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Nowadays, innovative materials have gained an increasing market share in several industrial fields.
One of these novel materials are open cell metal foams. Those can be found in different industrial
applications such as in batteries, implants or chemical filters, since high surface-to-volume ratios are
needed. In the past, laser technology highlighted the solution for various challenges concerning the
performance improvement of open cell metal foams. The performance of several of these properties
can be further improved using laser-based fabrication methods allowing the production of repetitive
periodic structures on the micrometer or sub-micrometer scale, such as Direct Laser Interference Pat-
tering (DLIP). In this work, DLIP is utilized for structuring the surface of open cell steel foams. By
controlling the laser parameters as well as the geometrical arrangement of the beams, 5.2 pm deep
structures with a spatial period of 5.8 pm were fabricated. The topography of the used materials is
characterized using scanning electron microscopy and confocal microscopy. Finally, the surface en-
largement of the DLIP-structured foams are electrochemically characterized by determining the dou-
ble-layer capacitance using cyclic voltammetry (CV) as well as electrochemical impedance spectros-

copy (EIS).
DOI: 10.2961/jlmn.2020.02.2010

Keywords: open cell metal foam, laser processing, direct laser interference patterning, 316L steel,

surface enlargement

1. Introduction

Innovative, multifunctional materials have gained ex-
ceptional interest for upcoming industrial applications in the
field of energy conversion. One of those innovative materi-
als are open cell metal foams. Metal foams are used in a large
variety of industrial applications such as current collectors
for battery, filters, temperature- and sound shielding or struc-
tural elements [1-3].

Over the last decades, several research studies concern-
ing open cell foams were conducted [1-6]. Next to conven-
tional post processing such as milling, grinding and sawing,
laser material processing was introduced for innovative so-
lutions concerning joining, shaping and functionalization
[6-14]. Especially, the surface functionalization using dif-
ferent laser techniques is a major subject to research interest
in the last years.

In this frame, fs-laser systems have been used in the past
to increase the performance of flat metallic electrodes in
case of the hydrogen evolution reaction (HER), oxygen evo-
lution reaction (OER) as well as for electroorganic synthesis
[15-18]. By using fs-laser systems, the surface of nickel
electrodes was enlarged by keeping the intrinsic activity to-
wards the HER. Moreover, the HER activity was signifi-
cantly enhanced in comparison to a smooth, non-structured
surface [15,16]. In addition, this technique was also used for
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surface modification of titanium and platinum in order to in-
crease the surface area for electrocatalytic applications
[19,21].

Within present laser structuring methods, two major ap-
proaches can be identified, including Direct Laser Writing
(DLW) which is mainly based on laser ablation and Direct
Laser Interference Patterning (DLIP) [26-28]. It is com-
monly known that the DLIP technique can be used for gen-
erating repetitive surface topographies for a huge variety of
industrial application. In the last ten years, several examples
were presented to achieve super-hydrophobic, anti-icing,
wear-resistant or holographic surfaces on different metallic
surfaces as well as on polymers and coatings [26—33]. The
DLIP uses a coherent pulsed laser beam, which is split into
two or even more sub-beams, and are superimposed on the
surface of the material. As a result, an interference pattern is
achieved at the volume of the overlapping laser beams as
illustrated in Fig. 1 [34].

Depending of the angle 0 (see Fig 1) on which the two laser
beams are overlapped, different spatial periods (A) can be
generated.

In this work, we investigate on the feasibility of laser
structuring three dimensional surfaces using the DLIP tech-
nique, particularly of open cell metal foams for increasing
the component surface.
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2. Material and methods

For the experiments, open cell metal foams (Alantum
Europe GmbH) made from steel 316L (1.4404), were used.
The foams have a pore size of 1200 um and a dodecahedron-
like cell structure [1]. Due to the manufacturing process, the
cell struts have a triangular but hollow cross section with an
overall material thickness of 3.2 mm [6]. For the laser struc-
turing process, a solid-state laser source (Edgewave
InnoSlab Nd:YVO4) was utilized which emitted at a wave-
length of 1064 nm with a pulse duration of 10 ps at a repeti-
tion rate of 1 kHz.

For obtaining the interference patterns, the initial laser
beam was split into two sub-beams using a DLIP optical
head (Fraunhofer IWS, Dresden), obtaining a line-like sur-
face geometry. This setup enables the possibility to automat-
ically control the angle under which the two sub-beams su-
perimpose on the surface. Note that detailed information
about the optical setup has been already published elsewhere
[35].

