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er-induced surface structuring of
the porous transport layers in proton exchange
membrane water electrolysis†

Michel Suermann, ‡*a Thomas Gimpel, ‡b Lena V. Bühre, a Wolfgang Schade,bc

Boris Bensmann a and Richard Hanke-Rauschenbacha

In proton exchange membrane water electrolysis (PEMWE) cells the performance and thus the conversion

efficiency are influenced by the interface between the porous transport layer (PTL) and the catalyst layer

(CL). In the following paper, this interface is modified by the use of femtosecond laser-induced surface

structuring, so that the specific surface area of the titanium based fibers of the PTL is increased. The

resulting morphology exhibits two roughness levels of (i) a relatively coarse structure featuring tips of

a few micrometers in diameter and depth, which are each covered in turn by (ii) a substructure of

smaller tips of a few to several hundred nanometers in diameter and depth. PEMWE electrochemical

characterization and short-term stress tests reveal that the cell performance is increased due to the

laser-structuring of the PTL surface towards the CL. For instance, the cell voltage is reduced by

approximately 30 mV after 100 h at 4 A cm�2. These beneficial effects are observed over the entire

current density range and thus correspond to a decreased equivalent cell resistance of at least 6 mU

cm2 for electrical interfacial contact losses and at least 2 mU cm2 for mass transport losses. A physical

characterization by scanning electron microscopy shows that the CL surface is much rougher and more

jagged when using laser-structured fibers. Thus, the gaseous oxygen and the liquid water transport both

from and to the active sites of the catalyst seem to be improved.
Introduction

Efficient energy storage solutions are becoming increasingly
important to meet a growing energy demand with a rising share
of renewable energy sources. One reason is the naturally inter-
mittent electricity production of wind and solar power plants.1

Power to gas plants are favored for energy storage over a longer
period of days to months as well as for large quantities. For
these applications, proton exchange membrane water electrol-
ysis (PEMWE) is considered a promising technology.2 There are
already plants in the MW range,3 which are expected to increase
to a scale of several hundred MW or even GW in the near future.

Nevertheless, there are still a number of development gaps to
further reduce the capital expenditure (CAPEX) and operational
expenditure (OPEX).4,5 A possibility to further decrease the
OPEX is to increase the efficiency of the electrolyzer by e.g.
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reducing the overpotentials at a given hydrogen output,
respectively current density. The overpotentials are usually
further distinguished in the three main types, i.e. kinetic or
activation, ohmic and mass transport or concentration over-
potential. The overpotential reduction can be achieved either by
optimizing the operating conditions such as temperature and
pressure and/or by optimizing the materials and components.

With regard to materials and components, particularly the
anode interface between the porous transport layer (PTL) and
the catalyst layer (CL) has gained in importance in recent years.
While a carbon-based PTL can be used at the cathode, similar to
the materials used in its sister technology PEM fuel cells
(PEMFCs), the relatively harsh anodic conditions in PEMWE
limit the choice mostly to titanium-based sintered powder, ber
or mesh type PTLs. Furthermore, these titanium-based PTLs
were originally developed for the lter industry and are not
optimized for the use in PEMWE cells, as reviewed in e.g. ref. 5
and 6. In other words, there are still a lot of possibilities for
optimization.

Thus, mainly the bulk structure of the PTL and the corre-
sponding pore and particle size distribution have been studied
by several research groups (see e.g. Grigoriev et al.,7 Ito et al.,8,9

Hwang et al.,10 and Kang et al.11–14) pointing out a signicant
inuence towards the performance of the cells. Further
attempts to correlate the bulk geometric and transport
This journal is © The Royal Society of Chemistry 2020
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properties of the PTL with the individual overpotentials haven
been made, as briey summarized below. Suermann et al.15,16

and Bernt et al.17 found out that the mass transport over-
potential decreases with increasing operating pressure, both for
the anode and cathode side in symmetric and asymmetric
electrochemical self-pressurized congurations. However, at
anode pressures in the higher two-digit bar range the remaining
mass transport overpotentials were practically independent of
the PTL structure. Similar to H2/N2-experiments for PEMFC
materials,18 Babic et al. measured inuences of the PTL struc-
ture19 and the catalyst loading20 to the proton transport resis-
tance in the CL, which is attributed to the mass transport
overpotential (determined in this manner). The supposed
breakthrough has been achieved by Schuler et al.21,22 who have
found a correlation between the overpotentials to the interfacial
contact area between the PTL bers and the CL. It should be
noted, that in their work all three main overpotentials have
been inuenced by the ber diameter and/or the porosity of the
PTL. This should only provide a small insight in the topic. In the
further course of this paper, we will discuss the literature results
relevant to this work in more detail.

In summary, not only the electrical interfacial contact
resistances between the PTL and the CL are of interest, but also
the inuence of the PTL/CL-interface towards the kinetic and
mass transport overpotential should be kept in mind. In this
work, the interface of the PTL towards the CL is structured with
a femtosecond laser to increase its specic surface area and
thus contact area, in order to decrease the aforementioned
electrical interfacial contact resistances in particular. The
technique has been already used to improve the performance of
alkaline electrolysis electrodes.23–25 To the best of our knowl-
edge, it is the rst time such an approach is used for titanium-
based PTLs in PEMWE. The laser-structuring process step is
interesting both for a more fundamental understanding in the
physicochemical and electrochemical processes at the PTL/CL-
interface and for the industry to further optimize the
components.

