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ABSTRACT: Owing to the high activity toward the oxygen reduction reaction (ORR)
and the selectivity toward the four-electron pathway, single atom Fe/N/C electrocatalysts
have been considered as the most promising low-cost candidates to replace Pt in fuel cells.
Despite the significant progress achieved in the past decade, the performance and
durability of Fe/N/C catalysts remain far behind that of the Pt-based materials in practical
devices such as proton exchange membrane fuel cells (PEMFCs) in light-duty vehicles.
Recent progress in Fe/N/C electrocatalysis has been mainly based on the empirical
approach with rather random combinational synthesis conditions and precursors. For
rational design of applicable Fe/N/C catalysts, an insightful understanding of fundamental
electrocatalysis of Fe/N/C is required. In this critical review, we will focus on the
mechanisms of the ORR catalysis of Fe/N/C, the categories of active sites in Fe/N/C
catalysts including the electronic and structural properties of the catalytic centers, the
assessment and quantification of the active sites, pH effect on the activity, and the
degradation mechanisms. We hope the comprehensive and thorough discussions of Fe/N/C electrocatalysis will help to guide
the design and development of high-performance Fe/N/C electrocatalysts toward the application of PEMFCs.
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1. INTRODUCTION

With the increasing concerns of global warming and climate
change related to the worldwide consumption of fossil fuels,
the search for and development of sustainable and clean energy
storage and conversion technologies is a key focus of today’s

Durability

world.'~® High-capacity energy conversion systems, such as Start from Max energy
proton exchange membrane fuel cells (PEMFCs), have -20°C . efficiency
aroused extensive research interests because of their low or H ; 0,

.. . R 6—8 . 2 H*
zero emissions and high efficiency.” " The oxygen reduction — —
reaction (ORR) is the key reaction of these advanced energy H
technologies. However, the sluggish kinetics of this multi-
electron transfer process requires a significant amount of Specific
electrocatalysis for acceleration. Platinum (Pt) group materials Cost power

(PGM catalysts) and PGM-free catalysts (mainly the transition
metal and N-doped carbon materials) are two frontier groups
of efficient electrocatalysts for ORR.”™"> These two groups

have their own advantages and drawbacks, based on which the
U.S. Department of Energy (DOE) has proposed specified
technical goals and objectives to advance fuel cell technologies
for transportation, stationary, and early market applica-
tions.'”'* To compete with the alternative powertrains
including the advanced gasoline engines, the DOE planned
the fuel cell system targets for light-duty vehicle transportation,
including the energy efficiency, power density, start time from
low temperature, cost, and durability as shown in Figure 1.'*
To meet these targets, specific requirements for all the
components of the fuel cell stack system have been set. From
the perspective of the electrocatalysts, the technical targets are
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Figure 1. The 2025 targets (yellow) for light-duty vehicle
applications. Cost status is for a modeled system when manufactured
at a volume of 500 000 units/year.14

summarized in Table 1. The 202S activity target for PGM
catalysts is <0.10 g/kW@150 kPa for the whole cell, and the
mass activity target is 0.44 A/mg PGM@0.9 Vg g... These
targets for PGM-based membrane electrode assembly (MEA)
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Table 1. Technical Targets: Electrocatalysts for
Transportation Application”

2017 2025
characteristic units status target
PGM total content of the g/kW @150 kPa 0.125 <0.1
whole cell
mass activity A/mg PGM 0.6 0.44
@900 mVxR—free
loss in initial activity % mass activity loss 40 <40
loss in performance at mV 20 <30
0.8 A/cm’
electrocatalyst support % mass activity loss not <40
stability tested
loss in performance at mV >500 <30
1.5 A/cm?
PGM-free catalyst activity A/em? @0.9 Vigfree 0.021 0.044

“Proposed by the DOE in 2017."* Test conditions: H,/O,, anode
stoichiometry 2, cathode stoichiometry 9.5, 150 kPa, 80 °C, fully
humidified gases.

have almost been fulfilled according to the data collected in
2017."° The major challenges of Pt-based MEAs are the cost
and durability. According to a study by the DOE, about 56% of
the cost in a fuel cell stack comes from the Pt-based materials
because of the scarcity and high price of Pt,'*'” hindering
global commercialization of PGM-based PEMFCs. Another
challenging issue for PGM catalysts is the poor durability of Pt
under the highly aggressive operating conditions caused by
issues such as the Pt dissolution, sintering, and agglomeration
of the Pt nanoparticles, which will inevitably lead to the
decrease of electrochemical surface area (ECSA) and ORR
performance loss.'®'? Moreover, the Pt is easily deactivated by
carbon monoxide (CO) poisoning. Even a trace amount of CO
(10—20 ppm) in the fuel can block most of the surface Pt
2921 At this juncture, tremendous efforts have been
devoted to the exploration of advanced and low-cost
electrocatalysts with earth-abundant elements. The Fe- and
N-doped carbon (Fe/N/C) materials have been regarded as
the most promising PGM-free electrocatalysts to substitute Pt
because of the comparably high activity and four-electron

selectivity toward ORR. The state-of-the-art activity of Fe/N/
C electrocatalysts (0.021 A/cm*@0.9 Vig g..) is far behind the
target of 2025 (0.044 A/cm*@0.9 Vig g..)- Moreover, the state-
of-the-art durability of the Fe/N/C catalysts in PEMFCs (the
performance loss up to 50% in the initial few hours) can hardly
meet the durability target of 8000 h drive cycle with startup/
shutdown or equivalent accelerated stress test procedures.
Therefore, there is large performance improvement space for
the Fe/N/C electrocatalysts.

The studies on Fe/N/C catalysts can be traced back to the
pioneering work of Jasinski in 1964,>* which discovered the
ORR activity of cobalt phthalocyanine in alkaline conditions,
which initiated the research on iron phthalocyanine and iron
porphyrin. Following these pioneering works, activity enhance-
ment of Fe—N, macrocycles adsorbed on carbon was observed
after pyrolysis above 700 °C, leading to a new category of
catalysts labeled Fe/N/C.**** Later, it was found that such
catalysts could be synthesized through the heat treatment of
the mixture of individual iron salts, nitrogen sources (aromatic
or aliphatic ligands or other N-rich molecules), and carbon
precursors with trial-and-error or combinatorial approaches,
which led to booming research on Fe/N/C catalysts.”> >’
Through various methods, highly active and moderately stable
Fe/N/C catalysts have been successfully developed.”®
However, further development and optimization of the Fe/
N/C catalysts are hindered by the lack of the fundamental
understanding of the catalytic mechanism and precise
chemistry of active sites.””>* The simultaneous presence of
multiple heterogeneous organic and inorganic moieties,
complex electronic and geometric properties of the metal
ion, and surrounding environments within the catalysts make it
rather difficult to characterize the structure and elucidate the
nature of catalytic sites.”” Therefore, substantial efforts have
been devoted to developing various in situ and ex situ
techniques, such as X-ray absorption spectroscopy (XAS),**
time-of-flight secondary ion mass spectroscopy (ToF-SIMS),*
Méssbauer spectroscopy,”®*” and X-ray photoelectron spec-
troscopy (XPS), as well as theoretical calculations,® and to
designing well-defined structures, like exclusive presence of
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Figure 2. (A) Possible active sites and ORR reaction pathways. (a) Dual-site 2 X 2e™. (b) Single site 2e7+ 2e™. (c) Direct 4e~ site. Reproduced
from ref 44. Copyright 2015 American Chemical Society. (B) ORR mechanisms on Fe/N/C catalysts in acid medium. Reproduced with permission

