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Summary

This is intermediate report for the second risk assessment workshop. The results for the first
part of the test campaign are reported, with selected impurities and conditions.
The measurements have been performed so far with reversible impurities: carbon monoxide
(CO), formaldehyde (HCHO) and formic acid HCOOH. This is according to the OEM
recommendations from the 1st OEM workshop in HyCoRA project (Deliverable 5.3).
The measurements for these reversible impurities have been performed in recirculation mode
using both single cells and PEFC systems. VTT and JRC have been using systems
developed at VTT, while CEA have used in-house developed system. Measurements of CO
and CO2 in recirculated gas have been performed by VTT and JRC.
In stack level measurements, the stack performance with pure hydrogen have been
measured by both stack supplier partner (PC) and each participating institutes.
The recovery of the performance during the shut-down after CO poisoning have been
measured by VTT and CEA. The results show that start up and shut down has a clear
recovery effect, which is dependent on the shut down time.
The results for formaldehyde and formic acid show that the limits for these contaminants in
ISO 14687-2:2012 seem to be at least order of magnitude too low. Further support for this
conclusion is found from the literature.
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1. Summary
In HyCoRA project, the first set of experiments has been focussed on the reversible
impurities, namely carbon monoxide (CO) formic acid (HCOOH) and formaldehyde (HCHO).
CO has been use in most of the experiment and the topics of the study have been:
1) CO tolerance for different MEA technologies, with and without anode gas
recirculation, at both stack and single cell level
2) The effect of drive cycle on CO poisoning at different concentrations, at single cell
level both with and without anode gas recirculation
3) The effect of start-up and shut down (SU/SD) on the recovery of CO poisoned
surface, at both stack and single cell level.
In addition the impact of formic acid and formaldehyde has been studied.
The first results show that there is a clear beneficial effect of SU/SD to recover MEA
performances by cleaning the poisoned surface. Also, the drive cycle seems to have a
beneficial effect. The anode recirculation seems to mitigate the impact of CO by diluting it at
the anode inlet with recirculated hydrogen. However, this has been demonstrated only with
high anode catalyst loadings (current MEA technology).
Furthermore, the experiments done to measure the effect of formic acid (HCOOH) and
formaldehyde (HCHO) indicate that the current recommendation from ISO 14687-2:2012
might be too restrictive for that both species. Further measurements are, however, needed.

2. Introduction
The current recommendations for hydrogen quality for fuel cell electrical vehicle are given by
the ISO 14687-2:2012 and SAE 2719 standards. However, these recommendations do not
take in account the issue of quality insurance. In addition, for some species, the proposed
standards might be too restrictive.
In this deliverable we report the tests made using CO, HCOOH and HCHO as impurities in
H2. The impact on PEMFC performance has been measured on stacks in systems and
single cells in test stations for different operating conditions, current profile and MEA
technologies. All these parameters are clearly defined for each experiment to allow a fair
comparison of the results between each other and with the ones from literature.
A specific emphasis has been put on the impact of the anode recirculation (at single cell and
stack level) to check if there is impurities accumulation or dilution. The results obtained here
show the beneficial effect of the recirculation thanks to a dilution effect for reversible
impurities.
Then, to be as close as possible of automotive application, the effect of drive cycle (FC-DLC)
and start up/shut down (SU/SD) have been studied. Both have shown positive effect on the
mitigation of CO poisoning effect.
In the conclusion of this report, some recommendations are given to standardisation
organisations. Furthermore, the conclusion gives also recommendation for the second set of
experiments in HyCoRA project and paves the way on the methodology to use to test the
impact of impurities containing H2.
Deliverable 1.3
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3. The effect of CO concentration on the poisoning time
3.1 Single cell measurements
3.1.1

VTT

VTT has performed single cell measurements with low anode loading MEA (0.05 mgPtcm-2).
The experimental results, parameters for the measurements and the description
experimental set-up have already been reported in HyCoRA Deliverable 1.2 and in earlier
publication by Koski, Pérez and Ihonen (2015)1.

Figure 1. Cell voltages and temperatures. Comparison between different current densities.
The CO injection was started at t=20 min.
One example of results is shown in Figure 1 (reported in detail in Deliverable 1.2). In
general, the poisoning times with 1 ppm CO are significantly (3-10) times faster than those
measured in the literature or by VTT in the previous studies (Hashimasa2, the same authors
from VTT3). The poisoning time is also much shorter than in literature. It is also shorter than
in the measurements with stacks in this report with similar Pt loading and CO concentration
(1 ppm) and current density (0.6 Acm-2 and 1.0 Acm-2), see Chapter 2.2.1.
It is also important to notice is that in these single cell measurements the poisoning time ( for
V=50mV) is decreased by 5 times from about 35 minutes to 7 minutes, when current

1

Koski, P., Pérez, L.C., Ihonen, J. Comparing Anode Gas Recirculation with Hydrogen Purge and
Bleed in a Novel PEMFC Laboratory Test Cell Configuration (2015) Fuel Cells, 15 (3), pp. 494-504.
2
Hashimasa, Y., Matsuda, Y. and Akai, M. 2010. Effects of Platinum Loading on PEFC Power
Generation Performance Deterioration by Carbon Monoxide in Hydrogen Fuel. ECS Transactions, 26
(1), pp. 131-142.
3
Luis C. Pérez, Pauli Koski, Jari Ihonen, José M. Sousa, Adélio Mendes, Effect of fuel utilization on
the carbon monoxide poisoning dynamics of Polymer Electrolyte Membrane Fuel Cells, Journal of
Power Sources, Volume 258, 15 July 2014, Pages 122-128
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density is increased from 0.6 Acm-2 to 1.0 Acm-2. In the measurements by Bender et al.4 the
poisoning time for similar voltage drop is increased only by 2.5 times. In the stack
measurements of this study (Chapter 2.2.1) the poisoning time was increased by about 2
times.
One possible explanation for the poor CO tolerance of the MEA in single cell measurements
can be poor water management properties of gas diffusion layer (SGL 24 BC) of this study.
The chosen experimental conditions are not optimal for this GDL. Another possible
explanation for the general lower CO tolerance may be the failure in anode Pt loading
control, leading to much lower Pt loading than the targeted 0.05 mgPtcm-2. Due to the NDA
required by the MEA manufacturer, characterisation of anode layer was not possible and this
hypothesis cannot be confirmed.
In the measurements of HyCoRA project, the hydrogen feed has been mixed with
recirculated gas after the recirculation pump. In the previous set-up (Koski, Pérez and
Ihonen, 2015) the mixing of the gas was done before the gas enters the recirculation pump
(KNF Neuberger AB PM24927-86.12(AP.DCB-4)). This arrangement has shown to be
relatively complicated. It was chosen to reduce the gas temperature to 60° C, maximum
temperature given by the pump manufacturer. The applied pump has, however, been
operated several hundred hours between 70-80° C with no issues and therefore simplified
arrangement could be used.

3.1.2

CEA

The impact of CO concentration on loss of performances has been made, as described in
Deliverable 1.2. With MEA containing 0.2 mgPt/cm2 at the anode, the impact of 1 ppm CO is
hardly detectable. For 2 ppm CO, the cell voltage starts to reach the plateau after 6 hours
under pollution. For 5 ppm CO, this plateau is reached after only 3.5 hours (Figure 2).
The work of Hashimasa, Matsuda and Akai (2010) shows that CO is not detected at the
anode exhaust during the first 75% of the needed time for reaching the plateau. Regarding
our experiment, it means that CO should not be present at the anode exhaust for the first 4
hours when 2 ppm CO is used and at least two hours when 5 ppm CO is used. We could
then make the hypothesis that during that time length, there might be no accumulation of CO
in the recirculation loop, if recirculation was used.
The humidity of the gases entering the single cell are controlled thanks to two boilers (one
for anode, one for cathode). They are fed with deionized water, which is not degassed. The
small recovery of performance at 35 hours under 5 ppm CO corresponds to a filling of the
anode boiler. A similar effect has been observed by Rocheleau5.
Furthermore, the IV curved obtained at the BoT and EoT under pure H2 did not show any
degradation of the performance neither because of the CO concentration nor the load profile
(Figure 3).

4

Bender, G., M. Angelo, K. Bethune and R. Rocheleau. 2013. Quantitative Analysis of the
Performance Impact of Low-Level Carbon Monoxide Exposure in Proton Exchange Membrane Fuel
Cells. Journal of Power Sources 228:159-69.
5
Slide 20 in http://www.hydrogen.energy.gov/pdfs/review06/tvp_1_rocheleau.pdf
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Figure 2. Impact of CO concentration on performance degradation (bleu: 1 ppm, green 2
ppm, red 5 ppm). 1 A/cm2, anode loading 0.2 mgPt/cm2 (Pt/C), membrane Nafion HP. StH2:
1.2, temp. cell 80°C, RH: 50%. 1.5 bar(a).

Figure 3. Evolution of polarization curve between BoT and EoT depending on CO
concentration, the polarization curve have been made under pure H2
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Figure 4. Evolution of EIS between BoT and EoT for different CO concentration, the EIS
have been made under pure H2
In the Frame of collaboration with Tommy Rockward (ISO TC 197 WG 12 leader), the impact
of 2 ppm CO on IonPower MEA has been tested using the same protocols as for CEA MEA.
Results are shown on figure 5.
For that MEA with an anode loading of 0.3 mgPt/cm2, the loss of performance could be
attributed to degradation of the cathode as can be seen on the evolution of the IV curve at
BoT and EoT, and on the EIS on figures 6 and 7.

