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Summary

This is the final report for the third risk assessment workshop. The results for the second part
of the test campaign are reported, with selected impurities and conditions.

The report contains results presenting the impact of: carbon monoxide (CO), formaldehyde
(HCHO), formic acid (HCOOH) and hydrogen sulphide (H2S) on single and/or stack
performance evolution. The impact of HCI using half-cell design is also presented.

Impact of the current profile and cell operating condition are evaluated.
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1. Summar y

The objectives of the fuel cell work in HyCoRA project are to present the impact of most critical
impurities on stack and single cell performance. The impurities are CO (carbon monoxide),
HCHO (formaldehyde), HCOOH (formic acid), H.S (hydrogen sulphide) and HCI (hydrochloric
acid). All tested impurities are diluted in Hz in order to avoid the superimposition of the impact
of both the impurities and the inert as previously observed.

The obtained results are discussed in order to supply information to the risk assessment
performed in the project.

2.l ntroduction and objectives

The impact of CO, HCOOH (diluted in N2) and HCHO (diluted in N2) on the performance of
PEMFC has been previously reported in D1.3%. The measurements have been performed at
stack (in system) and single cell level using different operating conditions and strategies.

For CO, the conclusions of that study were:
1) Beneficial impact of anode recirculation which dilute the impurity at the anode inlet

2) Beneficial impact of automotive representative current profile for which the loss of
performance due to CO is lower than the loss of performance for the same power
produced.

3) Beneficial impact of start-up/shut down (SU/SD), 4 hours seems to be enough to
observe an almost complete recovery of poisoned surface by CO and is thus
compatible for automotive used. However, that time must depend on the SU/SD
strategy and the system design.

For HCOOH and HCHO, the conclusions were that their impacts on performance loss are
lower than the one of CO.

This deliverable presents also the impact of other impurities, which are considered as
irreversible (H2S, HCI), and the impact of CO in different operating consideration using steady
state or dynamic load profiles.

3.l mpact (oCGEAQO

3.1 Single cell measurements

In the first period of the project, it has been demonstrates that the impact of CO is mitigated

by the anode gas recirculation, the voltage cycling and the SU/SD cycling. It has thus be

concluded that testing the impact of CO in steady state condition with relatively high current
density represantother iwbestMEA per fiocremsathe e whi c
impact of CO on the MEA performance.

1 D1.3 Intermediate report second risk assessment workshop 6 o f RAHy Co
http://hycora.eu/deliverables.htm
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In the second period, the impact of CO has been tested at 1 A/cm? using low loaded MEA.
The impact of CO has been tested under the European recommended harmonized operating
conditions?. It has also been tested on aged MEA.

MEA description:
The reported tests have been obtained using the MEA described in Table 1.

Table 1. MEA utilized in the measurements

Anode loading 0.08 mge: /cm?
Cathode loading 0.28 mgp: /cm?
GDL SGL 28 BC
Membrane PFSA 18 pm

The electrochemical surface area (ECSA) of both anode and cathode has been quantified by
cyclic voltammetry (CV) with the following equation:

ECSA = Q(Hupa) / G,
where i 240 pC/cm?p; is used to calculate the ECSA.

The integration of the wave for the under potential deposited hydrogen (Hurp) charge gives
170 mC for the anode and 505 mC for the cathode, which correspond to a total ECSA of 809
cm?p; for the anode side. The CV of both anode and cathode sides are represented in Figure
1.

The polarisation curves of the used MEA are presented in Figure 2 and Figure 3. The MEA
used in the second period has the same level of performance than the higher loaded MEA
used in first period, but for the first period, the used MEA had an anodic ECSA of 1785 cm?:

2 https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-reports/eu-harmonised-
test-protocols-pemfc-mea-testing-single-cell-configuration-automotive
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Figure 1. CV of low loaded MEA used for the second period (red: anode, blue: cathode)
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Figure 2. IV curve of low loaded MEA, blue (T: 80°C, RH anode/cathode: 50%; anode
stoichiometry: 1.2; cathode stoichiometry: 2; P anode/cathode: 1.5 bar,) orange (T: 80°C;
RH anode: 50%; RH cathode: 30%, anode stoichiometry: 1.3; cathode stoichiometry: 1.5; P
anode: 2.5 bar,; P cathode: 2.3 bara i European harmonized conditions).
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Figure 3. IV curve of low loaded MEA ; blue (T: 80°C, RH anode/cathode: 50%; anode
stoichiometry: 1.2; cathode stoichiometry: 2; P anode/cathode: 1.5 bar,) orange (T: 80°C;
RH anode: 50%; RH cathode: 30%, anode stoichiometry: 1.3; cathode stoichiometry: 1.5; P
anode: 2.5 bar,; P cathode: 2.3 bara T European harmonized conditions); and high loaded
MEA from P1 - green (T: 80°C, RH anode/cathode: 50%; anode stoichiometry: 1.2; cathode
stoichiometry: 2; P anode/cathode: 1.5 bar,)

Impact of CO under recommended harmonized operating conditions.

The impact of 2 ppm CO on low loaded MEA represents a decay of performance of 90 mV @
1 A/lcm? which represent a loss of 14% of the initial performances. Those values have been

calculated on the steady state plateau, Figure 4. The method used to quantify the impact of
CO is described in Figure 8.
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Figure 4. Impact of 2 ppm CO @ 1A/cm? under European harmonized operating conditions.
Impact of 2 ppm CO under low pressure conditions (1.5 bara)
The impact of 2 ppm of CO on low loaded MEA under low-pressure conditions (T: 80°C, RH

A/C: 50%; StA: 1.2; StC: 2; P A/C: 1.5 bara) has been tested on 2 MEAs. It gives a loss of
performances of 95 mV (15%) and 110 mV (18%), Figure 5.
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Figure 5: Impact of 2 ppm CO under low pressure conditions (1.5 bar).