from ref 45. Copyright 2017 John Wiley & Sons, Inc.
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FeN, sites or model catalysts to do the structural character-
ization and analysis.” Previous reviews mainly focused on the
progress in the optimization of synthesis, activity, and catalyst
structure; the reaction mechanism and principles of ORR and
the nature of catalytic sites have been rarely summarized and
reviewed.””*>*! For the rational design and optimization of the
Fe/N/C catalysts, it is highly desirable to provide timely
updates of this field with emphasis on the understanding of
active sites in Fe/N/C catalysts, as well as insights into the
degradation mechanisms.

In this review, we present the recent progress in the
investigation of catalytic sites of M/N/C catalysts (mainly Fe/
N/C) in both experimental and theoretical aspects. We aim to
categorize and compare the nature of various active sites and
the corresponding ORR mechanisms based on the analysis of
the breakthroughs achieved so far. This review will cover the
ORR catalysis mechanisms, pH effect on the activity, the
categories of active sites within the Fe/N/C catalysts including
the electronic and geometrical structure of active centers, and
the assessment and quantification of active sites, as well as the
degradation mechanisms of the Fe/N/C catalysts.

2. ORR MECHANISM HYPOTHESIS

A detailed understanding of the ORR mechanism is highly
desirable but challenging owing to the complexity of the ORR
process, and the ORR mechanisms depend primarily on the
properties of the electrode surfaces.”*” Generally, the O,
molecule can be reduced through the direct 4e™ pathway to
H,O (in acid) or OH™ (in alkaline) or the 2e” pathway to
H,0, or HO,™ and an indirect 4e~ pathway to H,O (in acid)
or OH™ (in alkaline).*” Owing to the simultaneous presence of
various active sites with different structural motifs, multiple
ORR pathways may coexist for the Fe/N/C catalyst surfaces as
depicted in Figure 2A.*" Site 1 (S,) can reduce O, to the H,0,
intermediate by the 2e™ pathway, and the H,O, could diffuse
away or be captured by another site (S,) and reduced to H,O
through another 2e™ step. This process is denoted as the dual-
site 2 X 2e” pathway. An alternative indirect 4e~ pathway is the
single site 2e” + 2e” mechanism, where O, is reduced to H,O,
through a 2e” step and further reduced to H,O on the same
site. The ideal pathway to get high efficiency in power
generation would be the direct 4e™ reduction pathway without
H,0, produced in a 2e” step. Another reason why H,O,
intermediate production should be avoided is that the H,O,
will also cause instability of the Fe/N/C catalysts during long-
term operation, which will be discussed later.

It is challenging to elucidate the ORR pathways occurring on
the Fe/N/C because of the coexistence of multiple types of
surface chemical moieties (Figure 2B)."> There is a growing
consensus that square-planar Fe(I[)N, sites catalyze the O,
reduction in acid through a 4e™ pathway with a H,O, yield as
low as that measured for Pt/C catalysts (1—2%).*® Tylus et al.
argued that the Fe?*—N, centers catalyze the ORR through a
single-site 2e” + 2e” mechanism in alkaline media and the
dual-site 2 X 2e” mechanism in acid media with a significant
role for the surface-bound, coexisting Fe/Fe,O, nanoparticles
(NPs) as the secondary active site for hydrogen peroxide
reduction as shown in Figure 3.*” On the other hand, Kattel
and Wang predicted based on first-principal density functional
theory (DFT) calculations that the most kinetically favorable
pathway on FeN, is the 4~ OOH dissociation pathway, in
which the rate-determining step is the OOH dissociation
reaction.**
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Figure 3. Proposed ORR mechanistic pathways on Fe—N,/C and
adjacent Feyps/C in acidic (H*) and alkaline (H,0/—OH)
electrolyte. Reproduced with permission from ref 47. Copyright
2014 American Chemical Society.

For N-doped carbon in acid, the ORR may follow a 2e™ +
2e” pathway or a direct 4e” pathway on the carbon atom next
to the N,*” while the H,0, percentage can be as high as
30%.°”°" The H,0, yield may decrease dramatically when
inorganic species such as Fe/Fe,C are wrapped by a N-doped
carbon overlayer because of the stabilization of the H,O,
intermediate by the inorganic moiety sublayer.”” In contrast, it
has been argued that N-doped carbon free of Fe and Fe
particles exposed to the electrolyte is inactive toward H,O,
reduction in acid;*’ thus a 2e~ pathway may be followed. The
doping of the heteroatoms such as Fe and N into the graphene
plane would lead to the redistribution of the charge and spin
density of the carbon plane. The actual adsorption site for the
heteroatom-doped carbon depends on the adsorption energy
of the oxygen-containing species. For example, the Fe center is
believed to be the active site for the Fe—N,—C coordination
structures because the oxygenates are adsorbed more favorably
on the Fe site than the N and C sites. In N-doped carbon, the
C site adjacent to the N atom is believed to be active site
owing to the comparatively optimized adsorption energy.

3. CATEGORIES OF THE CATALYTIC CENTERS

The exact nature of the catalytic centers induced by high-
temperature pyrolysis is still a complex and elusive topic. The
respective roles of Fe, N, and C elements with different
possible combinations in the catalyst toward the catalysis of the
ORR have been controversial ever since. For example, the role
of iron has been debated for decades.’”** Some argued that
such high activities of the catalysts with very limited surface
content of Fe (<0.1 atom %) can exclude the possibility of Fe
being a component of the active site.”> >’ It was proposed that
the presence of Fe is responsible for catalyzing the formation of
some particular nitrogen functionalities, which are the principal
active sites toward ORR.***” However, with the application of
small probe molecules or anions such as cyanide, it has been
acknowledged that iron plays an indispensable role in the
catalysis of ORR.*>® The various nitroégen types such as
pyridinic, pyrrolic, and graphitic nitrogen, ! and the different
catalyzing behaviors of even the same structural motifs in the
Fe/N/C between alkaline and acid conditions have obscured
the investigation of the nature of catalytic sites. With the
developments of advanced spectroscopic techniques under in
situ and ex situ conditions such as extended X-ray adsorption
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fine structure (EXAFS) and Fe Mossbauer spectroscopy, the
structure—activity relationship has been constructed for
different structure motifs and further understanding of the
electronic structures as well as the catalyzing mechanisms has
been obtained with the help of modeling and DFT
calculations. According to the discussion in section 2, we
believe that the active sites in Fe/N/C should be the same in
different electrolytes across a wide range of pH values. From
the perspective of technical maturity of proton exchange
membranes, this review will focus on the nature of active sites
in acid unless mentioned otherwise.

