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HIGHLIGHTS

® Higher acetylene concentration decrease cell performance more.

® Acetylene contamination at higher current density decrease cell performance more.
® Acetylene contamination at lower cell temperature decreases cell performance more.
® Concentration/potential barriers exist, determine tolerance of PEMFC to acetylene.
® Adjusting operation parameters may mitigate acetylene contamination effects.

ARTICLE INFO ABSTRACT

Realistically, proton exchange membrane fuel cells (PEMFCs) are operated under varying operating conditions
that potentially impact the acetylene contamination reactions. In this paper, the effects of the cell operating
conditions on the acetylene contamination in PEMFCs are investigated under different current densities and
temperatures with different acetylene concentrations in the cathode. Electrochemical impedance spectroscopy is
applied during the constant-current operation to analyze the impacts of the operating conditions on the acet-
ylene electrochemical reactions. The experimental results indicate that higher acetylene concentrations, higher
current densities and lower cell temperatures decrease the cell performance more. In particular, cathode poi-
soning becomes more severe at medium cell current densities. The cell cathode potentials at such current
densities are not sufficient to completely oxidize the intermediate or sufficiently low to completely reduce the
adsorbed acetylene. Based on these investigations, the possible condition-dependent limitations of the acetylene
concentration and cell operating voltage are proposed for insight into the acetylene contamination mitigation
stratagem. Regarding the barrier conditions, the acetylene reactions change abruptly, and adjusting the cell
operation parameters to change the acetylene adsorbate and intermediate accumulation conditions to induce
complete oxidation or reduction conditions may mitigate the severe acetylene contamination effects on PEMFCs.
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1. Introduction certain volatile organic compounds (VOCs), have been investigated as

cathode contaminants in PEMFCs. The results have disclosed the ne-

In the past few decades, PEMFCs have been considered as one of the
most promising clean energy technologies and suitable primary power
sources [1,2]. Unfortunately, there are over 200 airborne pollutants
that can be introduced into the cathodes of the cells during air feeding.
The Pt cathode catalyst for the oxygen reduction reaction (ORR) is
sensitive to most of these pollutants, which can adsorb and react on the
Pt surface and inhibit the ORRs [3-5]. In other words, most airborne
pollutants are potential contaminants for PEMFCs and bring consider-
able challenges for fuel cell applications.

Recently, a few toxic pollutants, such as NOx, SO,, halogens and
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gative impacts of these pollutants on the performance and durability of
PEMFCs [6-19]. Since 2010, twenty-one potential contaminants were
selected in our group for a PEMFC accelerated contamination study
[3,20]. Most of the selected contaminants significantly impacted the
cell performance [20]. Acetylene, representing the alkyne airborne
contaminants, is one of the critical contaminants that causes more than
50% loss in the cell performance at 45 °C with a concentration of
20 ppm [20]. Acetylene is a widely used welding fuel and chemical
synthesis reagent. The acetylene concentration near a production plant
estimated by a diffusion model is 5.5 (1 h average) and 3 (24 h average)
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ppm by volume [21].

Acetylene contamination mechanisms in PEMFCs have been devel-
oped using in situ and ex situ gases and electrochemical analyses
[22-24]. Acetylene adsorbs on PEMFC electrodes and inhibits ORRs in
the cathode. At cathode potentials above 0.65 V, adsorbed acetylene is
electro-oxidized into carbon dioxide and desorbs easily [24]. At po-
tentials below 0.3 V, adsorbed acetylene is reduced to ethylene, ethane
and methane, and the reduction products desorb even more rapidly.
However, when cells are operated with cathode potentials between
0.65 V and 0.3 V, the electro-oxidation intermediate CO (or COH-type
species) forms above 0.5 V, and the electroreduction intermediates vi-
nylidene and ethylidyne form below 0.3 V. Those intermediates are
stable during electro-oxidation, especially vinylidene and ethylidyne,
and accumulate on the cathode, significantly depressing ORRs. These
reaction mechanisms suggest that the acetylene contamination process
in PEMFCs probably strongly depends on the operating conditions.

As a candidate power source, PEMFCs have been operated at
varying operating conditions. From a previous investigation of SO,
contamination in PEMFCs, the concentrations of the contaminants, cell
current density and temperature were determined to be important op-
erating parameters that can affect SO, contamination significantly [25].
Therefore, in this paper, the cell performance responses to acetylene
exposure were investigated under different cell current densities and
temperatures with different acetylene concentrations. Electrochemical
impedance spectroscopy (EIS) and Polarization (VI) curves were ana-
lyzed to understand the effects of the operating conditions on the
acetylene contamination in the PEMFCs. Furthermore, the cell perfor-
mance recovery and mitigation strategies were proposed for various cell
operation conditions.

2. Experimental

The acetylene contamination experiments were conducted on an
FCATS™ GO50 series test station (Green Light Power Technologies Inc.)
with an internal 50 cm? single cell and an anode/cathode flow field
with double/triple serpentine channels [22,24]. Gore PRIMEA M715
catalyst-coated membranes (MEAs) were used for all acetylene con-
tamination tests. The catalysts were 50% Pt/C, with a Pt loading of
0.4 mg Pt cm ™2 on each side of the MEA. The MEAs were assembled
between the two flow fields with 25 BC gas diffusion layers (GDL, SGL
Tech.).

After the full activation and diagnostics procedures were conducted
before contamination testing (BOT) with a new MEA [22], an acetylene
contamination experiment was conducted under the operating condi-
tions listed in Table 1. The operating conditions at the anode/cathode

Table 1
The operating conditions matrix for the constant-current contamination experiments with
acetylene in the PEMFC cathode.