Impact of CO after ageing

Impact of 2ppm CO has been measured on fresh and aged MEA. The MEA has been aged
for 500 hrs under fuel cell dynamic load cycle (FC-DLC), Figure 7, with an Imax of 1 A/cm?,
More information about FC-DLC can be found from the public document: EU harmonised test
protocols for PEMFC MEA testing in single cell configuration for automotive applications®.

The impact of 2 ppm CO has a slightly bigger impact on aged MEA (-100 mV, 19.5 %) than
on fresh MEA (-90 mV, 15%), nevertheless that impact is still in the same order of magnitude.

3 https://ec.europa.eu/jrc/en/publication/eur-scientific-and-technical-research-reports/eu-harmonised-
test-protocols-pemfc-mea-testing-single-cell-configuration-automotive
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Ageing FC-DLC

R O [T

v

0,7

0,6 {

cell voltage (V)
o
W
A 2~
SUTITI.
===

X
04 1 2 ppm CO —>
2 ppm o
03 | 1
0,2 |
0,1 |
0o L1 ' * . |.
0:00:00 120:00:00 240:00:00 360:00:00 480:00:00 600:00:00
time (hours:min:sec)
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Loss of performance vs. anode ECSA

The loss of performance due to CO has been quantified for the different tests performed with
high and low loaded MEA. It has been measured as showed in Figure 8, the two parallels
black lines represent the reversible loss of performance due to steady state conditions but not
due to the poisoning of CO. The difference between those two lines represent the loss of
performance owing to CO poisoning. This loss of performance is then normalized by the
performance with pure H2.

The calculated loss of performance could be evaluated toward the amount (flow) of CO
entering the cell. To be able to compare low and high anode Pt loading, the amount of CO is
normalized by the anode ECSA.

As presented in HyCoRA D1.3, the results show that, for a same MEA technology, the impact
of CO on performance is function of the amount of CO entering the cell, not linear but follows
a polynomial trend.

For the low loaded MEA, tested in the second period of the project, the impact of CO seems
to be less than expected. The European harmonized conditions also seem to mitigate the
impact of CO.

Thanks to these results, we could estimate that for the low loaded MEA tested in a single cell,
a concentration of 0.2 ppm CO would not affect he overall performances of the MEA.
Nevertheless, we could expect a decrease of anode Pt loading down to 0.02 mge/cm? in the
coming years. In such a case, the impact of 0.2 ppm CO @ 1 A/cm? in single cell after several
hours of pollution might not be negligible, but still acceptable, it could be estimated to
represent less than 3% of performance loss. It has to be noticed that the steady state operating
conditions enhance the impact of CO compared to the automotive application. Indeed, it was
demonstrated that the recirculation, the voltage cycling and the SU/SD cycling mitigate the
impact of CO.
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Figure 8: evaluation of the impact of CO.
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impact of CO depending of CO flow/catalyst anode ECSA
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Figure 9: The loss of performance depending of amount of CO per unit of ECSA entering the
cell, blue: results obtained with higher loaded anode, orange: results obtained with higher
loaded anode but under FC-DLC testing condition, yellow: results obtained with low loaded
MEA, red: results obtained on aged low loaded MEA, green: results obtained with low loaded
in European harmonized conditions MEA

Table 2. The loss of performance due to CO with varying conditions

currgnt Currgnt co . % loss anode ECS) St H2 conditions color
profile density concentration cm2 pt

constant |1 1 0,2 1761 1,2 P:1,5bara, RH, 50% ([blue
constant |1 2 4,0 1761 1,2 P: 1,5 bara, RH, 50% |blue
constant |1 5 28,1 1761 1,2 P: 1,5 bara, RH, 50% |blue
constant (0,37 5 3,2 1761 1,2 P: 1,5 bara, RH, 50% |blue
FC-DLC 0,37 1 0,4 1761 1,2 P: 1,5bara, RH, 50% |orange
FC-DLC 0,37 2 0,9 1761 1,2 P: 1,5bara, RH, 50% |orange
FC-DLC 0,37 5 0,9 1761 1,2 P: 1,5bara, RH, 50% |orange
constant |1 2 15,0 810 1,2 P: 1,5bara, RH, 50% |yellow
constant |1 2 15,8 810 1,2 P: 1,5 bara, RH, 50% |yellow
constant |1 2 11,2 810 1,3 EU harmonized green
constant |1 2 19,5 810 1,2 P: 1,5 bara, RH, 50% [red
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3.2 Stack measurements

Impact of CO has been tested at CEA in 10-cell (195 cm?) short stack, provided by PowerCell
(Figure 10), with low loaded anodes. Cyclic voltammetry (Figure 11) clearly confirmed the low
ECSA available on the anode side, compared to the cathodes.

\r
~ ..
)

Figure 10: 10-cell (195 cm?) short stack provided y Powercell installed on the CEA stack
test station for tests under polluted fuel.
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Figure 11: Cyclic voltammograms showing comparison between electrochemical active
surface area of cathodes and anodes in the short stack.

These tests have been conducted to check the impact of low CO contents, most often 1 ppm.
As can be seen on the whole picture of a test below, tolerance tests have been conducted at
fixed current load (0,5 A/cm?) or under FC-DLC (max current density at 0.8 A/cm3). As defined
during the first part of the project, all tests were conducted in a one-day timeframe to be more
relevant when considering the impact of fuel pollution for a vehicle application.