3.1. Fe—N,—C Coordination. Extensive research efforts
have been devoted to elucidating the role of iron in the Fe/N/
C. Although it was under debate whether iron directly
participates in the catalysis of ORR, it is now widely accepted
that Fe—N,—C moieties, such as Fe—N,—C and Fe—N,—C,
are one class of highly active and acid-resistant catalytic centers
toward ORR as depicted in Figure 4.%
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Figure 4. A representation of the graphitic structure with Fe—N,
species is illustrated. Reproduced from ref 62. Copyright 2017
American Chemical Society.

Lefevre et al. used ToF-SIMS to detect active sites in Fe/N/
C catalysts. They revealed that Fe—N,—C and Fe—N,—C are
simultaneously present in the prepared catalysts. By correlating
the ions detected by the ToF-SIMS with the catalytic activity,
they found that Fe—N,—C is more electrocatalytically active

than Fe—N,—C. The abundance of the Fe—N,—C is
dependent on the Fe precursor and pyrolysis temperature.®®
Although no direct experimental proof supports the presence
of Fe—N;—C in Fe/N/C, Kabir et al. proposed that Fe—N;—C
defects are anticipated to be present in the Fe/N/C catalysts at
least during pyrolysis based on the DFT calculations and XPS
results. The defect abundance according to the formation
energies follows the order: Fe—=N,—C > Fe—N;—C > Fe—N,—
C. They pointed out that Fe—N;—C geometry is more stable
than that of Fe—N,—C, which was previously observed as a
catalytic site for ORR.®* Despite there being some debate
about other Fe—N,—C structures, the high activity of Fe-N,-
type catalytic sites in Fe/N/C catalysts is undisputable.’”%°
For example, Kramm et al. prepared Fe/N/C catalysts having
exclusively Fe—N, sites and observed high activity with a high
turnover frequency (TOF) of 0.33 e s™! site™! (0.8 V).*” The
carbon-embedded Fe—N, structure was directly visualized by
aberration-corrected scanning transmission electron micros-
copy (AB-STEM) and confirmed by the EEL spectra obtained
around the Fe atom as illustrated in Figure SA.”” Fei et al. also
reported the visualization M—N, moieties such as Fe—N,,
Co—N,, and Ni—N, as shown in Figure SB.%® These results
unambiguously proved the existence of the Fe—N,-type
catalytic sites. The development of advanced characterization
techniques enabled us to gain deeper insights into the
geometry and electronic structure of the Fe—N, moiety. For
example, van der Kraan et al. shed some light on the geometry
and electronic structure by applying in situ and ex situ Fe
Mossbauer spectroscopy on iron tetraphenylporphyrin
(FeTPP) heat-treated at different temperatures.”” Four
doublets ascribed to the Fe—N, with different iron spin states
were observed in all the Fe/N/C catalysts, and it was found
that (1) the catalysts prepared under higher temperature are
more active than those pyrolyzed under lower temperature,
which was attributed to the increased redox potential of iron in
the catalysts prepared under higher temperature, and (2) a
considerable change of the spectra along with the cyclic
voltammetry (CV) with redox peaks (Fe?*/3*) probably owing
to the variation of the iron oxidation state was observed under
different electrode potentials. Based on the respective roles of
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Figure S. (A) AC-STEM images and EEL spectra of the (CM + PANI)-Fe-C catalyst. From ref 67. Reprinted with permission from AAAS. (B)
Atomic structure characterizations of M-NHGFs by annular dark-field STEM. Reprinted by permission from Springer Nature, ref 68, Copyright

2018.
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Fe, N, and C, several aspects have been investigated about the
geometry and electronic structure of the coordination.

3.1.1. The d-Electron Density of the Fe Center. According
to the Sabatier principle for catalysis, the highest activity of the
catalyst should result from an optimized binding strength
between the catalyst and the reaction intermediates, neither
too strong nor too weak.*” The change in the d-electron
density of Fe should affect the o-type bonding between the
orbitals of oxygenates (*O,, *OOH, *OH, *O) and the Fe
center, thereby influencing the catalytic activity.”’ The change
in the 3d-electron density of the iron center (embedded in a
specific environment) can be easily detected by the isomer
shift in the Fe M0ssbauer spectroscopy. Based on the isomer
shift of Fe Mossbauer spectroscopy and the binding energy
change in X-ray photoelectron spectroscopy, Kramm et al.
reported that a partial shift of electron density from the
coordinating nitrogen atoms to the iron atom of the Fe—N,
was caused by the pyrolysis of the FeTMPPCI under higher
temperatures, indicating an increase in the 3d-electron density
of Fe. Correspondingly, an increase in the TOF of the FeN,
was observed.”' Meanwhile, Ramaswamy et al. proposed an
opposite origin of the increase of the ORR activity upon
pyrolysis.”” They argued that the pyrolysis of the Fe—N,
macrocycle (FeTPPCl) would transform the ligand environ-
ment from a 7-electron-rich macrocycle ring to a z-electron-
deficient graphitic ligand, and the electron-withdrawing
character causes lower electron density at the Fe center and
downshift of the eg-orbital, leading to higher TOF. This
hypothesis was further supported by establishing the relation-
ship between oxygen-reduction turnover number and the
Lewis basicity of graphitic carbon support. The electron-
withdrawing character of highly disordered graphitic carbon
such as ketjen EC600JD can lower the electron density of the
metal center, enhancing the TOF of Fe—N, from ~10 s™!
site™! to ~30 s! site™" in alkaline media. It was believed that
the initiation of the ORR process on the Fe—N, moiety is
mediated by the Fe**/Fe®" transition: N,—Fe®* + O, & N,—
Fe’*—0,". The electron-withdrawing property of the carbon
support caused an anodic shift in the redox potential of Fe**/
Fe’* and a higher activity. Jiang et al. also reported that the Fe/
Fe;C moieties would interact with the Fe—N, and reduce the
charge density of the central ion, leading to a higher activity.”
These results suggested that the ORR activity of the Fe—N,—C
coordination can be tuned by the changing the 3d-electron
density of the central Fe.

