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� In situ measurements of anode overpotential performed in the presence of CO.

� Local operating conditions had an impact on distribution of adsorbed CO.

� Spatiotemporal dynamics observed, including self-sustained potential oscillations.

� Coexistence of dominant mean-field and migration coupling areas identified.
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a b s t r a c t

Carbon monoxide (CO) poisoning of polymer electrolyte membrane fuel cells (PEMFCs)

remains a challenge for their deployment, and a deeper understanding of the spatiotem-

poral dynamics involved is needed to develop effective mitigation strategies. In this work,

localised reference electrodes were used to measure the anode overpotential at three lo-

cations across the active area of a galvanostatically operated cell (0.3 A cm�2) exposed to

100 ppm CO/H2. The anode region closest to the inlet was poisoned more rapidly than the

rest of the cell, following a sigmoidal variation, and presented a higher CO coverage. The

varying CO concentration, combined with local operating conditions, had a direct impact

on the distribution of CO coverage. Additionally, complex self-sustained oscillations of the

cell voltage and the anode overpotential were observed and correlated with the rate of CO

oxidation in the overall cell. The coexistence of a dominant mean-field coupling area closer

to the anode inlet, and a dominant migration coupling region closer to the outlet was

identified, consistent with reported modelling predictions for a single straight channel cell.

Finally, the cell recovery with pure H2 was shown to be a faster process than the CO

adsorption, which follows first-order kinetics and is affected by local conditions.

© 2022 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are a

promising electrochemical energy conversion technology that

can help transition from fossil fuel dependence and reduce

carbon dioxide emissions. They have receivedmuch attention

for a wide range of applications [1]. However, the availability

of a hydrogen fuelling infrastructure is a barrier to their up-

take, and the quality (purity) of that hydrogen has a significant

impact on the extent of performance degradation. As the

majority of hydrogen is currently generated through steam

reforming of natural gas, carbon monoxide (CO) is present to

varying degrees, depending on the level of post-processing

performed to purify the hydrogen [2]. CO is usually intro-

duced by the hydrogen fuel supply and competes with

hydrogen for the active sites on the platinum of the anode

electrocatalyst. CO adsorbs on the catalyst surface, reducing

the available surface for the hydrogen oxidation reaction

(HOR). Just trace (ppm) amounts of CO have a pernicious effect

on the performance of PEMFCs operating at typical tempera-

tures of 80 �C [3].

The dynamics of CO adsorption and the effect on perfor-

mance are complex and often result in the voltage of cells

oscillating when operated under galvanostatic control [4e6].

Electrode potential oscillations under constant current were

first reported in 1969 [7]. As the CO accumulates on the surface

of the catalyst, the anode overpotential increases until a

threshold is reached where CO oxidation occurs (to CO2),

removing it from the surface and reversing the poisoning ef-

fect. As the anode potential decreases (reduced overpotential),

the CO is once again able to adsorb, the electrode is poisoned

and the anode overpotential increases. The process is

repeated, leading to anode overpotential oscillations. These

oscillations were first reported for PteRu/C catalysts [5,6],

followed by PdePt/C, Pd/C [8,9] and Pt/C [10]. Single-cell

studies on CO poisoning have revealed the effect of different

parameters on the frequency of the oscillations. As a general

rule, the period decreases with an increase of the CO con-

centration or the anode flow rate. The period is also shorter

with increasing current density or temperature [5,11]. Other

studies have focused on the patterns of the oscillations. Mota

et al. observed periodic and non-periodic states at different

conditions of flow and current density. The transition from a

period with one to two maxima peaks and chaotic states oc-

curswith increasing current density at a fixed anode flow rate,

or with decreasing flow rate at constant current [12].

The measurement of current and voltage across a range of

electrical loads (the polarisation curve) is the most commonly

used means of assessing fuel cell performance. While it rep-

resents the ultimate output of a cell or stack, a crude bulk

measurement withholds the complexity of what is occurring

across the active area of the electrodes. In fact, there will be a

distribution of performance such that local current density,

temperature, water composition and reaction conditions vary

across the electrodes in both space and time. Localised mea-

surement of these parameters is now extensively performed

[13e17] and such measurements have been responsible for

many new insights that have led to advanced hardware

design and operating protocols. This work aims to uncover
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new information about the nature of CO poisoning by taking

account of the spatial variations and temporal dynamics that

occur during CO poisoning; in particular, the spatially varying

characteristics that accompany potential oscillations. This is

achieved using an array of reference electrodes (REs) to probe

the local electrode potential. In addition, measurement of the

CO2 concentration in the exit gas is used to corroborate the

existence of the oscillatory mode as being linked to CO

oxidation.