Experimental
Electrochemical characterization

The electrolysis cell tests are carried out on a commercial
PEMWE test rig (Greenlight Innovation, E40). At the anode, the
cell is supplied with a constant water recirculation ow of 20 ml
(min�1 cm�2). The water conductivity is kept below or equal to
0.1 mS cm�1 at all times due to an implemented ion exchanger
with a mixed resin. At the cathode, no water is supplied. All
electrolysis tests are performed at an operating temperature of
60 �C and at ambient pressure.

A commercial PEMWE cell setup with a geometric active area
of 4 cm2 and a separate electric heating for the cell housing
(balticFuelCells, quickCONNECT) is used. Considering the
relatively high excess water and the small active area, it can be
considered as a differential cell mimicking the inlet part of
a technical cell. Within this cell type, the contact pressure on
the active surface is set via a pneumatic actuator and indepen-
dent of the contact pressure of the gasket. While the inuence
This journal is © The Royal Society of Chemistry 2020
of the contact pressure is investigated in ex situ tests, the
operando electrolysis cell tests are performed with a constant
gas pressure of 2 bar(g). According to manufacturer's speci-
cations, this corresponds to a contact pressure of about 38
bar(g).

For the operando tests commercially available state-of-the-
art Naon 115 based catalyst coated membranes (CCMs) are
used (Greenerity, E400). At the anode, titanium ber based PTLs
with a nominal thickness of 1 mm, a porosity of 56% and a ber
diameter of 20 mm (Bekaert, 2GDL40-1.00) are used. On the
cathode side, a carbon-based PTL with a hydrophobic treatment
is used, which is designed for electrolysis operation according
to manufacturer's specications (Freudenberg, H23l2). In
addition, for the ex situ tests, similar additional Ti-PTLs are
used which are similar to the aforementioned anodic Ti-PTLs
except for their nominal thickness of 0.2 mm.

Prior to the cell tests, before to the laser treatment and prior
to the physical examinations, the PTLs are washed in DI-water
in an ultrasonic bath for 15 min at room temperature. With
respect to the operando electrolysis cell tests, the CCMs are
assembled in a dry state, as received from the manufacturer.
The cell is then rinsed with water heated to 60 �C for one hour to
ensure a full humidication of the membrane.26

All experiments are performed with a potentiostat (Bio-Logic,
SP-150 with 20 A booster). For operando electrolysis cell tests,
a galvanostatic protocol, originally developed to systematically
study the inuence of specic parameters on degradation
(details can be found in ref. 27), is slightly adapted. First the
PEMWE cells undergo a conditioning phase consisting of three
repetitions of polarization curves (i/E-curves), electrochemical
impedance spectroscopy (EIS) measurements and current
interrupt (CI) measurements. The three repetitions of i/E-
curves, EIS and CI measurements are hereinaer referred to as
the characterization phase. The measurement protocols are
listed separately below.

Aerwards, a constant current of 1 A cm�2 is applied for 10
hours serving as an internal benchmark to decide whether the
cell performs as expected or not. Unexpected behavior may
result from incorrect assembly or contamination of the
components. During this work, this source of error could be
completely avoided and all samples fullled the criteria
resulting in an outstanding reproducibility. Aer completing
the conditioning phase, the actual experiments begin. This
stage is hereinaer referred to as the begin of tests (BOT).
Subsequently, an electrochemical characterization phase with
three repetitions of i/E-curves, EIS and CI measurements is
performed (again), followed by a constant current density
phase at 4 A cm�2 lasting for 30 hours. The last two phases are
repeated until the end of test (EOT), which is not chosen for
reasons of actual degradation, but rather because of limited
test rig capacity, and thus serve as a short-term stress test. To
emphasize this, and as shown below, the degradation of all
samples/cells is in the usual range. In addition, the focus of
this work is on a proof of concept, therefore a long-term test
unfortunately goes beyond the scope of this work, especially
when considering lifetimes of PEMWE cells and systems are in
the range of years rather than months or even days.
J. Mater. Chem. A, 2020, 8, 4898–4910 | 4899
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Nevertheless, a short-term stress test at elevated current
densities of 4 A cm�2 is provided up to 150 hours, depending
on the cell and series of measurement.

The PEMWE cells are characterized with i/E-curves with
logarithmic decimal current density steps. The holding time is
10 seconds plus another 22 seconds for a high frequency
resistance (HFR) measurement from 100 to 0.1 kHz at each
current density step. While such short holding times are rather
unusual for PEM fuel cells, due to the current density depen-
dent membrane humidication, these are rather unproblematic
in electrolysis conditions, as the membrane is always in contact
with liquid water.15 The HFR is determined by linear interpo-
lation at the intersection of the real part axis in the Nyquist plot,
where the imaginary part is equal to zero.

The cells are further characterized with the help of EIS
measurements at 0.01, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1, 2, 3 and
4 A cm�2 from 100 kHz to 100 mHz each. The alternating
current is 10% of the superimposed direct current, as it is used
for the aforementioned HFR measurements.

With regard to the electrical connection of the cell, the
current cables are connected to the endplates and the sense
cables to the ow eld housing. Although qualitatively similar,
an offset of about 7 mU cm2 is measured between these two
points due to additional electrical interfacial contact resis-
tances. In this work, all data shown are based on measurements
at the ow eld housing.

