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Received 17 April 2019 inum-group metal (PGM) and metal-free catalysts for oxygen reduction reaction (ORR). It highlights the

Received in revised form

22 May 2019

Accepted 27 May 2019
Available online 28 May 2019

reported degradation mechanisms which are responsible for the instability issue. These mechanisms are
(a) oxidative attack of the ORR intermediates, (b) demetalation of the metal-active site, (c) protonation
followed by anionic adsorption, and (d) micropore flooding. For the metal-based catalysts, mechanisms
(a) and (b) are the most commonly observed. From the review, it is known that the oxidative attack of
ORR intermediates leads to the carbon oxidation, which can also result in the demetalation of the metal-
active site. Additionally, the demetalation of the iron-based catalysts can also indirectly oxidize the
carbon-support via Fenton reaction. The mechanisms (c) and (d) are sharply criticized. Finally, for the
metal-free carbon-based catalysts, there is only a limited research available on the stability of these
catalysts. Among the reported study, the mechanisms (a) and (c) can be responsible for the degradation
of these catalysts. Therefore, it is recommended that more study should be focused on investigating the
degradation parameters and mechanisms for metal-free catalysts.

© 2019 Elsevier Ltd. All rights reserved.
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Nomenclature

AST Accelerated Stress Test

BOL Beginning Of Life

cv Cyclic Voltammogram

DEMS Differential Electrochemical Mass Spectrometry
DFT Density Functional Theory

DOE Department of Energy

Ep 0,-binding energy

ESA Electrochemical Surface Area

EXAFS Extended X-ray Absorption Fine Structure
FCTO Fuel Cell Technology Office

HOR Hydrogen Oxidation Reaction

ICP-MS  Inductively Coupled Plasma Mass Spectrometry
MEA Membrane Electrode Assembly

MOF Metal-Organic Framework

NAA Neutron Activation Analysis

N-G Nitrogen-doped Graphene

NHE Normal Hydrogen Electrode

ocv Open Circuit Voltage

ORR Oxygen Reduction Reaction

PEMFC  Proton Exchange Membrane Fuel Cell
PFSA Per-FluoroalkylSufonic Acid

PGM Platinum Group Metal

ppm Parts Per Million

PSSA PolyStyreneSulfonic Acid

Pt/C Platinum on Carbon

RDE Rotating Disk Electrode

RH Relative Humidity

RHE Reference Hydrogen Electrode

ROS Reactive Oxygen Species

RRDE Rotating Ring Disk Electrode

SCE Saturated Calomel Electrode

SHE Standard Hydrogen Electrode

TEM Transmission Electron Microscopy
TGA Thermogravimetric Analysis

TGA-MS Thermogravimetric Analysis/Mass Spectrometry
TMPP Tetramethoxyphenylporphyrin

TOF Turnover Frequency

WEF Work Function

XPS X-ray Photoelectron Spectroscopy

1. Introduction

Proton Exchange Membrane Fuel Cells (PEMFC) emerged as the
solution to the increasing CO, emissions from the stationary and
automotive applications of combustion of fossil fuels [1]. The
PEMFCs use hydrogen fuel to convert chemical energy into elec-
trical energy while producing water as a byproduct, making them
one of the most environmentally benign energy conversion devices
[2—4]. In a PEMFC, the hydrogen oxidation reaction (HOR) occurs at
the anode where the hydrogen fuel is converted into protons and
electrons, and an oxygen reduction reaction occurs (ORR) at the
cathode which reduces the oxygen to form H,O [5,6]. The HOR is a
kinetically faster reaction; therefore low catalyst loading is required
on the anode. The ORR on the cathode is considerably sluggish;
hence high catalyst loadings are required to enhance the reaction
kinetics. Currently, industrial PEMFCs employ highly expensive
Platinum Group Metal (PGM) catalysts for the ORR. The platinum is
deposited as nanoparticles on the carbon support to maximize the
surface area for the ORR [7]. These PGM catalysts add a major cost
barrier which inhibits the commercialization of the PEMFC tech-
nology. Therefore, in the past decades, significant research was
focused on developing a new class of carbon-based non-PGM cat-
alysts with high ORR activity [7—14].

For simplicity, in this review the non-PGM catalysts are
referred to both non-precious metal and metal-free catalysts. The
carbon-based non-precious metal catalyst research includes the
transition metals (M-N-C) based catalysts such as Fe-N-C or Co-N-
C and metal-free catalysts include heteroatom doped-carbon
catalysts such as N-C, B-C, S-C, etc. It is known that for practical
applications, the non-PGM catalyst should exhibit volumetric
activity >1/10 that of Pt/C catalysts. This volumetric activity re-
sults in a thicker catalyst layer as compared to the PGM catalysts;
therefore it is highly desired in the non-PGM catalyst to have a
high surface area and porosity for better mass transport properties
during the ORR [7,10—15]. This improvement was made possible
with new innovative materials and material synthesis approaches.
Specifically, by introducing mesoporosity and high surface area in
the non-PGM catalysts, many researchers have crossed the tar-
geted activity [7,16]. Such materials include carbon nanotubes,
multiwall carbon nanotubes, and metal-organic frameworks

(MOF). In the past decade, both the transition metal-based and
metal-free catalysts have crossed the volumetric activity and
porous structure requirements for the ORR [7,9,10,16—18].
Nevertheless, these non-PGM catalysts cannot be implemented in
the PEMFCs for commercial applications, due to their unaccept-
ably low stability and durability in the operating conditions. The
stability and durability of these catalysts is the retention of initial
performance and activity over the required operational lifetime.
Specifically, previous works refer to the stability and durability of
the catalyst as the performance loss at constant current and per-
formance loss during voltage cycling respectively [19]. The U.S
Department of Energy Fuel Cell Technology Office (DOE-FCTO)
currently targets PEMFC operational lifetimes of 60,000 h for the
stationary applications and 5000 h for transportation applications
[20]. While the PGM-based PEMFC has demonstrated thousands
of hours of operation, current non-PGM PEMFC only operates for
hundreds of hours [7].

In this review, we will provide a detailed understanding of the
ORR which includes the different proposed reaction pathways for
non-PGM catalysts. Following this, the reported degradation
mechanisms for carbon-based non-PGM metal and metal-free
catalysts are discussed extensively. These catalyst degradation
mechanisms can be categorized on the atomic and meso/macro
scales [21,22]. The atomic scale degradation includes the deacti-
vation/modification of active sites during the ORR, and the meso/
macro scale consists of the corrosion/oxidation of the carbon sup-
port, loss of the porosity by the ORR intermediates and polymer
membrane degradation in the PEMFCs. Finally, discussion on the
current status and understanding of the degradation mechanism is
provided individually for carbon-based non-PGM metal and metal-
free catalysts for developing inexpensive, state-of-the-art, active,
and stable ORR catalysts.

2. Theoretical understanding of oxygen reduction reaction

The abundance of oxygen in the atmosphere makes it the most
favorable oxidant for fuel cell cathodes. However, the high bond
energy of the O (498 kJ/mol) molecule makes it very stable and
ORR an extremely sluggish reaction (equation (1)). To overcome
this activation barrier and reduce oxygen to water in PEMFC, highly
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active cathode catalysts are desired.

0=0 —20 AH® = +498 kj/mol (1)

Acidic medium: In general, oxygen can be reduced to water via
two pathways; direct 4e~ pathway which requires the transfer of
4e™ and 4H" (equation (2)), or 2+2e~ pathway, in which the oxygen
is reduced to hydrogen peroxide, which can then reduce or
disproportionate to water (equations (3)—(5)).