The fuel provided to the stack is a mixture from two lines: one fed with pure H; and the other
fed with a CO-containing fuel (nominal case: 77.4%H;, 17%CO,, 4.6%CH, and 1%CO).

Tests are conducted starting the fuel cell under pure hydrogen for at least 1 hour, before
adding CO. For the tests with load cycles, most often, three cycles are conducted under pure
H. before injecting some CO.

Operating conditions were 80°C for the stack temperature, 1.5 absolute bars, 50/50% of
relative humidity for both gases and stoichiometry of 1.2 and 2 for respectively hydrogen and
air.
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Figure 12: Evolution of the average cell voltage and flow rate of the CO-containing fuel
during CO tolerance tests conducted on a 10-cell PC stack. Fixed load or FC-DLC applied
during the tests (operating time only, no stop time included).

In addition to the impact on the stack cellsévoltage, the effect of operation under CO polluted
hydrogen on the MEAs has been assessed thanks to electrochemical diagnostics with
polarisation curves and cyclic voltammetry applied anode and cathode sides, recorded to
evaluate the performance, the electrochemical active surface area (ECSA) of the catalysts or
to check the remaining adsorption of CO onto the anode catalyst after contamination.

3.2.1 Results from the stack measurements

Concerning the daily contamination tests, here are the first results obtained when adding 2 or
1 ppm of CO in the fuel. On the figures below, parameters are the contaminated fuel flow rate
to show the starting of contamination, the current (98 A for 0.5 A/lcm?), and the average cell
voltage.

First tests presented below were conducted using a mixture of H,, CO2, CH4 and CO instead
of only CO in H; that was used for the second part of the test. Note: for the flow rate of the
contaminated fuel, the name of the paramet er on t he tes-€EO0Obemueth
here is the mixture described earlier.
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Figure 13: Contamination tests conducted different days on a one-month period at fixed
load. Performance losses at different stages. Steady state: 0,5 A/cm?

Contamination tests have been performed several times with 1 or 2 ppm of CO.

The shortest duration before voltage decrease (~1/2 hour) was observed with 2 ppm.
However, time before performance loss was between %2 hour and more than 2 hours for the 2
ppm CO contents. Differences observed for 1 content could be due to the tests or analyses
conducted just before the contamination, like time spent under pure hydrogen or recording
cyclic voltammograms (CV). However, most often, the stack was stopped during at least one
night before starting the contamination test and direct correlation with time under pure H; or
electrochemical diagnostic could not be demonstrated.
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After stabilisation, average cell voltage at 0.5A/cm2 had decreased from 0.71 V to 0.55 or 0.50
with 1 or 2 pm of CO respectively.

To summarize, for these first contamination tests in short stacks at fixed load, the
impact of pollutant in terms of voltage loss was repeatable but kinetics of coverage was
not.
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Figure 14: Comparison for different histories of 2 ppm CO impact on the voltage for the first
series of contamination by CO. Time of pollution is varying; stabilized voltage is similar.

In spite of these low voltages reached under H, + CO, considering the kinetics and the short
periods spent under current densities higher than 0.5 A/lcm? (less than 5 minutes), the
harmonized FC-DLD have been applied selecting 0.8 A/lcm? as the maximum current density
for the short stacks.

First results are presented below for H, + 1ppm CO, pure H, and H, + 2 ppm CO. For each
test, 19 or 20 cycles (of 20 minutes each) have been applied, starting with 3 or 5 cycles under
pure H; before CO addition.
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Figure 15: Average cell voltage during dynamic load cycles under H, + 1 ppm CO.
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Figure 16: Average cell voltage during dynamic load cycles under pure H2.
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Figure 17: Average cell voltage during dynamic load cycles under Hz, + 2 ppm CO.

Voltages started to decrease after 7 cycles and 4 cycles for 1 and 2 ppm of CO, respectively.
Minimum is reached after 14 and 9 cycles under CO, respectively.

Some figures about voltage losses during the load cycles under 1 ppm CO:
At 0.33A/cm?, total voltage loss of 0.09V (from 0.74 to 0.65 V)

At 0.46A/cm?, total voltage loss of 0.13V (from 0.71 to 0.58 V)

At 0.46A/cm?, about 8 cycles to reach 50 mV voltage loss.

Some figures about voltage losses during the load cycles under 2 ppm CO:
At 0.33A/cm2, maximum voltage loss of 0.14V (from 0.74 to 0.50 V)

At 0.46A/cm?2, maximum voltage loss of 0.31V (from 0.71 to 0.40 V)

At 0.46A/cm?, about 4 cycles to reach 50mV voltage loss.

During the test under 2 ppm CO, after reaching a minimum, some performance has been
recovered. Voltages increased for all current densities lower than 0.46 A/cmz2:

At 0.33A/cmz, final voltage loss was of 0.17V (from 0.74 to 0.57 V)
At 0.46A/cm?, final voltage loss was of 0.25V (from 0.71 to 0.46 V)

The performance recovery is due to a gain in CO tolerance still to be explained. Repetition of
the test should be done. Some internal air bleeding or self-cleaning of the anode catalyst due
to the anode potential reached after important contamination level could explain this
phenomenon.
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Cyclic voltammetry applied on the anode side allowed to identify the CO adsorption (oxidation
peaks in the range 0.6 to 0.8 V during the first cycles). In the case of FC-DLC with 1 ppm CO,
the double peak was attributed to possible different bonds; the small peak after pure hydrogen
indicates that the catalyst was not fully cleaned; after the load cycles under 2 ppm, it is
confirmed that the catalyst has been partially cleaned; most important adsorption peak was
observed after contamination at fixed current.
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Figure 18: cyclic voltammograms recorded on the anode side (cell 1) after different types of
pollution tests (dark blue: pure Hy; light blue: FC-DLC with 1 ppm CO; grey: FC-DLC with 2
ppm CO; pink: fixed i)

The impact of CO has been estimated in different ways.