Femtosecond laser structuring

This work addresses the titanium-based PTLs. Their surface
towards the CL is laser-structured using a Mantis seed laser
from Coherent and a Spitre 10 kHz regenerative amplier
from Spectra Physics at a wavelength of 800 nm and a pulse
length of about 60 fs. This work should be seen as proof of
concept. In order to prepare the selected surface structure, the
laser beam is focused through a 500 mm lens to a measured
laser spot diameter of about 80 mm (intensity 1/e2) into
a process chamber under continuous N2 process gas ow at
pressures of approximately 800 mbar. Area processing occurs
by a meandering scan with a linear scan velocity of 2.8 mm s�1

corresponding to about 285 pulses per spot on the sample.
Fig. 1 SEM-images before PEMWE cell tests of the PTL surface, which is l
PTLs (bottom) each at magnifications of 100�, 500� and 1000�, from

4900 | J. Mater. Chem. A, 2020, 8, 4898–4910
Furthermore, an appropriate overlap of adjacent lines is
realized with a line pitch of 60 mm. The laser uency is set to
3.0 J cm�2.
Physical characterization

The surface of the pristine (or unmodied) and laser-structured
titanium-based PTLs towards the CL as well as the anode CL
surface are examined by scanning electron microscopy
measurements both before and aer the electrochemical char-
acterization (SEM, Zeiss EVO® MA 10). The SEM-images of the
PTL surface and of the CCMs are taken at an angle of 45� and
from the top, respectively. For the post operando SEM-images,
the Ti-PTL/CCM/C-PTL sandwiches are carefully disassembled
from the electrolysis cells and separated. During the transport,
each sandwich is stored in a humid, closed-air atmosphere in
order to maintain the morphology of the components at the
interface as good as possible.
Results

First, the SEM-results of the pristine (or unmodied) and laser-
structured PTLs are shown in order to illustrate the morpho-
logical changes caused by the laser-treatment. Subsequently,
the results of the ex situ and operando cell tests are given. Then,
the SEM-images of the PTL and CCM surface aer electro-
chemical characterization are presented in order to show the
effects of the electrochemical testing procedure towards the
morphology. Finally, all observed changes and effects are dis-
cussed in order to increase the fundamental understanding and
to provide a meaningful basis for further work.
Physical characterization before cell tests

In Fig. 1 the SEM-images of the surface of the pristine (top) and
laser-structured (bottom) PTLs are shown, which are in contact
to the anode CL later. While the surface morphology of the
pristine bers is rather smooth, a relatively rough and jagged
microstructure is observed aer the laser treatment. In addition
to a coarse structure characterized by tips of a few micrometers
in diameter and depth, each tip is covered with a substructure
ater in contact with the CL, of the pristine (top) and the laser-structured
left to right.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Ex situ electrical tests with the laser-structured (L-)PTLs and
with the pristine (P-)PTLs. (top) Schematic design of the three ex situ
electrical tests with setup (i) vs. a carbon based PTL (solid lines in the
bottom figure) (ii) vs. a thin titanium-based PTL (dashed lines) and (iii)
vs. a bare titanium-based flow field (dotted lines). (bottom) Corre-
sponding area-specific HFRmeasurements as a function of the applied
contact pressure. 3.8 Nmm�2 is used for subsequent electrolysis tests.
The inset shows the results for the setups II and III in detail. The values
shown correspond to the mean values with the corresponding stan-
dard deviations of 4 different measurements at 0.1, 0.4, 1 and 4 A cm�2

(all at 40 �C). As expected, the HFR is not dependent on the current
density.
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of smaller (sintered) akes with dimensions of a few to several
hundred nanometers in diameter and depth. The substructures
partially correspond to laser-induced periodic surface struc-
tures (LIPSS).28 Consequently, an increase in the roughness and
thus in the specic surface area of the PTL bers is achieved due
to the laser-structuring.

Ex situ electrical testing

In order to provide an initial assessment, the electrical ohmic
resistance of the pristine and laser-structured PTLs is
measured in an ex situ cell setup, i.e. without a CCM. The
design of the experiment is similar to those in ref. 17 and 29
and allows a HFR measurement to account for the sum of the
electrical bulk and interfacial contact resistances. However,
the latter is the dominating resistance due to the relatively
high intrinsic electrical bulk conductivity of the materials
used, which is in the order of magnitude of 5 � 105 S m�1 in
through-plane direction for such ber-based Ti-PTLs.21 In this
work, three different setups are used. In each setup the PTL
samples are in contact with a (i) a carbon-based PTL, (ii)
a titanium-based PTL and (iii) a bare ow eld, as depicted in
Fig. 2.

As expected, higher contact pressures result in lower HFR,
especially for the setup (i) vs. the compressible C-PTL.
Furthermore, the results of the metal/metal-interfaces in
setup (ii) and (iii) are qualitatively and quantitatively similar to
a large extent. With respect to the laser-structuring, a reduction
of the HFR of about 20–50% can be reported for all investigated
setups and contact pressures. This improvement can be
explained rst and foremost by the reduced electrical interfacial
contact resistances. Now, however, the question arises whether
or not these improvements are transferable to operando elec-
trolysis cell tests.

Operando electrochemical testing

In this section, data of the electrochemical tests are shown aer
completing the conditioning step, i.e. aer approximately three
hours of ramping up between 0 and 4 A cm�2 and a subsequent
10 h constant current period at 1 A cm�2. For details, please see
ref. 27. Thus, the following shown data is at the time aer
completing the conditioning step, i.e. at the BOT.