0, +4H™ +4e~ — 2H,0 EO= 41229V (2)
0, +2H" +2e~ — Hy0, E9= +0.670V (3)
H,0, +2H" +2e~ — 2H,0 EO= 4177V (4)
2H,0, — 2H,0 + 0, (5)

Alkaline medium: It is well known that the activation potential of
the ORR depends upon pH values; therefore the ORR in the alkaline
medium can be written differently (equations (6)—(9)).

0, +2H,0 + 4e~ — 40H~ E% = 40401V (6)
0, +2H,0 + 2e~ — 4HO, + OH~ E®= —0.065V

(7)
HO; +H0+2e~ — 30H" E°= +087V (8)
HO; — 20H™ + O, 9)

The underlying reaction mechanism of the four-electron
pathway on the active site of the catalysts is adsorption and
dissociation of O, molecule, followed by the OH formation and
ultimately H,O formation (equation (10)—(14)).

0,+ * — 05 (10)
1/205 —» 0O (11)
0"+ H*+ e~ —HO" (12)
HO" + H* + e~ — H,0" (13)
H,0" — H,0 (14)

where * is the catalyst active site. In the case of the two-electron
pathway, several reactive intermediates are formed including
OOH and H;0; (equations 15 and 16).

+H + e —
05 + H* HOO" (15)

HOO" + H* + e~ — H,0} (16)

Furthermore, with the help of computational tools such as
Density Functional Theory (DFT), researchers have reported two
additional possible pathways for ORR [23—25]. The first step to
initialize ORR through all the pathways is the chemisorption of the
0, molecule on the active site of the catalyst (equation (10)). After
the chemisorption, the ORR can undergo (i) O, dissociation, (ii)
OOH dissociation, and (iii) HOOH dissociation to form H,O mole-
cule. The former method is already discussed above (equation
(10)—(14)) and the latter pathways are shown in Table .1. In the

Table 1
Additional ORR mechanisms suggested with DFT.

Dissociation of HOOH

0,+" =05 (22)

05 +(H" +e~) —00H" (23)
OOH* +(H* +e~) —HOOH" (24)
HOOH" —20H" (25)

OH" +(H" + e~ )—>Hy0+" (26)

Dissociation of OOH

0,+" =05 (17)

05 +(H* +e~) —O00H" (18)
OOH*+* —0" + OH" (19)

0" +(H* +e~) —OH" (20)
OH" +(H* +e~)—>Hy0+" (21)

latter pathways, the O, molecule associate to form OOH via pro-
tonation (equation 17-21), which can also follow the second pro-
tonation into HOOH (equation 22-26). Both of these mechanisms
then undergo dissociations and protonations to form H>O.

3. CARBON-BASED NON-PGM metal catalyst review

The M-N-C catalysts are considered the most promising candi-
dates for eliminating the PGM catalysts from the electrochemical
systems. However, the biggest conundrum of these catalysts is the
nature and type of the active sites [26—28]. In these catalysts, the
metal species as active sites can exist as atoms, particles, clusters,
and carbides, but the most commonly reported are the MNyCy
moieties. In these moieties, the metal is coordinately bonded to the
nitrogen atoms and embedded in the carbon matrix. Despite the
type of active sites, these catalysts have been dangerously prone to
degradation during the ORR. So far four degradation mechanisms
have been reported: (i) oxidative attack of the ORR intermediates,
(ii) demetalation of the metal species, (iii) protonation followed by
anionic adsorption, and (iv) micropore flooding. Each of these
mechanisms is explained in detail in the following sub-sections.

3.1. Oxidative attack of ORR intermediates

Janiski et al. reported one of the earliest stability tests for his
Cobalt-phthalocyanine catalyst [29]. Due to the low activity and 2e™
selectivity (H,0; byproduct) of the non-PGM catalysts, the effect of
the peroxide was investigated by adding 2.5 cc 30% H,0, to the
electrolyte. However, no significant change was observed in the
cathode voltage. But it was concluded that further experimentation
was needed to understand the effect of the peroxide. Alt et al.
studied the catalytic activity of N4 complexes and found the
instability of phthalocyanine compared to tetraarylporphyrins
when supported by active carbon or carbon black [30]. A rapid drop
in the potential was observed within a few hours of operation,
which was followed by a gradual decrease. Although there was no
clear evidence presented to explain the performance loss, it was
speculated that the C and N bridges are weakened by the oxidative
attack of the oxygen or H,O, which degraded the molecule at its
site.

To understand the effect of peroxide on the ORR activity of the
non-PGM catalysts, several studies focused on the ex situ effect of
Hy0, [29,31-36]. In these studies, the catalysts were rigorously
treated with peroxide prior to their electrochemical characteriza-
tions. Schulenburg et al. conducted three degradation tests, namely,
peroxide treatment, acid treatment and long-term stability test for
an iron-based catalysts to investigate the degradation mechanisms
[31]. In the peroxide treatment test, 20 mg of acid washed FeTMPP-
Cl catalyst was treated with 30 ml of 30 wt% H,0, by continuous
stirring for 100 h before collecting the residue catalyst. Similarly, in
the acid treatment test, 25 mg of the catalyst was magnetically
stirred in 30 ml of sulfuric acid for 100 h. For the stability test, a
potentiostatic hold at 0.7V Vs normal hydrogen electrode (NHE)
was applied in 0.5M sulfuric acid for 100h. After the acid
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treatment, the catalysts retained its catalytic activity. On the other
hand, both the peroxide treatment and the stability test degraded
the catalysts. A higher degradation of the catalysts was reported
after the peroxide treatment than the stability test. This observa-
tion was explained with an argument based on the exposure of the
catalysts to Hy0,. In the peroxide treatment the catalyst was sub-
jected to higher concentration of H,0; (30%) than the stability test
(10—11% as ORR-byproduct). Therefore, it was speculated that the
degradation mechanism was the oxidative attack of the H,O; on the
N bounded to the metal active site (Fig. 1). However, it was found
from the XPS data that the N1s binding energies were unchanged.
Therefore it was hypothesized that the oxidized nitrogen atoms
dissolved in the electrolyte but no further investigation was
reported.

In the same year, Lefevre et al. observed similar performance
loss phenomenon after the peroxide treatment to iron-based cat-
alysts varied by Fe content and pyrolysis temperature [32]. The
peroxide generation during the ORR was evaluated with RRDE
measurements at room temperature, and the voltammograms were
recorded in H,SO4 (pH1) from 0.8 V to —0.3 V Vs saturated calomel
electrode (SCE). The peroxide treatment concentration was
mimicked (5 h in HSO4 (pH1) + 5 vol% Hy0,) with that released
near the catalyst during the ORR. In this study, the catalysts with
electron transfer number (n)> 3.9 measured less than 5% Hy0,
production. Moreover, from the peroxide treatment experiments, it
was concluded that the catalytic activity of these catalysts was
severely affected with even 5% of the peroxide generated during
ORR. Additionally, the loss of the activity was also correlated with
the Fe content. It was observed that the catalyst which was most
affected with the peroxide treatment has the lowest Fe content. It
was suggested that transition metal ions (specifically Fe>*) could
act as Fenton's reagent and decompose H,0- into highly reactive
hydroxyl (.OH) and hydroperoxy (.OOH) free radicals in an acidic
medium which can be the cause of the instability of the iron-based
non-PGM catalysts. Further research proposed the mechanism of
free radical attack on the non-PGM catalyst by the following
equations [33].

