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Is the rapid initial performance loss of Fe/N/C
non precious metal catalysts due to micropore
flooding?†
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The activity of non-precious metal catalysts (NPMCs) has now reached a stage at which they can be

considered as possible alternatives to Pt for some proton exchange membrane fuel cell (PEMFC)

applications. However, challenges still remain in achieving acceptable stability (performance during

potentiostatic or galvanostatic experiments). The most widely reported hypotheses for the instability of

NPMCs include de-metalation, protonation/anion binding, and generation of H2O2. Recently, it has been

proposed that the largest contribution to the instability of NPMCs is from flooding of micropores within

the catalyst particles leading to significant mass transport limitations. While indirect evidence has been

obtained that appears to support this hypothesis, no study has yet been performed to directly target

micropore flooding. In this work, a systematic study is performed to investigate micropore flooding

in situ before and after stability testing. The results do not support micropore flooding as being a large

contributor to instability, at least for the family of NPMCs evaluated in this work. The protocol outlined

here can be used by other researchers in the NPMC community to diagnose micropore flooding in their

own respective catalysts.

Broader context
Due largely to environmental concerns, many countries are shifting towards electrifying their transportation system through the use of either battery electric
vehicles and/or hydrogen fuel cell electric vehicles (HFCVs). Specifically, HFCVs are able to generate clean power while offering great advantages in terms of
refueling time and driving range. However, HFCVs contain expensive platinum group metal (PGM) catalysts, particularly at the cathode, to facilitate the
notoriously sluggish oxygen reduction reaction (ORR). To reduce cost, non-precious metal catalysts (NPMCs) have been developed, some of which have
demonstrated excellent activity. Unfortunately, the most active NPMCs often suffer from poor stability, with the exact mechanism still not fully understood.
While never directly measured, many researchers in the NPMC community have recently suggested that this instability could be due to flooding of micropores
in the NPMC, leading to enhanced mass transport losses. Here, we propose a simple set of in situ experiments to evaluate this mechanism of performance loss,
and conclude (at least for the model NPMC used here) that micropore flooding is not a major contributor to instability. Importantly, this approach is broadly
applicable to all NPMCs, and can be used by the research community to help screen for this mechanism of performance loss.

Introduction

Over the past 5 years, proton exchange membrane fuel cells
(PEMFCs) have begun to make real and measured progress
towards commercial viability in markets such as backup power
and materials handling. While these markets are certainly

growing, and represent an excellent commercial opportunity
for PEMFCs, ultimately the biggest market will be automotive.
In 2015, Toyota and Hyundai both launched small scale PEMFC
automotive fleets, with plans from many other automotive
OEMs to do the same by 2020. This exciting result is due to
the great achievements made over the past decades on reducing
cost and improving the durability of PEMFCs.

However, despite the unquestionably impressive advances
in PEMFC technology, the wide-spread adoption of PEMFCs for
automotive applications will require further reductions in cost.
In particular, a reduction in the total platinum group metals
(PGMs) currently used to catalyze the hydrogen oxidation
reaction (HOR) at the anode, and the oxygen reduction reaction
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(ORR) at the cathode, is required for PEMFCs to become cost
competitive in the long term. The largest opportunity for reducing
PGM loading is currently at the cathode, which typically contains
B80% of the total PGM loading in the membrane electrode
assembly (MEA) due to the sluggish kinetics of this reaction
(105 slower than the HOR1).

One approach to reducing PGM loadings has been to develop
non-precious metal catalysts (NPMCs). Of the NPMCs that have
been developed, the most promising to date appear to be the
M/N/C (M = Fe, Co, Mn) class.2–6 In fact, the significant improve-
ment in activity/performance of these catalysts that have been
demonstrated in recent years has advanced these catalysts to a
stage at which they can start to be considered as viable alter-
natives to Pt/C for certain PEMFC applications. While this is very
encouraging, it has been recognized that the durability/stability of
these catalysts must be further improved before they can truly
compete under the harsh operating conditions of PEMFCs.7