Overpotential analysis at BOT. Current voltage characteris-
tics in the form of polarization curves up to 4 A cm�2 are per-
formed at 60 �C for the four cells, two with pristine Ti-PTLs,
labelled as P1 and P2, and two with laser-structured Ti-PTLs,
labelled as L1 and L2. Furthermore, the HFR is measured at
each current step. As usual, the HFR accounts for the electric
and ionic interfacial and bulk transport resistances and is ob-
tained at about 3 kHz.

As illustrated in Fig. 3a, a signicant and reproducible
increase in cell performance is achieved by the laser-structuring
of the PTL surface towards the CL. For instance, at 4 A cm�2 the
cell voltage is reduced from 2.325� 0.006 V (P1 and P2) to 2.267
� 0.007 V (L1 and L2) by an impressive value of 58 mV.
Reproducibility was demonstrated in each case by two identical
series of measurements, both for experiments with laser-
This journal is © The Royal Society of Chemistry 2020
structured and pristine PTLs. These benecial effects are
observed over the entire current density range showing
a pseudo-linear behavior. Thus, the corresponding equivalent
area-specic cell resistance is reduced by about 14 mU cm2.
What is the reason for this observation? As mentioned before,
the original aim is to improve the electrical interfacial contact
resistances between the PTL and the CL. In fact, this was ach-
ieved analogous to the aforementioned ex situ experiments due
to a reduction of the HFR with increasing current density from 6
up to 9 mU cm2 (see Fig. 3a). Thus, the HFR improvement
accounts for about two thirds of the total improvement.

Consequently, the missing one third has to be assigned to
other overpotentials. When considering the differentiation of
J. Mater. Chem. A, 2020, 8, 4898–4910 | 4901
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Fig. 3 (a) Polarization curves and area specific HFR. (b) Tafel-plot and
corresponding (extrapolated) Tafel-lines. The Tafel-lines are fitted
between 10 and 100 mA cm�2. (c) The difference between the HFR-
free cell voltage and the extrapolated Tafel-lines, i.e. mass transport
overpotentials.
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the total overpotential into the three major types of over-
potential, then either the kinetics or the mass transport must be
improved along with the ohmic part. To further distinguish
these two types of overpotentials, an analysis based on the
Butler Volmer approach and transition state theory is applied.30

Thus, the HFR-free cell voltage is plotted against the current
density in a so called Tafel-plot and the Tafel-line is tted in the
linear region where the mass transport losses are assumed to be
negligible, i.e. between 0.01 and 0.1 A cm�2. It should be noted
4902 | J. Mater. Chem. A, 2020, 8, 4898–4910
that, by denition, the kinetics are then completely assigned to
the rate-determining step within the oxygen evolution reaction
due to its sluggish reaction kinetics compared to the faster and
quasi-reversible hydrogen evolution reaction kinetics.31,32 For
details of the applied overpotential breakdown method, please
have a look at ref. 15.

With respect to the OER kinetics, it is difficult to determine
any difference due to the laser-structuring, as the Tafel slope is
about 49 � 1 mV dec�1 and the apparent exchange current
density is about (4 � 1) � 10�8 A cm�2 for all investigated cells.
At most, there is a trend towards a negligibly small improve-
ment, which lies within the error deviation, in the form of
reduced OER overpotentials and Tafel-slopes due to laser-
structuring (Fig. 3b). In order to be able to make a more
precise statement, however, further series of measurements are
required. Nevertheless, such an improvement is conceivable, as
the results of Schuler et al.22 have shown a dependency when
signicantly changing the PTL ber diameter and porosity.
Consequently, and somewhat surprisingly, the missing one
third of the total improvements can be assigned to the mass
transport overpotential.

The mass transport overpotential is determined by the
difference between the HFR-free cell voltage and the extrapo-
lated Tafel-line and is shown separately in Fig. 3c. For all cases,
the corresponding equivalent mass transport resistances reduce
with increasing current density, e.g. for the cells with pristine
PTLs from about 18 to 15 mU cm2 and for the cells with laser-
structured PTLs from about 14 to 10 mU cm2. Thus, a qualita-
tively similar curve progression of the resulting ohmic over-
potential can be observed, which slightly changes from an
almost linear to a more logarithmic increase with increasing
current density. It should also be emphasized that the laser-
structuring of the PTL surface towards the CL results in
a signicant reduction in the mass transport resistances of just
over 4 mU cm2 over the entire current density range.

In summary, the laser-structuring of the PTL surface towards
the CL increased the BOT cell performance, e.g. at 4 A cm�2 of
about 58 mV. Throughout the entire current density range, the
corresponding equivalent cell resistance is reduced by about 9
to 15 mU cm2 (from low to high current densities). The bene-
cial effects can be assigned to the ohmic losses and to the
mass transport losses with a share of approximately two thirds
and one third, respectively. The results of the i/E-curves are in
line with the ones of the EIS-measurements, as discussed below.
However, two questions now arise: (i) can the improvement be
maintained, i.e. is the system stable? (ii) What are the under-
lying phenomena leading to the improvement. The rst ques-
tion will be answered in the following section by performing
a short-term stress test.