Test ID  Acetylene Concentration Current Density [A Temperature [°C]
[ppm] em™?]
1 20 1 80
2 50 1 80
3 100 1 80
4 200 1 80
5 300 1 80
6 400 1 80
7 500 1 80
8 5 1 45
9 20 1 45
10 100 1 45
11 100 0.2 80
12 100 0.6 80
13 200 1.5 80
14 300 0.2 80
15 300 0.6 80
16 100 1 10
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were as follows: 100/50% relative humidity (RH) and a 2/2 flow
stoichiometry; and the outlet back pressures were 48.3/48.3, 10/10,
and 5/5 kPa g for cell temperatures of 80 °C, 45 °C, and 10 °C, re-
spectively, which corresponded to the pressure of the dry reactants in
the cell chamber at 1 atm. Acetylene concentrations were larger than in
ambient air to accelerate tests and facilitate the separation of de-
gradation effects. Each contamination experiment included three
phases of constant-current operation (CCO): (i) pre-poisoning with neat
air, (ii) poisoning until a steady cell performance was achieved, and (iii)
self-induced performance recovery with neat air until a steady perfor-
mance was reached. The gas mixtures were supplied by Matheson Tri-
Gas Inc. and contained 20, 100, 400 or 4000 ppm acetylene by volume
in air. Before and after the CCO procedure, the VI curves were measured
from the high current to the open-circuit voltage (OCV) with a stabi-
lizing time of 15 min at each current set point under operating condi-
tions similar to those of the constant-current (CCO) operation.

During CCO procedure, AC impedance data were obtained from
0.1 Hz to 10 kHz (10 points per decade) using a Solartron SI1260
Impedance/Gain-Phase Analyzer and Stanford Research SR560 Low
Noise Preamplifiers with ZPlot” (Scribner Associates) software. An AC
current perturbation resulting in a voltage change of approximately
5 mV, was applied on the single cell during CCO at a DC current of 75,
50, 30 or 10 A.

3. Results and discussion
3.1. Cell performance degradation and recovery

3.1.1. Acetylene concentration effect

The concentration effect on the acetylene contamination in PEMFCs
was investigated using three-phase constant-current experiments with a
current density of 1 A cm™2 Fig. 1 a) and b) show the cell voltage
response to acetylene with different concentrations at 80 and 45 °C,
respectively. It should be noted that the cell voltage responses to 20, 50
and 100 ppm acetylene were similar, and those to 400 and 500 ppm
acetylene were similar. Therefore, the results of tests 1, 2 and 6 in
Table 1 are not shown in Fig. 1 a). It can be seen that all cell voltages
dropped immediately within the first several minutes of acetylene ex-
posure. However, the following responses were significantly different
for each concentration, especially the cell operated at 45 °C, though all
MEAs reached stable performance during the first 5 h of operation with
neat Hy/Air.

For the cells tested at 80 °C, when the acetylene concentration was
lower than a certain value, the cell voltage degradation showed similar
behaviors. The exposure to 100 ppm acetylene is discussed as an ex-
ample. The cell voltage dropped ~40 mV, from 0.672 V to 0.635 V,
during the first minute, increased ~20 mV up to 0.653 V within the
second minute, then reached to a stable voltage of 0.663 V during the
following 30 min. At the poisoning equilibrium state, the 100 ppm
acetylene caused a total loss of ~10 mV in the cell voltage. Within
~3 min after the acetylene injection was stopped, the cell voltage of
both cells recovered to its initial value before exposure. When the
acetylene concentration was higher than 300 ppm, the cell voltage
degradation showed different behaviors from those observed at a low
concentration. For the exposure to 300 ppm acetylene, two stages were
involved in the degradation of the cell voltage. At the beginning of the
exposure, the cell voltage dropped approximately 20 mV, from 0.677 to
0.653 V within 2 min. Next, slow transient degradation was observed,
followed by a second rapid decrease. After approximately 30 min of
exposure, the cell voltage decreased to 0.110 V, and the degradation
slowed down again. At approximately 1 h of acetylene exposure (6 h
into the experiment), the cell voltage reached a steady value of ap-
proximately 0.082 V. This final poisoned state represented an ap-
proximately 88% loss in the cell performance. When the acetylene in-
jection was stopped, the cell voltage increased immediately. The cell
voltage recovery also included two stages, and these two stages of
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Fig. 1. Cell performance response to acetylene in the air stream of a PEMFC with different concentrations at: a) 80 °C and b) 45 °C; and ¢) a summary of the cell performance losses with
different acetylene concentrations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

recovery corresponded to the two stages of degradation. Within the first
minutes of recovery, the cell voltage increased to 0.639 V, restoring
over 94% of the original cell performance. Then, the voltage recovery
slowed down. After approximately 3 h of operation with neat air, the
voltage reached the initial value of 0.677 V. For the 500 ppm acetylene
exposure, at approximately 15 min, the exposure was stopped due to
the low cell voltage reaching the low limit value of the test station. The
cell voltage recovery also exhibited two stages that were the same as
those after contamination with 300 ppm acetylene.

To illustrate and compare the cell voltage degradation behaviors,
the cell voltage variation rates (the derivative of the cell voltage over
time, dV/0t; negative values indicate degradation) during the first hour
of acetylene exposure are shown in the inset of Fig. 1 a) as examples.
The peaks in the voltage curves from 5.45 to 5.6 h were attributed to
the contributions of AC impedance perturbations but not the acetylene
contamination. Corresponding to the low and high acetylene con-
centrations, the cell voltage degradation rate exhibited one peak and
two peaks, respectively. For instance, for the cells exposed to 100 ppm
acetylene, the cell voltage degradation rate exhibited one peak at
~5.15 with values of -2.24 V h™ !, For the cell exposed to 300 ppm
acetylene, the cell voltage degradation rate exhibited two peaks at
~5.17 and ~5.66 h with values of -1.27 and -6.38 V h ™%, respectively.
A minimum voltage degradation rate of -0.12 V h™! at ~5.27 h ex-
hibited an inflection point between the two peaks, which divided the
cell voltage degradation curve into two stages. The cell voltage at the
inflection point was approximately 0.637 V. For the cell exposed to
500 ppm, only one significant degradation rate peak at ~5.22 h with a
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value of -14.34 V h™! was observed, with an obvious shoulder at
~5.16 h. The degradation rate of the 500 ppm acetylene test was ap-
proximately 10 times that of the first degradation stage at other con-
centrations.