Bulk voltagemeasurements of cells poisoned with CO have

shown that the process is a function of many factors,

including temperature [18], water content/gas humidification

[19e22], CO concentration [3], anode gas flow rate [23], pres-

sure [24], etc. Taking this into account and adopting a local

view (individual location on an electrode) of fuel cell opera-

tion, it is clear that the process of CO poisoning is highly

complex, as each of these factors will vary across the active

area of a cell. What is more, local variations in one parameter

can affect the situation elsewhere in the cell. For example, in

the absence of self-sustained oscillations (typically low con-

centrations of CO), an uneven current distribution is observed

under galvanostatic control as a result of the more rapid

adsorption of CO at the inlet compared to the outlet [25e30].

Moreover, a pseudo-inductive behaviour at low frequencies

has also been observed in the first segments (anode entrance)

of cells using segmented electrochemical impedance spec-

troscopy (EIS) [25,26]. A more complex response is therefore

anticipated in the local electrode potential measurements

under oscillatory behaviour.

Experimentally observed patterns of operation have been

explained by spatiotemporal models that proposed the visu-

alisation of the systemas a series of individual oscillators with

additional interactions, including CO oxidation throughout

the channel and two main interactions occurring between

them: mean-field (global) coupling and migration (local)

coupling [31,32]. The pattern observed depends on the domi-

nant interaction. A change of state in a globally coupled sys-

tem at a specific location is felt equally in the rest of system. A

recognized globally coupled system is CO oxidation at Pt

single-crystal surfaces [33e35]. A dominant mean-field

coupling in a PEMFC exposed to CO under galvanostatic con-

trol, combinedwith a high reactant (H2/CO) flow rate results in

a homogeneous distribution of CO on the electrode surface

and oscillations that are in phase and present a well-defined

shape and single frequency. A reduction in the flow rate

leads to more heterogeneous distribution of CO poisoning

across the electrode surface [36] and results in more complex

oscillatory behaviour, typically marked by period-doubling

bifurcation of the homogeneous oscillation. Period-doubling

bifurcation is a route to chaos, where the oscillations do not

continue regularly and the periods between oscillations

continually double, typically denoted as ‘period-n’. In the case

of dominant migration coupling, the interaction acts purely

locally given a large and thin electrolyte, and is related to the

appearance of electrochemical turbulence (spatiotemporal

chaos), reflected by phase or defect turbulence. Small distur-

bances in the phase relation between adjacent oscillators are

characteristic of the phase turbulence, while local aperiodic

breakdowns of the oscillation amplitude, so-called phase

slips, are specific to the defect turbulence. These two types of
ution of the anode overpotential and its oscillations in a polymer
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chaotic behaviour are typical of the Benjamin-Feir instability

that can be applied to the mechanisms involved in the tran-

sition from homogeneous to heterogeneous spatio-temporal

states in reaction-diffusion systems [37e39]. Limited experi-

mental studies have demonstrated the appearance of elec-

trochemical turbulence, although Kirsch et al. validated its

occurrence in a PEMFC exposed to CO under potentiostatic

control in a six-straight-channel cell [40]. Mean-field and

migration coupling have been observed experimentally in the

oxidation of CO on Pt-based electrocatalysts; however, their

appearance has not been evaluated under more realistic

operating conditions in fuel cells.

This study aims to explore how cells enter the oscillation

mode from a localised perspective and answer questions

like: is the active area of the cell poisoned evenly and at the

same rate? Do the oscillations start in one region and extend

to the entire cell? Do different parts of a cell oscillate at

different frequencies, with different amplitude or phase? Do

rational trends exist across the active area of a cell? Are the

existing models useful to understand the mechanisms

occurring throughout a standard cell? These issues are

important for developing mitigation strategies for CO

poisoning [41], improving performance by spatially distrib-

uting catalyst type and composition across electrodes and

understanding if and how one cell oscillating can affect

other cells in a stack.
Experimental

A 50 cm2 electrode area, in-house fabricated single-cell PEMFC

with a six-channel partial counter-flow serpentine geometry

was used. The MEA was composed of two identical Pt/C

electrodes (Johnson Matthey), 0.4 mg cm�2 Pt loading, and a

membrane electrolyte (Nafion HP, 22 mm thickness). The cell

assembly was hydraulically compressed at 7 barg, and the

variation and distribution of the anode potential was moni-

tored through an array of three localised reference electrodes

(REs), numbered following the hydrogen path. The localised

REs allowed the direct measurement of the anode potential

during the CO poisoning, isolating it from other components

that have been proven to be affected by CO to a lower degree,

such as the membrane [42] and the cathode [43,44]. Previous

work calculated the anode [5] and overall [25,45] overpotential

changes from cell voltage measurements using pure H2 and a

CO/H2 mixture. Moreover, the localised RE configuration is not

limited by the ohmic drop, potential distribution and electrode

edge effects that conventional reference electrodes sustain in

fuel cells [46]. The structure and location of the REs is shown in

Fig. 1.