Short-term stress test. To date, no accelerated stress tests for
PEMWE cells are available, which have been validated and
accepted by the community.5 Therefore, a specically developed
measurement protocol is used. As originally reported in ref. 27, it
includes repeating constant current density phases at 4 A cm�2,
each lasting for approximately 30 hours. The HFR is furthermore
measured every ve minutes. As highlighted in Fig. 4a with “EC”,
in between these phases an electrochemical characterization
This journal is © The Royal Society of Chemistry 2020
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phase with each three cycles of i/E-, EIS- and CI-measurements
are performed. Thus, the durability of the cells is investigated
at relatively high current densities respectively cell voltages for up
to 150 hours (depending on the sample).

Similar to the results of the aforementioned overpotential
analysis at the BOT, a signicant and consistent reduction in
the cell voltage of about 60 mV is noticed for the L-PTLs,
compared to the P-PTLs, during the 30 h periods at 4 A cm�2.
Interestingly, this difference seems to be relatively stable across
the individual 30 h cycles. However, irrespectively of the offset,
the cell voltage curves of the pristine and the laser-structured
PTL show qualitatively analogous behavior.
Fig. 4 Short-term stress test at 4 A cm�2 for several 30 h periods with res
free cell voltage. The corresponding real degradation rates are shown
between the first measurement point of the next 30 h phase and the first
mean an actual worsening and negative valuesmean an actual improveme
are electrochemically characterized using i/E-curves and EIS-measurem

This journal is © The Royal Society of Chemistry 2020
Within each constant current density phase, the cell voltage
usually increases over time. However, when applying the elec-
trochemical characterization phase, during which smaller
current densities/cell voltages are applied, and switching back
to the prior current density level, it can be observed that the cell
voltage is reduced. This phenomenon is discussed hereinaer
using the terms apparent degradation and real degradation. In
literature, the terms reversible and irreversible are oen used
for this purpose. In this work, the real degradation is dened as
the difference between the rst measurement point of the next
30 h phase and the rst measurement point of the previous 30 h
phase. Thus, the real degradation rate quanties the cell voltage
pect to (a) the cell voltage, (c) the ohmic overpotential and (e) the HFR-
in (b), (d) and (f), respectively. The real degradation is the difference
measurement point of the previous 30 h phase, hereby positive values
nt of e.g. the cell voltage (cf. text). In between the 30 h periods the cells
ents, as indicated in (a) with “EC”. The BOT is also highlighted in (a).
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Fig. 5 (a) HFR-free cell voltage and extrapolated Tafel-lines at BOT
and after the first 30 h period at 4 A cm�2, i.e. 47 h, and (b) the cor-
responding difference in HFR-free cell voltage.
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losses that cannot be recovered without further effort. In
contrast to the real degradation rate, the apparent degradation
rate, adapted from PEM fuel cell literature (see e.g. ref. 33–35), is
the difference between the last and the rst measurement point
at each constant current phase, normalized to the correspond-
ing 30 h period, and corrected by the corresponding real
degradation rate.

The rate of the real degradation with respect to the cell
voltage is shown in Fig. 4b. It can be observed, that the real
degradation rate with respect to the cell voltage is qualitatively
and quantitatively similar to a large extent for all samples. It
should be noted that here positive values represent an actual
worsening of the cell voltage and accordingly negative values an
actual improvement, since both degradation and so-called
running-in processes take place concurrently. The difference
between the cells with pristine and with laser-structured PTLs is
increasingly diminishing in size. Whether this trend would
continue and for how long is of great interest, but, unfortu-
nately goes beyond the scope of this work. Quantitatively, the
values are in line with previous results.27 In contrast, the
apparent degradation rate of the laser-structured PTLs seem to
be even smaller either due to the laser treatment or due to the
simple fact that they operate at lower cell voltages.

To further elucidate the origin of the 60 mV improvement,
the individual overpotentials are analyzed in Fig. 4c–f. With
respect to the ohmic overpotentials of each two cells with
pristine and with laser-structured PTLs shown in Fig. 4c, a total
improvement of about 40 mV can be observed. Most of the
degradation rate with respect to the cell voltage can be assigned
to the ohmic region, as shown in Fig. 4b and d. Consequently
and similar to before, the remaining one third of the improve-
ment is located in the HFR-free cell voltage, as shown in Fig. 4e.
In contrast, the corresponding degradation rate with respect to
the HFR-free cell voltage is in the positive value range at each
measuring point for all cells.

To better understand the ongoing changes and to look more
closely into the changes in the kinetic and mass transport
region, the i/E-curves, including HFR-measurements and EIS-
measurements from 100 kHz to 100 mHz, are analyzed again.
The corresponding points in time are of these individual elec-
trochemical characterization phases and are highlighted with
“EC” in Fig. 4a.

While hardly any differences can be seen in the kinetics
during the short-term stress test, signicant changes in the
mass transport overpotential are observed, as shown in Fig. 5a
in the form of HFR-free polarization curves together with the
corresponding extrapolated Tafel-lines. It should be noted, that
here only the results at the BOT and aer the rst 30 h (i.e. 47 h
total testing time) constant current density period at 4 A cm�2

are compared, as unfortunately data is not available for all cells
at later times. Furthermore, the HFR-free cell voltage difference
between the two measurement points is provided for each
sample separately in Fig. 5b. It can be highlighted, that the
observed degradation shows a pseudo-linear behavior with the
current density and a corresponding resistance increase of
about 2–3 mU cm2 above about 2 A cm2. In comparison to the
laser-structured PTLs a tendency towards slightly lower
4904 | J. Mater. Chem. A, 2020, 8, 4898–4910
degradation rates is observed for the pristine PTLs. Thus, the
improvements in the mass transport resistance due to the laser-
structuring at relevant current densities are slightly reduced
from about 5 to 4 mU cm2 from BOT to the 47 h benchmark.

