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ABSTRACT

One bottleneck hampering the widespread use of fuel cell vehicles, in particular of proton
exchange membrane fuel cells (PEMFCs), is the high cost of the cathode where the oxygen
reduction reaction (ORR) occurs, due to the current need of precious metals to catalyse this
reaction. Electrochemists tackle this issue in the short/medium term by developing catalysts
with improved utilization or efficiency of platinum, and in the longer term, by developing
catalysts based on Earth-abundant elements. Considerable progress has been achieved in the
initial performance of Metal-Nitrogen-Carbon (Metal-N-C) catalysts for the ORR, especially
with Fe-N-C materials. However, until now, this high performance cannot be maintained for
sufficiently long time in operating PEMFC. The identification and mitigation of the degradation
mechanisms of Metal-N-C electrocatalysts in the acidic environment of PEMFCs has therefore
become an important research topic. Here, we review recent advances in the understanding
of the degradation mechanisms of Metal-N-C electrocatalysts, including the recently identified
importance of combined oxygen and electrochemical potential. Results obtained in liquid-
electrolyte and PEMFC device are discussed, as well as insights gained from in situ and
operando techniques. We also review the mitigation approaches that the scientific community
has hitherto investigated to overcome the durability issues of Metal-N-C electrocatalysts.

KEYWORDS: Oxygen Reduction Reaction; Non-Precious Metal Catalysts; Degradation
Mechanisms; Durability; Stability.



1. Introduction

Introducing the “British Petroleum (BP) Statistical Review of World Energy 2019: an
unsustainable path”, ! Spencer Dale, BP chief economist, said: "There is a growing mismatch
between societal demands for action on climate change and the actual pace of progress, with
energy demand and carbon emissions growing at their fastest rate for years. The world is on
an unsustainable path." These sentences perfectly illustrate the societal concerns associated
with the continuously growing carbon dioxide (CO2) emissions and the resulting global
warming. The development of hybrid vehicles and full electric vehicles is part of the solution
to these issues. While for low driving range, a Li-ion battery pack is lighter than a proton
exchange membrane fuel cell (PEMFC) system (stack and pressurized H; tank dimensioned for
this range), above a certain threshold of driving range, the PEMFC system becomes the lighter
solution. 2 The fundamental reason for this is that batteries are power devices with limited
specific energy while hydrogen-fuelled PEMFCs are intrinsically better suited for obtaining a
high specific energy (and therefore a large mileage). Indeed, H; has a high specific energy of
33.3 kWh kg%, three times higher than that of any other fuel and more than hundred fifty
times higher than that of a Li-ion battery’s active material (250 Wh kg). The interested reader
is referred to Refs > # for values of specific energy, energy density and specific power ranges
for PEMFC and for a broad selection of Li-ion and advanced “post-Li-ion” cells). PEMFC systems
with compressed H; tanks are therefore currently best positioned to replace thermal engines
in automobiles for the market segment of long distances, maintaining both a high autonomy
and a short refuelling time. ® In these devices, the hydrogen oxidation reaction (HOR) and the
oxygen reduction reaction (ORR) take place at the anode and cathode, respectively. ® Both
reactions need to be catalysed, and the most efficient and robust catalysts in PEMFC
environment are Pt or Pt-alloy nanoparticles (NPs) supported on high surface area carbon.
However, the scarcity and the high cost of Pt, and of platinum group metals (PGM) in general,
hinders the global commercialization of PEMFCs. 7 Comprehensive review articles on the
degradation mechanisms of Pt-based/C nanoparticles have been also published in the recent
years, and the interested reader is referred to Refs. 1. Three main approaches are considered
to reduce the catalyst’s cost in a PEMFC: i) reducing the PGM content in the electrodes while
maintaining or improving the power performance; ii) recycling PGMs contained in aged
membrane electrode assemblies (MEAs), 2 iii) replacing PGM by more abundant and cheaper
metals. 3 The third solution is particularly attractive from cost and sustainability viewpoints.
Indeed, by replacing PGM-based catalysts by electrocatalysts based on more abundant
transition metals such as Fe, Mn or Co, the price of a PEMFC stack could become at least 50 %
cheaper, even for relatively low production volumes (in the context of the automotive
industry) of 500,000 units per year. * Moreover, electrocatalysts based on non-precious-
metals are tolerant to most species that strongly contaminate PGM surfaces, originating either
from the H; fuel (CO in trace amount of 10-20 ppm, sulphur species), air (chlorides on coastal
area, air impurities from combustion engines in urban areas, such as CO,, NOy, SO,) > 6 and
from PEMFC stack components (e.g. alcohols, inorganic and organic anions).

The most mature class of non-precious metal electrocatalysts for the ORR in acid medium
consists in 3d transition metal (Fe, Co, Mn) embedded in a carbon matrix (C) doped with
nitrogen (N), referred to as Metal-N-C catalysts in what follows. Their beginning-of-life (Bol)
ORR activity strongly depends on their physical and chemical structure, namely the nature and
coordination of the metal centres, 72 the metal content, 172 the redox potential of the
metal, 1%29 22 the basicity of N-containing groups 1820 232> gnd the pore size distribution in the



carbon phase. 2922 Similar to PGM electrocatalysts, the mass-normalized activity for the
ORR of Metal-N-C electrocatalysts, im, can be expressed as (Equation 1): 2°

iy = TOF X ASD X F/Na (1)

ASD =v xSD (2)

Where in is the mass-normalized activity (A glyowder) at a given electrode potential (E), ASD is
the gravimetric density of electrochemically accessible sites for the ORR (site glpowder), TOF
the turnover frequency of the active sites (electrons site™* s%, for the same E value), F Faraday’s
constant (C mol?), N, Avogadro’s number (mol?). In turn, ASD, is related to the total number
of sites (labelled SD, in mol gl,owder), Via the ratio of active sites located on the surface to all
active sites, v (Equation 2). From these equations, it is explicit that enhanced mass-normalized
activity can be obtained by either increasing the value of SD, TOF or v. %’ Increasing v is
achievable for example by preferentially localizing active sites on the carbon surface. %

The use of SD and ASD descriptors also raises the question of the nature of the active sites for
the ORR. Two main forms of metal species exist in Metal-N-C catalysts: i) single metal atom
coordinated to several nitrogen atoms in the carbon matrix (Metal-Ny sites) and ii) inorganic
metal NPs (carbides, nitrides, sulphides, depending on precursors used and pyrolysis
conditions).'® 2° Following extensive research efforts, a consensus has now been reached that
the major contributors of ORR activity in PGM-free Metal-N-C catalysts comprising
multidunous metal species are the Metal-Ny sites, these sites comprising most likely four
nitrogen atoms. ¥ 2%-31 The structure and texture of the carbon matrix also play a crucial role
for the ORR activity and long-term stability of Metal-N-C catalysts.?! Micropores are essential
to host Metal-Nx moieties, 2> 32 while mesopores and macropores ensure efficient transport
of oxygen (02) molecules and reaction products to and from the active sites, respectively.?> 3%
34 Moreover, the chemical environment around Metal-Nx moieties can also significantly
modify their TOF. An illustration of this can be found in recent works showing that mild and
reversible surface oxidation of carbon (for example due to hydrogen peroxide (H,0,), see
section 2.4) leads to decreased TOF values via weakened 0-binding. 33 3% 36

The identification, quantification and implementation of the most active sites 26 27 29, 30, 33, 35-
40 3nd ORR activity/structure relationships *"*8 remain the most popular subjects of study in
the field of Metal-N-C catalysts. Objectives of performance and activity have been set for
PGM-free cathodes in PEMFC device. The United States Department of Energy (US DoE) has
defined the objective of ORR activity at 0.9 V in H2/O2 PEMFC at 44 mA-cm2, 4° comparable to
Pt/C cathode’s activity, while the European Fuel Cells and Hydrogen Joint Undertaking (FCH-
JU) set an even higher target of 75 mA-cm=2 at 0.9 V in Ho/O2 PEMFC and a performance of 0.6
A-cm? at 0.7 V in Hy/air PEMFC (0.42 W-cm™2). *° Recent years have witnessed considerable
progress in the initial performance of Metal-N-C cathodes. Several studies have reported ORR
activities above 20 mA-cm2 2831495154 gnd up to 0.041 A cm2 at 0.9 V in H,/O, PEMFC, *°
while Hy/air PEMFC current densities of 0.3-0.4 A-cm™2 have been achieved at 0.7 V at 80°C. >V
3556 While further progress on activity and power performance of Metal-N-C cathodes is still
needed to envision the replacement of Pt in high power density PEMFCs, the achievements



and rate of progress witnessed on these topics during the last decade holds promise, at least
for low- to medium-duty PEMFC applications. The interested reader is referred to Refs > °7/ 58
for reviews on the recent progress on initial activity and power performances of Metal-N-C
layers for PEMFC. Beyond gains in ORR activity, the development of novel electrode
architectures that are specific for Metal-N-C catalysts is acutely needed to increase the power
performances with air feed. °°

While steady progress has been achieved in the past decade regarding the BolL activity and
power performance of Metal-N-C catalysts, little progress has been achieved regarding their
stability and durability. Moreover, a negative correlation has been identified between the
initial ORR activity of Metal-N-C catalysts and their durability in PEMFC operation. % 0
Exacerbated performance loss with time is observed for Fe-N-C catalysts with high
microporous area, corresponding also to the initially most active ones. ! This holds especially
true for doubly-pyrolyzed Metal-N-C catalysts, the ORR activity of which is not stable over the
long term. ®% 62 Only a few Metal-N-C materials but with low initial activity have shown
promising durability in PEMFC. ® Their activity and PEMFC performance is however
significantly below the state-of-the-art reached with ultralow Pt cathodes. 83 While restricted
performance loss during operation in PEMFC for several hundreds of hours has been reported
for some Fe-N-C cathodes with interesting ORR mass activity, the durability tests were
typically performed under a galvanostatic or potentiostatic hold of the cell, corresponding to
a low cathode potential and therefore also to a mixed control by ORR kinetics and mass-
transport of the cathode performance. 6 Complete cell polarization curves before and after a
durability test identified that the apparent stable performance during the potentiostatic hold
at 0.4 V or 0.5 V was an interplay of decreasing ORR activity with time and increasing mass-
transport properties with time. ® Durability of non-PGM cathodes is especially challenging at
cathode potentials > 0.6 V, 4°¢ which by virtue of the positive linear relation between energy
efficiency and operating PEMFC voltage, corresponds to the desired range of operating
cathode potential for high efficiency. Beside the restricted durability of Metal-N-C cathodes
under galvanostatic or potentiostatic operation, further accelerated performance loss
associated with voltage cycling needs to be considered, and in particular start-up/shutdown
(SU/SD) of a fuel cell vehicle, potentially leading to transient high cathode potentials (typically
> 1.0 V) and fast rate of carbon corrosion. 21 %58 The accelerated stress test (AST) proposed
by the US DoE for MEA testing in PEMFC is composed of 30,000 square-wave load cycles
between 0.60 and 0.95 V at 80°C with H, and N; fed at the anode and cathode, respectively.
® The loss in initial mass activity should not exceed 40 % after 30k load cycles for a given
cathode electrocatalyst to pass. However, this AST was designed for carbon-supported Pt-
based nanoparticles, whose degradation is essentially driven by Ostwald ripening and is not
affected by O;. As such, it is ill-suited to study the durability of Metal-N-C catalysts, since a
significant fraction of these materials’ performance decay arises from H,0; produced during
the ORR, and associated radicals, as will be discussed in the present review. %73 Indeed, Fe
but also Co cations (free cations but also possibly as Metal-Ny sites) are recognized catalysts
to form, by reaction with H,0,, reactive oxygen species (ROS) such as superoxide (°02),
hydroxyl (*OH) and hydroperoxyl (*OOH) radicals, which can degrade the catalyst, ionomer
and proton-exchange membrane (PEM). ’* 7> Overall, the current status of non-PGM Metal-
N-C cathode catalysts is that of an unsatisfactory compromise between high initial activity (or
power) performance and durability, not fulfilling simultaneously the three main criteria for
industrial application, namely low cost, high performance and high durability. While Metal-N-
C catalysts have a lower cost than Pt-based catalysts, the low performance (in Welectric per cm?



of geometric MEA area) of the currently most durable Fe-N-C cathodes would result in PEMFC
stacks with much increased volume and mass to reach a given electric power output, should
Pt-cathodes be replaced by Fe-N-C ones. This is not economically viable for transportation
application, not only simply due to the increased size and mass of the stack, but also due to
the non-negligible cost of other components of a PEMFC stack (PEM, ionomer, gas diffusion
layer, bipolar plates, etc). Ideally, the durability of PGM-free cathode layers should ultimately
be comparable to that of Pt-based cathodes, or the performance loss during the lifetime of a
product be low enough so that it is acceptable by the customers. PEMFCs have broad
application markets, ranging from heavy-duty vehicles to portable electronics and backup
power systems, with diverse operating conditions and device specifications. Precise goals of
Metal-N-C layer durability are therefore premature at this stage, but certainly the durability
of Metal-N-C materials in acid medium must be significantly improved compared to the
current status, for replacing Pt-based materials in any of the envisioned PEMFC applications.

In the last years, research in the field of PGM-free catalysts for PEMFCs has increasingly
integrated studies of their stability and durability in various operating conditions, as well as
the fundamental understanding of their degradation mechanisms. Herein, we review the
current understanding of the degradation mechanisms of Metal-N-C catalysts and cathode
active layer (AL) in acidic environment. The main identified degradation mechanisms for
Metal-N-C catalysts are discussed first, concluding with complex phenomena arising from a
combination of “stressing factors” and also discussing modifications of the mass-transport
properties through the cathode AL during PEMFC operation. The recently investigated
strategies to mitigate these different degradation mechanisms are then presented and
discussed, including switching to non-iron metals for mitigating Fenton reactions and modified
syntheses for improved selectivity towards 4-electron ORR and/or for imparting radical
scavenging properties. Several review papers published in the past 5 years have focused on
the stability and durability of PGM-free catalysts for PEMFCs. >% 7686 The present review has
the distinct features of presenting the most recent understanding and status of i) degradation
mechanisms (including the recently identified importance of combined O, and
electrochemical potential in the degradation), ii) methodological studies performed in PEMFC
environment and combined with advanced end-of-test (EoT) MEA characterisation, and iii) by-
design approaches to improve the durability of PGM-free catalysts and ALs. In citing and
discussing the literature in the field, we focused on the studies where not only stability or
durability was measured per se, but where those measurements were combined with
sufficient characterisation before, during and/or after the electrochemical measurements, in
order to shed light on the degradation mechanisms.

2. Degradation mechanisms of Metal-N-C oxygen reduction electrocatalysts in acid

medium

We review in this section the main degradation mechanisms of Metal-N-C electrocatalysts
identified in the literature, starting in each subsection with the understanding gained in
rotating disk electrode (RDE) or flow cell environments (liquid acidic electrolyte) and continue,
when available, to the understanding gained in PEMFC environment, either with in situ/
operando techniques or from EoT characterization of MEAs or cathode AL. The main
differences in experimental conditions between experiments in liquid acidic electrolyte and in



PEMFC are i) the temperature (often room temperature (RT) is employed in RDE studies but
typically 80°C in PEMFC) and ii) less water available in PEMFC environment.

For clarity, we first define for PGM-free Metal-N-C catalysts and use in a self-consistent way
the words stability, durability, in situ and operando (Table 1). In addition, we generally refer
to asi) load conditions, for experiments involving a change of the cathode potential comprised
between 0.0 and 1.0 V vs. the reversible hydrogen electrode (RHE) as the lower and upper
limits; and ii) SU/SD conditions, for experiments where the lower limit is > 1.0 V vs. RHE. The
primary reason for distinguishing between stability (no ORR) and durability (ORR occurring) in
acidic medium is due to the occurrence of specific degradation mechanisms during ORR on
PGM-free catalysts, which do not occur or have limited effects on PGM-based catalysts. The
low importance for the durability of PGM-based materials of H,0, and ROS formed operando,
but high importance for Metal-N-C catalysts, is a key example of the need to specifically
differentiate between degradation mechanisms that are related to ORR from those that are
not, for Metal-N-C catalysts. According to Table 1, three important conditions are therefore
defined, namely i) Stability under load conditions, ii) stability under SU/SD conditions, and iii)
durability. Stability in conditions i) is a necessary but non-sufficient condition for reaching
durability. Stability under SU/SD conditions ii) is closely related to carbon corrosion, and this
effect can be studied either in the presence or absence of O, since the herein definition of
SU/SD (lower potential limit > 1.0 vs. RHE) excludes in practice the ORR. In accordance with
the definition of stability and durability, we employ in the present review the words in situ
and operando for techniques that allow probing Metal-N-C materials in the absence of ORR
(in situ) or in the presence of ORR (operando).

Table 1. Definition of stability and durability in the present review.

Definition Operation
modes
Stability No changes in the local coordination, in the number of metal- | Load
based active sites in Metal-N-C and in their TOF, in the absence of
ORR in acidic medium SU/sb
Durability No changes in the local coordination, in the number of metal- | Load

based active sites in Metal-N-C and in their TOF, during ORR in
acidic medium

In situ Measurements probing Metal-N-C while it is subjected to an | Load

electrochemical potential in acidic medium, in the absence of ORR
SU/SD

Operando Measurements probing Metal-N-C during ORR in acidic medium Load

As will progressively emerge from this review, the degradation mechanisms of PGM-free
catalysts are not only set by the particular material studied, but also by the experimental
conditions applied. Examples of the latter are the upper and lower potential limits applied
(UPL and LPL, respectively), the absence or presence of O, in the environment and the



temperature. These experimental parameters play a key role not only on the overall
degradation rate but also on which is the predominant degradation mechanism. Therefore, to
provide the reader with the key experimental information from the literature in a single
format, all AST involving potential cycles are labelled as [low potential — high potential -
duration of each cycle (for stepped potential) or scan rate (for scanned potential) — number
of cycles — nature of the atmosphere — temperature] and [potential — duration — atmosphere
— temperature] for liquid and solid electrolyte, respectively. For liquid acidic electrolyte, the
nature of the atmosphere corresponds to the gas used to saturate the electrolyte, while in
PEMFC it corresponds to the cathode feed. Also, as Metal-N-C catalysts can feature aggregates
with size 1 um j.e., exceed the thickness required to correctly measure the mass activity of an
ORR catalyst and the fraction of H,0, generated, 8% the reproducibility of the data is a key
parameter.

2.1 Modelling degradation mechanisms at single-atom sites and its kinetics

Holby et al. °° recently investigated with density functional theory (DFT) the stability towards
demetalation of a divacancy Fe-Ns site in graphene (Figure 1a). The general dissolution
reaction is (Equation 3):

HaOubFeNsC, + n H* = Feag™ + Hn+aNaC + (x - n) e + b/2 O3 (3)

H.Op represents oxygenated species adsorbed axially atop Fe coordinated by four nitrogen
atoms. During dissolution, the metal atom becomes an aqueous cation with electric charge x,
leaving behind a cavity (referred to as [1-Nx in what follows). The latter can in turn bind
protons, to reach the most stable configuration. The simplest case of Equation 3 is when a =
b =0 (no axial ligand), and n = 2:

FeN4Cz + 2 H+ 9 Feaq2+ + H2N4Cz (4)

The authors assumed that the dissolved species is Fe?*, in line with the classical Pourbaix
diagram for Fe. Metastable pseudo Pourbaix diagrams were constructed with DFT. The
stability of the metal-free N4 cavity was first studied as a function of the number of protons.
H2N4Ci3s was found to be the most stable structure, followed by H3N4Ci3s. Then, the regions
of stability were investigated for FeN4Cizs, O2-FeN4Ci3s and OH-FeNsCi3s, for a fixed Fe?*
concentration. The calculations showed that FeN4Ci3s, without axial ligand, is not stable at pH
below ca 6.5, at 10° M Fe?* (Figure 1b). The acid stability of O2-FeN4Ci3s and OH-FeN4N4Ci3s
bilayer structures were found to be much improved, as shown in Figure 1c for O,-FeN4Ciss
with a stability domain now extend to acidic pH and to a broader range of potential. Therefore,
the calculations show that the Fe-Na site is strongly stabilized by OH and O; axial ligands. When
the ligands are ORR intermediates, the results suggest that the sites are prone to dissolution
only between each ORR turnover cycle, when the site is under-coordinated for a short time.
In contrast, a Fe-Nj site with permanently bound OH species (as is probably the case in O,-free



electrolyte, with no turnover of adsorbed species) should be highly stable, even in acidic
conditions.
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Figure 1. Modelling the effect of specific carbon corrosion triggered by ORR on Fe-N, sites. a) Edge view of O»-
FeN4Ci3g relaxed bilayer structure; b) FeN4Cisg stability as function of pH and potential with [Fe?*] = 10° M with
n the number of protons exchanged during the dissolution reaction (Equation 3); c) O,-FeN4Ci3s stability domain
with [Fe?*] = 10° M. The shaded area indicates the stability domain vs. dissolution for all considered dissolution
reactions, with n the number of protons exchanged during the dissolution reaction (Equation 3). DFT results on
carbon reversible orirreversible oxidation triggered by ORR near Fe-Ny sites. d) Upper and side views of H-FeN4C»
structure during ORR turnover cycle leading to irreversible carbon oxidation; e) calculated energy of formation
(E¢) and dissolution potential (Udiss) of different surfaces with one Fe-N4 site embedded and four OH or ether
functional groups (labelled ET). Figures a, b and ¢, reproduced with permission from Ref. *°. Copyright [2020]
American Chemical Society. Figures d and e, reproduced with permission from Ref. %1. Copyright [2021] The Royal
Society of Chemistry.

Modelling the effect of specific carbon corrosion triggered by ORR on Fe-Ng sites was recently
reported by Tan et al. °! The irreversible degradation of Fe-N4 sites caused by local carbon
oxidation near the active site was investigated with DFT calculations for different sites,
including FeN4C12, FeN4Cio, FeN4Cg and FeN4Cs. Two sites are in-plane sites with no C-H bonds
in the vicinity of Fe-N4 (labelled I-FeN4Cio and I-FeN4Ci;) and the remainder are sites hosted in
micropores and that feature C-H bonds located near Fe. These are labelled with the prefix H-
(e.g. H-FeN4Cs). The authors investigated with DFT the resistance to metal dissolution by
calculating the energy of formation, Er, and the dissolution potential, Ugiss. With the definitions
of Er and Uqgiss adopted by the authors, the sites with negative Ef value are considered
thermodynamically stable, and those with Ugiss> 0 V vs. the standard hydrogen electrode (SHE)
are regarded as electrochemically stable. For the un-oxidized surfaces, all sites were
thermodynamically and electrochemically stable, except H-FeN4Cs. The durability of the five
other sites (during ORR cycle) was examined in the case of oxidized carbon surface. Carbon
oxidation triggered by ORR on Fe-Ns was simulated by assuming a dissociation pathway,
involving adsorption of O, on Fe, forming "OOH, then dissociating into "0 and "OH on Fe and
a secondary site (adjacent C-atom), respectively, and finally protonation to form two water
molecules. In the course of this ORR turnover cycle, the carbon oxidation pathways were
explored, including the possible formation of epoxy, ether and OH functional groups. In the
next step, the H from OH on the carbon site is abstracted by Fe, forming an epoxy group (3™
step in Figure 1d). The latter may then displace a C atom and enter the carbon lattice,



irreversibly altering the geometry of the active site (4™ step in Figure 1d). Depending on the
chemistry of carbon atoms adjacent to the ligating nitrogen atoms, it was found that the
adsorption of oxygenated species atop the carbon can be reversible or irreversible. The most
stable oxidized form was with ether functional groups (H-FeNsCa, H-FeN4Ci2) or with OH
groups (I-FeN4Cio, H-FeN4Cio and I-FeN4Ci12). The calculated Er and Usiss values in the case of 4
oxygen functional groups present nearby Fe-Ng is shown in Figure 1e. The figure reveals that
H-FeN4Ci; is destabilized with 4 ether groups, and H-FeN4C4 destabilized with only 2 ether
groups. The other three sites remained thermodynamically stable even in the presence of 4
OH-groups. These results are in general agreement with the intuition that in-plane Fe-N4 sites
should be more robust than edge sites.

In parallel to pure ab initio approaches undertaken to assess the stability of various Fe-N4 sites
embedded in defective graphene sheets, simpler kinetic models have been applied to
interpret experimentally observed deactivation rates of Fe-N-C catalysts in PEMFC. Yin and
Zelenay °? applied and compared the efficiency of different kinetic models in fitting the
experimental decay of ORR activity in PEMFC. The latter was measured at high cell voltage
where the current density is controlled by the ORR kinetics. The two models are a)
autocatalytic degradation, and b) first-order degradation. Model a) assumes two steps, the
first being the formation of a deactivating intermediate catalysed by the active site (noted ‘D’
in Equation 5), and the second being the degradation of the active site by this intermediate
(noted ‘S’ in Equation 6). The kinetic current density at fixed potential was assumed
proportional to the site density (noted as ‘ASD’ in the present review but ‘[S]’ in the equations
from the authors).

S+R>S+D (3)

S+D>S +E (6)

Where S and S’ are the active and inactivated sites, R is the reagent involved in the formation
of the deactivating species D, and E is the product(s) of the reaction between D and S.
Assuming first-order and irreversible kinetics, these two reactions lead to a system of first-
order ordinary differential equations to numerically solve [S] (the site density on the surface
of the catalyst) and [D] as a function of time ([R] was assumed to be constant). Alternatively,
additional assumptions could be made (high formation and removal rates of D compared to
its consumption rate via Equation 7, and quasi steady-state for [D]) to obtain the following
analytical solution for [S]:

[S] = (k-t + 1/[S]o)* (7)

Where t is time, k is a constant (related to the kinetic constants of Equations 5-6) and [S]o the
value of [S] at t = 0. Reorganizing Equation 7, the ratio [S]/[S]o can be expressed as:
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[S1/[S]o = ([Slok-t + 1) (8)

Assuming the ORR turnover frequency of site S is unmodified over time, the ratio [S]/[S]o is
also equal to the ratio ji/jk,0 where ji is the ORR kinetic current density at a fixed cathode
potential (high), leading to pure kinetic control. Equation 8 was referred to as the logistic
decay model by Yin and Zelenay. °? Fitting this equation with experimental curves of ji/jk,0
involves only one fitting parameter, namely the mathematical product [S]o-k (noted as 1/to, in
Ref. ?2). In deriving this analytical solution, it was also implied that the experimental conditions
during which the degradation of active sites occur were kept constant (e.g. temperature,
pressure, cathode potential)

The second model investigated by Yin and Zelenay is a simple first-order degradation kinetics
of active sites as a function of time (Equation 9).

5>§ ®)

This leads to an exponential decay of [S] with time (Equation 10):

[S1/[S]o = exp(-kt) (10)

As discussed above, the ratio [S]/[S]o is also equal to the ratio jk/jk,0 (assuming unmodified TOF
for S over time).

A third model was studied, considering two types of active sites A and B with different ORR
kinetics, but each assumed to obey a simple first-order degradation kinetics, according to
Equation 11. This leads to two independent exponential decays over time for each active site’s
density. The total current density is then described by the sum of two exponential decays.

Jiljko= C-exp (-ki-t) + (1-C)-exp(-kz-t) (11)

This model was included following the double exponential decay model proposed just earlier
by Dodelet’s group, ** and that involves three parameters, C, k1 and k; (C and (1-C) describe
the relative contributions of sites A and B to the initial activity).

The authors then investigated the ability of each model to fit experimental data of normalized
current density j/j -0 versus time, measured in PEMFC with Fe-N-C cathodes. Figure 2a shows
the best fit for each model, for a potentiostatic hold at 0.84 V. The data shows a fast-initial
decay of current, followed by a slower decay later on. The logistic decay model (with one
fitting parameter) resulted in a good fit, almost as good as that obtained with the numerical
solution (exact form of the autocatalytic decay model). In contrast, the single exponential
decay model could not properly fit the data over the entire time scale. The double exponential
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decay model (with three fitting parameters) could also properly fit the data. The models were
then applied with the cell being at open-circuit potential (OCV) for most of the time, with short
potential holds at 0.84 V to record j(0.84 V) from time to time. Figure 2b shows that in such
conditions (no ORR taking place during the degradation), similar observations can be made,
with the logistic decay, autocatalytic decay and double exponential decay models resulting in
good fits, while the single exponential decay does not. Moving to degradation conditions of
high current density, namely potentiostatic hold at 0.40 V, Figure 2c shows that none of the
models perfectly fitted the data in this case. This is not unexpected, since at high current
density, gradients of O, concentration and therefore intermediate species concentration, and
degradation rates, build up through the cathode AL. Such gradients and ensuing mathematical
complexity are not considered in these simple models. The models were also applied to
experimental data obtained on another and more durable Fe-N-C catalyst from Dodelet’s
group. Figure 2d shows that a similar observation was made as in Figure 2a and Figure 2b
regarding which kinetic degradation models could reproduce the data and which could not.
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Figure 2. Normalized current density at 80°C in PEMFC recorded (at 0.84 or 0.80 V) vs. time and its fitting with
various kinetic degradation models. a) Normalized current density of a cyanamide-polyaniline derived Fe-N-C
cathode in a Hy/air PEMFC continuously held at 0.84 V; b) Normalized current density of same Fe-N-C cathode in
a H,/0, PEMFC continuously held at OCV, except for short acquisition of current at 0.84 V; c) Normalized current
density of same Fe-N-C cathode in a H,/O, PEMFC continuously held at 0.40 V, except for short acquisition of
current at 0.84 V; d) Normalized current density of a Fe-N-C cathode prepared from ZIF-8 and Ar+NHjs pyrolysis
(from Dodelet’s group) in a Hy/air PEMFC continuously held at 0.80 V, except for acquisition of polarization curve
every 25 h. Figures a, b, c and d, reproduced with permission from Ref. °2. Copyright [2018] The Electrochemical
Society.

All these analytical models can however be the result of many different fundamental
degradation mechanisms, even if the autocatalytic model suggests deactivation by an
intermediate species, possibly a ROS. In contrast, the double exponential decay model
suggests two decoupled degradation events, possibly related to two different active sites, or
to two different mechanisms occurring at different time scales. Interestingly, durability data
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acquired in PEMFC at a lower temperature of 25°C by Dodelet’s group showed mainly one
early decay between 0-15 h, but the quasi absence of decay afterwards, in contrast to the
durability data recorded at 80°C. * In the latter case, the logistic decay model could not
properly fit the data, but the double exponential decay model could (see Figure 5 in Ref. °4).
This suggests that the degradation mechanism leading to the decay rate observed at longer
times in PEMFC at 80°C is very significantly mitigated at 25°C.

To summarize section 2.1, DFT works predict that axial ligands atop Fe strongly stabilize Fe-N4
sites embedded in graphene sheets against Fe demetallation, and that a strong coordination
of C atoms present in the second coordination sphere of Fe is important to avoid the
irreversible displacement of C by O atoms during ORR on Fe-N4. Different semi-empirical
kinetic models of deactivation can reproduce the observed ORR activity decay of Fe-N-C
materials in PEMFC operated at low current density, while for PEMFC durability test at high
current density, none of the proposed models could properly reproduce the data. This is likely
associated with complex gradients of local current density throughout the thick Fe-N-C
cathode at high current density, and ensuing complexity that is not taken into account in the
proposed kinetic models of deactivation.

In the remainder of this review, we focus on the fundamental degradation and deactivation
mechanisms that lead to these phenomenological observations of poor durability.

