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ABSTRACT

Conditioning of the membrane electrode assembly (MEA) is an important step to establish functionality and obtain a consistent
performance of the proton exchange membrane electrolytic cell (PEMEC) when setting it into operation. On a laboratory scale in an
academic context, conditioning encompasses primary pre-treatment of the MEA by chemical or thermal procedures under defined
mechanical conditions and, secondarily, the break-in procedure, during which the PEMEC is subjected to initial electrical loads
before actual operation. This study demonstrates the effect of MEA conditioning on the short-term performance of PEMEC. The
impact of mechanical, chemical and thermal conditions during pre-treatment was investigated for Nafion N115-based MEAs while
keeping the break-in procedure invariant for all pre-treatment conditions. The electrochemical characterisation was performed
using polarisation curves and electrochemical impedance spectroscopy. The impact of ex situ-before assembly of the cell-versus
in situ-after assembly of the cell-conditioning resulted in markedly different mechanical conditions. The experimental results
showed an improvement in PEMEC performance by pre-treating the MEA after cell assembly. Compared to pre-treatment with
deionised water (DI water) at 60°C, treatment with acidic solution improved the performance, evidenced by a 21 mV reduction in
cell voltage at 2 A-cm~2. When compared with DI water at 60°C, a pre-treatment at 90°C with DI water reduced cell voltage by
23 mV.

1 | Introduction of up to 80%-90% under low temperature operation 20°C -80°C,

compact balance of plant, efficient scalability, highly dynamic

To ramp up a green hydrogen economy [1-3], proton exchange
membrane (PEM) water electrolysis is generally considered as
key enabling technology for chemical energy storage via power-
to-gas and power-to-liquid processes [4]. PEM water electrolysis
has several attractive features, such as its high energy efficiency

and fast response assuring compatibility with intermittently avail-
able renewably generated power [5, 6]. Although this technology
is already commercially available, challenges remain related to
low-cost manufacturing and degradation of the cell components.
In order to characterise alternative cell component materials and
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predict the lifetime under reliable operating conditions, a univer-
sal method to define the steady state at the beginning of operation
(BOO) of a running electrolyser is urgently needed. During the
BOO phase, the performance of the electrolyser is volatile because
the system needs time to fully stabilise. Therefore, stable voltage
should be considered when comparing different alternatives of
cell materials and calculating the degradation rate instead of the
voltage at the BOO.

In the BOO phase, the performance of PEM electrolytic cell
(PEMEC) might be inconsistent, which can be optimised by
properly conditioning the membrane electrode assembly (MEA).
The MEA is an indispensable component of PEMEC, which is
comprised of a primary inner layer, the PEM. This membrane
is coated with a typically iridium-based catalyst on the anode
side, whereas platinum-based catalysts are typically used on the
cathode side. Conditioning of the MEA is a very diverse process,
which is already actively utilised in PEM fuel cells [7-11]. This
field is also the subject of recently published studies, and some
insights have already been gained. For PEMFC applications,
the removal of solvents from production and the changes in
the catalyst layer ionomer appear to be relevant factors in the
activation process [12]. Furthermore, several publications show
that the constant voltage method is a faster and more gentle
conditioning method for fuel cells than the constant current
method. This is explained by less agglomeration of the platinum
nanoparticles in the cathode catalyst layer and less reduction of
the electrochemical surface area of the activated MEA [7, 13].
In the field of PEM electrolysers, EIS and Tafel slope have been
used to show that both ohmic and activation overvoltage losses
decrease after conditioning [14]. However, its implementation
in PEMEC is quite minimal so far. The European Union (EU)
has recommended a list of harmonised protocols regarding cell
design, characterisation and evaluation of electrolysis systems
to further develop the PEMEC technology [15-18]. Nevertheless,
no standard method in the context of MEA conditioning has
been highlighted [18]. For both the galvanostatic operation at
1 A-cm~ [19] and the potentiostatic operation at 1.8 V [20], a
decrease in cell performance can be observed during the first
hours of operation. In contrast, other researchers observed an
improvement in performance in galvanostatic operation at the
start of the experiment [21]. Of course, all operating parameters
and MEA properties, such as membrane type and catalyst load-
ing, must also be considered when evaluating these changes. It
can be concluded that the use of conditioning procedures is not
yet consistently used in PEM electrolysis research and can be a
reason for deviations between experimental results.