HO + RH— H,0 + R (27)

R + Fe3* — Fe?* 1 degradation products (28)

Gubler et al. have described in detail the formation, concentra-
tion and oxidative strength of the oxygen free radicals (‘OH, ‘H,
‘OOH, H,0;) while investigating the ionomer degradation [34]. The
oxidative strength of these species was reported to be in order of -
OH > "H > ‘OOH > H,0». In this study, it was claimed that the pres-
ence of Fe impurities resulted in a significant increase in the
degradation of per-fluoroalkyl sulfonic acid (PFSA) and polystyrene

Fig. 1. Proposed hydrogen peroxide attack mechanism [31].

sulfonic acid (PSSA) ionomers. This observation was attributed to
the increased concentration of - OH radicals, which are formed by
the decomposition of H,0, by the catalytic effect of Fe?* (Fenton
reaction). It was claimed that with Fe content greater than 40 ppm,
Fe’* + H,0,+ H™ — Fe?* + HO + H,O0 reaction becomes the
dominant source of - OH free radicals.

Recently, Goellner et al. also investigated the effect of H,O, on
different M-N-C (M: Fe, Co, Cr) catalysts [35]. Like the previous
studies, they also observed significant performance loss after the
peroxide treatment; however, the peroxide effect differed
depending on the type of metal. The adverse effect was most
prominent in the case of CrNxCy followed by FeNyCy and then
CoNxCy (Fig. 2). Direct evidence of the ORR free radicals (or reactive
oxidative species) was provided by correlating the collection effi-
ciency (remaining weight percentage of catalysts after ex-situ
peroxide treatment) with fluoride concentration in the filtrate. It
is known that the reactive oxygen species (ROS) can be quantified
by fluoride concentration due to their attack on the Nafion mem-
brane [34]. It was observed that at high concentration
(21072 mol mg~!) treatment with peroxide, only 60% and 40% of
the initial mass of Co-N-C and Cr-N-C was collected whereas no Fe-
N-C catalyst was collected on the filtrate (Fig. 3). It was hypothe-
sized that at this high concentration most of the Fe-N-C physical
structure collapsed resulting in finer particles which passed
through the filter. This provides evidence that the physical struc-
ture of Fe-N-C catalyst was most affected by peroxide treatment,
which can be related to the ROS production via Fenton reaction. The
extended X-ray absorption fine structure (EXAFS) and Fe
Mossbauer spectroscopy analysis revealed that after the peroxide
treatment most of the FeN,Cy moieties were still present and have
similar electronic structure and coordination chemistry as in the
pristine catalyst, suggesting the high stability of the active sites.
Since the Fe-based active sites remained stable after the peroxide

Current density / mA cm™

0.3 0f4 015 016 0f7 0f8 0.9
Potential / V vs. RHE

Fig. 2. Performance degradation of (a) Fe-N-C, (b) Co-N-C and, (c) Cr-N-C catalysts
with different concentrations of H,0, (inset) [35]. (A colour version of this figure can
be viewed online.)
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Fig. 3. (a) Recollected mass of the catalysts at different amounts of H,0,, (b) Floride
ions released by the Nafion membrane after H,O, treatment [35]. (A colour version of
this figure can be viewed online.)

treatment, it was hypothesized that the decrease in the ORR activity
was due to the oxidation of surface carbon, which resulted in the
loss of surface conductivity and hence in reduced turnover fre-
quency (TOF) of the FeNxCy moieties.

On further research by Choi et al., the N1s spectra, N and Fe
content, pore size distribution, specific surface area, and bulk car-
bon structure of the peroxide treated Fe-N-C catalyst was found to
be identical to the pristine catalyst [36]. However, the oxygen
content increased from 5% to 10 at% after the peroxide treatment as
revealed by the XPS. It was proposed that this increase in the ox-
ygen content might be from the selective oxidation of the carbon
support via Fenton reaction which was ultimately responsible for
the lower ORR-TOF. To support this speculation, the degraded
catalyst was subjected to an electrochemical reduction technique to
clean the carbon support of these oxygen-functionalities. In doing
so, a significant increase in the activity and selectivity of the cata-
lysts was observed, which confirmed the role of HO, and Fenton
reaction in the degradation of the iron-based catalysts. Further-
more, to understand the effect of carbon oxidation on the TOF, DFT
calculations were applied to evaluate the O,-binding energy (Ep)
and work function (WF). Fig. 4 illustrates the effect of epoxy and
hydroxyl groups (that can be formed by Fenton reaction) on the WF
and Ey, at different locations and numbers. The introduction of these
electron-withdrawing oxygen groups (especially epoxy groups)
elevated the work function due to the depletion of the m-electrons
from the carbon support and weakened the Ep, which suggests that
the FeNy4 centers on the graphene sheets are situated on the apex or
the weak binding side of the activity vs binding energy volcano plot
and thereby reducing the TOF.

3.2. Demetalation

The nature of active sites of the metal-based non-PGM catalysts
has been a point of contention in the ORR catalysts research com-
munity [26—28]. It is known that during their synthesis many
transition metal-based structures are formed. While some of these
structures are the active sites responsible for the ORR activity,
others are only inactive bystanders [37—39]. Demetalation is a
known factor for the performance loss by the loss of metal-active
site in the metal-based non-PGM catalysts [39—47]. Several acid
wash tests have reported that demetalation of the inactive
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transition metal structures does not affect the activity of the non-
PGM catalysts, however, these inactive metal species can be
responsible for a variety of undesired effects on the PEMFC such as
ionomer degradation due to Fenton reaction (as discussed in the
peroxide mechanism section) [34]. But, in this discussion, we will
only focus on the leaching/demetalation of the active sites resulting
in the degradation of the non-PGM catalysts.

The leaching of metal active sites in correlation with perfor-
mance loss was first reported by Gupta et al. [40]. In this study, a
significant performance loss of the Co-based non-PGM catalyst was
observed. It was speculated that the solubility of Co is higher in the
acidic medium; therefore it is highly possible that the metal active
sites leached out into the solution. Later, Lalande et al. and Fauber
et al. investigated the effect of heat treatment on the activity and
stability of the cobalt and iron based non-PGM catalysts [41,42]. The
highest activity was observed in the heat treatment range of
500—700 °C and was ascribed to the Ns-metal chelates. Contrary to
the high activity, the most stable catalyst was synthesized at high-
temperature pyrolysis (900—1000 °C). With the help of TEM im-
ages, a graphite sheet surrounding the metal centers was discov-
ered, and it was proposed that these protective graphite sheets
shield the metal active site from leaching out under the acidic
conditions. Many researchers believe that the carbon protected
metal particles cannot contribute to the surface catalysis [37,45,60].
However, it was reported in the study by Wu et al. that nitrogen
functionalities are responsible for n-type carbon doping resulting
in more disordered carbon structure and metal integration en-
hances ORR [43]. These protective graphite sheets can be seen in
Fig. 5 [43].

A detailed study on understanding the demetalation mecha-
nism was conducted by Choi et al. [37]. In this study, Fe demeta-
lation by cycling the potential in different potential range was
investigated with the inductively coupled plasma mass spectrom-
etry (ICP-MS) and differential electrochemical mass spectrometry
(DEMS) methods. The potential was cycled between 0.1 and 0.4V,
0.6—0.9V and 1.2—1.5V for 2000 and 5000 cycles and at 20°C,
50°C and 70°C respectively (Fig. 6). It was concluded that Fe
leaching is observed at potentials lower than 0.7V Vs reference
hydrogen electrode (RHE) and oxidation of the carbon support at
potentials higher than 0.9V Vs RHE. The Fe leaching did not result
in any performance loss because of the leaching of only inactive Fe
species. However, the carbon oxidation which was more severe at
higher temperatures resulted in the destruction of the FeNyCy
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Fig. 4. The effect of oxygen functionalities formed by surface oxidation on the work
function and O,-binding energy (E,) of FeN, moiety. The position of the oxygen
functionalities is represented by the numbers in the inset [36]. (A colour version of this
figure can be viewed online.)
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5nm | 5nm

5nm

Fig. 5. The HRTEM image of (a) non-PGM metal catalyst embedded in graphitic nanoshells, (b) hollow nanoshells, and (c) onion-like nanoshells [43]. (A colour version of this figure

can be viewed online.)