3.1.2. The Geometry of the Fe—N, There has been
agreement on the paramount importance of nitrogen in the
Fe/N/C catalysts within the community, while the type of the
nitrogen binding to the Fe center that is most active toward
ORR is still under debate. It has been proposed that the
pyrolysis of the macrocycle such as iron-porphyrin, in which
the nitrogen atoms are pyrrolic, would still retain the Fe—N,
structure with the concomitant bonding of the pyrrolic part
wgle the ligand is partially destructed as depicted in Figure
6.%

Yang et al. also pointed out that the origin of the high
activity of the Fe/N/C catalyst is from the Fe—pyrrolic-N,
species.”*According to their work, Fe—pyrrolic-N, showed
higher onset potential (U,,,) and exchange current density
(jo) than Pt/C (20 wt %) based on the experimental results in
alkaline media. It also exhibited higher U,y jo, and 4e”
catalysis pathway selectivity than Pt(111) and Fe—pyridinic-N,
structure. However, these conclusions made by Yang et al

\[?—: |
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Figure 6. Visualization of the reaction of the porphyrin with the
carbon during heat treatment. Reproduced from ref 69. Copyright
2002 American Chemical Society.

were based on the experimental results obtained in alkaline
media; the activity of these structures may be quite different in
acid media as discussed in section 2. Based on Fe Mossbauer
spectroscopy, the Fe—N, center with Fe in low-spin state (S =
0) coordinated by four pyrrolic nitrogen atoms (labeled as D1)
has been 1dent1ﬁed by many research groups just as shown in

Figure 7A.”” It has been proposed that the Fe—N, is formed in
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Figure 7. Side views and top views of the proposed structures of (A)
the FeN,/C catalytic site in heat-treated, macrocycle-based catalysts
assigned to Mossbauer doublet D1, (B) the FeN,,,-like micropore-
hosted site found in the catalyst prepared with iron acetate and heat-
treated in ammonia assigned to doublet D2, and (C) the N-FeN,,,-
like composite site, where N-FeN,,, is assigned to doublet D3. In all
side views, graphene planes are drawn as lines. Reproduced with
permission from ref 75. Copyright 2012 Royal Society of Chemistry.

the micropores or slits of carbon with four pyridinic nitrogen
functionalities attached to the edges of the graphene. This
hypothesis is in accordance with the experience from the
synthesis of the Fe/N/C catalysts that the pyridinic N is
preferentially formed at the edges of the micropores and slit of
the graphene sheet, and suﬂic1ent micropores are a require-
ment in densifying active sites.”® As shown in Figure 7B,C, the
middle spin (S = 1) and high spin (S = 2) Fe—pyridinic-N, are
suggested in the Fe/N/C catalysts. These structures in the
micropores and slits have also been recommended by man

research groups experimentally and theoretically.*>**7°~7*
Combining the experimental data (XANES) with the
computational fitting, Zitolo et al. revealed the existence of
FeN,C,, with a clear arrangement of surrounding carbon
atoms. This site is structurally different from the previously
proposed Fe—pyridinic-N, moieties wherein the pyridinic-N
bridges the micropores or slits; the pyrrole-type C,N ring is
expected to be ore favorable in bridging the edges of the
graphene pores.*® These structure investigations are based on
the stationary analysis of the catalysts without considering the
structure changes caused by the oxygenates in the electrolyte

DOI: 10.1021/acscatal.9b02583
ACS Catal. 2019, 9, 10126—10141


http://dx.doi.org/10.1021/acscatal.9b02583

ACS Catalysis

REVE

15 18 . N
a FePe _  Febased STD| D [Febased STD) Fepe C 65 — d2o P RTINS
1 FeTPP-C1- FeTPP-CI{ 1.5 60— :*::’:’xg‘ﬂ't o8t + FeTPP-800-C ]
- b Fe foil 55} FeTPP-800- » =
s b 12 5 o PANL-Fe-C . 206 PANI-Fe.C~1
" / 550 o ~204 b
\ 09 Zast | - . <, 5
/ \ A PP L) I acE=s
J o\ A . 3% 00 .
// / \/\ ~ 03 ) 198}«
E(eV) .—v\, \ = \- 5 1.96
DR o (]‘9 00 0 04 06 08 10 00 02 04 06 08 10
FeTPP-300-C FeTPP-300-C n 1 \ £ [V vs.RHE) E [V vs. RHE]
. u s \ 12 e
- 07V D2
09v109
206 Aj’ /\ FL‘N/( 0.6
Ro3 v Ny 3~
3 ; \ \/\/\ 2
N 00 Ll EcV) 00 =
= 0 - 02
E] 01V FeTPP-800-C. | ¢TPP-800-€ 01V & \_/
£, 03V 03V] 5 X
s 2 05V osv]'? D1 oH
Z 07V Fe-N/Q)/ | 07V
0.9 09V, / & 0ov]09 [ X¢J
10y /\ LoV oc
0.6 1/ \ 0.6
/
// L\ oON
03 W 0 O Fe
) £ WA €
4 & B @ Fe3*
0.0 — Lo - — 0.0
1S 01V PANI-Fe.C PANI-Fe-C o1v] ] W
03V, \ 03V
12 05 N\ 05V D3
07y N 07V 409
09 (L) /= ————— N\ 09V
1.0 2 B / 10V 46
06 H / \ A\F/l. Fe
[N R
03 H \\ S Vs A\ - 03
00— -3 EGeY) evesl) \ &N 00 v
7100 7120 7140 7160 7180 0 1 2 3 4 0.1V 0.9V
E(eV) R(A)

Figure 8. (a) XANES at the Fe K-edge with concomitant first derivatives (insets). (b) The corresponding FT-EXAFS of FeTPP-300-C, FeTPP-
800-C, and PANI-Fe—C as a function of applied potentials versus reversible hydrogen electrode. The Fe—N/O coordination numbers (c) and
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O(H),q; the assignment of the doublets might be in different order from that in Figure 7. (e) The atom labeled X represents the fifth ligand with its
identity unknown. Reproduced from ref 79. Copyright 2015 American Chemical Society.
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and the dynamic potential applied to the catalysts. Jia et al.
illustrated the dynamic structure of the Fe—N, related to the
Fe’"/Fe*" redox by recording the bonding distance between
different atoms during the catalysis of the ORR process via the
in situ XANES.” As depicted in Figure 8a, the Fe K edge shifts
toward higher energy with increasing potential, indicating that
all these three catalysts (FeTPP-300-C, FeTPP-800-C and
PANI-Fe—C) undergo the Fe?" /Fe3* transition during the
ORR catalysis. As summarized in Figure 8b,c,d, the increase of
the coordination number and change of the Fe—N/O bond
distance are all observed on the three representative catalysts
with the increasing potential from 0.1 to 0.9 V. It is interpreted
that the Fe—N,—C center undergoes switching behaviors (Fe
moving toward or away from the N,-plane) during the ORR
catalysis. As the most active one among the three catalysts, it is
hypothesized that the central Fe is initially out of the N,-plane
in the PANI—Fe—C because of a fifth ligand such as N, which
has also been proposed by Kramm et al.”