The following paragraphs consider the changes across the
entire stress test with the help of EIS-measurements. Therefore,
the relatively well determinable HFR, the low frequency resis-
tance (LFR) and the difference between both, i.e. the charge
transfer resistance, are considered, as shown in Fig. 6a. A more
in-depth analysis using e.g. electrical equivalent circuits is
postponed due to different and partly contradictory interpre-
tations of the capacitive effects, as discussed in ref. 36. In any
case, the HFRs measured at representative current densities of
0.1, 0.4, 1 and 4 A cm�2 are shown in Fig. 6c to f. In Fig. 6b the
difference between the LFR and the HFR, determined at the
same current densities, is compared. The HFR is typically ob-
tained at approximately 3 kHz, the LFR at approximately 1 Hz.
For illustration, also full spectra of EIS-measurements at
1 A cm�2 of the P2 and L2 cells at BOT and aer 117 h are shown
in the rst quadrant of a Nyquist plot in Fig. 6a.

The previously mentioned reduction in the HFR at the BOT
of about 5–9 mU cm2 at technically relevant current densities is
visible again. Later on this difference decreases slightly to e.g. 5–
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Nyquist plot shows exemplary EIS measurements for cells with the pristine P2-PTL and the laser-structured L2-PTL at 1 A cm�2. The
HFR is usually obtained about at 3 kHz, the LFR at about 1 Hz. Fits are mere guide-to-the-eye. (b) The difference of the LFR and the HFR, i.e. the
charge transfer resistance, at indicated, representative current densities for all cells as a function of the operating time. In (c) to (f) the HFR
measurements for all cells are shown at 0.1 A cm�2, 0.4 A cm�2, 1 A cm�2 and 4 A cm2, respectively.
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6 mU cm2. It can be highlighted, that the improvement of the
HFR is relatively stable over the entire short-term stress test. In
contrast, with respect to the charge transfer resistance (LFR-
HFR, Fig. 6b), a reduction of about 2 mU cm2 is obtained at
relevant current densities and operating time.

In summary, the results of the initial overpotential analysis
at the BOT can also be largely conrmed when applying a short-
term stress test of up to 150 hours at 4 A cm�2. The maintained
improvements occur in the ohmic and mass transport resis-
tances and amount to about 6 and 2mU cm2 or three quarters to
one quarter, respectively. Of course, a further investigation of
the inuence of the laser-structuring of the PTL surface on the
durability over a practically relevant time frame of several
months to years is of great interest, but unfortunately beyond
the scope of this work. Instead, morphological and structural
changes both of the PTL and CL surface at their interface are
discussed in the next section to better understand the electro-
chemically measured differences.
Physical characterization aer cell tests

Both the electrical ex situ tests and the electrochemical oper-
ando cell tests prove that the laser-structuring has benecial
inuences towards the ohmic overpotential, namely the elec-
trical interfacial contact resistances, and the mass transport
overpotential. Keeping in mind the morphological changes due
This journal is © The Royal Society of Chemistry 2020
to the laser treatment of the PTL surface towards the CL (cf.
Fig. 1), it is of interest whether or not there are changes between
before/aer cell tests and different changes between the pris-
tine and laser-structured titanium samples. Such changes are
conceivable as a result of stresses of e.g. mechanical, chemical
and electrochemical nature. Next to the PTL, the anodic CL is
also investigated to complete the impression of their interface.
For the physical characterization, the cells P2 and L2 are
selected and serve as reference, since both were examined for
the same duration of about 120 h in the short-term stress test.

