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Abstract

An entirely femtosecond laser (fs-laser) based process for the production of stable, enlarged
and alloyed nickel surfaces is presented. The process allows the use of metal foils and aqueous
salt solutions as alloying element sources. We alloy iron from an aqueous element source as
well as molybdenum and cobalt from commercially available foils on nickel mesh surfaces
without further coating process. It is shown that the content of alloyed iron on the nickel mesh
surface structured with the fs-laser depends on the concentration of the aqueous iron(ll)
sulfate solution used. The alloy content of cobalt and molybdenum is controlled by adjustable
laser parameters. Cross-sections prepared by a focused ion beam and subsequent energy
dispersive X-ray spectroscopy shows that molybdenum and nickel form alloyed nanoscale
particles on the structured nickel surface. The combination of an aqueous iron(ll) sulfate
solution and a molybdenum metal foil leads to a ternary nickel-molybdenum-iron surface
alloy. The presented fs-laser alloying process can be applied to further metal combinations

and offers the potential to create new materials and properties.



1. Introduction

The femtosecond laser (fs-laser) technology enables specific surface modifications of various
materials such as metals [1,2], polymers [3,4], glasses [5,6], semiconductors [7,8] and
crystalline solids [9]. The material surface is enlarged [10,11] and roughened [12] by fs-laser
processing. This modification has an effect on various macroscopic material properties such
as the wetting behavior [13,14], the reflectivity of electromagnetic radiation [15] and heat
radiation [16]. In the field of alkaline water electrolysis, fs-laser structured electrodes cause
an overvoltage reduction of the oxygen evolution reaction (OER) and the hydrogen evolution
reaction (HER) [17-19]. The surface structures formed by laser-induced ablation and
resolidification processes are characteristic and diverse [20-25]. Laser induced periodic
surface structures (LIPSS), variously shaped holes, particles, threads and grooves on the
nanometer scale, nanoparticles, but also cones and microgrooves up to the two-digit
micrometer range are observed [26]. These structures can be controlled via laser parameters
[11,27], the process environment [28], the material [29] and the angle of incidence of the fs
laser beam [2,17]. LIPSS are formed on surfaces at fluences near the ablation threshold of the
material, (e.g. for nickel between 0.1 and 0.2 J/cm?) [27,30]. This ablation threshold depends

crucially on the process environment and the number of incident laser shots [27,30].

Conical microstructures will appear at a higher fluence or at an increased number of laser
shots/spot [2,31,32]. Depending on the material, the size and the structures of the cones can
also be manipulated via these parameters [31-33], while their surface density depends on the
laser pulse width [34]. Furthermore, fs-lasers can also be used to introduce elements from
process gases into solid surfaces [35,36] or to deposit aqueously dissolved salts on structured
metal surfaces [37,38]. Fischer et al. [39] have shown that coatings of nanoscale alloyed
ablation products are created with the fs-laser technology. This process requires a high
vacuum system with rotating metal targets and is not designed to create the typical enlarged
fs-laser-structured surfaces. However, these enlarged surfaces are of particular importance
when the structured surface are used, e.g. in alkaline water electrolysis. As shown in [40],
these structures contribute significantly to an improved electrolysis performance by reducing
overvoltages. Alloys or coatings with catalyst materials enhance this effect. This has already
been shown in the work of Koj et al. [18] for the OER and Gabler et al. [40] for the HER with

fs-laser structured and coated electrodes.



In this work, a simple and exclusively fs-laser-based process for structuring and surface
alloying of nickel meshes is presented for the first time. It enables the production of novel and
stable alloys and represents an alternative to coating processes as described in [18] and [40].
Additionally, elemental compositions can be produced independently of the solid solubility
limit [36]. Cobalt and molybdenum foils as well as aqueously dissolved iron(ll) sulfate in
various concentrations serve as alloying elements. The choice of the listed elements is based

on future applications as electrode materials for alkaline water electrolysis [41].