The localised REs usedwere previously developed by Hinds

et al. [46]. These involve the use of salt bridges composed of

Nafion tubing inserted in a polytetrafluoroethylene (PTFE)

sheath, filledwith a solution of 0.5MH2SO4. The Nafion tubing

had an inner diameter of 0.64 mm and an outer diameter of

0.84 mm, while the PTFE sheath had an inner diameter of

1.01mm and an outer diameter of 1.27mm. Holes were drilled

in the end-plate and the flow-field to allow direct contact of

the salt bridges for each RE to different locations on the back

of the gas diffusion layer (GDL). To allow for an ionic
Please cite this article as: Vald�es-L�opez VF et al., Evolution and distrib
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connection to the electrode, the GDL was impregnated with

Nafion using a solution previously heated at 70 �C, composed

of 50:50 by volume of a 10% dispersion of Nafion in water

(Sigma Aldrich) and 2,2,3,3-tetrafluoro-1-propanol (Sigma

Aldrich). O-ring seals were used to prevent any gas leakage

from the flow-field. On the other end of the salt bridges, glass

chambers containing Gaskatel GmbH hydrogen REs were

located. Each one of these electrodes was previously cali-

brated using a saturated calomel electrode. Themeasurement

and data acquisition of the local anode potentials were made

every second through a NI-9205 32-channel analogue input

module in a compact DAQ chassis (National Instruments,

USA), controlled by a LabVIEW program.

The cell was operated using a commercial fuel cell test

station (G50, Greenlight Power Technologies Inc.) The current

was maintained during the experiment at a current density of

0.3 A cm�2 and the temperature of the cell was maintained at

70 �C using cartridge heaters inserted in the end-plates of the

cell. Humidified streams of pure H2 and air were introduced to

the anode and cathode, respectively, at a stoichiometry of 2 on

both electrodes. The pressure at the anode inlet was 1.25 kPag.

These operating conditions are representative of real-world

PEMFC operation and correspond to an overall cell voltage of

~0.7 V. A second G50 unit was used to heat the humidified CO/

H2 mixture, and the alternation with the pure H2 stream was

carried out through a three-way valve. The concentration of

CO2 in the exit gas was monitored over time using an infrared

CO2 detector (GMP343 from Vaisala), which was located in the

anode outlet. Prior to the detector, a filter comprising a PTFE

membrane of 1.2 mm porosity was connected in the anode

outlet, followed by two cooling traps to remove water vapour

from the stream.

The main experiment consisted of three phases: (i) an

initial period of 30 min where the cell was operated with high

purity H2 (>99.99%), (ii) operation with a mixture of 100 ppm

CO/H2 for ~16 h, and (iii) a 1 h recovery stage with pure H2. A

CO concentration in H2 of 100 ppm was chosen, as previous

studies that considered Pt as catalyst had reported such

oscillatory behaviour with this fuel composition and a similar

operating temperature [10]. A relatively long exposure period

to CO under oscillatory behaviour was considered as prior

reports show oscillations during the space of minutes and

even seconds [5,11,12,40,47e49], while long-term experiments

were accomplished at lower CO concentration (<50 ppm CO/

H2) where no potential oscillations were observed

[25,26,45,50e53]. In addition, preliminary experiments were

carried out at two different CO concentrations (20 ppm and

50 ppm CO/H2) and a current density of 0.5 A cm�2 in order to

validate the experimental setup.
Results and discussion

The results obtained through the localised REs are presented

according to the progression of the system, where different

phases are identified: transition phase, two successive

pseudo-steady states and recovery phase. Fig. 2 (a) presents

the evolution of the cell voltage and the change in the anode

overpotential due to CO, Dh, measured against each of the

three reference electrodes, RE1, RE2 and RE3, during these
ution of the anode overpotential and its oscillations in a polymer
rnational Journal of Hydrogen Energy, https://doi.org/10.1016/
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Fig. 1 e Placement of the REs in the 50 cm2 PEMFC with a six-channel partial counter-flow serpentine geometry: (a)

Configuration of the system in the presence of one RE; (b) insertion of the RE into the MEA; (c) location of the REs in the MEA

for the study of the anode overpotentials; (d) transverse view of the channels, and (e) approximate distance between the REs

along the channels. The numbering follows the hydrogen path, where RE 1 is close to the anode inlet, 2 is halfway along the

anode path and 3 is at the anode outlet.
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distinctive phases. Dhwas calculated by subtracting the anode

potential measured during operation with pure H2 from that

in the presence of CO in order to quantify directly the effect of

CO at each location. The transition phase comprises the time

from the introduction of CO until a pseudo-steady state is

reached. During both the transition phases and the pseudo-

steady states, complex self-sustained potential oscillations

are observed. Although oscillations are present, the average

cell voltage and the CO2 concentration remain almost con-

stant during the pseudo-steady states. Fig. 2 (b) presents the

evolution of the CO2 concentration measured at the anode
Please cite this article as: Vald�es-L�opez VF et al., Evolution and distrib
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outlet during the transition phases and at the pseudo-steady

states. Finally, the recovery phase evaluates the behaviour of

the systemwhen the CO is removed and pure H2 is reinstated.