Figure 5. Impact of 2 ppm CO on ion power MEA; 0,3 mgPt/cm2 anode, StH2: 1.2, temp. cell
80°C, RH: 50%. 1.5 bar(a).
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Figure 6. Evolution of polarization curve between BoT and EoT depending on CO
concentration, the polarization curve have been made under pure H2.

Figure 7. Evolution of EIS between BoT and EoT for different CO concentration, the EIS
have been made under pure H2.
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3.1.3

JRC

JRC conducted at a cell temperature of 60°C under atmospheric conditions (ambient
pressure, dry inlet gases) three types of tests on a commercial MEA (membrane electrode
assembly) of 100 cm2 active cell area with an unspecified Pt loading, namely.
I.
constant load (0.6 A/cm2) operation in open anode mode at 3.0 fuel
stoichiometry; the latter is higher than the nominal value of 1.3 to overcome the additional
flow resistance caused by installed fuel recirculation loop,
II.
constant load (0.6 A/cm2) operation in hydrogen fuel recirculation mode with
95% utilisation factor (Uf) corresponding to 1.05 fuel inlet stoichiometry and
III.
load cycling following the fuel cell dynamic load cycle (FC-DLC, adapted from
the new European drive cycle)
each of a maximum test duration of 6 hours; when the cell voltage dropped below 0.4 V the
test was ended prematurely.
In addition to a test under H2 of 5.0 grade (neat, 0 vppm), the hydrogen fuel was deliberately
contaminated by CO at 1, 2 and 4 vppm in each of the tests. For 1 and 4 vppm CO certified
gas mixtures were used while 2 vppm CO was achieved using an additional mass flow
controller.
The experimental conditions are summarised in the below table 1.
Table 1. Experimental conditions table.
Test duration

6 hours or less if
measured cell
voltage <=0.4V

Mea cell size

100 cm2

MEA cell temperature

60°C

Current density for steady state
test
Max current density for FC-DCL
cycles
Average current density for FCDCL cycles
Anode gas feed

0.6 A/cm2

Fuel utilization recirculation

95,2% (1.05 Stoich)

Oxidant utilization

41.6% (2.4 stoich)

Fuel utilization open end mode

33.3% (3.0 stoich)

Oxidant utilization

41.6% (2.4 stoich)

Inlet pressure
Inlet dew point open end mode
Inlet temperature open end
mode
Inlet temperature in recirculation
mode
Inlet dew point in recirculation
mode

atmospheric
25 °C

Inlet pressure
Inlet dew point

atmospheric
25°C

35 °C

Inlet temperature

35°C

45°C

------

35°C

-------

CO in feed

0, 1, 2, 4 ppm

Air from Clean Dry Air
system

H2 source purity

5.0

0.6 A/cm2
0.2 A/cm2
Cathode gas feed
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The results of the tests (Cell voltage, current load, cell temperature at cathode, fuel
composition at cell outlet) I, II and III are given in the figures below including the observed
losses in cell voltage during the respective test duration and the period to obtain a voltage
loss of 20 mV.
In this respect, no distinction is made between reversible (recoverable) and irreversible
voltage losses.
I. Constant load operation in open anode mode

Figure a- Neat Hydrogen

Figure b- 1 ppm CO in Hydrogen

Figure c- 2 ppm CO in Hydrogen

Figure d- 4 ppm CO in Hydrogen

Figure 8 a-d. Constant load operation in open anode mode
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II. Constant load operation in fuel recirculation mode

Figure a- Neat Hydrogen

Figure b- 1 ppm CO in Hydrogen

Figure c- 2 ppm CO in Hydrogen

Figure d- 4 ppm CO in Hydrogen

Figure 9 a-d. Constant load operation in fuel recirculation mode
Table 2. Observed voltage drops in constant load operation.

Neat H2

Open anode end mode
Voltage loss

Recirculation mode
Voltage loss

0 mV over 6 hrs

0 mV over 6 hrs

-20 mV upon 4 hrs 35 min
1 ppm CO
-44 mV over 6 hrs
-20 mV upon 3 hrs

-6 mV over 6 hrs
-20 mV upon 3 hrs 18 min

2 ppm CO
-157 mV over 4 hrs 51 min

-58 mV over 6 hrs

-20 mV upon 40 mins

-20 mV upon 1 hr

-147 mV over 1hr 15 min

-200 mV over 2 hrs

4 ppm CO
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III. FC-DLC in fuel recirculation mode

Figure a- Neat Hydrogen

Figure b- 1 ppm CO in Hydrogen

Figure c- 2 ppm CO in Hydrogen

Figure d- 4 ppm CO in Hydrogen

Figure 10 a-d. FC-DLC in fuel recirculation mode, first cycles under CO.
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Figure a- Neat Hydrogen

Figure b- 1 ppm CO in Hydrogen

Figure c- 2 ppm CO in Hydrogen

Figure d- 4 ppm CO in Hydrogen

Figure 11 a-d. FC-DLC in fuel recirculation mode, all cycles under CO
In the Figures 12 a-e, pseudo-polarisation (I-V) curves are displayed as the voltage
response over the different current loads (see table below) during the FC-DCL test.
Also, the total loss in cell voltage for the last load cycle compared to the initial cycle is given
for each of the five current loads in the Table 3; again, no distinction is made for reversible
and irreversible losses.
It is interesting to note that the voltage losses when operating on CO contaminated hydrogen
fuel are much lower for the FC-DLC tests than for the tests at constant load both in anode
open mode and in fuel recirculation mode.
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Figure a- Neat Hydrogen

Figure b- 1 ppm CO in Hydrogen

Figure c- 2 ppm CO in Hydrogen

Figure d- 4 ppm CO in Hydrogen

Figures 12 a-e. Pseudo I-V curves for 0, 1, 2 and 4 vppm CO during FC-DLC test
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Table 3 - Voltage loss during FC-DCL test
Voltage loss at
Current density
set

Voltage loss at
Current density
set

Voltage loss at
Current density
set

Voltage loss at
Current density
set

Voltage loss at
Current density
set

0.16 A/cm2

0.25 A/cm2

0.35 A/cm2

0.50 A/cm2

0.60 A/cm2

Neat H2

- 22 mV

-10 mV

-12 mV

-14 mV

-14 mV

1 ppm CO

-17 mV

-16 mV

-20 mV

-23 mV

-23 mV

2 ppm CO

-25 mV

-15 mV

-19 mV

-21 mV

-20 mV

4 ppm CO

-23 mV

-18 mV

-22 mV

-26 mV

-28 mV

Inlet gas quality

Figure a- Neat Hydrogen

Figure b- 1 ppm CO in Hydrogen

Figure c- 2 ppm CO in Hydrogen

Figure d- 4 ppm CO in Hydrogen

Figure 13 Cell voltage evolution during FC-DCL test based on pseudo IV curves data

Deliverable 1.3
HyCoRA, FP7 FCH JU project no. 621223

15

In addition, the anode gas outlet was continuously sampled and analysed with a tandem ion
molecule reaction/mass spectrometer (IMR/MS) instrument, see Figures 14 a-c.
Unfortunately, the MS signal for the CO species is not as reliable an indication to the actual
presence and quantity of this contaminant in the complex gas matrix at cell anode outlet.
In contrast, the CO2 signal is considered a reliable indicator for the presence of this species
in the outlet gas hinting at considerable carbon corrosion during instant load increases
especially at high amplitudes. This is observed for both operations under neat H2 and H2-4
vppm CO.
Neat H2

4 ppm CO

Deliverable 1.3
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Figure 14 a-b. FC-DCL test with a) neat H2 and b) 4 ppm CO in H2, with Mass spectrometry
data. C) focus on the five first cycles.

3.2 Stack measurements
3.2.1

VTT

VTT has performed stack measurements with 10-cell Powercell S2 stacks equipped with low
anode loading MEA (0.05 mgPtcm-2). The experimental results, parameters for the
measurements and the description experimental set-up have already been reported in
HyCoRA Deliverable 1.2 and by Nikiforow et al. (2013)6.
The tests were performed with the parameters listed in Tables 4-5. The current drawn from
the stack was chosen to be 0.6 A/cm2 (117A), which corresponds to the nominal operation
point for the S2 stack. Full power 1.0 A/cm2 (195 A) was applied in one of the
measurements.
Hydrogen feed pressure at the inlet was adjusted to 200 mbar(g) and the cathode pressure
was atmospheric. This means meaning that the outlet was pressurised due to pressure drop
in membrane humidifier (1 kPa) while inlet was pressurised also due to pressure drop in
stack (12-13 kPa). Temperature was regulated to 80 °C. The cathode side was humidified by
a membrane humidifier at full capacity, meaning that the dry air bypass flow valve was
completely closed.
Anode side was humidified with anode gas recirculation. The recirculation pump control setpoint was at 30% (except 50% for the measurement with 195 A). Resulting recirculation
rates were between 18 lpm and 29 lpm. Recirculation rate in tables of this report includes all
gases (H2, N2, H2O) and is the volume rate through the recirculation pump.
A large part of the measurements was done using hydrogen with purity 2.5, instead of 5.0 or
6.0, due to large hydrogen consumption in stack measurements. In practice, in 2.5 quality
hydrogen used at VTT has typically over 99.8% hydrogen content. There are typically only
small amounts (1-10 ppm) of CO2 and CH4 and no CO in that hydrogen and the quality of
hydrogen was frequently controlled for CO, CO2 and CH4. VTT has also operated 50 kW
stationary PEMFC power plant now over 4000 hours using the same hydrogen without
measurable irreversible degradation7. When similar contaminant measurements have been