2. Experimental
2.1 Material

Only nickel meshes are used as structuring and alloying objects (Ni 99.2 wt%, mesh size of
500 pm x 500 pm, thread thickness of 140 um, sintered and wound to a thickness of 200 um,
Haver & Boecker from Germany). During all laser process steps the meshes are placed on
structural supports made of solid nickel sheet (99.99 wt%, 1 mm thickness, 5 cm x 5 cm,
Goodfellow from England) which are replaced after each alloying process. The metal foils for
alloying are commercially available 50 pum thick molybdenum (99.95 wt %, HMW Hauner
GmbH & Co. KG, Germany) and cobalt foils with the same thickness (99.9 wt %, HMW Hauner
GmbH & Co. KG, Germany). Before use, the material thickness is reduced to 13 um for Cobalt
and 15 um for Molybdenum by fs-laser ablation. The laser parameters of this ablation process
are listed in the following section. As iron source aqueous solutions of iron(ll) sulfate
heptahydrate (FeSO4 - 7 H,0, MERCK, p. a.) are used, which are prepared with deionized water

immediately before use.

2.2 Laser

The setup of the Ti:Sa based laser system consists of a Mantis seed laser from Coherent and a
regenerative Spitfire amplifier from Spectra Physics. The complete laser system is described in
[40]. An arrangement of mirrors and lenses directs the laser pulses into the sample chamber.
This system generates laser pulses with a central wavelength of 800 nm and a single pulse
width of about 60 fs. At a repetition rate (RR) of 10 kHz an average laser power up to 4 W is

possible. Before the laser beam hits a sample, the power is reduced in a manually adjustable
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attenuator and bundled by means of a focus lens with a focal length of 500 mm. A meandering
scan is realized by two computer-controlled linear axes on which the focus lens is mounted.
The linear scan speed is varied according to the number of laser shots/spot and the line pitch
is set to 40 um for all structuring processes. The spot diameter of the laser beam in the focus
is determined with a commercial beam profiler to 78 um * 3 um and has not been changed
during all experiments. Within this diameter, the intensity of the Gaussian profile has
decreased to 86.5% (1/e?) from the center. The indicated deviation of the spot diameter
results from the differences of the diameter in vertical and horizontal direction. Based on the
settings the mean laser fluence applied on the sample is calculated to 5.4 J/cm? in the focus

of the beam.
2.3 Sample Preparation

The process for manufacturing surface structured alloys can be divided into the following
areas, which are shown schematically in Fig. 1: pre-structuring, application of the alloy source
and alloying. Before laser processing, mesh and substrate are cleaned with 2-propanol and
placed in the sample chamber according to the arrangement in Fig. 1 (a). The pre-structuring
process for all samples consist of two runs of a meandering scan with a linear scan velocity of
10 mm/s according to about 100 laser shots/spot on an area of 5 x 5 mm? (Fig. 1 (b)). The
increased roughness after the pre-structuring process facilitates subsequent structuring by an

improved laser coupling and the application of aqueous solutions by an improved wetting.

In the case of the liquid element source, aqueous iron(ll) sulfate concentration of 0.25, 0.2,
0.15, 0.1 and 0.05 g/mL are prepared. Then, 160 pL/cm? are applied with a syringe on the pre-
structured area (Fig. 1 (c)). A cobalt or molybdenum metal foil must be placed firmly and
without spacing on the mesh (Fig. 1 (d)). As shown in Fig. 1 (e), after the application step, the
alloying step follows for all aqueous iron(ll) sulfate solutions with one run of 100 laser
shots/spot. In alloying steps of cobalt and molybdenum foils with a thickness of 13 um and
15 um, the number of incident laser shots/spot is varied between 200 and 300 in steps of 25.
For alloying cobalt, an additional alloying step with 400 laser shots/spot and a 50 um thick
cobalt foil is shown. Furthermore, in a combined process two alloying elements are applied to
the structured surface from an aqueous iron(ll) sulfate solution with a concentration of
0.25 g/mL and a 15 um thick molybdenum foil. Thus, after the pre-structure has been created,

molybdenum is alloyed by 225 laser shots/spot and after the iron solution has been applied,
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a second fs-laser process step at 100 laser shots/spot is carried out in a two-fold alloying step.
All laser process steps are performed under a constant nitrogen (5.0, Linde) flow at a pressure
of 660 mbar £ 20 mbar in a process chamber. Before SEM and EDX examination, all samples
are cleaned with deionized water, acetone, 2-propanol and again with deionized water in an
ultrasonic bath for 2 min each. Any loose ablation debris or iron salt residues are removed by

this procedure.