Laser beam

Interference volume

Qpen cell foam

Surface

Bottom
Fig. 1 Schematic representation of the DLIP principle for produc-
ing a two-beam interference pattern over the surface of a metallic
foam with different depth levels according its three-dimensional
morphology. It is worth mentioned that the size of the interference
volume is enlarged for better visualization and does not represent
the real boundaries.

In consequence, the variation of the interference angle
permits to perfectly control the spatial period (A) according
to Equation 1:

_ A
" 2sinf

M

where A is the laser wavelength and 6 is the half angle be-
tween the two laser beams (see sketch in Fig 1).

In this study, an interference angle of ~5.2° was chosen,
leading to a spatial period of A =5.8 um. For the following
experiments the DLIP-Pixel diameter was set to 150 pm. As
it is indicated in Fig. 1, using these parameters only this first
level of the foam was structured with DLIP fringes due to
shadowing effects of the cell struts. Next to the spatial period
an important process parameter is the pulse-to-pulse overlap.
According to Fig. 2 this parameter describes the amount of
overlapping of DLIP-pixels in x- and y-directions. As it can
be seen also in Fig. 2, the geometrical distance of the laser
spots in the x and y-axis direction is called “overlap” and
“hatch”, respectively. For the presented experiments, the
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overlap was varied between 86.6% and 98.6% at a constant

hatch of 0%.
‘ Pulse to pulse = Overlap | x axis
DLIP >
pattern £
‘ Hatch ] "
DLIP- Plxe! ! I ..................
dlameter | Movement direction :

Fig. 2 Sketch of the processmg strategy of DLIP and parameter
explanation.

In order to characterize the morphology of the laser
structures open cell foam, confocal microscopy (Sensofar S
Neox) with a magnification objective of 150x was used. This
objective provides a lateral and vertical resolution of 140 nm
and 1 nm, respectively. Topographical analyses in more de-
tails were carried out using a scanning electron microscope
(ZEISS Supra 40VP) at 5 kV operation voltage.

For determining the electrochemical performance of the
treated foams, electrochemical experiments were carried out
in 29.9 mass-% KOH at 60°C in a three-electrode arrange-
ment. The working electrode was placed in a special holder
for porous electrodes considering a geometric surface area
of 2 cm? as shown in detail elsewhere [36]. A wrapped plat-
inum wire (~8 cm?) was used as counter electrode. A reversi-
ble hydrogen electrode from Gaskatel GmbH separated
through a Haber-Luggin capillary was utilized as reference
electrode. Using this configuration, the real surface area of
the electrode (foam) can be electrochemically estimated by
determination of the double-layer capacitance (Cq) using cy-
clic voltammetry (CV) as well as electrochemical imped-
ance spectroscopy (EIS).

The double-layer capacitance was estimated from cyclic
voltammograms with variating scan rates from 1 to 0.02 V/s.
Furthermore, impedance spectra were recorded subse-
quently with a delay of 60 s. EIS measurements were per-
formed in a frequency range between 40 kHz and 0.03 Hz
with an amplitude of 5 mV. The complex nonlinear least-
squares (CNLS) fitting routine of the software “Gamry
Echem Analyst” (Gamry Instruments) was used for data
analysis. More details on this method have been already pub-
lished elsewhere [36-38].

3. Results and discussion

By superimposing two coherent laser beams, a line-like
pattern is generated at the volume where the two laser beams
overlap. In consequence, the utilization of the DLIP tech-
nique for structuring three-dimensional foam structures is
very promising, since the periodic structures are created in a
large volume and the resolution of the periodic features only
depends on the shape of the interference pattern.

Exemplary SEM images of a DLIP treated steel foam
shown in Fig. 3 (with 98.6 % overlap and 3.3 J/cm? of laser
fluence and a spatial period of 5.8 pm) reveal that these com-
plex geometries can be successfully treated using this
method.
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Fig. 3 SEM images of untreated open cell foam out of steel (a) as
well as with line-like pattern produced using DLIP (b). The insets
in (a) and (b) show a magnification of the highlighted area for bet-
ter visualization; magnification of the green highlighted section of
the inset for better visualization of high (HSFL) and low (LSFL)
spatial frequency LIPSS (c); overlap: 98.6%; fluence: 3.34 J/cm?;
spatial period: 5.8 pm.

