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Executive Summary

The deliverable D2.4 "2"* annual report on MEA performance assessment" provides the main results
obtained with the CRM free catalysts and the reduced CRM catalysts-based MEAs in terms of per-
formance and stability obtained in PEM electrolysis single test. The overall performance and dura-
bility for single cell were obtained by steady-state polarization curves, EIS and constant durability
protocols. In addition, to evaluate H> crossover through the membranes, in-situ gas crossover meas-

urements have been carried out by FZJ and CNR.
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1 Introduction

Water electrolysis is a very promising technology for sustainable hydrogen generation using renew-
able electrical energy. The excellent performance and dynamic behavior for storing electrical energy
in hydrogen allows polymer electrolyte membrane (PEM) electrolysis to cover the gap between the
intermittent renewable power production and the grid demand at different time horizons and scales.
To allow for a widespread utilisation of the PEM electrolysis technology, a significant reduction of
the capital costs is strongly necessary. To achieve such objective, precious metal catalysts used in
the electrolysis systems should be minimised.

The main objective of WP2 is to develop advanced, highly efficient and durable membrane electrode
assemblies (MEAS) through the integration the novel electro catalysts developed in the WP1, based
on reduced CRM or free catalysts, and new durable membranes developed within WP2.
Deliverable D2.4: "2" annual report on MEA performance assessment" provides the main results
obtained with the CRM free catalysts and the reduced CRM catalysts based MEAs in terms of per-

formance and stability obtained in PEM electrolysis single cells.
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2 MEA performance assessment. CRM free catalysts

2.1 MEA preparation

A Nafion 212 membrane was used for the test in single cell with the total CRM free catalysts based
MEA. An Ag/Ti-suboxide (30:70), prepared by CNR ITAE, was used as anode catalyst. The ink com-
posed of 80 wt.% catalyst and 20 wt. % Nafion ionomer (5 wt.% lon Power solution) in deionised
water and anhydrous absolute ethanol alcohol (Carlo Erba) was prepared by mixing under ultra-
sounds. The slurry was directly deposited by using a spray coating technique onto a Titanium fiber
mesh, 300 um thick, characterized by about 70 % porosity. The anode loading resulted 12 mg-cm-2.
CSIC has prepared MoS; dispersed onto an active carbon (Black Pearls), as CRM-free electrocata-
lyst for the hydrogen evolution reaction. This MoS2/BP catalyst was mixed with 15 wt. % of Nafion
ionomer, deionised water and anhydrous absolute ethanol alcohol (Carlo Erba) in order to produce
the ink for the spray deposition of cathode catalyst. This ink was spread onto carbon cloth backing
(GDL HT carbon, 300 um thick carbon cloth) with a Pt loading of 0.5 mg-cm. The cathode loading
was 1.6 mg-cm2. The MEA was prepared by a hot-pressing procedure by lamination at 130 °C for 2
min at 3 KN of pressure. The electrolysis cell housing, where MEAs were assembled, consisted of a
titanium plate at the anode side and a graphite plate at the cathode side. The active area (geomet-

rical electrode area) of the MEA was 5 cm?.

2.2 MEA electrochemical characterization

Performance and stability of MEA was investigated at a temperature of 80 °C and under ambient
pressure conditions. Deionised water, milli-Q Integral, Millipore (~ 0.05 uS), further purified by an ion
exchange resin cartridge, was recirculated by a pump at a flow rate of 1 ml mint cm at the anode
side. Polarization curves (cell potential as a function of current density) and electrochemical imped-
ance spectroscopy (EIS) were carried out by a PGSTAT Autolab 302 Potentiostat/Galvanostat
equipped with a booster of 20 A (Metrohm) and a Frequency Response Analyser (FRA). The EIS
measurements were performed under potentiostatic control in a frequency range between 20 kHz
and 0.1 Hz by frequency sweeping in the single sine mode. The amplitude of the sinusoidal excitation
signal was 10 mV root-mean-square (rms) excitation voltage. The series resistance was determined
from the high frequency intercept on the real axis in the Nyquist plot. A cut-off voltage of 2.5 V was
used for polarisation curves, while the impedance measurements were carried out at 1.8 V in order

to evaluate the response in the activation-controlled region.

11
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Figure 2. Polarization curves for selected non-CRM anode and cathode electrocatalysts based MEA.