For cells tested at 45 °C, similar behaviors as those at 80 °C were
observed. A concentration of 5 ppm acetylene in the cathode slightly
affected the cell performance, but 20 ppm acetylene significantly de-
graded the cell voltage. The cell performance loss during 5 ppm acet-
ylene exposure was ~10 mV, less than 1.5%. However, that with
20 ppm acetylene reached 80% within the two stages of cell voltage
degradation. The two stages in the voltage degradation curve of the
20 ppm acetylene test were clearly indicated by the inflection point at
~0.63 V. For the 100 ppm acetylene exposure, the cell voltage showed
one rapid degradation stage and two recovery stages, the same features
as those of the 500 ppm acetylene test at 80 °C. Within ~ 5 min, the cell
voltage dramatically decreased to ~0.480 V, from 0.635 to 0.152 V.
Then, the degradation slowed down and reached a relative steady state
with a value of 0.100 V at approximately 15 min of exposure. The ex-
posure was stopped due to the low cell voltage. The two stages of the
cell voltage recovery included the following: within the first 3 min, the
voltage jumped up to 0.550 V, restoring over 87% of the original cell
performance; after approximately 2 h, the voltage was then restored to
the initial value. However, the cell voltage continually increased until
reaching a stable value of 0.648 V after ~8 h of recovery, which ex-
ceeded 13 mV over the initial cell performance.

As discussed in the previous work, the adsorption/reactions of
acetylene on Pt surfaces are dependent on the applied potential and
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competition with the ORR when the cathode is exposed to acetylene
[22]. During exposure to 100 and 200 ppm acetylene at 80 °C and
5 ppm acetylene at 45 °C, the cell cathode potentials were sufficiently
high (voltages higher than 0.64 V) to completely oxidize acetylene and
the oxidation intermediates (COH-type intermediates and CO) and
there was no adsorbate accumulation on the electrode. The cell per-
formance losses in the steady poisoning state in Fig. 1 a) and b) were
attributed to the chemical reactions between the acetylene and oxygen
and the electro-oxidation of acetylene on the Pt surface, which com-
peted with the ORR and reached stable coverage on the Pt surface. The
slightly voltage increases observed before reaching the steady poi-
soning state were attributed to the redistribution of the cell current
[26]. The inlet part of the cathode was contaminated earlier and more
severely than the outlet, which was a result of the acetylene con-
centration gradient along the inlet toward the outlet due to the geo-
metric effect. As soon as acetylene feeding was stopped, the adsorbates
on the Pt surface were oxidized immediately and completely. The
poisoned Pt sites were then cleaned and once again available for the
ORR, restoring cell performance to the initial value. With higher con-
centrations of acetylene, such as 300 ppm and above at 80 °C and
20 ppm and above at 45 °C, the competition between the acetylene
oxidation on the Pt surface with the ORR immediately caused a slightly
higher cell performance loss, such as that during the first stage of de-
gradation. However, the acetylene oxidation produced more CO- and
COH-type intermediates, and the electro-oxidation of those inter-
mediates on the Pt surfaces was slow at pre-peak potentials [27,28].
The cathode potential after the first stage was not sufficiently high to
completely oxidize all of the produced intermediates that would accu-
mulate on the Pt surface. The accumulation of the intermediates in-
hibited the ORR and increased the ORR overpotential at the cathode,
decreasing the cell voltage. The slow voltage decrease during the
transient period was a result of the initial accumulation of CO and COH
intermediates on the Pt surface, which facilitated further accumulation
of the intermediates. The accumulation of intermediates and the de-
gradation of the cell voltage were coordinated with and promoted each
other, as shown in the degradation rate curve before the second peak.
The second rapid drop in the cell voltage subsequently occurred,
creating the second degradation rate peak. When the cathode voltage
was decreased to a certain value, for example the cell voltage at 0.23 V
for 80 °C and at 0.28 V for 45 °C according to the second voltage de-
gradation rate peaks, the oxidation of acetylene and accumulation of
the intermediates slowed down, which resulted in slower degradation
of the cell voltage. When the cell voltage reached a lower value, such as
0.15 V, the adsorbed acetylene was readily electroreduced to ethylene
and ethane, which was easily desorbed [24,29,30]. The steady poi-
soning state at the low cell voltage occurred due to the competition
between and combination of acetylene reduction and the ORR equili-
brium with a certain coverage of intermediate residues on the Pt sur-
face. Slight differences were observed among the onset voltages and
steady poisoning state voltages between the tests at 80 °C and 45 °C,
which were attributed to the temperature and feeding concentration
effect on the oxidation and reduction of acetylene. Regarding the tests
with 500 ppm acetylene at 80 °C and 100 ppm acetylene at 45 °C, the
higher concentration resulted in a faster production of intermediates,
resulting in very rapid cell voltage degradation, earlier acetylene re-
duction and ORR equilibrium. The higher concentration also increased
the competition of the acetylene reduction on the Pt surface, resulting
in lower steady poisoning state voltages. For all tests involving the
second stage of voltage degradation, the adsorbed acetylene could
desorb and continuously be reduced, exposing most of the Pt sites to the
ORR reaction after the acetylene injection was completed. This release
corresponded to the first stage of voltage recovery. However, a few CO
and COH intermediates remained on the Pt surface, and these inter-
mediates must have been oxidized and/or desorbed slowly until inter-
mediates no longer remained in the second recovery stage during sev-
eral hours of operation with neat air. The 13 mV excess recovery after

Journal of Power Sources 372 (2017) 134-144

the 100 ppm acetylene test at 45 °C may have been due to the mod-
ification on the interface between the electrolyte film and Pt/C surface
induced by the acetylene reaction on the Pt surface, which will be
discussed in the EIS analysis section.

