slightly higher 719 geom of — 0.277 4 0.075 V. Due to the SEM analysis
documenting the structural similarity between the dome and cylinder
structures, also activities were expected to be in the same range. This
trend was confirmed by the activity measurements. Notably, the star-
structured electrodes have lower activities than the other surface ge-
ometries. This could be attributed to the lowest measured surface in-
crease for the star structures. Whether the shift of the polarization curve
and catalytic activity is purely guided by the surface increase is not
distinguishable as presented. Therefore, also overpotentials for Ajes
were calculated and added to Table T1. The compensation of the surface
area for the structured electrodes leads to an alignment of the over-
potential values 7710 real (see Fig. 5(b)). The recalculated activities per
real surface area settle around the blank reference value. The compen-
sation for the real surface area via the roughness factor confirms the
dependence of the measured activity on the surface area. Within the
limits of experimental accuracy, it is therefore concluded that in this
experimental setup, the boost of catalytic activity is a mostly surface
area-guided phenomenon in this experimental design. It has been
documented elsewhere that the catalytic activity of Ni usually scales
linearly with the surface area increase. However, the achievable highest
activity is limited by the intrinsic catalytic activity of pure Ni [35]. To
overcome this limitation, the introduction of further elements might be
favorable either leading to Ni compounds (oxide, sulfide, phosphide)
[25,35] or Ni-based alloys [2,36].

Tafel analysis was performed on the polarization curves to obtain the
Tafel slopes b shown in Fig. 5(c). The Tafel slopes increase on structured
surfaces compared to a flat electrode surface. A Tafel slope of —120 mV/
dec was found for non-structured blank samples resembling a flat Ni

Table T1

Summary of Ni thin film electrode electrochemical data for (non-) structured
samples, presented by the calculated roughness factors concerning the struc-
tured part only (Rp) and the effective electrode surface (Rpef), the measured
overpotentials at —10 mA cm ™2 based on the geometric (710 geom) and the real
(110 real) surface area as well as corresponding Tafel slopes (b).

Name Rg Ry, 1110 geom 710 real (V) b (mV

(structures) <ff.(electrode) W) dec™)

Blank 1.02 £+ 0.02 1.01 + 0.08 -(0.298 —(0.300 + - (120

+ 0.010) 0.010) +11)

Domes 1.60 1.25 - (0.264 —(0.278 + -Q177

+ 0.082) 0.067) +17)

Cylinders 1.60 1.25 —-(0.251 —(0.266 + -(@51
+ 0.042) 0.042) +9)

Stars 1.60 1.25 -(0.277 —(0.290 + -(@175

+ 0.075) 0.064) + 46)
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electrode. This value is in excellent agreement with literature values for
Ni electrodes [37,38]. A theoretical Tafel slope of —120 mV/dec can
either be reached by a Volmer reaction-limited mechanism, or by a rate-
limiting Heyrovsky reaction step with high hydrogen coverage [39]. In
the chosen overpotential region, a high hydrogen coverage is expected
and the Volmer-Heyrovsky reaction mechanism is suggested [38,40].

Ni electrodes are typically deactivated over time via hydride for-
mation [33,41-43]. In the present work, we experienced a different limit
of the electrodes due to the experimental design. The stability of the
electrodes at this moment is limited to several cycles (supplementary
Fig. S7). Finally, delamination of the Ni thin film will occur due to the
non-optimized wet adhesion between the metallic thin film and the
polymeric substrate. During catalyst application, an increase of Rg on the
flat Ni surface was noticed. This might occur due to periodic lattice
changes and stresses occurring during the measurement cycles, which
can subsequently promote surface roughening and delamination pro-
cesses. For further optimization of the enrolled process, film wet adhe-
sion, film stresses, and conductivity are to be addressed. In this study,
the samples were closely checked for delamination after the measure-
ments to ensure the reproducibility and reliability of the presented data.
However, long-term observations (e.g. several hundred CV cycles) on
the present specimen were prohibited due to an increasing tendency for
delamination if experiments were extended over time.