Another study has emphasised the high-priority need for con-
ditioning and standardisation by conducting a round-robin test
effort at five different laboratories. Although the same charac-
terisation and hardware framework were employed, differences
in the results were noted [22]. The benefits of utilising condi-
tioning in PEMEC, particularly in reducing ohmic resistance
and activation overpotential losses, have been demonstrated in
previous studies [14]. Further investigations into the changes in
the mechanical properties of the MEA during pre-treatment were
also conducted [23].

In this study, we address the conditioning as an initial processing
step to ‘activate’ the MEA [24] and prepare it for optimal perfor-

mance. For activation, the MEA was hydrated via a ‘pre-treatment
procedure’ and electrochemically activated via a ‘break-in pro-
cedure’. Pre-treatment may include the exposure of the MEA to
hot or cold water and thereby exerting thermal impacts on the
MEA. Alternatively, the exposure with H,0, and acidic solution
of H,SO, may induce chemical impacts [11, 25]. On the other
hand, during the break-in procedure, either galvanostatic or
potentiostatic mode is applied for a defined time to stabilise the
PEMEC operation [22, 26, 27]. In this work, we discuss how
differences in the conditioning procedure influence the short-
term electrochemical performance of a PEMEC. We propose that
the mechanical, chemical and thermal conditions applied during
the pre-treatment significantly affect the contact resistance and
membrane conductivity. In situ conditioning, which allows for
membrane swelling under confined conditions, leads to an
improved contact area with the PTLs. The combination of ther-
mal and chemical pre-treatment can enhance the membrane’s
proton conductivity, contributing to a decrease in ohmic resis-
tance and overall cell voltage during constant current operation.

2 | Experimental

The water electrolysis experiments were performed on an in-
house built single cell, shown in Figure 1. Four electrolysis cells
were operated simultaneously with four commercial HYDRion
MEAs, purchased from Ion Power GmbH. The MEA comprises
a Nafion N115 membrane with a catalyst loading of 1.0 mg/cm?
IrOx on the anode side and 0.3 mg/cm? Pt on the cathode side.
Nafion was used as a binder in the catalyst layers. The active area
of the MEA is 4.4 x 4.4 cm?. For the anode side, one layer (250 um
thick) of the CURRENTO 2GDLI10N-0.25 porous transport layer
(PTL) was utilised. Both sides of PTL were platinum-coated,
with the coating thickness specified as 0.2 um, provided by the
manufacturer NV Bekaert SA. For the cathode, one layer of PTL
of Toray carbon paper TGP-H-60 sourced from Alfa Aesar was
utilised. The remaining cell components were based on an in-
house cell design. The bipolar plates, featuring a parallel flow
field design, were made of titanium grade 2. The anode side of
these plates was coated with platinum with a nominal thickness
of 2.5 um, whereas the cathode side was coated with gold with
a nominal thickness of 2.5 um. These coatings were applied by
METAKEM GmbH. To avoid leakage of the cell, PTFE gaskets
were used. The thickness of the gaskets was matched to the
thickness of the PTLs, with a thickness of 200 pm for the anode
and 300 um for the cathode. Stainless steel was used to fabricate
the end plates. The applied torque for clamping the cell was 5 Nm.

2.1 | TestStation

Four test stations were developed in-house and installed to
conduct four experiments concurrently. Figure 2 shows the
schematic diagram of one test station. Each side of the cell was
individually heated by a pair of heating rods, which are regulated
by a single temperature sensor per side. The gas-liquid separators,
serving as water reservoirs, were heated and controlled by PTFE-
coated temperature sensors. All heating devices were purchased
from Pohltechnic.com GbR. The peristaltic pumps in the system
include a pump drive and stainless-steel pump heads from
Masterflex. The internal tubing of the pumps is composed of
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FIGURE 1 |

Components of a dismantled laboratory-based single cell proton exchange membrane electrolytic cell, including: (1) end plate, (2) flow

field (anode), (3) flow field (cathode), (4) porous transport layer (anode), (5) porous transport layer (cathode), (6) sealings, (7) water inlet/outlet, (8)
electrical isolation and (9) connection for power cable. The commercially bought membrane electrode assembly was compressed between the anode

and the cathode components of cell.
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FIGURE 2 |

Norprene, whereas the external tubing is made up of PTFE. The
design of the equipment allows to set operating parameters such
as flow rate and temperature in a workflow and control them
automatically during the experiment. The electrochemical mea-
surements and power supply were facilitated by VMP-300 poten-
tiostats from Biologic, each equipped with 6 X 10 A boosters and a
single electrochemical impedance spectroscopy channel per cell.