The concentration effects on the acetylene contamination are shown
in Fig. 1 c). The dependence of the cell voltage loss on the acetylene
concentration comprised three levels: i) at a low concentration level,
the cell performance loss increased slowly and linearly with the in-
crease in the acetylene concentration; ii) within 200-300 ppm at 80 °C
and 5-20 ppm at 45 °C, an acetylene concentration barrier existed that
abruptly triggered cell performance loss; and iii) at a high concentra-
tion level, the cell performance loss slowed down and became linearly
dependent on the acetylene concentration again. The single cell could
be considered as a plug-flow electrochemical reactor for acetylene. The
electrochemical and catalytic reaction rates of acetylene positively de-
pended on the acetylene concentration, the effective active area of the
electrode and the cell cathode potential. The cell performance loss, i.e.,
the contamination overpotential, positively depended on the coverage
of the acetylene and other intermediate adsorbates on the electrode
surface, which increased with the increase in the acetylene concentra-
tion. At a low concentration level, the acetylene feeding flow rate was
low; the effective active area and potential of the cathode were suffi-
ciently high to completely oxidize all the acetylene into CO,; the
cathode became stabilized at a high potential; and the cell performance
loss increased slowly with the increase in the acetylene concentration.
When the acetylene concentration was higher than the trigger value,
the effective active area and potential of the cathode were no longer
sufficiently high to completely oxidize the acetylene into COy; the in-
termediates of acetylene started accumulating on the Pt surface; the
contamination overpotential was reached, and the rapid cell perfor-
mance loss rapidly corresponded to the intermediate accumulation until
the cathode potential was no longer sufficient to oxidize the acetylene.
At a high acetylene concentration level, the oxidation intermediates of
CO and COH accumulated on the Pt surface until reaching saturated
coverage; the significant contamination decreased the cathode potential
sufficiently to reduce the acetylene completely. All the reactions
reached equilibrium again at a low potential, and the increase in the
acetylene concentration resulted in increased acetylene coverage,
which in turn caused the cell performance loss to increase slowly again.

3.1.2. Cell current density effect

Fig. 2 a) and b) and c) show the cell voltage responses to 100, 200
and 300 ppm acetylene, respectively, under different cell current den-
sities. The cell voltage degradation rates during the first 2 h of acetylene
exposure are shown in the insets of Fig. 2 b) and c) for comparing the
cell voltage degradation behaviors. When exposed to 100 ppm acet-
ylene, the cell performance of all MEAs at different current densities
slightly decreased. The cell voltages at 0.2, 0.6 and 1 A cm ™2 dropped
approximately 15, 22 and 40 mV within 4, 2 and 1 min, respectively,
then slowly increased to 5, 12 or 30 mV reaching a stable poisoning
state at 0.790, 0.713 and 0.664 V in the following 0.13, 1.5 and 1.5 h,
respectively. With the increase in the cell current density, the maximum
cell voltage loss increased, and the time to reach the maximum loss
decreased. However, regardless of the degradation history and the
current density, the final cell voltage losses in the steady poisoning state
were approximately the same at 10 mV. When the acetylene injection
was stopped, the voltages of all cells recovered to their initial values
before exposure within ~3 min.

When exposed to 200 ppm acetylene, the voltage loss at 1 A cm™
was ~30 mV at the poisoning equilibrium state, which was analyzed in
section 3.1.1. However, the cell voltage at 1.5 A cm ™2 shows an ob-
viously different response; two stages can be observed in the voltage
degradation cure, even though they are not clearly separated. A
~30 mV initial drop during 1 min was followed by a significant de-
crease of 0.5 V within the subsequent ~30 min; then, the decrease
slowed down, and the cell voltage reached a relative steady value of
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Fig. 2. Cell voltage response to a) 100 ppm, b) 200 ppm and c) 300 ppm acetylene in the air stream of a PEMFC under different operating cell current densities and d) the cell performance
loss at different current densities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

0.02 V at approximately 1 h of exposure. Correspondingly, the two
degradation rate peaks were -1.68 and -2.61 Vh ™! at ~1 and ~ 30 min
of exposure, respectively, as shown in the inset of Fig. 2 b). The cell
voltage recovery also included two stages: during 2 min of operation
with neat air, the cell voltage increased to 0.550 V, restoring over 95%
of the original cell performance; in the following 2 h, the cell voltage
slowly recovered to the initial value of 0.576 V.

For the exposure to 300 ppm acetylene, the cell voltage at
0.2 A cm ™2 only showed a slight decrease during the first 3 min, re-
sulting in a ~10 mV cell voltage loss in the steady poisoning state. The
cell voltage also recovered to its initial value within ~3 min after the
acetylene injection was stopped. The cell voltage at 0.6 A cm™ 2,
however, shows two stages of degradation, which were similar with
those at 1 A cm ™2 except a clearer transient period existed between the
two peaks. The contamination before the transient period was con-
sidered as a quasi-steady poisoning state. In the first stage, the cell
voltage dropped by ~20 mV to 0.688 V within 2 min. In the second
stage, the cell voltage dropped by ~0.580 V-0.105 V within ~1.5 h.
The two corresponding peaks in the voltage degradation rate curve are
shown in the inset of Fig. 2 ¢) with values of -0.93 and -2.68 V h=!at
~1 min and ~ 1.1 h of exposure, respectively. The two stages of voltage
recovery included ~95% of the original cell performance in the first
3 min, and the rest occurred during the following ~7 h. The results at
1 A cm™? were already analyzed in section 3.1.1 and are not repeated
in this section.