Raw and IR-free corrected curves

The single cell performance with an MEA totally based on CRM free-catalysts is relatively low and

characterised by a strong activation control as consequence of their poor intrinsic catalytic activity

compared to precious metal electrocatalysts. In order to improve the catalytic activity of the Ag/Ti-

suboxide catalyst milled (30-70) and MoS2/BP, optimization strategies and further investigation is

planned, such as an increased amount of H, concentration during the heat treatment for the Ag/Ti-

suboxide.
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Figure 2.3 EIS for selected non-CRM anode and cathode electrocatalysts based MEA at 2 V and 80°C

Long term stability (about 2500 h) results, for the MEA totally based on CRM free-catalysts shows
good stability (Fig. 3); however, cell voltage is much higher compared to conventional CRM based

MEAs despite the significantly larger catalyst loadings.

12
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Figure 3. Chrono-potentiometric test at 0.2 A-cm2 and 80 °C for selected non-CRM anode and cath-

ode electrocatalysts based MEA

In conclusion: The performance of non-CRM (according to 2017 EU classification) catalysts was
significantly lower than the benchmarks IrOx/Pt catalysts despite the much larger catalyst loading
(12 vs conventional 2-3 mg-cm for the anode and 1-2 vs conventional 0.2 mg-cm2 for the cathode).
Despite the much lower voltage efficiency of non-CRM catalysts vs. conventional CRM catalysts a
relatively good stability, after about 2500 h test, was observed.

Significant improvements are needed for non-CRM catalysts before these can become competitive

with respect to low CRM loading electrocatalysts.

13
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3 MEA performance assessment: reduced CRM catalysts

3.1 MEA preparation

The catalyst layers (CL) were made with a doctor-blade (Coatmaster 510, Erichsen GmbH & Co.
KG) and using a spray-coating device (ExactaCoat, Sono-Tek). A typical dispersion for layer for-
mation was processed by a dispersion device (Ultraturrax, IKA) and an ultrasonication finger
(Sonopuls HD3400, Bandelin). For the doctor-blade, the dispersion was made with an appropriate
mixture out of catalyst, Nafion dispersion (lon Power), deionized water, 2-butanol (Merck), and 1-
heptanol (Merck). Cathode 60% Pt/C (PK Catalyst) and for the anode IrO, (Alfa Aesar) were used
as reference catalyst. Only for the cathode with a loading of 0.05 mge: cm? a 20% Pt/C
(HISPEC3100) was used because it was not possible to form an appropriate layer with the 60% Pt/C
catalyst. The cathode possessed a Nafion content of 20 wt% and the anode 14 wt.% inside the layer.
The layers (4 cm?, 17.64 cm? 25 cm?) were transferred onto the Nafion membrane (N117,
Chemours) via hot-pressing at 130°C while using a joining time of 3 min at 40 kN. For the cell as-
sembly, iridium sputtered Titanium fiber meshes (Bekipor® ST Titanium Grade 1) were used as
porous transport layers on both sides, possessing a fiber diameter of 20 pm with a thickness of 1mm
and a porosity of 56%.

The CL made by spray-coating was directly sprayed onto the Nafion membrane (N117) for 1rOo,
while for Ir-ATO the CL was sprayed onto the decal sheet and the same hot-pressing parameters
were used as for the doctor-blade derived samples. For the dispersion, a stable mixture out of de-
ionized water and n-propanol (Merck) was used for both cathode and anode. The ratios between

catalyst/Nafion and cell components were the same as described before.

3.2 MEA electrochemical characterization
Catalyst with reduced CRM content for the cathode

Platinum on molybdenum, designed in WP1, was selected as the material to replace the platinum
on carbon catalyst, which is commonly used as a benchmark. The polarization curves obtained
showed high overpotentials in the kinetic region and did not achieve comparable performance as the

used Pt/C catalysts (Figure 4).

14
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Figure 4. Recorded single-cell testing performance for different loaded Pt@Mo MEAS
The hysteresis of the forward and backward scan indicates that the electrode was not stable and
its expansion is comparable at different loadings (Figure 5). Adjusting or stabilizing the electrode

with more Nafion as a binder within the catalyst layer is not an option, as this would also increase
the overpotential.
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Figure 5. Occurring hysteresis for all Pt@Mo-based MEA indicating non-stable cathode
The blue traces were also present in this electrode after spray coating (Figure 6a). In addition, the
necessary hydration step of the membrane after spraying showed that the electrode was very un-
stable in the presence of water (Figure 6b). The extent of material loss is not yet known, but this
effect could be enhanced when this catalyst is operated at 80°C with constant water flow and applied

current/potential in single cells. The reached performance at 2 V was 600 mA cm, which is less
than a third of the used Pt/C catalyst.
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a)