2.2 Demetalation in the absence of carbon corrosion and oxygen reduction reaction

Demetalation from Metal-N-C in conditions where the carbon matrix is not corroded or
surface-oxidized can first be generally discussed with the stability expectations predicted by
the Pourbaix diagrams. This degradation mechanism corresponds to Stability/Load mode,
according to Table 1. Fe-, Co- Cr- and Mn-N-C materials are the main reported ORR-active
Metal-N-C catalysts in acid medium. 3> 257 Unfortunately, all crystalline structures of these
metals are unstable at sufficiently low pH and at typical electrochemical potential of operating
PEMFC cathode (0.5-0.9 V vs. RHE). Figure 3 summarizes the huge underlying stability
challenge of implementing PGM-free catalysts in acidic medium, beside the activity challenge.
Only Fe shows a domain of stability in acidic medium, with Fe;O3 being the stable form in
acidic conditions but only at high potential, typically > 0.6 V vs. RHE for pH > 2 (Figure 3c).
Moreover, while Fe,03 has some ORR activity in alkaline medium, %8-1%1 it has negligible activity
in acidic medium. 80102103 1t will be shown later in this review that Fe,0s3 is a main degradation
species observed with EoT characterization of Fe-N-C catalysts following a durability test in
acid medium. Recently, a Sn-N-C catalyst comprising Sn-Nx sites was reported to be highly
active in acid medium. 1 This expands the family of ORR-active Metal-N-C materials beyond
3d transition metals, with potential advantages with respect to the mitigation of Fenton
reactions. The fundamental reasons for the possible stability of Metal-N-C materials under
load conditions in acid medium are:

i) Strong stabilization of 3d metal cations by nitrogen ligands in Metal-Nx pockets
(single-metal-atom sites),

ii) Protection of metallic or metal-carbide particles by a thin overlayer of
(nitrogen-doped) carbon.
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Figure 3. Pourbaix diagrams for a) Cr, b) Mn, c) Fe and d) Co. Figure c) reproduced from Ref. 1%,

Based on Pourbaix diagrams for Cr, Mn, Fe and Co, the stability of Metal@carbon core@shell
structures requires a defect-free carbon layer around metallic particles in the pristine
materials, and the resistance of the carbon layer towards carbon corrosion in operating
conditions. For the Metal-Nx sites, stability in acidic conditions in the absence of other
stressing conditions (e.g. absence of O, and temperature and electrochemical potential
sufficiently mild to avoid or minimize carbon corrosion) is related to the competition between
metal cations and protons for occupying the [1-Ny cavities (see section 2.1). Unpyrolyzed
Metal-N4 macrocycles supported on carbon can be a useful proxy for understanding the
behaviour of Metal-Ny sites from Metal-N-C materials in acidic medium. 1% 197 |n general, for
a particular metal and oxidation state, metal-phthalocyanines (Metal-Pc) are more difficult to
demetalate than metal-porphyrins, related to the fact that the central cavity is somewhat
smaller in phthalocyanines. 1 Among Metal-Pc compounds, Fe is recognized to lead to the
highest ORR activity, °” and Fe-Pc have therefore been studied by many groups for ORR in
different pH conditions. 97 107. 103,110 The simplest Fe(ll)Pc macrocycle has been shown to be
relatively stable in acidic medium when cycled between 0.1 and 0.9 V vs. RHE in O,-free acidic
medium. 196 111112 However, when cycled in the presence of Oy, the same Fe(ll)Pc macrocycles
become highly unstable, 1% as will be discussed in detail in section 2.6. The demonstrated
stability of well-defined Metal-N4 macrocycles in acid medium (in the absence of Oy, in this
subsection) in the potential region where ORR is targeted was the rational background for the
development of Metal-N-C catalysts with Metal-Ny sites. These observations lead to the idea
of integrating similar active sites in a conductive carbon matrix, by applying heat treatments.
97,113, 114 This approach however introduces strong heterogeneities of active sites and metal
speciation, which has for a long time slowed down the progress and fundamental
understanding of pyrolyzed Metal-N-C materials. In recent years, optimized selection of
precursors and pyrolysis conditions have however led to the preparation of Metal-N-C
catalysts that are free or quasi-free of metal aggregates and only or mostly comprise Metal-
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Ny sites. 18 28-30,54,95,103,104 On the other hand, high metal contents can be used to prepare a
second type of pyrolyzed Metal-N-C catalysts that contain only metallic species, surrounded
or not by a protective carbon layer (Metal@C or Metal @N-C sites). 2% 11> 116 We discuss below
the demetalation in Stability/Load mode (absence of O;) of Metal-N-C materials containing
only or mostly Metal-Ny sites, and then of those containing mostly or only Metal@(N)C sites,
differentiating studies in liquid acidic electrolyte from studies in PEMFC.

2.2.1 Studies in liquid acidic electrolyte

Choi et al. ¥’ reported in 2015 the first online study of Fe demetalation from a Fe-N-C catalyst
comprising 91 % of Fe as Fe-Ny sites and the remainder as metallic Fe (labelled FeNC-dry-1).
No loss of ORR activity was observed after potential cycling degradation test [0.1 — 0.4 V
vs. RHE =500 mV s =5 k — Ar — 20°C] in 0.1 M HClOg, but online inductively coupled plasma
mass spectrometry (ICP-MS) results showed signal for Fe leaching in the electrolyte at
potentials < 0.77 V vs. RHE. The results were interpreted as the leaching of ORR-inactive (or
poorly active) Fe species in such conditions, assigned to the minor fraction of Fe present as
metallic Fe particles. It was inferred that the Fe particles are not perfectly protected by a
carbon layer in that particular sample, leading to a passivating Fe-oxide layer at open circuit
potential (OCP). As seen in the Pourbaix diagram (Figure 3c), such a passivating layer is stable
down to ca. 0.75 V vs. RHE at pH 1. When further decreasing the potential however, the oxide
layer is reduced, leading to Fe?* leaching in the electrolyte, detected online by ICP-MS. These
conclusions were supported by a follow-up paper, investigating FeNC-dry-1 and two other Fe-
N-C catalysts comprising either only Fe-Ny sites (FeNC-dry-0.5) or mostly metallic Fe particles
(FeNC-wet-1), as shown by >’Fe Méssbauer spectroscopy (Figure 4a-c). 18 It was shown that
the demetalation rate linearly scales with the absolute amount of Fe present as Fe particles
(Figure 4d-e). Such demetalation did however not lead to significant ORR activity loss, since
these materials contain a significant fraction of Fe as Fe-Ny sites, with much higher activity per
Fe atom than Fe@N-C particles.

a b

Transmission
Transmission
Transmission

— D2 ] FeNC-wet-1 ! FeNC-dry-1 FeNC-dry-0.5
T T T T T T T T v v T T T T T T T T T T T
4 6 4 2 0 2 4 6 8 4 ® 4 2 .0 2 4 6 8 4 6 4 2 0 2 4 ) 8
Velocity (mms”) Velocity (mms™') Velocity (mms”)
B — - o | < Typical #
[ —— FeNC-wet-1 : 200 RS LA Fe-N-C catalysts In-situ Fe demetallation
RO --°=" Proerae. —— FeNC-dry-1 z
os " 2000 %

OO Graphite shell ) % Active FeN,C,

Potential (V,,.)

FeRoleaseRate (ng,, s'g..,,)

®
w
3 W
é 2004 & p Synthetic approach
SFC/CP-MS signals a8 7

7 1

J

00 4o TR . L ol
° s 1 15 20 2 % s © I 50 55 © 65 00 02 04 08 08 10 12
Time (min) Inactive Fe Content in Catalyst (wt%)

Figure 4. >’Fe Mdssbauer spectra at room temperature of a) FeNC-wet-1, b) FeNC-dry-1, c) FeNC-dry-0.5, d)
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electrolyte, e) Positive correlation between the cumulative amounts of Fe dissolved during the 20 fast cycles and
the total content of crystalline Fe structures in the catalysts, f) scheme of leaching trends for Fe from different
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Fe sites in load-cycling conditions in de-aerated acid electrolyte. Figures a, b, ¢, d, e and f reproduced with
permission from Ref. 18, Copyright [2016] American Chemical Society.

Overall, the results demonstrated good acid stability of Fe-Ny sites, in the potential range 0.0
— 1.0V vs. RHE, in de-aerated acid electrolyte, while Metal@(N)C particles unexpectedly
leached Fe cations, due to imperfect carbon shells (Figure 4f). Together with the DFT results
from section 2.1, the acid stability of most Fe-Ny sites suggests that OH or H,0 axial ligand is
still present at low potential, stabilizing the sites.

The investigation of the stability of Metal-N-C catalysts in such conditions was then extended
to a series of three Fe-N-C and three Co-N-C catalysts, at higher electrolyte temperature (80°C)
and prolonged cycling by Kumar et al. ?* Two Fe-N-C catalysts and two Co-N-C catalysts were
prepared that comprise only Metal-Ny sites (prepared by flash (FP) or ramp pyrolysis (RP),
Feo.sFP, FeosRP, CoosFP, CoosRP), one Fe-N-C catalyst comprising only FesC particles (Fes.oRP)
and one Co-N-C catalyst (Cos.0RP) comprising only metallic Co particles. While the most active
materials are those based on Metal-Ny sites (with Fe > Co), the initial ORR activity of FesoRP
and CosoRP is however interesting in acid medium (Figure 5a), and can be assigned to Fe@N-
C and Co@N-C particles. Such sites seem to have a lower TOF than Metal-Ny sites. However, a
higher metal loading on N-C is achievable and, in optimized materials, this effect might
compensate for their lower TOF. For these six materials, a linear relation was found between
the absolute loss of metal content during the AST, locally monitored by energy-dispersive X-
ray spectroscopy (EDXS), and the ORR activity loss after AST [0.6 — 1.0 V vs. RHE — 3s/3s — 10k
— Ar — 80°C] in 0.1 M H,SO4 (Figure 5b). 2! This result suggests that the ORR decay in load-
cycling conditions and inert atmosphere is related to the demetalation of the active sites
(Metal-Ny sites or metallic particles), but that the nature of the active sites remained the same
after the AST. Fe-Nx and Co-Ny sites featured excellent stability during load-cycling in de-
aerated 0.1 M H,SOg, retaining between 60 and 100 % of their initial ORR activity after 10,000
cycles between 0.6 and 1.0 V (Figure 5b, four labels “Metalos”). In contrast, 80-90 % of the
initial ORR activity was lost after the same AST on FesoRP and CosoRP (Figure 5b, two labels
Metals o). Unfortunately, while one could have expected similar or even higher stability in such
AST conditions for Metal@N-C particles vs. Metal-Ny sites, the opposite was observed for this
particular series of catalysts. This is assigned to imperfect (porous) graphene shells around the
metallic particles, offering access for the acidic electrolyte. Other syntheses approaches
resulting in a uniform encapsulation by carbon may result in Metal @N-C sites with improved
stability during load-cycling. 1*°

Among the four Metal-N-C materials with Metal-Ny sites, FegsRP was more stable than FeosFP
while CoosFP was slightly more stable than CoosRP after 10k potential cycles. FeosRP was then
subjected to extended cycling, [0.6 — 1.0 V vs. RHE — 3s/3s — 30k — Ar — 80°C] in 0.1 M H,SO,.
The decrease in ORR activity at 0.8 V vs. RHE after that AST was only 25%, reaching the US DoE
target of less than 40 % loss of activity after such an AST for PGM-free catalysts. 2* As we shall
see later, this protocol performed in the absence of O, does not correctly predict the activity
loss observed on PGM-free catalysts in O,-saturated acidic electrolyte when catalysing the
ORR. The load-cycling AST in O,-free environment had initially been defined for Pt-based
catalysts, for which the main degradation mechanisms are carbon corrosion, Pt dissolution
and agglomeration, independent of the nature of the atmosphere. & 120
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Figure 5. ORR activity before and after load cycling in de-aerated acidic solution of Fe-N-C and Co-N-C catalysts
comprising either Metal-N, sites or Metal @N-C particles. a) initial ORR Tafel plots at 25°C, b) Linear correlation
between the normalized ORR activity at 0.8 V vs. RHE (jfinai/jinitial) and the normalized metal content (final metal
content/initial metal content) of Metal-N-C catalysts after AST [0.6 — 1.0 V vs. RHE — 3s/3s — 10k — Ar — 80°C] in
0.1 M H,S04. 2! RDE polarisation curves for c) a Fe-Co-N-C catalyst before and after AST at RT in N; saturated 0.5
M H,S04 between 0.8 and 1.2 V vs. RHE. 121 d) PANI-FeCo-C(1) before and after [0.6 — 1.0 V vs. RHE =50 mV s —
10k — N> —RT] in 0.5 M H,S0, (inset: representative HR-TEM image). 84 e) Fe-N-C catalyst before and after [0.6 —
1.0 V vs. RHE — 3s/3s — 10k — N, — 60°C] in 0.5 M H,S04. 1?2 f) H,/0, PEMFC polarisation curves with PANI-FeCo-
C(1) cathode before and after [0.6 — 1.0 VV vs. RHE — 50 mV s — 10k — H, anode/N, cathode — 80°C]. %4 g) 0.6 —
0.95 V stepped potential AST with cathode under N, atmosphere (denoted AST-N,). A single H,/air polarisation
curve is acquired after 1 k, 2 k, 5 k, 10k, 20k and 30k cycles in N». 7! Figures a and b, reproduced with permission
from Ref. 21. Copyright [2018] American Chemical Society. Figure ¢, reproduced with permission from Ref. 122,
Copyright [2010] Elsevier. Figures d and f, reproduced with permission from Ref. 8. Copyright [2011] Science.
Figure e, reproduced with permission from Ref. 122, Copyright [2015] Elsevier. Figure g, reproduced with
permission from Ref. 7. Copyright [2020] Elsevier.

These recent results shed light on the different active site’s reactivity in acid and their stability
in de-aerated load-cycling conditions. While a number of studies previously reported RDE AST
of Metal-N-C materials, the metal speciation and quantification were not sufficient to
interpret the observed (in)stability and to relate it to the type of active sites in presence.
Popov’s group reported the stability for a Fe-Co-N-C material that had been acid leached after
pyrolysis, but no structural characterisation was provided. The activity at 0.7 V vs. RHE was
divided by at least a factor of two after AST [0.8 —1.2 V vs. RHE=10 mV s* - 0.7 k — N, —RT]
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in 0.5 M H,SO4 (Figure 5c). 12! The chosen upper limit of 1.2 V however might have triggered
carbon corrosion, even at room temperature. Zelenay’s group reported high stability after AST
[0.6-1.0V vs. RHE=50 mV s =10k — N, — RT] in 0.5 M H,SO4 for the PANI-FeCo-C(1) catalyst
(Figure 5d). ® High-resolution transmission electron microscopy (HR-TEM) showed the
presence of metallic particles covered by a thin graphite shell (Figure 5d inset), but the
simultaneous presence of Metal-Ny sites and their contribution to ORR activity cannot be
excluded due to the localized information provided by HR-TEM. Assuming the ORR activity of
polyaniline (PANI)-FeCo-C(1) mainly originated from Metal@N-C particles, the uniform and
defect-free coverage by carbon might have been the rationale for its high stability. Serov et
al. 22 reported on a Fe-N-C catalyst prepared by hard templating with silica and comprising
90 % of Fe as Fe-Ny sites and 10 % as metallic Fe and FesC (Figure 5e). The authors reported
only ca 25 mV loss at -1 mA cm? after a stepped AST [0.6 — 1.0 V vs. RHE — 3s/3s — 10k — N> —
60°C] in 0.5 M H,S0a. Based on the previously discussed studies, this can be rationalized as
the stability of Fe-Ny sites, mainly accounting for the ORR activity of this material.

Before shifting to PEMFC environment in the next subsection, we discuss the demetalation
and deactivation of ammonia-treated Fe-N-C materials following an acid wash (no ORR). While
an ammonia-treatment of Fe-N-C catalysts increases strongly their initial ORR activity,
especially in PEMFC conditions, 123 this goes hand-in-hand with a faster deactivation compared
to Fe-N-C materials that are initially less active. ?* Herranz et al. *?* showed that an NHs-
treated Fe-N-C has a highly basic character, assigned to highly basic N-groups formed during
the pyrolysis in ammonia (NHs). It was also shown that after acid-wash (AW), the catalyst
showed a high drop in ORR-activity (ca 80-90 %, Figure 6a), but that this drop was partially
reversible by removing (via a mild annealing treatment) bisulphate anions that adsorbed
during the AW (Figure 6a). The reversible activity decay and recovery upon repeated AW was
assigned to the adsorption/desorption of the electrolyte’s anions on protonated nitrogen
groups, while the irreversible decay (ca 50 % loss of ORR activity, Figure 6a-b) was correlated
with a loss of ca 50-75 % of the Fe bulk content in the acid-washed catalysts (Figure 6c). The
irreversible decay was therefore assigned to the demetalation of a fraction of Fe-N sites that
are unstable in acid medium, possibly due to the involvement of highly basic N-groups in such
Fe-Nx sites. Further experimental proof to the ORR activation but destabilization in acid
medium of Fe-Ny sites by NHs pyrolysis will be discussed in section 2.6.
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Figure 6. Reversible and irreversible ORR activity decay for an NHs-pyrolyzed Fe-N-C catalyst following acid-wash
(AW) and re-heat-treatment (RHT). a) Activity normalized to that of the original catalyst (O-catalyst) for the acid-
washed catalyst (AW catalyst) and AW followed by RHT in argon at different temperatures. The activity was
measured in RDE (open circles) and PEMFC (filled squares). The stars show the activity of a N-C powder to which
Fe salt was added before the RHT, to assess the annealing temperature at which novel Fe-Ny sites may be formed
during the annealing. b) Normalized ORR activity for five successive acid-washing/reheat-treatment cycles. Each
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acid-washing lasted 24 h in a pH 1 H,SO, solution. Each AW catalyst was re-heat treated for 1 h at 950°C in argon.
c) Bulk Fe content at each step of the five-acid washing/re-heat-treatment cycles. (N)R-AD stands for (non)-
recoverable activity decay. Figures a, b and ¢, reproduced with permission from Ref. 12 Copyright [2011]
American Chemical Society.

2.2.2 Studies in PEMFC

While potentiostatic hold or load-cycling AST with N»-fed cathode are not typically used in
PEMFC environment to study stability, one such experiment was reported by Wu et al. ® for
the PANI-FeCo-C(1) catalyst whose RDE results are shown in Figure 5d. Figure 5f shows the
H,/02 PEMFC polarization curves before and after cycling the cell between 0.6 and 1.0 V with
N, feed at the cathode during cycling. No loss in ORR activity at e.g. 0.8 V can be seen after
such an AST while, at high current density, an improvement in the performance was observed.
This was rationalized by improved mass-transport properties of the cathode, likely due to the
dissolution of non-reactive phase of the catalyst, and improved accessibility of the remaining
active sites.

Recently, Osmieri et al. ”* reported on the performance loss in PEMFC of a Fe-N-C cathode
comprising Fe-Ny sites, after an AST involving potential steps between 0.60 and 0.95 V,
comparing the results obtained when feeding the cathode either with N; or air during the AST.
In this subsection, we shall discuss only the results observed with N, while the comparison
between N and air feed will be discussed in section 2.6. The initial Hy/air polarisation curve
and the ones recorded after 1 k and up to 30k cycles in N3, i.e. AST [0.60 —0.95 V — 30k — 3s/3s
— N3 — 80°C], are shown in Figure 5g. Little performance or kinetic loss is observed even after
30k load cycles in Ny, with only 40 mV decrease in cell voltage at 0.5 A-cm™. The high-
frequency resistance (HFR) did not change during the AST (Figure 5g, right hand-side axis),
indicating that the proton conductivity through the membrane and/or through the cathode
AL did not decrease significantly. No statistically meaningful change was observed in the high-
angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image of
the Fe-N-C cathode before and after the load cycle AST in N,. Overall, the results are in line
with the reported high stability of Fe-N-C with Fe-Ny sites when subjected to load cycles in
deaerated acidic solution. 264 122

As a final note of this subsection, it is highlighted that while the demetalation from active sites
may be measured either online or at EoT for RDE and flow cell setups based on liquid acid
electrolyte, the demetalation from metal-based active sites in a PEMFC cathode may not be
easily detected by either online or EoT electrode characterisation, due to the possibility of
metal cations to i) exchange with protons in the Nafion ionomer and membrane, 12°-12¢ or i)
to reprecipitate as metal oxides. 1% Both events would impede detecting a demetalation,
resulting in unchanged metal content in the cathode or MEA. In this case, the average change
of metal speciation in the cathode should be investigated with spectroscopic or imaging
methods, in order to detect if novel metal phases appeared after the AST and if others
decreased in content, intensity or frequency of occurrence.

As a summary of section 2.2, Fe-Ny and Co-Ny sites were found relatively stable to load cycling
conditions in O,-free conditions and in a broad range of potentials (0-1 V vs. RHE), both in RDE
and PEMFC setups. For Metal-N-C materials comprising a minor or major amount of
core@shell Metal@N-C particles, the observed demetallation often stems from metallic cores,
not from single metal atom sites. Metal-N-C catalysts whose initial activity is steered by
Metal@N-C particles were found poorly stable to load cycling conditions, with significant
activity decay, even in the absence of ORR. The goal of less than 40 % loss in activity after 30k

19



cycles of load cycling at 80°C in O,-free acid medium has been achieved for several Metal-N-C
catalysts comprising Metal-Ny active sites. While this is a necessary criterion for achieving
durability during PEMFC operation, it however does not mean that it is sufficient, as discussed
in the next sub-sections.

2.3 Bulk carbon oxidation reaction

Carbon is the major element in Metal-N-C catalysts, representing typically 90-95 at. % of the
material’s composition. The carbon matrix covalently hosts the Metal-Ny sites and supports
and surrounds the Metal@(N)C particles, serving as the long-range electronic conductor for
both types of active sites. 27 Hence, surface or bulk carbon oxidation reaction (COR) during
operation of Metal-N-C catalysts can affect the active sites’ TOF, selectivity,
stability/durability, but also the electronic conductivity of the entire AL as well as its
mechanical integrity, in the case of extended bulk COR. For reasons that will become more
obvious in section 2.6, we make a clear distinction between surface-restricted COR (Equation
12, Equation 13 and Equation 14 restricted to a mono-layer, with oxygen functional groups
formed on the top surface) and bulk COR, leading to the irreversible formation of gaseous CO;
and CO (Equation 15 and Equation 16). %7

Ci) +H00) > C—OH) + H +e” (12)
C—OHg —» C=0p +H +e” (13)
C=0( = C—O00H +H* +e" (14)
Ces) + 2H;00y = €O,y + 4H™ + 4e” E°=0.207 V vs. SHE (15)
C(s) + H20(y = CO(g) + 2H™ + 2e” E°=0.512 V vs. SHE (16)

This subsection focuses on the occurrence and effects of bulk COR in Metal-N-C cathodes,
while surface oxidation is discussed later in the frame of the effect of H,0; on Metal-N-C
(section 2.4). From thermodynamics, the onset of COR to CO, and CO is 0.207 and 0.512 V vs.
the SHE, respectively. However, the COR rate is kinetically limited, being in practice negligible
at room temperature below 1.0 — 1.1 V vs. RHE, 128 12° but increasing with temperature 117130,
131 and relative humidity. 32134 High COR rate at the cathode has been identified as a main
degradation mechanism during uncontrolled SU/SD of PEMFC with Pt/C cathodes. 13> 13¢
During these events, a transient Hy/air front is created in the anode (air fed to the H»-filled
anode channels for stop, and vice versa for a start), leading to local reduction current at the
anode and triggering the need for a local oxidation current at the cathode, which can only be
either water oxidation reaction or COR. Local increase of the cathode potential up to 1.6 V vs.
RHE has been reported. 3> Note that such mechanism is operative only if the anodic catalysts
is able to reduce O, (which is the hallmark of Pt-based catalysts). This implies that this problem
could be eliminated using a fully HOR-selective catalyst at the anode.
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This subsection is therefore mainly related to the stability SU/SD degradation mode in Table 1,
and discusses the effect of COR on the structure, activity and PEMFC performance of Metal-
N-C catalysts with respect to i) the metal speciation, ii) structural and physicochemical
properties of the AL.

2.3.1 Studies in liquid acidic electrolyte

The effect of high potentials on a Fe-N-C catalyst comprising mainly Fe-Ny sites was studied by
multiple techniques by Choi et al. ¥’ The AST consisted in cycling the potential between 1.2
and 1.5 V vs. RHE in Ar-saturated 0.1 M HCIOa. The electrolyte temperature during the AST
was 20, 50 or 70°C. It was first shown that the temperature during the AST plays a critical role
on the extent of deactivation. When conducted at 20°C, the AST resulted in restricted ORR
activity loss even after 5k cycles (Figure 7a). After the same AST at 50 and 70°C, the Fe-N-C
material showed a dramatic loss of ORR activity after 5k cycles (Figure 7b-c). The increasing
extent of deactivation with temperature was assigned to strongly increased COR rate with
temperature, as supported by the increasing oxidation current with temperature, seen at high
potential in the cyclic voltammograms (CVs, Figure 7d). The onset potential (Eonset) for the
oxidation current is ca. 1.0 V vs. RHE, in line with previous studies on carbon black supports
for Pt/C. 120 129,137 pjrect proof for COR was given by a flow cell coupled online to differential
electrochemical mass spectroscopy (DEMS). Figure 7e shows the detection of CO; and then of
CO when the potential becomes higher than ca. 0.9 and 1.2 V vs. RHE, respectively, at 50°C.
The effect of COR on a same catalyst’s particle was investigated with identical location — STEM
(IL-STEM) and identical-location energy-dispersive X-ray spectroscopy (IL-EDXS). Thin carbon
protrusions located at edges of the pristine catalyst’s particle disappeared after the potential
cycling (elliptic circles in Figure 7f) while the particle dimensions were reduced by 5-15 %.
Such a reduction could significantly reduce the electric connection between particles in a Fe-
N-C layer, leading to decreased through-plane electric conductivity of the AL and, eventually,
collapse of the electrode structure. By comparing results obtained with online DEMS (CO;
detection) and online ICP-MS (for online detection of Fe leached), a proportional correlation
between the Fe leaching rate and the CO; production rate was obtained. This correlation
supported the hypothesis that COR indirectly triggers the destruction of Fe-Ny sites, by
removing the carbon atoms surrounding the Fe-Ny sites.
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Figure 7. Combined effects of high potential and temperature on the ORR activity and COR rate. a) ORR curves
before (solid black curve) and after 2 k (dashed red curve) or 5 k (dotted green curve) cycles [1.2 — 1.5 V vs. RHE
—500 mV s — 5k — Ar — 20°C] in 0.1 M HCIO,. The ORR activity was measured in O,-saturated 0.1 M HCIO,. b)
Same but the AST was performed at 50°C; c) same but the AST was performed at 70°C. *'7 d) Cyclic
voltammograms in N,-saturated 0.1 M HCIO, of the fresh Fe-N-C electrode, as a function of electrolyte
temperature. e) Online flow cell/DEMS results acquired at 50°C in de-aerated 0.1 M HClO,. f) — g) morphology of
a same Fe-N-C particle acquired with identical-location TEM before and after the AST [1.2 — 1.5 V vs. RHE —
500 mV s — 5k — Ar — 50 °C]. Figures a, b, ¢, d, e, f and g, reproduced with permission from Ref. 1. Copyright
[2015] Wiley.

A study from Kramm'’s group investigated the effect of the nature of the transition metal in
Metal-N-C materials on their resistance to stability tests in SU/SD mode. 38 In the current
approaches of pyrolytic synthesis of Metal-N-C, the carbonaceous phase is often formed
simultaneously with the metal-based active sites. Hence, the nature of the metal may
influence the final morphology and graphitic character of the carbonaceous matrix, especially
when Metal-Ny sites along with metal clusters form during pyrolysis. Metallic Fe, Co and Ni
particles are known to catalyse graphitization and/or growth of carbon nanotubes (CNTs) at
high temperature. Eight monometallic (including 7 non-PGM and also Ru) and 4 bimetallic
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Metal-N-C catalysts were prepared from metal acetate, ZIF-8 and phenanthroline. The SU/SD
protocol was [1.0 — 1.5 V vs. RHE — 500 mV s — 5k — O — RT] in 0.1 M H,S04. Despite the
presence of Oz, no ORR can occur during this AST due to the high potential. All Metal-N-C
suffered from significant ORR activity loss after this SU/SD protocol, with examples shown in
Figure 8a-b. Interestingly, these results agree with those of Linse et al. 13° who performed
SU/SD tests with MEAs based on various Pt/C loadings and various Pt wt. % on carbon, and
reported that COR in SU/SD was the main degradation mechanism. In the search for a
structural descriptor for describing the activity loss during the SU/SD protocol, ex situ
characterization of the pristine catalysts by X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD) and Raman spectroscopy revealed a positive correlation between the
content of [pyridinic nitrogen + N from Metal-N; sites] and the ratio Ds-band/G-band from
Raman spectroscopy (Figure 8c). This was rationalized in that the Ds-band signal (located at
ca. 1500 cm™ and assighed to defective carbon, molecular fragments or functional groups) in
Raman spectra may intimately be related to in-plane defects in graphene, created by in-plane
Metal-N4 sites in particular. The variation of the Ds-band/G-band between Raman spectra
acquired before and after the SU/SD-AST was then compared with the variation in the kinetic
ORR current density before and after the SU/SD-AST. A general positive correlation was found,
if the materials were separated in two groups, namely the monometallic and bimetallic ones
(Figure 8d).
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Figure 8. Effect of the nature of the metal in Metal-N-C and Co-M>-N-C materials on their degradation during a
stability SU-SD protocol. ORR polarisation curves before and after SU/SD cycles from a) Fe-N-C and b) Co, Fe-N-
C. c) Positive correlation between the sum of Npyridinic and Nweta-na from X-ray photoelectron spectroscopy and the
ratio of D3/G bands from Raman spectroscopy. d) Positive correlations between the ratio i (after SU/SD)/ix
(before SU/SD) and the ratio (Ds/G (after SU/SD)) / (Ds/G (before SU/SD)). Note: in d), the y-axis definition implies
a positive correlation between y-axis value and material stability. Figures a, b, ¢ and d, reproduced with
permission from Ref. 138, Copyright [2015] Elsevier.
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Overall, the results identified Fe-N-C as the least unstable to the SU/SD protocol (smallest loss
in ORR activity, Figure 8d), while the four bimetallic Co-M,-N-C materials behaved as the Co-
N-C and were clearly more unstable when subjected to the same protocol (Figure 8d). The
authors concluded that COR leads to oxidation on the edges of graphitic crystallites and also
to the direct or indirect disintegration of Metal-N4 sites (correlated with a decrease in the Ds
band intensity).

The stability in SU/SD cycling conditions was also investigated for the family of six Metal-N-C
materials whose stability in load-cycling de-aerated conditions is reported in section 2.2.1
(Figure 5a-b). Despite higher average graphitization for the Metal-N-C materials with higher
metal content, as reflected by their dooz interlayer spacing being closer to that of graphite
(Figure 9a), those materials suffered from similar or even stronger ORR activity loss after 10k
cycles of SU/SD cycles compared to the four other Metal-N-C with more amorphous carbon
matrix (Figure 9c). These findings are similar to the work of Castanheira et al. *** who reported
no or mild effect of the degree of graphitization of the carbon support in Pt/C on the extent
of deactivation in SU/SD conditions. Raman spectra before and after the SU/SD protocol
revealed a relative decrease of the Ds; band intensity (at 1495 cm™) compared to the G and D
bands for all six materials, in line with the report from Kramm’s group. 138 This supports that
the disordered carbon domains of the catalysts were preferentially corroded during the
SU/SD-AST. However, the decrease in the D; band was more marked for the FesoRP and
Cos.0RP catalysts compared to the FeosRP and CoosRP ones, as shown for the two cobalt
catalysts in Figure 9b and Figure 9d (black and red curves). In contrast to the case after a load-
cycling protocol in de-aerated acidic solution for the same set of materials (Figure 5b), there
was no correlation between the remaining activity after the SU/SD-AST and the remaining
amount of metal in the catalysts (Figure 9c). The somewhat counterintuitive result of higher
ORR activity loss after SU/SD-AST for graphitic Metal-N-C materials vs. amorphous ones may
be assigned to the different nature of the ORR active sites, Metal@N-C particles in the
graphitic materials and Metal-Ny sites in the amorphous materials. For the former, the COR
probably removes or induces enhanced porosity in the N-C graphitic shell surrounding the
metallic particles, and massive metal leaching then ensues due to the thermodynamic
instability of such phases in acidic medium. For Metal-Nyx sites in contrast, the sites that
survived the SU/SD-AST can still be stable in acidic medium. Moreover, Metal-Ny sites that
were buried in the N-C matrix in the pristine materials may be accessible to O, after the SU/SD-
AST, thereby mitigating the ORR activity loss resulting from the destruction of a fraction of the
Metal-Ny sites that were electrochemically accessible in the pristine materials. Importantly,
the Coo.sRP material was distinctly more resistant to the SU/SD protocol, retaining ca half of
its activity after AST [1.0 — 1.5 V vs. RHE — 3s/3s — 10k — Ar — 80°C] in 0.1 M H,SO4 (Figure 9c).