6
7

K. Nikiforow, H. Karimäki, T. M. Keränen and J. Ihonen, J. Power Sources, 2013, 238, 336-344.
Keränen, T.M., Karimäki, H., Nikiforow, K., Kukkonen, S., Uusalo, H., Viitakangas, J., Ihonen, J.
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performed at VTT with 2.5, 5.0 and 6.0 hydrogen qualities, the results have been almost
identical.
The main benefit for using 6.0 or 5.0 grade in stack measurement would be the possibility to
reduce purge rate and achieve similar fuel utilisation rates (>99.5 %) as in real automotive
systems. However, in most of the measurements of this study, the impurity used (CO,
HCOOH, HCHO) was diluted with nitrogen. Therefore, the possibility for reaching very high
fuel utilisation rate was lost anyway.
The CO poisoning measurements were done with 1, 2 and 5 ppm CO concentrations in
hydrogen. Measurements with 2 and 5 ppm CO were performed using 5000 ppm CO in N2
mixture and mixing that with hydrogen (purity 6.0). Data for 1 ppm CO contamination was
achieved using pre-mixture 1.00 ppm CO in hydrogen (6.0). The test bench’s
instrumentation including the gas mixing equipment is presented in the block diagram in
Figure 15.
The stack performance was measured before the CO poisoning measurements. The result
in the Figure 16 is in line with the performance measured by Powercell Sweden, when the
low humidity in the measurement of VTT is taken into account.

Figure 15. Piping and instrumentation diagram of the 1-2kW system test bench.

A 50 kW PEMFC Pilot Plant Operated with Industry Grade Hydrogen - System Design and Site
Integration (2014) Fuel Cells, 14 (5), pp. 701-708.
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Figure 16. Beginning of life polarisation curve for the S2 stack (10 cells) used in the
measurements of this study. Humidity, pressure and temperature are as in Table 4.

Table 4: Experimental conditions for the 5 and 2 ppm CO poisoning test with S2 stack.
Temperatures
Stack inlet
Stack outlet
Water trap

80 °C
80 °C
89-94 °C

Purge f
Purge time

300 s
200 ms

Current density

0.6 A·cm-2

Anode gas feed
Fuel utilization
H2 flow rate
Inlet pressure
Inlet dew point
Inlet temperature
Recirc.rate
CO in feed

Impurity flow rate
H2 source purity
CO in N2 mixture
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99,2-99,3%
8,17 l·min-1
21 kPa(g)
67 °C
83 °C
26-28 l min-1
2 and 5 ppm
2ppm:
3,388
ml·min-1
5 ppm: 8.357
ml·min-1
2.5
5000 ppm

Cathode gas feed
Oxidant utilization

40%

Air flow rate
Inlet pressure
Inlet dew point
Inlet temperature

49,6 l·min-1
12,6 kPa(g)
69-70 °C
72 °C
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Table 5: Experimental conditions for the 1 ppm CO poisoning test with S2 stack.
Temperatures
Stack inlet
Stack outlet
Water trap

80 °C
80 °C
91-93 °C

Purge f
Purge time

216 s
200 ms

Current density

1.0 A·cm-2
0.6 A·cm-2

Anode gas feed
Fuel utilization

96,5%

H2 flow rate

8,42 l·min-1

Inlet pressure
Inlet dew point
Inlet temperature
Recirc.rate
CO in feed

22 kPa(g)
65-66 °C
83 °C
22 l min-1
1 ppm

Impurity flow rate
H2 source purity
CO in N2 mixture

6.0
-

Cathode gas feed
Oxidant utilization

40%

Air flow rate
Inlet pressure (0.5
Acm-2)
Inlet dew point
Inlet temperature

49,7 l·min-1
13 kPa(g)/
0,6
71 °C
73 °C

Measurements with 1 ppm CO in H2
When looking the results with 1 ppm CO and 1.0 Acm-2 in Figures 17-18, it can be seen that
the poisoning time (voltage drop of 40-50 mV) is in line with the results of the Hashimasa et
al. (2010)8 and Pérez et al. (2014)9, where similar low loading anodes were used. The
poisoning time for 40 mV average voltage drop is 90 minutes.

Figure 17. Poisoning with 1 ppm CO and 1.0 Acm-2. Poisoning started at 29 minutes.
The individual cell voltages cells behave slightly differently in the measurement with 1.0
Acm-2 compared to CO poisoning measurements with 0.6 Acm-2. However, the CO poisoning
divides the cells clearly in two groups similarly in the measurement with both current
densities.
8

Hashimasa, Y., Matsuda, Y. and Akai, M. 2010. Effects of Platinum Loading on PEFC Power
Generation Performance Deterioration by Carbon Monoxide in Hydrogen Fuel. ECS Transactions, 26
(1), pp. 131-142.
9
Pérez, L. C., P. Koski, J. Ihonen, J. M. Sousa and A. Mendes. 2014. Effect of Fuel Utilization on the
Carbon Monoxide Poisoning Dynamics of Polymer Electrolyte Membrane Fuel Cells. Journal of Power
Sources 258:122-8.
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Figure 18 a-b. Poisoning with 1 ppm CO and 1.0 Acm-2. Illustration of cell voltage
distribution during the poisoning.
The measurement with 1 ppm CO and 0.6 Acm-2, presented in Figure 19, shows that the
poisoning time for 40 mV average voltage drop is about 160 minutes.

Figure 19. Poisoning with 1 ppm CO and 0.6 Acm-2. Poisoning started from the beginning of
the measurement. a) Cell voltages during the measurement. b) Temperatures and
humidities during the measurement.
However, this poisoning time contains relatively high uncertainty due to the restart before the
measurement. The measurement was performed after emergency shut-down and immediate
re-start (< 1 min downtime) using CO containing hydrogen from the beginning of the
measurement. The current was ramped up rapidly to 0.6 Acm-2 meaning that the current
density was not 0.6 Acm-2 from the beginning of the measurement. The lower current in the
beginning means that the CO dose was also lower in the beginning, which could increase
the poisoning time.
On the other hand, no stable steady-state voltage could be reached before the measurement
start. Before the shut-down the voltage was 650-655 mV. Therefore, the observed voltage
drop could be combined effect of membrane drying and CO poisoning. The effect of the
membrane drying is difficult to estimate. If 655 mV is assumed as “steady-state”, the
Deliverable 1.3
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measurement is stopped only after 25 mV. If this is taken into account, then the poisoning
time could be 30-50 minutes longer.
The number of measurements with 1 ppm CO was limited due to high consumption of the
pre-mix gas. One 50 dm3 (150 bar) standard gas bottle is sufficient for only about 5-7 stack
measurements. Therefore, this measurement was not repeated at this stage of the work.
Measurements with 2 ppm CO in H2
In the measurement with 2 ppm CO level the stack was poisoned twice including 128
minutes recovery period with clean hydrogen between the measurements. The results are
shown in Figure 20.

Figure 20. Poisoning with 2 ppm CO and 0.6 Acm-2.
The poisoning time for the first poisoning in the measurement is 85 minutes (for 40 mV
average voltage drop) and 92 minutes (for 50 mV average voltage drop). The times were
quite exactly half of the times measured with 1 ppm CO. However, as discussed earlier,
there is some uncertainty in the poisoning time with 1 ppm CO and 0.6 Acm-2.
The second poisoning time, after 128 minutes recovery, was about 50% of the first
poisoning, indicating that some of the CO could have been oxidised during the recovery
period by internal air bleed.
It can be seen that the CO concentration level is reaching the highest point 20 minutes (3
Gas chromatograph (GC) measurement points) after the poisoning has been stopped. This
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time lag is observed also in the other CO measurements with the S2 stack in the system.
One possible reason for this could be that there is CO desorption and re-adsorption after the
CO feed is stopped. CO desorption has earlier been studied by JRC10.
It can also be seen from the data that there is also CO in the anode gas during the recovery
period. Since these is CO desorption and re-adsorption during the recovery period, CO will
be redistributed more evenly on the catalyst surface. This could partially improve the CO
tolerance in the second poisoning, in addition to CO oxidation by the internal air bleed during
the recovery period.
Due to this CO redistribution during the recovery period, using only the difference in the
poisoning times for the same voltage drop does not give accurate estimate for the effect of
internal air bleed.
The CO concentration level measured in the anode recirculation loop in the end of the
poisoning measurement with stack are very low (5% of the inlet concentration) in this study.
In the study of Pérez et al. (2014), CO ppm level at the exit was approaching to the level at
the inlet, when a similar 50 mV voltage drop was reached. The measurements of Pérez et al.
(2014) were done using single cells.
The observed large difference CO concentration level may be partially due to different
channel dimensions. In the automotive fuel cell stack the channel dimensions (width, height)
are in the range of 0.4-0.5 mm, while in the test cell of Pérez et al. (2014) the channel was 1
mm wide and 1.5 mm deep. Smaller channel dimensions would mean faster CO transfer to
the Pt surface, which would also lead different CO distribution in the anode catalyst surface.
Overall, the cell voltages in all CO poisoning measurements of this study were very close to
each other before poisoning, showing that both cell design and stack manufacturing had
been very successful.
Individual cell voltages follow each other very systematically both in the time scale of
seconds and minutes. For the minute scale cell voltage fluctuation there are two main
causes, illustrated in Figure 21.