Figure 6. Backside of the membrane after spraying the catalysts as layer on top (a) and impact of re-

quired hydration step on electrode stability (b)

Catalyst with reduced CRM content for the anode

Iridium on support material has been used to reduce the amount of iridium while maintaining or
improving performance. Iridium on antimony tin oxide (ATO) is a successful material combination
and was synthesized in WP1 with two different weight percentages of iridium (35 wt% & 50 wt %).
The performance of Ir-ATO 35 wt% depended strongly on the loading applied (Figure 7). Low load-
ings of iridium, such as below 0.5 mgr cm? showed a strong hysteresis, even after the 10th polari-
zation curve, and at the same time low performance at 2V (< 1 A cm™). A loading of about 0.91 mg;
cm 2 showed optimal performance, while further increasing the loading did not improve performance.
Using instead Ir-ATO with an iridium content of 50 wt% improved the performance considerably. It
was possible to achieve similar performance with a loading of 0.76 mgir cm? Ir-ATO 50 wt% as with
the 2.2 mgr cm2 standard iridium loading. Reducing the loading to 0.36 mg; cm also showed that

the performance loss is comparatively small, especially in the kinetic region.

16
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Figure 7. Single-cell testing results for different loaded Ir-ATO catalysts compared against bench-

mark catalysts

The stability of Ir-ATO 35 wt.% and 50 wt.% a was tested at 2V for 250h (Figure 8) with an unusual

dip after 60h which should be due to an issue with the test station. However, the polarization curves

before and after testing showed similar behavior for Ir-ATO 35 wt.% and a slightly improved perfor-
mance for Ir-ATO 50wt.% (Figure 8).
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Figure 8. Results from durability study with (a) polarization curves at BOT &EOT as well as (b) moni-

tored cur-rent density for 250h durability test at 2V with dip at 65h caused by the test station
The next step included a longer durability test for low-loaded MEA’'s and based on the NDP8003

membrane, developed within this project while using also the catalyst Ir-ATO 50wt.%. The relative

current density decreased by 12% in the first 250h for loading of 0.36 mg cm, while the 0.20 mg;

17
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cm? loadings decreased only by 4% in the same period. This difference could due to an issue with
the PTL or single-cell. Instead, the relative current density decreased very strongly by 35% in case
0.19 mgir cm loading was deposited on the thinner NDP8003 membrane, which needs to be inves-
tigated further. However, the change in relative current density was comparably small in the second
250h of operation. The high loading of 0.76 mgr cm? was also tested on this NDP8003 membrane
at a current density of 3.97 A cm? and showed a degradation rate of 46 puV h? in the first 250h,
determined from a fit in the linear region after 25h. However, during the second 250h, the loss rate
was only 16 pV h, which was close to the project target of 10 uV h. The next steps must lead to
an understanding of why the low loading decreased comparably faster on the thinner membrane
NDP8003 than on the thicker N117 membrane.

operated at 3.97 A cm?
a) T T T T T T T b) 2 T T T T T T
351 0.36 mg, cm™ Ir-ATO 50wt.% on N117 7
—
r ﬁ
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Figure 9. Testing the durability of low loadings with Ir-ATO 50 wt.% as anode catalyst deployed on
N117 and NDP8003
Otherwise, it is proposed to reduce the Ir loading at the anode by using a catalyst based on Ir double
perovskite with Ca (CSIC). The perovskite allows to reduce the loading of Ir in the anode side of the
MEA to 0.4 mgcm2and 0.2 mgcm-2with a performance of 1.81 V and 1.78 V respectively at a nominal
current density of 2 Acm (Figure 10). It was possible to achieve similar performance with a loading

of 0.2 mgircm2 as with the 1 mg, cm2 standard iridium loading.
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Figure 10. Single-cell testing results for different loaded Ir perovskite catalysts compared against

benchmark catalysts
The stability of Ir perovskite with 0.4 mgy,cm™ was anode was tested for durability at a constant
nominal load of 2 A cm™ (Figure 11). The electrode shows an activation period during the first 50 h

but afterwards the Ecei maintains practically constant for about 450 h proving that the electrocatalyst
is stable in PEMWE conditions.