SEM-images aer cell tests are shown in Fig. 7. At the gure's
top row, the pristine and at the bottom row the laser-structured
PTLs are presented. With respect to the pristine PTLs, marked
difference between the region underneath the ribs (shown here
in Fig. 7 top) and the channels (shown in the supplemental
material in Fig. S1†) is noticeable. Deposits of the CL are found
almost exclusively underneath the ribs of the ow eld in the
form of tiny akes in the nanometer range up to larger, ripped
lump in the micrometer range. This can be explained due to
a gradient of the contact pressure from the region underneath
the ribs to the region underneath the channels (cf. ref. 17).
Thus, underneath the channels no signicant change can be
detected from before to aer the cell tests. In contrast, for the
laser-structured PTLs little to no deposits of the CL are to be
found anywhere. Consequently, no difference is ascertainable
J. Mater. Chem. A, 2020, 8, 4898–4910 | 4905
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Fig. 7 SEM-images after PEMWE-cell tests of the PTL surface towards the CL underneath the rib for the pristine PTL (top) and laser-structured
PTL (bottom) each at magnifications of 100�, 500� and 1000�, from left to right. Deposits of the CL are seen as brightly shimmering flakes only
in the pristine PTL images. These deposits are increasingly visible underneath the ribs of the flow field here (cf. SEM-images below the channels in
Fig. S1†), as the contact pressure is significantly higher. In contrast, little to no deposits of the CL can be identified for the laser-structured PTL.
Consequently, no differences between the region below the ribs and channels of the flow field can be found. The SEM-images correspond to the
aforementioned PEMWE-cell test results obtained with the samples P2 (pristine PTL) and L2 (laser-structured PTL).
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between the region underneath the ribs and channels in this
way (Fig. 7 top and S1 in the ESI†). It can be highlighted that
only the bers of the pristine PTLs underneath the ribs adhere
to deposits of the CL. Consequently, the laser-structuring
prevents that the catalyst layer is pulled apart when the cell is
disassembled andmay offer a better reusability of the PTLs. The
underlying reason must be discovered in future work. On the
other hand, compared to the SEM-images of the laser-
structured PTLs before the electrochemical characterization,
the substructure made of tiny akes on the surface of the tips
are largely gone and a lamellar like structure can be observed.
The order of magnitude of this structure lies in the range of the
wavelength of the laser and corresponds to an enhanced
appearance of the LIPSS.28 With respect to the apparently van-
ished akes, it can be hypothesized that they are dispersed due
to the mechanical and/or electrochemical stress or that they are
deposited into the catalyst layer. More importantly however, the
laser-structured tips withstand the electrolysis conditions and
appear stable.
Fig. 8 SEM-images after PEMWE-cell tests of the anode side CCM surfac
laser-structured PTL (bottom) each at magnifications of 100�, 500� and
can be seen. This imprint is significantly less pronounced for the regions
the aforementioned PEMWE-cell test results obtained with the samples

4906 | J. Mater. Chem. A, 2020, 8, 4898–4910
Therefore, the question arises which morphological changes
can be seen on the opposite side of the anodic CL? In Fig. 8, top-
view SEM-images of the anodic CL show an imprint of the
pristine (top) and laser-structured (bottom) PTLs. In both cases,
a distinct difference between the region underneath the ribs
(Fig. 8) and the channels (Fig. S2†) of the ow eld is noticed
and can be directly explained again by the varying contact
pressure. Consequently, the imprint of the PTLs on the CL is
much more pronounced below the ribs. Thus, both small and
considerably larger cracks up to the micrometer range occur
next to the ber imprints in the pore space of the PTL. This
feature is caused due to mechanical stress as a result of a locally
inhomogeneous contact pressure, as described in e.g. ref. 22
and 37.

When observing the differences between the imprint of the
pristine to the laser-structured PTLs, the laser-structuring
clearly results in a much more rough and jagged CL surface.
At the ber interfacial contact area, the imprints of the tips can
be seen compared to the rather smooth, compressed imprint of
e underneath the rib of the cell with the pristine PTL (top) and with the
1000�, from left to right. For both samples a distinct imprint of the PTL
underneath the channels (cf. Fig. S2†). The SEM-images correspond to
P2 (pristine PTL) and L2 (laser-structured PTL).

This journal is © The Royal Society of Chemistry 2020
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the untreated samples. Thus, the anodic CL surfacemorphology
is not only cracked, serrated and expanded in the pore space of
the bers, but also at the interfacial contact area due to the
laser-structuring.

In the next section, the electrical, electrochemical and
physical results, which were predominantly considered indi-
vidually, are gathered and discussed all together in order to
better understand the observed inuences of the laser
treatment.

Discussion

Below the observed inuences of the laser treatment are dis-
cussed systematically on the basis of the main overpotentials.

With respect to the OER kinetics, little to no inuence is
observed, as long as no change in the OER mechanism with
increasing current density respectively overpotential is
assumed, i.e. only one Tafel-slope exists. Following this very
likely assumption, either the PTL/CL-interfacial contact area
does not inuence the kinetics at all or the inuence of such
a structuring in the sub-micrometer range is simply too small to
be determined in this way. The latter could even be underlined
by a relatively good performing material combination with
a relatively over-engineered catalyst layer with a loading of
about 2.5 mg Ir/cm2 and with a thickness of about 10–15 mm.
Quite conceivable would be a change in the utilization of the
catalyst layer as reported by Schuler et al.22 when drastically
changing the ber diameter and/or porosity of the PTL. This
circumstance may play an even greater role once low-loading
and thin catalyst layers are used, as the inuence of the in-
plane electrical resistance of the CL rises in this case (see e.g.
ref. 38).

In contrast, signicant improvements are found in the
ohmic and mass transport overpotential. The most likely and
straightforward explanation of the reduced ohmic overpotential
is due to an increase in the interfacial contact area between the
anode PTL and CL. The area-specic HFR reduction of at least 6
mU cm2 has been veried qualitatively by ex situ tests. A further
reduction could also be achieved by using a protective coating of
e.g. a thin iridium layer, as demonstrated by Liu et al.,39 or by
etching, as demonstrated by Bystron et al.40 In correspondence
with an increase in the specic interfacial contact area, a more
homogenous local current density distribution seems conceiv-
able. This might be measured on a slightly larger level using
current density mapping devices (see e.g. ref. 41 and 42).
Furthermore, it could be neither conrmed nor refuted, that the
intrinsic electrical contact resistance of the PTL changes due to
the laser-treatment. It can be hypothesized, however, that such
a possible change is already invalidated by a rather stable HFR
(improvement) over time during the aforementioned short-term
stress test.