In the preliminary experiments presented in the Supple-

mentary Information (S1), no self-sustained potential oscilla-

tions are observed due to the lower CO concentration, which is

known to determine the appearance and variation of patterns

in the observed anode potential and cell voltage [5]. However,

a clear trend in the anode potential, related to the CO

coverage, shows comparative benchmarks [25,26] which

validate this experimental setup.
ution of the anode overpotential and its oscillations in a polymer
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Fig. 2 e (a) Evolution of cell voltage and anode overpotential change due to CO (Dh) measured against the three REs in a

PEMFC under galvanostatic control (0.3 A cm¡2) during the operation with pure H2, followed by the operation with a mixture

of 100 ppm CO/H2 for ~16 h and a final stage with pure H2. The transition phase, the pseudo-steady states, and the recovery

phase under study are identified; and, (b) evolution of the CO2 concentration during the transition phase and the pseudo-

steady states. The RE numbering follows the hydrogen path through the flow-field, where RE1 is closest to the anode inlet.
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Transition phase

The decrease in overall cell voltage observed in Fig. 2 (a) in

the presence of CO is attributed to the evolving increase in

anode overpotential, starting from the inlet and progressing

along the anode flow-field. During the first minutes of

exposure to CO, Dh remains close to zero before an increase

is eventually observed sequentially at all three RE locations.

This time period is dependent on the mass transport of CO to

the catalyst surface, the rate of CO adsorption and on the

distance from the anode inlet, as the catalyst sites closer to

the inlet are first exposed to CO. As such, the CO is being

extracted from the feed stream. As these areas become

saturated, less CO is available to poison downstream loca-

tions. This results in the observed increasing order of this

‘induction’ time at the three RE locations, where RE1 is the

first to be affected at ~5 min, followed by RE2 at ~11 min and

RE3 at ~61 min. The induction times are shown more clearly

in Fig. 3 (a) where the evolution of the cell voltage and Dh for

the three REs are shown for the ~16 h of exposure to CO in a

logarithmic plot.

In Fig. 3 (a), it is observed that the induction period is fol-

lowed by an increase in Dh, confirming the poisoning of the

catalyst which impedes the hydrogen oxidation reaction

(HOR). Throughout this transition phase, the evolution of Dh

with time follows a characteristic S-shape (sigmoidal), which
Please cite this article as: Vald�es-L�opez VF et al., Evolution and distrib
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can be described using the logistic function which is

commonly used to describe transition phenomena in various

fields, including the kinetics of autocatalytic and biomolecular

reactions [54], crystallization [55], wetting [56] and dewetting

[57] processes. This model has also been used in conjunction

with other machine learning methods to predict PEMFC per-

formance [58]. To the authors’ knowledge, the logistic func-

tion has not been used to analyse experimental PEMFC data.

Through this function, it is possible to estimate the time

needed to advance from 10% to 90% of the first pseudo-steady

state value of Dh for the different RE locations [65], as detailed

in the Supporting Information (S2). The approximate transi-

tion times are shown in Fig. 3 (b) and confirm the more rapid

poisoning closer to the anode inlet, with the rate decreasing

towards the outlet. At RE1, the approximate transition time

was 22 min, while for RE2 and RE3 it was 51 min and 488 min,

respectively. The transition time for the entire cell to reach the

pseudo-steady state is consequently higher than 488 min.

Bender et al. presented a different methodology for the

determination of the transition time in cases where the cells

are contaminated by low concentrations of CO (1e2 ppm CO/

H2); no self-sustained oscillations were observed and a linear

fit of Dh versus timewas possible [45]. In the present study, the

concentration of CO2 in the anode outlet was also taken into

consideration for the depiction of the transition phase. In

Fig. 2 (b) an increase in the CO2 concentration due to the
ution of the anode overpotential and its oscillations in a polymer
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Fig. 3 e (a) Evolution of cell voltage and anode overpotential

change due to CO (Dh) measured against the three REs in a

PEMFC exposed to 100 ppm CO/H2 under galvanostatic

control (0.3 A cm¡2) during operation with CO/H2 for 16 h

(logarithmic plot). The inset presents Dh at RE3 during the

induction period, where self-sustained potential

oscillations are observed. (b) Estimated transition time to

go from 10% to 90% of the pseudo-steady state Dh, obtained

through a logistic model. The RE numbering follows the

hydrogen path through the flow-field, where RE1 is closest

to the anode inlet.
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oxidation of CO entering the cell is observed. During the first

hours of exposure, CO is rapidly adsorbed into the catalyst

sites, while CO oxidation occurs slowly at low potentials [59].

The CO oxidation rate increases as the electrode potential

rises. A constant average concentration is reached at ~515min

(8.6 h) from the injection of CO to the system, which is

indicative of the equilibrium between the CO adsorption and

oxidation in the cell.

The more rapid contamination closer to the anode inlet is

due to the progressive adsorption of CO along the flow-field

path, leading to a longer induction time with increasing

channel distance. The area closer to the anode inlet adsorbs

and partially oxidises CO from the gas stream, reducing the

CO concentration downstream. As a result, the rate of in-

crease of Dh following the induction period decreases towards

the end of the channel, delaying the transition to a pseudo-

steady state. As such, areas of the catalyst upstream are

extracting CO from the feed by adsorption and oxidation to
Please cite this article as: Vald�es-L�opez VF et al., Evolution and distrib
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CO2, effectively ‘purifying’ the stream to the advantage of

downstream catalyst sites.

