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Fe—N—C Electrocatalysts with Densely Accessible Fe—N,
Sites for Efficient Oxygen Reduction Reaction
Yazhou Zhou,* Guangbo Chen, Qing Wang, Ding Wang, Xiafang Tao, Tierui Zhang,

Xinliang Feng,* and Klaus Miillen*

This paper is dedicated to Professor Daoben Zhu on the occasion of his 8oth birthday

The development of iron and nitrogen co-doped carbon (Fe—N—C)
electrocatalysts for the oxygen reduction reaction (ORR) in proton-exchange
membrane fuel cells (PEMFCs) is a grand challenge due to the low density of
accessible Fe—N, sites. Here, an in situ trapping strategy using nitrogen-rich
molecules (e.g., melamine, MA) is demonstrated to enhance the amount of
accessible Fe—N, sites in Fe—N—C electrocatalysts. The melamine molecules
can participate in the coordination of Fe ions in zeolitic imidazolate frameworks
to form Fe—Ng sites within precursors. These Fe—Ng sites are then converted
into atomically dispersed Fe—Nj, sites during a pyrolytic process. Remarkably,
the Fe—N—C/MA exhibits a high single-atom Fe content (3.5 wt.%), a large
surface area (1160 m? g7'), and a high density of accessible FeN, sites (45.7 x 10"
sites g7'). As a result, Fe—N—C/MA shows a much enhanced ORR activity with
a half-wave potential of 0.83 V (vs the reversible hydrogen electrode) in a 0.5 m
H,SO, electrolyte solution and a good performance in a PEMFC system with an
activity of 80 mA cm~2 at 0.8 V under 1.0 bar H,/air. This work offers a promising
approach toward high-performance carbon-based ORR electrocatalysts.

1. Introduction

Proton-exchange membrane fuel cells
(PEMFCs) represent a sustainable energy
conversion technology to overcome prob-
lems of global energy consumption and
environmental pollution.'3l The perfor-
mance of PEMFCs critically relies on the
kinetics of the oxygen reduction reaction
(ORR) at the cathode.*> Up to now, cata-
lysts based on platinum (Pt) group-metal
(PGM) are the most efficient materials in
PEMFC systems.[*8] However, the prohib-
itive costs, scarcity, and poor durability of
such catalysts seriously hinder their wide-
spread applications and call for PGM-free
electrocatalysts as alternatives.!

Among the PGM-free electrocata-
lysts, iron and nitrogen co-doped carbon
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(Fe=N—C) materials are the most prom-
ising candidates due to their good activity,
abundance, and structural tunability at the
atomic level.'*13 Single atoms of iron coordinated with nitrogen
(e.g., Fe—N,) moieties in a carbon matrix are commonly rec-
ognized as the real active sites for absorbing O, and catalyzing
the subsequent ORR kinetics."1) The Fe—N—C materials can
be prepared by the high-temperature pyrolysis of C-, N- and
Fe-containing precursors.>2-2°l Nanocrystals of zeolitic imi-
dazolate frameworks (ZIF-8) modified with Fe have proven as
highly promising precursors of Fe—=N—C electrocatalysts due to
their ability to yield Fe—N, sites and generate porous nanostruc-
tures.[?6-28] [n situ Fe-doping and encapsulation of Fe-containing
sources into ZIF-8 nanocrystals are two typical approaches for
the preparation of the above precursors.?’l For the in situ doping
strategy, additional Fe ions, similar to Zn ions, can also chemi-
cally bind to 2-methylimidazole ligands upon the formation of
Fe-doped ZIF-8 (Fe-ZIF-8).3%31 For encapsulation, Fe-containing
precursors (e.g., iron (III) acetylacetonate and ferrocene) are
loaded into the ZIF-8 cavities during a hydrothermal process.[2¢!
High-temperature pyrolysis (>900 °C) converts the 2-methylimi-
dazole ligands into nitrogen-doped carbons, while the Zn are
vaporized and leave abundant micropores, under the formation
of porous nanostructures. Fe-containing fragments can be cap-
tured by the nitrogen sites to form Fe—N,, moieties, anchoring
on nitrogen-doped graphitic carbons.?*31-33 Unfortunately, due
to the massive loss of nitrogen-containing species at high tem-
peratures, the nitrogen content in the doped carbons and the
amounts of captured single Fe atoms are always limited, resulting
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in a low density of Fe—Nj, sites (=0.5 at%) and the formation of
inactive Fe-based clusters and/or nanoparticles (NPs).