This improved resistance to the SU/SD protocol with a Co-N-C catalyst vs. other Fe-N-C
catalysts in that study contrasts with the results from Martinaiou et al. 13 where the Co-N-C
was less resistant to the SU/SD protocol than the Fe-N-C material (both materials made with
an otherwise identical synthesis). These results show that it is difficult to deconvolute the
effect of the nature of the metal as part of the active sites from the effects it has on the carbon
structure and morphology during the pyrolysis. Pyrolysis conditions (such as flash vs. ramp
mode) also play an important role on the carbon morphology and local structure around
Metal-Ny sites, although this is not always easy to evidence (e.g. no clear difference in carbon
structure between CoosFP and Coo sRP).
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Figure 9. Effect of SU/SD-AST on Fe-N-C and Co-N-C materials with different graphitization level and type of
metal-based active sites. a) Average interlayer spacing between graphitic layers (dooz); Raman spectra before
and after 10k cycles at 80°C for b) CogsRP and d) CosoRP; d) lack of linear correlation between the normalized
ORR activity at 0.8 V vs. RHE (ffina/jinitial) @and the normalized metal content (final metal content/initial metal
content) of Metal-N-C catalysts after the SU/SD-AST [1.0— 1.5 V vs. RHE — 3s/3s — 10k — Ar— 80°C] in 0.1 M H,S0,.
Figures a, b, c and d, reproduced with permission from Ref. 2. Copyright [2018] American Chemical Society.

2.3.2 Studies in PEMFC

Besides the important differences in experimental conditions in RDE and PEMFC environments
(temperature, relative humidity), differences in carbon corrosion rate are also expected due
to the increasing importance of some parameters at high current density in PEMFC vs. RDE
studies, in particular the electronic conductivity through the cathode AL after a SU/SD-AST.

Serov et al. **9 reported the dramatic effect of SU/SD AST, applied to a scaled-up Fe-N-C
material (from Pajarito Powder — material with mostly Fe-Ny sites but also Fe@N-C sites) with
otherwise promising durability in PEMFC operating at U = 0.65 V. The carbon corrosion AST
was [1.0 - 1.5V —2 V s1 — 5k — N, — 80°C] and resulted in severe performance loss (brown
curves in Figure 10a) with current density at U = 0.4 V dropping from ca. 0.7 A cm™ to less
than 0.1 A cm™. Using a focused ion beam coupled to a scanning electron microscope (FIB-
SEM), the authors also provided evidence of decreased macroporosity in the AL after the
SU/SD-AST, 140 suggesting that the AL collapsed due to COR and loss of connectivity between
the Fe-N-C agglomerates. Goellner et al. *** observed a comparable PEMFC performance
decay with another Fe-N-C catalyst after [0.9 — 1.4 V — 3s/3s — 0.3k — N, — 80°C] (Figure 10b),
but the cycle included a stepped potential with a3 s hold at 1.4 V, different from the triangular
SU/SD at 2 V st applied in Serov et al. *° The duration spent for each cycle at £> 1.4V was in
fact only 1/20%" second in Serov et al., but 3 seconds in Goellner et al. The same trends are
however observed, the SU/SD protocol leading not only to strongly decreased ORR kinetic
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activity but also to drastically higher absolute value of the slope of the polarization curve,
typically associated with higher Ohmic loss or mass-transport issues after the SU/SD protocol.
Further insights were obtained with electrochemical impedance spectroscopy (EIS), showing
the formation of a straight line in the Nyquist EIS plots at high frequency after only 50 SU/SD
cycles, and this feature extending with increasing cycling (Figure 10c). Based on porous
cathode EIS modelling, 4> 143 such a straight line is specific for combined limitation of the
cathode performance by both kinetics and charge (proton or electron) conduction through
the cathode AL. The intercept of the EIS spectrum with the real axis at high frequency (zoom
of Figure 10c) shows an increasing value with increasing number of SU/SD cycles. While this
might a priori be assigned to increased PEM resistance (possible if Fe cations pollute
extensively the membrane), this hypothesis was excluded with the following experiment: only
the anode and PEM were hot pressed together, and the cathode only positioned against the
PEM-anode. At the end of the SU/SD, the cycled PEM-anode was replaced by a fresh PEM-
anode. The PEMFC performance remained very low, indicating that the entire performance
loss and increase in HFR during the SU/SD cycling can be assigned to the cathode. ! The surge
of a HFR component from the cathode AL is possible from EIS cathode modelling if both the
conduction of protons and electrons through the cathode AL are limiting its performance. 14!
Following estimation of the decrease in electronic conductivity through the cathode
before/after SU/SD and feeding into a model of porous electrode, it was concluded that the
decreased electronic conductivity through the cathode could not fully account for the huge
drop in performance. Strongly decreased density of active sites after SU/SD protocol might
have implied local O, transport issues (the remaining few active sites need to “work” more
than initially to reach a same cathode current density) and long-range O3 transport issues due
to flooding of meso- and macropores (increased hydrophilicity after COR).
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Figure 10. Effect of SU/SD-AST stability protocol in PEMFC on Fe-N-C cathodes. a) H,/air polarisation curves for
a Fe-N-C obtained by silica templating, before and after a 100 h hold at 0.65 V (blue curves), and after [1.0 — 1.5
V vs. RHE =2 V st =5k — N, — 80°C] (brown curves). Figure a, reproduced with permission from Ref. 10, Copyright
[2016] Elsevier, b) H,/O; polarisation curves for a Fe/N/C cathode derived from ZIF-8 after 50 and up to 300
SU/SD cycles with stepped potential [0.9 — 1.4 V — 3s/3s — N, — 80°C]; c) corresponding Nyquist plots of the
impedance spectra acquired at 0.1 A cm™ (the inset shows the HFR region); >’Fe M&ssbauer spectra of another
Fe-N-C cathode (labelled Fe/N/C-dry and containing mainly Fe-Ny sites) in d) pristine state, e) after 150 SU/SD
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cycles and f) after 600 SU/SD cycles in PEMFC at 80°C. Figures b, ¢, d, e and f, reproduced with permission from
Ref. 11, Copyright [2014] The Royal Society of Chemistry.

Changes in the Fe speciation before and after SU/SD cycles in PEMFC were also investigated
by >’Fe Mdssbauer spectroscopy, for two Fe-N-C catalysts derived from ZIF-8 and labelled
Fe/N/C and Fe/N/C-dry. The former contained a high amount of metallic Fe particles along
with Fe-Ny sites, while the latter contained mainly Fe as Fe-Ny sites. For both catalysts, a trend
of decreasing signal of the Fe-Ny sites with SU/SD cycling was observed, while the signal for
metallic Fe and FesC particles decreased only by a small amount (Figure 7 in Ref. #1), Figure
10d-e-f shows the >’Fe Md&ssbauer spectra for the pristine Fe/N/C-dry cathode as well as for
after 150 and 600 SU/SD cycles. The spectra were acquired in transmission mode through the
whole cathode separated from the rest of the MEA, so that the absolute quantity for a specific
Fe species (one spectral component) is proportional to the component’s signal intensity. The
signal intensity of the doublet components D1 and D2 (assigned to Fe-Ny sites) decreased after
150 cycles by factors of 5.2 and 2.8, respectively. The strong correlation between the ORR
activity decrease (divided by 6 after 150 cycles) and the decrease in D1 intensity suggests that
the site associated with D1 is more ORR active than the ones associated with D2. Recently, a
combined experimental and theoretical investigation supports the assignment of D1 to a
FeN4Ci, site coordination with oxygen adsorbate axially bound to the central Fe cation
(implying D1 is a surface-active site) and of D2 to FeN4Cio or FeN4Ci active sites in different
spin states but without axially-bound oxygen adsorbate (suggesting it might a site buried in
the carbon matrix). 44 These recent assignments and surface vs. bulk locations of D1 and D2
are in line with the observations in Figure 10d-e-f, reporting exacerbated loss of D1 intensity
relative to D2. After electrochemical SU/SD cycling in PEMFC, a new doublet component with
lower quadrupole splitting than D1 appeared, labelled D* and that was assigned to ferric
hydroxide nanometric particles (Figure 10e-f). Such particles are magnetically disordered at
room temperature due to their small size, leading to a doublet component with spectral
parameters matching those of D*. While the leaching and reprecipitation of Fe either from Fe-
Ny sites or from metallic particles could lead to D*, the comparison of Mossbauer spectra of
cycled Fe/N/C and Fe/N/C-dry cathodes strongly suggested that D* in this case formed mainly
from the transformation of metallic iron (Fe) and iron carbide (FesC) particles into ferric
(hydr)oxide (FeOy), once exposed to the acidic electrolyte after the removal of their carbon
protective layer by COR. As discussed in section 2.6, EoT >’Fe Méssbauer measurements of Fe-
N-C cathodes at low temperature of -268 °C allow a better separation between the signals for
ferric (hydr)oxide and the doublet D1 assigned to one type of Fe-Nj sites.

To summarize section 2.3, all SU/SD protocols significantly degrade all Metal-N-C materials,
as expected since the metal-based active sites are intimately connected to the carbon matrix
in such materials. Perhaps counterintuitively, the Metal@N-C sites seem to deactivate and
leach out the metal even faster than Metal-Ny sites in SU/SD protocols. When comparing Fe-
Nyx sites and Co-Ny sites, there seems to be diverging results on the stability trend to SU/SD
protocol. Not only the nature of the metal but also the synthesis procedure of Metal-N-C
materials and detailed carbon morphology and structure therefore seem to control the
degradation rate during SU/SD protocol. Beyond ORR activity loss, SU/SD protocols lead to a
loss of carbon and drastic decrease of performance in PEMFC due to loss in electronic
conductivity through the cathode layer and collapse of the electrode structure.
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2.4 Effect of hydrogen peroxide in the absence of oxygen reduction reaction

Hydrogen peroxide (H,0;) is the only stable intermediate or by-product of the ORR in acid
medium and can be a particularly important stressing factor for PGM-free cathode catalysts
and MEAs during ORR. Fenton reactions are expected to occur in acidic medium between
transition metal cations (either solvated, bound in the Nafion ionomer, in metal-oxide
particles or even as Metal-Ny sites in the N-C matrix) and H,0,, leading to the continuous
formation of ROS. While Fe and copper (Cu) cations are the most researched Fenton catalysts
due to their importance in biology, other transition metal cations may also lead to Fenton
reactions. For example, Strlic et al. %> studied the homogeneous catalysis of a Fenton-like
reaction by various transition metal cations in aqueous solution. It was found that, at pH 7,
the Fenton-like reactivity was in the order Cu(ll) > Cr(lll) ~ Co(ll) >> Fe(lll) ~ Mn(ll) >> Ni(ll) >
Zn(Il) > Cd(l1). While the metal cation coordination, pH and environment in that study differ
from those under ORR electrocatalysis by Metal-N-C materials in acidic conditions, the results
generally show that one cannot simply assume that switching to Fe-free Metal-N-C catalysts
will avoid or even decrease Fenton reactions.

The amount of H;0; produced during ORR on Metal-N-C materials is usually measured with a
RRDE setup. Due to the low ORR activity of Metal-N-C materials in acid, relatively high loadings
are typically deposited on the working electrode for RRDE measurements. In such conditions,
the apparent H,0, content detected at the ring electrode may underestimate the peroxide
production locally near the active sites, due to possible peroxide electro-reduction or
decomposition before it diffuses out of the AL. Bonakdarpour et al. 1%¢ clearly showed this
effect for a particular Fe-N-C catalyst which resulted at 0.35 V vs. RHE in an apparent %
peroxide < 7 % at 800 pg-cm but of 70-95 % at 20 pg-cm. Recently, Unsal et al. **7 also
showed that the quality of the thin-film electrode, namely the size of the aggregates
composing the Metal-N-C catalyst, does not influence the mass activity of the catalyst but
determines the H,0; yield measured at the ring electrode. While subsequent studies showed
that other Fe-N-C and Metal-N-C catalysts can show much lower % peroxide than 70 % at low
loading, the general trend of increasing % peroxide with decreasing catalyst loading has been
confirmed by several laboratories. 7% 148 14 This supports that the “true” peroxide production
is significant for most if not all PGM-free catalysts.

An early study from Wiesener 1*° looked into the effect of peroxide on the load/durability of
Co-N-C by regularly adding a controlled amount of H,0, in O,-saturated acidic solutions and
analysing the ORR activity as a function of time, with or without addition of H,0,. However,
disentangling the effects of applied electrochemical potential, presence of high concentration
of peroxide in the bulk of the solution and the ORR electrocatalysis itself is difficult and may
hide the fundamental degradation mechanism triggered by the presence of peroxide, or may
lead to interrelated effects leading to more severe degradation than the sole presence of
peroxide is able to impinge (see section 2.6). Three studies were then reported in 2003 and
2009 on the effect of ex situ treatment of Fe-N-C catalysts by H,0,. 133153 Lefévre et al. 1>!
prepared different Fe-N-C catalysts (Fe acetate or Fe-porphyrin precursors, 0.2 or 2.0 wt. % Fe
before pyrolysis) and measured first their ORR activity in an RDE setup, but without rotating
the electrode. The position of the O, reduction peak observed in such conditions was reported
as Vpr (filled symbols in Figure 11a). As was shown later the same year, the V, value is
proportionally correlated with the logarithm of the kinetic current density times the Tafel
slope value, so that a change of 70-90 mV in the V,, value typically corresponds to a 10-fold
variation in ORR kinetic activity. >* The catalysts were then immersed for 5 h in a solution of
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pH 1 containing also 5 vol. % of H,0, (simulating the local environment near Fe active sites
with 5 % H,0. production during ORR). The ORR activity measured after this peroxide
treatment was dramatically decreased (empty symbols in Figure 11a). Control experiments by
treating selected catalysts with acid only (no peroxide) showed some activity loss, but less
than with peroxide (stars symbols in Figure 11a). The Fe content was measured before and
after peroxide treatment, and positively correlated with the change in V,, (Figure 11b, filled
symbols), from which the authors concluded that the loss in ORR activity is explained by the
Fe loss during the acidic peroxide treatment, in turn related to a loss of active sites. However,
this attractive qualitative conclusion is not in line with the quantitative analysis that a change
of one Tafel slope in the V,r value (i.e. a change in AV of 70-90 mV) should correspond to a
one order of magnitude decrease in the number of active sites.
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Figure 11. Early studies on the effect of ex situ peroxide treatment. a) ORR activity at pH 1 reported as V, before
(filled symbols) and after (empty symbols) acidic peroxide treatment for two different Fe-N-C series prepared at
various pyrolysis temperatures. The star symbols in a) report the activity after acidic treatment but without
peroxide. b) Correlation between the change in ORR activity (AV,r) and the loss of Fe content during H,0, acidic
treatment. Filled symbols correspond to H,SO4 + 5 vol. % H,0; treatment, and empty symbols to H,SO, treatment
only. c) ORR polarisation curves for the as-prepared Fe-N-C and after treatment for different duration in water +
10 wt. % H,0; at 80°C. d) X-ray photoelectron spectroscopy-determined Fe and N contents corresponding to the
data in c). Figures a and b, reproduced with permission from Ref. 1>, Copyright [2003] Elsevier. Figures c and d,
reproduced with permission from Ref. 1>3, Copyright [2009] The Electrochemical Society.

Therefore, Figure 11b actually shows that the ORR activity decreased by a factor between 10x
and 1000x for a relative decrease of the Fe content of only 15-40 %. The ORR activity loss
induced by acidic peroxide treatment seems therefore not proportionally related to the loss
of Fe content, if related at all. Schulenburg et al. * studied a pyrolyzed Fe-N-C catalyst
prepared from an Fe porphyrin and carbon black. The material was investigated for ORR
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activity in acid medium, Fe content and Fe speciation as-synthesized, after an acid wash, and
after an acid wash followed by H,0, treatment, adding a 30 vol. % H,0; solution drop-by-drop
to the acid-washed Fe-N-C. It was observed that the ORR activity of the as-synthesized and
acid-washed samples were comparable (slightly higher after acid wash), while the Fe content
was much lower after acid wash (0.47 % Fe vs. 2.05 % Fe for as synthesized Fe-N-C). >’Fe
Mossbauer spectroscopy identified that the FesC and metallic Fe phases were removed by the
acid wash, but that other doublet components (related to Fe-Nx sites and or
superparamagnetic Fe oxide NPs) remained. In contrast, the ORR activity after acid wash +
peroxide treatment resulted in a dramatic decrease of the ORR activity, while the Fe content
and >’Fe Méssbauer spectrum were similar to those observed after the acid wash. In the third
early study, Wu et al. >3 applied a different ex situ H,O, treatment, keeping the H,0,
concentration fixed (10 wt. % in water at 80°C) but varying the duration of immersion of the
PANI-derived Fe-N-C catalyst. It was found that the ORR activity does not decrease much up
to 48 h of treatment, but then dramatically dropped after 72 h of treatment (Figure 11c). The
N content determined by XPS showed a sharp decrease in the first 24 h of treatment but
remained stable afterwards, while the Fe content slowly but steadily decreased with
increasing duration of peroxide treatment (Figure 11d). There was no quantitative correlation
however between Fe content and ORR activity: i) no significant loss of ORR kinetics was
observed after 24-48 h of peroxide treatment while during that time the Fe atomic content
decreased by only 0.2 at. %; then ii) from 48 to 72 h of treatment the polarization curve
negatively shifted by ca. 100 mV in the kinetic region while the Fe atomic content decreased
again only by ca. 0.2 at. % (Figure 11c-d).

In summary, these early studies revealed a dramatic effect of ex situ peroxide treatment (in
acidic or neutral conditions) on the ORR activity of different Fe-N-C catalysts in acid, but the
mechanism behind this effect was unclear. In 2015, Goellner et al. 3° reinvestigated the effect
of peroxide on a Fe-N-C and Co-N-C catalyst. The metal speciation was investigated before
and after H,0; treatment with extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near-edge structure (XANES) spectroscopy, as well as °’Fe M®&ssbauer
spectroscopy for the Fe-N-C. The ex situ peroxide treatment was conducted by immersing a
given amount of each catalyst in deionized water + 30 wt. % H,0, at 80° C, with different
volumes of peroxide added so as to cover a targeted range of ratio of (moles H,03) / (catalyst
mass). The metal K-edge XANES and EXAFS spectra of the pristine Fe-N-C and Co-N-C catalysts
had strong similarities with those of corresponding Metal (ll) phthalocyanines, indicating the
presence of metal mainly as Metal-N4 sites. RDE of the pristine and H,0,-treated catalysts
showed continuously decreasing ORR activity with increasing amount of H,O0, per mass of
catalyst used during the ex situ H,0; treatment, as shown in Figure 12a for Fe-N-C. However,
Co-N-C showed less ORR activity decay, the activity after treatment with 1072 mol H,0, mg™
being divided by ca 7 for Fe-N-C, but only by ca 3 for Co-N-C. For both catalysts, no significant
changes in the metal coordination were identified by Co and Fe K-edge EXAFS, XANES and >’Fe
Mossbauer spectroscopies (see Figure 12b-d for XANES and Md&ssbauer spectroscopic results
on Fe-N-C). This information combined with the restricted loss of bulk metal content (Figure
12e) suggested that the major fraction of Metal-N4 sites survived the peroxide treatment, but
that their site-specific ORR activity (or TOF) had been decreased. The only noticeable change
was revealed by XPS, identifying an increase in the oxygen content from 4-5 at. % for pristine
Fe-N-C and Co-N-C to 9-12 at. % for Fe-N-C and Co-N-C treated with 1072 mol H,0, mg™. O1s
narrow scan spectra identified a specific increase in the hydroxyl and epoxy groups, known to
result in strong distortion of the graphene layers. Surface oxidation of carbon (different from

30



bulk COR) thus seemed to be the main degradation route during reaction with H,0,, impacting
the TOF of otherwise unmodified Metal-Ny sites.
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Figure 12. ORR activity loss induced by peroxide treatment without apparent structural change. a) ORR Tafel
plots from RDE of pristine Fe-N-C and after ex situ treatment at various ratios of moles H,0,/mg Fe-N-C (indicated
in the legend). b) >’Fe Mdssbauer spectra of the pristine Fe-N-C. c) >’Fe Méssbauer spectra of the Fe-N-C after
treatment with 102 moles H,0,/mg Fe-N-C. d) Fe K-edge XANES spectra of Fe-N-C and peroxide-treated Fe-N-C.
e) Bulk metal content of Fe-N-C and Co-N-C vs. the ratio of moles H,0,/mg Metal-N-C used during the peroxide
treatment. Figures a, b, ¢, d, and e, reproduced with permission from Ref. 3. Copyright [2015] The
Electrochemical Society.

Further insights on the elusive deactivation mechanism of Fe-N-C by H,0, were revealed by
Choi et al. 3¢ in a subsequent study on the same Fe-N-C catalyst as investigated in Ref. 3, and
labelled FeNC-1. Ex situ peroxide treatment was performed at 20, 50 or 70°Cin a pH 1 solution
with 5 wt. % H,0; (samples labelled as FeNC-1-T, where T is temperature) and it was observed
that the ORR activity and selectivity for the four-electron O, reduction decreased with
increasing treatment temperature (Figure 13a-b). The Tafel slope increased after treatment
at 70°C, indicating a change in the rate determining step. As in Ref. 3°, the material did not
show any sign of structural or chemical modification after peroxide treatment (Fe K-edge
EXAFS, XPS, inductively coupled plasma atomic emission spectroscopy (ICP-AES), >’Fe
Mossbauer, N2 sorption isotherms, Raman spectroscopy), except for the increased oxygen
content measured by XPS. The results suggested again that the peroxide treatment only
modified the top-surface of FeNC-1, oxidizing the carbon surface indirectly via the formation
of ROS via Fenton reactions with Fe, but without resulting in bulk COR. Besides the oxygen
content, three other surface-specific descriptors were found that correlate with the ORR
activity change, namely the work function (WF), the potential of zero charge (Ep.c) (Figure 13c-
d) and the surface basicity.
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Figure 13. Mechanism of surface deactivation by peroxide treatment. a) ORR Tafel plots from RRDE of pristine
and peroxide-treated Fe-N-C-1; b) corresponding ORR selectivity; c) ORR activity vs. WF; d) ORR activity vs. Ep;c;
e) DFT results reporting the calculated WF of the surface and O, binding energy on a Fe-N, site, with or without
surface oxygen groups in the graphene sheet; f) recovery of ORR activity via electrochemical reduction of the
surface after peroxide treatment. Figures a, b, ¢, d, e and f, reproduced with permission from Ref. 3¢. Copyright
[2018] Royal Society of Chemistry.

These three correlations are explained on the basis of modulation of the TOF of Fe-Nx moieties
by the electronic properties of the surrounding carbon surface. The WF, Ep,c and basicity of
the carbon surface are inter-related and modified by the carbon surface oxidation.
Furthermore, DFT calculations correctly reproduced the increase in WF triggered by the
addition of surface oxygen groups and identified that the latter decreased the O; binding
energy at the Fe centre, a key descriptor for ORR catalysis (Figure 13e). These findings were
confirmed in a recent theoretical and experimental study by Jung et al. > showing that
hydrogen or oxygen-containing carbon surface groups control the ORR selectivity of a Co-N-C
catalyst. Interestingly, such changes are reversible: Choi et al. 3 showed that Fe-N-C catalysts
treated by peroxide recover to a large extent their initial ORR activity (Figure 13f) and
selectivity after applying an electrochemical reduction protocol similar to that employed for
reducing graphene oxide. This clearly shows that the TOF of Fe-Ny sites is modulated by the
long-range chemical state of the carbon surface, and that such properties cannot be tracked
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by techniques used to probe Fe. In a follow-up study, Choi’s group investigated the effect of
the pH-value at which the peroxide treatment is performed, and found increasing deactivation
of Fe-N-C with decreasing pH down to pH 1. 1°¢ Peroxide treatment at pH 6 already resulted
in significant deactivation, while treatment at pH > 12 resulted in no deactivation. Nitrone
spin-trap coupled to electron paramagnetic resonance (EPR) experiments also evidenced the
formation of ROS by exposing Fe-N-C to H,0; in acidic solutions, but absence of ROS in alkaline
conditions. 1°¢

In summary, due to the poor activity of Metal-N-C catalysts towards the electroreduction and
the chemical disproportionation of H,0; in acidic conditions, even minute amount of peroxide
produced during the ORR can accumulate over time. This in turn triggers Fenton reactions
between transition metal cations and peroxide, leading to ROS. It has recently been shown
that the ex situ peroxide treatment of Fe-N-C and Co-N-C materials with Metal-Ny sites in
neutral to acidic conditions leads to surface oxidation, decreasing the TOF of the Metal-Ny
sites. Co-N-C catalysts seem to be less affected by ex situ exposure to a given amount of H,0;
compared to Fe-N-C catalysts. Moreover, the ex situ exposure of Fe-N-C to H,0; was shown
to increase the H,0; yield during ORR, constituting an evil circle for the operando deactivation
of Metal-N-C cathode ALs in PEMFC. Further studies are needed, especially on Metal-N-C
catalysts with Metal@N-C sites and on Metal-N-C catalysts with Metal-Ny sites integrated in
more graphitic carbon structures, in order to obtain a broader view on the effect of exposure
to H;0.. In addition, oxidation of the carbon surface might negatively impact the transport
properties of the AL, due to increased hydrophilicity in particular. Finally, it is noteworthy that
the exposure of Fe-N-C to H,0; in alkaline conditions did not modify its ORR activity and
selectivity, opening interesting perspectives for application in anion-exchange membrane fuel
cell cathodes, with advantages over PGM-catalysts with respect to their general insensitivity
to fuels such as methanol **”-1>° and NaBH,. 101

2.5 A spinoff of Metal-N-C surface-oxidation: improved catalysts for H.O. electro-
synthesis

Today, H,0;is industrially produced via the anthraquinone oxidation process (>5 million tons
per year), for utilization as an oxidizing agent for wastewater treatment, pulp and paper
bleaching, chemical synthesis. The scaled-up electrosynthesis of H,0, would offer several
advantages over the existing process, as it does not involve organic solvents, it can achieve
high concentrations of H,0; directly, and could be produced on-site, eliminating the risks and

costs associated with the transport of H,0; from few large chemical plants as is done today.
160

While Metal-free N-C materials are generally highly selective for the two-electron ORR 161164
they display also a high overpotential, which has a negative impact on the energy efficiency of
an electrochemical device whose purpose is the H,0; electrosynthesis. The overpotential for
Metal-free N-C materials is especially high in mildly to strong acid electrolytes, and those pH
values are preferable for the chemical stability of hydrogen peroxide. H,0; electrosynthesis in
PEM-based electrolyser is thus particularly appealing, as it results in concentrated H,O; in pure
water, 16°

The new understanding that H,0; (intentionally added to the electrolyte as a stressor, or
produced during the ORR) leads to the surface-oxidation of the carbon matrix of Metal-N-C
materials, and to higher % H,0, produced by Fe-Nj sites during ORR, 3¢ resulted in an
interesting spinoff. Taking advantage of this effect, one can intentionally modify the surface
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of Metal-N-C catalysts with the goal of electrochemically producing H20,. %6 17 Syrface
oxidation resulted in a strongest selectivity effect for Co-N-C, among Fe-, Mn- and Co-N-C
catalysts, increasing the peroxide yield from ca 25 to 85 % at 0.6 V vs. RHE in acid medium. 16®
The oxidation effect was visible also in a reduced activity toward the H,0; to H.0
electroreduction reaction, explaining the higher peroxide yield after the oxidative treatment.
In another example, a Co-N-C material with combined high contents of Co-N4 sites and oxygen
functional groups was prepared from graphene oxide. 1> Alternatively, oxygen functional
groups can be formed in situ by scanning the potential to a high electrochemical potential,
before conducting H,0; electrosynthesis. 1>> While it may appear counterintuitive that single
metal atom site of the Metal-Ns type can be selective for four-electron reduction, low
peroxide yields are usually observed, especially with Fe-N-C materials hosting Fe-N4 sites. DFT
works showed that the O-O bond cleavage in Fe-N-C is facilitated through a cooperative effect,
one end of the O, molecule being bound to the Fe-N4 metal cation and the other end to a
carbon atom in the second coordination sphere. 168 Forming oxygen functional groups on such
carbon atoms can therefore drastically reduce the ability of Fe-N4 sites, and Metal-Ng sites in
general, to carry out the four-electron ORR.

Degradation effects and mechanisms of Metal-N-C materials applied for the H,0;
electrosynthesis have not yet been studied in detail. For non-pre-oxidized Fe-N-C materials,
their in situ surface oxidation during break-in could lead to increased rate of H,0, production,
as a result of an increase in selectivity of the oxygen reduction towards H.O,. Prolonged
operation would however likely result in carbon corrosion and the loss of Metal-Ns sites and
decreased electric conductivity through the AL. While Fe-N-C materials with an oxidized
surface are promising catalysts for H,0, electro-synthesis, the current optimum balance
between high selectivity toward two-electron ORR and low overpotential seems to favour Co-
N-C over Fe-N-C materials, 1° due to intrinsic optimum HO binding on the Co-N4 centre. While
the degradation mechanisms discussed in the present review regarding Fe-N-C catalysts for
ORR in acidic medium for electric power generation in PEMFC will likely be transposable to
Co-N-C catalysts for H,0; electro-synthesis, in-depth studies will be needed on the latter topic
to go beyond the phenomenological observation of decreased efficacy of the device. ’° The
rate and predominance of the different degradation types discussed in the present review
indeed strongly depend on the electrolyte pH, AL thickness, temperature, operating regime of
the device (cell voltage and/or current density), peroxide concentration, etc; factors that will
vary significantly from PEMFC for electric power generation to an electrolysis cell for H,0;
synthesis.

2.6 Combined effects of electrochemical potential and oxygen reduction reaction

As reported in section 2.2 and section 2.4, while some Metal-N-C materials have shown high
stability to load cycles in de-aerated acidic medium, such materials suffer from a reduced TOF
of their Metal-Ny sites when exposed to H,0; in acidic conditions, while the number of Metal-
Nx sites was quasi-unmodified '*2. From these two a priori independent stressing factors
(electrochemical potential and H,0;), one would expect the main degradation mechanism of
Metal-N-C materials during load cycles in O;-containing environment or steady-state ORR
electrocatalysis to be comparable to that reported for ex situ peroxide treatment (no COR, no
loss of Metal-Ny sites but reduced TOF of Metal-Ny sites due to top-surface oxidation). While
the rate of peroxide production during ORR for a given cathode AL is of course related to the
applied potential, the mechanism by which H,O; deactivates/degrades the AL is a priori not
expected to depend on the potential, and this is what is meant with “two a prioriindependent
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stressing factors”. Recent studies however revealed that the degradation phenomena
observed during ORR on Metal-N-C ALs are different from those observed when simply
contacting them with H,0,. These studies are discussed below.