Figure 21. with 2 ppm CO and 0.6 Acm-2. Illustration of cell voltage variation during the
measurement.

10

Dundar, F., Pitois, A., Pilenga, A., Tsotridis, G. Effect of humidity on carbon monoxide desorption
kinetics (2014) Journal of Fuel Cell Science and Technology, 11 (4), art. no. 041008,
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Before the CO (and N2) injection, the cell voltages are fluctuating due to slow changes in
temperatures and humidity. During the CO injection these is significant increase when
hydrogen purge is activated, since the nitrogen concentration is reduced in every purge,
seen in Figure 21.
Measurements with 5 ppm CO in H2
The results of poisoning measurements with 5 ppm CO in hydrogen are shown in Figure 22.
The poisoning time is 38 minutes for 50 mV voltage drop, compared to 92 minutes with 2
ppm CO. With other words, when CO level was increased by 2.5 times the poisoning time
was decreased a bit more than 60%.

Figure 22. Poisoning with 5 ppm CO and 0.6 Acm-2.
The results indicate that less CO dosage is needed for the same voltage drop if it is applied
in shorter time. This has also been as demonstrated by research of Los Alamos National
Laboratory (LANL, USA)11. There is a clear logical reason for this. When the same dosage of
CO is applied during a longer time, there is more time for the mitigating processes. CO is
oxidised by the oxygen coming from the cathode (internal air bleed) and it is also distributed
more evenly due to desorption and re-adsorption.
The data from the measurements of this study is not sufficient for the estimation of CO
oxidation rate by internal air bleed. The direct comparison of the CO dosages in different
11

http://www.hydrogen.energy.gov/pdfs/review15/scs007_rockward_2015_o.pdf
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measurements is not possible. The main reason for this is that the redistribution of the CO
by desorption and re-adsorption, which also affects the poisoning.
The only published measurements, which can give some estimate for the rate of internal air
bleed, are the results of Hashimasa et al. (2010). When their results are studied carefully, it
can be seen that some additional CO2 in the exit gas could be measured before any major
amount of CO could be measured or significant voltage drop observed. However, this is
clearly seen only in measurements with higher Pt loading (0.2 mgPtcm-2 and 0.4 mgPtcm-2) on
the anode.
On the other hand, in their measurements with lower Pt loading on the anode (0.05 mgPtcm-2
and 0.1 mgPtcm-2) clearly less than 10% of the CO was oxidised to CO2, before 10% voltage
drop was observed. This indicates that the internal air bleed is not very efficient to oxidise
CO in the very beginning of the CO poisoning.
The CO2 concentration data of Hashimasa et al. (2010) does not allow accurate quantitative
estimation of the CO oxidation by internal air bleed for low loading anodes. However, a first
estimate could be done using their data. A CO clean-up rate (as CO coverage in %) by air
bleed could be estimated to be in the range of 0.03-0.1% / min. This is used in the WP4
simulations before better data is available.
It seems that measuring the CO oxidation rate in the early phase of poisoning requires
extremely careful carbon balance measurements, as done by Bender et al. (2013)12.
Alternatively, the use of carbon-13 isotope in CO may provide a way to measure distinguish
the origins of CO2 and provide information about the CO oxidation rate.
From the data of Hashimasa et al. (2010) the dosage and required surface coverage for the
50 mV voltage drop can be calculated for the low loading (0.05 mgPtcm-2) anode. The
dosage needed is about 0.0335 mol/cm2, corresponding about 55 % CO average surface
coverage.
The methane enrichment data is shown in Figure 22. It can be seen that there is about 260270 ppm methane in the anode recirculation loop. The measured methane concentration in
the hydrogen fuel used was measured to be 2.1 ppm. Therefore, the fuel utilisation in the
experiment should have been slightly over 99%.
Methane enriches linearly in the anode recirculation loop and can be considered as inert
gas13. Therefore, it can be used as tracer for determining the fuel utilisation. However, in the
measurements of PEMBeyond project at VTT, it has been observed that there can be
methanation, when reformate fuel cell catalyst (PtRu) is used. This is most probably due to
unalloyed ruthenium in the anode catalyst, as ruthenium is active catalyst for methanation14.
Therefore, using methane as a tracer gas for estimating fuel utilisation requires a catalyst on
the anode that is not active for methanation reaction.
In other measurements with 6.0 hydrogen fuel utilisation rates exceeding 99.5% have been
reached.
12

Bender, G., M. Angelo, K. Bethune and R. Rocheleau. 2013. Quantitative Analysis of the
Performance Impact of Low-Level Carbon Monoxide Exposure in Proton Exchange Membrane Fuel
Cells. Journal of Power Sources 228:159-69.
13
Yoshiyuki Matsuda, Yoshiyuki Hashimasa, Daichi Imamura, and Motoaki Akai. Accumulation
behavior of Impurities in Fuel Cell Hydrogen Circulation System, Japan Automobile Research
Institute,
LRD32b,
Fuel
cell
seminar,
November
16-19,
2009
Palm
Springs,
http://fuelcellseminar.com/wp-content/uploads/LRD32b-2_1100AM_Matsuda.pdf
14
Lopes, P.P., Ticianelli, E.A. The CO tolerance pathways on the Pt-Ru electrocatalytic system (2010)
Journal of Electroanalytical Chemistry, 644 (2), pp. 110-116.
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Table 6. Poisoning times for 0.05 mgPt/cm2 low loading anodes in automotive type system
and automotive “low pressure” conditions
CO concentration in
fuel (ppm)

Current density
(Acm-2)

Poisoning time min (average
voltage drop in mV)

1

1

90 (40 mV)

1

0.6

2

0.6

5

0.6

160 (40 mV)
(possible 30-50 min error)
85 (40 mV)
92 (50 mV)
35 (50 mV)

If it is assumed that the low loading anodes (0.05 mgPtcm-2) in S2 stacks have the same
platinum surface area per cm2, as in the study of Hashimasa et al. (2010), then the CO
surface coverage needed for 50 mV voltage drops can be estimated for each poisoning. This
requires also some estimate for an average cleaning rate due to internal air bleed.
If 0.05 % / min is assumed to be the average cleaning rate, then in all the poisoning
experiments the CO average surface coverage would be close to 50% when 40-50 mV
voltage drop is reached.
As this is in agreement with the results of the Hashimasa et al. (2010), 40 or 50% surface
coverage could be used as a first estimate for causing the 50 mV drop in the quantitative risk
model.

3.2.2

CEA
Tests have been conducted on a 64 cells (220cm²) stack on a system adapted for
fuel recirculation mode with CO injection. The operating conditions are defined to
obtain 97% fuel utilization (efficiency).
The MEA are the same technology (membrane, catalyst loading, GDL…) as the ones
tested in single cell. (remind: anode loading: 0.2 mgPt/cm2)
Measurements completed with 0, 2, 5 ppm of CO and two recirculation flows (30 and
50 l/min).
Experiments are conducting using 1000 ppm CO in H2 mixture and making
appropriate dilution with pure H2 which allows obtaining 2 or 5 ppm CO.
The system is equipped with HR probe at the cathode and the anode (air and fuel
stack inlets).
Exhaust analyses were performed during initial campaign: only CO measurements
were planned and no CO could be measured indicating an excess after completed
catalyst coverage. CO was detected mainly when operating the system including
purges of the fuel thus leading to a measure of a concentration corresponding to the
one of the supplied fuel.
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The hypotheses for the non-detection of CO at fuel outlet were the following: all the CO
entering the stack was adsorbed, never reaching a coverage level allowing an excess of CO
to get out in the fuel stream (during the duration of our experiments) and/or the CO adsorbed
(at least part of it) was oxidized into CO2 going out with the fuel stream but of course not
detected (no CO2 detection available).