22 100
sevmpesnrmmt—
S 20 ]_’ % %)
:' f\.———\ =
©
g I 460 @
S

£ 18 - | 2
= {40 &
) e
O ()

1.6} =

420
1.4 1 L
0 200 400
time [h]

Figure 11. Testing durability of 0.4 mg,cm with Ir perovskite as anode catalyst at a current density
of 2 Acm2during 450 h
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4 Cross-over measurement

The performance assessment of the different membranes was conducted by FZJ and CNR-ITAE.
All MEAs tested were based on IrO2, as anode, and Platinum, as cathode. The different membranes,
supply by Chemours, were Nafion N117, ND8003 and NR212. The membranes information is re-

ported in the table below:

Tablel: membranes characteristics tested in single cell

50 um

Thickness

(50% RH) 183 80
Areal Resistance
(21°C, water 217 98 61 m2em2
soaked)
H2 Flux (90°C, 107-14
100%RH) Zs e b mol/em2 s Pa

At FZJ experimental for membrane performance evaluation and cross-over testing were conducted
at an operation temperature of 80°C and a water flow rate of 50 mL min™? at ambient pressure. The
protocol used for all MEAs was:

1. Activation

2. 10x Polarization curves (forward & backward)

3. cross-over measurement and durability test
In case of the durability test, the cross-over was monitored for 250h with a K1550 Gas Analyzer
from HITECH Instruments. A different waiting times at different current density were used to re-

ceive a steady state signal from the gas sensor.

20t : .

o
T
4
Il

Cell Voltage / V
>
-
1

o CeUNTT |

’f" + NR212
+— NDBOO3

L ' I 1 1 L 'l 'l 1
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Figure 12. Polarization curves of different membranes tested at FZJ
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Similar polarization curves were observed for the ND8003 and NR212 membranes based MEAs
with thickness of 80 um and 50 um, respectively. Whereas for the N117 (thickness of 183 um)

based MEA is evident a decrease of performance with an overpotential over than 200 mV at 2.5
A-cm? (Fig. 12).

1
00 05 10 16 20 25 30 35 40 45
current density [A cm™?]

Figure 13. Cross-over measurement in single-cell assembly tested at FZJ

Monitoring over time the cross-over at high current density (3.5 A-cm2) for the ND8003 based
MEA is evident an increased from 0.4 % to 0.65% after the first 100, after that a constant cross-
over of 0.65% after 100 hours of operation is showed (Fig. 14). Whereas for the N117 based
MEA is observed nearly a constant cross-over of 0.45 % (Fig. 14).

08 —— ND8003 +
N117

0 50 100 150 200 250
time [h]

Figure 14. Cross-over monitored at 3.5 A-cm for 250h of operation using ND8003 and N117
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At CNR-ITAE the electrochemical tests, polarization curves, Ac-impedance and H; permeation at
the anode, were carried out in mode differential pressure (ambient pressure, 10 and 20 bar), with an
operation temperature of 80°C and a water flow rate of 30 mL min™.

The quantitative analysis of hydrogen concentration was performed at constant current density (2 h
under steady state for each applied current density) by a pressurised cell set-up in combination with

a micro gas chromatograph (Varian Micro GC). The anodic gas stream was passed through a des-
iccator before being analysed.
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Figure 15. Polarization curves and ac-impedance of N212, ND8003 and N117 based MEAs tested at
CNR-ITAE
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From the polarization curves (Fig. 15) of the three different membranes with different thickness,

obviously, we can observe a decrease of performance with an increase of the membrane thickness

and a light decrease of performance at low current densities when an there was an increase of

pressure.
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Figure 16. H, crossover in O, of N212, ND8003 and N117 based MEAs tested at CNR-ITAE
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In conclusion: Cross-over measurements at ambient pressure showed that a permeation below 2%
can be reached with all membranes tested. Only at very low current densities the cross-over was
close to the threshold of 2.0 % H. in O2. The membrane ND8003 were also tested in 250 hours long-
term test at 3.5 A cm to monitor the cross-over on a proper time scale. The cross-over increased
during the first 100 h of the measurement, but then the signal oscillated around a constant value of
0.65 % H: in O, until end of operation.
¢ Alltested membranes (N117, ND8003, NR212) showed at ambient pressure a cross-over of <
2% at 0.5 A cm? (FZJ)
*  Durability test showed that the cross-over remained at 0.65 % H. in O, (FZJ)
« After applying high differential pressure, it was observed that the ND8003 membrane ex-
ceeded the 2 % H, in O, threshold at 0.5 A cm? (CNR-ITAE)
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