As stated above, the electrocatalytic activity depends on the chosen
substrate and can also be enhanced by substrate conductivity [44,45].
However, a basic preset for catalyst activity is also its inherent con-
ductivity. In this work, polycrystalline metallic thin films were used,
meaning the material conductivity itself should be sufficient. However,
as depicted in Fig. 3, cracks appeared frequently on deposited thin films
before and after use in the three-electrode setup. This could be prob-
lematic in terms of reproducibility if they are small or give rise to
completely isolated regions. Moreover, the cracks potentially cause loss
of conductivity and therefore disqualify those electrodes for further use
due to severe connection problems. This issue can be attenuated by using
conductive polymers as substrate to boost overall conductivity, lower
electrode resistivity and compensate for potential minor thin film
damage.

5. Discussion

The key advantages of the presented NIL approach based on MPL
masks are structural versatility and fast manufacturing, rendering the
approach ideal for structural investigations and fast iteration. However,
the process should be briefly compared to masks and molds obtained by
conventional UV or electron beam lithography [10,13,46-48]. Since no
poisonous chemicals are involved in the MPL process, we consider this
approach even more environmentally friendly compared to silicon
etching, which still involves reactive fluorine ions or hydrofluoric acid
etching [16,49]. Furthermore, the infrastructure required for MPL mask
manufacturing is far less demanding compared to conventional litho-
graphical mask writing. Despite these notable advantages, MPL mask
writing suffers from one major drawback: the inferior resolution
compared to silicon-based masks. The silicon mask approach enables
feature sizes with defined edges at least one order of magnitude smaller
[10,11,16]. Besides that, the mask materials are limited to the standard
photopolymer, which might behave detrimentally upon multiple
molding processes. For future mask writing, filled MPL resists, based on
particles [50,51] or special monomers [52-55], will yield even more
resilient masks, further narrowing the gap towards common glass or
silicon masks from a material perspective.

With regards to shaping accuracy an implicit estimation can be
carried out through information presented in Fig. S2 and S4. The
“Tubes”-Structures exhibit only 80 % of the ideal diameter (see Fig. 52)
and for a successful replica (see Fig. S4) 70 % of the ideal diameter is
reached. The outer target dimension of all three investigated surface
structures is about 3 pm, which yield roughly 2.7 um after Ni deposition
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of 300 nm to each side, thus the final outer diameter should only deviate
by roughly 10 %.

With this regard, the soft polymeric material used for deriving NIL
molds, which is PDMS-based requires also a brief discussion. The PDMS
initially selected due to the polymer’s softness, thus facilitating the peel-
off process from mask and replica, might not have been stable during
successive replications in the used in combination with the UV-curable
commercial photoresist. If monomers, solvents or other constituents of
the liquid resist are absorbed into the PDMS swelling of the mold could
be triggered, thus leading to loss of structural details on the replicas
[56-58]. An actual shape change, later clarified and depicted in Fig. S8,
might be related to this circumstance. With regards to the Rf determined
through CLSM a variation of surface factor by about 10 % could be
identified. Although not used for the final evaluation, this might be
related to the actual swelling of the PDMS mold and consequently a
major contribution to the comparably large scattering in electro-
chemical data obtained.

However, this effect might be avoided in future works by choosing a
more optimized molding material less prone to swelling. Besides that, no
curing inhibition by any material pair, neither of the PDMS resin on the
MPL photopolymer, nor of the commercial photoresist on the PDMS was
observed. For alternative processes, the mold can be derived from any
molding process, not harming the polymeric MPL-mask structures,
including any other (finally soft) polymeric mold resin material curable
via any mechanism. Even a very soft thermoplastic material should be
suitable to imprint the MPL-structures if they are of low aspect ratio and
not sheared off by friction due to the viscous flow. Deriving metallic
molds directly from the master might be possible, but far more chal-
lenging with regards to separation since then both the MPL-substrate
and mold material are stiff, which could require something like a solu-
ble separation layer. Therefore, indirect methods might be required to
obtain a metallic mold. A completely different approach could be the
direct metallization of the PDMS (NIL mold structural as negative shape)
through PVD, followed by a high-volume built-up process through e.g.
electrodeposition to obtain a suitably stiff electrode base. Therefore,
obtaining a fully metal electrode after peel-off, but constitutes a slower
more complex process on the downside.