Description of CO impurity tests and results
Table 7: List of experiments conducted on a CEA stack on system
Test
n°

Type of test /
objective

i (A/cm²)

1

System validation

2

6

CO measurement
validation
Recirculation
validation
CO and recirculation
(preliminary tests)
Definition of purge for
system operation
Pollution study

0,5 steady & iVcurves test
0,5

7
8
9

3
4
5

H2
recirculation
(l/min)
from 0 to 50

CO profile

0

1

0,5

from 0 to 50

0

0,5 steady & iVcurve
0,5 steady & iVcurve
0,25

0 & 20

1

from 0 to 50

0

30 & 50

Pollution study

0,4

30 & 50

Pollution study
Pollution study

0,4
0,4

30
50

1h 0ppm / 4h 2ppm /
1h 0ppm / 4h 5ppm
1h 0ppm / 2h 2ppm /
1h 0ppm / 2h 5ppm
3h 0ppm / 3h 2ppm
3h 0ppm / 3h 2ppm

0

The first pollution test was done on the system with two H2 recirculation rates (30 and
50l/min) and 0-2-5 ppm of CO in order to validate the system management
Figure 23 reports the first campaign profile of CO concentration (0-2-5 ppm), applied with the
two selected H2 recirculation flows (30 l/min or 50 l/min).
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Figure 23: Inlet system measurement of CO during a campaign with H2 recirculation rate
variations (30 and 50l/min) and CO injection variations (0-2-5ppm) on the system at 55A
(0.25A/cm²).
This first profile of pollution was defined in order to estimate the effect of low CO content on
the stack performance; to check if there could be an additional impact from 2 to 5 ppm
(maybe also a cumulative effect when applying only one hour of cleaning with pure
hydrogen) and also to check if the increase in recirculation flow could lead to a visible
additional poisoning.
The results of this first campaign at low current (0.25 A/cm²) are given on Figure 24: the
stack voltage shows only one clear increase when increasing the recirculation flow in the
mid-term of the experiment that can be attributed to the increase of the fuel humidity; no cell
voltage decrease or increase could be attributed to the injection of CO or to the return to
pure hydrogen; maybe the slow continuous losses from 1h to 10h and then from 14h to 20h
could be partially related to the addition of CO but the variations of relative humidity and the
possibility to get the same voltage decrease related to some reversible decay, some partial
local drying or local flooding of the MEAs did not allow a conclusion about CO poisoning
effect.
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Figure 24: Parameters evolution during the test described on Figure 23

Another test with similar CO contents and profile but shorter periods of cleaning was applied
at higher current density (0.4A/cm²), seen in Figure 25.
The aim was to check if more impact could be observed at higher current since the cell
voltage is more affected. This second test with both modifications of CO and of recirculation
clearly allowed to evidence that the major parameter involved in the stack voltage profile is
the relative humidity of the gases (very clear when comparing Air RH and voltage
evolutions).
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Figure 25. Pollutant campaign on the system at 0.4A/cm² with the same profile than in
Figure 24, but with shorter time of pollution (2h instead of 4h). Conditions: 75°C outlet /
system constraint H2 & Air purges every 15 min (1s) / 97% fuel utilization (efficiency).

Always in order to identify an impact of CO but focusing on only one concentration and one
recirculation flow to limit the variation of other conditions, a profile was defined with
alternating periods of 3 hours with and without CO: only the 2 ppm case could be applied for
30 (Figure 26) and 50 ml/h (Figure 27).
These two experiments clearly confirmed that with this CO content, the behavior of the
MEAs of this stack in the conditions selected was mainly controlled by the relative humidity.
Due to numerous starts and stops and other issues with the system, several MEAs were too
much degraded for further impurity tests on this stack.
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Figure 26: Pollutant campaign on the system at 0.4A/cm², 30l/min H2 recirculation and
profile of 3h at 0ppm CO / 3h at 2ppm CO.
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Figure 27: Pollutant campaign on the system at 0.4A/cm², 50l/min H2 recirculation and
profile of 3h at 0ppm CO / 3h at 2ppm CO.
All tests conducted allowed to conclude that for total operation periods of maximum one day,
with maximum CO contents of 5 ppm for pollution periods lower than 4 hours, and for current
densities of maximum 0.4 A/cm², the fuel cell behavior and performance were not affected
by this fuel impurity.
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3.2.3

PCS

End-of-line testing was performed on the S2 10-cell stack (SN025) supplied to VTT. The
stacks supplied to the HyCoRA project are in the 5-10 cell range, a typical 100 cell stack is
shown in Figure 28.

Figure 28. Example of a PowerCell S2-100 stack
The testing was made in a calibrated GreenLight G200 test stand at PCS facilities in
Gothenburg. The test protocol used is described in FCTESTNET: Test Module TM PEFC ST
5-315. The stack was subjected to standard PCS end-of-line break-in protocol prior to any
measurements, and thereafter additional conditioning as specified by the test mentioned
FCTESTNET protocol.
The experimental parameters are stated in Table 7 below. The resulting polarization curves
are shown below in Figure 29 – Figure 31. The performance and performance variations are
within internal PCS limits. The MEA in the stacks supplied to the HyCoRA project has low
loading noble metal catalysts, anode 0.05 mg/cm2 Pt as requested by the project partners.
Therefore, the performance is not representative of that of an S2 product.

15

http://iet.jrc.ec.europa.eu/fuel-cells/sites/fuelcells/files/files/documents/Polarisation_Curve_TestProcedure_ST_5-3.pdf

Deliverable 1.3
HyCoRA, FP7 FCH JU project no. 621223

33

Table 7. Experimental conditions during polarization curves
Experimental conditions polarization curves
Coolant inlet
65-85
temperature
Coolant T
5
Coolant media
Pure di-water
Relative humidity
80
anode / cathode
Pressure cathode
0.25
Pressure anode
0.15
Pressure coolant
0.5
Anode gas
85 % H2 in N2
Stoic anode
Stoic cathode
Minimum flow limit

1.5
2
39

°C
°C
%
Bar(g)
Bar(g)
Bar(g)
Dry
fraction

mole

A

Polcurve @ 65°C, 85% H2 in N2, SN025
1,

0,9

Cell voltage [V]

0,8

0,7

0,6

Stoich Anode: 1.5
Stoich Cathode: 2.0
RH Anode: 80%
RH Cathode: 80%
Pressure anode in: 0.15 barg
Pressure cathode in: 0.25 barg

0,5

Standard Deviation
Min - Max Cell Voltage
Average Cell Voltage

0,4
0

20

40

60

80

100
120
Current [A]

140

160

180

Figure 29. Reference polcurve at 65°C
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200

Polcurve @ 75°C, 85% H2 in N2, SN025
1,

0,9

Cell voltage [V]

0,8

0,7

0,6

Stoich Anode: 1.5
Stoich Cathode: 2.0
RH Anode: 80%
RH Cathode: 80%
Pressure anode in: 0.15 barg
Pressure cathode in: 0.25 barg

0,5

Standard Deviation
Min - Max Cell Voltage
Average Cell Voltage

0,4
0

20

40

60

80

100
120
Current [A]

140

160

180

200

Figure 30. Reference polcurve at 75°C

Polcurve @ 85°C, 85% H2 in N2, SN025
1,

0,9

Cell voltage [V]

0,8

0,7

0,6

Stoich Anode: 1.5
Stoich Cathode: 2.0
RH Anode: 80%
RH Cathode: 80%
Pressure anode in: 0.15 barg
Pressure cathode in: 0.25 barg

0,5

Standard Deviation
Min - Max Cell Voltage
Average Cell Voltage

0,4
0

20

40

60

80

100
120
Current [A]

140

160

180

Figure 31. Reference polcurve at 85°C
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4. The effect of drive cycle on the CO poisoning time (CEA)
CEA used the load profile proposed by EU networking group on harmonization derived from
NEDC and called FCDLC. The CEA test station is operated under galvanic control and the
maximum current has been set to 1 A/cm2. The integrated current of the FC DLC correspond
to average current 0.37 A/cm2.
The study has been performed using 1, 2 and 5 ppm CO. For each step of the FC DLC no
impact of CO can be clearly detected. However, the average impact of CO can be detected
meaning that we cannot distinguish the effect of high current step and low current step on
CO adsorption and desorption from catalyst.
However, the average impact of CO is observed on whole duration of the test (24 hrs under
5 ppm CO).
The impact of 1 ppm CO, 2 ppm CO and 5 ppm CO did not show as big differences as
observed for steady state operation at 1 A/cm2. The summary of the results are presented in
Table 8.
The impact of the cycle on the loss of performance can also be detected by comparing the
IV curve and EIS obtained at BoT and EoT.
The MEA performance loss (in % of performance under pure H2) can be represented as a
function of flow of CO entering the cell. We express the flow of CO per unit of mass of
catalyst at the anode. Then we could easily compare different loading of anode catalyst (for
the same catalyst technology) and could determine the impact of anode loading on CO
tolerance. That representation allows us to show that current cycles, as FC DLC, are more
profitable for the MEA and allow to reduce the impact of CO comparing to steady state
conditions.

Figure 32: current profile from FC DLC (derived from NEDC),
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Figure 33 A: evolution of the performance under 5 ppm CO using FC DLC. The green arrow
represents a zoom of 2 cycles without CO (BoT). The red arrow represent a zoom on 2
cycles under CO (EoT)
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Figure 33 B: emphasis of the 5 first cycles under 5 ppm CO of the evolution of the
performance using FC DLC.

Figure 34: Evolution of polarization curve between BoT and EoT under 5 ppm CO
concentration using FC DLC, the polarization curve have been made under pure H2
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Figure 35: Evolution of EIS between BoT and EoT for different CO concentration, the EIS
have been made under pure H2

Table 8: impact of CO (% loss) depending of amount of CO entering the cell
current
profile

Current
density
(A/cm²)

CO
concentration
(ppm)

CO
concentration
(µg/min)

CO
concentration
(µg/min/gPt)

U cell
(after 24
hrs under
pollutant)

U cell
(pure H2)
recovery

%
loss

(V)
(V)
constant

1

1

0,0186

3,72

0,621

0,622

0,2

constant

1

2

0,0371

7,42

0,597

0,622

4

constant

1

5

0,0929

18,58

0,447

0,622

28,1

FC DLC

0,37

1

0,0069

1,38

0,549

0,551

0,4

FC DLC

0,37

2

0,0137

2,74

0,576

0,581

0,9

FC DLC

0,37

5

0,0344

6,88

0,576

0,581

0,9
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Figure 36: evolution of the loss of performance depending of flow of CO entering the cell.
Bleu: constant current, orange: current cycle (FC-DLC)
The evolution of performance under pure H2 between BoT and EoT allows distinguishing the
impact of CO and the impact of current cycle toward degradation.