The total loss in voltage (%) has been estimated for the different load conditions regarding the
flow of CO and the Pt loading, showing linear behaviour in the range of current and CO content
considered (Figure 19). Data summarized on this graph correspond to the final situation after
stabilization of voltage, thus giving information about the minimum voltage reached, which
means here always more than 70 mV losses (at least 12% loss compared to initial voltage
under pure H,).
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Figure 19: Evolution of the performance losses with regard to the CO flow rate and Pt
loading

Another method to analyse the impact of contamination is to consider the time needed to reach
the full coverage, which was defined as voltage decrease of about 50 mV in the initial literature
survey. The impact of contamination by CO has been estimated by this method for all the
relevant and clearly identified pollution experiments conducted during the whole test. These
CO tolerance results (Figure 20) are arranged by content of CO and by load profile (fixed at
0.5 A/cmz2 or at 0.46 and 0.33 during FC-DLCs). Data are given for pollution tests using the
CO-containing mixture with mainly Hy; the first pollution with 2 ppm of CO clearly shows longer
time before coverage but then, the averaged results by set of conditions (1 or 2 ppm of CO
and fixed or DLC mode) allowed to conclude that:

At fixed load, tolerance is about 1.5 hrs with 1 ppm of CO against 1 hr with 2 ppm. Tolerance
is increased to more than 2 hrs when applying load cycles, with an average of 2.5 hrs and
2.8 hrs for current densities of 0.46 and 0.33 A/cm?, respectively.

Load cycles allows operating the fuel cell longer, thanks to at least partial decontamination
during operation at lower currents.

These data clearly evidence the primary importance of testing the impact in the right operating
mode to avoid under- or over-estimating the tolerance.
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The comparison of the first and last tests under load cycles with 1 ppm of CO (Figure 21) show
that the impact is increasing mainly at higher loads.
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Figure 21: First and last tests under load cycles with 1 ppm of CO

The electrochemical diagnostics below are giving information about the non-reversible impact
on the MEAs properties of the contamination experiments.

Polarisation curves have been recorded under pure H, or with some CO at different moments
of the whole experiment as indicated on the figure below (Figure 22).
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Figure 22: Indications of characterizations (polarisation curves with arrows and cyclic
voltammetry on cathodes or anodes with stars resp. red or blacks).

The average voltage losses estimated at 0.5 A/cm?2 are about 3% under pure hydrogen (Figure
23) between beginning of test (BoT) and end of test (EoT, i.e. after all contaminations and 10
series of DLC). For the i-V curves with H,+1 ppm of CO (Figure 24), the voltage loss calculated
between first data available and EoT reaches 14%, thus showing more impact of the
components degradation on the operation of the fuel cell stack with pollutants.

When considering the data of the cyclic voltammetry applied on both electrodes for five cells,
it appears that the degradation of the anodes is less homogeneous than the degradation of
the cathodes, which could be attributed to higher dispersion in the initial structure due to the
very low loadings. For the cathode side, the averaged active area loss is about 20%, whereas
for the anodes the average loss is around 13% but ranging from 7% for the less degraded to
19% for the more degraded.

These in-situ diagnostics results show that in the case of MEAs designed for the automotive
application with very low loaded anodes, the degradation of the electrodes, including the
cathode side, becomes a major issue for the operation under polluted fuel much before
affecting the operation under pure hydrogen.
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Figure 23: Polarisation curves under pure hydrogen/air at different steps during the whole
CO contamination test
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Figure 24: Polarisation curves under 1 ppm CO containing hydrogen/air at different steps
during the whole CO contamination test
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Figure 25: Coulombic charge measured at different moments by cyclic voltammetry on the
anodes and cathodes of 5 cells during the whole CO contamination test.
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Figure 26: Cyclic voltammograms obtained on the cathode and anode of cell 5 near
beginning and end of the CO contamination test.

At the end of these tests, this partially aged stack has been used to prepare the test protocol
for the experiments with H.S contamination.

Because this additional test gives information only about the CO adsorption, it is reported in
this section.

The objective was to conduct CO poisoning at fixed current followed by a tentative of
decontamination using air permeation in order to show the possibility to avoid voltammetry up
to high voltage (near 1 V) as needed to remove CO because voltammetry could also possibly
lead to some cleaning of sulphur species, if present.

The process tested for CO cleaning by air permeation consisted the following steps for the
first try: stop of the load, stop of H,/CO, injection of N, anode side while lowering T at 60°C,
10 minutes, decrease of pressures PN2&air=1.1 bar, then decrease of PN2 at 1.0 bar before
stopping N2 and closing anode side, 1.5 hrs under air before performing CV to check the
cleaning of CO. Second try was conducted similarly but with longer time under air (2.5 hrs)
and keeping the stack closed under air during 48h before CV.

The two poisoning tests are shown in Figure 27 with also the first cycles of the voltammetry
conducted after the cleaning under air.

It was concluded that the CO oxidation peaks could be strongly reduced by air permeation,
with almost complete cleaning during the second try.