However, the NIL process in general shows promise in directly
transferring the MPL shaping capability to a more efficient NIL process
for rapid replication, rather than serving as a complete alternative to
conventional mask production. The trend towards highly productive
roll-process-based manufacturing of small-scale structures is gradually
gaining attention [17-19,59]. Alternative methods for nano-structuring
flexible ribbons have been proposed, which could be used as masks to
create rolls or films suitable for continuous NIL replication. In this re-
gard, in addition to a conventionally tiled mask for roll coating [47,60],
Kronenfeld et al. [61] developed a roll-to-roll approach to facilitate
continuous micro-3D printing onto a carrier foil. Also reversibly applied
nanospheres were deposited onto a layer of photoresist through a roll-
on-transfer, forming a self-assembled pattern acting as mask
[49,62,63]. Although this approach has limited shaping possibilities, it
demonstrates an unconventional and high-resolution approach for
pattern application. Any of the outlined upscaling paths could find
general application. Especially as most well-known surface structure
effects, such as liquid and pollution-repelling lotus effect [64-66],
imprinted optics [17,67], and bioactive surfaces [68], require a pro-
ductive and reliable surface structuring technique for large-scale tech-
nical application. This holds also for upcoming technologies based on
conductive polymers [69-72].

The method described here is especially suited for development. This
makes it perfect for laboratory-scale research focusing on structure and
material investigations, such as thin film catalyst electrodes. The actual
results are shown in Fig. 5 and Table T1 and are briefly discussed in
terms of their potential. The actual shape of the structure (cylinders vs.
domes vs. stars) does not seem to influence the electrochemical pa-
rameters obtained through HER experiments, although strongly
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deviating from the flat reference electrodes at first glance. After cor-
recting for the surface area increase through structuring, the data of the
structured electrodes aligns with the data of the reference electrode, if
the scatter of the data is considered. Thus, no severe increase in catalytic
activity due to the shape factor was observed reassembling the behavior
of more or less flat Ni [24,27]. Consequently, the originally suggested
increase in catalytic activity with regards to structure characteristics
could not be confirmed, besides the overall increase in surface, and the
various structure geometries must be seen as equivalently potent. The
edges, originally considered sharp, did turn out considerably rounded
(radius ~ 1 pm), and it is unclear if very sharp ones (down to ~ 100 nm)
can be obtained this way. From the original MPL-structural precursors
with a voxel diameter of < 400 nm, the NIL process replicates this
radius in the best case, which is subsequently covered by 300 nm Ni,
which additionally rounds the edges due to the deposition characteristic.
Thus, the Ni film behaves quasi flat on a microstructural level. Defects
within the film (pores, corners at the structure base, etc.) mediated by
the structures’ inherited roughness of the MPL-process seem not to cause
any considerable effect.

Otherwise, the film thickness itself is a considerable factor with
regards to catalytic activity [73-76]. The assessment and optimization
of metal film thickness is not in the scope of this article, as there are too
many additional factors to consider. Therefore, here only one specific
aspect; the influence of surface structuring is considered and assessed
with a direct comparison to unstructured (blank) electrode specimens.