2.2 | Conditioning Procedures

Four different pre-treatment procedures were investigated by
using the same break-in procedure, summarised in Figure 3. In

Schematic diagram of in-house developed test station to operate single PEMEC.

the first procedure, the MEA was first assembled in the cell and
then hydrated in situ with deionised water for 12 h at 60°C. In
the second procedure, the MEA was initially soaked in deionised
water for 12 h at 60°C ex situ, followed by assembling it in
the cell under a wet state. The comparison between these two
procedures should provide insight into mechanical effects on the
MEA during conditioning. In the next procedure, the MEA was
assembled in the cell and pre-treated in situ similar to references
[11, 22, 26], by supplying hydrogen peroxide (H,O,) for 1 h,
deionised water for 1 h, 0.5 molsL ™! sulphuric acid (H,SO,) for
1 h, and subsequently deionised water for 12 h at 60°C. The
comparison between the pre-treatment procedures with water
and acids can help to understand the chemical impacts on the
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Conditioning

Pre-treatment

12 h in DI-Water

Break-in

at60 °C

in-situ (after cell assembly)

12 h in DI-Water

LAl at 60 °C Temperature: 60 °C
ex-situ (before cell assembly) . .
Current density raised
- gradually as follows:
A hhi:m*zs% 0.5Acm2 > 1.0Acm™
chemical L=y » 1.5Acm?p» 20Acm™
12 hin DI-Water
at60°C ;
12 h at each current densi
in-situ (after cell assembly) ty
12 h in DI-Water
h |
therma at 90 °C
in-situ (after cell assembly)
FIGURE 3 | Overview of explored conditioning procedures. Each procedure was applied on pristine membrane electrode assembly. [Correction

added on April 2, 2025, after first Online publication: figure 3 has been updated in this version.]

MEA during conditioning. In the last procedure, after assembling
in the cell, the MEA was subjected in situ to hydration with
deionised water for 12 h at 90°C. The comparison between the pre-
treatment procedures at 60°C and 90°C is intended to investigate
the thermal impacts on the MEA during conditioning. After
pre-treating the MEA, the break-in procedure was applied by
installing the PEMEC in the respective test stand and circulating
high-purity water with a flow rate of 0.05 L-min ! continuously on
both sides of the cell; the anode and the cathode. Four different
current densities, 0.5, 1.0, 1.5 and 2.0 A-cm™2, were applied to the
cell for 12 h each in an ascending order. Each cell was operated at
60°C. For each of the four current density steps, electrochemical
impedance spectroscopy measurements were carried out at the
current density of the corresponding step and each lower current
density. Afterwards, a polarisation curve from 0.0001 A-cm~2 up
to the current density of the corresponding step was measured.
The current density was then kept constant at the corresponding
step for 3 h. This process was repeated three times. Then, the
next current density was applied, and the above-mentioned steps
were repeated until the operation at all four current densities was
completed. An illustration of break-in procedure is presented in
Figure S1.

2.3 | Electrochemical Characterisation

Each cell was electrochemically characterised via recording a
polarisation curve (IV-curve) and electrochemical impedance
spectroscopy (EIS). Polarisation curves were measured in gal-
vanostatic mode by increasing current densities in a stepwise
manner and holding each step for a duration of one minute.
The potential was recorded every second, but only the last ten
data points for each applied current density step were utilised for
analysis. To achieve a high resolution at low current densities,
the step size was increased logarithmically. The lowest current

2, which was incrementally

-2

density applied was 0.0001 A-cm™
increased up to 0.001 A-cm~2 with a step size of 0.0001 A-cm
Between 0.001 and 0.01 A-cm~2, the step size was 0.001 A-cm~2;
between 0.01 and 0.1 A-cm™2, it was 0.01 A-cm™2; and between
0.1 and 2 A-cm™2, it was 0.01 A-cm~2. The shunt was switched at
0.01 A-cm™ to enhance resolution at very low current densities.
Moreover, EIS was performed in galvanostatic mode at regular
intervals during the experiments. The applied direct current (DC)
density varied depending on the corresponding break-in stage,
being either 0.5, 1.0, 1.5 or 2.0 A-cm~2. According to the literature
the alternating current (AC) amplitude is set to 10% of the DC
current [28], and the frequency ranged from 500 kHz to 0.1 Hz.