However, as shown in the section about H,S experiments, it was finally shown that cleaning
CO without removing sulphur species could be conducted by cyclic voltammetry by selecting
properly the voltage ranges.
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Figure 28: CV first cycles recorded after poisoning experiments including the two ones (1
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4.1 mpact of formal dehyde and f or mi

In 2015, VTT conducted single cell experiments with formaldehyde (HCHO) and formic acid
(HCOOH) diluted in N2*, which indicated that the current limits in ISO 14687:2-2012 standard
are 10-100 times too low, considered the real effect of HCHO and HCOOH for the FC run with
anode gas recirculation.

Thereby, reference gas mixtures were ordered from The National Physical Laboratory (NPL);

two 10-I cylinders (100 bar), 10 ppm HCHO and 100 ppm HCOOH in pure H; (6.0), which
enables the FC system level measurements.

4.1 Experimental setup

c

ac

The HCHO and HCOOH measur ement s -hoese kuldd@kWMuct ed

test system, described in D1.2°%, and with 10-cell Powercell S2 stacks (with Pt anode on MEA).
The HCHO was diluted to 2.0 ppm for the impurity measurements within the test station, and
HCOOH to 20 ppm.

The measurements with HCHO were done spring 2016 and initial results reported in D6.5°
with an update in D6.67, and with HCOOH spring 2017. Both measurement were run with
similar test sets:

1. Reference ~2 ppm CO in pure H; (6.0)

2. 4-hour HCHO/HCOOH @ 0.6 Acm™

3. 3-hour/4-hour repetition measurement with HCHO/HCOOH
4. Reference measurement with ~2 ppm CO in pure H; (6.0)
5. Reference measurement with pure H; (6.0)

The fuel utilization in the impurity measurements was 99.5-99.6%, leading to the contaminant
enrichment factor of 200-250. The fuel utilization estimate cannot be measured directly during
the test, but is based on CH4 enrichment in anode loop, that has been measured in separate
measurement with the same test system and in same operating conditions.

This test set was realized with both of the impurity gas cylinders, with both of the impurities.
Small differences existed, though. In the HCHO measurements, the reference measurement
with pure H; (5.) was conducted only after the measurements with the second cylinder (#2
HCHO). The length of the repetition contaminant measurements (3.) was dependent of the
remaining amount of gas in the particular cylinder, and therefore was not constant, but varied
from 3 to 4 hours.

The operating conditions were maintained approximately same throughout the
measurements, Table 3. For the first test set with the first cylinder of HCHO (#1 HCHO), an
aged stack was utilized. The measurements with #2 HCHO were conducted with a new stack.
For the measurements with HCOOH, another new S2 stack was utilised, this time the same
for both cylinders, #1 HCOOH and #2 HCOOH.

4 HyCoRA D1.3 Intermediate report for the second risk assessment workshop,
http://hycora.eu/deliverables.htm

5 HyCoRA D1.2 Report on reference measurements and test protocols

6 HyCoRA D6.5 Interim progress report 3

7 HyCoRA D6.6 Interim progress report 4
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Table 3. Experimental conditions for the HCHO and HCOOH poisoning and reference

measurements
Temperatures Anode gas feed Cathode gas feed
Stack inlet 80 °C Fuel utilization 99.599.6% Oxidant utilization 40 %
Stack outlet 82 °C
H2 flow rate y ®mmtf i YAir flow rate nogpzy?
Purge f 394 s Inlet pressure 21 kPa(g) Inlet pressure 14 kPa(g)
Purge time 200 ms |Inlet dew point 64 °C Inlet dew point  69-70 °C
Inlet temperature 83 °C Inlettemperature 73-75 °C
Current density n ®c 2 |Recirc.rate 1518F YA Y

HCHO/HCOOH in H2 measurements
HCHO/HCOOH in fee 2.0 / 20 ppm
Impurity flow rate 1.621.691T YA
H2 source purity 6.0

HCHO in Heixture 10 ppm

CO in H2 ref measurements

COin feed 1.86 ppm

Impurity flow rate 8.11T YA Y
H2 source purity 6.0

CO in H2 mixture 1.86 ppm
pure H2 ref measurement

H2 source purity 6.0

The HCHO and HCOOH cylinders were analysed by NPL before and after the FC impurity
measurements, and no notable degradation was observed.

4.2 Results
4.2.1 Formaldehyde

As reported in D6.5 and D6.6, a very small, an approx. 10 mV, voltage drop was seen in 4
hours due to HCHO. In reference poisonings with 1.86 ppm CO led to 50 mV average voltage
drop in 55-71 min, demonstrating the effect of HCHO notably smaller than the effect of CO.

422 Formic acid

The measurements with 20 ppm HCOOH demonstrated even lower performance loss that with
HCHO, Figure 29, approximately 6 mV as an average voltage loss during 4 hours of steady
state operation at 0.6 Acm2.
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Figure 29. Fuel cell performance during impurity measurements with 10 ppm HCOOH in
pure H; (6.0). The measurements with the first cylinder, #1 HCOOH, are shown on the left
and measurements with #2 HCOOH on the right. For readability, all the cell voltages have

been drawn as running average of 20 s.

In the reference poisoning measurements with 1.86 ppm CO, a 50-mV drop in average cell
voltage took place in 69-76 min, Figure 30 .
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Figure 30. Fuel cell performance during reference 1.86 ppm CO poisoning measurements.
The measurements before (upper) and after (lower) the #1 HCOOH measurements are
presented on the left, and before and after the #2 HCOOH measurement on the right.

4.3 Conclusions from HCHO and HCOOH measurements

From the HCHO and HCOOH measurements, it can be clearly seen that 2.0 ppm HCHO, that
is 200 times the current limit in ISO 14687:2-2012 standard, has a very small effect. Similarly,
it was seen that 20 ppm HCOOH, that is 100 times the current limit in ISO 14687:2-2012, has
a very small effect on the FC performance. The effect of both, HCHO and HCOOH, was
noticed to be smaller than the effect of CO.