The nickel-molybdenum alloys are referred to as NiLMo(x) and the nickel-cobalt alloys with
NiLCo(x). The "L" represents the alloy of nickel by the laser process with molybdenum or cobalt
while "x" represents the number of laser shots/spot applied for the alloying step. The nickel-
iron alloys are referred to as NiLFe(y), where "y" stands for the concentration of the applied
aqueous iron(ll) sulfate solution in g/mL. The nickel-iron-molybdenum alloy
NiLMoFe(225/0.25) is thus the result of a molybdenum alloy consisting of a 15 um thick

molybdenum foil processed with 225 laser shots/spot in the first alloying step and a

subsequent alloying of iron from a 0.25 g/mL iron(ll) sulfate solution with 100 laser shots/spot.
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Figure 1: Scheme of the fs-laser-structuring and surface alloying process of nickel meshes. (a)
Application of the Ni mesh on the solid support nickel sheet, (b) Ni mesh after pre-structuring
by the fs-laser, (c) application of the liquid element source with a syringe or (d) application of
the solid element source as metal foil on the pre-structured area, (e) alloying with a fs-laser
process step.
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2.4 Characterization

A scanning electron microscope (SEM) from Zeiss (EVO 50, MA10) is used for the
morphological examination of the surface. Elemental analysis is performed by energy
dispersive X-ray spectroscopy (EDX) using a Bruker Nano QUANTAX 800 system with an
XFlash-6 detector. The EDX spectra and SEM images are captured with an acceleration voltage
of 10 kV. In addition, a Helios Nanolab 600 from FEl is used to generate a cross-section of the
sample NiLMo(225) with a focused ion beam (FIB). A subsequent SEM examination and several

EDX-line profiles are performed at 10 kV.

3. Results and Discussion

Fig. 2 shows the SEM images at 1000- and 5000-fold magnification of the alloys NiLCo(300),
NiLCo(400), NiLFe(0.25), NiLMo(300), NiLMoFe(225/0.25). The surfaces of NiLCo(300) and
NiLCo(400), which are shown in Fig. 2 (a-d), consist of cone-like and prismatically-shaped
microstructures with a length of up to 30 um. These structures are exclusively interspersed
with LIPSS as shown in white frames in Fig. 2 for every alloy. The conical microstructures in
Fig. 2 (e+f) of the NiLFe(0.25) surface are formed with diameters between 10 um and 20 um.
The conical surface is covered with LIPSS which are highlighted with a white frame in Fig. 2 (e)
and ablation products in the form of microparticles like in Fig. 2 (e). Structurally, this surface
strongly resembles the fs-laser-structured and iron-coated nickel surface of Koj et al. [18].
Because the laser parameters and surface structures are identical to the structure in [18], it
can be concluded that the alloying process from an aqueous solution does not inhibit the fs-

structuring on the nickel mesh.

Fig. 2 (g+h) shows the NiLMo(300) flattened conical microstructures in the order of 10 to
20 um. The submicrostructure of this alloy consists mainly of nanoscale particles and areas of
LIPSS. In the submicrometer range, the surface of NiLMoFe(225/0.25) is also equipped with
particulate nanostructures and LIPSS (Fig. 2 (i+j)). On the microstructure level an
inhomogeneous picture results for the ternary alloy, since there are surface areas with and
without conical structures. In summary, especially the submicrostructure of the fs-laser-

alloyed nickel surfaces depends on the alloying element. Nanoparticles occur in molybdenum-



alloyed nickel surfaces. The submicrostructure of the cobalt-alloyed nickel surfaces consists

exclusively of LIPSS. Surfaces alloyed with iron show mainly LIPSS and some microparticles.

The results of the elemental analysis of the alloyed nickel surfaces are shown in Fig. 3. The
mean atomic concentration is plotted with the standard deviation for each sample as a
function of the iron(ll) sulfate concentration for the iron alloys (upper abscissa). For the cobalt
and molybdenum alloys the mean atomic concentration is plotted against the number of laser
shots/spots in the alloying step (lower abscissa). The listed results are based on nine
measurements at defined positions of the mesh for each parameter set. For each position the
EDX measurement is performed at 1000-fold magnification integrating over an area element

of about 75 pum x 110 um in order to provide comparability.

Fig. 3 shows that the average molybdenum content on a structured nickel surface increases
from 8.3 to 14.6 at.% if the number of laser shots/spot in the alloying step is increased from
200 to 300. Between 200 and 225 laser shots/spot, the average molybdenum content
increases by 2.1 at.%, while between 225 and 250 laser shots/spot the increase is only
0.1 at.%. This is followed by a change of 1.2 at.% when the number of laser shots/spot rises
from 250 to 275. The largest increase occurs between 275 and 300 laser shots/spot with
2.8 at.%. From these results, it is concluded that the average amount of molybdenum can be
controlled by the number of laser shots/spot in the alloying step of the fs-laser process. For

more than 300 laser shots/spot, the mechanical stability of the nickel mesh is no longer given.