Certainly over the past several decades, the primary research
focus in the NPMC field has been to improve performance/
activity. Thus, it is no surprise that the research community
mostly agrees upon the main active sites/design parameters
required to achieve high performance as a result of many
detailed studies aimed at characterizing and understanding
the active sites in these catalysts.8–12 However, the same cannot
be said for stability/durability limitations, which have only
recently become a higher priority within the research community.
To aid in this discussion, our group recently wrote a review
paper in which we clearly defined and separated ‘durability’
and ‘stability’ in the context of PEFMC testing.7 Durability was
defined as performance loss following voltage cycling, and
stability was defined as performance loss following constant
voltage/constant current experiments. Certainly the majority of
work in the literature has focused on stability, with only limited
studies on voltage cycling durability.13–17 This is likely due to
the fact that only recently have NPMCs demonstrated sufficient
performance to warrant durability/voltage cycling experiments.
However, the stability of the catalyst is inevitably tested during
routine performance measurements, and thus significantly
more data has been obtained for this mode of degradation.
Using the extensive data set available in the literature, it quickly
becomes clear that there are two distinct time-frames involved
in stability loss during MEA testing: (1) a rapid initial loss in the
first few hours, and (2) a more gradual but persistent loss with
continued testing.7 Due to the rapid nature and magnitude of
the initial performance loss, understanding and mitigating this
problem is of critical importance.

A survey of the literature7 shows that stability losses of NPMCs
have largely be attributed to one of three mechanisms: (1) leaching
of the nonprecious metal catalyst,18–22 (2) attack by H2O2

23,24

(and/or free radicals),25 (3) protonation of the active site,26 or
protonation of a N species neighbouring the active site, followed by
anion adsorption.27 Evidence for each one of these mechanisms
has been reported, and it is possible (likely) that all three
mechanisms impact the stability of NPMCs. Recently, a new
mechanism concerning micropore flooding has been suggested
as an explanation for the rapid initial performance loss.28–31

Extensive work by Dodelet’s group over the past decade
has provided convincing evidence that the most active catalytic
sites are hosted within micropores.32–34 Thus, it is reasonable
to conclude that flooding of micropores would negatively impact
performance by causing additional mass transport losses to the
active sites hosted within these pores. Recent work by Dodelet’s
group has shown that this mechanism of instability does appear
to explain several previously observed results including (1) the
stability of NPMC has a negative correlation with the percentage
of micropores, (2) the stability observed in rotating disk electrode
(RDE) experiments do not match that observed in an MEA, which
the authors suggest is because the micropores in RDE tests
should already be flooded.28 While some preliminary tests have
been performed to help support this hypothesis, further experi-
ments are required to confirm the degree to which micropore
flooding can explain the instability of most NPMCs. Fortunately,
of all hypotheses for NPMC instability that have been proposed,
flooding of micropores should be relatively straight forward to
test experimentally.

Before proposing how to experimentally test this hypothesis,
it is important to first clarify the difference between standard
catalyst layer flooding and the mechanism of seemingly irrever-
sible micropore flooding that has been proposed.29,30 Catalyst
layer flooding is a well-known phenomenon that can occur at
high relative humidities/current densities and leads to perfor-
mance loss due to mass transport limitations. In fact, preventing
catalyst layer flooding is a strong consideration when designing
any MEA, and many mitigation strategies have been developed
at all levels (catalyst layer, MEA, stack, and system) of PEMFC
products. This mode of flooding is not specific to micropores
within the catalyst, but extends to the entire hierarchy of pore
sizes within the catalyst layer and GDL. However, a key aspect of
this type of cathode catalyst layer (CCL) flooding is that it is
reversible, and performance can be recovered by changing the
operating conditions. This is contrary to (and a key distinction
from) the proposed mechanism of micropore flooding in NPMCs.
In the most comprehensive study on this topic yet published,28 it
is stated that the micropores in NPMCs initially are hydrophobic,
and thus do not contain any water. During operation, carbon
oxidation is said to lead to the micropores becoming hydrophilic,
at which point they fill with water. Since this surface oxidation
cannot be reversed by simply returning to dry conditions, the
performance loss is irreversible (unlike conventional catalyst
layer flooding). It is also stated that this surface oxidation leads
not only to a mass transport loss (from micropore flooding) but
also to a kinetic loss due to either oxidation of active sites or
a loss in electronic conductivity through the catalyst.28 Several
studies have provided indirect support for this mechanism,29,30

or worked to eliminate competing hypotheses.28 However, to date
there has been no clear study to directly measure the degree
of micropore flooding and its possible effect on the stability
of NPMCs.