5.1l mpact:.SOCEA)

H.S is considered as an irreversible contaminant in literature. Nevertheless, the results of S.
Passot showed that using Imin/Imax Cycles (0.108/0.54 A/cm?, during 10/10 minutes), there is a
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voltage plateau for the impact of H.S, Figure 31.8 One of the explanations for such a plateau
could be an equilibrium between S adsorption/desorption.

Nevertheless, that phenomenon was visible only for above described cyclic operation. The
time to pollute a single cell, without a stop, is too long to be representative for a stack in
automotive application. Indeed, for CO as impurity it has been shown that the start and stop
and the current cycle have an impact on the recovery of the ECSA.

The current limit for S in ISO 14687-2:2012 standard is very low (4 ppb) and quantifying the
impact of so low quantity would require very long experiments. Thus, it was decided to study
the impact of unexpected event that could lead to higher H>S concentration in Hz, and for one
refuel only (few hours). The experiment aims at showing if there is an impact of H.S in such
conditions and if the impact of H>S could be mitigated after the pollution phase while operating
the single cell in operating conditions for automotive vehicles. The different phases of the test
have been presented in Figure 32. Between each phase of the test, the cell has been stopped.

1,0
0,8
206 -
04
. -
0,2 1
0.0 H2 + 250 ppb H2$ H2 pur
0 5 10 15202530354045505560657075
t (h)
1,0
0,8 ’I
20,6
204
0,2 1
00 Hz + 350 ppb HZS Hz pur

0 5 10 15202530354045505560657075
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Figure 31: Impact of H.S when operating under current cycle Imin/Imax 0,108/0,54
Alcm?10/10 minutes

8 https://tel.archives-ouvertes.fr/tel-00813426/document
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Figure 32: The sequence of the test to study the impact of unexpected pollution with high
H>S concentration.

The same low loaded MEA technology as described above in chapter 3.1 has been used. The
initial characterisation has been done using the same protocols as described in chapter 3.1.
The initial performance and the impact of 2 ppm CO at beginning of life (BoL) are presented
in Figure 33 and Figure 34

The single cell has then been operated for four hours under 250 ppb H.S @ 1 A/cm? under
harmonized European conditions (phase 1). Then, the single cell has been stopped and tested
for one hour under pure H, and four hours under 2 ppm CO (in harmonized European
conditions). Even if the impact of H.S on the MEA performance under pure H; is not obvious,
the impact of 2 ppm CO, which is faster and higher after the pollution by H,S, clearly
demonstrates that a part of the catalyst has been covered by S (phase 2).
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Figure 33: Initial performances of the MEA and BoL impact of 2 ppm CO
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Figure 34: Focus on the impact of 2 ppm CO.

The MEA has been aged for 65 hours using FC-DLC and harmonized European conditions
(phase 3), Figure 35.
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Figure 35: Evolution of the performance during FC-DLC after pollution phase (250 pbb H.S
for 4 hours)

Then, the MEA has been operated 1 hour under pure H, and 4 hours under 2 ppm CO. The
impact of CO follows is the same before and after the FC-DLC showing that there is no
recovery of the anode ECSA by the FC-DLC (phase 3), Figure 36.

A cyclic voltammetry has then been performed at the anode, Figure 37, Figure 38 and Figure
39. It showed that there was still adsorbed S on the catalyst, causing a diminution of the anode
ECSA. The CV was performed with a higher limit of 1.4 V vs. NHE in order to clean the catalyst,
thanks to S oxidation.

After that cleaning, the MEA has been operated under pure H, and 2 ppm CO. The
performance of the MEA under pure H is similar to the performance after the FC-DLC but
before the cleaning process. That shows that the overall loss of performance of the MEA could
not be evidently attributed to the anodic pollution, but it might be a more general ageing
process due to the FC-DLC. The impact of 2 ppm CO on performance is lower after S
desorption, which clearly shows that adsorbed S decreases the performance of the anode
catalyst layer.

The measurement of the anode ECSA showed that 22 % (40 mC) of the catalyst surface is
blocked by sulphur species. However, the integration peak of the oxidation of sulphur species
represent 300 mC; That high could indicate either that S is not absorbed only on Pt surface,
or that several sulphur layers are adsorbed on Pt. The results are shown in Table 4.
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Figure 36: Impact of 2 ppm CO (4 hours) on MEA at BoL (orange), after being polluted for 4
hours under 250 ppb H.S @ 1 A/cm? (grey), then after 65 hours under FC-DLC (yellow) and
after anode cleaning by CV (blue).
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Figure 37: CV of the anode (80°C, PH2 side: 2.5, PN2 side: 2.3 bara; RH H2 side: 50%, RH
N2 side 30%; H2 cross over corrected). Blue: before anode cleaning, green after cleaning.
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Figure 38: CV of the anode, (80°C, PH2 side: 2.5, PN2 side: 2.3 bara; RH H2 side: 50%, RH
N2 side 30%: H2 cross over corrected), Bleu: before anode cleaning, green: after cleaning,
red: cleaning cycle
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Figure 39: CV of the anode (80°C, PH2 side: 2.5, PN2 side: 2.3 bara; RH H2 side: 50%, RH
N2 side 30%; H2 cross over corrected). Blue: before anode cleaning, green after cleaning,
purple: BolL.

Table 4: Evolution of anode ECSA and quantification of sulphur oxidation.

Evolution of the CV Q (mC)

Anode ECSA Before cleaning 145

Anode ECSA After cleaning 185

S desorption (0.9-1.4 V/RHE) 300
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Figure 40. Sequence of the test to study the impact of CO on fresh MEA, MEA after the
catalyst coverage phase and after OCV stage.