2.6.1 Studies in liquid acidic electrolyte

As introduced in section 2.2, Metal-phthalocyanines and Fe-phthalocyanines in particular can
be good molecular proxies for studying the single metal atom sites of pyrolyzed Metal-N-C
materials. In this subsection, we thus discuss first the phenomena observed with different iron
phthalocyanines supported on carbon, before switching to pyrolyzed Fe-N-C materials. Iron(ll)
phthalocyanine supported on Vulcan carbon black was investigated by Baranton et al. 1% The
authors showed that the ORR activity decreased rapidly when applying a constant potential
of 0.5 V vs. RHE (Figure 14a) or while potential cycling (inset of Figure 14a). In situ infrared (IR)
reflectance spectroscopy revealed that the spectral signature changed from Fe(ll)Pc to H,Pc
over 3 h of potentiostatic hold at 0.5 V vs. RHE in O,-saturated 0.5 M H;SOa solution (Figure
14b-c), in line with the decreased ORR current density. One should note however that the
current density at 0.5 V vs. RHE (shown in Figure 14a) is strongly diffusion-limited and
therefore largely underestimates the true decrease in ORR kinetics. From the inset of Figure
14a, one caninfer ca. 100 mV negative shift in the kinetic region, implying that the ORR activity
dropped by at least 90 %. Importantly, the authors wrote that “in 0.5 M H,SO4 argon (Ar)-
saturated electrolyte, no degradation of the FePc/C electrode was observed from
electrochemical and IR reflectance spectroscopy measurements”. It was therefore concluded
that a combined effect of O, adsorption on Fe(ll) and protonation is likely causing the
demetalation, and such an effect may occur during one of the ORR steps on Fe(ll)Pc. While
Fe(ll)Pc undergoes a strong conformational change from in-plane to out-of-plane location of
the Fe(ll) cation upon adsorption of oxygenated adsorbates, 7! the change is similar for H,0,
OH or O, adsorbates. This suggests that one of the ORR steps in acid medium triggers the
demetalation, not only the adsorption event. The authors proposed that an electron transfer
from the out-of-plane Fe(ll) to the adsorbed O, or oxygenate intermediate might result in a
transient Fe(lll) state, destabilized in acid medium in the out-of-plane configuration due to its
lower ionic radius than Fe(Il). Such a mechanism was also proposed earlier by Meier et al. 112
for polymeric Fe(ll)Pc, where enhanced demetalation was also observed in O2- vs. Na-
saturated 6 N H;SO4. It is also possible that demetalation occurs when Fe(ll)N4 is under-
coordinated (no axial ligand) during each turnover cycle, as discussed in section 2.1. More
recently, Chen et al. 1! studied with electrochemical tip-enhanced Raman spectroscopy (TER)
the durability of an Fe (II) phthalocyanine monolayer on Au(111) in air-saturated 0.1 M HCIOa.
The ORR activity decreased rapidly when it was subjected to a potential hold at 0.4 V vs. RHE
in air-saturated solution, but was much more stable in N;-saturated solution (Figure 14d-e). A
15 min hold at 0.4 V vs. RHE in O-saturated 0.1 M HCIO4 led to irreversible changes in the TER
spectra, in particular the disappearance of the 593 and 751 cm™ peaks and appearance of
peaks at 724 and 795 cm™ (Figure 14f). Analysis of the “altered” spectrum demonstrated that
it corresponds to HxPc. Since no alteration of the spectrum was observed in inert-gas saturated
0.1 M HCIO4 at the same potential, the authors concluded that the ORR catalysis by Fe(ll)Pc is
responsible for the demetalation, not the electrochemical potential per se. In line with
Baranton et al, 1% they mentioned the strong out-of-plane distortion of FePc upon O,
adsorption and possible transient presence of Fe(lll) in out-of-plane configuration during the
ORR, as a result of electron transfer from the Fe cation to the oxygen adsorbate. Since the
degraded product of FePc and all the spectral lines after degradation could be assigned to
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H,Pc in which the macrocyclic structure is retained (Figure 14g), the authors concluded that
FePc demetalation during ORR proceeded without breaking bonds (no carbon corrosion). 11!
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Interestingly, the durability in O2-rich acidic medium of the simplest Fe phthalocyanine was
however improved significantly for a FePc with diphenylphentioether peripheral groups. 172
These bulky and out-of-plane electron-donating groups modify not only the electric charge
distribution in the macrocycle but also provide a high degree of steric hindrance. 73 This might
possibly prevent the protons from easily accessing the N4 cavity during ORR, slowing down the
demetalation rate. While the underlying reason for the improved durability is yet unclear, it
may provide bottom-up explorative approaches for improved durability of Fe-Ny sites.

While many studies checked and/or focused on the load/stability of pyrolyzed Metal-N-C
materials in acidic solutions saturated in inert gas, 2% 121 140, 153 yery few investigated
load/durability in acidic solutions saturated in O. The historical reason is that AST in (R)RDE
had been defined for PGM-based/C catalysts, for which the main degradation mechanisms are
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not related to the presence of O, and the occurrence of ORR, but mainly related to
dissolution/reprecipitation of the metal NPs and particle agglomeration. 174

Regarding pyrolyzed Metal-N-C materials, perhaps the most striking evidence that their
degradation mechanism in acidic medium differs between inert-gas and O saturation may be
found in our recent work. ° We showed that the same load cycling protocol ([0.6 V—1.0 V vs.
RHE — 3s/3s — 10k — 80°C]) in Ar-saturated (Ar-LC) or O,-saturated (O,-LC) applied to a Fe-N-C
catalyst derived from ZIF-8 material and comprising only Fe-Ny sites (labelled FeosRP, and
previously discussed in section 2.2.1 and section 2.3.1) resulted in a 4-fold higher ORR activity
loss with O;- (02-LC) vs. Ar (Ar-LC) saturation of a pH 1 electrolyte (Figure 15a). By combining
information obtained from cyclic voltammetry, nitrite stripping, transmission electron
microscopy (TEM), Raman and EDXS spectroscopies, the main reasons for this difference were
identified. Nitrite stripping showed an unexpected increase in the ASD after O,-LC (Figure
15b), in contrast with the strong ORR activity decrease. Characterization of the Fe-N-C AL after
0,-LC by TEM (Figure 15d), XRD and Raman spectroscopy showed the presence of nanometric
Fe-oxide particles that formed from the reprecipitation of Fe cations leached from Fe-Njy sites.
Nitrite stripping on a control Fe;03/N-C material revealed that this technique not only senses
surface Fe-Ny sites but also Fe-oxides. The increased ASD by nitrite stripping observed after
O,-LC therefore only indicated that a higher number of Fe atoms were exposed on the surface
after 0,-LC, but not only in the form of Fe-Ny sites. This implies that the SD number obtained
from nitrite stripping overestimated in this case the number of Fe-Ny sites, and also that the
average TOF derived from that SD-value underestimated the TOF of Fe-Ny sites remaining after
0,-LC (Figure 15c). A comparison of Raman spectroscopy and CVs before and after O,-LC
(Figure 15e-f) supported the occurrence of COR. In particular, the Raman spectrum after O»-
LC was very similar to that observed after 500 cycles of 1.0/1.5 V vs. RHE, conditions known
to lead to COR (Figure 15f). This unexpected carbon corrosion during O»-LC in turn explained
how a higher SD value could be detected after O,-LC by nitrite stripping: COR resulted not only
in the destruction of initially surface-exposed Fe-Ny sites (re-precipitating as Fe-oxides) but
also in the formation of a new carbon surface and the exposure (and attack) of Fe-Ny sites that
were initially not surface-exposed.

The sensitivity of the COR occurring during O;-LC to the temperature, the UPL and LPL limits
applied during the AST was investigated. Similar ORR activity loss was observed after O,-LC at
25°C and 80°C, and also for square cycles of 0.3-0.7 V and 0.6-1.0 V. This is in strong contrast
with expected effects of temperature and potential for classical electrochemical COR. In
particular, an increase in temperature from 25 to 80°C is known to increase the rate of classical
COR by a factor x20 to x40. 4% 7> H,0, formed via ORR during O»-LC seemed to play a key role
in this special carbon corrosion mechanism, since lower loadings (thinner layers) of FeosRP
resulted in a mitigated loss of ORR activity, which was assigned to the lower residence time of
H.0> in thinner layers in an RDE setup. We hypothesized that H,0, and/or ROS formed from
H,0, and Fe (Fe-Nx sites or Fe oxides) are responsible for carbon corrosion at such low
potential, which we named as ROS-induced carbon corrosion. ° We note that while being low,
these potentials are still above the thermodynamic potential for COR (forming CO or CO;
products). It will be important in the future to identify if this ROS-induced carbon corrosion
also occurs in PEMFC and if it takes place only in dynamic mode (stepped or scanned potential)
or also in steady-state mode (fixed potential or current density). Dynamic modes might
perturb the passivating layer of surface oxides existing on carbon surfaces, favouring its attack
by peroxide and/or ROS. Last, the study showed that the Fe cations leached from Fe-Ny sites
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either re-precipitated as Fe-oxides (observed after O,-LC at 80°C) or diffuse away in solution
(observed after 0,-LC at 25°C). Low temperature usually applied in RDE setups may explain
why Fe-oxide particles had typically not been observed as a degradation product of Fe-Ny sites
previously. The temperature changes the Pourbaix diagram of Fe, with higher temperature
broadening the stability domain of ferric oxides in acidic medium. 17
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Different types of ROS formed ex situ by contacting Metal-N-C catalysts with H,0; and
produced in operando may be at the root of the different degradation mechanisms observed
(ex situ: surface-restricted COR, no destruction of Metal-Ny sites; load cycling in oxygenated
acidic electrolyte: carbon corrosion and destruction of a significant fraction of Fe-Nx sites). The
hydroxyl radical is in particular regarded as a more powerful oxidant than other ROS. 7°
Probably the first example of detection of ROS immediately after ORR on a Fe-N-C material
was recently reported by Chen et al. 1’7, Potentiostatic holds in RDE were performed for 6 h
in O3 saturated 0.1 M H,S04, followed by quick addition of coumarin as a fluorescence probe
for *OH radicals and the acquisition of fluorescence emission spectra (Figure 15g). Increased
intensity of the signal for 7-hydroxyl-coumarin with increasing duration of the potential hold
at 0.65 V supported the continuous formation of *OH during ORR (Figure 15g). Control
experiments in Oz-saturated 0.1 M H,SO4 but without ORR (at open circuit potential) and Ar-
saturated 0.1 M H,SO4 at 0.65 V confirmed the tight connection between the detection of 7-
hydroxyl-coumarin and the ORR on Fe-N-C. Then, the effect of the potential value on the
intensity of the signal for 7-hydroxyl-coumarin was recorded, identifying that 0.65 V resulted
in the most intense signal for 7-hydroxyl-coumarin for potentials in the range 0.6-0.7 V (Figure
15h, lower frame).

2.6.2 Studies in PEMFC

Ferrandon et al.  studied the durability in PEMFC of a Fe-N-C derived from PANI, for which
the synthesis had been previously optimized 178 and the durability in PEMFC of one of the most
promising among Fe-N-C materials thus far. % Losses in the ORR kinetics were more
pronounced after [0.6 V—100 h—100 % O, —80°C] than after [0.4 V- 100 h—100 % O, —80°C]
(Figure 16a-b), but in contrast the mass-transport properties improved after the 0.6 V hold,
leading to even higher current density after the durability test than before at cell voltages <
0.45 V. The authors assigned this effect to the leaching of Fe spectator species (in particular
Fe sulphide), improving the accessibility of the Fe-based active sites remaining after the test.
The material had been previously shown by ex situ XANES to comprise a multitude of Fe
species, and this was verified with the fresh MEA (Figure 16c, white columns). The linear
combination fitting (LCF) of XANES spectra with a library of Fe compounds and combined with
the total Fe content by ICP-MS resulted in the absolute wt. % for each type of Fe. The Fe
compounds corresponding to the porphyrazin, pyridinic and pyrrolic labels are shown in
Figure 16d, while the other labels are self-explanatory. The metallic Fe, FesC and sulphide as
well as organometallic Fe components disappeared after both PEMFC durability tests, but are
considered merely as ORR inactive species in this Fe-N-C, due to the presence of Fe-Ny sites
represented by the porphyrazin, pyridinic and pyrrolic components. Focusing on these, a
dramatic drop is observed between the fresh and the operated MEAs for the pyrrolic
component, and a relative drop for the pyridinic component. This suggests that these two
components are related to the ORR activity. However, both the pyridinic and pyrrolic
components are present in slightly smaller quantities after the 0.4 V hold compared to after
the 0.6 V hold, in contradiction with the trend of ORR activity loss. The LCF analysis of XANES
spectra for such a complex material is however not free of imperfections, in particular due to
the strong analogy of XANES spectra between Fe nano oxides and Fe-N4 sites, as shown later
in section 5.2.
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Figure 16. Durability and Fe speciation changes by XANES after PEMFC operation for a PANI-derived Fe-N-C
cathode with multidunous Fe structures. H,/air polarisation curves before and after a) [0.4 V—100 h—100 % O,
—80°C] and b) [0.6 V — 100 h — 100 % O, — 80°C]. The inset in a) shows the current density vs. time curves during
200 h holds at 0.4 and 0.6 V. c) absolute weight % of Fe for each type of Fe coordination for the fresh MEA and
for MEAs after [0.4 V — 200 h — 100 % O, — 80°C] or [0.6 V — 200 h — 100 % O, — 80°C] d) the Fe compounds
corresponding to the porphyrazin, pyridinic and pyrrolic labels. Figures a and b, reproduced with permission from
Ref. ®5. Copyright [2013] Elsevier. Figures ¢ and d, reproduced with permission from Ref. 178, Copyright [2012]
American Chemical Society.

Clear evidence for the destruction of Fe-N sites during the first 50 h of PEMFC operation of
Fe-N-C cathodes was reported by Chenitz et al. > from EoT >’Fe Méssbauer spectroscopy. The
authors investigated the durability in operating PEMFC of a Fe-N-C catalyst prepared via NH3
pyrolysis, previously known to be initially highly active but with fast degradation rate during
the first 50 h of operation. 2°> To investigate the durability as a function of the operating
voltage, a voltage hold for 25 h was followed by a polarisation curve (lasting < 1 h), and this
was repeated five times applying the same voltage for each of the 25 h segments, as
exemplified in Figure 17a for 800 mV hold. This protocol allows extracting the value of current
density at any point of the polarisation curves and plotting it vs. the duration of operation at
800 mV. To look into the ORR kinetics, reporting the current density at 0.8 V in the polarisation
curves (j at 0.8 V) is usually chosen for PGM-free catalysts, and the plot of this scalar vs. time
of operation at 800 mV is shown in Figure 17b (orange curve). Repeating the same protocol
for other voltage holds (between 800 and 200 mV), the set of curves shown in Figure 17b was
obtained. The figure shows that the rate of ORR activity loss of the Fe-N-C cathode during the
first 125 h is quite independent of the voltage applied, even if the 400 and 500 mV holds seem
to have degraded the performance a bit more compared to lower and higher voltages. From
this, the authors concluded that COR (either COR, directly related to the voltage applied, or
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restricted surface oxidation via Fenton reactions, more tightly related to the current density
produced during operation) could be excluded as a main degradation mechanism of this Fe-
N-C cathode during the first 125 h. Lack of extensive COR was supported by similar CVs in
H2/N; before and after PEMFC operation.
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Figure 17. Durability and Fe speciation changes by Md&ssbauer spectroscopy after PEMFC operation for a ZIF-8
derived Fe-N-C cathode with multidunous Fe structures. a) Test protocol alternating fast polarisation curves and
5 potential holds at a fixed voltage (800 mV shown here). The duration of the polarisation curve is exaggerated
in the scheme. b) Current density at 0.8 V (read on each of the 6 polarisation curves acquired for each MEA) vs.
time of operation at a fixed cell voltage (value indicated in the legend). c) Current density vs. time during a
continuous chronoamperometry at 0.8 V (solid curve) and the match with the reads at 0.8 V on each of the
polarisation curves acquired between each of the 5 voltage holds at 800 mV. d) Semi-logarithmic Y-plot of
corrected current density (at 0.8 V) vs. time in Zone 1 (0-700 min) for a PEMFC operating in air at 25 (red) or 80°C
(black). e) Semi-logarithmic Y-plot of density (at 0.5 V) vs. time with the exponential decay fitting in Zone 2 (50-
700 h) for a PEMFC operating in air at 25°C. f) 5’Fe Mdssbauer spectrum of as-prepared MEA. g) Relative changes
of current density at 0.6 V and of the sum of the M6ssbauer components D1 and D2 (green and blue doublets in
f)) as a function of the duration in PEMFC at 0.6 V. Figures a, b, ¢, d, e, f and g, reproduced with permission from
Ref. %3, Copyright [2018] Royal Society of Chemistry.

From continuous current vs. time curves acquired during voltage holds, the authors identified
a first (0-25 h) and second zone (> 25 h) (Figure 17c), each corresponding to an exponential
decay of the ORR activity with time, but with different rates of decay (see also section 2.1 on
the double-exponential decay kinetics). In Zone 1, the rate of decay corresponds to a half-life
time of ca. 140 min at 25°C while it is > 2000 h at 25°C in Zone 2 (Figure 17d-e). The loss of
ORR activity in Zone 1 was shown to be related to the loss of Fe-Ny active sites by EoT >’Fe
Mossbauer spectroscopy. The spectrum of a fresh MEA is shown in Figure 17f, identifying two
doublet components assigned to ORR-active Fe-Ng sites (green and blue doublets) as well as
four other components assigned to Fe nitride, carbide and metallic Fe species. The relative
change in the amount of Fe-N4 sites over 50 h operation in PEMFC strongly correlated with
the relative change in current density at 0.6 V, supporting the claim that the main reason for
the loss of performance during this timeframe was due to direct Fe-N4 site demetalation, not
triggered by carbon corrosion (similar to the one reported for Fe(ll) phthalocyanine in
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oxygenated acidic medium, see section 2.2.1). While the authors claimed that this
demetalation is specific for Fe-N4 sites hosted in micropores, a recent study comparing two
Fe-N-C materials with different microporous surface area revealed Fe demetalation in both
cases, although the extent of demetalation was stronger for the NHs-pyrolyzed Fe-N-C (with
higher basicity), highlighting the importance of surface basicity in addition to the
microstructure. ¥ No Méssbauer spectroscopy characterisation was performed after the
slower degradation at longer time (Zone 2, > 50 h), so that it is unknown if a slower
demetalation of remaining Fe-N4 sites after 50 h occurred or if the degradation mechanism
was entirely different.

The relative contributions of COR and of Fe demetallation to the overall PEMFC performance
loss depend on its operative conditions, namely the nature of the cathode gas feed (air or Ny),
the cathode potential value, and the duration of operation (the electrical charge passed).
Unsal et al. 18 recently presented an approach to differentiate and quantify the impact of
different degradation mechanisms on the ORR activity loss. They combined four AST protocols
entailing different cathode gas feeds, potential hold values and durations on a home-made
prepared Fe-N-C catalyst comprising FeNx sites and Fe@N-C particles. They obtained
quantitative insights into deactivation losses related to ORR (H.0;-related effect) by
comparing the results of [0.5 V—1h —air—80°C] and [0.5 V- 1h — N; —80°C] AST protocols.
Similarly, a [0.8 V—1h —air —80°C] ASTs allowed studying the PEMFC performance decay in
a potential region where lesser extent of Fe-demetallation is expected (see Refs. 17 118) The
authors showed that the relative contribution of COR and of Fe demetallation depend on the
value of the potential hold, COR contributing more to the ORR activity loss than Fe-
demetallation at a high (0.8 V) potential. The opposite trend was found after holding the
potential at a low (0.5 V) value. It is also interesting to note that the ALs’ mass transport
properties worsened after ASTs using air at the cathode, and that the increase of the mass
transport overpotential correlated with the extent of ORR activity loss in the kinetic region of
the polarisation curve. These important results suggest that a lower density of triple-phase
boundary active sites (the sites that are ionically, electronically and diffusion connected) leads
to slower O, diffusion, in agreement with what was previously found for Pt-based/C catalysts.
181183 Sjgnificant differences of ionomer in thin-film and bulk properties and/or increased
interfacial resistance at the FeNy/ionomer interface may account for the observed trend. 8
Last, the authors reported that H,0,-related instability does not depend on the operative
voltage, but rather on the ORR charge, further underlining the pivotal role of H,0; in the
degradation of Fe-N-C catalysts.

Li et al. 193 investigated the durability of two Fe-N-C catalysts derived from ZIF-8 (one obtained
via Ar pyrolysis and the other via NH3 pyrolysis, labelled as Feos and Feos-950, respectively),
and that initially comprised Fe mainly as Fe-Nysites. Fundamental insights were first obtained
via in situ M6ssbauer spectroscopy on Fegs (in H2/N2 PEMFC, i.e. no ORR) on the nature of the
two different Fe-Ny sites leading to the doublet components commonly labelled as D1 and D2
in the Fe-N-C literature (see e.g. Figure 17f). Mdssbauer spectra acquired in situ at different
potentials revealed the potential-dependence of D1 (sub-labelled as D1H and D1L, for high
and low potential) and the potential-independence of D2 (Figure 18a-d).
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Figure 18. Different signature and durability of Fe-N, sites S1 and S2 by in situ and EoT >’Fe Md&ssbauer
spectroscopy for a ZIF-8 derived Feg s cathode. a) Effect of electrochemical potential on fitted components from
in situ >’Fe Mdssbauer spectroscopy in PEMFC for a) D1 and ¢) D2 at 0.8 V (2), 0.2 V (2), 0.8 V (4) and 0.2 V (4).
The number in parentheses represents the cycle number; b) and d) show the corresponding IS and QS values of
D1 (D1H and D1L) and D2. e) Scheme of sites S1 (with/without oxygenate adsorbate depending on potential) and
S2. f) Mossbauer spectrum of pristine Feg s cathode. Méssbauer spectra after H,/O, PEMFC operation at 80°C and
0.5V for g) 50 h. The sextets are assigned to ferric oxides. h) Tafel plots of initial PEMFC polarisation curve and
after 5 h and 50 h of operation at 0.5 V. The ex situ and all EoT M&ssbauer spectra were acquired at -268 °C. i)
The current density of Fegs-cathodes at 0.8 V as a function of the absolute absorption area for D1 and D1+D2.
The activity on the y-axis were obtained during the first polarisation curve (star) and after 5, 10, 25 or 50 h of
operation at 0.5 V in Hy/O, PEMFC at 80°C (diamonds). The absolute absorption area of a given Mdssbauer
component on the x-axis is proportional to the number of corresponding sites in the cathode. Figures a, b, c, d,
e, f, g handi, reproduced with permission from Ref. 1. Copyright [2021] Springer Nature.
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With the help of DFT applied to calculate the quadrupole splitting (QS) of different Fe-Na sites,
D1 and D1H could be assigned to O-Fe(lll)N4Ci2 high-spin site, D1L to a Fe(ll)N4C12 high-spin
site and D2 to a Fe(Il)N4Cio low or medium spin site. 103144 The reversible change with potential
in N2 environment between the Madssbauer spectroscopic signatures assigned to O-
Fe(ll1)N4C12 and Fe(ll)N4Ci2 (i.e. between D1H and D1L, Figure 18a-b) is triggered by the change
of the Fe oxidation state at ca. 0.75 V vs. RHE. In summary, two Fe-Ny sites S1 and S2 were
identified, with S1 being on the top surface (bound or not with an O-adsorbate as function of
potential) and a site S2 that is either located in the bulk of the N-C matrix, or has less affinity
to oxygen than S1. While operando Méssbauer spectroscopy in PEMFC (H2/02) was then
attempted, the long acquisition time (36 h) needed to record a single spectrum at a given
voltage prevented its application, due to large changes in the amount and nature of Fe species
during this period of operation, as shown earlier in Figure 17g for another Fe-N-C. EoT °’Fe
Mossbauer spectroscopy was therefore applied to study the fate of the two different sites S1
and S2 during PEMFC operation. The fittings indicate unmodified spectral parameters and
absolute intensity for D2 with operation time, continuously decreasing signal intensity for D1
and continuously increasing signal intensity for the two sextets assigned to
superparamagnetic ferric oxide (Figure 18f-g). The trend of decreased D1 intensity with
PEMFC operation time was in line with decreased ORR activity with time (Figure 18i).

Quantitatively, the results reveal a linear correlation between the activity and the absolute
amount of either D1 or (D1+D2) (Figure 18i). The data for the initial activity (star symbol) was
an outlier, possibly due to a higher TOF of S1 sites during the first polarization curve, in line
with recent work demonstrating decreased TOF of Fe-based sites by mild surface oxidation. 3®
After 5 h of operation, a linear correlation between the overall ORR activity and either D1 or
D1+D2 was observed. However, the extrapolation at x = 0 leads to a positive y-intercept,
indicating significant ORR activity even in the absence of D1. The authors concluded from this
that D2 also contributes to the ORR activity of Feos cathode, and that D2 is the main
contributor to ORR activity after 50 h operation in PEMFC. No changes in the carbon
morphology of Fe-N-C were observed by Raman spectroscopy after potential hold at 0.5 V in
H,/O, PEMFC, in line with Raman results obtained for other Fe-N-C materials after
potentiostatic holds at 0.6 V in Hy/air PEMFC by Chenitz et al. %3, potentiostatic hold at 0.2 V
for a direct methanol fuel cell by Martinaiou et al. 184, and unchanged CV after potentiostatic
hold at 0.4 V in H2/O2 by Chen et al. 18, but in stark contrast with COR observed after square-
wave cycles of 0.6 V/1.0 V in O;-saturated acid medium in RDE (see section 2.6.1). Potential
cycling might accelerate carbon corrosion compared to voltage holds via the continuous
removal of a passivating layer of oxygen functional groups and reformation of a new oxidized
surface.

The same trends were observed by Li et al. 1 for the NHs-pyrolyzed Fe-N-C (Fes-950) as for
Feos, with strong decrease of D1 signal and unmodified D2 signal after 50 h H,/O2 PEMFC
operation (Figure 19a-b). Minor differences were the presence of a higher amount of Fe oxides
in the pristine Fep5-950 cathode compared to the pristine Feo s cathode (compare Figure 19a
and Figure 18f) and the much higher initial ORR activity of the Feos-950 cathode (compare
Figure 19c and Figure 18h). The Fe oxide particles formed operando were nanometric (Figure
19d), with some match between Fe and F mapping in the aged cathode suggesting that Fe
demetalation from Fe-N4 sites and clustering into nano Fe oxide is linked to the presence of
Nafion ionomer. 103
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Figure 19. Different durability of Fe-N, sites S1 and S2 by end-of-test >’Fe M&ssbauer spectroscopy for Fegs-950
cathode derived from Feg s via NH; pyrolysis. a) Méssbauer spectrum of pristine Feps-950 cathode. b) Mdssbauer
spectrum after H,/O, PEMFC operation at 80°C and 0.5 V for 50 h. The sextets are assighed to ferric oxides.
c) Tafel plots of initial PEMFC polarisation curve and after 50 h of operation at 0.5 V. The Mossbauer spectra were
acquired at -268 °C. d) TEM images of Fegs-950 cathode after H,/O, PEMFC operation at 80°C and 0.5 V for 50 h.
Figures a, b, ¢, d, reproduced with permission from Ref. 1%, Copyright [2021] Springer Nature.

The results are in line with those of Chenitz et al. >> for another NHs-pyrolyzed Fe-N-C and indicate that
demetalation from Fe-Nj sites is a main degradation mechanism in operando PEMFC between 0 and
50 h operation. It however gives two important additional insights: i) the demetalation of Fe-N, sites
is not specific to NHs-pyrolyzed Fe-N-C catalysts and ii) the demetalation is seen only for S1 sites
(located on top surface) but not at all for S2 sites (either located on top surface but with lower binding
energy for O, than S1 sites, or not directly accessible by 0,). The data also shows that the exacerbated
decrease of ORR activity in the first 50 h of operation for NHs-pyrolyzed Fe-N-C vs. inert-gas pyrolyzed
Fe-N-Cis not due to a stronger fraction of S1 vs. S2 sites in the former, but to the higher TOF of S1 sites
in NHs-pyrolyzed Fe-N-C, at least during the initial polarisation curve. This higher TOF is likely due to
the presence of highly basic nitrogen groups after NHs-pyrolysis, expectedly with very short lifetime
before their protonation and subsequent anion adsorption. The latter phenomenon had been shown
to decrease the high ORR activity of NHs-pyrolyzed Fe-N-C to the level of an inert-gas pyrolyzed Fe-N-
C. 2% proietti et al. ?°> had shown that the current density at 0.5 V of an initially more active NHs-
pyrolyzed Fe-N-C decreased faster than its parent Ar-pyrolyzed Fe-N-C material, the two current vs.
time curves meeting after ca. 15 h of operation at 0.5 V. This suggests that the activity decrease of
NHs-pyrolyzed Fe-N-C between 0 and 15 h of operation is the combined outcome of a parallel decrease
in the TOF (which might be completed even during the first 1-2 h) and of the number of sites S1, while
the activity decrease of inert-gas pyrolyzed Fe-N-C during that time period is less impacted by a
decrease in the TOF, and more impacted by a decrease in the number of sites S1. After 15 h of
operation and up to 50 h at least, the decrease in ORR activity is then mainly due to the decrease of
the number of S1 sites via demetalation, both for inert-gas and NHs-pyrolyzed Fe-N-C. We would also
like to warn the reader that the above conclusions and the terminology of NHs or inert-gas-pyrolyzed
Fe-N-C are related to the studies 8% (both leaning on ZIF-8 and phenanthroline as common sacrificial
precursors for the N-C matrix) and should not be regarded stricto sensu. For example, other syntheses
of Fe-N-C not resorting to NH3 gas during pyrolysis might result in a behaviour similar to that of NHs-
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pyrolyzed ZIF-8. Surface descriptors such as the basicity, the work function or the potential of zero
charge of Fe-N-C should more precisely categorize a broad range of Fe-N-C materials than the
phenomenological description of their synthesis. &35 124 |nvestigating the fate of nitrogen atoms,
Garcia et al. 18 evidenced with N K-edge X-ray absorption spectroscopy (XAS) that pyridinic
nitrogen coordinated to Fe was stable after load cycling in O;-saturated 0.1 M HCIO4 RDE in
acid medium, while the signal assigned to pyrrolic nitrogen coordinated to Fe was unstable.
This result is in line with the D1 and D2 Madssbauer doublets assignments to unstable
porphyrinic and stable pyridinic structures, in aerated acidic media, respectively. Interestingly,
in alkaline media, both the pyrrolic and pyridinic N groups (coordinated to Fe) seemed stable.