Based on the analysis above,”” several conclusions were
drawn about the ORR on Fe—N,—C sites:>*”"™* (1) the
ORR rate mediated by the Fe?*/Fe* redox transition is limited
by the removal of oxygen species; the oxygen species is
adsorbed upon water activation, N,—Fe** + H,0 — N,—Fe**—

10131

OH,,4 + e+ H*; thus to make the ORR occur, the adsorbed
species must be removed; (2) the catalytical active sites are
Fe’’—N, rather than Fe’*—N, sites; (3) higher Fe®'/Fe®*
redox potential would lead to lower overpotential. Some
researchers argued that the oxidation state should be 3+ based
on the fact® that the Fe/N/C catalysts can be poisoned by
SCN™ but not CO because SCN™ can only bind to Fe** and
CO can only bind to Fe"" porphyrins. It was pointed out that
the CO is not convincing to be used as a probe for Fe/N/C
catalysts because unlike the Fe macrocycle, Fe/N/C catalysts
are usually resistant to the CO.**

3.1.3. The Assessment and Quantification of the Fe—N,—
C Coordination. The turnover frequency (TOF), which is the
number of electrons transferred per catalytic site per second, is
usually calculated to assess the intrinsic activity of the catalytic

site. The single site TOF can be calculated through this
equation: TOF (@0.8 V vs RHE) [s7' site™!] = Fiﬁ. I (A
g~') is the kinetic current at a certain potential; it can be

calculated through the K-L equation: I = HL . F (C/mol) is
the Faraday constant (96485 C/mol). SD (mol/g) is the

density of the electrochemically accessible catalytic sites, which
may be obtained from Fe Mbssbauer spectroscopy.”” The

DOI: 10.1021/acscatal.9b02583
ACS Catal. 2019, 9, 10126—10141


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1021/acscatal.9b02583

ACS Catalysis

REVE

average TOF is also calculated to assess the activity:*® Average
TOF (@0.8 V vs RHE) [ 57" site™!] = Mk A is the

ecN
molecular weight of Fe, e is the electric charge of a single

electron, ¢ is the Fe loading (wt %), and N is Avogadro’s
number. The calculation of average TOF is based on the metal
loading detected by techniques such as X-ray photoelectron
spectroscopy (XPS). It is noted that not all the detected metals
involved in the catalytic sites are accessible by O, and
electrolyte. To solve this challenge, Sahraie et al. reported low-
temperature CO pulse chemisorption and temperature-
programmed desorption to quantify the accessible catalytic
sites in the catalysts.”” Because CO adsorption on metal-free
nitrogen functionalities is negligible and the amount of CO
adsorbed increases with the ORR activity, it can be deduced
that the CO adsorbs predominantly on the metal-containing
ORR active sites. Based on this deduction, the TOF of the
surface accessible catalytic sites was presented as TOFqo (@
0.8 V) = LF 'Nco™". Neo is the CO uptake (nmol mg i,y )
of the catalyst. All the adsorption processes were carried out at
193 + S K. Recently, Malko et al. proposed an easy in situ
electrochemical method to quantify active sites through nitrite
adsorption followed by reductive stripping.*® As depicted in
Figure 9a, an apparent difference was observed for the
electrode voltammograms of the NO,” poisoned and
unpoisoned Fe/N/C catalysts. This difference in current was
believed to be caused by the reduction of the adsorbed nitrosyl
ligand as shown in Figure 9b. Based on the integrated charge
transferred for the nitrosyl stripping, the surface nitrite
sensitive site density can be calculated using the following
Q(Cs™
nF(C mol™) "
with the nitrosyl reduction, and #n is the number of electrons
transferred for the reduction of one adsorbed nitrosyl per site.
Further the TOF of the nitrite sensitive sites can be acquired:

TOF (@0.8 V vs RHE) [s7! site™] = FiI;D. AlIL is the kinetic

current difference between the nitrite poisoned and un-
poisoned electrode as shown in Figure 9c.

As revealed by these methods for the quantification of active
sites in Fe/N/C catalysts, the utilization of iron compared to
the iron loading is very low (~4.5%). It has been summarized
that the activity of the Fe (Co)/N/C catalysts increases with
increased metal loading in the range of 0.3—3 wt % because of
the saturation of doped nitrogen:*"”’ the number of nitrogen-
doped defects that can host metal atom forming active sites is
very limited. Therefore, the assessment and quantification of
nitrogen as well as the nitrogen content should be given more
attention to increase the active site density of M/N/C
catalysts.

3.2. N—C,. The indispensable role of nitrogen (N) in the
Fe/N/C materials for the catalysis of ORR has been
demonstrated by the researchers.”’ In addition to the
formation of Fe—N,-type catalytic centers, N can be in situ
doped into the carbon matrix during the pyrolysis. Nitrogen,
next to the carbon in the Periodic Table, has a larger
electronegativity than carbon (3.04 for N, 2.55 for C).*" As
such, the introduction of N into the carbon sheet can make the
neighboring carbon atoms electron deficient and decrease the
gap between the Fermi level and conduction band, leading to a
higher charge mobility of the graphene lattice. According to
the DFT calculations, the intrinsic catalytic activity and ORR
mechanism of the heteroatom-doped graphene depends on the
charge, spin density and coordinate state of the carbon sites.

equation: SD (mol g™') = Q is the charge associated

The spin density effect and charge effect are particularly
important in modulating the catalytic activity of the inner
carbon sites.”””” The redistribution of the charge density and
spin density of carbon atoms owing to the N doping has
significant effects on oxygenate adsorption and the first
electron transfer of ORR.”*”® It has been well-known that N
can mainly form three different configurations when doped
into graphene possibly associated with the ORR catalysis,
graphitic N, pyridinic N, and pyrrolic N. As depicted in Figure
10, the N directly substitutes the carbon atom and is

@ Catom
@ "graphitic" N atom

@ "pyridinic" N atom
v

Figure 10. Schematic representation of the N-doped graphene. The
blue, red, green, and yellow spheres represent the C, “graphitic” N,
“pyridinic” N, and “pyrrolic” N atoms in the N-doped graphene,
respectively. Reproduced from ref 96. Copyright 2009 American
Chemical Society.

incorporated into a hexagonal ring forming graphitic N and
pyridinic N (at the edge), while pyrrolic N (at the edge) is
included in a five-membered ring.% Graphitic N and pyridinic
N are sp” hybridized, and pyrrolic is sp® hybridized. The debate
on the actual active sites regarding the type of N functionalities
mainly focuses on the graphitic N and pyridinic N.>*>"?7~%
The conclusions about the active sites have usually been made
based on the correlation between the ratio of a certain type of
N and the ORR activity through XPS peak fitting. However,
the conclusions by such methods can be misguiding if it is not
very carefully treated because of the experimental uncertainties
and the inhomogeneities associated with the morphology and
graphitization level. Recently, Guo et al. recognized the
individual contribution from the different types of N by
developing highly oriented pyrolytic graphite (HOPG) model
catalysts and concluded that the ORR active site in acid is
created by the pyridinic N.* As shown in Figure 11A-E,
ordered edge-patterned HOPGs including pyri-HOPG, grap-
HOPG, edge-HOPG, and clean-HOPG were selectively
prepared to study the N dopant without influence of
morphology. The pyridinic-N-dominated HOPG showed
much higher activity than the graphitic-N-dominated HOPG,
edge-HOPG, and clean-HOPG. Additionally, the acidic CO,
was found to adsorb only on the pyri-HOPG, indicating that
the Lewis base site is created by the pyridinic N and the carbon
atom neighboring the pyridinic N is the active site.