20°C

50 °C

70°C

Low potential

Middle potential

Current density / mA cm’

00 02 04 06 08 10 02 04 06 08 10 02 04 06 08 1.

© " High potential

Potential / V vs. RHE

Fig. 6. ORR activity before (solid lines) and following potential cycling 2000 cycles (dashed lines) and 5000 cycles (dotted lines) at different temperatures of FeNxCy moieties in O,-
saturated 0.1 M HClO4. (a—c) 0.1-0.4V, (d—f) 0.6—0.9V, (g—i) 1.2—1.5V [37]. (A colour version of this figure can be viewed online.)

moieties and ultimately in the performance degradation. In the
presence of catalytic environment/during operation, it has been
reported that even after the preliminary acid treatment to remove
inactive species, there is a possibility of Fe loss in the Fe-N-C cat-
alysts. But this Fe removal can be the result of carbon oxidation by
high overpotentials and/or oxidative attack of peroxide or simple
demetalation in the acidic environment [31,32,37]. As discussed in
the first paragraph of this section, the leaching of inactive Fe species
does not affect the stability of the Fe-N-C catalysts but can be
detrimental to the PEMFC system. In the follow-up study by Choi
et al,, the methods to remove the inactive iron species from the Fe-
N-C catalysts were presented [44]. These methods include (i) syn-
thesis of Fe-N-C catalyst without Fe particles, and (ii) post synthesis
removal of exposed Fe particles by external potentiostat or an in-
ternal reducing agent (SnCly).

Recently, Kumar et al. investigated the effect of different

transition metal species such as metal-coordinated with nitrogen,
metal-carbides which are partially or entirely lodged in the gra-
phene sheets/shells [45]. The group tested six metal-NC catalysts
before and after the 10,000 cycles accelerated stress tests (AST), in
which they varied the metal type (Co, Fe), metal content and
heating mode. Specifically, atomically dispersed metal ion sites
(metal-N4Cy) and metal nanoparticles embedded in carbon matrix
(metal@N-C) obtained by pyrolysis synthesis approach were tested.
It was found that all the catalysts exhibited similar initial ORR ac-
tivity, but the AST's revealed that the metal-NyCy catalysts lost
10—20% and metal@N-C lost 60—100% of initial activity. It is known
that the cathode of the PEMFC can reach high potentials during the
start-up and shut-down operation. Therefore, the start-up/shut-
down of PEMFC was mimicked by cycling the potential at higher
oxidation potentials (1.0 V —1.5 V Vs reference hydrogen electrode)
in the RDE. The degraded catalysts were examined with Raman
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spectroscopy and Energy-dispersive X-ray spectroscopy. It was
concluded that the degradation of the catalysts in the AST's and
start-up/shut-down was due to the demetalation of catalyst metal
centers and carbon support corrosion respectively. This study
provided evidence of higher stability of MNyCy moieties as
compared to the carbon protected metallic species.

An extensive study to understand the degradation process of the
Fe-N-C catalysts via demetalation was performed by Chenitz et al.
[46]. Before this study, the peroxide attack, Fenton reaction, pro-
tonation followed by anion adsorption and micropore flooding
mechanisms were considered to understand the initial rapid decay
[51,53,54]. All of these mechanisms are discussed in the above and
following sections. In this study, the specific demetalation of the
FeN4 sites situated inside the micropores was proposed to be
responsible for the initial fast degradation. The stability test was
conducted by holding the potential at 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and
0.8 VV RHE with seven different MEAs in Hy/air fuel cell for 125 h.
In the durability experiments, the potential was cycled between
open circuit voltage (OCV)-0.2V and the current density mea-
surements were compared at individual potentials from 0.2 to
0.8 V. This test was carried on at two different cell temperatures,
25°C and 80 °C. The stability data revealed that all the seven MEAs
showed similar initial instability, indicating that the fast decay of
the catalyst was independent of the potential it was held at.
Moreover, the durability experiments revealed that the fast decay
half-life (t12, fast decay) Was almost similar at all the potentials and
temperatures but the slow decay half-life (t1/2, slow decay) varied. The
measured ti, fast decay Was 138 +£55min and ti)2, siow decay Was
minimum of =2400 min to infinity.

Following these observations, the adsorption-desorption iso-
therms were characterized, and the physical structure of the mi-
cropores was deduced to be interconnected open-ended slit-
shaped. The average pore size for this non-PGM catalyst was re-
ported to be 1.1 nm microporous and 3.5 nm mesoporous with
85+ 5% and 15+ 5% surface area respectively. Referring to the
literature, it was assumed that despite the hydrophobic nature of
the micropores, it was possible to transport water through these
micropores due to the humidified air streaming on the cathode.
This assumption was all the more important because the active
sites of the Fe-N-C catalysts, i.e. FeN4 moieties resides in these
micropores, and also, because the electro-oxidation of the carbon-
support is possible in the presence of water at potentials >0.207 V
SHE. It was claimed that the carbon oxidation would result in the
more hydrophilic nature of the micropores, and as a consequence
will produce more interactions between the micropores and the
flowing water. This phenomenon can reduce the water flux and
transportation of the ORR relevant species such as O, and protons
through these micropores to the active sites making them inactive
to ORR. In this case, the active sites will remain untouched, and the
Mossbauer spectra of the degraded catalyst will be similar to the
pristine catalyst. However, a significant decrease in the FeN, sites
was observed in the neutron activation analysis (NAA) and
Mossbauer measurements of the catalysts subjected to different
time scales of stability test. The current density loss co-related with
the loss of FeNy sites is shown in Fig. 7. It was proposed that the
FeN4 sites were thermodynamically unstable in the open-ended
micropores through which the Fe ions can flush out with the
flowing water onto the MEA. Finally, it was concluded that the
micropores which were responsible for the initial high activity of
the non-PGM catalyst were also causing the initial fast decay via
specific demetalation of the MNy4 active sites.

3.3. Protonation of active sites

The initial rapid performance loss of the non-PGM catalysts is

100[ B

O Current density
A FeN, species

90
[m]
A
80 3|
70

60
50[ i

Relative change / %
(Current density or FeN, sites)
>
m]

40 9 10 20 30 40 50
time (h)

Fig. 7. Performance degradation of Fe/N/C catalysts due to the demetalation of the Fe
species [46]. (A colour version of this figure can be viewed online.)

reported by several ORR catalysts research  groups
[30,41,46,48—55]. As discussed in the peroxide section, the first
rapid decay was reported by Alt et al. [30]. Since then the stability
study of the non-PGM catalysts is divided into understanding this
initial drop occurring in a short time and the gradual decrease over
a more extended period of time. Some researchers have attributed
the sudden performance loss to the demetalation or protonation of
the metal active site or to the protonation of N species coordinated
with the metal center [30,49,51,53]. Other researches have claimed
that the initial performance loss is not at all associated with the
metal active site but with the flooding of the micropores resulting
in the decreased transport of the ORR relevant species to the active
site [53—55].