The catalyst coverage has been performed for one hour at 1 A/cm2 under 1 ppm H.S, Figure
40. Then, the cell has been kept at OCV for 14 hours and after that has been tested for 1 hour
under pure H, and 1 hour under CO.

The results presented in Figure 41 show the impact of CO on fresh MEA, MEA after the
catalyst coverage phase and after OCV stage. We could show a small beneficial impact of
OCV on the MEA tolerance toward 2 ppm CO. CV of the anode before and after anode
cleaning is presented in Figure 42 and the cleaning CV in Figure 43.
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Figure 41: Impact of CO on fresh MEA (blue), after 1 ppm H,S (orange) and after 14 hours
under OCV (grey).
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Figure 42: CV of the anode at the EOT; blue before anode cleaning and green after anode
cleaning.
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Figure 43: cleaning CV of the anode.

H.S impact tested on short stacks

The objective of the experiments described below was to check the impact of a contamination
by H>S on behaviour of the stack operated under CO-contaminated hydrogen.

The contamination of the electrodes by sulphur has been conducted on the stack out of
operation by circulating a flow of H,S on a single cell test stand equipped to be provided by
this type of fuel. The test bench used to test the stacks was not equipped to conduct test with
H.S containing fuel.

The method applied is the following:

Contamination by 1 ppm CO at fixed i (0,5 A/cm?) + de-contamination

Repetition

Stack disconnected of the test bench

Stack submitted to H,S / N; flow respectively anode and cathode sides (without
operation)

Check of performance under pure H; followed by contamination with 1 ppm CO at fixed
i (0,5 A/lcm?) + de-contamination (avoiding removal of H,S)

Repetition

Cyclic voltammetry to check the anode catalyst status: effect of H.S and of CO on the
active surface area of Pt; detection of H,S and CO peaks, removal at high potentials.

8. Comparison before / after H,S

PwbdE

o

No
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Experiments have been conducted on two stacks: the first one was used for a preliminary try
with already used, thus partially aged MEAs, and the second one was a new stack dedicated
to these experiments.

Results are presented for the second non-aged stack.

Preliminary experiments with contamination during only few hours from the mixture containing
only 100 ppm of H,S showed no performance decrease when starting again the fuel cell under
pure hydrogen. It was thus decided for next experiments to try and increase the quantity of
H.S injected into the stack.

H2S 100 ppm
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H2S 1% -4h
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Figure 44: Evolution of the average cell voltage during CO tolerance tests conducted on a
10-cells PC stack submitted to H.S contamination. Fixed load or FC-DLC applied during the
tests. H,S injected in the stack from mixtures containing 100 ppm or 1% of H,S during
different durations.

One tentative was done by circulating H.S-containing fuel (100ppm) during several days but
the impact was too low to enable being sure to have contaminated the electrodes; average
cells voltage under pure H, was 0,7V (Figure 45).
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Cyclic voltammetry was performed after CO poisoning first up to 0.8 V in order to detect CO
and then increasing voltage to 1.4 V to check if S species could be detected.

A peak detected after 1.1 V could be attributed to sulphur, but direct correlation between this
measure and the possible impact of S species adsorbed on the anode behaviour and on the

MEAs performance was not obvious.
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Figure 45: CO poisoning test on the 10-cell stack after first tentative H.S contamination
using low concentration mixture.
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Figure 46: Cyclic voltammograms recorded after CO poisoning test on a stack previously
submitted to circulation of H.S-containing fuel (100 ppm).
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The cyclic voltammetry results, Figure 47, correspond to 2 series of cells tested after CO
poisoning: cells 1,3, 5, 7 and 10 submitted to voltage cycling up to 1.4 V but after first cycles
ended at 0.8, thus allowing CO removal and cells 2,4 6, 8 and 9 directly submitted (1% scan)
to cycling up to 1,4 V, thus showing the high CO oxidation peak at 0.8 V.
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Figure 47: Cyclic voltammograms recorded after CO poisoning test on a stack previously
submitted to circulation of H,S-containing fuel (100ppm). Left hand side: first scan (not
shown) up to 0.8 V before CV up to 1.4 V. Right hand side: first scan directly up to 1.4 V.

Following tests were conducted using much higher concentration of H.S in order to actually
cover the anode catalyst and to enable studying the impact of CO on a catalyst clearly
contaminated by sulphur species.

The test with higher H>S content (4 hrs with circulation of 1% H.S-containing fuel) caused a
clear performance decrease under pure H; with average cells voltage of 0.62 V. In this case,
cyclic voltammetry showed strong reduction of the hydrogen adsorption/desorption peaks but
an important peak attributed for sure to S species oxidation (1,2V), Figure 48.
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Figure 48: First cycles of cyclic voltammetry recorded after S contamination of a stack
submitted to circulation of H,S-containing fuel (1%, 4 hrs) (orange CV) compared to the case
of H,S 100 ppm (blue CV). Right hand side: repeatability of the first CV cycle for all cells.
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After validation of actual full contamination of the anode catalyst by sulphur species, the
experiment has been reproduced followed by CO contamination. The experiment described
below, Figure 49 and Figure 50, confirmed the impact on performance under pure hydrogen
(0,63V) and the coverage of the anode catalyst by S species. The voltammetry shows indeed
neither H adsorption/desorption peaks, nor CO oxidation peak after CO poisoning.

It is interesting to note that this strong adsorption of H,S has a clear effect on the performance

for the pure Hz, but prevents the full coverage by CO allowing to maintain much higher voltage
under H2+ 1 ppm of CO.