The possible ORR mechanism was also proposed on N-
doped carbon (Figure 11G). The adsorption site for O, is the
carbon atom adjacent to the pyridinic N, and the subsequent
ORR can occur through the indirect 4e™ process or direct 4e”
process. This proposal was partially evidenced by the detected
OH species in the post-ORR XPS measurement. Also, Xing et
al. reported the observation of OH,4 remaining on the carbon
atoms neighboring the pyridinic N after ORR measurement
and pointed out that the carbon atoms next to the pyridinic N
should be the main active sites among other N config-
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Reprinted with permission from AAAS.

urations.'%’ Among these debates, Kim et al. asserted that the
outermost graphitic N among others yields the lowest barrier
for the rate-limiting first electron transfer and the highest
selectivity toward the four-electron reduction pathway based
on the DFT calculations.'”’ It was proposed that an
interconversion may occur between the pyridinic N and
graphitic N during the ORR. Although N-doped carbon is
proposed as an active species toward ORR, the activity of N—C
is poor in acidic electrolyte with the average potential (vs
RHE) of ~0.7 V at —1 mA cm™? tested on RDEs.”*

It has been reported by many research groups that the
metallic Fe or iron carbide encased in the graphitic layer or N-
doped carbon are highly ORR active in both acid and alkaline
media,'”* """ for example, Hu et al. reported that Fe;C
encapsulated in the graphitic layer (Figure 12a) exhibited high
activity toward ORR with a half wave potential of 0.73 and
0.83 V (vs RHE) in 0.1 M HCIO, and 0.1 M NaOH,
respectively.'” Strickland et al. also found that the core—shell
structure of the Fe/Fe,C inorganic nanoparticles wrapped by
the carbon shell manifested high ORR activity. The Fe
Mossbauer spectroscopy and in situ XANES revealed that no
direct Fe—N coordination was observed and Fe?*/Fe®*
transition was not detected (Figure 12b,c),”” indicating the
absence or extremely low content of electroactive Fe—N,
species on the surface.

The DFT calculations (Figure 12d) showed that the
catalytic activity of such core—shell structure arises from the
increased electron density on the carbon layer leading to a
decreased work function on the carbon surface and the
introduction of N into the carbon layer can further increase the
DOS near the Fermi level and lower the work function.'*®
Interestingly, the carbon confined Fe/Fe,C core—shell
structure exhibited impressive stability in the PEMFC; for
example, almost no significant performance loss was observed
after 10 000 potential cycles.””'”® This outstanding durability

is much better than that of the Fe—N,—C catalysts, which will
be discussed in section S.

4. THE pH EFFECT

The pH-dependent ORR activity effect is observed on both
Fe/N/C and Pt/C catalysts. To elucidate the pH effect on Fe/
N/C, we would like to start with the Pt/C catalysts. The ORR
activity of Pt/C shows apparent pH dependence,'”” where
higher exchange current density and kinetic current density at
0.9 V, smaller Tafel slope, and lower H,0O, yield are observed
at pH = 1 than pH = 13 (Figure 13A).'"® The understanding
of the mechanism of the ORR performance gap between acid
and alkaline media is of paramount importance because of its
role in the energy conversion technologies. Ramaswamy and
Mukerjee explained the activity gap on Pt/C from the
perspective of the changes in the electric double layer structure
at the electrode/electrolyte interface and electrochemical
reaction mechanisms in transitioning from acid to alka-
line."**'*” As depicted in Figure 13B (left), it is argued that
the chemisorbed O, molecule is reduced at the inner
Helmholtz plane (IHP) concerted with the transfer of protons
from the outer Helmholtz plane (OHP) to the IHP (Figure
13B-a, left) via an inner-sphere electron transfer (ISET)
mechanism in the acid environment, while in the alkaline
environment, the O, can be reduced via both ISET (Figure
13B-a, right) and outer-sphere electron transfer (OSET) with
water as the proton source. For OSET (Figure 13B-b, right),
H,O0, is produced with specifically adsorbed OH as the bridge
for electron transfer. The slower kinetics and higher H,0,
yield in alkaline media is attributed to the existence of OSET.
Interestingly, Fe/N/C catalysts exhibit opposite pH depend-
ence from the Pt/C. The apparent ORR activity of Fe/N/C
catalysts is significantly higher in pH = 13 than in pH = 1 and
the H,0, yield is lower at high pH.'”~""" Ramaswamy et al.
reported 3—4 orders of magnitude higher ORR activity on Fe/
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Figure 13. (A) Electrochemical measurements of Pt/C in 0.1 M HCIO, and 0.1 M KOH: (a) cyclic voltammetry in deoxygenated electrolytes; (b)
charge density due to oxide formation on Pt; (c) ORR polarization curves at 900 rpm in O, saturated electrolytes; (d) mass transport corrected
Tafel plots; (e) ring current measured during ORR at 900 rpm. (B) Schematic illustration of the double-layer structure during ORR in acidic (left)
and alkaline (right) conditions. Insets a and b illustrate the inner- and outer-sphere electron transfer processes. (C) ORR activity of FeTPP/C
catalyst (pyrolyzed at 800 °C) in O, saturated acidic and alkaline electrolytes: (a) ORR polarization curves; (b) hydrogen peroxide reduction
reaction in comparison to ORR; (c) ring current. Also shown in part c is the ring current profile of 30% Pt/C in 0.1 M NaOH for comparison.
Reproduced from ref 108. Copyright 2011 American Chemical Society.

N/C in alkaline than that in acid media (ie., E;;, = 837 = 8
mV in 0.1 M NaOH against E;/, = 667 + 12 mV in 0.1 M
HCIO,).”” Meng et al. also found that the activity of their Fe/
N/C catalyst is 7—10 times higher at pH = 13 than pH = 1.""
There are mainly two hypothesis explaining this activity gap.

One hypothesis proposes that ISET is promoted and OSET is
inhibited on Fe/N/C catalysts in alkaline media. The
specifically adsorbed OH,4 plays different roles on Pt/C and

Fe/N/C. For Pt/C, the

a site blocker for ISET.

10134

OH,, is the bridge for OSET as well as
On the other hand, for Fe/N/C, the
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OH,4 on the Fe®" site acts as a labile ligand that can be easily
displaced by molecular O,. Thus, OSET is inhibited on Fe/N/
C in alkaline media, ensuring successful 4e™ reduction of O,
through the ISET mechanism. This difference of the OH,4
behavior on Pt/C and Fe/N/C explains the electrochemical
phenomenon well: the loop behavior of the polarization curve
is not observed on Fe/N/C, while it is very typical for Pt/C.""*
It was further found that the HO,™ intermediate in alkaline
media will be reduced immediately to the 4~ product (Figure
13C-b) owing to the higher stability of the intermediate on the
active site in alkaline than in acid media. In acid media, the
reduction of H,0O, is not kinetically favored because of weak
binding of H,0, on the active site, leading to a higher H,0,
yield as depicted in Figure 13C.