The instability of the non-PGM catalysts in the acidic conditions
in contrast to the alkaline conditions has been reported in several
studies [31,32,40,51,57]. In most of these studies, this instability
was attributed to the leaching out of the ‘metal active site’ into the
solution. However, Liu et al. reported instability of the nitrogen
modified carbon composite (NMCC) catalyst in acidic medium [49].
It was hypothesized that the Fe or Co coordinated with nitrogen
macrocycles (FeNg or CoN4) were destroyed and converted to
metallic species after the heat treatment at 800 °C in argon. With
EXAFS and TEM techniques, it was proved that after the pyrolysis
most of the CoNy chelates were decomposed into Co metallic spe-
cies and the resulting metallic species were covered in graphitic
carbon. After the post-chemical treatment for metal removal, no
surface Fe or Co species were observed in the XPS data. However,
the acid leached catalysts had higher activity. It was claimed that
instead of the metal-N4 chelates, the nitrogen-functional groups
(specifically pyridinic N and quaternary N) were responsible for the
electrochemical activity and performance of the NMCC catalysts.
Thus, disregarding the demetalation mechanism, it was believed
that a different degradation mechanism was the cause for the
instability that only occurs in the acidic conditions. In this study,
two NMCC catalysts were synthesized, namely NMCC-800 and
NMCC-1100 by pyrolysis in the argon atmosphere at 800 °C and
1100 °C respectively. The NMCC-800 exhibited high initial activity
in both RDE and fuel cell tests, whereas the NMCC-1100 showed
higher stability in the fuel cell test. The fuel cell stability test at a
constant current density (200 mAcm2) revealed a performance
loss of 16.5mVh~! in the first 2h and 0.99mVh~! in following
150 h for the NMCC-800. However, the NMCC-1100 showed per-
formance loss of only 0.4 mVh ! in the first 10 h and 0.07 mVh~! for
the following 270 h operation. Since the active sites of the NMCC
catalysts were believed to be the pyridinic and quaternary N, the
difference in the stability of the two catalysts was explained
through the relative content and nature of these active sites. The
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Fig. 8. Protonation mechanism of nitrogen-functional groups in 0.5 M H,SO4 acidic medium [49]. (A colour version of this figure can be viewed online.)

N1s spectra of NMCC-800 had three peaks attributed to the
pyridinic-N, quaternary-N, and pyridinic-N*-O", whereas for
NMCC-1100 only two peaks quaternary-N and pyridinic were
observed. It was argued that the two ORR active sites for NMCC-800
in contrast to only one ORR active site for NMCC-1100 were
responsible for the high initial activity of the NMCC-800. However,
for the stability, it was hypothesized that the lone pair on the
pyridinic-N site (only in NMCC-800) could be protonated in the
acidic environment, resulting in an inactive pyridinic-N-H site (no
lone pair) leading to the rapid degradation of NMCC-800 catalyst.
On the other hand, for NMCC-1100, the only active site was the
quaternary-N, bonded with three carbon atoms it was believed to
be resistant to the protonation mechanism due to the absence of
extra electrons. The proposed protonation mechanism is shown in
Fig. 8. A strong and valid argument was raised by Banham et al.2%
for this mechanism which includes the comparison of RDE and MEA
study [19]. It was argued that the higher availability and mobility of
the protons in the RDE test could lead to rapid protonation;
therefore the activities of both the NMCC catalysts should be
similar. Along with this argument, no strong experimental evidence
was provided which can prove this hypothesis.

Herranz et al. further investigated the protonation mechanism
and made strong arguments with experimental support [51]. In this
study, the Fe-based catalyst (Original catalyst) synthesized by py-
rolysis in NH3 at 950°C was tested. To investigate the effect of
peroxide degradation for the O catalyst, three potentiostatic hold
stability tests were conducted, i.e., OCV under H;/O5, and 0.5V for
both N, and O, gases at the cathode. As expected, the O, stability
test of the O catalyst revealed 5 times higher performance degra-
dation as compared to the N, and OCV conditions. This decay was
attributed to the peroxide attack on the catalyst. However, under
the N, condition, there was a significant performance loss which
suggests that along with peroxide attack, the O catalyst was un-
dergoing some other degradation which was independent of the
ORR. To investigate this ORR independent mechanism, the O cata-
lysts was acid washed (AW catalyst) in Ph1 H;SO4 for up to 100 h.
The nitrogen binding/content and the specific surface area of the O
catalyst were similar to the AW catalyst; however, the initial ac-
tivity of the AW catalyst was only 1/20th of the O catalyst. The
performance loss after the acid washing peaked in only 5 min of
immersion with only a 30% loss of Fe in the solution. The AW
catalyst was reheat treated (and named as RHT catalyst) at tem-
peratures ranging from 200 to 950 °C to observe any activity re-
covery. Interestingly, the RHT catalyst at 300 °C recovered 50% of
the performance. This observation suggested that there were two
degradation mechanisms, one with recoverable activity decay (R-
AD) and second with non-recoverable activity decay. The XPS and
TGA-MS characterization methods were used to understand the
changes in the chemical bindings of AW and RHT catalysts. The XPS
data revealed a new peak (bisulfate-type sulfur) in AW catalyst
which disappeared in RHT catalyst. With the TGA-MS technique,

the removal of sulfur species was observed between 200 °C and
350 °C. Therefore, the formation and disappearance of this anion
were co-related to the activity recovery. Moreover, the Mossbauer
spectrum of the AW and RHT catalysts was similar, which suggests
that FeN4 moieties were resistant to anion adsorption. Since the
FeN4 moieties were not hosting the binding of the anion, therefore
it was hypothesized the anionic adsorption at the basic N func-
tionalities, which were formed by pyrolysis in NH3 on the surface of
the catalyst. The exact reported mechanism is described as follows;
initially, the pyridinic N sites those are located near the FeNy
moieties inside the micropores protonates and intend to transfer
this proton to the FeNs to complete the ORR. However, before
transferring the proton, the anions present in the ionomer binds
with protonated pyridinic N sites which neutralize the active site
and thus decreasing the TOF of the catalyst. The neutralization
mechanism is shown in Fig. 9. According to this mechanism, the
active site of the Fe-based catalysts is the FeN4.NH™ site, however,
several studies reported either FeNy4 or the nitrogen functionalities
as the active sites. This again adds to the ambiguity of the nature of
the active site for the metal-based non-PGM catalysts.

In the follow-up study, Zhang et al. correlated the effect of
neutralization mechanism on the rapid decay of the activity in the
first 15h [54]. In order to support the hypothesis that the
neutralization mechanism was responsible for the initial degrada-
tion, it was clear that all the FeN4.NH™ active sites should be
neutralized with the anions from the ionomer transferring inside
the micropores within 15 h. Therefore, the ionomers long chained
ionomers were substituted with shorter pendent chains such as
Flemion and Aquivion. It was expected that these ionomers would
transport more rapidly inside the micropore and neutralize the
FeN4.NH™ sites faster than the longer pendent chained Nafion. But
the decay rate was unchanged with these substitutions. Then a part
of Nafion was replaced with tetrasulfonated hydrogen porphyrins
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Fig. 9. Protonation followed by anion adsorption on the surface nitrogen groups
formed by pyrolysis in NH3 [51]. (A colour version of this figure can be viewed online.)
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consisting of bigger anionic molecules (larger than the micropore
itself), to hinder the transport of anions inside the micropores and
thus prevent the neutralization mechanism. However, the decay
rate was still the same as with only Nafion. Therefore, it is still
unsure that the protonation followed by anion adsorption
(neutralization) hypothesis can be a viable degradation mechanism
of the non-PGM catalysts.