Thus, the goal of the present study was to devise a series of
experiments to directly quantify both the degree of micropore
flooding that may occur, and the resulting impact on NPMC
stability. This was achieved through comparing air/O2 polarization
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curves at various relative humidities, as well as evaluating changes
in the double layer capacitance (obtained by cyclic voltammetry)
before and after stability testing. In devising the experiments
in this study, two separate cases of micropore flooding were
considered: (1) the micropores are initially not wetted, but fill over
time resulting in mass transport limitations, (2) micropores are
initially partially wetted, but then completely fill when current is
generated in the catalyst layer. There is of course a third case where
the micropores could be fully filled at beginning of life (BOL).
However, this possibility clearly could not lead to additional
transport losses during operation of the fuel cell as no additional
flooding of the micropores would be possible. Since the goal of the
present work is to develop a method for studying micropore
flooding, and to utilize this method to study one particular NPMC,
the case of fully filled micropores at BOL has been omitted since
no additional transport losses from micropore flooding would be
expected.

Experimental
Catalyst synthesis

Fe–N–C–PANI–Phen catalyst was prepared according to the
synthesis method reported by Fu et al.,35 which was modified
from the synthesis originally reported by Wu et al.5 and Proietti
et al.2 Briefly, 500 mg of 1,10-phenanthroline and 30 mg of
Fe(Ac)2 and 500 mg of Ketjen Black 600JD carbon powder were
dispersed in 100 mL of ethanol, followed by complete evapora-
tion of the solvent at 80 1C while stirring. The residue was
ball-milled for 3 hours and the resulting powder was mixed
with 1.5 mL of aniline, 5 g of FeCl3 and 2.5 g of ammonium
peroxydisulfate in 0.5 M HCl. The solvent was again removed by
evaporation after 48 hours of stirring, followed by pyrolysis at
900 1C for an hour in argon, acid-leaching in 0.5 M H2SO4 for
8 hours, and then two steps pyrolysis in argon and in NH3 for
3 hours and 15 minutes, respectively, to get the final product.

Physicochemical characterization

Porous structure and surface properties of the catalyst was
analyzed by nitrogen adsorption technique using Micromeritics
ASAP 2020 surface area and porosimetry system. From the obtained
isotherm, Brunauer–Emmett–Teller (BET) surface area was calcu-
lated and the microporous surface area was obtained by the t-plot
method. Transmission electron microscopy (TEM) was utilized to
investigate the morphology of the catalyst, and scanning electron
microscopy (SEM) was used to observe the cross-sectional image of
the cathode catalyst layer in the MEA. The elemental composition
of the catalyst was determined by energy dispersive X-ray (EDX)
analysis.

MEA preparation

To prepare catalyst ink, 40 mg of Fe–N–C–Phen–PANI catalyst
was mixed with deionized water, isopropanol and 5% Nafion
dispersion to achieve the ionomer to catalyst (I/C) ratio of 0.54
corresponding to 35 wt% Nafion. The homogenized catalyst ink
was deposited onto Nafion 211 membrane in 5 cm2 square area

and the catalyst loading was determined by comparing the
weight before and after the catalyst layer coating. The catalyst
coated membrane along with the gas diffusion layer (SGL
29 BC) on the cathode side and a gas diffusion electrode with
0.2 mg cm�2 Pt loading as anode were pressed together at
130 1C for 5 minutes, using a pressure of 1000 psi.

MEA testing protocol

The MEA was evaluated in a single cell using a Scribner 850e
fuel cell test station. A series of experiments was performed in a
sequence of conditions as illustrated in Fig. 1, namely 60% RH,
100% RH, a stability test, 100% RH, 60% RH, an extreme
dry-out protocol and 60% RH, consecutively. For both the
60% and 100% RH test cases, cyclic voltammetry (CV) was
conducted before and after taking polarization in air and
oxygen, in an order of CV, air polarization, oxygen polarization
and CV in the voltage range from 0.1 to 0.8 V at 20 mV s�1 scan
rate with N2 purge in cathode and H2 in anode. The cell
temperature was kept at 80 1C while anode and cathode gases
were humidified at different temperatures to obtain the desired
relative humidity values. The stability test was performed at
100% RH in air by keeping the voltage at 0.4 V for 4 hours while
monitoring the current. For the dry-out step, the cell tem-
perature was maintained at 80 1C for 5 hours while nitrogen
was purged in both anode and cathode at room temperature to
remove moisture and residual reactants in the MEA. The flow
rates for air, O2, H2 and N2 were all kept at 200 sccm throughout
the experiments and the backpressure for both electrodes were
maintained at 15 psi g.