Much harder to interpret are the benecial inuences
towards the mass transport overpotential with a reduction of at
least 2 mU cm2, as here many different types of losses are
merged. It would be conceivable that the much rougher and
jagged CL surface could decrease the transport path length or
improve the corresponding resistance of the supply of the liquid
This journal is © The Royal Society of Chemistry 2020
and gaseous water from the channel through the PTL bulk
towards the active site of the catalyst and the removal of the
dissolved oxygen through the ionomer phase and gaseous
oxygen through the pores in the opposite direction. Since the
gas crossover is apparently current density-dependent,43,44

complementary oxygen gas crossover measurements using non-
H2/O2-recombining cathodic catalyst could help to differentiate
between the different origins.45 However, even if it is the case
and these kind of mass transport resistances would be
completely eliminated, which is of course unrealistic, these
would amount to only a minor part of the observed voltage gain.
Therefore, the remaining transport processes, which mainly
take place in the pore space of the CL, PTL and in their inter-
face, come into focus. Here the much rougher and jagged
surface of the CL, both directly below the bers and in the pore
space in between, may promote the liquid water transport and/
or the gaseous oxygen and water transport. The proton trans-
port resistance in the CL, which is also part of the mass trans-
port losses determined in this manner, can itself be determined
via H2/N2-EIS-measurements considering a transmission line
model (see e.g. ref. 18). Even if typical minor compromises must
be made for PEMWE materials with regard to the humidica-
tion of the membrane and ionomer in the CL, Babic et al. have
already stated that the proton transport resistance in the CL is
inuenced by the choice of PTL with changes in the single-digit
mU cm2 range19 and by the catalyst loading in the CL respec-
tively its morphology.20 Thus, it can be hypothesized, that
changes in the mass transport overpotential originate in the
proton transport resistance in the CL. Complementary experi-
ments can conrm this. Of course, other losses in the mass
transport overpotential that have not yet been taken into
account can, of course, also be inuenced by the laser-
structuring.

Nevertheless, it can be summarized that both for the ohmic
and mass transport losses, it is likely that several superimposed
and possibly counteracting processes are inuenced by the
laser-structuring. More importantly, however, it turns out that
the PTL/CL-interface, at least at the anode, plays an important
and up until now mostly underrated role towards the perfor-
mance and efficiency of an electrolyzer. Consequently, even
more possibilities to further optimize the materials and
components used are hereby demonstrated. In addition, further
open questions still have to be addressed in ongoing work
dealing with e.g. the long-term stability, optimum laser-
parameters and optimum contact pressure among others.
Furthermore, the operating conditions should be extended
according to the identied development goals towards even
higher current densities, higher operating temperatures and
possibly even higher (anode) pressures to handle the pressure
depending apparent exchange current density and mass trans-
port losses.46,47

Conclusions

The importance of the interface between the anode porous
transport layer and the catalyst layer is underlined in this work.
Since the titanium-based PTLs are preliminarily designed for
J. Mater. Chem. A, 2020, 8, 4898–4910 | 4907
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needs in the lter industry, there is plenty of room for optimi-
zation for its application in the proton exchange membrane
water electrolysis technology.

In this proof of concept paper, we have demonstrated that
femtosecond laser-induced structuring of the bers on the
surface of the PTL, which is in contact with the catalyst layer,
signicantly improves the performance of the PEMWE cell.
While little to no effects are assigned to the oxygen evolution
reaction kinetics, benecial effects are seen in the ohmic and
mass transport overpotential. At the begin of test, the
improvements can be assigned with a share of two thirds to the
ohmic and one third to the mass transport overpotential. In the
subsequent short-term stress test, this share changes slightly to
three quarters to one quarter and remains stable at 4 A cm�2

during the 150 hours.
Thus, at the end of the test and over the entire current density

range up to 4 A cm�2, a reduction in the equivalent area-specic
cell resistance of at least 6 mU cm2 for the ohmic losses and of at
least 2 mU cm2 for the mass transport losses are observed. Along
with the physical characterization by means of scanning electron
microscopy, the improvements in the high frequency resistance
are assigned to reduced electrical interfacial contact resistances
due to the increase in the specic surface area of the PTL bers
contacting the CL. Whether other aspects, such as the (local)
current density and contact pressure distribution, are affected
remains to be investigated in follow-up work.

In contrast, it appears that the benecial effects in the mass
transport domain have been rather difficult to explain so far. On
the basis of the existing data and of the exclusion principle, the
liquid water transport to and the gaseous oxygen transport from
the active sites of the iridium-based catalysts seem responsible
for it. This hypothesis is particularly underlined with top view
SEM images of the CL surface aer cell tests, showing a much
rougher and jagged morphology, both below the bers and
below the pore space in between the bers of the PTLs
compared to the otherwise equivalent samples, which were in
contact with the pristine (or unmodied) PTLs. For a better
understanding, complementary experiments, e.g. investigating
the inuence towards the proton transport resistance in the CL
and towards the gas crossover, are planned.

In addition, to achieve a better fundamental understanding
of the origin of the improvements, the long-term stability over
weeks to months is also of technical interest. Just as important
is the systematic investigation of the probably material-
depending optimal laser-parameters. In closing, further
insight into the importance of the interface between catalyst
layer and porous transport layer could be obtained. It could be
conrmed that it is possible to further improve the efficiency of
the PEM water electrolyzer by further reducing the e.g. electrical
interfacial contact resistance. With this in mind, a new possi-
bility has been presented, which can be of great technical
relevance for material developers and stack designers in
particular.
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