3.4. Micropore flooding

Some of the best performing M-N-C catalysts are derived by
integrating micro/meso porosity in the morphology [7,10—18]. Based
on this technique, i.e. improved mass transport properties through
these interconnected pores, Yang et al. synthesized a new catalyst by
ball milling of ZIF-8 and chloroiron-tetramethoxyporphyrin
(CIFeTMPP) labeled NC Por_x-T Ar + NHs, where x is the Fe content,
and T is the pyrolysis temperature [53]. The aim of this study was to
investigate the effect of pyrolysis in Ar and NHs at high temperatures
(850—1150 °C) on the durability of the catalyst. The catalyst with the
highest activity was obtained with 0.8 wt% nominal Fe loading and
1050 °C (NC Por_0.8—1050 Ar + NH3) in the H,/O5 fuel cell. However,
all the catalysts except NC Por_0.8—1150 Ar + NH3 showed similar
instability during the chronoamperometry test at 0.6 V for 50 h. The
Raman spectra and XPS analysis revealed that increasing the pyrolysis
temperature, the graphitization of the carbon support increases along
with adecrease in the heteroatom (O, N) content. It was proposed that
on increasing the graphitization of the carbonaceous materials by
increasing the pyrolysis temperature, the substantial decrease in the
O and N functionalities drastically reduced the hydrophilicity of the
carbon support and therefore reduced the possibility of the water
flooding of the catalyst, which ultimately increased the durability of
the catalyst synthesized at 1150 °C.

In the follow-up study, the Fe-based catalyst obtained from
pyrolysis of a mixture of 1, 10 phenanthroline, iron acetate, and ZIF-
8 showed two decay rates [54]. The initial performance loss was
observed in the first 15 h and the second till the end of the chro-
noamperometry test at 0.6 V in the H,/O; fuel cell. The objective of
this research was to provide evidence to the micropore flooding
mechanism by disapproving the Fenton reaction degradation
mechanism for the initial rapid performance loss. Assuming that
the peroxide production in the acid electrolyte is proportional to
the peroxide production in the PEMFC, the role of Fe ions in the
degradation of the catalyst was investigated. Since the Fe-based
catalysts are known to undergo Fenton reaction for Fe concentra-
tion >40 ppm, this study compared the durability of different cat-
alysts with MOF only precursor, iron-salt precursor, and metal-free
precursor. The iron concentration was examined by neutron acti-
vation analysis (NAA) technique. It was explained that even the
catalysts synthesized with MOF only and metal-free precursors are
bound to have some Fe impurities because it is common practice to
use stainless steel vessels in the chemical industry. Therefore, sig-
nificant effort was put to eliminate the Fe impurities and lower the
Fe concentration from these samples. It was expected that the Fe-
based or may be the MOF-based catalysts with Fe content
60,280 ppm and 1058 ppm respectively would undergo Fenton
reaction and produce different concentrations of ORR in-
termediates. If these intermediates are responsible for the current
decay in the first 15h, all the mentioned catalysts will have
different degradations because of the significant difference of the
Fe content and ORR intermediate productions. As seen from Fig. 10,
the normalized current decay curves for all the above samples are
similar suggesting that the initial performance decay for these
catalysts was independent of the oxidation of the catalysts by ORR
intermediates.

This study claimed that the NC_Ar + NHs (Fe-based) and
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Fig. 10. Performance degradation of Fe-based, MOF-based and Fe-free samples [54]. (A
colour version of this figure can be viewed online.)

MOF_Ar + NH3 (MOF-based) catalysts were initially hydrophobic in
nature; however, the slow electro-oxidation of the carbon support
resulted in the hydrophilic behavior of the catalysts. As the electro-
oxidation of the carbon support is possible above 0.207V Vs SHE
(standard hydrogen electrode), the following mechanism for the
oxidation of carbon was proposed:

R-C—H—-R-C;—OH—R-Cs=0 — R—C0O0H —CO,
(29)

where subscript ‘s’ is the surface species. This study quantified the
number of oxidized functionalities and compared with the number
of surface carbon atoms per cm? found on the same catalyst. It was
found that 58% and 38% of the surface carbon atoms gets oxidized
to R—Cs =0 and R — C;O0H respectively, providing an indirect
evidence for the electro-oxidation of the carbon support. Once
oxidized these catalysts becomes hydrophilic in nature and remain
filled with water throughout 15 h, resulting in a similar stability
curves for all the catalysts.

It is essential to understand the difference between the micro-
pore flooding mechanism and the catalyst layer flooding. The
catalyst layer flooding mechanism chronicles in the non-PGM
catalyst research [56—58]. Significant research has been focused
on understanding and mitigating any performances losses through
this mechanism. In this review, we are only targeting the degra-
dation intrinsic to catalyst properties, not the PEMFC system.

Recently, Choi et al. designed specific experiments to investigate
the possibility of the micropore flooding mechanism by synthe-
sizing Fe-based catalysts with ample micropores [59]. For under-
standing the micropore flooding mechanism, two cases were
assumed: (i) all the micropores are initially dry, but becomes wet
during the operation, (ii) the micropores are initially partially
wetted, but completely wet over time (Fig. 11). In this study, both of
these cases were adequately defined and characterized.

Case 1 was assumed because Yang et al. and Zhang et al. claimed
the initial beginning of life (BOL) hydrophobicity of the catalyst
[53,54]. Since it was also assumed that the active sites were hosted
in the micropores of the catalyst, Choi et al. claimed that this case
was unlikely. It was explained that in this case there was no water
in the micropores initially and also the ionomer cannot penetrate
inside the micropores (dia < 2 nm) because of the larger diameter of
the Nafion micelles (1-5nm), there was no mode of proton
transportation from the membrane to the active site, rendering the
active sites in the micropores inactive to ORR and lower BOL ac-
tivity. However, the BOL activity of these catalysts was exception-
ally high. Additionally, with these ORR inactive sites, no additional
water will be generated resulting in hydrophobic micropores
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Fig. 11. The two cases assumed to investigate the viability of the micropore flooding mechanism [59]. (A colour version of this figure can be viewed online.)

throughout the operation, and the carbon support will be resistant
to electrochemical oxidation without the presence of water. In case
2, it was assumed that there was already a thin water film inside the
micropores. This water film aids in the transportation of the proton
from the membrane to the active site for the ORR. This could lead to
the generation of more water in the micropores, and during the fuel
cell operation, this can result in the electrochemical oxidation of
the carbon support making it more hydrophilic which can be the
necessary evidence for the micropore flooding mechanism.

For characterizing these cases, the double layer capacitance
measurements were evaluated. The double layer capacitance is
related to the electrochemical surface area (ESA) with the following
equation [30].

eepA

€=

(30)

where A is the electrochemical surface area, C is the capacitance, ¢ is
the dielectric constant and ¢, is the permittivity. For case 1, the
micropores are assumed to be completely dry; therefore any in-
crease in the ESA due to the wetting will increase the double layer
capacitance. For the case 2, only the double layer capacitance
measurements cannot explain the micropore flooding mechanism,
because the micropores were assumed to be partially/fully wet;
therefore, there can be little to no change in the ESA and hence to
the double layer current. To investigate the micropore flooding
through this case, along with the double capacitance measure-
ments, the polarization curves obtained under the O and air were
compared.

To examine the initial wetting of the micropores, the effect of
60% and 100% RH on micropore flooding was evaluated by the cyclic
voltammetry technique before and after polarization curves. There
was no change in the double layer current before and after polar-
ization curves. This shows that the micropores were partially or
fully wet in the BOL and no more carbon surface was getting wet by
the water generated during ORR. This observation rules out the
possibility of case 1. Now if the micropore flooding mechanism was
at the root of the initial performance decay, it could only be
explained by assuming case 2 in which the catalyst was assumed to
be partial wet at BOL. The stability tests were conducted by a
potentiostatic hold at 0.4V for 4h, and two decay rates were
observed. The CV curves were measured before and after the sta-
bility test at 60% and 100% RH. The results indicated an increase of
8% in the double layer capacitance current. This increase could be
the result of full wetting of the micropores from partial wetting

condition at the BOL or the catalyst layer flooding. Considering the
micropore flooding mechanism, this study compared the polari-
zation curves under air and O, to investigate the mass transport
limitations. It was explained that if the performance loss resulted
from the micropore flooding, mass transport limitations in the air
could be observed much earlier than in Oy, but if the performance
loss was due to the loss or deactivation of the active site, only ki-
netic losses could be observed. It was confirmed from the polari-
zation curves that the catalyst primarily suffers from kinetic losses
rather than mass transport losses even after the stability test
(Fig. 12). Additionally, to disapprove the catalysts layer flooding
mechanism, a dry-out experiment was performed after the stability
test in which the cell was held at 80 °C for 5 h under N,. There was
no performance recovery after this test, providing convincing evi-
dence that the catalyst layer flooding was not the degradation
mechanism for this catalyst. The above observations state that the
micropore flooding mechanism might not responsible for the initial
performance decay and questions its feasibility [59,60].