As discussed above, the acetylene reactions on the Pt/C relied on the
cathode potential. In particular, for the further oxidation of the CO- and
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COH-type intermediates, the initial cell voltage should have been
higher than 0.64 V at 1 A cm ™2 The cell with a low current density had
a high initial cell voltage, which was associated with a high cathode
potential. The results in Fig. 2 a) can be explained as follows: the
acetylene concentration was 100 ppm, lower than the trigger value, and
the cathode potential was sufficiently high to completely oxidize the
CO- and COH-type intermediates. Intermediates did not accumulate on
the Pt surface of the cathode. The control reaction may have been the
first step of acetylene oxidation. The oxidation rate and the coverage of
acetylene depended on the acetylene concentration. Therefore, in the
steady poisoning states, the 100 ppm acetylene in the cathode caused
the same cell performance loss, even for the cells at different current
densities. However, at the high current density, the acetylene flow rate
in the feeding air stream was higher than that at the low current density
with the same stoichiometry. The higher feeding rate might have re-
sulted in a faster and more severe current redistribution along the flow
channel [26]. In addition, a faster and more severe cell performance
loss occurred when the acetylene injection started instantaneously at
high current densities, as shown in Fig. 2 a). For the results in Fig. 2 b),
in the first degradation stage, the cell at 1.5 A cm ~ 2 exhibited a similar
voltage loss to that at 1 A cm™2. These performance losses were the
result of the concentration-dependent oxidation of acetylene on the Pt
surfaces. However, the cell at 1.5 A cm ™2 had a high acetylene flow rate
as well as a low voltage after the first stage of degradation. These dis-
advantages triggered the accumulation of the CO- and COH-type in-
termediates on the cathode and the second stage of degradation until
the acetylene oxidation started to reduce. These results are also



Y. Zhai, J. St-Pierre

consistent with the potential-dependent processes during acetylene
contamination in the PEMFCs. There are the similar reasons for the
300 ppm acetylene contamination at the different current densities
shown in Fig. 2 c). Comparing the voltage degradation curve at
0.6 A cm™2 to that at 1 A cm ™2, the prolonged second degradation
stage suggests the influence of the acetylene flow rate on the de-
gradation; the lower flow rate caused slower accumulation of the CO-
and COH-type intermediates on the cathode and a later arrival of the
second stage degradation.

The effects of the cell current density on the acetylene contamina-
tion are summarized in Fig. 2 d). Generally, the cell voltage and cathode
potential decreased with the increase in the current density, as will be
discussed in terms of the polarization curves in section 3.3.2. The
changes in the cathode potential in turn affected the acetylene reactions
on the cathode. For the MEAs used in this work, the IR voltage (ohmic-
polarization-corrected cell voltage) only decreased slightly with the
increase in the current density. The IR voltage was still as high as
0.69 V, even when the current reached 2 A cm™2. This indicates that
the cell cathode potential was even higher than 0.70 V for all the ex-
posure experiments. From Fig. 2 d), with low concentrations of acet-
ylene, i.e., 100 ppm, the cell performance loss was not obviously af-
fected by the changing current density. Because the cell cathode
potential and the effective active area of the electrode were sufficient to
completely oxidize the feed acetylene within the inlet region of the flow
field, the potential-dependent accumulation of the intermediates was
not triggered. However, with high concentrations of acetylene, i.e., 200
and 300 ppm, the effective active area of the electrode was not suffi-
cient to completely oxidize the feed acetylene, and the potential-de-
pendent accumulation of the intermediates was triggered. The cell
performance loss increased rapidly when the current density was in-
creased. For example, the current density increased from 1 to
1.5 A cm™2 and 0.2-0.6 A cm™? with exposure to 200 and 300 ppm
acetylene. When the fast acetylene reduction dominated the acetylene
reactions and all reactions reached equilibrium at a low potential, the
performance loss depended on the cell current density in the same way
as the acetylene concentration at low cell voltage levels. The cell per-
formance loss increased slowly again with the increase in the cell cur-
rent density because the Pt sites for the oxygen reaction became cov-
ered by acetylene, decreasing the reaction rate.

3.1.3. Cell temperature effect

The cell voltage responses to 100 and 20 ppm acetylene at different
temperatures are shown in Fig. 3 a) and b), respectively. The initial cell
voltage at 10 °C was only ~0.53 V, which was much lower than that at
high temperature. For the cell exposure to 100 ppm acetylene, within
1 min, the voltage dropped to 0.160, and in the following 3 min, the
voltage reached a relative steady state at 0.05 V. Then, the cell per-
formance started to recover due to the auto termination of acetylene
exposure. However, unlike that at high temperatures, the recovery was
very slow and included three parts. In the first 30 min, the voltage
recovered to ~0.47 V. Then, the recovery became slower, reaching a
stable state at ~0.52 V after approximately 8 h; however, ~10 mV
could not be restored by the neat air operation. We attempted to re-
cover the irreversible cell performance loss using an OCV operation.
After 3 min of maintaining the OCV, the cell performance was restored
completely to its initial value. These behaviors are in sharp contrast to
the cell responses observed at 80 and 45 °C, which were analyzed in
Fig. 1 a). With regard to the exposure to 20 ppm acetylene at 80 °C, the
contamination effect only minimally affected the cell performance. The
cell voltage dropped by ~20 mV from 0.667 V during the first 3 min
and then reached a stable value at 0.663 V. The total loss was only
4 mV. The recovery was completed in neat air. However, the cell re-
sponse at 45 °C showed two-stage degradation and a severe acetylene
contamination effect, as was analyzed in Fig. 1 b).

The effects of the cell temperature on the acetylene contamination
are plotted in Fig. 3 c¢). With the increase in the cell temperature, the
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cell voltage loss decreased dramatically. Typically, at a high cell tem-
perature, the surface potential on the catalysts was high, and both the
catalytic and electrochemical oxidation of acetylene on the Pt surface
could be accelerated. Furthermore, at a high cell temperature, the
coverage of acetylene and its oxidation intermediates, especially CO,
was much lower than that at low cell temperatures. Therefore, the high
cell temperature not only improved the acetylene oxidation rate but
also inhibited the adsorption of the acetylene oxidation intermediates.
As a result, intermediate accumulation on the Pt surface was avoided
when the acetylene concentration was less than the trigger value, the
second degradation stage was not triggered, and the cell performance
response exhibited only a slight contamination effect.