In previous studies, the secondary nitrogen-containing
sources, including phenanthroline (Phen), 2-dimethylimi-
dazole (mIm), and 2,4,6-tris(2-pyridyl)-s-triazine, have been
introduced into ZIF-8 system to change the coordination envi-
ronment of Fe ions by a wet impregnation approach.3*3¢ For
example, Tian et al., replaced the ligand of ferrous acetate with
Phen to form Fe(Phen); complex on the surface of ZIF-8 parti-
cles by wet impregnation followed by drying and planetary ball
milling.*¥ The displacement of ligand enhances metal-ligand
coordination strength, thus improving the content of metal-N,
sites. However, a high amount of nitrogen-containing sources
penetrated the inner pores of the ZIF-8 precursor were carbon-
ized to an abundant carbon matrix, resulting in inaccessibility
of active sites and low microporosity of catalysts.*”] Therefore,
these strategies usually involve post-pyrolysis and etching pro-
cedures and ammonia activation.[1>38]

Herein, we demonstrate an in situ trapping strategy using
nitrogen-rich molecules to promote the ORR activity of
Fe—N—C electrocatalysts by simultaneously improving the
site density and accessibility of Fe—N, moieties in hierarchi-
cally porous carbons. The nitrogen-rich molecules (e.g., mela-
mine, MA, dicyandiamide, DCD, and Phen) can participate in
the coordination of Fe ions upon synthesizing ZIF-8, thereby
increasing the content of Fe—N, sites e.g., Fe—N; in precur-
sors. During thermal carbonization, the Fe—N, sites are con-
verted into Fe—N, sites inside the porous carbon matrix. The
atomically dispersed Fe—N, structure is confirmed by aberra-
tion-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (AC-HAADF-STEM) study along
with X-ray absorption spectroscopy (XAS) analysis. Notably,
when using MA as trapping molecules, the resulting Fe—=N—C/
MA exhibits a high single-atom Fe content of 3.5 wt.%, a large
specific surface area of 1160 m? g™ as well as a high density of
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accessible FeN, sites of 45.7 x 10" sites g'. Benefitting from
these attributes, Fe—=N—C/MA achieves a high ORR activity
with a high half-wave potential (Ej,) of 0.83 V versus revers-
ible hydrogen electrode (vs RHE) and long-term durability in a
0.5 M H,SO, electrolyte solution. Moreover, the Fe—N—C/MA
demonstrates good performance in PEMFC systems in terms
of a high current density of 0.080 A cm™ at 0.8 V in H,/air
condition, which outperforms many reported state-of-the-art
Fe—N—C electrocatalysts.3%3]

2. Results and Discussion

The synthesis of Fe—=N—C/MA is described as an example
to highlight the trapping concept, as illustrated in Scheme 1.
Briefly, the MA molecules were in situ introduced during the
synthesis of ZIF-8 by adding iron nitrate nonahydrate, zinc
nitrate hexahydrate together with 2-methylimidazole. These
MA molecules along with 2-methylimidazole expected to
co-coordinate with Fe ions to form high-content Fe—N, sites
in ZIF-8 (denoted as Fe-ZIF-8/MA). The resulting powder
was heated at 1000 °C for 1 h under a flowing Ar atmosphere.
The hydrocarbon networks of ZIF-8 were carbonized for the
formation of the porous nitrogen-doped carbon matrix, while
the Fe—N, complexes were converted into atomically dispersed
Fe—N, sites. A detailed protocol is given in the Supporting
Information. As revealed in Figure S1, Supporting Informa-
tion, the Fe—ZIF-8/MA nanocrystals displayed a defined
rhombic dodecahedron shape with a particle size of =45 nm.
X-ray diffraction (XRD) analysis gave the identical diffraction
patterns for ZIF-8, Fe-ZIF-8, and Fe-ZIF-8/ MA (Figure S2a,
Supporting Information), suggesting that the introduction of
melamine did not influence the crystalline structure of the
ZIF-8. The Fe K-edge extended X-ray absorption fine structure
(EXAFS) was applied to examine the local coordination

Fe-ZIF-8
= |
/\‘«
)\ 5
£ Trappin
J\N;M: pping (Q Fe (AN d ¢
Pyrolysis
Fe-ZIF-8/MA Fe-N-C/MA