Results and discussion
Defining and characterizing Case 1 and Case 2

Fig. 2 highlights the differences in the water distribution in the
catalyst for both Case 1 (micropores initially not wetted) and
Case 2 (micropores only partially wetted). In both cases, it is
assumed that the ionomer cannot penetrate into the micro-
pores (d o 2 nm). This assumption is based on the fact that

Fig. 1 Diagram outlining the experimental sequence for MEA test and the
corresponding procedure for each step.
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Nafion micelles range in size from 1–5 nm,36,37 making it
extremely challenging for Nafion to penetrate into pores
o2 nm in diameter. This is supported by previous work in
the literature which has also indicated that Nafion penetration
into pores o2 nm is extremely unlikely to occur.38–40 Aside
from this point, there is a key difference between these two
cases that must be highlighted.

In Case 1, it is assumed that the pores are initially not
wetted. This initially appears to be in line with the recent work
published on the impact of micropore flooding on apparent
stability, where it is stated that at beginning of life (BOL) the
catalyst is hydrophobic and thus any water in the catalyst layer
is not trapped in the micropores.28 However, when bearing in
mind that the majority of the active sites are believed to reside
inside micropores,32–34 it quickly becomes apparent that this
case is extremely unlikely. Without ionomer inside the micro-
pores, the only possibility for proton transport to the active
sites (required for the ORR to occur) would be through water.
Without water already present in the pores, these sites would be
inactive and the NPMC would show very poor BOL activity (low
BOL activity is not generally observed). Additionally, no water
would be formed in these pores during operation of the fuel
cell as there would be no opportunity for the ORR to occur.
Furthermore, it is suggested that during operation of the fuel
cell, the carbon becomes oxidized resulting in carbon function-
alities that render the carbon surface hydrophilic and thus
allow water to become trapped in the micropores. Since the
electrochemical oxidation of carbon (eqn (1)) also requires the
presence of water, any ‘water-free’ micropores would suffer no
oxidation and thus should remain hydrophobic during operation
of the fuel cell.

C + 2H2O - CO2 + 4H+ + 4e� (1)

Thus, it quickly becomes apparent that not only is Case 1
quite unlikely, but even if it were to occur, no additional mass
transport losses from micropore flooding would be expected as
these pores would remain inactive.

Fortunately, cyclic voltammetry provides a simple and reliable
approach for evaluating whether or not Case 1 does occur.

Specifically, the double layer capacitance of the electrode is
directly proportional to the electrochemically accessible surface
area of the conductive catalyst particles41 (eqn (2)).

C ¼ ee0A
d

(2)

Where C is the capacitance, e is the dielectric constant of the
medium, e0 is the permittivity of free space, A is the electro-
chemically accessible surface area and d is the thickness of the
double layer. If we assume that the micropores are initially not
wetted, and then gradually wet during operation of the fuel cell,
the double layer charging current would be expected to increase
as the electrochemical surface area gradually increases. In fact,
since these catalysts are highly microporous, the growth in
double layer charging current would be expected to be quite
large as ‘flooding’ of these pores occurred. This should be clearly
observable by comparing in situ cathode CVs obtained through-
out the stability test.

The key difference with Case 2 is that a thin water film is
already present in the pores. This significantly changes the
argument, as now it is conceivable that additional water could
be generated in these pores during operation of the fuel cell
leading to flooding. Also, the surface of the pores could now
be oxidized through eqn (1) leading to an increase in hydro-
philicity which in turn would further enhance micropore flooding.
However, if a thin water film does indeed cover the surface of the
micropores, this would render the walls hydrophilic, and due to
the high energetics of micropore adsorption,42 the pores would
be immediately filled at even moderate relative humidities.
Nonetheless, overlooking this admittedly concerning problem
with the hypothesis, Case 2 at least provides the possibility for
flooding to occur in the micropores, and thus could lead to
additional mass transport losses.

Characterizing Case 2 purely through observing changes in
the double layer charging current is not as simple as in Case 1.
If the micropores are partially/fully wetted by a thin water film
at the beginning of the test, then little to no change in double
layer charging current would be expected during operation of
the fuel cell as little/no change in the electrochemical surface
area would be observed. However, it should be emphasized

Fig. 2 Schematic representation of the two possible cases: (a) Case 1: micropores are unfilled at BOL, (b) Case 2: micropores are partially filled at BOL.
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again that if no change in double layer charging current is
observed, this would suggest that the pores are in fact fully
wetted by a thin water film at BOL, and it would thus be highly
surprising if water did not immediately condense into these
pores due to the highly favourable energetics of micropore
filling.42 If some unknown mechanism did somehow prevent
this from occurring, another diagnostic tool would be required
to evaluate whether micropore flooding did indeed occur over
the duration of the stability test. Fortunately, it is already
known that comparing polarization curves obtained under air
and O2 can greatly aid in diagnosing mass transport limitations.
Specifically, mass transport limitations will occur at much earlier
current densities under air than under O2 due to the B5� lower
oxygen concentration in air vs. pure O2. Thus, if the active
sites remain stable, but become less accessible due to flooding
of the micropores, then polarization curves under air will show
significantly more ‘loss’ than polarization curves under O2.
However, if the active sites are actually degrading with time,
then a kinetic loss (parallel shift to lower voltages at every current
density) would be observed when comparing subsequent O2

polarization curves obtained at different times during the
stability test.