3.2. Electrochemical impedance spectroscopy analysis

3.2.1. Acetylene concentration effect

The impedance spectra obtained during the pre-poisoning and
steady states of the acetylene experiments are shown in Fig. 4 a) in the
Nyquist plots. The experiments with low concentration acetylene
showed similar impedance spectra features, and those with high con-
centration acetylene showed similar features, as represented by the
results of the 200 ppm and 300 ppm experiments, respectively. Before
exposure to acetylene, both MEAs exhibited typical EIS behavior at high
current densities, which was characterized by three distinguishable
depressed semicircles [31]. When the cell cathode was exposed to
200 ppm acetylene, the mid and low frequency arcs of the EIS in the
steady poisoning state were slightly expanded compared to the arcs
before exposure. These changes indicated that the adsorption and oxi-
dation of acetylene in MEA affected not only the ORR but also the mass
transport of the oxygen in the MEA. However, the exposure to 300 ppm
acetylene resulted in entirely different EIS features in the steady poi-
soning state. The mid and low frequency arcs were much larger than
those before exposure. In addition, inductive loops at low frequencies
were observed, which corresponded to the area of the curve under Im
(Z) = 0in Fig. 4 a). The significantly expanded arcs at mid frequencies
indicate that the ORR was severely sluggish, which was a result of ECA
loss due to coverage by the acetylene intermediates [31]. The expansion
in the arcs at low frequencies is typically attributed to mass transport
effects, especially the part of the curve above Im(Z) = 0. For ORRs on
Pt surfaces in the absence of contaminants, the inductive loop at low
frequencies indicates other reaction mechanisms, which are supposed
to originate from the reduction response of ORR intermediates, such as
H,0, formed during the ORR at low cathode potentials with a high
impurity coverage [31]. For the acetylene contamination case, the re-
duction of acetylene should be another contributor to the inductive
loop, as explained in our previous work [22]. Therefore, the expansion
in the arcs at low frequencies might have been a combination of mass
transport effects and the reduction responses of the ORR intermediates
and acetylene. This inductive response was complicated and will be
studied specifically in the future.

The ECM, inset of Fig. 4 a), was applied to analyze the impedance
spectra obtained during the contamination experiments. The electronic
elements R and L stand for the serial resistance of the proton and
electron transport and inductance in the bulk system, respectively, and
Ca, Ra and Rc represent the capacitance of the anode double layer and
charge transfer resistance of the HOR and ORR, respectively. The
constant phase element (CPEc) is associated with the double-layer ca-
pacitance of a real cathode with a rough catalyst layer, a non-uniform
catalyst distribution, and the finite-length Warburg diffusion element
(Wc) with the oxygen diffusion resistance, Rd, in the GDE [31]. It
should be noted that this ECM does not include inductive elements in
the cathode circuit and is only suitable for EIS without a significant
inductive loop at low frequencies, i.e., the responses of low con-
centrations of acetylene or the responses during the first degradation
stage of high concentrations of acetylene contamination. The EIS ob-
tained during the steady poisoning state from the 200 ppm acetylene
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experiment were fit using the ECM in Fig. 4 a) to provide an example of
an EIS obtained during the acetylene experiments with low con-
centration. The fitting results are shown in Fig. 4 a) as an example of the
labeled ECM fitting, which fits well with the experimental responses
over the whole frequency range with a squared error sum of ~1%.
The ECM parameters R, Ra, Rc and Rd were extracted from the ECM
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simulation for the EIS obtained during the contamination experiments
with 50, 100 and 200 ppm acetylene. Obvious changes in R or Ra were
not observed throughout the CCO procedure. Therefore, only variations
in Rc and Rd during the acetylene contamination experiments are
compared in Fig. 4 b). The data from the 50 ppm acetylene test almost
overlapped with those of the 100 ppm test. Before exposure, Rc was
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constant at approximately 0.109, 0.107 and 0.102 Q cm? and Rd was
0.062, 0.061 and 0.057 Q cm?, respectively, for the 50, 100 and
200 ppm acetylene tests. This indicates that all MEAs exhibited similar
ORR charge resistances and similar mass transfer resistances. When
exposed to acetylene, the MEAs showed similar variation trends in their
Rc and Rd values: they increased first and then decreased slightly until
reaching steady values. At the steady poisoning state, Rc increased to
approximately 0.114, 0.112 and 0.130 Q cm? and Rd increased to
0.064, 0.064 and 0.073 Q cm? respectively, for the 50, 100 and
200 ppm acetylene tests. The increases in Rc and Rd were attributed to
the competition between acetylene oxidation on the Pt and the ORR
and accounted for the cell performance losses during the acetylene
contamination. The slight decreases before reaching the steady state
were attributed to the current redistribution along the flow fields [26].
When comparing the changes in Rc and Rd with different acetylene
concentrations, the adsorption of 50, 100 and 200 ppm acetylene cor-
respondingly caused a ~4.6%, ~4.7% and 27.5% increase in the Rc
and a 3.2%, 4.9% and 28.1% increase in the Rd. Higher concentrations
of acetylene caused Rc and Rd to further increase. This result can be
explained because higher concentrations of acetylene resulted in more
acetylene coverage and reaction competitiveness compared to the ORR
on the Pt surface, resulting in an increased ORR resistance. After re-
covery, both Rc and Rd returned to their initial values for all MEAs due
to the Pt sites released from the oxidation/desorption of acetylene.
These results indicate the dependence of the cell performance loss on
the acetylene concentration at low concentration levels. Below a certain
concentration, the acetylene adsorption and oxidation equilibrated, and
the acetylene was oxidized completely without intermediate accumu-
lation.