3 | Results and Discussion
3.1 | Mechanical Impact

This section presents the electrochemical characterisation of two
MEAs that were pre-treated either before (in the following: ex
situ) or after (in the following: in situ) cell assembly using
deionised water. Figure 4a shows the voltages recorded during
the galvanostatic break-in procedure as a function of time. It is
evident that, even at 0.5 A-cm™2, lower voltages were measured
for the MEA pre-treated in situ. The voltage gap between the
two MEAs further increases as the current density increases.
This change in voltage is also observed in the polarisation
curves, shown in Figure 4b. Clearly, the voltage gap expands
by increasing the current density [29], resulting in a difference
of approximately 30 mV at a current density of 2 A-cm~2. This
might be related to the time needed to reach steady state. A
time-dependent effect would suggest continuous formation of
additional proton-conductive water channels, thereby enhancing
proton conductivity and reducing ohmic resistance [30]. How-
ever, multiple polarisation curves (Figure S2) during each current
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FIGURE 4 | Comparison of the break-in procedure between the MEAs pre-treated after (blue) and before (orange) cell assembly. (a) Cell voltage

recorded throughout time, (b) polarisation curves measured at the end of break-in, (c) impedance measured at different current densities for the MEA
hydrated after cell assembly, (d) impedance measured at different current densities for MEA hydrated before cell assembly, (e) comparison of impedance
for both MEAs at 2 A-cm~2 and (f) ohmic resistance and charge transfer resistance calculated after fitting the impedance spectra via an equivalent circuit

model. [Correction added on April 2, 2025, after first Online publication: figure 4(f) has been updated in this version.]

density step indicate no significant changes, suggesting that the
ohmic resistance for each MEA remains constant within the
measurement accuracy. Therefore, the voltage gap between two
MEAs can be attributed to a change in ohmic resistance caused
by the pre-treatment procedure.

To validate that the difference in pre-treatment procedures
influences the ohmic resistance, EIS was performed before
measuring polarisation curves. Figure 4c,d shows the Nyquist
plots (imaginary vs. real part of impedance) for both MEAs,
respectively. The capacitive part of each plot consists of only
one depressed semicircle at each applied DC current density that
allows us to determine the ohmic resistance (Rg) from the high-
frequency intercept and the charge transfer resistance from the
low-frequency intercept (Rqr). Both parameters were calculated

1 RQ | RCT e
CPE¢r
NN
77/

FIGURE 5 | Equivalent circuit model used to fit the depressed
semicircle for all pre-treatment procedures. Here, Ry represents the
ohmic resistance, Rcr stands for the charge transfer resistance and CPEct
denotes the constant phase element.

by fitting an appropriate equivalent circuit model, shown in
Figure 5. Both plots represent that by increasing the applied DC
current density, the R.; decreases substantially, which can be
calculated by the Butler-Volmer equation [31]. In contrast, the R,
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decreases slightly. Figure 4e shows a comparison of impedance
spectra at 2 A-cm™2. By fitting the spectra, the R, for the MEAs
pretreated in situ and ex situ were calculated as, 8.07 and 8.73 mQ,
respectively. Figure 4f depicts a comprehensive view of the R,
and the R for both MEAs at different current densities. The
change in R is rather minor, while in the R, is approximately
8.1%. This discrepancy in the R, may be attributed to the contact
resistance between the cell components. The ionic conductivity of
the membrane essentially relies on its hydration state [32], which
differs with the change in the number of water molecules per
sulphonate group.

For instance, 3 water molecules represent the lower hydration
state, 20 water molecules reflect the intermediate hydration state
and beyond 20 water molecules define the higher hydration state
[33]. The membrane’s swelling behaviour transforms upon the
hydration state characteristic, hence tailoring the mechanical
properties of the membrane [34-36]. Since both MEAs were sub-
jected to the same temperature during the pre-treatment, we pre-
sume that there is no difference in their hydration states [37, 38].
However, the MEA pre-treated in situ was hydrated under a con-
strained environment (after cell assembly; confined within cell
geometry), and the MEA pre-treated ex situ was hydrated under
an unrestricted environment (before cell assembly; no external
constraint). Due to these distinctions, it is possible that both
MEAs have different swelling ratios, not only along the in-plane
dimension but also along the through-plane dimension. This may
influence the contact resistance between MEA and PTLs.