Other aspects to take into consideration to explain the

progressive increase of the transition time towards the anode

outlet are the local operating conditions throughout the cell.

The effects of local humidity are of particular interest, as the

CO stripping potential of Pt/C decreases with increasing water

vapour pressure [19], and condensation of water in the cata-

lyst layer pores leads to a decrease in the CO diffusion rate to

the Pt surface [60]. According to in situ measurements of

relative humidity in a similar cell operating with pure H2, the

relative humidity in the anode gas channel increases from

inlet to outlet due to back-diffusion of water from the cathode

[61]. Moreover, the poisoning of the electrode surface leads to

inhomogeneous current density distribution. Studies have

shown that for a constant overall cell current, the anode inlet

tends to present a lower current density due to localised

poisoning, while the current density increases towards the

outlet to ensure the same overall current is generated by the

cell [25,26]. The production of water closer to the anode outlet

is consequently intensified, contributing to enhanced oxida-

tion of CO in this region.

In this transition phase, complex self-sustained potential

oscillations emerge across the active area of the cell. The Dh

oscillations are observed at all three RE locations, including

RE3, where very small oscillations are present in the induction

phase, and the major effects of the poisoning have not

occurred in the first 61 min of exposure to CO. As the CO

concentration builds up in the area of RE3, the amplitude of

the oscillations gradually increases until the pseudo-steady

state is reached, as observed in Fig. 3 (a).

The appearance of the oscillations in all three RE locations,

despite the variation of the CO concentration and humidity, is

explained by the electrical coupling throughout the cell, as

described by the models presented by Hanke-Rauschenbach

and co-workers [31,32,40]. It is inferred that the process

starts with the adsorption of CO in the area closer to the anode

inlet, which is more severely poisoned due to its proximity to

the entrance. This area reaches the overpotential threshold

for the occurrence of CO oxidation and the consequent self-

sustained potential oscillations ensue. Due to mean-field

and migration coupling interactions, oscillations are

observed throughout the cell, even if the local anode over-

potential is lower towards the anode outlet (RE3) and during

the induction phase where the CO content is low. The com-

plex pattern observed is examined in detail in the next

section.

Pseudo-steady states

Two pseudo-steady states were identified in this experiment,

where the delimitation is mainly marked by a change in the

frequency of the self-sustained oscillations observed, from a

period of ~19.5 min in pseudo-steady state 1, to ~9.5 min in

pseudo-steady state 2. These periods are considerably longer

than reported in previous studies due to the larger cell, lower

flow rate, higher temperature and the use of pure Pt in this

work. In Fig. 4 (a), the average cell voltage, Dh at different RE

locations and CO2 concentration at the anode outlet at these

two states are presented. Measurements taken between 515
ution of the anode overpotential and its oscillations in a polymer
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Fig. 4 e Depiction of the pseudo-steady states observed in a 50 cm2 PEMFC exposed to 100 ppm CO/H2 and controlled

galvanostatically at 0.3 A cm¡2. Pseudo-steady state 1 covers the period between ~515 and ~863min, and the pseudo-steady

state 2 starts at ~863 and finishes at ~937 min after the introduction of CO. (a) Average cell voltage, anode overpotential

change Dh at the different locations of the REs, and CO2 concentration at the anode outlet; and, (b) period and (c) peak-to-

peak amplitude of the self-sustained potential oscillations observed. The RE numbering follows the hydrogen path, where

RE1 is closest to the anode inlet.
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Fig. 5 e Self-sustained oscillations of the cell voltage and the anode overpotential change (Dh) in the pseudo-steady state 1,

measured against the three localised REs in a PEMFC exposed to 100 ppm CO/H2 under galvanostatic control (0.3 A cm¡2), in

the space of (a) 1.5 h after ~12.5 h of exposure, (b) 6 min after ~14 h of exposure. (c) CO2 concentration oscillations in the

space of 1.5 h in the pseudo-steady state 1. The RE numbering follows the hydrogen path, where RE1 is closest to the anode

inlet.
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and 863min after the introduction of COwere considered part

of the pseudo-steady state 1, while the range between 863 and

937 min (before the reintroduction of H2) covers the pseudo-

steady state 2. In the course of both states, the overall cell

has a very low voltage indicative of almost complete deacti-

vation of performance. It is confirmed that the average Dh

varies significantly across the active area of the cell. The area

closer to the anode inlet is more affected due to exposure to a

higher concentration of CO and lower relative humidity. As

the concentration of CO decreases along the channel and the

relative humidity increases towards the anode outlet, at RE2

the Dh measured is lower than at RE1, but higher than at RE3.

The area towards the exit of the cell is much less poisoned by

the CO entering the cell, even after a prolonged period of time.