Analogous to the study in RDE by Kumar et al. 7° where the effect of load cycling in N»- or O»-
saturated medium was compared back-to-back for a given Fe-N-C. Osmieri et al. 7!
investigated this effect for another Fe-N-C, but in PEMFC environment. While very small
activity and performance loss was observed after [0.60 —0.95 V — 3s/3s — 30k — N, — 80°C] (as
previously discussed in section 2.2.2), the same load cycling but with an air-fed cathode
resulted in a dramatic loss of activity and overall performance (compare Figure 20a and Figure
20b). This is further supported in Figure 20c, showing that a Hy/air polarisation curve recorded
just before the next set of AST in N3 is superimposed with the first H,/air polarisation curve
recorded after that set of AST in N; (e.g. see the superimposed 10k + polarization curve and
20k curves in Figure 20c). This implies that no measurable loss of ORR activity occurred during
each additional 10k cycles in N,. The polarisation curve was negatively shifted at 0.5 A-cm™ by
200 mV after 30k load cycles in air. Breakdown of possible sources of performance decrease
(kinetic, Ohmic, mass-transport) by EIS and analytical mathematical model of EIS and steady-
state polarization curves showed that the vast majority of the performance loss during load
cycling in air could be assigned to kinetic loss. Cyclic voltammetry showed a significant increase
in capacitance from 250 to 350 mF cm™ after 30k load cycles in air but restricted increase from
200 to 230 mF cm? after 30k load cycles in N2. On the basis of unmodified proton and
electronic resistance identified by EIS in N3, the authors assigned the increased capacitance to
increased density of oxygen functional groups on the surface of carbon (pseudo-capacitance,
supported by the appearance of broad peaks in the CV) and not to COR. Raman spectroscopy
or other characterization of the carbon phase after the ageing was however not reported, and
it cannot be definitely excluded that some COR occurred. The introduction of oxygen
functional groups should also have decreased the TOF of the Fe-Ny sites that survived the
air/load cycle protocol, according to the study by Choi et al. 3. The total Fe content in the
cathode AL was measured before and after the various AST load cycles, identifying a decrease
from 0.09 to 0.04 at. % Fe after 30k load cycles in N3, and a higher decrease from 0.09 to 0.01
at. % Fe after 30k load cycles in air. Overall, the decrease in ORR kinetics (increased
overpotential, Anc) correlated with the increased (pseudo)capacitance (AC) and increased loss
in Fe content (Figure 20d). HAADF-STEM images of the cathode before and after load cycling
revealed only single metal atoms (i.e. probably Fe-Ny sites), but in lower number after 30k load
cycles in air than in N,. This is in contrast with the report from 8 where the decrease of Fe-Ny
sites during operation in PEMFC resulted in the appearance of nano Fe-oxides. The different
observation by Osmieri et al. 7> may be due to different experimental conditions, resulting in
different local electrochemical environment. Indeed, despite same duration (50 h), the local
pH was probably higher in the AST of Li et al. 1% ([0.5 V - 50 h — O, — 80°C]) compared to that
performed by Osmieri ([0.60 — 0.95 V - 3s/3s — 30k — air — 80°C]), thereby facilitating the
precipitation of the Fe ions released in solution. The different pore structure and/or
morphology of Fe-N-C catalysts or AL may also account for the observed differences. In
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particular, the Nafion/catalyst ratio in the cathode AL may be a key parameter for the fate of
leached Fe cations in PEMFC, and one can note that much higher ionomer content was used
by Li et al. 1% (Nafion/catalyst mass ratio 1.5, i.e. 60 wt. % ionomer) than by Osmieri et al. ’*
(35 wt. % ionomer).

In summary for section 2.6, the occurrence of ORR in acid medium leads to structural changes
of Fe-N-C materials and loss of ORR activity, that are little or not observed when applying the
same electrochemical protocol but without O,. A significant fraction of Fe-Ny sites is
destroyed, and bulk carbon corrosion can be observed in some cases, even after operation at
electrochemical potentials where bulk COR would not be expected. The fate of Fe cations that
left the Fe-Ny sites depends on the temperature and ionomer/catalyst interfacing, iron either
being leached out in the electrolyte (RDE) or in the exhaust water (PEMFC), or reprecipitating
as iron oxide in the cathode layer. From post mortem Md&ssbauer spectroscopy
characterisation, the Fe-N4 site S2 is found to be more durable than the Fe-N4 site S1.
Interconnected with this, pyridinic nitrogen atoms seem to be more stable than pyrrolic
nitrogen atoms during O,-LC protocols. In addition to decreased site density after O,-LC, it is
likely that the TOF of remaining Fe-Ny sites also decreased.
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Figure 20. H,/air polarisation curves for a Fe-N-C cathode comprising Fe-N, sites, before and after various load-
cycling AST conditions in PEMFC. a) 0.60 — 0.95 V potential steps AST with cathode under air atmosphere. Note
that the AST was interrupted periodically to monitor the polarisation curves (during which ORR occurs at the
cathode) after 10k, 20k and 30k cycles in N,. b) Same as a) except that N, is fed constantly at the cathode, both
during polarisation curve acquisition and during the potential steps AST. c) 0.60-0.95 V stepped potential AST
with cathode under N, atmosphere, interspersed with 15 polarisation curves in different conditions (during
which ORR occurs at the cathode) after 10k, 20k and 30k cycles in N,. d) Correlations between increased kinetic
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overpotential (An.), increased (pseudo)capacitance (AC) and decreased Fe content after 30k load cycles in three
different modes. Figures a, b, c and d, reproduced with permission from Ref. 7*. Copyright [2020] Elsevier

2.7 Charge- and mass-transport losses

While the previous sections discussed i) mechanisms related to the atomistic degradation or
modification of the ORR active centres, or focused on ii) the implications on the active centres
of degradation mechanisms, the present section shortly discusses other negative effects
occurring during the operation of PGM-free cathodes, beside the decreased ORR kinetics. We
focus here on charge- and mass-transport losses observed after load/durability testing in
PEMFC. The negative effects of SU/SD-AST on the transport losses in PEMFC environment are
however not discussed, since such AST lead to very fast performance loss and will have to be
avoided by system and/or material approaches for any practical implementation of PGM-free
layers. Perhaps the most striking example that not only ORR kinetics but also transport
properties of a PGM-free cathode steer the initial PEMFC power performance and its evolution
with operating time was reported by Ferrandon et al. ® In this special case, the ORR activity
was shown to decrease with operating time, but the transport properties of the AL improved
in parallel (Figure 16a-b). This led to a crossing point between the beginning-of-test (BoT) and
EoT polarisation curves at ca. 0.4 V, also resulting in unmodified current density with time
when the cell was operated for hundreds of hours at 0.4 V (Figure 16a).

2.7.1 Water management and related O; transport

The flooding of different types of pores in the cathode of PGM-free layers has historically been
regarded as a likely phenomenon for their poor performance in the high current density region
of the polarization curve, and also for the decrease in performance over time. Metal-N-C
layers are particularly prone to flooding due to i) thick ALs of 70-100 um compared to Pt/C
layers, ii) the presence of a significant amount of micropores (and in some cases only or
predominantly micropores) in highly-active Metal-N-C materials and the generally accepted
presence of some of the Metal-Ny sites in such micropores. A positive correlation between
initial ORR activity and power performance in PEMFC and the micropore surface area of Metal-
N-C has been established for a broad set of materials, but unfortunately another positive
correlation links the rate of performance loss vs. time with the microporous surface area. !
Enhanced flooding with operation time may be assigned to changes in the wettability of the
carbon surface, which may be an outcome of surface oxidation, e.g. by ROS species. Increased
hydrophilicity of the carbon surface is generally expected with increasing number of oxygen
functional groups. 187

A special type of flooding was recently the centre of a debate in the field of Fe-N-C catalysts,
namely micropore flooding. Zhang et al. ® initially proposed that micropore flooding is the
main reason for the decrease of ORR activity and of power performance with time for a highly
microporous Fe-N-C (derived from ZIF-8 via NHs pyrolysis), and not due to the loss of Fe-based
active sites. This conclusion was derived from the similar relative trends of ORR activity and
power performance loss (after normalization to their initial power or activity performance)
observed for samples with very different Fe contents. The authors proposed that the high
initial activity is due to initially hydrophobic micropores, allowing for fast access of O, via gas
phase to the Fe-Ny active sites located in such pores. During operation, the carbon surface in
the micropores might be populated with oxygen functional groups, triggering the flooding of
the micropores and reduced accessibility to O,. The measurement of carbon electrooxidation
in H2/N; configuration of the MEA showed an onset of electrochemical COR at ca. 0.5V, giving
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some support to the proposed mechanism. However, no EoT characterization had been
reported to demonstrate that no Fe-based sites were lost. The mechanism of micropore
flooding initially proposed by Dodelet’s group was further investigated by Choi et al. and then
by a second study from Dodelet’s group. 7 188 Choi et al. 18 first discussed what the initial
state of humidification of micropores might be in a Fe-N-C layer, and came to the conclusion
that the fully dry hypothesis of micropores proposed by Zhang et al. ¢’ is not in line with
experimental observations. For fully dry micropores (case 1 in Figure 21a), Fe-Ny sites located
in dry micropores cannot participate in the ORR because there is then no accessibility for
protons, needed for the ORR. The lack of path for protons also prevents the COR, and thus the
micropore would remain hydrophobic and free of water during operation, also preventing the
Fe-Ny sites located herein to participate in the ORR. The authors concluded that the only two
possibilities for the initial state of micropores is either “surface wetted” (case 2 in Figure 21a)
or flooded. Case 2 holds the benefit of allowing fast O, access via gas-phase diffusion and
some access for protons to the Fe-Ny sites located in micropores. It is then conceivable that a
switch from surface-wetted micropores to flooded micropores, as a negative outcome of
PEMFC operation, might drastically decrease the mass transport performance of highly
microporous Fe-N-C layers. BoT PEMFC polarisation curves at 100 and 60 % RH in O, and air
did however not result in improved mass-transport performance at lower RH, which would
likely be expected for case 2. The electrochemical capacitance value measured with Hz/N;
configuration of the MEA supported that the microporous surface area contributed to the
capacitive current, in turn supporting that the state of the micropores at BoT corresponds
either to the case 2 or to flooded situation. Distinguishing between these two hypotheses
cannot be achieved with cyclic voltammetry since in both cases, the electrochemical surface
area is the same. Instead, analysis of mass transport losses before and after PEMFC operation
was undertaken. The PEMFC was operated for 4 h at 0.4 V with Hy/Air and the polarisation
curves before and after the short durability test compared, with air cathode feed (Figure 21b).
188 The results show that a major kinetic loss occurred, which cannot be explained by a switch
from surface-wetted to flooded micropores. Moreover, the mass-transport properties do not
appear worse after the durability test, and even seem to be slightly improved in the air-fed
EoT polarisation curve (Figure 21b). These results clearly demonstrate that micropore flooding
is not the reason for decreased power performance during PEMFC operation of microporous
Fe-N-C. This was also supported by the lack of improvement after drying the MEA by feeding
dry gases while keeping the cell at 80°C for 5 h (Figure 21b). Choi et al. 188 concluded that the
micropores are likely flooded already at BoT. These two papers were then followed by a
second study from Dodelet’s group on their NH3-pyrolyzed Fe-N-C, agreeing with the above
conclusion from Choi et al. 188 that the performance loss cannot be due to micropore flooding,
and showing that the rate of performance loss was largely independent of the applied voltage
during the PEMFC durability test. From EoT Md&ssbauer spectroscopy, the loss of Fe-Ny sites
via demetalation was demonstrated, as discussed in section 2.6.2.

While micropore flooding is no longer considered an issue for the durability of Metal-N-C
layers, the water management in the cathode AL as a whole still is. Tracking differences in
water management and meso- or macropore flooding in the AL is however very challenging,
with very few studies having attempted achieving this. Water retention curves combined with
micro- and nano-X-ray computed tomography ex situ analysis for a fresh Fe-N-C AL were
reported for example by Normile et al. 18°. Operando micro X-ray computed tomography has
also been applied with a specifically designed PEMFC to investigate the location and content
of liquid water in operando at BoT for different Fe-N-C materials. 18191 Such methodology has
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not yet been applied to Metal-N-C cathodes aged in PEMFC in order to identify whether or not
changes in wettability occurred during operation. Very recently, neutron imaging has allowed
assessing the water content in operando PEMFC through the MEA including a Fe-N-C cathode,
easily differentiating the membrane and GDLs, and even the cathode AL (Figure 21c-d). °2 The
results showed higher water content in a PANI-derived Fe-N-C cathode than in a Pt/C cathode
under otherwise identical operating conditions. While this shows that BoT polarization curves
with Metal-N-C ALs can be limited by water flooding in some specific pores or locations in the
cathode (essentially causing O, mass-transport limitations), there is as yet no convincing
experimental evidence that the poor durability of Metal-N-C cathodes in operating PEMFC has
anything to do with changes in cathode wettability with operating time, concurring with the
conclusion in Ref. *°! Several attempts to recover the performance of Fe-N-C Als after
operation by drying-out methods before restarting the cell did not lead to any performance
recovery. 18> 188
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Figure 21. Nano and macroscale water flooding concerns in Fe-N-C ALs. a) Scheme for two possible cases of
micropores (pore width < 2 nm) in Fe-N-C catalyst at beginning-of-test, besides the case 3 of complete water
flooding. ¥ b) H,/air PEMFC polarisation curves with a Fe-N-C cathode before and after a 4 h hold at 0.4 V, and
also after drying-out process following the durability test. %8 ¢) Neutron imaging hardware and setup. *2 d) Water
thickness profiles through the MEA measured by neutron imaging for MEAs with Pt/C and PANI-Fe-C cathodes,
at OCV, 0.2 and 0.4 A-cm™ at 50 % RH. **? Figures a and b, reproduced with permission from Ref. 8. Copyright
[2017] Royal Society of Chemistry. Figures c and d, reproduced with permission from Ref. *°2. Copyright [2020]
Elsevier.
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2.7.2 Proton conductivity in the cathode active layer

Due to the thick cathode layers currently needed to maximize ORR activity and also power
performance in PEMFC with Metal-N-C cathodes, the conduction of protons and perhaps, in
specific cases or after severe aging, of electrons, may be an issue. Proton conduction may be
limiting already the BoT performance, but could be further limiting after durability testing due
to localized ionomer degradation in the cathode if ROS are produced in large quantities by
PGM-free active sites, or via cationic exchange of protons by transition metal cations as a
result of their leaching from Metal-N-C. These two mechanisms may also expand to some
extent in the PEM, not only being restricted to the cathode AL.

Chen et al. '8 investigated the durability in PEMFC of a Fe-N-C prepared from nano-ZIF-8. In
addition to the commonly observed drop in kinetic activity during operation, the authors
observed a continuous increase of the HFR with operation time, from 70 mQ-cm? initially to
108 mQ-cm? after 20 h operation at 0.4 V in H,/O, PEMFC (Figure 22a). Fe contamination in
the middle of the PEM was observed ex situ after the test (Figure 22b), while EIS in N2/H>
configuration was performed to evaluate the proton conductivity inside the cathode layer
(Figure 22c). The data confirmed the increase in HFR after testing (assigned to Fe
contamination of the PEM) but also revealed an extended 45° line at high frequency and
increased real part of the impedance at low frequency after testing, revealing that the proton
conductivity in the cathode layer decreased. This was also probably due to Fe contamination
and also, perhaps, due to ionomer degradation by ROS. According to theory for a perfect
capacitive behaviour of porous electrodes and taking into account proton conduction through
the electrode, the difference between the real part of the impedance of the vertical line that
should be seen at low frequency and the HFR value should be equal to L/(3ceff), where L is the
AL thickness and oeff the effective proton conductivity (assumed uniform through the layer).
142 While no clear vertical line is observed, possibly due to uneven ionomer distribution
through the layer and pore size distribution, '°* the data reported by Chen et al. '# clearly
suggests that the proton conductivity in the cathode layer decreased after the durability test.
The origin of performance loss over the entire scale of current density was then analysed with
a simple analytical mathematical model including a Tafel law for ORR, membrane resistance
and proton resistance in the cathode layer. The outcome is shown in Figure 22d, revealing the
prominent role of ORR activity loss but also of losses due to decreased proton conductivity in
the cathode layer and in the PEM, playing a role at high current density. 18 While this effect
will not necessarily take place for all Metal-N-C layers in PEMFC (not observed for example in
the work of Osmieri et al. %), it is an effect worth taking into account. One must keep in mind
also that for ZIF-8 derived catalysts, the residual amount of Zn after pyrolysis can be
significant, Zn being present as atomically dispersed Zn-Ny sites. These may leach during
PEMFC operation, contributing to a partial cationic exchange of protons by metal cations in
the cathode AL and/or elsewhere in the MEA.
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Figure 22. Effect of Fe contamination in the cathode layer and PEM during PEMFC operation. a) HFR value during
the durability test at 0.4 V in H,/O, PEMFC. b) Cross section SEM image of the MEA after durability test and EDXS
mapping for Fe. c) Nyquist plot of the EIS in Ho/N, MEA before and after degradation at 0.4 V in operating PEMFC.
d) BoT and EoT polarisation curve and deconvolution of the voltage loss into kinetic loss (yellow), Ohmic loss in
the cathode layer (blue) and in the PEM (purple). Figures a, b, ¢, and d, reproduced with permission from Ref. 18,
Copyright [2019] American Chemical Society.

2.7.3 O-transport resistance

Besides adversely affecting proton conductivity, *41° water uptake °7-1% and mechanical
toughness 2% of the ionomer/the membrane, the partial exchange of protons by metal cations
in the ionomer of the cathode (as discussed in section 2.6.2 for Metal-N-C catalysts) may also
increase the O,-transport resistance and thus lead to a drop of the cathode performance at
high current density. 126 195 201203 Thjg effect was first studied using conventional Pt-based
catalysts. Indeed, Co?* and Fe3* cations may be introduced in the PEMFC environment simply
by corrosion of the gas feed lines, stack and tubing components, auxiliaries, or stainless-steel
bipolar plates. For Pt-alloy catalysts, preferential dissolution of the non-PGM transition metal
from PtyM alloy NPs (e.g. PtCo/C used at the cathode of Toyota Mirai and Mirai 2) can further
increase this effect. 2°3 Once present in the PEMFC, these cations tend to accumulate on the
cathode side due to the potential gradient formed in the polymer electrolyte during PEMFC
operation, and thus an increase in current density will reinforce this trend. 294 The adverse
effects of metal-cation contamination was first studied by Okada et al. 12> using Pt electrodes
covered with a Nafion film that was previously contaminated with Li*, Na*, K*, Ca?*, Fe3*, Ni?*,
or Cu?* ions. The authors reported a ca. 40-60 % decrease of the ORR kinetic current for
contamination levels comprised between 0.1 and 1 % of all cationic sites comprised in the
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Nafion ionomer, which they related to a decrease of the O, permeability (diffusion coefficient
of O, times O, concentration) in the metal-cation contaminated ionomer. Similar observations
were made by Durst et al. 2% using Pt/C NPs, and Co?*-contaminated Nafion
ionomer|membrane. The authors used three different set-ups: (i) a Pt/C RDE|liquid
electrolyte interface, (ii) a Pt/C RDE|polymer]|liquid electrolyte interface and (iii) a Pt/C
ultramicroelectrode | Nafion |gas phase. Whatever the configuration, the O-diffusion limited
current density dropped with increasing contamination level. Chronoamperometric
measurements revealed that such decrease resulted from a combination of a decreased ORR
selectivity (increased % H,0,) and a decreased O, permeability in the contaminated ionomer.
Choi et al. **"observed lower diffusion-limited current density and a less sharp transition from
the kinetic domain to the diffusion-limited domain in RDE studies, after LC or SU/SD AST of a
Fe-N-C. These phenomena were assigned to Fe contamination of the Nafion ionomer in the
AL, reducing the O; permeability. Two approaches have been used to assess the effect of cation
contamination on the PEMFC performance: (i) either metallic cations are introduced (in liquid
electrolyte) at the anode/the cathode, or (ii) the MEA is deliberately spiked with cations before
being tested in a PEMFC. Using 10 wt. % Pt/Vulcan cathodes and 20 wt. % Pt/graphitized carbon
(0.05 mgp: cm™ at each electrode) and a perfluorosulfonated Nafion membrane in which 98 %
of the sulfonate groups were occupied by Co?* cations, Braaten et al. 2°° recently found that
the resistance to oxygen transport increased by a factor of 2 and 1.5 at 100 and 50 % RH,
respectively, in agreement with the modelling performed by Delacourt et al. 2°® The authors
proposed that cation contamination compresses the hydrophilic domains of the
ionomer/membrane as a result from reduced water uptake, increasing the tortuosity of the
0, diffusion path. These results are in line with former findings. 2% Such effects are certainly
important for the durability of PGM-free cathodes and deserve more experimental studies.

In summary for section 2.7, the flooding of micropores in Metal-N-C AL does not seem to
contribute to losses in performance over time when operating a PEMFC, implying it either
occurs very fast or does not occur at all. Decreased proton conductivity throughout the
cathode AL after PEMFC testing is sometimes observed (but not systematically), which can be
due to partial exchange of protons by metal cations, and/or chemical attack of the ionomer
and related decrease in ion exchange capacity. Contamination by metal cations can also affect
O, transport through the ionomer, but more experimental works are needed to conclude
whether this applies when operating Metal-N-C AL in PEMFC.

3. Degradation mechanisms of Metal-N-C oxygen reduction electrocatalysts in alkaline
medium

Besides acidic medium, of great relevance from both fundamental and industrial perspectives,
Metal-N-C catalysts have also proven to be highly-efficient for the ORR electrocatalysis in
alkaline medium, with electrocatalytic activity exceeding that of benchmark Pt/C NPs and
being durable. 100101, 179,208-216 Hish ORR activity mostly arises from the fact that both inner
and outer-sphere electron transfer mechanisms operate in alkaline medium, not in acid. 2’
Consequently, the structure-sensitivity of the ORR is less marked in alkaline than in acid
electrolyte. For example, in alkaline electrolyte Metal@N-C catalysts perform slightly better
than Metal-Ny sites (Metal = Fe, Co) formed upon inert-gas pyrolysis, 1°° while the opposite
trend was found in an acidic electrolyte when comparing the same set of materials. 2! Note
however that Metal-Ny sites formed upon NHs pyrolysis still outperform Metal@N-C catalysts
and are stable in alkaline environment. ¥’° In addition, Metal-N-C materials are tolerant to

53



anodic fuels 101,214,215, 218 3nd to common impurities present in reformed H; or in air 1° bringing
promises for the development of high-performance anion-exchange membrane fuel cells. 2%
222 |n this section, slightly moving away from the scope of this Review, we therefore present
the similarities but also the differences of degradation mechanisms of Metal N-C materials in
acid and alkaline media. Let us first underline that the same overarching degradation
mechanisms occur regardless of pH, however the details of the mechanisms, the extents of
degradation, and the effects on the ORR activity of Metal-N-C catalysts can differ in acidic and
alkaline media.

3.1 Demetalation in the absence of carbon corrosion and oxygen reduction reaction

Compared to acidic medium, demetalation in such conditions (only applying an
electrochemical potential) is expected to be a minor issue in alkaline electrolyte due to the
absence of protons. Moreover, metal cations that leave the Metal-Nx moieties will have a high
probability for reprecipitating as metal (hydr)oxides at high pH, and the loss of Metal-Ny sites
will not necessarily lead to a loss of total Metal content, but rather a partial or complete
transformation of the metal coordination from Metal-Nx to Metal-Ox. For example, using in
situ ICP-MS, Santori et al. 7° measured similar low amount of Fe leached in the electrolyte
during [0.6-1.0V vs. RHE—-100 mV s -5k —N;—RT] in 0.1 M KOH for two atomically dispersed
Fe-N-C materials pyrolyzed at 1050°C either under Ar or under NHs. This was in contrast to the
case in acid medium, where the NHs-pyrolyzed Fe-N-C material released much more Fe than
the Ar-pyrolyzed one. Because of its higher initial ORR activity, the Fe-N-C material pyrolyzed
under NHs therefore seems to be advantageous for operation in alkaline, combining high
activity and stability. Another study on demetalation in the absence of carbon corrosion and
ORR occurring in alkaline electrolyte was recently carried out by Ku et al. 2> Using a gas
diffusion electrode half-cell coupled with ICP-MS setup (GDE/ICP-MS), they reported that a
commercial Fe-N-C catalyst produced by Pajarito powder or a state-of-art Fe-N-C catalyst
featuring exclusively FeNy sites release only a low amount of Fe when AST is performed in Ar-
saturated 0.1 M NaOH. The Fe amount released for a same AST in O,-saturated 0.1 M NaOH
was however found to be 10 times faster (discussed in subsection 3.3). Similar to what has
been shown in acidic electrolyte, the leached Fe cations reprecipitate as Fe-oxides in alkaline
electrolyte, and local TEM images combined with point EDXS analyses revealed that the main
oxide species after AST was Fe(OH)s. 216

3.2 Bulk carbon oxidation reaction

Bulk COR is generally perceived as being much slower in alkaline than acidic medium. 24 As
shown by Yi et al., 22> the COR proceeds differently in acid and alkaline electrolyte. Oxidation
of a glassy carbon electrode in acidic media mostly leads to increased concentration in oxygen-
containing surface groups, leading to ring opening and thus propagation of COR to the bulk of
the carbon material. In contrast, in alkaline media, OH-species preferentially attack the edges
of the carbon crystallites until they become hydrophilic and delaminate. 22> The implication is
that apparent unmodified carbon structure of Metal-N-C electrodes after AST in alkaline
medium is not necessarily synonym with no structural degradation, because the oxidized
graphene sheets (containing Metal-Ny sites) can be nicely ‘peeled off’, creating a new clean
carbon surface and exposing to the electrolyte fresh Metal-Ny sites in graphene sheet that is
free of oxygen functional groups.
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Improved graphitization of Metal-N-C can however be advantageous for improved durability
in alkaline medium. Dominguez et al. ??° reported better durability for Fe-Ny sites and Fe-based
NPs dispersed into graphene-like carbon compared to multiwalled carbon nanotubes and
active carbon after [0.6 — 1.0 V vs. RHE — 50 mV s* — 3k — O, — unspecified T] in 0.1 M KOH. In
situ infrared reflection spectra detected CO; evolution at more positive potentials (E > 1.4 V
vs. RHE) for Fe-N-C catalyst based on graphene compared to carbon nanotubes (E > 1.3 V vs.
RHE) and activated carbon (E = 1.2 V vs. RHE). In line with these findings, Sharma et al. 2’
synthesized Co NPs supported onto carbon black using Co(acac),, a ligand that can release
carbon into metal lattice. The as prepared Co/C NPs were thermally annealed in an Ar
atmosphere at different temperatures viz. 500, 600, and 700 °C, leading to formation of a
graphene shell. Increasing the annealing temperature significantly attenuated the decrease of
the half-wave potential (1) after [0.6 — 1.0 V vs. RHE — 100 mV s! — 5k — 0, — 25°C] in 0.1 M
KOH. However, enhanced durability came at the expense of the initial ORR mass activity, as
shown by the lower ORR mass activity of materials annealed at 700°C.

3.3 Combined effects of electrochemical potential and oxygen reduction reaction

The more aggressive conditions of O, saturated electrolyte vs. inert-gas saturated electrolyte
observed in acidic medium seem also to apply in alkaline electrolyte. A study on the
comparative degradation of two Fe-NC catalysts in inert gas or O, saturated alkaline
electrolyte was recently carried out by Ku et al. 223 Using a gas diffusion electrode half-cell
coupled with ICP-MS setup (GDE/ICP-MS), they reported that a commercial Fe-N-C catalyst
produced by Pajarito powder or a state-of-art Fe-N-C catalyst featuring exclusively Fe-Ny sites
preferentially demetalate in the presence of oxygen in alkaline medium, in line with the
observations previously made in acidic electrolyte. 7> 1% The AST consisted in steps of
increasing current between 0 and -125 mA cm2ge, in Oz-saturated 0.1 M NaOH at RT. The same
AST was also reproduced in Ar-saturated 0.1 M NaOH using the values of potential
experienced by the Fe-N-C catalysts during the AST in O,-saturated 0.1 M NaOH (ca. 0.57 —
0.87 V vs. RHE). The amount of Fe being dissolved (ngre mg tre-n-c) was found to be 10 times
higher in Oz-saturated electrolyte vs. Ar-saturated electrolyte. However, a normalization of
the amount of dissolved Fe by the electrical charge that passed through each AST (ngre mg re-
nc C!) showed comparable dissolution rates. Discussing the possible degradation
mechanisms, the authors discarded the possibility that the Fe sites could be destabilized by
HO> (the dominant form of hydrogen peroxide in alkaline medium) or ROS. 222 They tentatively
ascribed the correlation between Faradaic charge and amount of Fe being released to the
instability of the oxygen-coordinated Fe atoms during the Fe?*/Fe3* redox transition, and to
the associated changes in coordination of the Fe cations.

While the four-electron selectivity is desired also in alkaline medium, to avoid hydrogen
peroxide and ROS formation, the attack by hydrogen peroxide and ROS is less severe in
alkaline medium because hydrogen peroxide is less stable in alkaline than in acid, and because
the nature of the ROS is different, with less of the most aggressive OH radicals and
predominantly more of the less aggressive®OOH and °H radicals during ORR in alkaline.
Wierzbicki et al. 22° showed using operando electron-paramagnetic resonance spectrometry,
that although °*OOH and °H radical species are produced at the cathode of AEMFC,
independently of the nature of the catalyst, these species are much less aggressive in alkaline
vs. acidic environment. The effect of the treatment of a Fe-N-C by hydrogen peroxide was
studied across the entire pH scale by Bae et al. °® and almost negligible deactivation was
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found after a treatment in a sufficiently strong alkaline electrolyte. This correlated to the
absence of the *DMPO-0OH adduct by electron-paramagnetic resonance (where DMPO stands
for 5,5-dimethyl-1-pyrroline N-oxide).

Also similar to what has been shown in acid electrolyte, Metal-Ny sites seem to maintain their
ORR activity better than zero-valent metallic NPs embedded in carbon layers. However, this
does not imply that Fe-Ny sites remain intact in alkaline medium but, on the contrary, there is
evidence that they partially transform over time. Mufundirwa et al. 23 first showed that a
fraction of single Fe atoms dispersed into a N-C matrix (NPC-2000 catalyst from Pajarito
powder) is transformed into Fe-based NPs after [0.6 — 1.0 V vs. RHE — 3s/3s — 60k — unspecified
atmosphere — RT], and that this transformation is accompanied by a negligible decrease of the
E1/2. In contrast, a 60 mV decrease of E1/2 was observed for a home-made catalyst containing
initially Fe-oxide and Fe-carbide NPs after the same AST. These findings were confirmed by
Sgarbi et al. 2% using two Fe-N-C catalysts comprising exclusively Fe-Ny sites or FesC@N-C NPs
(referred to as FeosRP and FesoRP, respectively in Ref. 2%). By combining Synchrotron XAS and
X-ray emission spectroscopy (XES), STEM, EDXS, and ICP-MS analyses, they showed that a
small fraction of the Fe was transformed into Fe oxide after [0.6 — 1.0 V — 3s/3s — 10k — 60°C]
AST performed in Oz-saturated 0.1 M NaOH. Nearly 50 % of Fe-Ny sites formed Fe(OH)s; while
some of the FesC@N-C NPs showed Fe(OH)s shell covering the FesC core (Fe(OH)s;@FesC@N-
C NPs). The amount of Fe being redeposited as well as the size/density of the Fe-oxide NPs
highly depends on the temperature, larger and more numerous Fe(OH)3 NPs forming at 25°C
vs. 60°C.