Figure 6 exemplifies how the contact between MEA and PTL
could develop when assembling the PEMEC. The PTLs are
featured with an inhomogeneous surface comprising tiny crowns
and cavities. Hence, the MEA pre-treated ex situ may merely
establish the contact with the crowns, leading to higher contact
resistance. On the contrary, the expansion of the membrane under
a confined environment might have emerged as an improved
contact between the MEA and the PTLs on both sides, anode
and cathode, illustrated in Figure 6a. Within this context, the
catalyst particles drive into the porous surface of the PTL by the
mechanical force and possibly increase the contact area. Another
factor that can improve the contact between MEA and PTL is an
increase in clamping pressure. Insights from a study of 2019 high-
light the critical role of PTL microstructure, including porosity, in
contact resistance and electrochemical performance. In line with
these findings, the different contact behaviour between the MEAs
can be attributed to the varying deformation and expansion of the
membrane during conditioning. The improved contact area for
the in situ conditioned MEA could thus be facilitated by a porous
PTL structure, allowing the ionomer-containing catalyst layer to
expand in the cavities, contributing to enhanced electrochemical
performance [39, 40]. However, experimental findings suggest
that the compression pressure applied during PEMEC assembly
does not have a substantial impact on the contact resistance [23].
A recent simulation study demonstrated in an illustrative way the
stress and strain that a MEA encounters during cell assembly. The
deformation of the MEA responsible for the decrease in R, was
mainly related to the water uptake and swelling of the MEA rather
than the clamping pressure during cell assembly [41]. Another
investigation reveals that while the MEA expands, the PTLs also
undergo compression [23]. The electrical resistance of the PTL
decreases due to the compression and the reduced porosity [42].

This implies that the contact resistance between the MEA pre-
treated in situ and the PTLs decreases due to the swelling of
the MEA and compression of the PTLs. Only a fraction of these
advantages can be utilised in the MEA pre-treated ex situ, which
was initially able to expand without restriction and has only a
little expansion potential after subsequent cell assembly.

3.2 | Chemical Impact

The pre-treatment of the MEA with sulphuric acid has already
been explored, initially in PEM fuel cells [11] and later also
in PEM electrolysers [31], because it improves the ion con-
ductivity by increasing the number of protons of the Nafion
membrane. Applying this procedure in a modified way, a pristine
MEA was pre-treated with H,0, and H,SO, (in the following:
acidic). Figure 7 represents the comparison of electrochemical
results between the MEA pre-treated with water in situ at 60°C
(deionised water) and the MEA pre-treated with acids in situ at
60°C (acidic). The voltage versus time plot shows that the MEA
pre-treated with acids generated lower cell voltages compared
to the MEA pre-treated with deionised water, as shown in
Figure 7a. This means acidic pre-treatment has improved the
PEMEC performance, which can also be seen in terms of the
polarisation curve in Figure 7b. Here again, the gap between the
two voltages slightly broadens with increasing current density.
Figure 7f depicts the change in R, (calculated via the equivalent
circuit model) by changing the current density for both MEAs.
This direct comparison indicates that R, of the MEA pre-
treated with acids starts to mildly decrease beyond 1 A-cm~2,
which provides the rationale for the voltage gap stated above.
Considering the accuracy of the EIS measurement, the R, seems
to decrease by approximately 7.04% at 2 A-cm™2. On the other
hand, the difference in charge transfer resistance between both
MEAs exhibits only insignificant change, as shown in Figure 7e
and Figure 7f. This decrease in R, leads to a drop in cell voltage
of approximately 21 mV at 2 A-cm™2,

Generally, two conceivable mechanisms have to be distinguished;
either an acidic pre-treatment decreases the R, due to an increase
in ionic conductivity of the membrane or a decrease in contact
resistance between the MEA and PTLs. In literature, two possible
reasons for the positive effect of the acidic pre-treatment on
the Nafion membrane are outlined. Firstly, a pre-treatment with
H,0, removes organic contaminants on the catalyst surface
left from industrial MEA fabrication [43], thereby improving
contact resistance. Secondly, pre-treatment with H,SO, enhances
cell performance by replacing the metal cations like Na* [44]
bound in the membrane with the protons from the sulphuric
acid. Hence, the proton conductivity increases as the number
of mobile protons in the membrane increases [11]. Furthermore,
the reorganisation of the hydrophilic domains improves the ionic
conductivity of the membrane [45-47]. The pre-treatment of the
membrane either with DI water or with H,SO, influences the
membrane thickness in a similar manner [31]. Therefore, we
anticipate similar change in the thickness for both membranes
since the two MEAs were subjected to pre-treatment after the cell
assembly. Under this view, the decrease in R, mainly is ascribed
to the conductivity.
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surface area (red). For the MEA pre-treated in situ, the catalyst surface penetrates the porous surface of PTL due to MEA swelling upon hydration after

the cell assembly, which improves the contact area.