However, surface structuring and structural refinement are well-
known strategies to increase catalytic performance and reduce mate-
rial loading. These strategies include surface decoration by nano-
structures and the production of highly porous networks for surface area
maximization. For example, templated grown 100 nm thick TiOy
nanorods [63,77,78] and 100 nm thick ZnO nanowires [79] or tubes [3]
decorated with Au nanoparticles enhance OER through photocatalysis.
Equivalent improvements are known for HER catalysis [5,9].
Nanometer-sized dendrites [24] or micro/meso-porous foam [80] were
found to perform intrinsically better in HER compared to a flat surface.
This effect appears to be enhanced for nanoparticles with complex
shapes, significantly improving their performance. [81]. Consequently,
the surface structures selected herein might be too large to trigger an
intrinsic effect via terraces, crystal orientation, or other mechanisms.
This leaves the increase of effective surface area to be the most relevant
factor in enhancing the performance. It should also be noted that fine
structuring of printed polymer features, arising from surface dis-
cretization (line mismatch), could further influence the measured data.
This is due to increased surface area and the potential creation of active
low-coordination sites. The named structural features are most easily
seen in the SEM image given for the dome structures in Fig. 4(b). Huge
potential in boosting the catalytic performance is seen in replacing the
Ni thin film with an alloy [5]. Further enhancement could be achieved
through suitable small-scale morphological structuring. Ni/NiO2 nano-
particles on CoSe, nanobelts were found to show considerably higher
HER catalysis (e.g. 710 ~ -0.1 V) [82]. NiyP nanoparticles could achieve
a comparable result just without critical cobalt [83]. An HER activity
even approaching that of gold standard platinum was obtained by a Ni
foam electrode, exposing MoNi4 and MoO segregates on the surface
[84]. For continuation and further investigations of the strategy devel-
oped in this work, the metallic thin film composition and the substrate
material can be modified without actively altering one another. One
improvement would be to subdivide the functionality of base coating
and active HER sites to separate system layers. A crack-free and
conductive film with enhanced wet adhesion properties could serve as
base for nanoparticle decoration [81-84], forming catalytically active
sites and boosting hydrogen evolution. Alternatively, the versatility of
structuring allows diverse material processing paths starting from a
polymeric base material. Thus, UV imprinting as performed in [85,86]
might be carried out with a catalyst containing resin [87] or combined
with polymerization-induced phase separation [88]. Hierarchical
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structures can be manufactured using an imprinting process [89,90],
further enhancing the surface structure effect for HER [63,77-79].

6. Conclusion

In this study, a straightforward, dependable, and versatile method
for surface structuring using MPL has been proposed. Exploring the
possibilities of structure development yielded universal guidelines for
structural design, suitable for the intended workflow proving the
versatility of the process. Due to the structural replication via a well-
known NIL replication with MPL-derived masks, an upscaling process
is mimicked. This combination of steps makes the process suitable for
manufacturing complex surface patterns, that can be used in a broad
range of applications. As an inherently surface-sensitive application, the
produced structures were tested in the context of HER catalysis.
Therefore, the replicated structures were metalized and tested for their
catalytic activity.

Upon further optimization within the limits of MPL resolution and
material combination, even smaller feature sizes can be realized. Im-
provements regarding the mold material should be made to avoid
swelling by the uptake of small molecules and therefore increase mold
stability. This is equally true for the coating process, where the present
case required a comparably thick Ni coating (of roughly 300 nm) to act
as catalyst and ensure conductivity throughout the demanding experi-
mental conditions. The surface area dependence of the catalytic per-
formance was shown by studying structured thin film electrodes.
However, a direct dependence of the activity on the structure shape was
not found in this experimental design. Although a comparably simple
structure design was utilized, more complex shapes can be straightfor-
wardly manufactured through the spatial flexibility of MPL. Future de-
signs might facilitate catalytic particle decoration or study hydrogen
bubble-repelling structures or flow-directing facets which are impor-
tant for electrode applications, but not directly related to the inherent
catalytic activity.

It is concluded, that the structuring technique introduced in this
work shows promise for industrial surface structuring applications, as it
combines reliability, time efficiency and economic effectivity. Large-
scale NIL molds through MPL-derived masks enable industrial process-
driven development of combined functional surfaces.
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