Overall, by utilizing in situ CVs and air/O2 polarization curves,
it should be straightforward to (1) differentiate between Case 1
and Case 2, and (2) determine whether either of these cases is
actually responsible for the loss in performance that is observed
during the stability testing. The protocol described in the
Experimental section was specifically designed to answer these
questions, and could be used as a diagnostic protocol by other
researchers in this field to help address the impact of micropore
flooding in their specific catalyst.

Physical characterization of NPMCs

Nitrogen sorption was used to evaluate the surface area and
pore characteristics of the Fe–N–C catalyst used in this study as
outlined in Table 1. The catalyst exhibits a BET surface area of
1244 m2 g�1 and a very high micropore area of 1149 m2 g�1

obtained by t-plot analysis, showing that over 92% of the total
surface area of the catalyst is due to micropores. The shape of
the isotherm (Fig. S1a, ESI†) and the pore size distribution
(Fig. S1c, ESI†) also indicate that the catalyst is highly microporous.
The large amount of micropores can be attributed to the presence
of micropores within the carbon structures as well as inter-particle
porosity. Since our aim is to examine the correlation between the
micropore flooding and the resulting impact on the stability, the
high microporosity of this Fe–N–C catalyst makes it an excellent
candidate to be used in this study.

The TEM images (Fig. 3) illustrate the porous nature of the
catalyst, showing an agglomerate of small carbon particles and

porous graphite/graphene structures. Larger (10–20 nm) inter-
particle pores can also be observed (Fig. 3b), which could be
beneficial for mass transport at high current densities when
operating in an MEA.13

The elemental composition of the catalyst obtained by EDX
is outlined in Table S1 (ESI†), and the catalyst loading in the
MEA used in this study was measured to be 3.8 mg cm�2. The
cross-sectional image of the MEA after testing along with
the cathode catalyst layer thickness measurement is shown in
Fig. S2 (ESI†). The thickness of the layer is around 95 mm, which
is in agreement with reported thicknesses for NPMC CCLs
having a loading of B0.4 mg cm�3.2,43

In situ evaluation

Relative humidities of 60 and 100% were evaluated to probe
the impact of RH on micropore flooding. In each case,
a CV was obtained before and after performing air and O2

polarization curves. If micropore flooding occurred during the
stability test, an increase in capacitance would be expected, as
explained with eqn (2). However, as shown in Fig. 4, there is
no clear change in the double layer charging current between
the CVs obtained at 60 or 100% RH, before or after the
polarization curves. This indicates that the micropores are
already partially filled (Case 2) or fully filled, and that this
process occurs immediately. Another possibility is that any
micropores which are not initially filled do not flood during
the polarization curves.

While the overlapping CVs in Fig. 4 clearly indicate that no
additional wetting of the carbon surface occurs due to water
being generated during polarization, it is not initially obvious

Table 1 Surface and porosity analysis of the Fe–N–C catalyst

Fe–N–C–Phen–PANI

BET surface area 1244 m2 g�1

t-Plot micropore area 1149 m2 g�1

t-Plot external surface area 94 m2 g�1

Fig. 3 TEM images of Fe–N–C–Phen–PANI catalyst at different
magnifications.

Fig. 4 CVs at BOL obtained at 60% RH and 100% RH.
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what fraction of the total carbon surface is wetted (i.e. are the
micropores fully wetted at this early stage of the analysis).
Fortunately, an estimate can be made by examining the area
specific capacitance (F m�2) of the carbon catalyst obtained by
the CVs.