In contrast to the acidic medium, where Fe-oxide NP formed during AST have negligible ORR
activity, such decomposition products of Fe-Ny sites or metallic particles initially wrapped in
carbon layer, can contribute to some extent to the ORR activity in alkaline measured after AST
due to the non-negligible ORR activity of Fe oxide in alkaline. 23% 231 The operando formed Fe-
oxide particles can also possibly act in synergy with the untransformed Fe-Nx moieties,
translating into a mild change of the apparent activity of the electrode after the AST, despite
significant transformation of Fe speciation. 2% In contrast, Fe oxide shells on Fe@N-C core
were less active than the native Fe@N-C particles, and catalysts based on Fe@N-C sites
deactivated faster than those based on Fe-Ny sites upon potential cycling in Ar-or O;-saturated
alkaline electrolyte. 216

Analogous to the observation in acid medium, the higher stability/durability of the S2 site vs.
the S1 site seem also to apply in alkaline medium. The D2 site was found to be durable after
100 h operation in Hy/air AEMFC at 0.6 A cm™, while the content of the D1 site decreased by
ca. 30 %. 232 The loss in D1 content and the loss in cell performance was however much less
compared to the case of the loss observed in PEMFC for the same NHs-pyrolyzed Fe-N-C
catalyst, highlighting the advantage of high pH vs low pH for such PGM free materials. 232

4. Mitigation strategies

4.1 Mitigation of demetalation

4.1.1 Post-synthesis removal of unstable metal species

To avoid operando demetalation and associated negative effects on the proton conductivity
but also oxygen permeability in proton-conducting ionomers and PEMs, 12> 126 the acid-
unstable metal species in Metal-N-C catalysts can be selectively removed before their
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implementation in PEMFC. Acid wash is commonly used to selectively remove unstable and/or
inactive metal species in Metal-N-C material, before implementing them in the acidic and
oxidizing environment of a PEMFC cathode. 17233 Indeed, it is widely admitted that acid wash
removes inactive ORR species from Metal-N-C catalysts %4 but does not remove the most ORR
active sites, although such statement is contradicted by other groups. '8 234 Using online ICP-
MS, Choi et al. 1*® showed that the application of [0.0—1.0 V vs. RHE—=100 mV s*—0.1 k — Ar
— RT] in 0.1 M HCIO4 removed a significant amount of Fe from an Fe-N-C catalyst initially
containing both Fe-Ny sites and metallic Fe particles, without affecting the ORR activity. The
leached Fe was mostly assigned to metallic Fe and FesC particles, while most Fe-Ny sites
survived the 100 cycles. Importantly, the Fe leaching rate was very low if no CV was applied
and if the electrode was let at OCP, highlighting that a simple acid wash is not as efficient as a
CV between 0.0 and 1.0 vs. RHE in removing acid-unstable Fe. The reason for this is that the
OCP of Fe-N-C catalysts is typically > 0.7 V vs. RHE. At such potential, ferric (hydr)oxides can
be stable in acidic pH, in equilibrium with free ferric cations in solution, (see Figure 3c),
implying that leached Fe cations can partly reprecipitate on the catalyst in the form of ferric
(hydr)oxides. Such oxides can later pollute the Nafion ionomer and membrane during PEMFC
operation, when the cathode potential becomes lower than 0.7 V vs. RHE. An alternative acid
wash method including a reducing agent (SnCl,) was studied and found to be as efficient as
the 0.0 — 1.0 V vs. RHE CVs in removing the Fe. The addition of 10 mM SnCl; to 0.1 M HCI
lowered the OCP of the Fe-N-C catalyst from ca. 0.85 V vs. RHE to < 0.5 V vs. RHE, thereby
stabilizing free ferrous cations and allowing their removal during the filtration step. Other
reducing agents than SnCl, could be used to that end. Both the electrochemical acid-wash and
chemical acid-wash methods can therefore be efficient for removing inactive Fe before
implementation of Fe-N-C cathode and catalysts in PEMFC, but it is important to make sure
the environment is in sufficiently reducing conditions to avoid reprecipitation of ferrous
cations as ferric (hydr)oxides on the catalyst/cathode. For Mn, Co or Cr-N-C catalyst, such
precaution should not be needed, since their Pourbaix diagrams indicate that the divalent
cation is the only stable form in acidic pH between 0 and 1.0 vs. RHE (Figure 3). The removal
of zinc (Zn) in a final synthetic step might also be important for Metal-N-C catalysts derived
from ZIF-8 and other Zn-based MOFs. The presence of a significant amount of Zn as Zn-Ny sites
in Metal-N-C catalysts derived from Zn-rich MOFs could be harmful in PEMFC operation, Zn
being much prone to demetalation in acid medium. Zn can be removed by appropriate heat-
treatments, due to the low boiling points of Zn (907°C) and of ZnCl, (732°C). For example, Jiao
et al. 2 observed that the Zn content in Fe-N-C prepared via CVD of FeCl; decreased drastically
between 650 and 750°C, assigned to the removal of Zn from Zn-Ny sites as ZnCl; vapour. In
any case, similar poor durability was observed in PEMFC for the as-pyrolyzed and acid-washed
Fe-N-C samples, indicating an intrinsic poor durability of the Fe-Nx active sites, and that poor
durability is not an indirect consequence of the leaching of less active or inactive Fe species.
The removal of acid-unstable transition metals from Metal-N-C catalysts before
implementation in PEMFC is therefore a necessary step for durable MEAs, but not a sufficient
one.

4.1.2 Chemical modification of Metal-Nx environment

The stability of Metal-Nx sites strongly depends on their local environment. This is well
illustrated by Seo et al. 1”3 who reported that a Fe-Pc modified with thioester groups (Fe-SPc)
features a slightly lower ORR activity than Fe-Pc but much improved durability in 0.1 M HCIO4,
with only 20 mV decrease in the Eq/; of Fe-SPc compared to ca 400 mV for FePc after a load
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cycle AST in RDE [0.0 — 1.0 V vs. RHE — 0.1k — O, — 25 °C] (Figure 23a-b). based on DFT
calculations, the authors argued that electron-donation from thioester groups to Fe cations in
Fe-SPc depreciates their TOF but enhances their stability in acid media (Figure 23c). It was
suggested that an electron charge accumulation on the Fe cation in Fe-N4 active site can
reduce the demetalation process occurring during the ORR. Alternatively, a steric effect
introduced with the thioester groups might have prevented the fast protonation of the Fe-Na
sites.
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Figure 23. Correlation between the electronic and chemical composition of the carbonaceous environment,
the electron density at the Fe-N, centre, the ORR activity and durability. ORR polarization curves of Fe-Pc/C a)
and Fe-SPc/C b) before and after AST [0.0 — 1.0 V vs. RHE — 0.1k — O, — 25 °C]. The potential scan rate was not
specified by the authors. 173 ¢) electron density on Fe-Pc and Fe-SPc. 3 d) Effect of electron-withdrawing and
electron-donating groups on the kinetic activity of Fe-N-C catalysts. 23° e) Relationship between the adsorption
energy of ORR intermediates and the d-band centre of the Fe cation in Fe-Ng4. 23° f) Kinetic current density at 0.7
V vs. RHE before and after [0.9 — 1.1 V vs. RHE — 3 k — unspecified atmosphere — 25 °C]. 2 Figures a, b and c,
reproduced with permission from Ref. 173, Copyright [2014] Royal Society of Chemistry. Figures d, e and f,
reproduced with permission from Ref. 23°, Copyright [2019] American Chemical Society.

By incorporating and controlling the ratio of electron-withdrawing and electron-donating
functions on the carbon plane of a Fe-N-C material, Mun et al. 2> proposed a new strategy to
increase both its ORR activity and stability (Figure 23d). Several sulphur-doped Fe-based
catalysts were prepared using different concentrations of dibenzyl disulphide precursor. XPS
analysis revealed that two main chemical sulphur structures coexist in the sample, namely
thiophene-like S (C-S-C) and oxidized S (C-SOx). While, thiophene-like sulphur-groups promote
the electron enrichment of the carbon plane, increasing the energy of the d-orbital of the Fe
cation in Fe-N4 sites and thus increasing the adsorption of ORR intermediates, the oxidized
sulphur groups lead to an opposite effect (Figure 23e). Therefore, the authors claimed that
oxidized sulphur groups with electron-withdrawing property promoted the ORR activity
whereas the thiophene-like sulphur functions reduced it, due to their electron-donating
property. To reach the highest ORR activity, the sulphur doping level and ratio of oxidized-S /
thiophene-like S was optimized and found to be at 0.24 at. % S with the highest oxidized-S /
thiophene-like S ratio for the Fe-N-C-S-MSUFC-2 material. Moreover, this catalyst exhibited
improved stability to other catalysts in the study, losing only 19 % of its initial activity after 3k
cycles between 0.9 — 1.1 V vs. RHE (Figure 23f). These results on model phthalocyanines and
also pyrolyzed Fe-N-S-C catalysts show that it is possible to tune the TOF of Fe-N4 sites and
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also their durability by chemically modifying the carbonaceous environment. This modifies not
only the electron density at the Fe centres, but also possibly the COR on the carbon matrix.
More theoretical and experimental work is needed on Metal-N-C materials doped with other
elements such as S, P for tuning the TOF and durability of Metal-N4 active sites.

4.2 Mitigation of surface and bulk carbon corrosion

As already discussed in section 2.3, mild corrosion of the carbon matrix yields formation of
oxygen-containing surface groups, depletion of the delocalized m electrons and drop of the
TOF of the Metal-Nx moieties. 3 More severe carbon corrosion leads to a decrease of the pore
volume and of the pore diameters, 236 to increasing hydrophilic character 237-23° and to the
destruction of the Metal-NxC, active sites. The COR is thermodynamically possible from 0.2 V
vs. SHE but kinetically slow, 12° hence COR is a severe problem during start/stop periods during
which the local cathode potential can reach as high as 1.5 V vs. RHE. 29 Former studies on Pt/C
catalysts have shown that graphitic carbon supports are the most robust towards carbon
corrosion due to lower content of structural defects, onto which corrosion initiates. 12°
Increasing the degree of graphitization of Metal-N-C materials is therefore a promising
solution to improve their durability. 2*° As more graphitic materials are also more
hydrophobic, this approach also reduces the probability of flooding the cathode AL. 4% 61
Nevertheless, increased degree of graphitization requires temperatures comprised between
1700 and 3000°C, ?** which are detrimental to the surface concentration of pyridinic- and
pyrrolic-N 6% 242 (eventually leading to a drop of the TOF), and to the atomic dispersion
(aggregation of the transition metal atoms leading to a drop in ASD value). The right trade-off
between durability (more graphitic structure i.e. low specific surface area) and mass activity
for the ORR (high ASD + high TOF) must therefore be found.

Wu et al. 1>3 prepared different PANI-based Fe-N-C catalysts, with different carbon supports
such as Vulcan XC-72, BP-2000, KJ-300J and multiwall CNTs, and reported that the CNTs-based
MEAs were the most stable after [0.4 V — 500 h — O,— 80 °C] (Figure 24). This was confirmed
by Xia et al. ** who directly grew CNTs doped with Fe-Ny sites and tested their stability with
[0.9—-1.4V vs. RHE - 50 mV st — 500 cycles — N, — unspecified T] AST protocol.
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Figure 24. Fuel cell performance of PANI-Fe catalyst obtained using MWNTs and Ketjenblack as supports: (a)
initial polarization plots, (b) life tests. Cell temperature 80°C; anode — 0.25 mg cm™ Pt on a woven-web GDL (E-
TEK), 30 pounds per square inch gauge (psig) H,; cathode — catalyst loading 4.0 mg cm?; Nafion® 1135 membrane.
Figures a and b, reproduced with permission from Ref. 1>3, Copyright [2009] The Electrochemical Society.
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Similarly, using a series of Fe-N-C materials prepared by wet-impregnation process of a non-
microporous carbon support with various amounts (7-90 wt. %) of an Fe porphyrin (Cl-
FeTMPP) followed by thermal treatment at T = 950 °C in Ar atmosphere during 30 min,
Charreteur et al. 2*? showed that the durability of Fe-N-C catalysts increased with the amount
of Fe precursor and this was correlated to the increasing graphitic character of the carbon
matrix. The material prepared from 66 wt.% CI-FeTMPP showed no loss of performance over
15 h of PEMFC operation and higher ORR activity than materials prepared with higher amounts
of Fe precursors. Counterintuitively, the more durable electrocatalyst released a large
quantity of peroxide species (25-35 %) during the ORR, as measured by RRDE. These
observations can be explained from different hypotheses: i) highly graphitic carbon is less
sensitive to ROS and COR; ii) the peroxide species were quickly transported away from the AL;
iii) the Fe-based active sites were core-shells of FesC@C with no surface Fe present (and thus
no ROS produced via direct contact between Fe cations and H,05).

4.3 Mitigation of peroxide and reactive oxygen species effects

While all 3d transition metal cations produce some amount of ROS (mostly *OH and *OOH
radicals) when contacted by H,0, in acidic medium, 14244245 the amount and oxidative power
of ROS on Metal-N-C catalysts might be mitigated by resorting to a metal different from Fe for
the Metal-N4 sites. For achieving combined high durability and high activity, the alternative
Fe-free Metal-N, site should however simultaneously achieve i) comparable ORR activity to
Fe-N4 sites, ii) high selectivity for 4-electron ORR and iii) decreased production of ROS (or
production of less oxidizing ROS) when contacted with a given amount of H,0,. For example,
achieving iii) without achieving ii) would likely result in little to no improvement in durability,
since more H,0, would be produced per unit of time (PEMFC operating at a constant current
density) on the Metal-N4 site vs. Fe-N4. While Co-N-C and Mn-N-C catalysts are typically less
active towards the ORR than Fe-N-C catalysts and also produce more H,0; during ORR 127: 246,
247 their degradation rate during PEMFC operation is significantly lower than that of Fe-N-C
catalysts (see e.g. Figure 4 in Ref. °°). This can be assigned to the lower reactivity of Co?* and
Mn?* cations with H,0,, which is explained by the much higher redox potentials for Mn3*/Mn?*
and Co3*/Co?* relative to H,0,/°0H, while the redox potential of Fe3*/Fe?* is slightly below that
of H,0,/°OH (Equations 17-20):

H202 + H* + e <> *OH + H,0 E°=0.88V vs. SHE (17)
Fe3t + e~ & Fe?* E°=0.77 V vs. SHE (18)
Mn3* + e~ & Mn?* E°=1.54V vs. SHE (19)
Co3t + e~ © Co?t E°=1.92V vs. SHE (20)

While the redox potentials of metal cations in Metal-N4 sites may differ somewhat from those
of free cations, the trends should be unchanged. Below, we review the results and
understanding gained on Co-N-C and Mn-N-C catalysts and compare to Fe-N-C catalysts.
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Secondly, we discuss different strategies to mitigate the negative effect of ROS, namely dual
metal atom catalysts (DMACs), and ROS scavengers. Finally, we deal with recent efforts
targeting selective formation of durable Fe-Ny sites.

4.3.1 Single-metal atom catalysts

4.3.1.1 Co-N-C catalysts

Co-N-C catalysts were identified some years ago as the second most active sub-class of Metal-
N-C materials, typically ca one-order-of-magnitude less active than Fe-N-C, but also typically
with a lower Tafel slope than Fe-N-C materials, leading to comparable initial performance in
PEMFC at U = 0.4-0.5 V. ?*8 The peroxide production during ORR is usually higher on Co-N-C
compared to Fe-N-C catalysts (e.g. 1.0-1.5 % H,0, depending on the potential on Co-N-C and
ca. 0.5 % H,0; on Fe-N-C in Ref. 2%, as measured at a catalyst loading of 0.6 Mmgpowder cM™2).
The low selectivity of Co-N4 sites is intrinsic to its low OOH binding energy, favouring
protonation of OOH and desorption of H,0; rather than O-O bond splitting. This trend is the
same as observed with metal-phthalocyanines, where Co-phthalocyanines usually reduce O;
by only two-electron. Note also that H,0, production strongly depends on the catalyst loading:
indeed, a Co-N-C catalyst comprising only Co-Ny sites was recently shown to be highly selective
for 2-electron ORR at a loading of 0.1 mgpowder M2, With potential application for H,0;
electrochemical synthesis. 15> 169 249 Hence, high selectivity for 4-electron ORR reported in
some instances in acid medium for Co-N-C catalysts 2*® might be due to high catalyst loadings
and cascade reactions leading to peroxide decomposition and/or further electro-reduction
rather than direct 4-electron ORR. 4¢

Nevertheless, although Co-N-C catalysts with Co-Ny sites do not match the criterion ii) stated
in the introduction of section 3.3 (high 4-electron selectivity), they result in lower rates of ROS
formation during ORR relative to Fe-Ny sites, due to their lower activity towards Fenton’s
reaction. Indeed, when contacted by given amounts of H,0; in ex situ conditions (no
electrochemical potential applied), a model Co-N-C catalyst comprising only Co-Nx sites
suffered from distinctly less deactivation than the model Fe-N-C catalyst prepared identically,
except for the nature of the metal (Figure 25a-b). 3> For example, Figure 25a shows that after
treatment with 2 x 102 moles H,0, per mg of catalyst, ca 60% of the Co-N-C catalyst mass
could be recollected after the filtration, while no Fe-N-C could be recollected. This can be
assigned to carbon loss and/or to the breaking of carbon agglomerates into small carbon
particles, becoming small enough to pass through the filter. The fluoride content released by
a piece of Nafion membrane immersed in the peroxide + Metal-N-C solution was used as
another indicator for the amount of ROS produced during the treatment, highlighting ca 2x
lower fluoride concentration after peroxide treatment of the Co-N-C vs. the Fe-N-C (Figure
25a). This in turn suggests less ROS were produced on Co-N-C thereby fulfilling the criterion
iii) stated at the inception of section 3.3.

Assuming that ROS-induced carbon corrosion 7° controls the long-term durability of Metal-N-
C catalysts, the differences in selectivity and ROS production therefore seem to favour Co-N-
C vs. Fe-N-C, and a benefit can be derived from this. This has been proven by Cheng et al. 2*°
who developed two materials based on single Co or Fe atoms embedded into N-doped carbon
nanofibers (CoP-N/CNFs and Fe-N/CNFs, respectively). CoP-N/CNFs evidenced much better
durability than Fe-N/CNFs after [0.6 — 1.0 V vs. RHE — 10k — Oz — 25 °C] in 0.1 M HCIO,.
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Specifically, a 34 mV negative shift of E1/, was reported for Co-N/CNFs to be compared with
59 mV for Fe-N/CNFS. Similarly, Xie et al. #*° reported that the drop in current density of a
PEMFC polarized at 0.7 V for 100 h with 1.0 bar H; on the anode and 1.0 bar air on the cathode
was significantly lower for a Co-N-C cathode than for a Fe-N-C cathode (20.5 and 46.8 % drop,
respectively). COz-emission rate measurements at the outlet of a PEMC cathode, showed
more pronounced increase for Fe-N-C vs. Co-N-C after the gas fed to the cathode was switched
from N; to O at a cell voltage of 0.3 V, and decrease of the CO, emission rate after switching
back to N,. Moreover, increased demetalation was observed for Fe- vs. Co-based cathode in
the same study.

To compensate for the lower mass activity of Co-N-C vs. Fe-N-C materials, synthesis strategies
should be developed in particular those promoting an increase in ASD. An illustration of this
can be found in the recent work of He et al. 2> who pyrolyzed Co-doped ZIF nanocrystals
precursors coated with a surfactant layer at 900°C under nitrogen flow. According to the
authors, the decomposition of the surfactant leads to a graphitized shell with high N content
covering the ZIF-pyrolyzed nanocrystals. Pluronic 127 (M = 12600 g mol?) proved to be optimal
to maximize the ORR activity (E1/2 values of 0.95 and 0.85 V vs. RHE for Co-N-C@Pluronic and
state-of-the-art Fe-N-C, respectively). Moreover, better 4-electron selectivity, and enhanced
durability were observed during [0.6 — 1.0 V vs. RHE =50 mV st =30k — O, — 25 °C] and [0.7 or
0.85 V vs. RHE — 100 h — 0> — 25°C] in 0.5 M H,S04. In a follow-up paper, ?*° the same group
used a ligand-exchange strategy in which Co(acac)s@ZIF-8 was converted into Co(mIm)s@ZIF-
8, and then pyrolyzed. Co-N-C catalysts synthesized with acac or mim ligands both contained
1 at. % Co but the material synthesised by the ligand exchange procedure had a comparable
ORR activity than a reference Fe-N-C. Interestingly, the ORR activity dropped only by 11 % at
0.85 V for Co(mIm)—NC(1.0) after [0.6 — 1.0 V vs. RHE — 50 mV s! — 10k — O, — 25°C], much less
than that for Fe(mIm)—NC(1.0), which degraded by 47 %. The choice of the ligand also has a
very important role on the ORR selectivity of Co-N-C catalysts since, at identical Co atomic
content, the H,0, yield was as low as 2 % at all potentials with the mIm ligand. This value was
3 to 4 times lower than that observed on the Co(acac)-NC material (4-8 % H,0,, depending on
the electrode potential). These results suggest that it is synthetically possible to modulate the
selectivity of Co-Ny sites, by playing with the ligand used during the synthesis of the doped
MOF. Alleviated Fenton reactions on Co-N-C or bimetallic (Fe, Co)-N-C materials 2°? is thus a
promising approach to synthesize efficient and more durable Metal-N-C catalysts.
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Figure 25. Comparative durability of Co-N-C, Mn-N-C and Fe-N-C catalysts. a-b) Effect of ex situ peroxide
treatment in acid. a) Top: Relative mass of catalyst recollected after each H,0, treatment (in amount ranging
from 5x10 to 2x10"2 moles H,0; per mg of catalyst) + filtration + drying; bottom: concentration in the filtrate of
fluoride ions released by the Nafion membrane immersed in solution during the H,0, treatment 3> ; b) current
density measured in PEMFC at 0.5 V (top) or 0.8 V (bottom) for the pristine catalysts at beginning of life or after
break-in, and for the catalysts treated with 2:107 or 1072 mol H,0, mg™. 3> ORR polarisation curves for c) single
Fe or d) Co atoms embedded into N-doped carbon nanofibers (Fe-N/CNFs and CoP-N/CNFs, respectively) before
and after [0.6 — 1.0 V vs. RHE — 10k — O, — 25 °C] in 0.1 M HCIO4. 2°° Structure and compared durability in PEMFC
of Mn-N-C and Fe-N-C catalysts. e) Aberration-corrected high-angle annular dark field scanning transmission
electron microscopy image and associated electron energy loss spectrum of 20Mn-N-C catalyst. The red circle
shows the atomic site where the spectrum was recorded. f) Current density normalized to the t =0 current density
for 20Mn- and 20Fe-N-C catalysts during a 100 h hold at 0.8 V vs. RHE, in O,-saturated and acidic media at 25 °C
9, A short potential cycling between 0.0 — 1.0 V was applied every 20 h during the 0.8 V hold, partially restoring
the activity. Figures a and b, reproduced with permission from Ref. 3°. Copyright [2015] The Electrochemical
Society. Figures c and d, reproduced with permission from Ref. 2°°, Copyright [2017] American Chemical Society.
Figures e and f, reproduced with permission from Ref. ®>. Copyright [2018] Nature.
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4.3.1.2 Mn-N-C catalysts

Similar to Co cations, Mn cations are potentially less prone to react with H,0, to form ROS. 23
Recently, Wu’s group reported on a ZIF-8 derived Mn-N-C catalyst with 3.0 wt. % of Mn
featuring mostly atomically dispersed Mn-Ns moieties %> (Figure 25f). The ORR activity
measured by RDE in acid medium for the optimized 20Mn-N-C material (20 is atomic percent
of Mn against total metal during the synthesis of Mn-doped ZIF-8 precursors) showed a Ej/; of
ca. 0.8 V vs. RHE, only slightly lower than that of a reference 20Fe-N-C material and higher
than that of a reference 20Co-N-C material. Its selectivity towards 4-electron ORR (ca 2 % H,0;
only) approached that of the 20Fe-N-C reference and was higher than that of the 20Co-N-C
reference. The 20Mn-N-C catalyst was also slightly more durable than 20Fe-N-C after AST [0.6
—1.0Vvs. RHE =50 mV s =30k — O2 — 25°C] in 0.5 M H,S04, or upon polarization at [0.8 V vs.
RHE — 100 h— 0, — 25 °C] in 0.5 M H,SO4 (Figure 25f). The initial performance of the 20Mn-N-
C-catalyst was also investigated in PEMFC and showed peak power density of ca. 0.45 W cm™
in O, only slightly lower than that of 20Fe-N-C (ca. 0.51 W cm™). The current density at 0.6 V
and above was however significantly lower for 20Mn-N-C vs. 20Fe-N-C, assigned to a lower
ORR kinetics.

In their second study on Mn-N-C materials, Wu'’s group successfully increased the ORR activity
and initial performance of Mn-N-C by modifying the synthesis, resorting to aqueous acidic
conditions for preparing the Mn-doped ZIF-8 catalyst precursor, then adopting a two-step
doping (of both Mn and N precursors) and pyrolysis strategy (first pyrolysis at 800°C followed
by a second pyrolysis step at 1100°C). Acidic conditions prevented the formation of Mn oxides.
The best performing material, labelled Mn-N-C-HCI-800/1100, showed a E1/,0f 0.815 V vs. RHE
in RDE. High durability similar to their first report was observed, with only 14 mV loss in E1;
after AST [0.6 — 1.0 V vs. RHE—50 mV st — 30k — O, — 25°C] in 0.5 M H,SO4. It was also related
to the increased resistance to carbon corrosion, evidenced by minimized change in
electrochemical capacitance before and after AST. 2°* Much improved performance in H>/0O>
PEMFC was reached with Mn-N-C-HCI-800/1100 of that study compared to 20Mn-N-C of their
previous steady, with ca. 0.6 A cm™ at 0.6 V and peak power density of 0.6 W cm™. Also, in
Ha/air PEMFC initial test, the high peak power density of 0.39 W cm™ could be achieved, which
is at par with the state-of-art of any PGM-free cathodes in PEMFCs. A 160 h durability test in
PEMFC was performed at 0.65 V. The current density at 0.65 V after 160 h was only ca 37% of
the initial one (Figure S26 in Ref. 2°%). In comparing the retained current density over the first
16 h of test, the cathode based on Mn-N-C-HCI-800/1100 lost only 20 % of its initial current
density, while a similarly prepared Fe-N-C lost 44 % of its current density (Figure 6f in Ref. 254).
These losses in performance at 0.65 V may however be the result of changes in ORR kinetics
and mass-transport. The change in ORR kinetics could not be assessed, as the initial and final
polarisation curves before and after test were not reported in that study, impeding a detailed
analysis of the reason for the decayed performance at 0.65 V. In summary, despite progress
in the activity and durability of Mn-N-C vs. Fe-N-C, the durability is still a major issue, with
significant performance decay over only 160 h of test, well below the industrial targets for
PEMFC application. Further fundamental works on Mn demetalation rate, and the occurrence
or not of ROS during ORR on Mn-N-C materials would be of interest for further understanding
and comparison to Co-N-C and Fe-N-C materials.
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4.3.2 Dual-metal atom catalysts

The interest for DMACs arises from cytochrome c oxidase, an enzyme that contains an a3-CuB
site facing a Fe-heme and which is the catalyst designed by nature to reduce O3 into H,0. 2*°
By definition, DMACs contain catalytic sites that involve two metal atoms in proximity, acting
synergistically to optimize the binding energies of reaction intermediates 2°® or to facilitate
the 0-O bond scission. 2>’ The ORR activity of DMACs closely depends on the chemical nature
of the metal elements, their arrangement and orientation with respect to each other, the total
number of valence electrons in the dimer, their electronegativity, and the radius of the
embedded transition metal. 2°8 Besides the promises of enhanced ORR activity, DMACs also
theoretically offer the possibility to switch the adsorption mode of O, from superoxo-like to
peroxo-like configuration (bonding to two adjacent metal atoms so that more electrons are
donated into the empty orbital of 02). 2°% 260 This could reduce the production of H>0 during
ORR and thus decrease the contribution of the ROS-induced carbon corrosion mechanism (see
section 2.6). The two metal atoms can either be co-located in the same graphene sheet and
form a metal-metal bond (adjacent in-plane) or be linked through an oxygen or nitrogen
heteroatom (in-plane bridged), or be located in two different graphene sheets but at atomic

proximity (co-facial). The interested reader is referred to recent Review articles on DMACs. 6%
262

Characterizing pristine DMACs is challenging, and gaining insight into their degradation
mechanism is even more challenging since atomic resolution before and after AST must be
reached. Little work has yet been reported specifically on DMACs stability/durability in PEMFC
or RDE conditions. Ye et al. 23 succeeded in preparing and characterizing a series of Fex-N-C
materials featuring exclusively mono- (Fei), bi- (Fez) or tri-nuclear-Fe atom sites (Fes)
according to STEM-HAADF and XAS characterization. The highest initial ORR activity was
observed for the Fe,-N-C catalyst. However, the Fei-N-C catalyst was found to be the most
durable catalyst after [0.6 — 1.0 V vs. RHE — 50 mV st — 20k — O2 — RT] in 0.5 M H2S04, and the
lower durability of the other two materials was assigned to a decrease of the number of Fe-
Fe bonds. This degradation mechanism is unique to DMACs, and therefore distinct from those
discussed previously in this Review. Wang et al. 2% prepared a bimetallic FeCu-N-C material,
inspired from the co-facial Fe-Cu structure of cytochrome c oxidase. No XRD peaks for Fe and
Cu crystallographic phases were observed, and the parent Cu-N-C material had much inferior
ORR activity to the FeCu-N-C and parent Fe-N-C materials. However, FeCu-N-C and Cu-N-C had
improved H,0; reduction activity over Fe-N-C. This is in line with an earlier work reporting
similar H,0; reduction activity for Fe-N-C and Cu-N-C in acid for another DMAC (poorly
structurally characterized at that time, and probably comprising not only Metal-Ny sites), while
Cu-N-C had negligible ORR activity vs. Fe-N-C. °® In Wang's study, a lower decrease of Ey; after
10k cycles in Oz-saturated 0.1 M HCIO4 electrolyte (unspecified potential range, scan rate, and
temperature) was observed for FeCu-N-C compared to the parent Fe-N-C and a benchmark
Pt/C. A FeCu-N-C material prepared differently was also reported by Du et al. 25°. The FeCu-N-
C catalyst showed a mitigated ORR activity decrease when subjected to [0.4 V vs. RHE-10 h—
02-25°C]in 0.5 M H2S04 and in 0.1 M KOH than a commercial 20 wt. % Pt/C. Maybe the most
promising DMAC was a FeCo-N-C catalyst synthesized by Wang et al. 26 using a guest-node
strategy and starting from a Zn/Co MOF. In RRDE, the ORR activity of the FeCo-N-C catalyst
was higher than that of a commercial 20 wt. % Pt/C while its 4-electron selectivity was
comparable (comparison made at fixed metal loading, Fe+Co for FeCo-N-C and Pt for the
benchmark Pt/C, hence implying a thinner film for Pt/C due to the higher metal wt. % on
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carbon for the latter). The peroxide amount was also lower than that measured on the parent
Fe-N-C and Co-N-C catalysts. No change in ORR activity was noticed after [0.6 — 1.0 V vs. RHE
— 50 mV st =50k — 0, — RT] in 0.1 M HClO4 for the FeCo-N-C catalyst. A negligible change in
PEMFC voltage was observed after 100 h test at constant current density (0.6 or 1.0 A cm™)
under Hy/air on FeCo-N-C, and no change was noticed in its EXAFS and XANES spectra after
the AST. The high ORR activity and selectivity to the 4-electron path were attributed to a
stronger O3 binding and a more facile O-O bond cleavage on FeCo-N-C than the parent
catalysts. A FeCo-Nx-C catalyst with a FeCoNs active site structure was recently synthesized by
Xiao et al. 26’ using Fe(acac)s and a Zn/Co bimetallic MOF. Higher ORR activity and lower H,0,
yield were observed on FeCo-Nx-C compared to the parent Co-Nx-C and Fe-Nx-C catalysts. The
ORR current decreased by only 6 % after [0.85 V vs. RHE — 0.55 h — O, — RT] in 0.1 M HCIO4
(the AST was not performed on the parent catalysts). Similarly, a FeNi-N-C catalyst synthesized
by Zhou et al. 28 outperformed the parent Fe-N-C in terms of ORR activity and H,0; yield. The
FeNi-N-C catalyst was also more stable, with only 12 mV negative shift of E1/; after [0.66—1.06
V vs. RHE — unspecified scan rate — 5k — N; — RT] in 0.1 M HCIO4, compared to 25 mV for the
parent Fe-N-C. Finally, CoZn-N-C catalysts were synthesized by Zang et al. ?°° and Lu et al. %7
The CoZn-N-C material of Zang et al. exhibited a 35 mV positive shift of E1/, compared to a
commercial Pt/C. Moreover, there was only 12 mV decay in Ey; after [0.6 — 1.1 V vs. RHE —
50 mV s — 10k — O, — unspecified T] in 0.1 M HCIO4, and only 15-20 mV degradation of the
PEMFC voltage was noticed after [0.4 A cm™2 — H,/0, — unspecified T]. Similarly, no change of
the PEMFC voltage was noticed for Lu’s CoZn-N-C material after [0.5 A cm? -8 h — 0, —
unspecified TJ.