In comparison, the non-laser treated reference is illus-
trated in Fig. 3a. The surface pattern produced by the laser
intensity modulation is detectable also at the non-planar re-
gions of the steel foam, even atop the particle-like features
which results from the manufacturing process for increasing
the corrosion resistance. The particles originate from the
manufacturing process of the metal foam (see Fig. 3b) [39].
Both SEM images showed in Fig. 3 were taken at “Level 1”
of the foam according to the sketch in Fig. 1.

The pulse-to-pulse overlap and the laser fluence were
raised to the maximum value of 98.6% and 3.34 J/cm?, re-
spectively. As shown in previous studies, additional surface
pattern, known as laser induces periodic surface structures
(LIPSS) decorate the line-like geometries produced by DLIP,
if ultra-short pulsed laser radiation interacts with the metal-
lic surfaces [19-21,24,40-42]. These additional periodic pat-
tern can be detected inside the DLIP fringes, as shown in Fig.
3c. In consequence, next to the DLIP fringes, these LIPSS
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features create a periodic nano-roughness leading to a fur-
ther favorable increase of the overall surface area [33].

According to Fig. 3c, two different types of LIPSS were
produced within the DLIP features, described as low and
high spatial frequency LIPSS (LSFL and HSFL, respec-
tively). The LSFL are oriented parallel to the DLIP struc-
tures since the used polarization of the laser beams was also
oriented following the direction of the line-like geometry
[34]. It is worth mentioned that the size (spatial period) of
the DLIP fringes, which can be calculated according to Eq. 1,
does not influences the size of the LIPSS. The size of the
LSFL was ~810 nm, which is similar to the used laser wave-
length, which is typical for these structures. Differently, the
HSFL were oriented perpendicular to the DLIP features with
a spatial period of ~130 nm, which is much smaller than the
used laser wavelength and is also characteristic for this kind
of structures on steel surfaces [35]. Here, as in most cases,
the HSFL were oriented parallel to the laser beam polariza-
tion and thus are perpendicular to the LSFL. A detailed de-
scription of the origin, generation and orientation of LSFL
and HSFL can be found elsewhere [26,43].

The results presented in the previous section correspond
to the structures produced on top of the metallic foam, at
“Level 1” according to Fig. 1. However, the improvement of
the performance of the metallic foams required also to struc-
ture the surface at different levels. In consequence, addi-
tional analysis of the surface morphology of the metallic
foam were performed. As it was shown in Figs. 3b and c, the
DLIP structure were successfully produced within the first
level of the foam, as well as HSFL and LSFL structures.
With increasing foam level, which is represented by a certain
depth into the structure, only LIPSS were detectable. For ex-
ample, for the used spatial period of 5.8 pm only LIPSS
(HSFL and LSFL) were detected up to level 4, correspond-
ing to a thickness of 3.2 mm from the top of the foam.

After the previously presented qualitative analyses re-
garding the formation of DLIP, LSFL and HSFL structures,
for increasing the structure depth of the DLIP pattern, the
influence of overlap and the fluence was investigated. The
results are presented in Fig. 4. As it can be seen in the figure,
the pulse-to-pulse overlap was raised from 86.6% up to
98.6%. Values below 86.6% depicted in preliminary experi-
ments have shown no detectable surface structure and con-
sequently those values where not further investigated in this
study. Next to the pulse-to-pulse overlap, the laser fluence
was increased from 1.13 J/cm? up to 3.34 J/cm?. For exam-
ining the results, confocal microscopy and software were ap-
plied in order to evaluate the mean structure depth.
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Fig. 4 Structure depth measurements on steel foam (at “Level 17)
in dependence of the overlap and laser fluence, measured using
confocal microscopy. The spatial period of the DLIP structure
was 5.8 um.

As it can be seen in Fig. 4, with increasing overlap the
mean depth of the DLIP pattern, for nearly all samples, also
increased. The highest depth values were measured for the
largest overlap of 98.6 %, independently of the used laser
fluence. Mean depths of ~5 pm were reached, which repre-
sents an aspect ratio of nearly one. In contrast, with an over-
lap value of 96.6 %, the maximum mean depth was 2.3 pm.
This trend reveals that the pulse-to-pulse overlap depicts the
largest impact on the created mean structure depth in the in-
vestigated range of laser fluence. However, the deviation of
the results become larger as well, especially for the highest
overlap of 98.6 %.