F m�2 ¼

Capacitance ðFÞ
Loading g cmMEA

�2ð Þ � area cmMEA
2ð Þ � carbon area m2 g�1ð Þ

(3)

Clearly the area specific capacitance of a carbon material
will be greatly impacted by the density of electroactive pseudo-
capacitive groups on its surface. However, it is known that for a
wide range of carbons, this value falls between 0.05 F m�2

(highly graphitic carbons) to 0.15 F m�2 (highly functionalized
carbons).44 As the carbon catalysts used in this work are
relatively amorphous, and do not appear to have a high density
of pseudocapacitive groups (Fig. 4), it would be reasonable to
expect a specific capacitance value of B0.1 F m�2. This is in fact
what is observed, with a specific capacitance of B0.09 F m�2

calculated from the CVs in Fig. 4. The only way to achieve this is
if the majority of the surface area is fully accessed/wetted at
BOL, and contributing to the double layer. This is an important
finding when keeping in mind that the catalysts are B90%
microporous (Table 1), and clearly indicates that even at BOL,
the micropores are easily wetted. Thus, even at this early stage
of the analysis, it seems likely that Case 1 is improbable, and if
any micropore flooding is occurring, it must be starting with
Case 2. However, due to the uncertainties in this estimate, no
firm conclusions can be made at this stage of the analysis.

To evaluate whether traditional catalyst layer flooding was
occurring in these CCLs at BOL, polarization curves were
obtained under air and O2 at both 60 and 100% RH (Fig. 5).
The BOL high current density performance at 100% RH was not
found to be significantly lower than at 60% RH, indicating that
catalyst layer flooding was not occurring in this MEA. In fact,
under air, the performance at 60% RH is slightly higher than
that under 100% RH until a current density of B0.6 A cm�2,
at which point the performance at 60% RH becomes mass
transport limited. Clearly this mass transport limitation is not
due to catalyst layer flooding, which would actually be worse at
100% RH vs. 60% RH. Thus, it is likely that the mass transport
limitations observed at 60% RH are due to drying of the CCL,
leading to increased resistance to proton transport within the
CCL. Unlike proton transport resistance in the membrane
which are manifested as an Ohmic loss, proton transport
limitations in the CCL lead to distributed potentials which
are distinctly non-linear performance losses. When examining
the O2 polarization curve at 60% RH (Fig. 5(b)), the mass
transport losses that were observed under air at 60% RH are
absent, likely due to the significantly higher [O2], which pushes
the reaction boundary much closer to the membrane thus
minimizing any proton transport losses in the CCL.45 In this
case with O2, it is clear that the 60% RH data is slightly higher
than the 100% RH data, and that this shift is mostly kinetic.

As this small performance difference is clearly a kinetic loss, it
is hypothesized that some of the active sites were degraded
during the 60% RH testing, leading to lower performance
when tested under 100% RH. In fact, it is well known that
NPMC instability is most rapid during the first few hours of
testing,3,46,47 so it would not be surprising if some activity
was already lost following the several hours required for the
diagnostics at 60% RH.

To evaluate stability, a potentiostatic experiment was per-
formed by keeping the MEA at 0.4 V while monitoring the current
that was generated (Fig. 6). As is clearly observed, the performance
is significantly decreased over a 4 h period. This is not an
uncommon finding, with many researchers showing significant

Fig. 5 Polarization curves at 60% and 100% RH under (a) air and (b) O2.

Fig. 6 Stability test for 4 hours under a constant voltage of 0.4 V at 100%
RH. Cell temperature: 80 1C; H2/air flow rate: 200 sccm.
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performance loss within the first few hours of operation,3,46,47

which is often attributed to any of the previously mentioned
mechanisms. It should be noted that, despite the similarities in
synthesis approach, this catalyst demonstrated far more rapid
performance loss than that of Wu et al.5 Possible reasons for this
difference are highlighted in a separate publication.35 However,
the primary question being addressed in the present work is not
about understanding exactly what mechanism is causing this loss,
but rather, whether or not it is in fact due to micropore flooding.
Fortunately, by previously obtaining the BOL CVs, air polarization
curves, and O2 polarization curves, this question should be
relatively easy to answer.

Immediately following the stability test, a CV was obtained
at 100% RH. In Fig. 7(a), this CV is overlaid on top of the CV
obtained at 100% RH prior to the stability test. It is clear that
following the stability test, a small (B8%) increase in the
double layer charging current is observed (a similar increase
was observed at 60% RH). While no distinct pseudocapacitive
peaks are observed, it is still possible that some surface oxidation
occurred leading to either/or: (1) pseudocapacitive groups forming
over a range of potentials or (2) an increase in surface area due to
loss of carbon. Alternatively (and possibly due to surface oxidation
leading to increased hydrophilicity), it is possible that this
increase is due to increased catalyst layer wetting. If this is true,
then the question is whether this is simply CCL wetting in the
traditional sense (i.e. wetting of a higher percentage of the total
catalyst layer and not just micropores), or whether this is evidence
for the irreversible ‘micropore flooding’ mechanism purportedly
responsible for the low stability of NPMCs.