Scheme 1. Schematic illustration of the synthesis of the Fe—=N—C/MA electrocatalyst with a trapping strategy using nitrogen-rich molecules.
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geometry of Fe sites in the Fe-ZIF-8/MA precursor. An intense
peak at =1.5 A appeared in the Fe-ZIF-8/MA spectrum, a small
shift compared with the first Fe—N shell in the iron phth-
alocyanine (FePc) reference (Figure S3a, Supporting Infor-
mation). The first-shell coordination number of the central
Fe sites was calculated to be =6.5 + 0.2 using EXAFS fitting
analysis (Figure S3b and Table S2, Supporting Information),
revealing that Fe-ZIF-8/MA likely contained Fe—Ng com-
plexes. Notably, due to Fe ions being usually coordinated with
four 2-methylimidazole ligands to form the Fe—N, complexes,
the formation of Fe—Ng sites in the Fe-ZIF-8/MA precursor
may be original from the co-coordination of melamine along
with 2-methylimidazole ligands.*! The pore size distribu-
tion analysis revealed that in addition to 12-14 A micropores,
there was the formation of new and larger 16-19 A micropores
in Fe-ZIF-8/MA precursors, as compared to those of bare
Fe-ZIF-8 (Figure S4, Supporting Information), which can be
interpreted as defects in the microporous structure due to the
above co-coordination process. For comparison, a FeNC refer-
ence material was prepared using an identical procedure as
for Fe—N—C/MA without the utilization of melamine, and a
FeNC/MA sample was synthesized by a wet impregnation
approach (see Supporting Information).

The structure of optimized Fe—N—C/MA, made from
200 mg of melamine, was first examined by XRD, scanning
electron microscope (SEM), and transmission electron micros-
copy (TEM) (Figure 1a,1b). The XRD pattern of Fe—N—C/MA
displayed two broad peaks at 24.3° and 43.7°, corresponding
to the (002) and (101) planes of graphitic carbon (Figure S2b,
Supporting Information). The product retained the orig-
inal dodecahedron morphology of Fe-ZIF-8 particles. TEM
and high-resolution TEM (HRTEM) images revealed disor-
dered carbon structures with randomly oriented graphitic

domains (Figure 1b,1c). Obviously, Fe—N—C/MA contained
no Fe-containing clusters and NPs, as confirmed by XRD pat-
tern, HRTEM, and high-angle annular dark-field scanning
TEM (HAADF-STEM, Figure 1d) images. Corresponding ele-
mental mapping images (Figure le-h) clearly supported the
homogeneous distribution of C, N, and Fe elements in the
Fe—N—C/MA. Furthermore, the AC-HAADF-STEM image
(Figure 1i) indicated that the Fe atoms were atomically dispersed
within the graphitic carbons. In sharp contrast, a large amount
of NPs with a size of =2 nm appeared in the FeNC, which
were identified as Fe;C@C by HRTEM and XRD analyses
(Figures S5 and S2b, Supporting Information). To understand
the critical role of melamine in the synthesis of single-atom Fe
catalysts, samples of Fe—=N—C/MA-n were prepared by changing
the content of melamine (n corresponds to 100, 150, 200, 250,
and 300 mg of melamine). As shown in Figures S6-S10, Sup-
porting Information, along with increased melamine loading
from 100 to 200 mg, single Fe atoms were detected (i.e.,
Fe—N—C/MA-100, Fe—N—C/MA-150, and Fe—N—C/MA-200)
without obvious Fe-based clusters and NPs. However, the
higher amount of melamine (more than 200 mg) caused the
formation of Fe aggregates in the catalysts (Figures S9 and S10,
Supporting Information). As shown in Figure S1, Supporting
Information, with the increasing amount of melamine, the
particle size of ZIF-8 significantly decreased from 150 nm for
Fe-ZIF-8 to 30 nm for Fe-ZIF-8/MA-300. This can be ascribed
to the fact that the co-coordination of metals by melamine and
2-methylimidazole molecules causes the formation of defects in
ZIF-8 and thus limits the growth of nanocrystals. These small
particles tend to aggregate during the sintering process at high
temperatures so that the pores collapse and can no longer keep
Fe atoms from aggregation. In addition, FeNC/MA synthesized
by introducing melamine in Fe-ZIF-8 precursors using a wet