The mean iron content of the NiLFe sample series increases from 5.8 to 11.3 at.% when the
Fe(l1)SO4(aq) concentration is changed from 0.05 to 0.25 g/mL. Thus, a fivefold increase in the
iron concentration causes only a doubling of the average alloyed iron content on a structured
nickel surface. The mean absolute deviations range from * 2.7 at.% at a concentration of
0.05 g/mLto+1.6 at.% at 0.15 g/mL, which is less than the deviation of the molybdenum alloy.
The changes in the alloying quantities also differ between the Fe(ll)SO4 concentrations. A
doubling of the concentration from 0.05 to 0.1 g/mL results in an increase of 2.7 at.% in the
amount of alloyed iron. An increase from 0.1 to 0.15 g/mL results in an increase of 1.9 at.%.
Between 0.15 and 0.2 g/mL Fe(l1)SO4 (ag) even a reduction of 0.2 at.% of iron is observed,
whereas between 0.2 and 0.25 g/mL an increase of only 1.3 at.% occurs. This graphical course

indicates a saturation behavior. Nevertheless, for the alloying of iron from an aqueous



Fe(l1)SO4 solution, it can be summarized that the amount of iron alloyed on a structured nickel

surface can be controlled by the iron concentration in an aqueous solution.

For the NiLCo series only at 225 laser shots/spot a maximum of 2.7 at.% is achieved, while the
minimum is 1.5 at.% and occurs at 300 laser shots/spot. Thus, no influence is clearly
determined for the amount of cobalt alloying from a 13 um thick cobalt foil. The differences
in the quantity of molybdenum or cobalt on a structured nickel surface is clearly attributed to
the element in this experiment. However, processing a 50 um thick cobalt foil on the nickel
substrate at 400 laser shots/spot in the alloying step results in sample NiLCo(400) with a cobalt
content of 8.6 £ 1.9 at.%. This proves that the amount of the alloying element on a structured

surface depends on adequate laser parameters.

The performance of the fs-laser alloying process is demonstrated with the NiLMoFe(225/0.25)
alloy. This alloy shows both an iron content of up to 9.7 at.% together with a molybdenum
content of up to 5.2 at.% within a nickel matrix. Ternary structured surface compounds are
thus accessible without additional sample preparation or complex coating procedures. Only

one additional fs-laser process step is required.
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Figure 2: SEM images at 1000- and 5000-fold magnification for NiLCo(300) (a+b), NiLCo(400) (c+d), NiLFe(0.25) (e+f),
NiLMo(300) (g+h) and NiLMoFe(225/0.25) (i+j).
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Figure 3: Atomic concentration of molybdenum (triangles) and cobalt (squares) on a structured nickel surface as a function of
the laser shots/spot for the alloying step (bottom abscissa) and of iron (circles) as a function of the Fe(ll)SO4(aq) concentration

(top abscissal).

Fig. 4 (a) shows the SEM image of a FIB cross-section of the NiLMo(225) surface. The lines of
the three EDX-line profiles A, B and C are shown from O um to 1.25 um in the enlarged areas
of the cross-section in Fig. 4 (b) and the results of the EDX-line profiles in Fig. 4 (c). The
diagrams show in black lines the atomic fraction of nickel and molybdenum in red lines as a
function of the distance from the surface. The FIB cross-section in Fig. 4 (a+b) shows that the
surface of NiLMo(225) consists of nanoscale particles and elevations. This surface is chosen
similar to the surface of NiLMo(300) in Fig. 2 (g+h). Thus, the elevations correspond to the
LIPSS and do not show any visible boundaries to the subsurface. In contrast, visible boundaries
highlight the particles forming nanoporous cavities. For clarification, the bottom particle

edges in Fig. 4 (b) are highlighted with blue lines in the diagrams of Fig. 4 (c). In the course of
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the EDX-line profile A, molybdenum contents of 62 at.% within the first particle and even
67 at.% at the bottom particle edge are reached at 0.7 um. Below the edge of the particle, the
molybdenum content drops continuously until a distance of about 1 um below 10 at.%. A
similar behavior is obtained for the second particle from the EDX-line profile B. Within the
particle length of 0.4 um, two maximum molybdenum proportions of 47 at.% and 38 at.% are
achieved. The molybdenum content begins to drop already within the particle after the
second maximum of 38 at.% at 0.4 um. After a distance of about 0.75 um, the molybdenum

fraction further drops to almost 5 at.%.