3.3 | Thermal Impact

Figure 8 presents a comparative view of two MEAs pre-treated in
situ at 60°C and 90°C concerning their electrochemical results.
Figure 8a shows the voltage versus time plot with a distinct
decrease in cell voltage at all applied current densities for the
90°C treated MEA. A comparable difference can also be noticed
in the polarisation curves, displayed in Figure 8b. Contrary to the
comparison described in Section 3.1 (Figure 4a) and Section 3.2
(Figure 7a), the voltage gap between the MEAs pre-treated at 60°C
and 90°C remains approximately constant over time (Figure 8a).
Figure 8c indicates a slight shift in R, whereas Figure 8d shows
no change in R,. However, accounting for the accuracy, the R, is
reduced by approximately 7.43% at 2 A-cm~2 by pre-treating the
MEA at 90°C (Figure 8f). This reduction leads to a decrease in cell
voltage of about 23 mV at 2 A-cm—2,

Comparing the experimental results of the MEA pre-treated in
situ at 60°C and 90°C, there are three questions that will be

considered in detail now: why did the R, reduce when comparing
the performance of the MEA pre-treated at 60°C and 90°C
(Question 1), why did the pre-treatment of MEA at 90°C not show
any change in the R, with increasing current density (Question 2)
and did the exerted temperature influence the contact resistance
due to thermal expansion (Question 3). It is well known that water
uptake of a NAFION membrane is dependent on temperature,
either subjected to humidity or immersed in the bulk water [38].
Contrary to the saturated water vapour, the water uptake in the
liquid water is higher [32, 48]. To equilibrate the membrane in
bulk water, water uptake varies with the pre-treatment procedure
[32, 48, 49]. The pre-treatment of a NAFION membrane with
deionised water at high temperature allows it to absorb more
water by increasing the accessibility of sulphonic acid sites to
water molecules, which enhances the number of water molecules
per sulphonic acid site. Consequently, the ionic conductivity of
the membrane enhances [48]. This could be a reason that the
MEA pre-treated at 90°C performed better than the MEA pre-
treated at 60°C. During electrolysis operation, the membrane also
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FIGURE 7 | Comparison of the break-in procedure between the MEAs pre-treated with deionised water (blue) and acidic solution (purple) after the

cell assembly. (a) Cell voltage recorded throughout time, (b) polarisation curves measured at the end of break-in, (c) impedance measured at different
current densities for the MEA hydrated after cell assembly, (d) impedance measured at different current densities for MEA hydrated before cell assembly,
(e) comparison of impedance for both MEAs at2 A-cm~2, (f) ohmic resistance and charge transfer resistance calculated after fitting the impedance spectra
via an equivalent circuit model. [Correction added on April 2, 2025, after first Online publication: figure 7(f) has been updated in this version.]

further hydrates if it was not fully hydrated before. Therefore,
the absence of a change in R, at different current densities of
the MEA pre-treated at higher temperature can be attributed to
the fact that during the pre-treatment at 90°C, the MEA possibly
became fully hydrated.

An increased temperature can not only improve the water absorp-
tion of the MEA but also further reduce the contact resistance of
materials due to their thermal expansion [23]. However, this effect
can only take place if the PTLs have not already reached their
maximum compression due to the swelling of the MEA because of
their water absorption, and no further reduction in PTL thickness
is possible [23]. In this work, the same carbon paper and the same

titanium material were used for the anode and cathode PTLs. But
in comparison, the thicknesses of the PTLs, the sealings and the
applied clamping pressure are different.