Figure 1. a) SEM, b) TEM, c) HRTEM images, d) HAADF-STEM image and corresponding elemental mapping distributions for e) C, f) N, g) O, and
h) Fe of the Fe—=N—C/MA. i) AC-HAADF-STEM image of the Fe—N—C/MA.
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impregnation approach presented abundant Fe NPs, pore col-
lapse, and carbon nanotube structures (Figures S11 and S12,
Supporting Information). This proved again the superiority of
the trapping strategy for the synthesis of single Fe atom sites.
The Fe loading content of optimal Fe—=N—C/MA by inductively
coupled plasma optical emission spectrometry (ICP-OES) was
3.5 wt.%, which exceeds the values determined for many other
Fe—N—C catalysts (Table S3, Supporting Information).[>304142]

The elemental information on the FeNC- and
Fe—N—C/MA-surfaces was obtained from X-ray photoelec-
tron spectroscopy (XPS). The XPS survey spectra confirmed
the existence of C, N, and Fe in the FeNC and Fe—N—C/MA
(Figure S10a, Supporting Information). The Fe—N—C/MA and
FeNC exhibited nearly identical high-resolution C 1s spectra
(Figure S13b, Supporting Information). The N content in
Fe—N—C/MA was as high as 9.1 at%, that is, much higher than
that in FeNC (4.9%), as a result of sufficient nitrogen provided by

www.afm-journal.de

the added melamine (Table S4, Supporting Information). High-
resolution N 1s XPS spectra of the FeNC and Fe—N—C/MA
were analyzed in terms of four N species, including pyridinic-N
(398.6 V), graphitic-N (401.2 eV), oxidized N (403—405 eV), and
Fe—N (399.5 eV) (Figure S13c, Supporting Information).[3~#
The percentage of Fe—N increased from 5.5% for FeNC to
24.9% for Fe—=N—C/MA (Table S5, Supporting Information). In
comparison to that of FeNC, no metallic Fe peaks were observed
in the high-resolution Fe 2p XPS spectrum of Fe—N—C/MA
(Figure S13d, Supporting Information).*”! The above result also
suggests that an additional nitrogen source can capture the Fe
for coordination during the pyrolysis, which is responsible for
the very high percentage of Fe—N.

The fine atomic structure of Fe single-atom sites in
Fe—N—C/MA was investigated by XAS with Fe foil, FeO, Fe,0;,
and FePc serving as standards. XANES determined the oxida-
tion state of Fe atoms in the catalyst, by comparing the edge

a 1.5{— Fe-N-C/MA c Fe-N-C/MA
——FeNC 3
121 fo
Fe,0, 2
I.Im.l 0.9 { —Fe foil
4 0.6
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0.6 04
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Figure 2. a) K-edge XANES spectra, b) Fourier transforms of k>-weighted EXAFS of the Fe—=N—C/MA, FeNC, and reference samples (FePc, FeO, Fe,0;,
and Fe foil). The dashed line in (b) represents the EXAFS fitting curve of the Fe—N—C/MA. c) k>-weighted WT EXAFS spectra of the Fe—N—C/MA, FePc,
and Fe foil. d) N, adsorption/desorption isotherms and e) the corresponding pore size distributions of the Fe—N—C/MA and FeNC.
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position of the samples with that of standard FeO and Fe,0;.
The values of the edge position for all the samples were esti-
mated at 50% absorption. In the Fe K-edge XANES spectra
(Figure 2a, inset), the absorption edge of the Fe—=N—C/MA was
between the standard FeO and Fe,0;, indicating an oxidation
state between +2 and +3.1% The local structure of Fe sites was
further uncovered by EXAFS, using both Fourier-transformed
(FT) and Wavelet-transformed (WT) methods. At EXAFS R plots
(Figure 2b), FeNC exhibited a broad peak in the range of 1-3 A,
which steadily aligned with the Fe—N path at 1.50 A, Fe—O path
at 1.60 A, and Fe—Fe path at 2.20 A of FePc, FeO, and Fe foil,
respectively,"#! indicating the co-existence of Fe—N, moieties
and Fe clusters/NPs with surface oxides. In contract, Fe—=N—C/
MA displayed one pronounced peak at =1.50 A, which can be
assigned to the Fe—N first coordination shell. The absence of
Fe—Fe metallic bonding confirms the atomic dispersion of
single Fe atom sites in Fe—N—C/MA (Figure 2b). WT EXAFS
is prone to distinguishing the backscattering atoms.!"l The WT
spectrum of Fe—N—C/MA only revealed one contour inten-
sity maximum at = 4.50 A" at k space which was similar to
that of FePc, implying again the Fe—N first shell coordination
(Figure 2¢).2** The WT EXAFS analysis indicated that the Fe
atoms existed as mononuclear centers without the presence of
Fe-derived crystalline structures. EXAFS fitting analysis gave
the coordination number and bonding distance of the central
Fe atoms with respect to the neighboring scattering atoms
in Fe—N—C/MA, providing a first shell Fe—N coordination
number and bonding distance of 4.5 + 0.2 and 1.5 + 0.2 (A),
respectively (Figure 2b and Table S6, Supporting Information).
These results verified that the single Fe atom sites in Fe—N—C/
MA possessed a Fe—N, configuration, that is, the central Fe
atom was coordinated with four nitrogen atoms.