The third particle in EDX-line profile C reaches a maximum molybdenum content of 64 at.% at
0.25 um and then falls at 0.4 um directly to 20 at.%, then gradually to 10 at.% at 0.7 um, which
is the edge of the particle. Finally, within the substrate the molybdenum content
discontinuously falls below 3 at.% at about 1.0 um. The intersection of the molybdenum and
nickel fraction corresponding to an atomic ratio of approx. 1:1, occur in the range of < 1 um
twice each for the EDX-line profiles B and C and four times for A. This type of particulate alloy

formation using an fs-laser is consistent with the results of Fischer et al. [39].
The following four statements are deduced:

1. Nickel and molybdenum coexist at each position studied, which suggests binary metal
alloys with different atomic ratios.

2. The highest molybdenum content is present in the form of alloyed and re-solidified
nanoparticles, which are formed by the fs-laser alloying process. The more particles
are present on a surface element, the greater is the molybdenum content in this area.

3. Higher molybdenum contents occur in the bulk surface within a very thin layer of
0.2 um to 0.4 um, which continuously decreases towards the bulk. This indicates a
diffusion of the element of ablation debris on the surface towards the bulk.

4. The particles are chemically and mechanically stable on the structured nickel surface,

because the cleaning procedure in an ultrasonic bath does not remove the particles.
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Figure 4: SEM image of a FIB cross-section of NiLMo(225) at a cone in (a), magnified areas with the EDX-line profiles A, B and
Cin (b) which are highlighted with yellow rectangles in (a), EDX diagrams of the line profiles with the element concentration
of nickel as black lines and molybdenum as red lines as a function of the distance. Bottom particle edges within the line profiles

are highlighted at 0.7 um, 0.4 um and 0.7 um in (b) and as blue lines in (c).

4. Conclusion

In this work, a simple fs-laser-based process for the production of stable, enlarged and metal-
alloyed surface structures on nickel is presented for the first time. It consists of a structuring
and alloying process. With this process, different alloying element sources like metallic cobalt
and molybdenum foils but also aqueous dissolved Fe(ll)SO4 salts are used. An additional

coating of the substrate is not necessary.

Aqueous Fe(11)SO4 solutions in concentrations of 0.05 to 0.25 g/mL lead to iron alloys on the
structured nickel surfaces with average iron contents between 5.8 and 11.3 at.%. This average
iron content is dependent on the Fe(ll)SO4 concentration, whereby a saturation behavior
develops between 0.15 and 0.25 g/mL. The surface of NilLFe alloys consists of conical
microstructures, which are mainly covered with LIPSS and partially with microparticles. The
liqguid alloying source does not disturb the structure formation on the nickel mesh.
Comparable surface structures are also observed by Koj et al. [18] on fs-laser-structured

nickel-iron alloys.
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The cobalt and molybdenum content on a structured and laser-alloyed nickel surface are
controlled by the number of laser shots/spot in the alloying step. For the molybdenum alloys,
average proportions of 8.3 to 14.6 at.% result and for cobalt alloys a content up to 8.6 at.% is
achieved. The amount of alloying element on a structured nickel surface depends on the
alloying element itself and the laser parameters. On the microstructure level, conical spikes
up to 30 um in length are observed for all binary surface alloys. The submicrostructure shows
exclusively LIPSS for the NiLCo alloys. On the NiLMo- and the ternary alloyed
NiLMoFe(225/0.25) surfaces, nanoscale particles and areas with LIPSS are increasingly found.
The alloying element thus significantly influences the surface structure of the nickel mesh.
EDX-line profiles of the cross-section of a NiLMo(225) surface show that the nanoscale and
particulate re-solidified ablation products are the main carriers of molybdenum. The more
particles are present on a surface element, the greater is the molybdenum content in this
area. The alloying elements of the iron and cobalt alloys thus appear differently from the

molybdenum alloys on the structured nickel surfaces.

The ternary NiLMoFe(225/0.25) alloy demonstrates the capability of the fs-laser alloying
process. It is produced from different element sources without additional sample preparation
and coating processes. Molybdenum contents of up to 5.2 at.% and simultaneous iron
contents of up to 9.7 at.% are achieved within the ternary nickel alloy. In general, all desired

metal combinations come into consideration to be alloyed by this method.
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