4. Carbon-based metal free catalysts review

The complexities of the Fenton reaction and demetalation
degradation mechanisms made several researchers to completely
eliminate metal particles from their non-PGM catalysts [31,61]. In
this review, the metal-free non-PGM catalysts include the
heteroatom-doped carbon-based catalysts such as nitrogen-doped
graphene, boron-doped graphene, etc. For the metal-free non-PGM
catalysts, the researchers have provided only limited information
on stability. The reported stability studies were conducted in very
mild conditions.

The first durability study for the metal-free ORR catalysts was
reported by Qu et al. [62]. In this study, the catalyst nitrogen-doped
graphene was synthesized by chemical vapor deposition of
methane in the presence of NH3. The durability of the catalyst was
conducted by cycling the potential for 200,000 cycles in 0.1 M KOH
solution saturated with air in the RDE setup. There was no decrease
in the ORR current after cycling the potential. Although the number
of cycles reported was exceptionally high, but the alkaline solution
with the air-saturated environment was mild which has less sig-
nificance in the actual PEMFC.

Yu et al. developed nitrogen-doped on single-walled carbon
nanotubes [63]. The durability study was carried out in the RDE
setup by cycling the potential for two days in 0.5 M H;SO4 acidic
medium. It was claimed the catalyst exhibited exceptional long-
term stability when the catalyst showed no activity loss after the
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Fig. 12. Polarization curves in (a) air and (b) O, environment at different RH [59]. (A
colour version of this figure can be viewed online.)

stability test. The durability experimental conditions are slightly
more severe than reported by Qu et al., but this protocol does not
entirely define the durability of the catalyst in the Hy/O, fuel cell. It
is suggested to follow the guidelines laid out by the DOE-FCTO for
the most accurate representation of the stability and durability of
the non-PGM and metal-free catalysts [20].

Li et al. published a research article on nitrogen-doped graphene
with Quantum dots (N-GQD) [64]. In this research, the N-GQD
catalyst was synthesized by the electrochemical process. The novel
idea of creating more edge sites for easy doping of heteroatom has
been reported in several studies. For the durability study, potential
cycling experiment was conducted for 2 days in Oy-saturated 0.1 M
KKOH solution. The catalyst showed slight degradation; however, no
degradation mechanism study was conducted or reported.

Zheng et al. reported a nanoporous graphitic-C3N4 on carbon
catalyst for efficient ORR [65]. This study reported two durability
studies, including the chronoamperometric response and potential
cycling in Oj-saturated 0.1M KOH solution. The chro-
noamperometry stability study reported 7.8% loss in the relative
current after 45h, and in potential cycling study, 10% cathodic
current loss was observed after 10,000 cycles. The excellent sta-
bility of the catalyst was attributed to the homogeneous in-
teractions of g-C3N4 with CMK-3 support. However, the cathodic
current loss cannot be implied as insignificant, considering the
catalyst was subjected to mild experimental conditions.

Wang et al. synthesized highly active boron and nitrogen-doped
graphene (BCN) catalyst [66]. The high activity of this catalyst was
attributed to the synergistic effect co-doped boron and nitrogen.
The chronoamperometric stability study was conducted for BCN
and Pt/C catalyst for 40,000s in oxygen-saturated 0.1 M KOH so-
lution. The BCN catalysts showed 10% degradation in the current in
contrast to 55% of the Pt/C catalyst. Therefore, it was claimed that
the BCN catalyst has highly stable active sites.

Choi et al. reported nitrogen-doped graphene/carbon nanotube
(NGCA) catalyst for ORR in acid media [67]. The stability of the
prepared catalysts was examined by chronoamperometric

measurement at 0.6V for 10h in a 0.1 M HCIO4 solution with
continuous Oy bubbling. After 10h of operation, performance
degradation of NGCA was —23.3%. The peroxide yield of the NGCA
catalyst was measured to be 3%. Even though the NGCA catalyst
produces a low percentage of peroxide, the stability of the catalysts
was considerably low. However, no explanation for the degradation
was presented, but the stability of the NGCA catalysts was
compared with Pt/C catalysts, and it was claimed that the active
sites of NGCA were more stable due to more graphitic nature of dual
carbon supports.

Most recently, Singh et al. has presented the potential cyclic
durability study of the nitrogen-doped graphene (N-G) and metal-
organic framework modified catalyst (N-G/MOF) in alkaline me-
dium (Fig. 13) [68]. The N-G and N-G/MOF catalysts were synthe-
sized with the mechano-chemical approach of ball milling [68—73].
The physical, chemical and electrochemical properties of these
catalysts were iteratively optimized by controlling the grinding
time and speed. The introduction of MOF particles in the N-G
catalyst has enhanced the electrochemical performance due to
increased microporosity and the chemical interactions of the N-G
and MOF particles. Specifically, the durability experiments in O,
and Ny-saturated alkaline medium were conducted using RDE
technique. The goal was to understand the durability of the cata-
lysts with and without ORR. Both the catalysts exhibited remark-
able durability in Ny-saturated environment, including when the
potential was scanned at higher oxidation potentials (1.1-1.4V Vs
RHE). However, in the O,-saturated electrolyte, both the catalysts
showed significant degradation. This observation proves that the
degradation of the catalysts was an ORR related phenomenon.
Moreover, a gradual decay of current density was observed as
opposed to the initial rapid decay of the metal-based non-PGM
catalysts. It was anticipated that the degradation of these catalysts
was due to the oxidative attack of the ORR intermediates.

5. Discussion

In order to replace the PGM catalysts from the PEMFCs, the non-
PGM catalysts should exhibit both high activity and stability. Most
of the non-PGM catalysts now have sufficient activity to actively
reduce oxygen, but lack in respect to the stability. The stability
limitation has hindered the commercialization of the non-PGM
catalysts for both the stationary and transportation applications
in PEMFCs. The stability research reported for the metal-based non-
PGM catalysts has progressed significantly especially in recent
years, on the other hand, metal-free non-PGM catalysts lacks much
effort to understand and mitigate the degradation mechanisms.

5.1. Carbon-based non-PGM metal catalysts

From the review above, it is clear that the most commonly
observed degradation mechanisms are the oxidative attack of the
ORR intermediates and the demetalation of the active sites. Addi-
tionally, questions have been raised for the protonation (neutrali-
zation) and micropore flooding mechanisms. However, it should be
acknowledged that these two mechanisms should not be dis-
regarded entirely considering the experimental evidence and
interpretation. The schematics for the degradation mechanisms are
shown in Fig. 14. The non-PGM catalysts 2e~ selectivity towards
ORR results in the production of H,0,. This H>0, can attack the
carbon support directly and/or indirectly through the decomposi-
tion of H,0, into more oxidative ROS via Fenton reaction. Both of
these mechanisms can result in the oxidation of the carbon sup-
port. Some studies have reported the involatile carbon oxidation
(producing R — Cs — O, R— Cs = O, and R — C;O0H) while others
have reported complete oxidation (producing CO and CO,)
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cycles [64]. (A colour version of this figure can be viewed online.)