The textural porosities of the FeNC and Fe—N—C/MA-n
(n = 100, 200, and 300) were studied by N, adsorption-des-
orption analysis. As depicted in Figure 2d and Figure Sl4a,
Supporting Information, the hysteresis loops verified the
coexistence of micropores, mesopores, and macropores
in all samples Along with increased content of melamine
from 100 to 200 mg, Fe—N—C/MA samples exhibited higher
Brunauer-Emmett-Teller (BET) surface areas compared to
that of FeNC (522 m? g™!) (Table S7, Supporting Information).
The increased BET surface area of Fe—=N—C/MA was due to
more abundant micropores and mesopores with a broad pore
size distribution in comparison to that FeNC (Figure 2e). The
Fe—N—C/MA-200 sample achieved the highest BET surface
area of 1160 m? g™!, comprising a micropore surface area of
815 m? g! and an external surface area of 340 m? g”'. When
using higher contents of melamine (300 mg), the BET surface
area of Fe—N—C/MA-300 significantly decreased (440 m? g7}),
which was attributed to the carbonization of excessive mela-
mine which blocked the micropores. One concludes that in
situ trapping melamine molecules with optimized content can
enhance the porosity of the Fe—N—C catalyst.

The importance of incorporating nitrogen-rich molecules
was examined by using other sources, for example, DCD and
Phen. Electrocatalysts prepared from DCD and Phen (200 mg)
were named Fe—N—C/DCD and Fe—N—C/Phen, respectively.
The XRD patterns indicated the absence of Fe-containing clus-
ters/NPs in both catalysts (Figure S15, Supporting Information).

Adv. Funct. Mater. 2021, 31, 2102420 2102420 (5 of 9)

The TEM, HRTEM, and AC-HAADF-STEM images of both
samples demonstrated that the single Fe atoms were homoge-
neously distributed within the ZIF-8 derived graphitic carbons
(Figure 3a—f). Figure 3g compares the contents of single Fe and
specific surface areas of the present Fe—N—C materials and
related literature examples. Clearly, these values of our catalysts
(i.e., Fe=N—C/MA, Fe—N—C/DCD, and Fe—N—C/Phen) are
much higher than those of previously reported state-of-the-art
Fe—N—C electrocatalysts made by methods based on
ZIF-8,11273149-53]  gilica-template,?**>%) or ammonia (NHj)
activation.*7->%, These findings validate that the incorporation
of nitrogen-rich molecules is an efficient and generally appli-
cable method for preparing Fe—N—C electrocatalysts with
dense and accessible Fe—N, active sites.