Table 9: evolution of the performance between BoT and EoT depending of the current profile
(FC DLC or constant)
current
profile

Current
density

constant
constant
constant
FC DLC
FC DLC
FC DLC

1
1
1
0,37
0,37
0,37

CO
U cell at 1Acm2
concentration on pol curve BoT
1
2
5
1
2
5
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0,616
0,616
0,616
0,589
0,604
0,595

U cell at 1Acm2 on
% loss
pol curve EoT
0,616
0,616
0,618
0,581
0,595
0,587

0,0
0,0
-0,3
1,4
1,5
1,3
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5. The effect of start and stop on the CO poisoned surface recovery
For automotive application, the stack is not operated 24 hours a day and during its life time,
a car run around 30,000 SU/SD events. The impact of that cycle of a possible cleaning effect
of the catalyst is to be considered when studying the effect of impurities in H2 for automotive
application.

5.1 Single cell measurements (CEA)
In the reported experiment, the SU/SD process has been derived from system operation for
automotive application but not optimized. The single cell has been fed with 5 ppm CO. It has
been run 4 hours at 1 A/cm2 and then stop for 30 min with no current. During the stop, H2
and air flow have been stop. The anode backpressure valve has been closed while the
cathode backpressure valve has been let open. That protocol allows to decrease the oxygen
cross over. The cell temperature is let cooling down (the cell temperature reach around 50
°C).
The evolution of the cell voltage depending on the time as reported on Figure 37 shows a
beneficial effect of the SD of the single cell thanks to a small recovery of performance after
each SU. However, higher the number of SU/SD cycle, faster the impact of CO meaning that
30 minutes is not enough to have a total cleaning effect of the catalyst.

Figure 37. Impact of SU/SD with 5 ppm CO at 1 A/cm2, the red curve represent the
evolution of performance for 24 hours under 1 A/cm2 and 5 ppm CO.
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Figure 38. Evolution of polarization curve between BoT and EoT depending under 5 ppm
CO concentration using SD/SU, the polarization curve have been made under pure H2

5.2 Stack measurements
VTT performed system level start and stop measurements trying to mimic the behaviour of
the real automotive system during a SU/SD. The procedure is described in Table 10 and
experimental conditions in Table 11. The results for start and stop measurement are
collected in Figures 39-42.
The measured gas volume of the anode recirculation loop was 628 ± 11 cm3. Thus, the ratio
between the volume and cell area is 0.32 cm3/cm2. This ratio is probably highly important for
the gas exchange dynamics. Changing the ratio could change the time needed for reaching
the stage, when CO oxidation by internal air bleed is accelerated, due to low hydrogen
partial pressure on the anode. As a volume per maximum power the ratio is about 0.5
dm3/kW, while in the modelling work of Ahluwalia16 it is 7 dm3/87 kW = 0.08 dm3/kW.
While doing the measurements it was observed that the sampling pump for the gas sent to
GC affects the measurements, if let operating during the shut-down. Therefore, the GC
pump was disabled and samples were taken only during the operation. Unfortunately, the
transient conditions caused much noise for the GC measurements and the data was not
useful. Therefore, GC data for CO and CO2 is not presented here.

16

http://www.hydrogen.energy.gov/pdfs/review10/fc017_ahluwalia_2010_o_web.pdf, slide 38
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Table 10: Experimental conditions for the SU/SD CO poisoning test with S2 stack.

START
Time
(s)

0
10
15
10
16
18
23
24
25
30
31
32
33
35

STOP
Time
(s)

Start-up routine
Enable gas line heating
Start air blower at 10 l·min-1
Check that air flow rate is OK
Start coolant pump
Check that coolant flow rate is OK
Start H2 recirc. pump at 0% of full scale (%FS)
Open H2 supply valve
Check that anode inlet pressure is OK
Perform 200 ms purge
Check that anode inlet pressure is still OK
Check that OCVs and CV-deviation are OK
Load setpoint to 0 A
Connect fuel cell main relay
Connect load to circuit (<0.1 A current drawn)
Check that CVs and CV-deviation are OK
Set purge duty cycle to 200 ms/300s

Ramp-up routine
46
50
59
92

126

160

0

34

68

-2

Load 80 A = 0.41 A·cm
Impurity flow 2.231 ml·min-1 (2 ppm CO)
H2 recirc. pump control to 20%FS
-2
Load 40 A = 0.21 A·cm
-1
Impurity flow 1.116 ml·min (2 ppm CO)
H2 recirc. pump control to 10%FS
Load 20 A = 0.10 A/cm^2
Impurity flow 0.558 ml·min-1 (2 ppm CO)

Shutdown routine
103

104
105
106

Enable air flow control at 2.5 stoichiometry
Minimum flow corresponds to 40 A load demand
Enable coolant control with 80 °C setpoint
Load to 20 A = 0.10 A·cm-2
Impurity flow 0.558 ml·min-1 (2 ppm CO)
Load to 40 A = 0.21 A·cm-2
-1
Impurity flow 1.116 ml·min (2 ppm CO)
H2 recirc. pump control to 10%FS
Load to 80 A = 0.41 A·cm-2
-1
Impurity flow 2.231 ml·min (2 ppm CO)
H2 recirc. pump control to 20%FS
Load to 117 A = 0.60 A·cm-2
Impurity flow 3.263 ml·min-1 (2 ppm CO)
H2 recirc. pump control to 30%FS

Ramp-down routine

136

Impurity flow to 0
Set load to 0 A
Disable stoichiometric air flow control
Disable purge duty cycle
Perform air blower pulse
Perform 200 ms purge (OPTIONAL)
Disconnect load from circuit
Disconnect fuel cell main relay
Stop air blower
Close H2 supply valve
Stop H2 recirculation pump
Stop coolant pump
Disable coolant control
Disable gas line heating

Table 11: Experimental conditions for the SU/SD CO poisoning test with S2 stack.
Temperatures
Stack inlet
Stack outlet
Water trap

80 °C
80 °C
89-92 °C

Purge f
Purge time

300 s
200 ms

Current density

0.6 A·cm

-2

Anode gas feed
Fuel utilization

~99%

H2 flow rate
Inlet pressure
Inlet dew point
Inlet temperature
Recirc.rate
CO in H2
Impurity flow rate
H2 source purity
CO in N2

8,07 l·min-1
20 kPa(g)
68 °C
(40-)82 °C
-1
19-29 l·min
2 ppm
-1
3.263 ml·min
2.5
5000 ppm
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Cathode gas feed
Oxidant utilization

40%

Air flow rate
Inlet pressure
Inlet dew point
Inlet temperature

49,8 l·min-1
13 kPa(g)
70-71 °C
(45-)75 °C
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The results in Figures 40-41 show that 1 hour stoppage time has a very little cleaning effect.
Almost no recovery during one hour shut-down can be observed. After one long and two
short poisonings, 2 hour stop time provides some recovery.
Cell voltages are clearly divided in two groups when the poisoning is performed. It can also
be seen that there is a clear vacuum during all the stop time. Unfortunately it was out of the
scale of the pressure sensor used.

Figure 39. Poisoning with 2 ppm CO and 0.6 Acm-2 with one hour downtime. The
measurement started with 2 ppm CO in H2 from the beginning.

Figure 40. Restarts after poisoning. Data from the same measurement as in Figure 39.
When 2 hours was used, there was a clear cleaning of the surface, as seen from the data in
Figure 41. The second poisoning time was very close to the first one, thus indicating almost
complete cleaning of the surface. Unfortunately, the first poisoning was interrupted too early,
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after 20 mV voltage drop. The poisoning was, however, long enough that there should have
been significant CO coverage on the surface. The third poisoning was 25 minutes shorter
than the second one, indicating that some CO has been oxidised at the surface, but not all.

Figure 41. Poisoning with 2 ppm CO and 0.6 Acm-2 with two hours downtime
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When the stop time was increased to 4 hours, it was enough to cause almost complete
cleaning of the surface (see Figure 42). There were only 6-7 min difference in poisoning
times between first and second poisoning.

Figure 42. Poisoning with 2 ppm CO and 0.6 Acm-2 with four hours downtime
It can also be seen that in this experiment (Figure 42) that a vacuum is created after the
shut-down and it is maintained about 2 hours. The development of a vacuum is probably due
to fast hydrogen cross-over. The loss of it, on the other hand, indicates that the crossover of
hydrogen has decreased so much that that N2 crossover from the cathode to the anode can
compensate the hydrogen crossover.
The CO oxidation rate due to internal air bleed seems to increase during the S/S so that 4
hours is almost enough to clean 50% surface coverage. This increased oxidation rate may
be due to lower H2 level in the anode channels or due to lower temperature. These both
should increase selectivity towards CO oxidation instead of H2. When the system was left
overnight (14-18 hours) the poisoning time was always the same indicating that overnight is
sufficient to clean the surface completely.
The effect of S/S is clearly measurable, but will depend on the stack and system design,
used components and operation (gas volumes, gas compositions). In addition, the
membrane permeability has importance as it determines the time scale for gas exchange
between the anode and cathode. Therefore, the results presented here are system
dependent and give only indicative time scale for the clean-up process during the shut-down.
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6. The poisoning effect of formic acid and formaldehyde (VTT)
6.1 Single cell and stack measurements formic acid
Single cell and stack measurements with formic acid have been performed using mid-level
power (0.6 Acm-2). Single cell measurements have been performed with both PtRu and Pt
anodes on MEAs.
In general, the behaviour of PtRu and Pt anode MEAs is very similar, when formic acid is
used as impurity. The measured poisoning effect of 5-10 ppm formic acid is in the range of
5-10 mV. Dilution effect due to N2 is actually larger than the effect of formic acid.
According to gas supplier, the formic acid concentration was 94.1 ± 9.4 mol-ppm. At VTT the
measured concentrations were 92.3 mol-ppm and 94.2 mol-ppm in two different
measurements. The formic acid containing gas was bubbled in cold water and the resulting
formic acid concentration in solution was measured by electrophoresis (described in
HyCoRA Periodic report 2).
The experimental set-up and conditions and results for single cell measurements with PtRu
anode (loading 0.25 mgcm-2) has been reported in HyCoRA Deliverable 1.2 and in 2nd
Periodic report. One result with PtRu is also shown in Figure 43. The measurement with
PtRu MEA was done so that N2 was changed to N2 with HCOOH by switching 3-way valve
upstream from the G60 test station. This causes a time delay, which is difficult to estimate
and take into account.