3.2.2. Contamination at different cell current densities

During the acetylene contamination tests under different current
densities, the impedance spectra were measured at the pre-poisoning
and steady poisoning states (if a steady state was reached). It should be
noted that only the EIS obtained under steady states were reliable [31].
For example, in Fig. 2 b), the test at 1.5 A cm ™~ ? with 200 ppm acetylene
did not reach a steady poisoning state until recovery. Reliable EIS were
not available for this study. Therefore, the EIS obtained from the ex-
periments at 0.2 and 0.6 A cm ™2 with 300 ppm acetylene in Fig. 2 c)
were selected to demonstrate the significant current density effects, as
shown in Fig. 5 a). The EIS of the quasi-steady poisoning state at
0.6 A cm™2 is also included. Before exposure to acetylene, the MEAs
showed their typical EIS at low and high current densities, respectively,
with three distinguishable depressed semicircles. The mid-frequency
semicircles at 0.2 A cm ™2 are much bigger than those at 0.6 A cm ™2,
indicating the higher ORR resistance at a lower current density [32].
The overpotential at a low current density was much lower than that at

v T v - T
(a) Cell: 80 °C, 48.3 kpag; 0.2Acm2
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a high current density. When the cell was exposed to 300 ppm acet-
ylene, at 0.2 A cm™2, only the mid-frequency arc of the EIS in the
steady poisoning state was slightly expanded compared to that before
exposure, but the low frequency arc did not change obviously. The
change in the mid-frequency arc suggested the low coverage of acet-
ylene on the cathode, which slightly affected the ORR without affecting
the mass transport of oxygen in the MEA. For the exposure at
0.6 A cm ™2, the EIS at the quasi-steady poisoning state, i.e., after 0.5 h
of exposure, shows obviously expanded arcs in the mid and low fre-
quencies; when the cell performance reached the steady poisoning
state, the mid and low frequency arcs were significantly enlarged, and
an inductive arc was observed. These features are similar to those of the
steady poisoning state at 1 A cm ™2, which were discussed in Fig. 4 a).
However, the expansions of the mid and low frequency arcs at the
steady poisoning state at 0.6 A cm ™2 are much smaller than those at
1 A cm ™2 These results indicate that at a cathode potential above the
acetylene reduction potential, the acetylene poisoning was more severe
at a high current density than at a low current density due to the po-
tential dependency of the acetylene oxidation. In contrast, when the
cathode potential became lower than the acetylene reduction potential,
the acetylene poisoning became more severe at a low current density
than at a high current density due to the potential dependency of the
acetylene reduction.

For the current density effect, the ECM was applied to the EIS ob-
tained during the 100 ppm acetylene experiments at 0.2, 0.6 and
1Acm ™ 2in Fig. 2 a). As mentioned in section 3.2.1, obvious changes in
R or Ra were not observed. The Rc and Rd data fits are shown in Fig. 5
b). Before exposure, the ORR charge resistance, Rc, was constant at
0.248, 0.125 and 0.107 Q cm?, and the mass transfer resistance Rd were
constant at 0.075, 0.056 and 0.061 Q cm? for the current densities of
0.2, 0.6 and 1 A cm ™2, respectively. The initial ORR charge resistance
decreased with increase in the cell current density due to the higher
overpotential for the ORR at a high current density than that at a low
current density [32,33]. At the steady poisoning state, the Rc increased
to approximately 0.253, 0.129 and 0.112 Q cm?, and Rd increased to
0.080, 0.061 and 0.064 Q cm?, respectively. The Rc increased by 2.0%,
3.2% and 4.7% and the Rd increased by 6.7%, 8.9% and 4.9% for the
current densities of 0.2, 0.6 and 1 A cm ™2, respectively. The increases
in Rc and Rd corresponded to the competition between the acetylene
oxidation on the Pt and the ORR and accounted for the cell performance
losses during acetylene contamination at different current densities.
Additionally, the poisoning impact of acetylene on the ORR increased
with the increase in the operating current density. According to the
acetylene contamination mechanisms, the adsorbed acetylene could be
oxidized at potentials above 0.65 V [24]. The cathode potentials at
those three current densities were all above 0.65 V. However, the cell
cathode potential was higher at a low current density than that at a high
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contamination experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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current density, resulting in a higher overpotential for the oxidation of
acetylene on the cathode. After recovery, the Rc and Rd values for both
MEAs returned to their initial values due to the Pt sites released during
the oxidation desorption of acetylene.

3.2.3. Cell temperature effect

Regarding the effect of the cell operating temperature, the high
concentration (100 ppm) acetylene contamination tests did not reach a
steady poisoning state under low temperature, as shown Fig. 3 a).
Therefore, the EIS obtained during the 20 ppm acetylene contamination
tests (Fig. 3) b) at 80 and 45 °C are shown in Fig. 6 a) with magnifi-
cations of the high-frequency arcs in the inset. The inset indicates that
before exposure, the MEAs at 45 and 80 °C had membrane proton
transfer resistances of 0.060 and 0.054 Q cm?, respectively (high fre-
quency intercepts with the real impedance axis). The mid-frequency arc
at 45 °C shows a slightly bigger diameter than that at 80 °C, which
indicates a slightly higher ORR resistance. Generally, at low tempera-
tures, the MEA exhibited a low proton conductivity due to the low
water content and a high ORR resistance due to the slow reaction ki-
netics. During exposure to 20 ppm acetylene at 80 °C, the EIS within all
frequency ranges overlapped with that obtained before exposure.
However, for exposure at 45 °C, 0.5 h of acetylene exposure caused
obvious enlargement in the mid- and low-frequency arcs. When the
acetylene poisoning reached the steady state, as indicated in Fig. 6 a),
both the mid- and low-frequency arcs were significantly expanded. In
addition, parts of an inductive loop also appeared. It should be noted
that the high frequency intercept was also shifted to a high resistance
value of 0.071 Q cm? because the cell temperature control was lost,
leading to an increase to 55 °C without and adjustment to the humi-
difier temperature.