The electrocatalytic ORR activities were evaluated using a
rotating disk electrode (RDE) technique in an O,-saturated
0.5 M H,SO, electrolyte solution. A commercial Pt/C catalyst
(20% Pt, Fuelcellstore) was measured in 0.1 m HCIO, solu-
tion for comparison. All potentials were referenced to RHE.
The Fe—N—C/MA fabricated using 200 mg MA exhibited the
best ORR performance as revealed by the highest onset poten-
tial (Eppnger) (defined as the potential at a current density of
0.1mA cm™) and E; ), in the ORR polarization plots (Figure S17,
Supporting Information). As shown in ORR polarization
curves, FeNC exhibited a poor ORR activity with a small onset
potential of 0.92 V and a low Ej); of 0.79 V, attributable to the
low density of Fe—N, active sites and poor porosity (Figure 4a).
By contrast, the Fe—N—C materials offered a substantially
improved performance. Particularly, the Fe—=N—C/MA, made
from 200 mg of MA, manifested the best ORR activity with
a high E;j, of 0.83 V, which was only 20 mV lower than that
of benchmark Pt/C catalyst (Ej, 0.85 V) and outperforming
or equaling those of many state-of-the-art Fe—=N—C electro-
catalysts (0.7 V < Ey;; < 0.86 V, Table S8, Supporting Informa-
tion).[243160-63] The Tafel slope of Fe—N—C/MA was as low
as =62 mV dec’!, indicating a fast ORR kinetics (Figure S18,
Supporting Information). Moreover, Fe—=N—C/MA, Fe—N—C/
DCD, and Fe—N—C/Phen possessed a much larger kinetic cur-
rent density (Ji) at 0.85 V than that of FeNC (Figure 4b and
Table S8, Supporting Information).

To further quantify the ORR pathway, a rotating ring-disk elec-
trode (RRDE) technique was employed to track the formation
of H,0, during the ORR process. As revealed in Figure 4c, the
H,0, yield of the Fe—N—C/MA was below 2.5% at the potential
range from 0.2 to 0.8 V. The electron-transfer number was cal-
culated to be > 3.98, suggesting the desired four-electron ORR
process towards the formation of H,0. To evaluate its electro-
chemical durability, Fe—=N—C/MA was cycled from 0.6 to 1.0 V
at 50 mV s in an O,-saturated 0.5 m H,SO, electrolyte solution.
After 40 000 potential cycles, the E;j, of Fe—=N—C/MA decreased
by only 24 mV (Figure 4d), much less than in the case of many
reported Fe—N—C catalysts (Ey, loss, 23-80 mV).3036.6465]
Active site demetallation and carbon corrosion have been identi-
fied as the main reasons for the degradation of Fe—N—C elec-
trocatalysts.*®38 In the AC-HAADF-STEM image, although a
majority of single-atom structures were maintained, some Fe
clusters become apparent (Figure S19a, Supporting Informa-
tion). Some catalytic NPs were observed to be agglomerated with
severe carbon corrosion (Figure S19b, Supporting Information).

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) TEM, b) HRTEM, and c) AC-HAADF-STEM images of the Fe—=N—C/DCD. d) TEM, e) HRTEM, and f) AC-HAADF-STEM images of the
Fe—N—C/Phen. g) Comparison of specific surface area and content of single Fe atoms comparison for Fe=N—C/MA, Fe—N—C/DCD, Fe—N—C/Phen,

and related literature electrocatalysts.

Thus, carbon corrosion could be responsible for breaking the
Fe—N coordination, leading to the decomposition of Fe—N, sites.

Fe—N—C/MA was then evaluated in PEMFCs as a cathode
catalyst in both O, and air (Figure 4e) and was compared
with reported PGM-free materials (Table S9, Supporting
Information). Under 1.0 bar H,/O, condition, the open-circuit
voltage (OCV) reached 0.99 V. At 0.9 V, Fe—N—C generated a
current density of 0.019 A cm~2, which was approaching the
U.S. Department of Energy target value of 0.044 A cm=2.1l The
corresponding maximum peak power density was 0.47 W cm™.
To validate its potential use, Fe—=N—C/MA was investigated
under H,/air conditions (1.0 bar). The OCV was determined to
be 0.97 V, which was only 20 mV smaller than that measured
in H,/O,. Fe—N—C/MA was able to generate current densities
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of 0.08 and 0.37 A cm™2 at 0.80 and 0.6 V, respectively. In addi-
tion, Fe—=N—C/MA assembled PEMFC demonstrated excellent
stability with a small current density loss of =38% after 120 h
at a constant voltage (0.5 V) (Figure S20, Supporting Informa-
tion), which was superior to previously reported Fe—N—C cata-
lysts (=50% loss) (Table S9, Supporting Information).[1120-27:3167]

To gain insight into the effect of physical properties of
Fe—N—C catalyst on SD of Fe—N,, utilization of active sites,
subsequently the ORR activity, we conducted quantitative char-
acterization of the catalyst SD using the in situ electrochemical
nitrite poisoning method (Figure S21, Supporting Informa-
tion).['%8] The catalysts selected for the analyses were FeNC,
Fe—N—C/MA-100, Fe—N—C/MA-200, and Fe—N—C/MA-300,
with ORR activities decreasing in the order of Fe—N—C/MA-200