These factors may have an impact on the compression of the PTL
layers, and it must be verified for each case individually whether
the maximum PTL compression was achieved or not. Based
on the measured data, the individual impacts of the protonic
conductivity of the membrane and the electrical resistances of the
other cell components on the ohmic resistance cannot be accu-
rately resolved. For future experiments, a precise compression
measurement of a real operating electrolysis cell should be used
to answer this question.
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3.4 | Overall Comparison

Figure 9 displays the comparison of all pre-treatment procedures
applied. The change in cell voltage is drawn from polarisation
curves, and ohmic resistance is evaluated from equivalent circuit
fittings. In comparison to the MEA pre-treated in situ with water
at 60°C, the best performance was obtained by the pre-treatment
in situ with acids at 60°C and the pre-treatment in situ with
deionised water at 90°C. Only a marginal benefit can be noticed
for the pre-treatment at elevated temperatures in comparison
to the pre-treatment with acids. However, the acid treatment
may influence the characteristics of the other cell components
if a high concentration of hydrogen peroxide and sulphuric
acid would be used. Comparing only the four pre-treatment
procedures investigated in this study, pre-treating the MEA after

cell assembly with deionised water at 90°C seems to be the best
way to obtain a high performance of the PEMEC during short-
term operation. Nevertheless, these pre-treatment methods are
not feasible in large-scale industrial applications according to the
current state of the art.

4 | Conclusion

The impact of MEA conditioning on the short-run performance
of PEMEC was investigated by comparing mechanical, chemical
and thermal conditions during pre-treatment for Nafion N115-
based MEAs. Thereby, electrical conditions during the break-in
procedure were kept the same for all pre-treatment procedures.
The impact of mechanical conditions during pre-treatment was
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investigated by comparing the application of immersion of the
MEA in 60°C deionised water (DI water) before (ex situ) versus
after (in situ) assembly of the cell. The impact of chemical treat-
ment was demonstrated by contrasting in situ pre-treatment with
DI water versus combined H,0,/H,SO,/DI-water pre-treatment,
both at 60°C. Contrasting juxtaposition considering the impact
of thermal pre-treatment conditions covered pre-treatment in
DI water at 60°C versus 90°C. The break-in procedure followed
a protocol with a gradual increase of the current densities in
four equidistant steps from 0.5 to 2.0 A-cm™ for 12 h at each
level. Polarisation curves and electrochemical impedance spectra
during and right after the break-in procedure were recorded to
characterise the electrochemical state of the PEMEC.

In situ pre-treatment, acidic pre-treatment, and elevated 90°C
temperature pre-treatment were shown to be favourable for the
short-run performance of the PEMEC, as indicated by lower cell
voltages in the polarisation curves and lower ohmic resistances,
comprising contact resistance and resistance of the membrane.
Specifically, when the MEA was pre-treated in situ with DI water
after assembling it is in dry state, cell voltage and ohmic resistance
were 30 mV and 8.1% lower compared to the ex situ pre-treatment
under otherwise the same conditions. This is most likely due to
the improvement in contact area and concomitant reduction of
the contact resistance resulting from different swelling behaviour
of the membrane in a confined environment and underlying the
importance of mechanical conditions during pre-treatment. Pre-
treating the MEA in situ with acidic solution led to a decrease of
21 mV in cell voltage and 7.0% in ohmic resistance compared to
the in situ pre-treatment in 60°C DI water, which is most probably
due to an increase in the number of mobile protons. Thus, a
large part of the improvement in ohmic resistance by the acidic
pre-treatment can be ascribed to the reduction in membrane resis-
tance resulting from its enhanced conductivity. Upon pre-treating
the MEA in situ with DI water at 90°C rather than 60°C, PEMEC
performance was further improved, reaching a 23 mV decrease in
cell voltage and 7.4% in ohmic resistance compared to the 60°C
pre-treatment. It is possible to correlate this feature to the full
hydration of the membrane, confirmed by the constant ohmic
resistance at different current densities during the break-in proce-
dure. Thus, most of the improvement along with elevated temper-

ature pre-treatment can be most likely be ascribed to the enhance-
ment in membrane conductivity. According to the EIS evaluation,
only minor differences in the charge transfer resistance resulting
from the different pre-treatments were detected. It is concluded
that at least for the investigated MEA, there is no significant
impact of the pre-treatment procedure on the catalyst layer.

The mechanical conditions during pre-treatment affect the con-
tact resistance between MEA and PTL, and chemical conditions
and thermal conditions during the pre-treatment, which mainly
influence the conductivity of the membrane, have a distinct
impact on the performance of a PEMEC. While short-run effects
resulting from pre-treatment have been pointed out here, for an
optimisation of the conditioning procedure, further investiga-
tions of the break-in step and the resulting long-run behaviour
remain to be investigated.
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