Fig. 5 (a) presents the evolution of cell voltage and Dh over a

period of 1.5 h at the three RE locations following ~12.5 h of CO

exposure, during which a sequence of oscillations is observed
Please cite this article as: Vald�es-L�opez VF et al., Evolution and distrib
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at all three locations in the pseudo-steady state 1 region. The

complex behaviour of the cell voltage during the oscillation

period is confirmed, whereby mixed mode oscillations

(MMOs), composed of large and small amplitude oscillations,

are observed [62]. In this case a cascade of up to seven small

oscillations is observed per each large oscillation (Fig. 5 (b)).

Similar behaviour was observed at low flow rates and high

current densities by Mota et al. who correlated the different

maxima to a series of oxidation steps [12]. Following the

model presented by Hanke-Rauschenbach et al., it could also

be inferred that the complex pattern of the oscillations is

related to the flow rate regime,where the time constant for CO

transport in the channel (or cell in this case) is longer than that

for the adsorption of CO. The cycle starts with the partial

coverage of the active area by CO, the anode potential in-

creases and prompts a first oxidation step in this part of the

cell. The remaining CO continues to be adsorbed on the rest of
ution of the anode overpotential and its oscillations in a polymer
rnational Journal of Hydrogen Energy, https://doi.org/10.1016/
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the catalyst surface, leading tomultiple oxidation peaks [31]. A

simplification of this model, presented by Kirsch et al., pro-

vides further insight into the dominant interactions occurring

throughout the cell, as the pattern observed is associated with

dominantmean-field coupling in combination with a low flow

rate [32,40].

The simultaneous measurement of the overall cell voltage

and local Dh profiles allows for the evaluation of spatio-

temporal dynamics of the oscillation process. A detailed

view of one oscillation period over 6 min towards the end of

this period is presented in Fig. 5 (b). It is shown that the evo-

lution of Dh for RE1 and RE2 is in the opposite direction to the

cell voltage as expected. A rise in the CO oxidation rate leads

to a decrease in the CO coverage, reducing Dh and increasing

the cell voltage. Similarly, cell voltage drops with increase in

CO adsorption, which hampers H2 oxidation rate. The

sequence of the period-doubling bifurcation is well defined at

these two locations. However, at RE3 the evolution of Dh dif-

fers from that at RE1 and RE2, as a lower number of bifurcation

periods is observed. In some cases, Dh at RE3 decreases while

an increase is observed at RE1 and RE2, and vice versa. There is

no defined trend in the increase of Dh to the highest peak of

the oscillation in RE3. This behaviour suggests defect turbu-

lence in this area. Moreover, the oscillations are not in phase

across the active area of the cell. Two points at the start and

the end of the period-doubling bifurcation series were chosen

to elucidate the sequence of events. These are indicated by the

dotted lines in Fig. 5 (b) and include the time in seconds from

the introduction of CO to the cell. It is observed that while the

Dh variations are simultaneous in RE1 and RE2, there is a delay

of 5e6 s in RE3 demonstrating phase turbulence. The oscilla-

tions in the cell voltage reflect the anode overpotential of the

overall cell and occur between RE1/RE2 and RE3.

While the evolution of the overall cell voltage implies a

global dominant mean-field coupling in conjunction with a

low flow rate (a stoichiometry of 2, which is more represen-

tative of real operating conditions) due to the defined series of

bifurcation periods, the study of local Dh variations reveals

that both mechanisms can coexist across different cell loca-

tions. The well-defined Dh profiles at RE1 and RE2 imply that

the dominant interaction between the individual oscillators is

mean-field coupled in the area near the anode inlet (RE1) and

centre (RE2). However, the differences observed at RE3 indi-

cate phase and defect turbulence, characteristic of migration

coupling. As a larger area of the cell is dominated by mean-

field coupling, this behaviour is reflected in the overall cell

voltage profile. This result provides experimental support for

the model presented by Kirsch et al., where the coexistence of

a dominant mean-field coupling inlet area and a dominant

migration coupling outlet region was predicted in a straight

channel. The membrane conductivity and the system di-

mensions were identified as determinative for the relative

dominance of these interactions [32].

As for the electrochemical turbulence occurring in the

outlet region of the anode, previous studies have presented

evidence of phase and defect turbulence in a PEMFC exposed to

CO under potentiostatic control [40], although to our knowl-

edge this behaviour has not been reported experimentally
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under galvanostatic control. Considering the dominant

migration coupling, this area is more influenced by the local

operating conditions where the CO coverage is limited and the

relative humidity is higher. It is inferred that these conditions

contribute to the reduction of the number of the oxidation

steps that compose the cascade or doubling bifurcation pe-

riods. It is also important to mention that the model was

originally proposed for a single channel and not the six-

channel serpentine flow-field used in this work, which is

more technologically relevant. Previous studies indicated that

an increase in the membrane resistance could lead to a tran-

sition from a mean-field coupling to a chaotic regime [32,40].