Based on the specific capacitance calculation performed
previously, the majority of the micropores were already wetted
at BOL. However, as discussed previously, the double layer
charge can only be used to examine surface wetting, and
it could still be possible that the partially filled micropores
(Case 2, Section 3.1) have fully filled with water, and that this
has led to the observed decrease in performance.

To examine this possibility, polarization curves under both
air and O2 were obtained (Fig. 8). The goal of this experiment
was to help understand whether actual kinetic losses (loss
and/or deactivation of active sites) had occurred or if the losses
could be explained due to reduced mass transport in the now
flooded micropores. If the active sites were actually destroyed/
de-activated during the stability test, a purely kinetic loss would
be expected. However, if the loss in performance was due to
micropore flooding, no change in the low current density
performance would be expected, but significantly higher mass
transport losses would be present even for the O2 polarization
curve, as O2 would be forced to transport through the liquid water
to the active sites as opposed to through the open micropores.

Looking first at the results under air at 60% RH, it is clear
that significant decrease in performance has occurred following
only 4 h at 0.4 V. The losses appear largely kinetic, but it is also
clear that the polarization curve obtained after the stability test
does not suffer as severely from mass transport losses. In fact, at
current densities 40.8 A cm�2, the polarization curve obtained
after the stability test actually shows higher performance than
that obtained before the stability test. The reason for this is not

Fig. 7 CVs after the stability test obtained at (a) 100% RH and (b) 60% RH. Fig. 8 Polarization curves (after performing the stability test) at 60% RH
under (a) air and (b) O2. The polarization curves following the extreme
dry-out are shown in green triangles.
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entirely certain, but could be due to conditioning of the membrane/
ionomer during the stability test. Importantly, this result does not
show higher mass transport losses following the stability test, as
would be expected if micropore flooding was indeed responsible for
the low performance. This is further confirmed by analyzing the O2

polarization curves, which show a kinetic loss following the stability
test. This is a very different result than what would be expected
if micropore flooding were the primary factor in reducing
performance, and provides strong evidence that active site
loss/de-activation has occurred. In fact, based on the change
in the performance under O2, the fraction of active site loss can
be estimated using eqn (4):

DZ ¼ RT

aF
ln

active sites at BOL

active sites after stability test

� �
(4)

In eqn (4), DZ is the difference in voltage at a given current
density in the performance plots shown in Fig. 8(b), R is the
universal gas constant, T is the temperature in Kelvin, a is the
charge transfer coefficient and F is Faraday’s constant. This
equation relates the difference in performance to the total
activity of the catalyst layer (assuming Butler Volmer kinetics).
The results in Fig. 8(b) show an approximately 60 mV loss in
performance, which would suggest a 10� reduction in activity
(loss of, or de-activation of, 90% of the active sites) of the
catalyst layer following the stability test. This is a significant
loss, and does not appear to be simply a mass transport
limitation due to flooded micropores.

While the data shown in the manuscript provides convincing
evidence that the instability of this NPMC cannot be attributed
to micropore flooding, and additional experiment was per-
formed to rule out conventional catalyst layer flooding. Speci-
fically, an extreme dry-out protocol was performed following
the stability testing, which was designed to remove any water
filling the macropores of the catalyst layer. This consisted of
holding the cell temperature at 80 1C while purging nitrogen
gas in anode and cathode for 5 hour period. Despite this fairly
aggressive dry-out, no performance gain was achieved. In fact,
slightly lower performance was observed following the dry-out,
which clearly appears to be a kinetic loss (Fig. 8). It is believed
this is due to even further degradation of the active sites during
the 5 h over which the dry-out occurred. While this does not
itself prove that micropore flooding did not occur (for reasons
clearly outlined in recent work28), when combined with the
complete data set from this study, it does cast doubt on the
micropore flooding mechanism for this particular catalyst.

Finally, it should be noted that this test protocol was
designed specifically to look at the role of micropore flooding
(assumed to occur steadily within the first few hours of operation).
Longer term testing would almost certainly reveal additional
performance loss mechanisms (e.g. oxidation from H2O2), but as
this was not the focus of the present work, the stability test was
relatively short (4 h).

Most likely cause(s) of rapid degradation

The goal of this work was to determine whether or not micropore
flooding28–31 could be responsible for the observed instability of

NPMCs (particularly within the first several hours), and in
that respect, it was successful with the ‘micropore flooding’
mechanism found to be very unlikely. However, this only leads
to a more urgent question: if not micropore flooding, then what
mechanism is responsible for the significant loss in perfor-
mance that was observed? While answering this question lies
beyond the scope of this work, these findings would nevertheless
feel incomplete without some commentary on likely mechanisms
for instability.