4.3.3 Reactive oxygen species scavengers

Due to the low selectivity of some PGM-free active sites (Metal-Ny sites, M@C sites or nitrogen
functional groups on the remainder of the N-C surface), the amount of H,0, produced locally
in the AL may be much higher than in Pt-based layers, and the propensity for H,0, to form
ROS with 3d transition metals is also higher than with Pt. This is why solutions are needed to
i) promote the reduction or decomposition of operando formed H;0, and ii) mitigate the
adverse effects of ROS.

In the acidic medium of PEMFC, there are however no known PGM-free catalysts that are
stable and that can efficiently electro-reduce H,0; to water. The addition of relatively low
amount of Pt to Fe-N-C was studied by Mechler et al. in 2018, 2% in an attempt to provide
improved H,0; to water activity to an Fe-N-C catalyst. Amounts of Pt salt were impregnated
on the Fe-N-C to resultin 0.5, 1 or 2 wt. % Pt, and treated at 560°Cin 5 % H; in N; for forming
Pt NPs. The resulting Pt/Fe-N-C hybrid catalysts showed, surprisingly, no improved activity for
peroxide reduction (Figure 26a), and no improved ORR activity. This was explained by the lack
of CO stripping signal both before and after the PEMFC durability test, indicating the absence
of gas-phase accessible Pt surface. Despite the failure to prepare a Pt/Fe-N-C hybrid with
improved H,0; reduction activity vs. Fe-N-C, the PEMFC durability of Pt/Fe-N-C with 1-2 wt. %
Pt was greatly improved vs. Fe-N-C, (Figure 26b) with no significant loss even after 180 h of
operation for the 2wt. %Pt/Fe-N-C hybrid. The reason for the electrochemical inaccessibility
of the Pt particles and for the stabilization effect in these Pt/Fe-N-C hybrids remained however
speculative.

66



T T T T
a Pt, Fe, d )
1.5+ = E
€
— 5 o-
T1.04 Fe, d <
'\\:: H: Fe E o —Fe, d i
- [ —— H,-Fe, d
0.5 . —Pt, Fe, d
-4 4 == 46% PY/C -
0.0 T T T : T ¥ T T T T
0 10 20 30 40 5( 00 02 04 06 08 10 12 14
Duration/ h Evs.RHE/V
e 02
o
.l d
O 004 =
<
E 0.2
£
2 04
3]
o —Pt(111)
5 08 1.0-Fe,0/Pt(111)
= —— 1.6-Fe,0/Pt(111)
3 081 —3.2-Fe,0/P(111)
—6.4-Fe,0,/Pt(111)
10 T y T T
0.0 02 04 06 08 1.0
Potential (V vs. RHE)
1.0 ——r——r T
e 4 thickness of the Fe,0,
&« 989 Exponential fit
£
o
< 61
E
- 04
©
<
o 021
A
0.04 oA
4 0 1 2 3 4 65 6.7 8 9 10
== 5.0nm overlay thickness (nm)

Figure 26. a) Hydrogen peroxide reduction and oxidation in N,-saturated 0.1 M HCIO4 with 3 mM H,0, at 1600
rpm. b) Current density in PEMFC at 0.5 V (normalized by the current density at t = 0) as a function of time. c)
STEM-EDXS characterization of a single core-shell Pt@FeOy particle in the Pt/Fe-N-C hybrid catalyst with 2 wt. %
Pt; d) CVs in O,-saturated 0.1 M HCIO, for different thickness of Fe,03 deposited on Pt(111); e) ORR activity at
0.8 V vs. RHE as a function of the thickness of the Fe,0s thin-film on Pt(111). The scalar before Fe,0s in the legend
in d) indicates the film thickness, in nanometre. Figures a and b, reproduced with permission from Ref. 27°,
Copyright [2020] American Chemical Society. Figures ¢, d and e, reproduced with permission from Ref. 271,
Copyright [2018] The Electrochemical Society.

Recently, HR-STEM images of the same Pt/Fe-N-C material and 2D model surface studies
revealed the nature of the Pt particles and shed some light on the complex interaction
between Pt and Fe in this synthesis approach. 2’! First, it was revealed with high resolution
STEM-EDXS that the Pt particles are covered by a thin shell of Fe-oxide, explaining the H,0;
and ORR inactivity of the Pt in such Pt/Fe-N-C hybrid (Figure 26c). While Fe;0s is a priori known
to be unstable in the ORR potential range (at least at £ < 0.6 V vs. RHE) in acid medium, the
absence of CO stripping signal after a PEMFC test at 0.5 V supported the stability of Pt
core/Fe,03 shell, at least from OCP down to 0.5 V. 27 To gain fundamental understanding on
the stability and activity of Pt core/Fe,0s shell particles, the deposition of Fe;03 thin-films,
with controlled thickness from 1.0 nm to 6.4 nm, was performed on Pt(111). The thin-films
were shown to be stable in acid medium in the potential range 0.45 to 1.05 V vs. RHE. This
unexpected stability (based on the Pourbaix diagram of Fe) was assigned to the stabilization
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of the Fe;03 thin-film by the sub-surface Pt, possibly via hybridization of the Pt 5d orbitals with
Fe 3d and O 2p states at the interface. CVs on the model surface layers in the restricted
potential range >0.45 V vs. RHE showed a strong increase of the ORR activity with decreasing
Fe,0s film thickness (Figure 26d). Note that it was verified for all films that the Pt surface was
fully covered by Fe;0s. Further analysis showed that the ORR activity increases exponentially
with decreasing film thickness of Fe,Os (Figure 26e), supporting an electron tunneling effect
from the Pt through the Fe;03 overlayer.

It remains nevertheless unclear if such core-shell particles contributed to stabilize Fe-N, sites
during operation of the Pt/Fe-N-C hybrids in PEMFC, or if the apparent stable activity over
time in PEMFC was a complex outcome of decreasing ORR contribution from Fe-Na sites
compensated by a thinning of the Fe,03 shell around Pt particles, increasing the ORR activity
of such core-shells. Also, while the Pt amount may appear low (1-2 wt. %), its absolute amount
is not negligible due to thick Fe-N-C layers (4 mg cm2) and combined with the low performance
reached hitherto with such Pt/Fe-N-C hybrids. To be of practical interest, such an approach
would either require significantly improving the power performance of Pt/Fe-N-C hybrid
layers, or exchanging Pt with a PGM-free metal.

In contrast to the absence of PGM-free catalysts that catalyse H,O; reduction in acid medium,
a number of PGM-free cations or oxides are recognized ROS scavengers in liquid acid medium
and/or PEMFC environment. Cerium oxide (CeO,), Mn oxide, Ce3* and Mn?* cations in
particular were investigated in the context of PEMFC for protecting PEM membranes against
chemical attack by ROS. 127: 272275 Trogadas et al. 2’ proved that CeO; mitigates the oxidative
degradation of a PEMFC membrane, and that the ROS-scavenging property of ceria is
regenerated at the end of the scavenging cycle in acidic media (Figure 27a). 2’4 276 The
challenge with Metal-N-C catalysts is that the ROS scavenger must be in close proximity of the
Metal-N4 active sites (Figure 27b), due to the high reactivity of ROS species and their ability to
diffuse in the AL. Based on that approach, the Pacific Northwest National Laboratory (PNNL)
investigated the addition of nitrogen-doped CeOy (N-CeOy) to Fe-N-C, in order to promote the
decomposition of H20, and/or ROS. 2”7 The authors showed that N-doping increases the
Ce3*/Ce* ratio, positively impacting the ROS scavenging properties relative to undoped ceria.
278 Slightly lower % H,0, during ORR was detected with RRDE by adding N-CeOy to a reference
Fe-N-C vs. one without N-CeO.. Increased durability was also observed during 5,000 load-
cycles in Oz-saturated acidic medium by adding 10 wt. % N-CeOy to a Co-N-C catalyst (Figure
27c-d). Improved durability was also observed in PEMFC environment. While the addition of
5 wt. % N-CeOx to an Fe-N-C cathode AL reduced the initial performance (especially at high
current density, much less in the kinetic domain), it mitigated strongly the decrease in
performance during a potential hold at 0.4 V compared to the reference cathode layer without
N-CeOx (Figure 27e). The BoL and EoL ORR activities at 0.8 V are shown in Figure 27f, revealing
that, with N-CeOy, the EoL ORR activity of the Fe-N-C layer is still 32% of the BoL activity, while
without N-CeOy the Eol activity dramatically decreased to 2 % the BolL value. As discussed
before, ROS and/or H,0; can induce carbon corrosion, especially during potential cycling.
Insights on the stabilization mechanism by N-CeOx was gained by recording CO; emission
online. As shown in Figure 27g-h, the N-CeOy/Fe-N-C composite layer maintained lower CO;
emission at low voltage and also during the switches from high-to-low, and low-to-high
potentials, as compared to the Fe-N-C layer. SEM-EDXS analyses after PEMFC operation
revealed that Ce atoms were atomically dispersed through the AL. 27° Similarly, Wei et al. 22°
embedded a phenylenediamine-based Fe/N/C catalyst with CeO; nanoclusters using a
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hydrothermal method. AST in RDE configuration [0.6 — 1.0 V vs. RHE =100 mV s — 10k — 0, —
RT] in 0.1 M HCIO4 and OCV tests in PEMFC cathodes (5 h at OCV followed by polarization
curve) revealed much better durability. In particular, the current density loss at U = 0.5 V was
only 18% after three OCV tests for the CeO,-modified Fe/N/C catalyst compared to 44% for
the Fe/N/C reference material.
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Figure 27. ROS and/or H,0, scavengers for stabilizing Metal-N-C. a) Regenerative ROS scavenging mechanism of
CeOy; b) Scheme of bifunctionality with Metal-N-C and ROS scavengers in a cathode layer to decrease peroxide
and ROS production during ORR 272 ; initial and EoT polarisation curve for a Co-N-C catalyst without c) and with
d) 10 wt. % of N-CeOx particles. The AST comprised potential steps between 0.6 V (3 s) and 0.95 V (3 s) with rise
time of ~1 s in O, saturated 0.5 M H,S04. 2’8 Improved durability in PEMFC for a composite layer N-CeO,/Fe-N-C.
e) Bol and Eol polarisation curves for a Fe-N-C catalyst from LANL with or without 5 wt. % N-CeOy physically
mixed during cathode AL preparation (the durability test consisted in cycles of the sequence 0.4V-55min/0.85V-
5min) 277; f) ORR activity at 0.8 V in PEMFC at BoL and EoL corresponding to e); CO, emission rate during
potentiostatic control g) without or h) with N-CeOy in the cathode layer. The cell voltage was 0.3 V, then OCP
hold for 1 h and then back to 0.3 V. The corresponding current density during these potential holds is shown in
the middle frame while the CO;, emission rate is shown in the lower frame. 28! The Figures a, b, ¢, d, e, f, g, h are
reprinted from Refs. 277:278, Public Domain.

Further improved durability and avoiding the decrease in performance seen by physically
mixing Metal-N-C with e.g. N-CeOx may be reached with bottom-up synthesis approaches,
resulting in Ce3* sites covalently integrated, either during or after the synthesis of Metal-N-C.
The expected advantages are a shorter average distance between the Metal-N4 sites and the
ROS scavenger Ce site, a more efficient use of Ce atoms and reduced dissolution and migration
of Ce atoms or CeOx NPs in the MEA during operation. The latter is a well-known issue when
using Ce3"* to stabilize PEM membranes. %22 For example, Li et al. 28 reported such a synthesis,
involving the adsorption of Fe3* and Ce3* in 1:1 molar ratio on polypyrrole, followed by
pyrolysis at 900°C in Ar and then NHs. The addition of Ce resulted in enhanced atomic
dispersion of Fe, leading to a high content of 4.6 wt. % Fe with no or low amount of Fe-Fe
signal in the EXAFS Fe K-edge spectrum, and improved ORR activity relative to the parent Fe-
N-C prepared identically but without Ce. XRD revealed the peaks of CeO; after Ar pyrolysis,
but a different pattern after NHs pyrolysis, possibly due to N-doping of CeOx in such conditions.
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While that study did not report the stability of the material in acid medium since the focus
was on alkaline medium, it is an interesting example for bottom-up synthesis to result in ORR
and ROS scavenging bifunctionality in a PGM-free catalyst.

Shao et al. 2% 28 functionalized Fe-N-C catalysts with N-doped CeOx or Ta-doped TiOx NPs. The
authors reported that N-doping promotes non-stoichiometric (Ce3*) and oxygen vacancies,
increases the peroxide scavenging ability and enhances the stability of Fe-N-C catalysts, with
only 10 mV loss after ORR staircase potential steps of 0.025 V at intervals of 25 s from 1.0 to
0.0 V vs. RHE in Oy-saturated 0.5 M H,S04 at 25°C for Fe-N-C-NCeOx compared to 31 mV for
Fe-N-C (Figure 28a). The H,0; yield was below 2 % for optimized modified Fe-N-C catalysts
(Figure 28b), and correlated with decreased CO; level in PEMFC cathode. The MEA
performance and activity (> 30mA cm™at 0.9 V) in H,/0; of dual-active site catalyst Fe-N-C-
NCeOyx was better than the baseline Fe-N-C (Figure 28c), and so was their durability after the
DOE ElectroCat protocol (Figure 28d). Recently, Xie et al. 28> demonstrated that Ta-doped TiOx
NP additives suppressed the H,0, yield by 51 % at 0.7 V after [0.6 — 1.0 V vs. RHE =20 mV s
— 10k — O — RT] in RDE configuration. Moreover, the current density decay at U = 0.9V in
PEMFC was only 3 % compared to 33 % without scavengers after [0.4 — 0.85 V — 55 min/5 min
— 20 cycles — Hy/air — 80 °C].

Beside regenerative ROS scavengers, sacrificial ROS scavengers might be used to stabilize
Metal-N-C cathode layers during PEMFC operation. At a system level, the continuous injection
of a small amount of gas- or liquid-phase ROS scavengers in the cathode air stream might be
applicable. The role of methanol as a sacrificial ROS scavenger was investigated by oxidizing
Fe-N-C in either an acidic solution of methanol and H,05, or in the same solution but without
methanol. °® The results showed a slightly reduced deactivation in the presence of methanol,
with 40% of the ORR activity remaining after 60 h in 0.2 M methanol compared to ca 30 % in
the absence of methanol (Figure 28e-f).

Overall, the field of composite materials or ALs with PGM-free catalyst and ROS scavengers is
burgeoning. It is a promising approach, but will require advanced syntheses approaches to
locate the ROS scavengers at atomic or nanometric distance of the ORR active sites, for
maintaining the durability over long operation time.
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Figure 28. a) Durability of a Fe-N-C catalyst modified by N-doped CeOy nanoparticles after ORR staircase potential
steps of 0.025 V at intervals of 25 s from 1.0 to 0.0 V vs. RHE in O,-saturated 0.5 M H,S0O, at 25°C and b)
associated H,0; yields measured with RRDE (catalysts loading = 0.6 mggowder cM2); €) Initial performances and
activities in H,/O, PEMFC cathode; d) Activities losses during the DoE Electrocat Durability protocol. Anode: 0.1
mg cm™? Pt/C; Cathode: 2.6 mg cm™ PGM-free (Fe-N-C/NCeO,), 40 wt. % Nafion ionomer; Membrane: NR211;
Active area: 5 cm?; 100% RH, 80°C, O,+N,=1 bar. e) ORR Tafel plots measured before (blank) and after the H,0,
treatment in pH 1 solutions with H,0, (without methanol, or with methanol in 0.1 or 0.2 M concentration); f)
Normalized current density of the Fe-N-C catalytic layer vs. time. The potential was set at 0.8 V vs. RHE for 60 h
in the presence (red curve) or absence of 0.2 M methanol in an O,-saturated 0.1 M HCIO, electrolyte. Figures a,
b, ¢, d are reprinted from Ref. 2%, Public Domain. Figures e and f, reproduced with permission from Ref. 1°¢
Copyright [2020] American Chemical Society.

4.3.4 Selective formation of durable Fe-Ny sites

Following the identification of durable S2 sites and non-durable S1 sites in PEMFC with EoT
>’Fe Mdssbauer spectroscopy, 1% the next logical idea was to modify the synthesis of Fe-N-C
materials to selectively form the more durable S2 sites (see Section 2.6.2), featuring a more
graphene-like long range environment for FeNs compared to the porphyrinic S1 site. This
attractive idea seems to have been achieved in a recent study from Liu et al., %° reporting a
breakthrough in the durability of Fe-N-C. A recent work independently confirmed the
stabilisation by N-C overlayer deposition, with a compromise between ORR activity and
stability found for this approach. The Fe-N-C was prepared from a Fe;O3;@ZIF-8 catalyst
precursor, subjecting it to a first pyrolysis in argon and to a second one with ammonium
chloride salt. The resulting catalyst (Fe-AC) was then modified, by placing some nanometric
ZIF-8 upstream of Fe-AC, under a flow of inert gas at 1100° C. The decomposition of ZIF-8 at
high temperature formed volatile products, partially redepositing onto the Fe-AC surface
through a process akin to chemical vapour deposition (CVD). The final catalyst was labelled
Fe-AC-CVD, and showed slightly lower initial activity but much improved durability upon load
cycle AST [0.6 — 1.0 V vs. RHE — unspecified duration/scan rate — 30k — O2 — RT] in 0.5 M H,S04
(Figure 29a-b). The initial selectivity toward four-electron ORR was high and comparable for
both materials, excluding the peroxide production as a key explanation for improved durability
of Fe-AC-CVD. The high durability observed in RDE setup was also verified in PEMFC, with
similar load cycle AST, and also during a potential hold at 0.67 V in PEMFC (Figure 29c). While
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the XANES and EXAFS spectra were similar for Fe-AC and Fe-AC-CVD, demonstrating atomic
dispersion of Fe in both cases, distinct changes in Fe speciation were revealed with >’Fe
Mossbauer spectroscopy performed ex situ on fresh catalyst powders (Figure 29d-e). Fitting
of the spectra with three spectral components revealed a higher relative fraction of D2 (site
S2) in Fe-AC-CVD, suggesting that the ZIF-8 CVD modified the coordination environment of
surface Fe-Ns sites that were present in Fe-AC. While the change in the relative fractions of D2
and D1 may not seem as dramatic as one might expect in view of the dramatic change in
catalyst durability between both materials, one must recall that Méssbauer spectroscopy is a
bulk technique that probes all Fe atoms in the catalysts. The change in the relative contents
of D1 and D2 quadrupole doublets on the catalyst surface of Fe-AC and Fe-AC-CVD may
therefore be much greater than observed experimentally. Other advanced characterisations
showed that Fe-AC-CVD has a higher relative content of sp? carbon, and additional thin
graphitic layers were observed on Fe-AC-CVD. The authors concluded that the CVD modified
the surface, transforming some of the S1 sites into more durable S2 sites, also resulting in a
carbon surface that is more ordered and more resistant to electrochemical oxidation.
Deconvoluting these two effects is difficult as the CVD process modifies both the coordination
of surface FeNy sites and the carbon surface morphology. The high durability observed may
be the result of both these effects, or maybe one effect dominates the other in drastically
improving the durability.
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Figure 29. a) Durability of the Fe-AC and b) Fe-AC-CVD catalysts upon load cycle AST in O,-saturated 0.5 M H,SO,,
c) Compared durability in H,/air PEMFC at 0.67 V cell voltage for Fe-AC-CVD and Fe-AC cathodes (80° C, 100 %
RH), and d-e) ex situ >’Fe Méssbauer spectra of the fresh catalyst powders measured at RT. Figures a, b, ¢, d and
e, reproduced with permission from Ref. 2*°, Copyright [2022] Nature Springer.

In a most recent work, the pyrolysis at the unusually high temperature of 1200 °C was found
to drastically improve the durability of Fe-N-C materials during PEMFC operation. 287 A set of
Fe-N-C catalysts was prepared via the pyrolysis of Fe-doped ZIF-8, changing only the pyrolysis
temperature to create a set of samples, labelled as FeNC-T. All materials up to T = 1200 °C
showed atomic dispersion of Fe, although with a trend of single Fe atom getting closer from
each other in FeNC-1200, while Fe-oxide and a-Fe particles were detected in FeNC-1300. The
initial ORR activity in RDE was comparably high for FeNC-1100 and FeNC-1200, and higher than
those of FeNC-1000, FeNC-900 and FeNC-1300. The activity decrease after O,-LC [0.6 — 1.0 V
vs. RHE — 3s/3s — 10k — O; — 25°C] in 0.1 M HCIO4 was only 8 mV in E1/; values for FeNC-1100
and FeNC-1200, but larger than 20 mV for FeNC-1000 and FeNC-900. The trend of Fe amount
leached in electrolyte was in line with the ORR activity decrease, indicating that a higher
pyrolysis temperature mitigated the Fe demetallation. After a PEMFC durability test (50 h at
0.5 V with H,/0; flows), the FeNC-1200 cathode layer showed only a very small drop in PEMFC
voltage between BoT and EoT polarisation curves. EXAFS analysis revealed that the Fe-N bond
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is significantly longer in FeNC-1200 than in the other materials pyrolyzed at lower
temperatures (2.09 vs. 1.99 A), and the Fe-N coordination number was lower (3.4 vs. 3.8-4.0).
The XANES signature of FeNC-1200 was also significantly different, while the >’Fe Méssbauer
spectra revealed a marked increase in the D2/D1 ratio (jumping from 36/60 to 54/39) from
the pyrolysis temperature of 1100 to 1200 °C. EXAFS also indicated a minor backscattering
signal for Fe-Fe, with a bond distance of 2.7 A. The authors rationalized all the data, suggesting
the gradual transformation from a rather constant D2/D1 ratio up to 1100 °C pyrolysis
temperature, then the transformation of some S1 sites (D1 signal) into S2 sites at 1200°C, but
also the coexistence of a few Fe atoms as ‘clusters’ at 1200 °C, an intermediate structure
before the strong Fe aggregation observed after pyrolysis at 1300 °C. These transformations
were also paralleled by a continuous decrease of the N content with increasing pyrolysis
temperature (as expected), while the signature for N-Fe species in N1s XPS spectra was visible
for all temperatures. Since N-groups non-coordinating Fe are known to catalyse the 2-electron
ORR in acid medium, the removal of such groups may also contribute to the improved
durability of the material. The carbon matrix was also shown to be slightly more ordered with
increasing pyrolysis temperature.

In summary, these two recent reports certainly represent the most successful approaches
hitherto to significantly improve the durability of Fe-N-C materials, by increasing the relative
amount of sites S2 versus sites S1. This opens the door to Fe-N-C materials (and possibly
transposable to other Metal-N-C materials) with much improved durability in acidic medium.

4.4 Mitigation of degradation phenomena with engineering approaches of the cathode
active layer

All fabrication parameters of the cathode AL can potentially be used to mitigate one or several
degradation phenomena, even for a given Metal-N-C catalyst. The catalyst loading,
ionomer/catalyst ratio, ink formulation, and the fabrication process are perhaps the most
important items to be mentioned. While we do not think that those parameters will
fundamentally affect the degradation mechanisms taking place, however they can modify
their rate and the predominance of a particular degradation mechanism in comparison to
others. While the effect of catalyst and/or ionomer loading on the initial activity and power
performance of Metal-N-C layers has been much investigated, >% 2882% jts effect on the
durability and main degradation modes is under investigated. Banham et al. reported
improved apparent durability of Fe-N-C layers with increasing loading from 1 to 4 mg cm2, 2°!
The effect was evidenced by reporting the cell voltage (normalized by cell voltage at beginning
of test) before and after a galvanostatic hold at 0.5 A cm2. The main degradation mechanism
associated with the catalyst loading effect was assigned by the authors to carbon oxidation,
on the basis of increased double layer capacitance after the PEMFC durability test (and
especially broad redox peaks at 0.6 V associated to oxygen-functional groups on carbon).
Indeed, for a fixed geometric current density of 0.5 A cm™, a lower catalyst loading implies a
lower geometric SD (number of Fe-N4 sites per cm? of geometric electrode area), which in turn
implies that each active site has to work more. The higher turnover on each active site in turn
implies a higher local production of H,0; and ROS, which could explain the faster decay
observed at low loading by Banham et al. 2°! Slightly contrasting this report, Damjanovic et al.
reported no clear effect of catalyst loading (0.4 and 4.0 mg cm™ studied) on the performance
loss observed over repeated PEMFC polarization curves. 2°° The decay was significantly higher
with the low loading, when looking at the cell voltage drop at 100 mA cm2, but comparable
for both the loading of 0.4 and 4.0 mg cm™, when looking at the cell voltage drop at 500 mA
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cm. The authors highlighted that the different observation with Banham et al. ?°* may be due
to the different durability tests employed, galvanostatic hold on one hand and repeated
polarisation curves on the other hand. The latter approach implies a broad range of
electrochemical potentials experienced by the catalytic layer, which can trigger different
degradation mechanisms. Of course, the Fe-N-C catalyst also differed, which can also be a
reason for the different outcomes of AL thickness effect.

Nevertheless, thick catalyst layers open the possibility to use different parts of the AL at
different times of the durability test, mitigating the practical cell performance decay. Banham
et al. ! suggested that, for thick ALs, the majority of the ORR takes place initially close to the
PEM | AL interface. In the case of thick catalyst layers, the reaction front can move in deeper
inside the AL after most of the Fe-N; sites located close to the PEM | AL interface are
deactivated or destroyed, mitigating the performance loss. This is obviously impossible with
thin ALs. This strategy might be useful to practically design Metal-N-C layers with improved
apparent durability, but it must be kept in mind that the approach is fundamentally based on
the preparation of ALs that initially present an uneven utilization of active sites, i.e. a by-design
non-ideal AL.

lonomer/catalyst ratio is also a key parameter for AL design and performance. Decreased
Nafion ionomer content from 60 to 35 wt. % resulted in slightly decreased ORR activity at 0.8
V in Hy/air BoT PEMFC but improved cell performance above 0.5 A cm™. 2°2 The effects were
assigned to insufficient amount of Nafion to wet the catalyst area at low ionomer content, and
excess ionomer filling the macropores and increasing the layer hydrophilicity at high ionomer
content. In the context of cell durability, low ionomer / catalyst ratio can exacerbate the
exchange of protons by metal cations (iron and other metals used for Metal-N-C catalysts) and
also the chemical degradation of Nafion ionomer in the AL. Both phenomena can decrease the
proton conductivity throughout the layer, contributing to the performance decay of the cell.
The re-protonation of Nafion ionomer after durability test of Fe-N-C layers was tried by Zhou
et al. but did not lead to any partial reactivation of the PEMFC performance, whereby it was
concluded that the reason for the decreased proton conductivity through the cathode layer
was due to the chemical degradation of the cathode Nafion ionomer by ROS species, as
supported by °F nuclear magnetic resonance. 2% Interestingly, the use of a chemically more
robust inorganic solid-state proton conductor, namely cesium phosphotungstic acid,
mitigated the performance loss. 23

The study and quantification of changes of ion exchange capacity, proton conductivity and
electronic conductivity throughout PGM-free cathode layers before and after durability tests
certainly deserves more attention in the future.

5. Discussion

5.1 Relevant accelerated stress test protocols

ASTs are valuable tools to assess the structural degradation and ORR deactivation of different
Metal-N-C catalysts in acidic environment, either in (R)RDE or in PEMFC. 73 286:294,255 Combined
with ORR activity measurements at different stages, ASTs allow unveiling structure-chemistry-
catalytic activity-stability relationships, which can be used to design more durable Metal-N-C
catalysts. ASTs can probe the effect of specific parameters: electrochemical potential,
temperature, and gas atmosphere. In what follows, we discuss the key ageing parameters of

75



ASTs and propose the definition of ASTs that can investigate different degradation
mechanisms of Metal-N-C materials, applicable in (R)RDE setup or in PEMFC.

5.1.1 Limits and alternation modes of the electrochemical potential

Load-cycling AST (LC-AST)

The electrochemical potential limits used, the frequency of alternation between the UPL and
LPL limits and the mode of potential alternation are pivotal parameters, which can influence
the extent of deactivation and structural changes. Various potential alternation modes are
currently used in the literature, the most common ones being triangular wave (TW), square
wave (SW) or hybrids of TW and SW, scanning the potential between UPL and LPL followed by
a potential hold (TW-H). 2°® Uchimara et al. 7 and Gilbert et al. ?°® have shown that
degradation of Pt-based/C catalysts is exacerbated for SW vs. TW both in solid and liquid
electrolyte. A recent comparative study by Harzer et al. 2°® has shown that the extent of
degradation of Pt/C catalysts is similar for AST using SW and TW-H (ASTs were performed at
100 kPa abs , 80 °C, 100% RH and H; /N, flows on anode/cathode, respectively). It was
hypothesized that i) carbon corrosion does not significantly occur in the 0.6 to 1.0 V vs. RHE
potential range with Pt/C catalysts, ii) more severe electrochemically active surface area
(ECSA) losses of Pt/C catalysts reported with SW vs. TW and TW-H are related to a larger extent
of Pt oxidation at UPL and thus more Pt being dissolved during the subsequent step at LPL.
The latter was supported by a less severe ECSA decrease with a TW-H AST featuring a lower
UPL of 0.85 V vs. RHE. 2°® When trying to adapt these findings to Metal-N-C catalysts,
similarities but also differences appear. Similar to what has been shown for Pt/C catalysts, the
corrosion of the carbon matrix does not significantly take place with Metal-N-C materials if
the AST is performed in a deaerated electrolyte, these conditions avoiding ROS-induced
carbon corrosion 7°. For aerated electrolyte, ROS-induced carbon corrosion with Metal-N-C
catalysts leads to possible complex effects of the UPL and LPL values, and of the potential
alternation mode. In this case, the extent of carbon corrosion may be proportional with the
cumulative Faradaic charge during the AST, assuming the relative amount of ROS produced
during ORR is relatively independent of the electrochemical potential. This possibility was
recently demonstrated to take place in alkaline medium for a commercial Fe-N-C catalyst. 223
A low LPL and a SW mode would then likely result in increased carbon corrosion, while the
rotation rate of the electrode during AST could also increase the carbon corrosion, by
increasing the O3 flux towards the electrode, and thus the ORR current density.