Another hypothesis is that the protonation of the doped
nitrogen atoms hinders the charge delocalization and degrades
the ORR activity in acid media.'> The mean pK, value
measured from the Boehm titration is 6.5 for the prepared Fe/
N/C catalyst, which indicates the possibility of a fast
protonation of the catalyst in acid especially for the pyridinic
N because of a low pK, of 5.2 for pyridine.""* Rauf et al.
pointed out that the protonation of the pyridinic N can reduce
the basicity of the adjacent carbon, thus reducing the O,
affinity. For Fe—N,, the protonation of nitrogen can also lower
the electron density of the Fe center, which may shift the
potential of Fe?*/3* redox negatively, resulting a lower ORR
activity.""> Herranz et al. attributed the activity decay of the
Fe—N, in acid medium to the protonation of the nitrogen and
the subsequent anion binding (Figure 14A). It is believed that
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Figure 14. Change of the chemical state of protonable N-groups and
simultaneous change of the turnover frequency (TOF) for the ORR
of FeN, catalytic sites when the Fe/N/C catalyst is shrouded by
proton-conducting ionomer (A) or directly in contact with an
aqueous acidic solution (B). In case B, the acid-washed catalyst can be
reactivated either thermally or chemically. Reproduced from ref 114.
Copyright 2011 American Chemical Society.

FeN, FeN, FeN,

protonation of the N surrounding the Fe—N, alone without
anion binding will not harm the activity of the Fe—N,, which

explains why the initial activity of Fe/N/C in PEMFC (20 A
g™') is much better than that in RDE (3 A g'). Another
observation is that the activity of Fe/N/C catalyst will
normally experience 1 order of magnitude decay after acid
washing (AW), while the activity can be restored by base
washing or thermal treatment with removal of the anion
(Figure 14B). From the perspective of the catalytic activity, the
Fe—N,—C coordination structures, Fe/Fe;C@N—C, N-doped
carbon, and defective carbon, are all highly active toward the
ORR in the alkaline electrolyte with high half-wave potential of
>0.8 V (vs RHE) at 3 mA cm™2 on RDE. In acid electrolyte,
the apparent activity of N-doped carbon and defective carbon
materials without iron are nearly negligible. The Fe—N,—C
structures (potential at 3 mA cm™? on RDE ~0.85 Vllé) are
much more active than Fe/Fe;C@N—C (potential at 3 mA
cm™2 on RDE ~0.78 V*?). Further understanding and insights
into the mechanism of the pH dependence of the Fe/N/C
catalysts should be based on the study of the categories of
different catalytic sites owing to the heterogeneity of the
catalysts synthesized with the traditional pyrolysis method.

5. STABILITY OF THE CATALYSTS IN THE PEMFC

Apart from the modest activity of Fe/N/C catalysts compared
to Pt-based materials, the poor durability (especially in the
initial few hours, the performance loss can be up to 50%) is
another challen(ging obstacle for the application of
PEMFCs.*>""7~"*" Almost no N-doped carbon and defective
carbon materials are applied to the cathode of the PEMFCs
because of the limited activity in acid. The stability is the main
issue of the Fe—N_,—C or Fe/Fe;C@N—C structures. The
performance loss has been summarized in this review, and
three possible mechanisms will be discussed:

5.1. Carbon Corrosion during the Startup and
Shutdown of the Fuel Cell. During the startup and
shutdown of the H,—O, fuel cell, an air/H, boundary
(represented by the dotted line in Figure 15) is formed in
the flow channel before H, completely fills the channel (e.g,,
during startup), which drives the oxygen evolution reaction
(OER) and carbon oxidation reaction (COR) throu%h the
onset of ORR at the anode as depicted in region D.'*"'** The
potential of region D will be close to the sum of the potentials
of regions B and C, which can reach up to 2 V. Under such
high potential, drastic carbon corrosion happens.'*’

This model was originally proposed for Pt materials applied
as the cathode catalysts of PEMFCs."**~"* It is reasonable to
believe that the carbon corrosion of the Fe/N/C catalysts may
induce even more severe problems leading to performance loss.
Unlike the Pt/C catalysts, wherein carbon acts as the
conductive support, the carbon matrix in Fe/N/C materials
not only serves as the electronic conductor but also hosts the

O,+4H" +4¢ —»2H.0

Outlet

Inlet

O, +4H" +4¢ —2H,0
EY3IO75CO, +4H" +4c
2H,0 >0, +4H" +4¢

Outlet

Figure 15. Schematic showing the carbon corrosion scenario during startup/shutdown of a fuel cell. Reproduced with permission from ref 122.

Copyright 2015 Electrochemical Society.
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active species. Consequently, carbon corrosion can induce

(1) the loss of the porosity of carbon through the collapse of
the catalyst microstructure, which may destroy the active site
structure, reducing active site density and even blocking the
gas-diffusion pathway toward catalytic center and water
removal from the electrode, and (2) the decrease of the
hydrophobicity of the catalyst layer. Carbon oxidation may
introduce some hydrophilic oxygen groups onto the carbon
surface,?’ making the flooding problems even more severe.
Recently, Choi et al. studied the Fe/N/C activity degradation
mechanism with online inductively coupled plasma mass
spectrometry (ICP-MS) and differential electrochemical mass
spectroscopy (DEMS) coupled to a modified scanning flow
cell (SEC) system.130 The carbon oxidation of Fe/N/C to
CO, and CO was observed at high potentials (>0.9 V), which
directly caused the destruction of the carbon surfaces and
indirectly led to the destruction of active sites. During the
operation window of 0.7—0.9 V, the catalysts are stable.

5.2. Attack on Active Sites by H,0,. As has been
discussed in section 2, the indirect 4e™ pathway or 2e~ pathway
of ORR can generate H,O,, which is believed to cause catalyst
degradation via the Fenton reaction.'”' Lefévre and Dodelet
immersed a series of catalysts into H,O, solution at various
concentrations to mimic the H,O, released in the neighbor-
hood of the catalysts. They observed a dramatic decrease of the
activity measured by RDE."*” For the degradation mechanism,
they proposed that radical oxygen species (ROS) destroyed the
integrity of the active sites. ROS are strong oxidants and can be
formed via the Fenton reaction between H,0, and the
transition metal:"*>"** Fe?* + H,0, — Fe** + HO® + OH~;
Fe** + H,0,— Fe?* + HOO® + H*. These ROS are believed to
be detrimental to the active sites. Goellner et al. reported that
the TOF of Fe/N/C decreased more severely than that of Co/
N/C after H,O, chemical treatment and that Co/N/C
produced less ROS than Fe/N/C when contacted with
H,0,."** Based on the analysis of the change of isomer shift
and half-width observed in the Fe MGossbauer spectroscopy
after the activity degradation by H,0, contact, Schulenburg et
al. proposed that the oxidation and subsequent removal of the
coordinating N atoms could cause the loss of the activity.'*®
The proposal of activity decay caused by the Fenton-type
reaction was further supported by some recent reports: (1)
Zelenay and co-workers showed that the simultaneous
utilization of Fe and Co precursors in the synthesis of M/N/
C catalysts can improve the stability in acid."*” (2) Carbon or
N-doped carbon wrapped Fe/Fe,C core—shell structure
manifested great stability in acid.”” However, Jaouen et al.
found that the exposure of the materials to H,O, leaves the
Fe—N,—C structures intact but decreases their TOF through
oxidation of the carbon surface, leading to weakened O,
binding on iron-based sites.'”® Apart from the adverse effect
of H,O, on active sites, it is also proposed that Fenton
reactions might cause local ionomer degradation hindering the
H* transport, which causes the PEMFC performance loss."*”
Altogether, it is agreed that less ROS produced during ORR
should enhance the stability of the Fe—N_,—C structures.