This kind of mitigation of CO impact after strong contamination by H.S has been confirmed at
fixed current but also under load cycles. The interpretation of this phenomenon is still to be
determined; hypotheses are related to the different kinds of Pt sites available and behaving
possibly differently towards H, S, or CO adsorption that could be studied with further
electrochemical analyses or to the internal distribution of gases during the injection of H,S-
containing or CO-containing fuel that could be studied with in-situ local measurements.
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Figure 49: CO poisoning test on the 10-cell stack after tentative of H,S contamination using
higher concentration mixture.
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Figure 50: Cyclic voltammograms recorded after CO poisoning test on a stack previously
submitted to circulation of H.S-containing fuel (1% case, 1 hr).

Cyclic Voltammetry (up to 1,4V) have been applied in order to estimate the possibility of
cleaning adsorbed S species, Figure 51. Pt sites active for hydrogen adsorption/desorption
are recovered, in conjunction with recovery of the Pt oxydes formation. A peak attributed to
oxidation of S species is still present after 6 cycles.
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Figure 51: Cyclic voltammograms recorded after CO poisoning and contamination by
circulation of H,S-containing fuel (1% case, 1 hr). Modification of the anode catalyst status.
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Similar experiments have been conducted but applying DLC load cycles instead of operating
the stack at fixed load, Figure 52.

Comparison of first CV cycles showed that FC-DLC and/or the OCV steps included in these
cycles maybe had a beneficial effect against S coverage, Figure 53. Not like in the cases at
fixed current, when load cycles have been applied, hydrogen adsorption peak as well as Pt

oxide formation peak appear on the first cycle, even if the S oxidation peak is still the most
important one.

At the end of the test, it seems that some performance is recovered when back under pure Hy;
this could be attributed to some anode cleaning but the role of cathode should also be
considered.

Further analyses would be needed to interpret and understand the detailed impact of H.S
combined to CO.
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Figure 52: Average voltage (left) and all cells voltage (right) during FC-DLC applied after H.S
contamination.
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Figure 53: CV (1% scan) before / after CO 1 ppm at fixed i and after CO under FC-DLC

Concerning S adsorption, there is a clear decrease but recovery is partial. Even after cycling
at higher voltage (up to 1.6 V), there is only a small trend (shift of Pt ox peak) but still S species
seem to be adsorbed, Figure 54.

It can be noticed that no ECSA loss occurred after the full test including H>S contamination,
CO 1 ppm poisoning, and FC-DLC and final cleaning.
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Figure 54: CV at EoT with maximum voltage at 1.4 V (no ECSA loss) and maximum voltage
increased to 1.6 V (only slight shift of Ptoy).
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Full test, Figure 55, and first and last CO pollution tests, Figure 56, are reported below to show
the overall losses caused by these H,S and CO tests. Performance decreased under pure
hydrogen and similarly under CO containing hydrogen; analyses would be needed to check
the degradation of the cathode side in parallel to the possible degradation of the anode side.
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Figure 55: Average cells voltage versus time, for the full test with performance under pure
Hydrogen.
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Figure 56: Comparison of BoT and EoT performance under pure hydrogen and effect of CO
pollution.
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Impact of CO and tolerance in terms of time to reach 50 mV loss have been also estimated
and reported, Figure 57, Figure 58 and Figure 59.

At fixed load, tolerance estimated in time to lose 50 mV is about 1.5 hrs with 1 ppm of CO as
for the first stack without H.S whereas the total performance losses are strongly reduced when
the stack has been previously contaminated by H>S (voltage maintained higher than 550 mV).

For further interpretation, other experiments on stacks would be profitable like recording
performance during the injection of H.S and if possible local in-situ measurements to identify
propagation of poisoning by S and/or by CO.
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Figure 57: Effect of H.S coverage and CO on performance
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Figure 58: Tolerance to CO contamination estimated in time spent to lose 50 mV after CO
injection at fixed load for 2 or 1 ppm of CO, before or after H.S contaminations.
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Figure 59: Tolerance to CO contamination estimated in time spent to lose 50 mV after CO
injection and minimum stable voltage reached after CO pollution (before or after H.S
contaminations).
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The impact of HCI as an impurity in H, gas was investigated using gas diffusion working
electrode (0.5 cm? active area) in electrochemical half-cell. A schematic drawing of the cell is
shown in Figure 60.

W Gas inlet

Figure 60: Schematic view of electrochemical half-cell. 0.5 M H,SO4 was used as electrolyte
solution.

To inject HCI impurity, pure hydrogen was bubbled through 1 M solution of HCI before arriving
to the gas diffusion electrode. The electrochemical cycling was conducted between 0 and 0.25
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V vs RHE to observe the evolution of H, current (H27 2e Z 2H*). The results are presented
in Figure 61.

Figure 61: Cyclic voltammograms obtained at 50 mV/s using working gas-diffusion electrode
composed of Pt-based catalyst (0.25 mgPt/cm?) cycled between 0 and 0.25 V under H; pure
and Hz> + HCl at 25 &.

It is clear that injection of HCI lead to gradual linear decrease of H; current. Finally, there is a
current decay of 33% within 20 min. Therefore, there is a direct negative impact of HC| on
the catalytic activity of Pt-based electrode in terms of H, decompaosition.

Figure 62(a) illustrates the changes in electrochemical active surface area for the Pt-based
electrode after poisoning with HCI.

Figure 62: Cyclic voltammograms obtained using 0.5 cm2 Pt-based electrode cycled
between 0.06 and 1V under N (a); electrochemical impedance spectra under N> (b).
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