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) ORR polarization curves, b) E;; and Ji at 0.85 V, c)

Electrocatalyst

H,0, yields and electron-transfer numbers for FeNC, Fe—N—C/MA, Fe—N—C/DCD,

Fe—N—C/Phen, and Pt/C electrocatalysts in 0.5m H,SO, solution with a rotation speed of 900r.p.m and a potential scan rate of 10 mV s7'. d) ORR
polarization plots of Fe=N—C/MA before and after potential cycling, e) Fuel cell performance of the Fe—=N—C/MA measured under 1.0bar H,/O, and
1.0 bar H,/air conditions, f) correlations between SD of Fe—N, sites, TOFs, and the content of used melamine in precursors.

> Fe—N—C/MA-100 > FeNC > Fe—N—C/MA-100. The Fe—N—C/
MA-200 possessed the highest SD of 45.7 x 10 site g7,
which was 2.1-times higher than that of FeNC (21.8 X 10V sites g™!)
(Figure 4f and Table S10, Supporting Information). Then, the
correlations between SD, porosity, and ORR performance were
examined. As shown in Figure S22a, Supporting Information,
we plotted the ORR kinetic current density at 0.85 V as a func-
tion of SD. The ORR kinetic activity of a sample was propor-
tional to the SD, indicating a key role of SD in ORR perfor-
mance. Figure S22b, Supporting Information, showed the
correlation between SD and pore structure, revealing that
the catalyst with higher microporous surface area was able to
host more Fe—N, active sites compared to samples with lower
microporosity. The results demonstrated that the in situ trap-
ping strategy described here was effective in creating more sur-
face micropores for the accommodation of active Fe—Nj sites,
thereby allowing a high loading of single Fe atoms (3.5 wt.%)
and improving ORR activity. The turnover frequencies (TOFs) of
all samples were also calculated at 0.8 V based on the stripping
charge. Compared to FeNC (1.7 s7), the Fe—=N—C/MA-200 cata-
lyst displayed a lower TOF of 1.5 s7, indicating that the average

Adv. Funct. Mater. 2021, 31, 2102420 2102420 (7 of 9)

intrinsic activity of Fe—N, active sites in Fe—N—C/MA-200
was slightly decreased. We further determined the utilization
ratio of Fe—N, sites from the SD and the total content of single
Fe atoms (determined by ICP) of a catalyst (Table S10, Sup-
porting Information). Although the utilization ratio of single
Fe atoms for Fe—N—C/MA-200 reached 6.0% which was higher
than the value of 4.5% reported by Kucernak,®! this demon-
strated that abundant Fe—N, sites might be located deeper in
the micropores or buried under the carbon matrix and, thus,
cannot participate in the catalytic ORR. Since micropores play
a critical role in the high SD of Fe—N, sites while mesopores
are responsible for exposing the active sites and enhancing the
mass transport,l®” it is necessary to further improve the rela-
tive abundance of meso- and micropores of Fe—N—C catalyst
simultaneously to boost ORR performance.

3. Conclusion

In summary, we have demonstrated the fabrication of high-
performance Fe—N—C catalysts by a novel in situ trapping

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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approach using nitrogen-rich molecules followed by a thermal
treatment. Nitrogen-rich molecules play a key role in the sta-
bilization of Fe atoms in precursors, resulting in atomically
dispersed Fe—N, sites in porous carbon with high site density
and accessibility. As a result, the as-constructed Fe—=N—C cata-
lysts exhibit excellent ORR performance in acidic solutions.
Thus, when used as cathode catalyst in PEMFC, Fe—N—C/MA
demonstrates good performance under both H,/O, and H,/air
conditions, which outperforms those of many reported state-of-
the-art Fe—N—C catalysts. Correlations between the Fe—N, site
density and porosity of catalysts, as well as ORR activity, were
established. The present concept along with the findings of
this study will stimulate the future exploration of highly active
Fe—N—C catalysts for ORR and their application in practical
PEMFC systems. The rational design of various single-atom
catalysts (Ni, Co, Mn, etc.) will also have an impact on other
energy conversion reactions, such as water splitting, N, fixa-
tion, and CO, reduction
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