Figure 43. The results of the HCOOH injection validation measurement.
The experimental conditions for the two measurements with low loading (0.05 mgPt/cm2) Pt
anode are shown in the Table 12.
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Table 12. Experimental conditions for the 7.8 ppm HCOOH single cell test.
Temperatures
Cell

80 °C

Recirc. loop
Water trap
Water
condenser

82 °C
77 °C

Current density

0.6 A·cm

Anode gas feed
Fuel
utilization
target
Fuel utilization per
pass
H2 flow rate

5 °C

-2

Cathode gas feed
~95%

Oxidant utilization

50%

22%
-1
110 ml·min

Air flow rate

497.8 ml·min

Inlet pressure
Inlet dew point
Inlet temperature

5 kPa(g)
72 °C
80 °C

Inlet pressure
Inlet dew point
Inlet temperature

12 kPa(g)
77°C
85°C

HCOOH in feed
Impurity flow rate
H2 source purity
HCOOH in N2

7.8 ppm
-1
10 ml·min
5.0
94.1 ppm

-1

The results in Figures 44-45 show that the effect of dilution is larger (a bit over 10 mV) than
the effect of HCOOH (a bit less than 10 mV). The recovery (5-10 mV) after the poisoning is
also clear in the experiments. With PtRu anode this recovery could not be distinguished.

Figure 44. Formic acid poisoning with (0.05 mgPt/cm2) Pt anode. GC was measuring gas on
the anode side.
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In the measurements with low loading Pt anode the N2 was changed to N2 with HCOOH by
changing the mass flow controller (MFC). This causes small difference in the flow rates as
the real values of the MFC are not exactly the same. The difference in flow causes also
small difference in hydrogen dilution.
From the gas analysis data it can be seen that there is a clear rapid increase in CO2, when
formic acid is injected in the cell. After initial increase the CO2 levels starts to decrease. This
is visible for both PtRu anode (Figure 43) and Pt anode (Figure 44). When the flow was
switched from N2 and HCOOH back to N2, there was a clear decrease in CO2 concentration.
These results are in line with the reaction mechanism for the formic acid oxidation17. In one
of the two paths CO (indirect path through CO) CO is formed on the surface, which poisons
the catalyst (self-poisoning). This means that after the initial high oxidation rate there is less
oxidation of formic acid and also less CO2 production.

Figure 45. Formic acid poisoning with (0.05 mgPt/cm2) Pt anode. GC was measuring gas on
the anode side.

17

Neurock, M., Janik, M., Wieckowski, A. A first principles comparison of the mechanism and site
requirements for the electrocatalytic oxidation of methanol and formic acid over Pt (2008) Faraday
Discussions, 140, pp. 363-378.
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Since formic acid solubility to water and permeability in membrane are relatively high, it was
also if studied formic acid could be dissolved in the anode water or to permeate to the
cathode, where it is probably oxidised. As shown in 2nd periodic report, no formic acid could
be found in the anode effluent water in the first experiment.
When one of the experiments with Pt anode was done, CO2 level on the cathode side was
measured. However, the synthetic air was not CO-free but contained about 60 ppm CO2,
which is doubled at the exit gas, as air utilisation was 50%. The cathode humidifier was
degassed before the experiment. Therefore, it worked as a CO2 scrubber reducing the CO2
level until the water became saturated with CO2, seen in Figure 45. It was concluded that
further experiments for studying the dissolution of formic acid in water or permeation to the
cathode requires better gases and analysis methods.
The results of stack level measurements with formic acid are shown in Figures 46-49 and
experimental conditions are given in Table 13. The target concentration in these
measurements was 10 ppm HCOOH in anode inlet gas. Due to 93 % fuel efficiency the
resulting concentration was 9.4 ppm.
Table 13: Experimental conditions for the 9.4 ppm HCOOH + 1 ppm CO poisoning tests with
S2 stack.
Temperatures
Stack inlet
Stack outlet
Water trap

80 °C
80 °C
89-93 °C

Purge f
Purge time

8s
200 ms

Current density

0.6 A·cm-2

Anode gas feed
Fuel utilization
H2 flow rate
Inlet pressure
Inlet dew point
Inlet temperature
Recirc.rate
CO in feed
Impurity flow rate
(HCOOH/N2)
H2 source purity
HCOOH in N2
HCOOH
in
H2+N2

~92-93%
8,7 l·min-1
21 kPa(g)
63 °C
82 °C
17 l·min-1
1 ppm (6.0 H2)

Cathode gas feed
Oxidant utilization

40%

Air flow rate
Inlet pressure
Inlet dew point
Inlet temperature

49,5 l·min-1
13 kPa(g)
69 °C
73 °C

970 ml min-1
6.0
94.1 ppm
9.4

In two of these measurements (Figures 46-48) the stack was first poisoned with formic acid
and after that with CO (1.00 ppm). Formic acid experiment with one hour poisoning in shown
in Figure 48 and 2 hours experiment shown in Figures 46-47. In addition to these
measurements, a long formic acid poisoning without CO poisoning was performed, shown in
Figure 49.
As can be seen from these system level results, the poisoning due to formic acid is very
small, especially in short poisonings (1 and 2 hours). In the long HCOOH poisoning
measurement, the voltage drop was 9 mV in 226 minutes, seen in Figure 49.
As a part of the voltage drop can be reversible, due to changes in humidity, a similar long
measurement was done with the same hydrogen quality (2.5) and using nitrogen with the
same flow rate as in poisoning measurements. The results in Figure 46 show that the drop
during the measurement was about 5 mV. Therefore, it can be concluded that poisoning with
9.4 ppm HCOOH causes a voltage drop in the order of 5 mV in 4 hours.
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Figure 46. Two hours of HCOOH poisoning followed by CO poisoning and individual cell
voltage details during HCOOH poisoning.

Figure 47. Two hours of HCOOH poisoning followed by CO poisoning.

Figure 48. One hour HCOOH poisoning followed by CO poisoning.
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It is an interesting question the formic acid poisoning is taking place on the anode or on the
cathode. Individual cell voltages for 2 hour HCOOH poisoning are plotted in Figure 46. As
can be seen, the order of cells is not changing. It seems that the poisoning effect is very
even between the cells. This is completely different compared to the poisonings with CO or
formaldehyde. Therefore, an initial conclusion is that the formic acid poisoning could be
taking place on the cathode side. This indicates that the small effect of formic acid could
actually take place on the cathode due to cross-over of formic acid.
When the results in the Figure 46, Figure 48 and Figure 52 are compared, it seems that the
CO poisoning proceeds slightly (10-20%) faster, when the stack has first been exposed to
formic acid before CO poisoning. This would be logical as formic acid oxidation proceeds via
two pathways and one of them includes formation of CO. However, as discussed no any
changes in the order of cell voltages can be observed and therefore, the CO coverage rate
due to formic acid cannot be very high.
The results of this study are in line with the results of the literature18,19, showing that formic
acid has a very weak poisoning effect.
Based on these results and results from the literature, the limit 0.2 ppm for formic acid in ISO
14687-2:2012 could be at least order of magnitude too low. Possibly, even 10 ppm could be
accepted, if the maximum acceptable reversible voltage drop is 10 mV.
For even more accurate results formic acid is needed in hydrogen. Using formic acid diluted
in nitrogen causes reduced accuracy in the measurements. In addition, it is difficult to reach
very high fuel utilisations. Work could also be completed using carbon dioxide free oxidant
(oxygen or air) in single cells and measuring the carbon balance for formic acid oxidation
and possible dissolution in water.