As mentioned in the introduction, several of the co-authors
have already written a comprehensive review on the stability
and durability of NPMCs.7 In that work, three main mechanisms
for NPMC instability were identified. Since this time, the ‘micro-
pore flooding’ mechanism has emerged, giving us four possible
degradation mechanisms: (1) demetalation of the NPMC,18–22

(2) attack by H2O2
23,24 (and/or free radicals),25 (3) protonation of

the active site,26 or protonation of a N species neighbouring the
active site, followed by anion adsorption,27 (4) micropore
flooding.28–31 However, it should be stated that, based on the
findings from the present work, it appears likely that the first
three mechanisms remain the most likely, with ‘micropore
flooding’ having a minor contribution, if at all, to NPMC stability.

In the present work, the observed kinetic losses were attributed
to ‘loss’ and/or ‘deactivation’ of active sites. Clearly these terms
will have different meanings, which must now be clarified. Loss of
an active site would most likely come about from irreversible
oxidation of the active site. This is the type of degradation
predicted by Mechanisms 1 and 2. Deactivation is associated with
a change in the chemical nature of (including change in oxidation
state of pseudocapacitive groups), or inaccessibility of reactants
to, the active site. In either case, it is more likely to be reversible.
With this in mind, Mechanisms 1 and 2 would lead to ‘loss’,
whereas Mechanism 3 and 4 would lead to ‘deactivation’.

While it is very difficult to rule out Mechanism 3, it is the
authors’ opinion that active site loss as opposed to deactivation,
is the most likely reason for NPMC instability. This is based on our
own observations that these performance losses are irreversible.
This leaves either demetalation (Mechanism 1) or attack by
H2O2/radicals (Mechanism 2) as the most likely causes. Recently,
operando spectroscopy has been used to directly characterize
demetalation during operation of NPMC-based MEAs.20,22

Through this important work, it was determined that while
demetalation will occur, it is not responsible for the rapid
performance loss that is typically observed with the first
several hours. This is in agreement with previous work by
Zelenay et al. who also reached the conclusion that deme-
talation will occur, but that it is not strongly correlated with
performance loss.48

This leaves oxidation of the carbon/active sites as the most
likely cause. At potentials relevant for most stability tests
(o0.6 V),14,25,48–50 it is unlikely that carbon corrosion is occur-
ring electrochemically at a significant rate. Thus, attack of the
carbon/active sites by H2O2/radicals currently is our leading
hypothesis for the rapid performance decay observed in
most NPMCs. In fact, direct evidence for this mechanism has
previously been demonstrated.24,50
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Unfortunately, this mechanism is far more difficult to
characterize through conventional electrochemical methods
than the micropore flooding mechanism studied in the present
manuscript. While growth the carbon double layer charge
under N2 would occur with oxidation of the carbon surface, it
is not clear how oxidation of active sites would impact the CV
response, nor is it clear what the relationship would be between
growth of the carbon double layer and observed performance
loss. It is our opinion that characterizing, understanding, and
overcoming this problem should be a large focus in the coming
years within the NPMC community.

Conclusions

A systematic study was designed and performed to investigate
the emerging hypothesis that the largest contribution to the
instability of NPMCs is from the flooding of micropores. This
was achieved by comparing the degree of micropore flooding
in situ with the observed instability of a NPMC-based MEA.
As a means to evaluate the degree of micropore flooding, the
changes in the double layer capacitance following cyclic voltam-
metry were monitored throughout the test protocol and compared
to the changes in air/O2 polarization curves at various conditions.
The CVs and specific capacitance calculation clearly show that the
majority of the micropores are wetted at BOL, and although some
degree of additional catalyst layer wetting occurs during the
stability test, such a small increase cannot explain the significant
performance loss that is observed. In addition, the loss in perfor-
mance appears primarily kinetic and the mass transport loss due to
flooded micropores appears relatively insignificant. Overall, the
findings in the present study do not support micropore flooding as
being the major contributor to the stability loss, at least for the family
of NPMCs evaluated in this work. Importantly, the protocol outlined
here can be utilized by other researchers in the NPMC community as
a simple but highly effective method to diagnose micropore flooding
in NPMCs and its impact on the stability of their catalysts. This
should help guide researchers as they strive to develop more
stable NPMCs which will be required for commercialization.
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