Finally, the surface area of the DLIP treated foam was
electrochemically determined in comparison to an unstruc-
tured steel foam.

For the electrochemical analysis, a structured foam with
a spatial period of 5.8 pm and a structure depth of 5.0 um at
“Layer 1” was used (referred to as DLIP 1). This steel foam
was produced using an overlap of 98.6% and a fluence of
3.3 J/em? as described before. The surface area of electrodes
was determined by measuring the double-layer capacitance
[38]. Therefore, a potential region was applied, where no
significant Faradaic reactions occur and the net current can
mostly be attributed to the charging of the double-layer ca-
pacitance. This potential region was evaluated by a cyclic
voltammogram as shown in Fig. 5. For the DLIP-structured
as well as for the unstructured foam similar cyclic voltam-
mograms are recorded, which suggest that the redox-behav-
ior is not affected by the DLIP structuring process. Exem-
plarily, for both samples a peak at 1.41 V, prior to the oxygen
evolution reaction can be found. This peak can be attributed
to the Ni(OH),/NiOOH-transition [39]. Note that Fe as well
as Cr show also electrochemical features in this potential re-
gion [44]. Furthermore, a potential region can be found,
where no significant Faradaic reactions are expected as
shown in Fig. 6b.

Accordingly, the surface area was determined in this po-
tential region by two electrochemical methods: (i) cyclic
voltammetry with variating scan rate and (ii) electrochemi-
cal impedance spectroscopy.
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Fig. 5 Cyclic voltammogram (2™ cycle) of unstructured and
DLIP-structured steel foam (DLIP_1) in a N>-purged
29.9 mass-% KOH at 60°C (a). Enlarged section to show the po-
tential region where no significant Faradaic reactions can be ex-
pected (marked with ¢) (b).

The cyclic voltammograms recorded with varying scan
rates for unstructured and DLIP structured foam are illus-
trated in Figs. 6a and 6b. For both electrodes, nearly rectan-
gular cyclic voltammograms were recorded, suggesting that
no significant Faradaic reactions occur and a suitable poten-
tial window for determining the double-layer capacitance
was found. Accordingly, the double-layer capacitance was
calculated by plotting the average of the absolute anodic (a)
and cathodic current (j.) densities against the scan rate (v)
[39, 45-46] (see Fig. 7c) according to following equation:

_ Jat il

Ca = 5=, (2)

The determined capacitance of the unstructured foam is
around 702 uFem2. For the DLIP structured foam a capaci-
tance of 1330 uFem™ was measured, which is about 2 times
higher compared to the unstructured foam.
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Fig. 6 Capacitance measurements for determining surface area on
unstructured and DLIP-structured foam in a N2-purged

29.9 mass-% KOH at 60°C. Cyclic voltammograms with variating
scan rate of unstructured (a) and DLIP-structured steel foam (b).
The average of the absolute anodic and cathodic current densities

versus the scan rate (c). The capacitance is determined by the
slope of the linear fits to the data. All currents are assumed to be
due to capacitive charging.

In addition, the double-layer capacitance was measured
by impedance measurements (EIS) as a complementary
method. Fig. 7 shows the Nyquist representation of the im-
pedance data of the unstructured and structured foam. In
both cases, a depressed semi-circle can be seen which can be
attributed to porosity or surface roughness of the electrode
[47]. Accordingly, the data were approximated by the modi-
fied Randles circuit shown in Fig. 7, whereas the capacitance
is replaced by a constant phase element. It is assumed that
the double-layer capacitance can be calculated by the fol-
lowing equation [47]:

1
Ca = [Y(R$' + R;H@ V] @ 3)

where Y is the parameter of the constant phase element, a is
related to the phase angle of the frequency response, R; is the

solution resistance and R.; is the charge transfer resistance.
The CPE (constant phase element) instead of a real capaci-
tance was used because a depressed semi-circle is observed.
Additionally, a resistance was added in serial because the
circle cuts the x-axis at values greater than zero. In summary,
no indication of the use of an inductor is seen. Thus, the sim-
ple equivalent circuit model was used. This is in accordance
to previous works [15,37].The parameters obtained from the
EIS measurement are shown in Table 1. For both electrodes
the constant phase angle parameter, o, is nearly 0.9. Note,
for a. =1 the CPE reflects an ideal capacitance [47]. Further-
more, the increase of the parameter of the constant phase el-
ement, Y, and the decrease of the charge transfer resistance,
R, of the DLIP structured foam compared to the unstruc-
tured foam are mainly caused by the enhancement of the ac-
tive surface area because these values are calculated by con-
sidering the geometric surface area, but depending on the
real surface area.