Table 14: Experimental conditions for the 9.4 ppm HCOOH poisoning test with S2 stack.
Temperatures
Stack inlet
Stack outlet
Water trap

80 °C
80 °C
89-94 °C

Purge f
Purge time

8s
200 ms

Current density

0.6 A·cm

Anode gas feed
Fuel utilization

-2

H2 flow rate
Inlet pressure
Inlet dew point
Inlet temperature
Recirc.rate
CO in feed
Impurity flow rate
(HCOOH/N2)
H2 source purity
HCOOH in N2
HCOOH
in
H2+N2

~92-93%
8,7 l·min-1
21 kPa(g)
63°C
82 °C
-1
18 l·min
970 ml min
2,5
94,1 ppm

Cathode gas feed
Oxidant utilization

40%

Air flow rate
Inlet pressure
Inlet dew point
Inlet temperature

49,6 l·min-1
13 kPa(g)
69 °C
73 °C

-1

9.4 ppm

18

Narusawa, K., M. Hayashida, Y. Kamiya, H. Roppongi, D. Kurashima and K. Wakabayashi. 2003.
Deterioration in Fuel Cell Performance Resulting from Hydrogen Fuel Containing Impurities:
Poisoning Effects by CO, CH4, HCHO and HCOOH. JSAE Review 24:41-6.
19
Zhang, X., Galindo, H.M., Garces, H.F., Baker, P., Wang, X., Pasaogullari, U., Suib, S.L., Molter, T.
Influence of formic acid impurity on proton exchange membrane fuel cell performance (2010) Journal
of the Electrochemical Society, 157 (3), pp. B409-B414.
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Figure 49. A result of a long formic acid poisoning.

6.2 Stack measurements with formaldehyde as contaminant
The measurements with formaldehyde as contaminant have been performed at the stack
level only so far. The experimental parameters are given in Table 15 and the result for a 4
hour poisoning is given in Figures 50-51.
The results in Figures 50-51 show a clear poisoning. Even when the reversible voltage drop
(5 mV in 4 hours) is excluded, there can be seen a clear 20 mV poisoning effect in 4 hours.
The poisoning is also causing cell voltages to diverge, as shown in the Figure 51. The
behaviour is almost similar compared to CO poisoning measurements. The same cells are
the best and weakest. However, the weakest two cells are clearly the weakest, while in the
measurement with CO the cells are always in two clear groups.
The result of this this measurement is in line with the work of Narusawa20 They observed a
poisoning with 30 ppm formaldehyde. However, in the study of Wang et al. (2014)21, 5 ppm
20

Narusawa, K., M. Hayashida, Y. Kamiya, H. Roppongi, D. Kurashima and K. Wakabayashi. 2003.
Deterioration in Fuel Cell Performance Resulting from Hydrogen Fuel Containing Impurities:
Poisoning Effects by CO, CH4, HCHO and HCOOH. JSAE Review 24:41-6.
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formaldehyde did not have any measurable effect on the cell voltage. The difference in the
results of this work and the work of Wang et al. can be due to higher Pt loading22 or higher
cathode pressure used. Yet another alternative is that formaldehyde can enrich in the anode
loop. In this case the recirculation of anode gas with high fuel utilisation rate could have a
major effect on the poisoning.
Based on the results of this study it can be concluded that formaldehyde has a clear
poisoning effect in the level of 2 ppm. The effect is few times weaker than for CO and
therefore the limit for the formaldehyde in ISO 14687-2:2012 could also be slightly higher
than for CO. Now the limit is 0.01 ppm.
The largest uncertainly in the work of formaldehyde is the effect of fuel utilisation and
possible enrichment of formaldehyde in the anode recirculation loop. It seems that the strict
limits of these contaminants are due to assumption of enrichment by 500 times in the
recirculation loop23. The enrichment of formic acid and formaldehyde has also been
assumed in the modelling work of Ahluwalia24.
Unfortunately, formaldehyde seems is not easily available in hydrogen and therefore very
high (>99%) fuel utilisations are difficult to reach with any reasonable formaldehyde
concentration in fuel. One option for studying the sensitivity is to vary the fuel utilisation
(between 90 and 98%), while keeping formaldehyde level constant (0.2-0.5 ppm).
VTT has also received information that formaldehyde diluted in hydrogen could be available
from NPL, UK. This option will be studied further as it would make the most reliable
measurements possible.
Start-stop measurements could be done to confirm that the effect of formaldehyde is
completely reversible.
Table 15: Experimental conditions for the HCHO poisoning test with S2 stack.
Temperatures
Stack inlet
Stack outlet
Water trap

80 °C
80 °C
89-94 °C

Purge f
Purge time

8s
200 ms

Current density

0.6 A·cm-2

Anode gas feed
Fuel utilization
H2 flow rate
Inlet pressure
Inlet dew point
Inlet temperature
Recirc.rate
CO in feed
Impurity flow rate
(HCOOH/N2)
H2 source purity
HCHO in N2
HCHO in in H2+N2

~92-93%
8,7 l·min-1
21 kPa(g)
64 °C
82 °C
18 l·min-1
-

Cathode gas feed
Oxidant utilization

40%

Air flow rate
Inlet pressure
Inlet dew point
Inlet temperature

49,1 l·min-1
13 kPa(g)
68 °C
73 °C

970 ml min-1
2,5
20 ppm
2 ppm

21

Wang, X., Baker, P., Zhang, X., Garces, H.F., Bonville, L.J., Pasaogullari, U., Molter, T.M. An
experimental overview of the effects of hydrogen impurities on polymer electrolyte membrane fuel cell
performance (2014) International Journal of Hydrogen Energy, 39 (34), pp. 19701-19713.
22
Molter, T. 2012. Final Report - Effects of Impurities on Fuel Cell Performance and Durability. United
States: The University of Connecticut.
23
https://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/fp_workshop_watanabe.pdf
24
http://www.hydrogen.energy.gov/pdfs/review10/fc017_ahluwalia_2010_o_web.pdf
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Figure 50. Long formaldehyde poisoning.

Figure 51. Long formaldehyde poisoning – cell voltage details.
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6.3 Stack measurement with 1 ppm CO in H2 with N2 dilution
A measurement with CO poisoning together with highly diluted hydrogen (by N2) was
performed so that the effect of formaldehyde and formic acid could be compared to the effect
of CO with similar experimental conditions. The results of the measurement are shown in
Figure 52 and experimental conditions in Table 16.

Table 16: Experimental conditions for the 1 ppm CO poisoning test with S2 stack.
Temperatures

Anode gas feed

Stack inlet
Stack outlet
Water trap

80 °C
80 °C
89-93 °C

Purge f
Purge time

8s
200 ms

Current
density

0.6 A·cm-2

Fuel utilization

92-93 %

Cathode gas feed
Oxidant
utilization

H2 flow rate
Inlet pressure
Inlet dew point
Inlet temperature

8,7 l·min-1
21 kPa(g)
63 °C
82 °C

Air flow rate
Inlet pressure
Inlet dew point
Inlet temperature

40%
49,5 l·min-1
13 kPa(g)
69 °C
73 °C

CO in feed
1 ppm (6.0 H2)
Impurity flow rate
(HCOOH/N2)
970 ml min-1
H2 source purity
6.0

Figure 52. Reference poisoning with CO diluted with N2.
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6.4 Stack measurement with N2 dilution
Another reference measurement with highly diluted H2 by N2 was performed so that the
effect of reversible degradation during the 4 hour measurements could be estimated.
The result in Figure 53 shows that during the 4 hour measurement there is a drop of 5 mV in
average cell voltage.
This measurement was done with the same purge rate and N2 feeding rates as the
measurements with formic acid and formaldehyde. Therefore, the measured fuel utilisation
of this experiment (92-93%) has also been used as an estimate for fuel utilisation in other
measurements. The fuel utilisation was estimated using the methane enrichment data.
Table 17: Experimental conditions for the N2 dilution test with S2 stack.
Temperatures

Anode gas feed

Stack inlet
Stack outlet
Water trap

80 °C
80 °C
89-94 °C

Purge f
Purge time

8s
200 ms

Current
density

0.6 A·cm-2

Fuel utilization

92,9 %

Cathode gas feed
Oxidant
utilization

H2 flow rate
Inlet pressure
Inlet dew point
Inlet temperature

8,7 l·min-1
21 kPa(g)
63°C
82 °C

Air flow rate
Inlet pressure
Inlet dew point
Inlet temperature

40%
49,6 l·min-1
13 kPa(g)
69 °C
73 °C

CO in feed
Impurity flow rate
(N2)
970 ml min-1
H2 source purity
2.5

Figure 53. Reference measurement with N2 dilution.
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7. Conclusions
This deliverable reports the different results of tests made to measure the impact of CO,
HCOOH and HCHO on the performance of PEMFC. 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 are:
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 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 are that their impacts on performance loss are
lower than the one of CO. The current recommendation for their concentration in H2 for
FCEV use might be too restrictive. However, since there is an assumption of build-up of
these contaminants25,26 behind the limits in ISO 14687:2-2012, the final measurements
should be performed with HCOOH and HCHO diluted with hydrogen in order to reach fuel
utilisation of more than 99.5%.
This information will be used in the project as input for the risk assessment study and will
thus help the consortium to define the best applicable strategy for the assurance quality.

8. Perspective for second period
The first part of this study has shown the non-linear effect on the impact of CO versus the
amount of CO entering the PEMFC and the anode catalyst loading. The second part of the
study will thus have to focus on the low loaded MEA at the anode (i.e. 0.05 mgPt/cm2).
Then is has been shown that the impact of pollutant is intensified when using constant high
current (i.e. 1 A/cm2). Such current profile could thus be used to test the tolerance of MEA
and will represent the “worse case”.
In the second part of the project, other pollutants will be considered (H2S, mixture).
All the obtained results will then be used as input for the risk assessment study.

25
26

http://www.hydrogen.energy.gov/pdfs/review10/fc017_ahluwalia_2010_o_web.pdf
https://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/fp_workshop_watanabe.pdf, slides 24-25
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