However, in this work, a lower membrane resistance is infer-

red in the area closer to the anode outlet, where the electro-

chemical turbulence is observed, compared to the rest of the

cell. This highlights an important limitation in the model

which assumes a constant conductivity in space and time.

Further studies are required to elucidate the influence of

membrane resistance on the dominant coupling mechanism.

The variation in the CO oxidation rate during the self-

sustained oscillations is reflected in the variation of the CO2

concentration at the anode outlet as shown in Fig. 5 (c), where

oscillations are also observed. In each cycle, the concentration

of CO2 increases as a result of the oxidation of CO in the cell.

Several spikes are observed, confirming the multiple oxida-

tion steps related to the distribution of oscillatory behaviour

across the cell as seen in Fig. 5 (a) and (b).

The periodicity of the oscillations observed in the evolution

of the cell voltage, the Dh at the three RE locations and the

concentration of CO2 in the anode outlet was measured at the

two pseudo-steady states. Even though there is a difference in

the starting points of the oscillations in the Dh throughout the

cell and the cell voltage, each cycle occurs every ~19.5 min for

each one of the parameters studied in the pseudo-steady state

1, as shown in Fig. 4 (b). The matched frequencies are related

to the mean-field coupling across the cell. Even though the

region closer to the anode outlet is dominated by the

migration coupling, the impact of the mean-field coupling is

not negligible and influences the duration of each period. This

is consistent with the simulation work by Kirsch et al. that

evaluated the impact of mean-field and migration coupling in

the formation of patterns. In the case of a more realistic sit-

uation, where both interactions are present, the synchroni-

sation of the frequencies occurred at high membrane

conductivities values (~1 S m�1). It was proposed that at high

membrane conductivities, mean-field coupling tends to

dominate migration coupling [32], reinforcing the importance

of studying the impact of membrane conductivity in the

competition between the two interactions. In the case of the

pseudo-steady state 2, the period is ~9.5 min for the parame-

ters mentioned. The increase in the oscillation frequency is

associated with the variation in local operating conditions,

such as liquid water accumulation or an alteration of the

catalyst layer, probably closer to the anode outlet, where the

changes in the Dh, the period and the amplitude of the oscil-

lations are more pronounced (Fig. 4). Due to the overall

dominance of the mean-field coupling, the alterations in a

small area are reflected in the rest of the cell.
ution of the anode overpotential and its oscillations in a polymer
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The comparison of the average peak-to-peak amplitude

(i.e., the difference between the minimum and maximum) of

the oscillations in the cell voltage and the Dh at the three RE

locations at the two pseudo-steady states is presented in Fig. 4

(c), where increasing peak-to-peak amplitude of the Dh to-

wards the area closer to the anode outlet is observed. This

variation is a result of the previouslymentioned redistribution
Fig. 6 e Recovery of a PEMFC exposed to 100 ppm CO/H2 at con

Exponential decay of the anode overpotential change (Dh) at the

voltage; (b) half-life and, (c) decay rate of the anode overpotential

from the exponential decay model.
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of the current density in the presence of CO under galvano-

static control. Kadyk et al. related an increasing current to an

increase in the amplitude of the self-sustained potential os-

cillations [10]; therefore, lower amplitudes in the area closer to

the anode inlet are expected where a decrease in current is

presented, with higher amplitudes closer to the outlet where

an increase in the current density is sustained.
stant current (0.3 A cm¡2) by the reintroduction of H2. (a)

three RE locations and the corresponding increase of the cell

change Dhmeasured at the three RE locations as calculated

ution of the anode overpotential and its oscillations in a polymer
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Finally, another trend in this phase is observed in Fig. 3 (a),

where the average Dh at each RE location presents a gradual

increase over time. This variation is presumably due to cata-

lyst degradation, as previous studies have demonstrated an

increased loss of electrochemical surface area in the short and

long term in the presence of CO [52]. No previous studies have

evaluated the effects of self-sustained potential oscillations

on catalyst degradation; and in particular the spatially-

resolved deterioration of the catalyst in the long term. In

this relatively short experiment, it is possible to observe a

higher increase in the average Dh closer to the anode outlet

(RE3). Considering the differences in the amplitude of the os-

cillations studied in Fig. 4 (c), it is deduced that the greater

fluctuations in Dh indicate an increase in the loss of catalyst

surface area. As the amplitude of the oscillations increases

towards the anode outlet, the catalyst degradation is also

intensified towards the anode outlet. The ageing effect of CO-

induced potential oscillations on catalyst materials requires

further study.

Recovery phase

Fig. 6 (a) shows how the cell respondswhen the CO is removed

from the hydrogen feed. An immediate decrease in Dh is

observed at all three RE locations upon introduction of pure

hydrogen, which leads to an increase in cell voltage that pla-

teaus in less than 1 min. Compared to the initial phase of

poisoning, the recovery is a much faster process at all RE lo-

cations. It should be noted that the initial recovery of the cell is

not due to the complete removal of the CO from the catalyst

surface, but because sufficient CO has been removed that H2

activation is no longer the rate-limiting step [63].