[36,46,53,54]. The carbon oxidation can be responsible for
increasing the hydrophilicity and blocking of the micropores, and
thus lowering accessible active sites to the ORR [53—55]. Along
with this, the carbon oxidation can modify the active site by
weakening the O,-binding energy [36]. The oxidized carbon can
also lead to the demetalation of the active sites, which can lower
the TOF by reducing the active site density. Furthermore, it has been
demonstrated that the demetalation of the inactive metallic species
is dependent on the applied potential, whereas the demetalation of
the FeNxCy moieties is independent of the applied potential [46]. In
any case, it is possible that the leached Fe species can participate in
the Fenton reaction and further oxidize the carbon-support.
Fig. 14(b) highlights the neutralization/protonation mechanism.

Since the early 2000s, significant effort has been focused on
investigating the role of peroxide or ROS in the degradation of the
non-PGM catalyst [29—36]. The exact mechanism through which
these species degrade the catalyst is relatively clear, as most of the
findings point to the oxidation of the carbon support. In general, the
non-PGM catalysts generate a higher yield of peroxide than the
PGM catalysts, which makes them more vulnerable to the chemical
oxidation. The peroxide production in the non-PGM catalysts can
be minimized by improving the 4e~ selectivity of these catalysts.
This can be achieved by the continuous improvement in the activity
of the catalysts. Moreover, Fe-based non-PGM catalysts are more
prone to the chemical oxidation due to the possibility of the Fenton
reactions generating more ROS. It is reported that the Fe species in
any form, whether active or inactive can undergo Fenton reaction.
Along with chemical oxidation, the electrochemical oxidation of
the carbon support is also possible above 0.207V Vs SHE in the
presence of water. During the start-up and shut-down of the
PEMFCs, the potentials can reach as high as 1.5V making the
carbon-supports more susceptible to corrosion [74]. The three
possible implications of the carbon oxidation near the active site via
chemical and/or electrochemical method are (i) leaching of the
active sites resulting in the dematalation degradation; (ii) weak-
ening of the 0,-binding energy; (iii) increased hydrophilicity of the
micropores resulting in the active site blocking. All of these
mechanisms lead to a lower TOF of the non-PGM catalysts.

The activity and stability of the non-PGM metal catalysts are
immensely dependent on the type of active site. As discussed
above, non-PGM metal-active sites can exist as free metal atoms,
particles, carbides and the most commonly observed MNxCy moi-
eties. It is crucial to understand the type of active site in a catalyst
before executing any stability study because several studies have

revealed the leaching of inactive by-standers metallic species
which does not influence the stability of the catalyst. The leaching
of metal active/inactive species is detrimental to both the catalysts
performance (by lowering the active site density) and the fuel cell
performance (by catalyzing the destruction of the ionomer).
Therefore, it is recommended to acid wash the catalysts as a pre-
paratory precaution for removing any unwanted metallic species
before using them in PEMFCs. Except for MNxCy moieties, all the
other types of active sites are expected to be embedded inside the
protective graphite layers/shells; otherwise, they are extremely
prone to the demetalation especially in the acidic environment of
the PEMFC. The MNyCy moieties are reported to be more resistant
to demetalation as compared to the other forms of the active site.
Moreover, it has been demonstrated for extremely microporous
catalysts that the active sites are situated inside the micropores of
the catalysts. The initial high activity of the metal-based non-PGM
catalysts is attributed to the increased mass transport of oxygen to
the active sites in the micropores. However, the specific demeta-
lation study also accounts these micropores for the lower stability
of the non-PGM catalysts [46].

5.2. Carbon-based metal-free catalysts

It can be inferred from the review, that most of the stability
study of the metal-free carbon-based non-PGM catalysts attributed
their high stability to the more stable carbon supports. Carbon
oxidation is expected to be more prominent in lower activity (2e™
ORR pathway) catalysts which yield higher percentages of the
H,0,. Additionally, the protonation mechanism was first explained
on the nitrogen-functional groups, which are the active sites of the
N-G catalysts [49]. This suggests that the protonation mechanism
can also be culpable for the degradation of these catalysts.
Furthermore, it has been demonstrated by Zhang et al. that the Fe
impurity is very common since most of the chemicals are synthe-
sized in stainless steel jars in the chemical industry [54]. Therefore,
the possibility of Fe impurities leading to the decomposition of
H,0, into ROS in metal-free catalysts cannot be ignored. Although a
significant improvement is achieved in terms of the activity and
performance of the metal-free carbon-based catalysts, stability
studies are often excluded from the research articles. Only a few
reported studies have demonstrated some stability experiments,
but these experiments were either carried out in very mild condi-
tions or without the explanation of the degradation of the catalysts.
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6. Conclusion

The PEMFCs are the next generation of green and sustainable
energy devices, which have the potential to solve the alarming
crisis of CO, emissions generated by fossil fuels. The widespread
commercialization of the PEMFCs is hindered by the prohibitive
cost of the PGM-based ORR electrocatalysts. Although notable
research is focused on lowering the PGM content from these de-
vices, the ultimate goal of the PEMFC technology is to develop
highly active and stable non-PGM catalysts. Over the decades, both
the carbon-based non-PGM and metal-free catalysts have achieved
remarkable breakthroughs in the catalytic activity by developing
innovative synthesis methods and materials. However, the insta-
bility of these catalysts in the operating conditions has hampered
their applications in the PEMFCs. In comparison to the activity
research, stability research has often been excluded from the
research articles. Several degradation mechanisms have been re-
ported to investigate the cause of the instability of these catalysts.

These mechanisms include oxidative attack of ORR intermediates,
demetalation, protonation/neutralization, and micropore flooding.
Out of these mechanisms, the carbon oxidation by the ORR in-
termediates and demetalation are the most commonly observed
degradation mechanisms. Moreover, the protonation/neutraliza-
tion and micropore flooding mechanism are criticized.

The carbon oxidation mechanism can impact the stability of the
ORR catalysts at both atomic and macro scales. At the atomic scale,
it can lead to the removal of the active site from the carbon matrix
(Demetalation), and at the macro scale, it can result in the loss of
the structural conductivity through the loss of carbon atoms. In
particular, the carbon oxidation mechanism has been correlated
with the selective generation of H,0; by the non-PGM catalysts. It
has been demonstrated that as little as 5% H20; production can
severely impact the stability of the non-PGM catalysts. Moreover,
the Fe-based non-PGM catalysts can decompose the H,0; into ROS,
which has even higher oxidative strength. Apart from this, the
carbon oxidation is also possible at higher potentials. The



H. Singh et al. / Carbon 151 (2019) 160—174 173

demetalation mechanism is one of the earliest reported degrada-
tion mechanism. Before investigating this mechanism, the nature of
the metal active site should be well understood. The MNxCy moi-
eties as the metal active sites are reported to be the most stable,
with only a few studies reporting their demetalation. It is believed
that these moieties resides in the micropores of the catalyst's
structure, and are responsible for the high beginning of life (BOL)
activity. A recent study has revealed the demetalation of these
moieties is possible by the water flux through the open-ended slit-
shaped micropores. Additionally, the leached Fe species can further
oxidize the carbon support via Fenton reaction. Therefore, the
carbon oxidation and demetalation mechanisms can degrade the
catalyst independently or interdependently.

There are very few stability studies regarding metal-free non-
PGM catalysts. Among the reported studies, carbon oxidation and
protonation/neutralization are the reported degradation mecha-
nisms. The tremendous advances in the catalytic activity of the
non-PGM catalysts have made them excellent contenders for
replacing the PGM catalysts. The instability issue of the non-PGM
catalysts can be solved by understanding and development of
mitigation strategies of the degradation mechanisms.
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