5.3. Water Flooding into the Micropores. Dodelet et al.
summarized the stability of the PEMFCs based on a series of
Fe/N/C electrocatalysts with different microporous surface
area/total BET surface area ratio as depicted in Figure 16.'*
The higher fraction of the microporous surface area to the total
BET surface area would lead to a faster decay of the cell
performance. It was hypothesized that the flooding of the
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Figure 16. Time evolution in H,/O, fuel cell of the power developed
at 0.5 V by several catalysts. The numbers appearing at the end of
each curve are the microporous surface area/total BET surface area of
each catalyst and their ratio.'** Reprinted from ref 140, Copyright
2016, with permission from Elsevier.

micropores would impede the transport of the oxygen to the
active sites hosted in the micropores and cause fast
performance loss. This is further supported by their following
work.'*" They reported that the durability of the catalysts can
be improved by increasing the first pyrolysis temperature from
1050 to 1150 °C. It was explained that increasing the pyrolysis
temperature can reduce the hydrophilic character of the carbon
matrix and decrease the possibility of water flooding the active
sites. Recently, Dodelet’s group updated this degradation
mechanism of water flooding.'** They put forward that the flux
of water (with dissolved H" and O,) through the open-end
micropores caused the demetalation of the Fe—N,—C sites,
which led to the performance loss. It was said that the Fe—N,—
C structure should be quite stable in stagnant acidic media at
80 °C owing to a very small equilibrium constant of the Fe—
N,—C demetalation reaction (Fe’*—N,—C,s + 2H'aq <
Fe*,aq + H,—N,—C,s); however, the equilibrium will break if
the water or humid gas keeps running through micropore
channel and takes away the Fe’* according to the Le Chatelier
principle. Thus, the structure of the active sites would be
destroyed.

It is likely that the degradation of most Fe/N/C catalysts in
PEMEFCs is caused not one mechanism but rather by the
combination of the mechanisms mentioned above or
undiscovered. In addition, these degradation pathways may
have influence on each other. For example, the occurrence of
carbon oxidation may promote other degradation pathways;
for example, carbon oxidation can decrease the hydrophobicity
of the catalyst surface, which further exacerbates the water
flooding of the micropores.

6. SUMMARY AND CONCLUSIONS

In this review, a summary of the recent insights into
electrocatalysis on Fe/N/C catalysts is provided. The active
sites can be mainly classified into two groups: Fe—N,—C (x =
2, 3, 4) and N—C. For the Fe—N,—C sites, Fe—N, hosted in
the micropores within the graphene plane or between the slits
of two graphene sheets are considered as the predominant
active sites with high TOF as well as four-electron-transfer
selectivity. The ORR on Fe—N,—C is initiated by the Fe**/
Fe®" redox transition, accompanied by switching behavior of Fe
moving away from or toward the N,—C plane. Therefore, it is
promising to further improve the activity of Fe—N, by tuning
the electronic and geometric structure to shift the Fe*"/Fe®*
redox transition positively.
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For the N—C group catalytic sites, the carbon atom with
Lewis basicity adjacent to pyridinic N is regarded as the
catalytic center in acid. However, poor activity and low 4e”
selectivity of ORR is observed on N—C with a high yield of
H,0, in acid medium. The wrapping of the Fe or Fe;C
nanoparticles into the N—C shell forming a core—shell
structure without direct exposure of Fe to the electrolyte can
boost the activity of N—C owing to the increased DOS near
the Fermi level and lowered work function. Also, the stability
of Fe/Fe;C@N—C seems to be better.

The pH effect on the activity of Fe/N/C catalysts (much
better activity of Fe/N/C catalysts in alkaline than in acid
media) can be mainly attributed to two reasons: (1) ISET is
promoted and OSET is inhibited on Fe/N/C in acid
electrolyte. (2) Protonation of the N in acid electrolyte
hinders the charge delocalization of the active sites and leads to
activity loss. For the assessment of the intrinsic activity
(calculation of TOF), the accessible active site density can be
quantified through the interaction between the Fe center and
adsorbates such as nitrite or low-temperature CO, but this
method is limited to the active sites with Fe centers. In acid
medium, the apparent activity of N-doped carbon and
defective carbon materials without iron is almost negligible.
The Fe—N,—C structures (potential at 3 mA cm™> on RDE
~0.85 V) are much more active than Fe/Fe;C@N—C
(potential at 3 mA cm™ on RDE ~0.78 V).

Apart from the activity issues, the poor stability of Fe/N/C
in PEMECs is another problem impeding the commercializa-
tion of Fe/N/C materials. The degradation could be caused by
oxidation of the carbon matrix or destruction of the active sites
via the Fenton reaction, as well as micropore flooding. Thus, to
improve the durability, the production of the H,O,
intermediate should be avoided and carbon oxidation should
be alleviated. For the advancement of plausible Fe/N/C
electrocatalysts, more efforts could be devoted to (1)
increasing the mass activity by increasing the TOF of active
sites or increasing the active sites density; tuning of the d-
electron density and geometry of the Fe center and designing
of hierarchical porous structure with abundant surface
microporous structure to host the active sites should help
further increase the mass activity; (2) mitigating the mass
transfer issues of the Fe/N/C-based MEA because of the thick
catalyst layer, for example, building an effective three-phase
boundary; and (3) improving the durability from the
perspective of catalysts and engineering design.

At last, standard procedures for the evaluation of Fe/N/C
electrocatalysts should be established on both RDEs and
MEAs. Currently, the evaluation of the activity and the stability
of the catalysts are not conducted under the same protocols
among different research groups. For example, the stability of
the MEA is either evaluated through the chronoamperometry
method under different cell potentials or tested by cycling
potential with different cycles. These inconsistent testing
protocols prevent comparison and cooperation among differ-
ent laboratories. A unified test protocol should be established
to effectively push the limits of the Fe/N/C based PEMFCs.
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