The kinetics of the CO displacement by H2 in Pt(111) sur-

faces has been identified as a first-order process [64], and

considering the direct impact of the CO coverage on Dh, an

exponential model was used to compare the time required to

reach steady anode overpotential. The timeat the introduction

of pure H2 was set to 0, and an exponential model described in

the Supporting Information (S3) was utilised. Fig. 6 (b) and (c)

present the half-life and decay rate (recovery rate) at each of

the RE locations. It is observed that the half-life decreases to-

wards the anode outlet due to lower CO coverage at pseudo-

steady state. The time required for CO removal is longer to-

wards the inlet mainly due to higher CO surface coverage, as

expected. In terms of the recovery rate, a homogeneous active

area and operating conditions across the electrodewould have

implied a constant rate; however, it increases towards the

outlet demonstrating the influence of parameters other than

CO coverage on the reaction rate. As in the transition phase

and pseudo-steady states, it is assumed that the local oper-

ating conditions play a significant role in cell recovery. For

instance, CO oxidation is enhanced in the vicinity of the anode

inlet (RE1) due to higher anode overpotential, whereas higher

local relative humidity prompt enhanced CO oxidation near

the anode outlet (RE3). The faster recovery closer to the anode

outlet is also due to the higher humidity, as the strong bond

between the H2O molecules and the Pt facilitates faster CO

desorption [60]. These parameters vary over time as the cell

recovers, and their evolution and influence in this process are
Please cite this article as: Vald�es-L�opez VF et al., Evolution and distrib
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important subjects study for the development and optimisa-

tion of mitigation strategies against CO poisoning.
Conclusions

Localised reference electrodes were used to measure the

change in the anode overpotential of a cell exposed to 100 ppm

CO/H2 on the anode under galvanostatic control. The location

of the reference electrodes over theMEAprovided information

on the distribution and dynamics of the poisoning process.

The poisoning process, as indicated by the anode over-

potential, follows a sigmoidal function with time. This is

notionally split into three phases, an initial slow induction

period, a rapid transition period and two pseudo-steady state

periods. It was observed that the sites near the anode inlet

reached the pseudo-steady state faster and presented a higher

Dh than the sites closer to the outlet due to the exposure to a

higher CO concentration and lower relative humidity.

Mixed-mode oscillations were observed in the cell voltage

and the anode overpotential across the electrode during the

transition phase and at the pseudo-steady state. In agreement

with the model and the subsequent simplifications presented

by Hanke-Rauschenbach et al., the system was analysed as a

series of individual oscillators [31,32,40]. The coexistence of a

dominant mean-field coupling area at the anode inlet and

centre, and a dominant migration coupling region closer to

the anode outlet was demonstrated. The dominantmean-field

coupling area was characterised by defined and simultaneous

oscillations in the Dh profiles, while phase and defect turbu-

lence were observed in the area where the migration coupling

field was dominant. This result is in agreement with model

predictions for a single straight channel by Kirsch et al. [32].

Moreover, electrochemical turbulence closer to the anode

outlet was experimentally reported for the first time under

galvanostatic control and under operating conditions closer to

real-world applications. A second pseudo-steady state was

identified, where the most important variation in the param-

eters studied was an increase in the frequency of the oscilla-

tions. More studies are needed in order to elucidate the shift

between these two states, although it was presumed that a

variation in the operating conditions in a small section of the

cell (such as liquid water accumulation or alteration of the

catalyst layer) was equally observed in the rest of the cell due

to dominant mean-field coupling.

Additionally, a correlation between voltage oscillations

and CO oxidation was demonstrated by measuring the CO2

concentration at the anode outlet. The period of the oscilla-

tions was similar for the cell voltage, each one of the Dh pro-

files throughout the cell and the CO2 concentration at the

anode outlet due to the dominant mean-field coupling across

the cell, despite the presence of the migration interaction

closer to the anode outlet. Future studies should evaluate the

transition from a mean-field coupling dominance to a

migration coupling one. The amplitude of the oscillations was

nonetheless found to increase towards the anode outlet, as a

result of heterogeneous current density distribution (being

larger towards the anode outlet) and the varying CO coverage

and relative humidity.
ution of the anode overpotential and its oscillations in a polymer
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Cell recovery upon reintroduction of pure H2 has been

shown to be a more rapid process than the poisoning phase.

An exponential fit was used to compare local recovery rates,

which were found to be closely related to the CO coverage; the

area near the anode inlet (RE1) demonstrated a slower decay

rate and a higher half-life due to higher CO coverage. Other

parameters to take into account are the relative humidity and

anode overpotential, which affect the CO oxidation rate and

vary across the electrode during this phase.

Finally, the study of the poisoning dynamics across the

active area of the cell during the different phases of the

poisoning provides valuable information for the design and

optimisation of more efficient CO poisoning mitigation stra-

tegies. For instance, an area with a more active catalyst that

enhances the oxidation of CO could be considered closer to

the anode inlet where the contamination is more severe.
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