Regarding the fate of metal cations, the possible outcomes differ significantly between noble
and non-noble metals. While Pt is subject to oxidation and dissolution, it can also be
redeposited electrochemically as metallic Pt at the LPL. Since the rate of oxidation, dissolution
and redeposition are affected by the UPL and LPL values, the time spent at the UPL/LPL, the
temperature of the electrolyte and the thickness of the catalytic layer, the deactivation and
ECSA losses can also be affected by all those parameters. In contrast, non-noble metals are
less prone to be electrochemically oxidized at UPL since they are already typically at +Il or +lI
oxidation states in Metal-Nx moieties, but they can also not reintegrate the [1-Ny cavities after
their leaching, leading to an irreversible decrease of active site density. Leached non-noble
metal cations cannot be electrochemically reduced to metallic particles at typical LPL values
(0.4-0.6 V vs. RHE) but can reprecipitate as metal(hydr)oxide, in particular, iron. This is a non-
electrochemical reaction and therefore independent of potential, but dependent on the local
pH and the local concentration of metal cations. Such particles have however no ORR activity
in acid medium.
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Recent AST proposed by Wu'’s group 22 suggested that the UPL should approach the OCV for
Metal-N-C-materials. However, it has the disadvantage that different OCV will be used for
different Metal-N-C catalysts, modifying the overall definition of the TW if a fixed scan rate is
used, in turn possibly influencing the extent of corrosion of the carbon matrix in the case of
aerated electrolyte. A fixed UPL value is thus recommended for load-cycles on PGM-free
catalysts, for example of 0.92 V (see LC-AST presented in Table 2). Alternatively, to screen a
broad range of catalysts with widely different initial mass activities, a fixed potential interval
between LPL and UPL e.g. [(OCV - 0.32 V)-OCV] will be more appropriate, in order to have a
constant duration (TW) or to keep a nearly constant Faradaic charge (SW), independently of
the catalyst activity. These suggestions are in line, with some variations, with the
recommendations of the ElectroCat consortium of the US DoE. 7> The number of cycles is
another important parameter: recent studies in RDE used 30k potential cycles to evaluate the
stability/durability of a given Metal-N-C catalyst. 2% 9> While this high number of cycles is
valuable on down-selected materials, 10k cycles also seems acceptable and has the advantage
to require less than 24 h, for most AST cycle definitions (typically 6 s duration per load cycle).

Start-up/Shutdown AST (SU/SD-AST)

The carbon matrix is prone to corrode during SU/SD ASTs. Goellner et al. ** and Kumar et
al. 22 7% have shown that such conditions cause massive degradation of the Fe-Ny sites and of
the supporting N-doped carbon matrix. The relevance of such AST for PEMFC catalyst
development is however questionable. First, the potential of PEMFC cathodes does not
alternate constantly between 1.0 and 1.5 V vs. RHE in applied PEMFC systems. Moreover,
mitigation strategies at system level exist to avoid the transient polarisation of the cathode to
such high potentials. Thus, while the improved resistance of Metal-N-C catalysts to the SU/SD-
AST protocol is desirable, it is by no means compulsory for a practical application. However,
the SU/SD-AST might provide rapid information on the corrosion resistance of the carbon
matrix for both Pt-based/C 2°* 2° and Metal-N-C 2! catalysts. We thus recommend performing
the SU/SD-AST at T = 60 or 80°C for a small number of cycles (0.5 k) to screen the resistance
to carbon corrosion and associated ORR losses of different Metal-N-C catalysts (see SU/SD-
AST protocol in Table 2).

5.1.2 Temperature

Another important, yet often underestimated, contributor to the rate of cathode catalyst's
degradation is temperature. A very representative example has been given by Dubau and
Maillard 17> for Pt/C catalyst. The authors showed that the gap between ‘beaker’ cells (cells
made of glass and filled with liquid electrolyte) and MEAs can be bridged by using similar
temperature. Indeed, while ASTs performed on Pt/C electrocatalysts in liquid electrolyte at
25°C showed modest changes in morphology, AST performed at 80°C accurately reflected the
situation reported after ageing in MEA configuration. The same holds true for Fe-N-C catalysts:
Goellner et al. 17" 1*1 reported that the ORR mass activity decay was 18 times larger at 80°C
than at 20°C for a [0.2 — 1.4 V vs. RHE — 10 mV s! — 0.15 k — N»] AST in 0.1 M H,SOs. This
increased activity decay with temperature correlated well with the corresponding 14-fold
increase in the COR rate observed from 20 to 80°C. A temperature of 80°C is obviously best
adapted to simulate the situation occurring in operating PEMFC cathode, however 60°C is an
alternative temperature if, for practical reasons (e.g. corrosion of the (R)RDE set-up, excessive
evaporation of electrolyte), a temperature of 80°C cannot be used. For LC-AST, the effect of
temperature on the extent of deactivation is more moderate, but different temperatures can
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affect the fate of leached metal cations, either remaining as free cations in electrolyte, or
precipitating as iron (hydr)oxides in the AL. 193

5.1.3 Atmosphere used to saturate the electrolyte (RDE) or to feed cathode (PEMFC)

A major finding that has been covered in Section 2.6 is that significantly different degradation
mechanisms and extents of deactivation take place for Metal-N-C catalysts under O,-free and
0,-rich atmosphere, with similar outcome seen in RDE and PEMFC. 7% 7¢ For most Metal-N-C
materials with complete or near-complete dispersion of the metal atom as Metal-Ny sites,
little degradation is observed after LC-AST with N»-saturated electrolyte. Nevertheless, the
application of such LC-AST is still useful, to assess whether the material is fully stable in acidic
conditions in absence of ORR, and to establish a baseline to which the LC-AST with O,-
saturated electrolyte can be compared to.

Table 2. Accelerated stress tests proposed for Metal-N-C electrocatalysts. The AST should be
combined with acquisition of full polarization curves in O,-saturated environment, before and after
the AST, for quantification of the ORR activity change due to the AST.

AST Conditions Main Expected Degradation
Mechanisms
Load-cycling 10,000 cycles between 0.6 and fixed | O,-free atmosphere:
(LC-AST) potential (e.g. 0.92 V vs. RHE) or Demetalation due only to acidic
[(OCV-320 mV)-OCV] at T = 80°C, or | medium; protonation of N-groups
60°C

0O,-containing atmosphere:
3 s at each potential (SW) or 100 | ROS-induced carbon corrosion and
mV s (TW) associated demetalation and
modification of the TOF of remaining
Metal-Ny sites
Start- 500 cycles between 1.0 and 1.5 V vs. | O,-free or O,-containing atmosphere:
up/shutdown RHE at T=80°C, or 60°C Classical carbon corrosion

(SU/SD-AST) 3 s at each potential (SW) or 100 mV

s (TW)

5.2 Advantages, limitations and pitfalls of physicochemical characterization techniques to
unveil the degradation mechanisms of Metal-N-C catalysts

Researchers use various physicochemical techniques to unravel the degradation mechanisms
of Metal-N-C catalysts (Table 3). In this section, we present some of the most important ones
for characterizing Metal-N-C materials, discuss their advantages, limitations and possible
pitfalls in the context of investigating degradation mechanisms.

High-resolution high-angle annular dark field scanning transmission electron microscopy (HR-
HAADF-STEM) is ideally suited to visualize the distribution of transition metal atoms in the
nitrogen-doped carbon matrix, whether in the form of single metal atoms or as (nano)particles
or a combination thereof, before and after electrochemical ageing. 3° When combined to
electron energy-loss spectroscopy (EELS), HR-STEM can provide atomic-scale insights of the
transition metal atoms. For example, the technique has revealed 3 that single Fe atoms
embedded into N-doped graphene feature average composition of FeNas, consistent with the
structure of the active sites deduced from XAS analysis of model Fe-N-C catalysts. The major
advantage of HR-STEM is probably also its main drawback. Indeed, insights are obtained on a
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limited area of the material, and are thus not necessarily representative of the average Fe
speciation before or after aging, while also possibly missing inhomogeneous transformation
of Fe-N-C through the thickness of a PEMFC cathode. A typical example of this assertion might
be the observation of Fe oxide NPs after AST under O, on a thin-film RDE by Kumar, Li et al. 7%
103 not by Osmieri et al. 7! after similar AST applied in PEMFC. This difference might be related
to uneven distribution of Fe oxide NPs in the MEA used by Osmieri et al. Indeed, the
degradation of PEMFC MEAs is known to be inhomogeneous, due to gradients of O3
concentration and electrolyte potential arising at high current density through the cathode
AL, leading in turn to a distribution of volumetric current density throughout the AL. Such
phenomena occur even for thin Pt/C based cathodes and certainly even more prominently in
thick Metal-N-C cathodes. Thus, inhomogeneous utilization (due to gradients of 0,
concentration and electric potential in the ionomer phase) of active sites in Metal-N-C cathode
catalytic layers is prone to lead to inhomogeneous degradation and metal speciation after
PEMFC tests. It is therefore recommended to perform HR-STEM analyses on different areas of
a cathode AL (in particular at the cathode |PEM and at the cathode|GDL interfaces) and/or to
combine such analyses with other characterisation techniques that provide information on a
larger scale. Another possible limitation or even pitfall of HR-STEM concerns the possible
interactions between the electron beam and the transition metal atoms occurring during
inelastic shocks or during its scattering at large angles. The transfer of kinetic energy may
facilitate the scattering of the transition metal atoms on the surface and eventually the
formation of NPs or nanoclusters. The electron beam may also modify the structure of the
carbon matrix. 309301 Indeed, transfer of kinetic energy from the electrons to the carbon atoms
displaces them from their equilibrium positions. By ripples, these atoms collide with their
neighbours, which facilitates local restructuration of the carbon matrix. This effect, referred
to as ‘knock-on’, 3°° mostly takes place for accelerating voltages of 100-300 kV, classically used
in TEM (60 kV accelerating voltage or cryo-holder are currently employed for HR-STEM to
minimize beam damage). This phenomenon might become of major importance for in situ
TEM studies. Two configurations are classically used in in situ TEM studies: environmental TEM
and thin-windowed liquid cell TEM. In the former, the catalyst is exposed to a partial pressure
(from 10° mbar up to some mbar) of a gas that is also found in the conditions of the
application. In that frame, we note that O, has been reported to lead to metal oxide formation,
evidenced for stainless steel or copper TEM grids during in situ TEM experiments. 302 Hence,
caution should be taken if such configuration is used for investigating Metal-N-C catalysts, as
this might lead to oxidation of the carbon matrix or formation of metal oxides. In liquid cell
TEM, the sample is immersed in a liquid electrolyte between the two windows. The
decomposition of water (radiolysis) leading to the formation of solvated electrons, *H, *OH
and °*OO0OH species is a widely documented phenomenon. Free radicals production may
degrade the catalyst in a different way than that encountered in the conditions of the
application. 3% Limited beam dose and/or exposure time, control ‘beam on’ and ‘beam off’
experiments and images in different zones of the catalytic layer are thus recommended to
avoid artefacts. Another possibility to avoid or minimize the ‘beam effect’ is to perform
experiments using an identical-location transmission electron microscopy (IL-TEM) set-up. In
this technique, first introduced by Mayrhofer and co-workers, 3°* a TEM grid made of a
corrosion-resistant and electro-inactive metal (usually Au) is loaded with the electrocatalyst,
used as a working electrode in a conventional electrochemical cell, and the same area or same
particle of a catalyst can be observed before and after electrochemical measurements. IL-
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STEM and IL-HR-STEM-HAADF experiments for Metal-N-C catalysts were first performed by
Choi et al. 7 and Kumar et al. ®° as discussed in section 2.3.1.

Complementary to electron microscopies are X-ray absorption techniques. XANES and EXAFS
provide information about the oxidation state of the x-ray absorbing element, the nature and
the average distance between the absorbing element and its neighbours. The obtained
information is averaged over all metal atoms of a same element present in the sample,
including active Metal-Ny sites and inactive or less active metal clusters, surface sites and bulk
sites. XANES and EXAFS are therefore well suited to understand the degradation mechanisms
of Metal-N-C materials with only, or mostly, Metal-Ny sites at BoT. The presence of a significant
fraction of metallic particles in pristine catalysts prevents an accurate tracking of coordination
changes and quantitative changes of Metal-Ny sites before and after AST, due to the fact that
XAS techniques provide a signal summed on all metal atoms of a same element, present in the
sample. This effect is even more reinforced with EXAFS, due to exacerbated signal for ordered
Fe metallic particles (with high coordination number for Fe-Fe) compared to atomically-
dispersed Metal-Ny sites with lower coordination number for Metal-N bonds (typically 4) and
a more disordered structure. Another limitation of XANES-EXAFS lies in the difficulty in
distinguishing the XANES and EXAFS signal of Fe-Ny sites from that of nanosized FeOx particles.
Since the latter can form operando as a result of the destruction of Fe-Ny sites, this limitation
is severe for unambiguously tracking the fate of such sites. The advantages of XANES-EXAFS
are its applicability to in situ and operando measurements with fast acquisition time, and its
applicability to numerous chemical elements. 3% X-ray emission spectroscopy is a
complementary analysis to XAS, that gives information on the average spin state of Fe and
could be envisioned to track structural reorganisation of Fe-N-C materials during ORR
electrocatalysis. 306-309

>’Fe M6ssbauer spectroscopy has proven a unique tool to investigate the oxidation states and
chemical environment of Fe in Fe-N-C catalysts. As XAS, the technique provides a signal
summed on all Fe atoms present in the sample. However, due to very different spectroscopic
responses, the technique is powerful to distinguish between the spectroscopic signature of Fe
crystalline phases (magnetic sextet signals for e.g. Fe carbides, Fe oxides and a-Fe), single Fe
atoms (quadrupole doublet signal), and non-magnetic gamma-iron (singlet component).
Therefore, fitting the Mossbauer spectra of complex Fe-N-C materials with a set of singlet,
doublets and sextets allows unveiling and quantifying how much of Fe is present as
NPs/nanoclusters and how much as single Fe atoms. Two main doublets, namely D1 and D2 in
the literature, are usually encountered in ex situ Mossbauer spectra of Fe-N-C catalysts. These
doublets differ in their quadrupole splitting (QS, represented by the peak to peak “distance”
of a given doublet). They have been empirically assigned from the Mdssbauer spectra of well-
defined Fe complexes and Fe-macrocycles with known Fe coordination, oxidation state and
spin state. However, these empirical assignments are not ideal to understand Fe-Ny sites
covalently embedded in a carbon matrix, as DFT calculations have shown. For example, three
different sites (namely Fe(lI)N4C1; site with spin state 0 or 1 but also Fe(lll)N4C1, with spin state
5/2 or Fe(lll)N4Cio with spin state 5/2) all lead to QS-values around 1 mm s, compatible with
the experimental D1. 1** In contrast, only the QS-values calculated for the Fe(Il)N4Cio (in spin
state either 0 or 1) moiety matched the experimentally observed value of D2 (2.4 -3.0 mm s
1), 14 This highlights the need to couple Méssbauer spectroscopy with other techniques.
Mossbauer spectroscopy was recently combined with in situ (cathode fed with inert gas)
electrochemistry using an isotope-enriched >’Fe-N-C cathode. %3 The experiments showed
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that the D1 signal was potential dependent, switching reversibly between Fe(lll) and Fe(ll)
states. In contrast, the D2 signal was independent on the potential, supporting its previous
assignment to a Fe(ll) site. The experiments evidenced a limitation of >’Fe Md&ssbauer
spectroscopy, namely the long time required for spectral acquisition with sufficient
signal/noise ratio. Tens of hours were necessary for acquiring one spectrum, even working
with a Fe-N-C cathode prepared with the Méssbauer-active >’Fe isotope. %3 For this reason,
acquisition of spectra in operando conditions in PEMFC was not possible, due to the
continuous change of Fe speciation during the course of the acquisition. Mdssbauer spectra
were thus acquired after operando PEMFC tests. It was firstly shown that a fraction of the D1
sites quickly converts to superparamagnetic Fe-nano-oxides. Measurements at -268 °C were
necessary to reveal this, since at room temperature (or any temperature above ca. -173 °C),
superparamagnetic Fe-nano-oxides contribute with a doublet signal that is very similar to the
‘true’ D1 signal (of Fe(lll)N4 sites or D1-like signal of other Fe-Ny species). 31° This is a significant
limitation, and even a pitfall, for the application of >’Fe M&ssbauer spectroscopy to the
understanding of the degradation of Fe-N-C catalysts. Low temperature Mossbauer
spectroscopy (therefore conducted ex situ) allows however disentangling between these two
species as Fe-nano-oxides contribute then with a sextet signal, as large Fe-oxides do, while
Fe(lll)Ng sites still contribute with the D1 doublet signal.

Complementary to Mdssbauer spectroscopy, nuclear inelastic scattering (NIS) reveals the full
spectrum of vibrational dynamics of the probed Mdssbauer nuclei and allows the
identification of modes which are not available otherwise. Combined NIS measurements and
DFT calculations were used by Kneebone et al. 3! to unveil the nature of the ORR active sites
in a PANI-derived Fe-N-C catalyst. The technique was also used recently by Wagner et al. 23*
to provide a proof of the presence of Fe-oxide and a-Fe species after pyrolysis at 600°C of
carbon-supported chloro-iron tetramethoxyphenyl-porphyrin followed by acid-leaching (1 M
HCI). The authors concluded that oxide species form after contact with air, while a-Fe species
mostly correspond to Fe particles embedded in the carbon matrix. To the best of our
knowledge however, this technique has until now never been used to investigate the
degradation mechanisms of Metal-N-C catalysts.

While STEM, XAS and Mdssbauer spectroscopy are powerful tools to investigate Metal-N-C
catalysts before and after electrochemical aging, or even operando for XAS, these techniques
are not surface-sensitive. The same holds true for Raman spectroscopy, used to probe the
degree of graphitization of the N-doped carbon matrix carbon, X-ray diffraction, used to reveal
the presence of metal-based crystalline phases and the graphitization degree of the carbon
matrix, and for EDXS which can quantify the metal/(metal + carbon) ratio in different regions
of a Metal-N-C catalyst.

Molecular probes and electrochemical techniques have been developed to overcome this
issue. Malko et al. 2 first developed a nitrite adsorption/reduction method to evaluate the
active site density at the surface (ASD, see Equation 2) of Metal-N-C catalysts before and after
ageing tests in a RDE setup. %% 7 However, the method has some limitations: (i) measurements
are conducted at pH 5.2, which is less acidic than the typically operative conditions of a PEMFC
device, and (ii) the ORR activity does not completely vanish after nitrite adsorption, suggesting
that nitrite anions do not poison all Metal-Ny sites, but only the most active ones. ?’ Finally, it
was recently reported that nitrite anions probe also the surface of iron oxides. 7° Therefore
the technique cannot be generally applied to measure the ASD of aged Fe-N-C materials,
unless independent techniques can provide evidence of the absence of Fe oxides after aging
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for particular samples or aging conditions. The number of electrons exchanged per nitrite
molecule reduced also remains an open question, with direct implication on the derived ASD
number. Indeed, whereas Malko et al. 2° suggested a 5-electron process of nitrite
electroreduction to NH3; on Fe-Ny sites, Kim et al. 312 recently showed that nitrite species were
selectively reduced into hydroxylamine via 3-electron process onto a given Fe-N-C catalyst.
The 67 % uncertainty in the number of electrons exchanged reflects directly on the value of
ASD, which is highly significant. Moreover, the product of nitrite electrochemical reduction
might change in the course of the AST, further introducing a source of uncertainty. It would
be desirable to combine the results of the nitrite electroreduction measurements with an
analytical method to achieve quantitative insights into the values of ASD in the pristine and
aged states.

Recently, Sahraie et al. 3 developed an ex situ method based on CO
chemisorption/desorption. The method proved applicable to measure the ASD of Fe-Ny and
Mn-Ny sites, but requires low temperature (-100 °C) to favour the CO adsorption (explaining
also why CO molecules do not poison Metal-Nx sites at room or application-relevant
temperatures). The technique can therefore not be applied in situ or operando. Note also that
the ASD values obtained by this method depend on the pre-treatment protocol because a
thermal treatment (> 600°C, for Fe-N-C materials) must be performed to remove O; pre-
adsorbed on Fe-Ny sites. 3° Because of this, the method cannot be applied to the post
mortem investigation of Fe(Mn)-N-C cathodes, since Nafion ionomer of the cathode AL would
be converted to S-doped carbon after such a heat treatment, and Fe-oxides or Mn-oxides may
also be transformed to metallic particles or even possibly, reactivated to Metal-Nx sites.
Recently, Bae et al. 313 used cyanide as a molecular probe to measure the ASD of a previously
well characterized Fe-N-C material, and that of other single-metal-site Metal-N-C materials
based on other 3d transition metals. The authors correlated the decrease in cyanide
concentration triggered by irreversible adsorption onto a model Fe-N-C catalyst to the
decrease in ORR activity. Moreover, they showed that cyanide poisoning can be performed in
a broad pH range (1-13), and for sensing metallic NP surfaces, including PGM-based ORR
electrocatalysts. Since cyanide anions do not seem to distinguish Metal-Ny sites from metallic
surfaces, their use to investigate the fate of Metal-Ny sites during electrochemical aging is
likely challenging, unless oxidized surfaces (in particular those of Fe, Co, Mn) do not adsorb
cyanides.

Snitkoff-Sol et al. 3'* developed a different approach, based on Fourier-transform alternating
current voltammetry to measure the ASD values. The principle is based on the fact that under
ac current, the active sites generate a current related to the Fe(ll)/Fe(lll) redox couple, which
is intrinsically nonlinear i.e. easily distinguishable from other processes occurring in parallel
(under dc current, the low intensity Faradaic processes are shrouded by other process such as
double layer charging). The approach was used to monitor the decrease in ASD in situ during
[0.6 V—40 h —N; —80°C] and proved valid for two different catalysts.
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Table 3. Advantages, limitations and pitfalls of various techniques for studying the degradation mechanisms of Metal-N-C materials.

Techniques

Advantages

Limitations

Pitfalls

Nitrite

adsorption/reduction

method
57Fe Mdssbauer
spectroscopy

XANES and EXAFS

Assess ASD value
of pristine or
aged electrodes.

In situ ASD
measurement.
Simple
electrochemical
analysis.

Facile
identification of
relative amounts
of Fe-Ny sites and
Fe particles.
Applicable to
pristine and aged
electrodes.
Possible
identification of
oxidation and/or
spin state of Fe-
Ny sites.

Can probe
changes in
oxidation  state

and coordinating
environment of
isolated  metal
centres.

Applicable for in
situ or operando
studies.

Demonstrated hitherto only for Fe-N-C materials.
In situ measurement but at pH 5.2.

Sensitive to the most active Fe-Ny sites but does not count
less active Fe-Ny sites.

Need of °’Fe enriched samples for measurements on
electrodes.

Applicable mainly to °’Fe and '°Sn.
Bulk technique.

Long acquisition time for in situ measurements.

Access to Synchrotron radiation facility.
Bulk technique.

Signal convoluted on all atoms of a given metal, impeding
studying Fe-Ny sites in Metal-N-C materials comprising large
relative amount of metal clusters.

XANES quantitative analysis requires collaboration with
specialists in theoretical chemistry.

Unclear product of nitrite reduction (NH4* or NH;OH*, 5or 3 e
involved, respectively), leading to high uncertainty in ASD
calculation.

The method also senses FeOy clusters, which can form
operando, see Refs. 7103

Needs acquisition at low T (typically, -268°C) in order to
distinguish Fe-Ny sites with D1 signature from nanosized FeOy
clusters.

Similar XANES spectra of Fe-Ny sites and FeOy nanoclusters, a
drawback for studying aged electrodes.
EXAFS is unable to distinguish Metal-O from Metal-N bonds.
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TEM/ HRTEM/ EDXS

HAADF-STEM

IL-TEM

In situ liquid cell TEM

Applicable to
many metal
elements.

Fast acquisition
time.

Study changes in
carbon
morphology and
atomic structure.

Visualisation of
metal-rich
particles.

Direct
observation  of
single atoms, and
of metal-rich
particles  after
AST.

Study changes in
morphological
surface at the
nanoscale.

Study the
degradation
mechanism in
different
reaction and
potential/current
conditions

Study single
metal atoms
during
electrocatalysis

Ultrathin samples required.
Sample damage/alteration under beam.

Local analysis.

Sample damage/alteration under beam.

Local analysis.

Does not provide in situ information.
Time-consuming.
Sample alteration under beam ray.

Local analysis.

Electron beam induced materials damages.

Burn-in spots can create artefacts.

Fe and Zn atoms cannot be distinguished (drawback for Zn-
MOF derived materials).

Burn-in spots can create artefacts.

Burn-in spots can create artefacts.
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6. Conclusions and perspectives

This review article aimed at providing a comprehensive overview of the current understanding
of the degradation mechanisms of Metal-N-C catalysts used to reduce oxygen in proton-
exchange membrane fuel cells, and of the material’s approaches recently explored to mitigate
these mechanisms.

A first major conclusion is that Fe-N-C catalysts typically suffer from major structural
degradations and losses of their ORR activity in acidic medium in the presence of O, and at
electrochemical potentials at which these materials catalyse the ORR, supporting an intimate
correlation between the degradation rate and the electrocatalysis of the ORR on Fe-based
sites, or on other Metal-Ny sites. The latter conclusion is directly supported by the fact that
under the same electrochemical conditions but in the absence of O, little to no degradation
of the structure and catalytic activity of Fe-N-C materials is observed. Similar trends were
observed in liquid acid electrolyte and in proton-conducting polymer electrolytes, and the
effects were also quantitatively comparable if the same temperature was applied in both
environments. Several studies point toward the formation of reactive oxygen species (ROS) as
the key reason for the poor durability of Metal-N-C materials in acidic medium. The ROS
formation can either be a direct consequence of the ORR mechanism on Metal-Ny sites or an
indirect consequence due to H;0,, a by-product of the ORR, reacting with Fe or other 3d
transition metal cations. The gap between the degradation of Metal-N-C materials observed
in Ox-free and in O,-rich acidic environments is therefore a key difference with state-of-art
platinum-based catalysts, for which little to no difference is observed for accelerated stress
tests performed in O,-free and O»-rich environments.

As a result, the electrocatalysis of the ORR by Metal-N-C materials rapidly leads, in acidic
medium, to electrochemical carbon corrosion and to the rapid destruction of a significant
fraction of the Metal-Ny sites that were initially present. In addition, the Metal-Ny sites that
survived the aging experiment likely experience a modified electronic and chemical
environment as given by the surface-oxidized carbon matrix, leading to a decreased ORR
turnover frequency of Metal-Nysites. This effect is supported by experimental and theoretical
works showing that the introduction on the carbon surface of a small number of oxygen
groups leads to a modified binding energy of O, on Metal-Ny sites. While the different
degradation mechanisms discussed in the present review apply to all Metal-N-C catalysts, the
relative importance of each degradation type likely depends on the chemistry and morphology
of the catalysts. In particular, the starting point on the SD-TOF ORR reactivity map of a fresh
Metal-N-C catalyst certainly has implications on which degradation mechanism will
predominate. For example, Metal-N-C materials with an initial high SD but low TOF would
likely suffer mainly from SD losses while materials with an initial low SD but high TOF would
suffer mainly from TOF decrease (due to mild surface oxidation).

Based on these recently acquired fundamental understandings of the key degradation or
deactivation mechanisms of Metal-N-Cs, the four main approaches to mitigate the
undesirable effects of ROS or of direct carbon surface oxidation have hitherto been:

a) Replacing Fe with other transition metals (such as Co, Mn, Sn), with lower production
of H.0, and/or ROS,

b) Integrating Metal-Ny sites in a more graphitic or more stable support matrix

c) Selectively forming durable Fe-N4 sites on the surface
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d) Identifying platinum-group metal-free ROS scavengers and interfacing them
appropriately with Metal-N-C materials

By extensively reviewing the literature documenting mitigation strategies, we conclude that
the approaches b)-c)-d) currently seem the most promising one. In approach a), while Metal-
N-C materials based on Co, Mn and Sn have been reported that reached sufficiently high initial
ORR activity to be of practical interest, their rates of degradation and decrease of ORR activity
during operation do not seem tremendously lower than those of Fe-N-C materials. For b), the
concept is of interest, but improved bulk graphitization has typically led to lower nitrogen
content, lower defects in the carbon matrix, and hence a lower site density of Metal-Ny sites,
leading to initial ORR activity below the expectations for replacing Pt-based catalysts. The
recent success in improved durability while maintaining high initial ORR activity seems to lean
on locally enhancing the graphitisation, or carbon ordering, on the surface. 226 At the same
time, the ZIF-8 CVD approach or the pyrolysis at the unusually high temperature of 1200 °C
also modified the average iron coordination, increasing the relative amount of the durable
sites S2, which can be associated with the approach c) above. 28’ The approach d) has the
potential to offer a dynamic protection of Metal-Ny sites, without compromising the activity.
To be successful and to last for a long time, ROS scavengers should be dispersed and/or
integrated in Metal-N-C materials at a nanometric or atomic scale. ROS species must be
inactivated by scavengers before they can react with the Metal-Ny sites or the carbon matrix,
for an efficient and durable protection. We therefore stress the urgent need to develop time-
and space-resolved experimental set-ups that are able to provide information on the nature
and the amount of various ROS produced operando, in order to improve the fundamental
understanding of the degradation of such composite materials, and to accelerate the
development of mitigation approaches. Alternative concepts, or at least approaches, for
improved durability may be found looking from the perspective of the ionomeric phase in
direct contact with the Metal-N-C surface. For example, ROS scavengers could be dispersed
and/or integrated in the ionomeric phase of the cathode layer rather than in the Metal-N-C
materials themselves, akin to proven stabilisation approaches of proton-conducting
membranes. The development of novel ionomers or inorganic proton conductors with anionic
groups having a higher pKa than sulfonic acid groups may also help mitigating the formation
of the most aggressive ROS (OH radicals) during ORR. 23 This is suggested by the strong pH
dependency of ROS species formation and activity decay experienced by Fe-N-C when exposed
to H20; in different pH environments. ¢ The lower acidity would however likely reduce the
proton conductivity of such ionomers or solid-state materials, but a very thin film of such an
interfacial ionomer or other proton-conducting material could be used to control the local pH,
while typical perfluorosulfonic acid ionomer still being used away from the electrochemical
interface, for long-distance proton transport throughout the cathode AL. A slightly higher local
pH would also expectedly decrease the rate of demetalation of Metal-N4 sites. Ultimately,
advanced Metal-N-C materials and ALs featuring a combination of several if not all above-
mentioned approaches for improved durability, may be necessary to reach durability in all
PEMFC operating conditions and comparable to that of Pt-based catalysts.

Finally, we briefly presented physicochemical techniques that have permitted fundamental
advances in the field of degradation mechanisms of Metal-N-C catalysts, and have discussed
their advantages, limitations and pitfalls. For example, °>’Fe Md&ssbauer spectroscopy has
revealed that active sites featuring a D2 spectral signature are durable during ORR
electrocatalysis in acid medium, while D1 sites quickly convert to nano-Fe oxides in the same
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conditions. Besides, while a few techniques are now able to measure or assess the density of
active sites in pristine catalysts (CO cryo-chemisorption, nitrite stripping, cyanide poisoning,
etc), there is no report leaning on these methods, or on another method, that can yet reliably
measure the site density in aged Metal-N-C cathodes. After operation in Oj-rich acidic
environment, and the correlated destruction of Metal-Ny sites and possible formation of metal
(hydr)oxide particles (with no or negligible ORR activity in acid), the technique must be
selective and quantitative for Metal-Ny sites and, for example, should not count metal
(hydr)oxides as “sites”. Given that active site density measurement is the basis for the proper
evaluation of the intrinsic electrocatalytic activity of different Metal-N-C materials before and
after aging, there is an urgent need to develop a technique that can distinguish Metal-Ny sites
from metallic or metal oxide particles, and that can be applied operando, or post mortem.

In conclusion, the challenge ahead for significantly improving the durability of Metal-N-C
materials for PEMFC is admittedly a daunting one, but rational ideas are emerging to tackle
the challenge, and recent experimental results are strongly promising. The high stability of
Metal-Ny sites in acid medium (in O,-free acid environment) has been demonstrated, and is a
strong support for further concerted efforts between materials scientists, electrochemists and
engineers to address the durability challenges, working across the scales, from atomic level,
carbon particle, and AL scales, to ensure a transition towards a cleaner and greener future
based on platinum group metal-free ORR catalysts.
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