The ECM was applied to the EIS obtained during the 20 ppm acet-
ylene experiments at 80 and 45 °C. The Rc and Rd fitting results are
shown in Fig. 6 b). Before acetylene exposure, both Rc and Rd were
similar at 80 and 45 °C, at approximately 0.12 and 0.062 Q cm?, re-
spectively. During exposure at 80 °C, both Rc and Rd remained con-
stant, but significant increases occurred in both Rc and Rd at 45 °C.
During exposure at 45 °C, after approximately 0.5 h, a quasi-steady
poisoning state was achieved, as shown in Fig. 3 b). In this first stage,
Rc and Rd increased approximately 58.3% and 17.7% to 0.19 and
0.073 Q cm?, respectively; when the cell reached the steady poisoning
state, Rc and Rd increased to 0.65 and 0.308 Q cm?, respectively. These
resistances constituted a 440% increase in Rc and a 400% increase in
Rd over their initial values. When the acetylene exposure was stopped,
both of the resistances returned to their initial values. For the exposure
at 80 °C, the cathode potential and cell temperature were sufficiently
high to facilitate a high reaction rate to completely oxidize the 20 ppm
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acetylene without obvious effects on the ORR. In contrast, the sig-
nificant increases in Rc and Rd at 45 °C accounted for the slow oxida-
tion and strong adsorption of acetylene and/or CO/COH-type inter-
mediates [27-29]. These adsorbates competed with the ORR on the Pt
and affected the large cell performance losses during the acetylene
contamination. These results indicate that the acetylene contamination
severely depends on the cell temperature; a stronger poisoning effect on
the ORR charge transfer and mass transport processes occurred at lower
cell temperatures.

3.3. MEA polarization curves

Before and after all contamination experiments, the cell polarization
curves were collected from 2 A cm ™2 to the OCV to determine the
permanent effects of acetylene contamination on the cell performance.
Fig. 7 shows the polarization curves before and after the acetylene
contamination experiments with different concentrations of acetylene
in the cathode under different current densities or at different cell
temperatures. From Fig. 7 a) and b), all the polarization curves of the
MEAs after exposure to different concentrations of acetylene and at
different current densities completely overlapped with those obtained
before exposure. This result indicates that no activation, ohmic polar-
ization or mass transport effect remains on the MEAs after neat air
operation, indicating complete performance recovery. From Fig. 7 c),
for the cell at 45 °C, the cell performance was improved after the
acetylene contamination test, especially for the cell current density
above 1 A cm ™~ 2. However, for the cell at 10 °C, the cell performance
was reduced slightly after the acetylene contamination test, and the cell
voltage decreased further when the cell current density was higher than
0.8 A cm™ 2 These results agree well with the cell voltage changes
during constant-current operation and imply that mass transport may
impact acetylene contamination on the MEA catalyst layers. The reason
is not clear yet and requires further investigation.

3.4. Proposed acetylene contamination mitigation strategy

The single cell could be considered as a plug-flow electrochemical
reactor. The electrochemical and catalytic reaction rates of the acet-
ylene positively depended on the acetylene concentration, the effective
active area of the electrode and the cell cathode potential. The con-
tamination overpotential, i.e., the cell performance loss, positively de-
pended on the coverage of acetylene and other intermediate adsorbates
on the electrode surface. The cathodes with higher potentials facilitated
the acetylene oxidation and diminished the accumulation of the ad-
sorbates on the cathode; the cathodes with lower potentials enhanced
the acetylene reduction and removed the acetylene adsorbates more
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Fig. 8. Illustration of the dependency of the acetylene contamination on the acetylene
concentration and the cell cathode potential.

readily. These results suggest that concentration and potential barriers
existed. Both parameters interacted with each other, depending on the
cell temperature, and limited the tolerance of the PEMFC to acetylene.
As illustrated in Fig. 8, there is an acetylene oxidation equilibrium line
(line 1), an acetylene reduction equilibrium line (line 2), an intersection
A where lines 1 and 2 meet, and a boundary between oxidation and
reduction regions (line 3). Above lines 3 and 1, the acetylene and the
intermediates could be completely oxidized into CO, and desorbed;
below lines 3 and 2, the acetylene could be completely reduced and
desorbed. However, in the gray area between lines 1 and line 2, the
acetylene adsorbates or the intermediates could not completely oxidize
or reduce. Under the conditions within the gray area, the adsorbate or
intermediate accumulation would cause severe cell performance losses.
If a cell is operated with an acetylene concentration below point A,
severe cell performance losses from acetylene contamination should not
occur. If the cell is contaminated with a high concentration of acet-
ylene, similar to the conditions in the gray area, the effect on the cell
performance may be eliminated by changing the cell voltage.

4. Conclusion

The contamination effect of acetylene in PEMFCs significantly de-
pended on the cell temperature, cathode potential, and acetylene con-
centration. Low concentrations of acetylene in the air slightly impacted
the cell performance due to the low coverage of acetylene adsorbates
caused by the complete oxidation at high cell voltages. Higher con-
centrations of acetylene in the air stream caused increased cell
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performance losses due to the accumulation of adsorbates and CO and/
or COH-type intermediates on the cathode. The poisoning became more
severe at medium cell current densities. The cell cathode potentials at
these current densities were not sufficiently high to completely oxidize
the intermediates or sufficiently low to completely reduce the adsorbed
acetylene. Higher cell temperatures reduced the acetylene poisoning
effect due to enhanced the oxidation and reduction of acetylene on the
cathode. Concentration and potential barriers may exist, and both
parameters interacted with each other, depending on the cell tem-
perature, to determine the tolerance limit of the PEMFC to acetylene.
For the GORE PRIMEA M715 MEA with 0.4/0.4 mgPt cm ™2 in cathode/
anode, the threshold concentrations (5-20 ppm at 45 °C, 200-
300 ppm at 80 °C) exceed the 3-5.5 ppm concentration in ambient air
near acetylene production plants. Moreover, for PEMFC operation in
the field with ambient air, a significant performance loss is not ex-
pected. However, if severe contamination does occur under unusual
conditions, such as a faulty or saturated intake filter coupled with an
ambient temperature startup or sudden and localized release from an
acetylene cylinder, the cell operation parameters can be adjusted to
reverse it by inducing complete acetylene oxidation or reduction.
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