In Table 2, the double-layer capacitances determined by
both methods are summarized. The difference between both
methods is about 35 % which is slightly higher than the
range of permitted deviation (£ 15 to 30 %) [19,36]. Never-
theless, the value is in the same order of magnitude. These
differences can be explained by a further possible contribu-
tion of the measured capacitance, for example, pseudo-ca-
pacitances. In principle, the capacitance value should be
considered as an approximate value for the real surface area.

ool © unstructured foam
A DLIP-structured foam

00 05 10 15 20 25

Z'| kQ cm?

Fig. 7 Complex plane plot (Nyquist plot) for unstructured and
DLIP structured foam in a N2-purged 29.9 mass-% KOH solution
at 60°C. Symbols are experimental points and solid lines are fits
by the Randles CPE model.

Table 1 Parameters obtained from the EIS measurements. The data
were fitted with the Randles CPE model (CPE instead of a real ca-
pacitance, see insert in Fig. 7). The errors include the uncertainty
of the fitted parameters.

Rs/ Q Rr/Q Y/uSs?

Sample om? om? om? al-
Unstruc- 51,001 3515459 97447 0.91£0.01
tured foam

DLIP 1 0.27+0.01 1320420 1907+13  0.90+0.01
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Table 2 Estimated capacitance by CV and EIS measurements.

1 2
Sample Capacitance, C/ uF cm

CV EIS
Unstructured foam 702+7 43045
DLIP 1 1330+17 852+12

Based on the measured double-layer capacitance, the
DLIP structuring of the metallic porous foam leads to an en-
largement of the surface area by approximately a factor of 2
(1.89 and 1.98 according to capacitance determined by CV
and EIS, respectively). Gabler et al. generated LIPSS on a
smooth Ni surface by using a femtosecond laser pulse tech-
nique with a surface enlargement of 3 compared to a smooth
sample [20]. This value is similar to the determined surface
enlargement factor of the DLIP-structured porous metallic
foam. As a consequence, it can tentatively be concluded that
also deeper structures of the foam can be textured using the
DLIP technique which is in agreement with microscopic ob-
servations. Furthermore, it has to be taken into account that
covered or inaccessible surface areas of the 3D foam mate-
rial is not structured using the DLIP process and different
surface features are generated depending on the different
depths levels (see Fig. 1). Accordingly, the differences in the
surface enlargement factors are expected if a planar or a 3D
porous substrate is laser structured. In addition, it has to be
mentioned that the here reported results were obtained in an
already improved material due to the 3D geometry of the
foam, which has an already high surface area. In conse-
quence, the obtained results are very promising for improv-
ing the electrochemical performance of metallic electrodes.

4. Conclusion

According to our knowledge, for the first time open cell
metal foams were textured using the DLIP technique. By us-
ing a picosecond pulse laser source with a wavelength of
1064 nm, a pattern with a spatial period of 5.8 pm was fab-
ricated. Structure depths up to 5 um were achieved, which
represents an aspect ratio of nearly 1. Next to the interfer-
ence fringes at the first level of the foam, LIPSS (LSFL and

HSFL) could be detected through all depth levels of the foam.

The size of the LSFL and HSFL were 810 nm and 130 nm,
respectively. Moreover, electrochemical characterizations
were performed to determine the electrochemically accessi-
ble surface area using cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS). The investigations
revealed an increase of capacitance from 702 uF cm™ for
unstructured foam to 1330 uF cm? for DLIP enhanced foam,
which represents a surface enlargement factor of almost 2. It
has to be mentioned that for a material that already has a high
surface area-to-volume ratio, a further increase in surface
area (by almost a factor of two) represents a significant im-
provement in terms of potential industrial applications such
as hydrogen generation. In the future, research will be con-
ducted in order to increase the overall structured area further.
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