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Single-atomic Fe—N, sites have been widely accepted as active sites for the oxygen reduction reaction
(ORR), while the roles played by other symbiotic Fe moieties (such as Fe clusters) are still contentious.
Synthesis of Fe—N-C catalysts possessing both Fe—N, sites and Fe clusters and investigation of their cata-
lytic mechanism are essential but challenging. Herein, the controlled synthesis of a model catalyst is suc-
cessfully achieved using Fe(ll)—phenanthroline (Phen) complexes as the only precursor. Through a solid-
phase preparation process, Fe—Phen complexes are synthesized on the surface of silica that is used as a
hard template for introducing porosity into the carbon structure. The high density of Fe centers facilitates
the simultaneous generation of single atomic Fe—N, sites and Fe clusters, severe aggregation of which is
impeded by the silica template. The as-prepared catalyst delivers an efficient ORR performance in an alka-
line environment. Combining with computational analysis, the synergistic catalytic mechanism between
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energy of OOH* on the Fe atom of Fe—N, sites and lower the energy barrier for the formation of the
OOH intermediate, thus accelerating the catalytic process. This study provides insights into the future
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Introduction

The ever-increasing consumption of fossil fuels and pollution
of the environment have aroused extensive research interest in
exploiting renewable and sustainable energy conversion-
storage devices, including fuel cells and metal-air batteries."™
As a major component in fuel cells and metal-air batteries,
the cathode oxygen reduction reaction (ORR) suffers from slug-
gish kinetics that traditionally requires platinum group metal
catalysts to accelerate it.° The limited reserves and high cost
however deeply impede their large-scale commercial appli-
cation. Developing efficient non-noble metal electrocatalysts
for catalyzing the ORR is thus highly necessary.
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design and synthesis of efficient Fe—N-C catalysts.

Among the numerous catalysts investigated based on non-
precious metals, the catalysts composed of iron, nitrogen, and
carbon (Fe-N-C) have been considered the most promising
alternatives owing to their superior ORR performance.'®™® To
achieve an efficient 4e~ pathway (O, — H,0), it is of vital
importance to understand the active sites of these Fe-N-C
materials. As the formation of active sites is closely related to
the precursors used, multiple active sites have been suggested
for their ORR activity, such as Fe-containing moieties inclu-
dingsingle Fe sites (nitrogen-coordinating Fe sites, Fe-N,)"">*
and crystalized iron species (metal, carbide, nitrides, and
oxide),>*® doped nitrogen species (pyridinic N, graphitic N,
and pyrrolic N)*°* and carbon defects.’>>® However, there is
a continuing debate over the nature of active sites in these Fe—
N-C catalysts. Growing evidence has indicated experimentally
and theoretically that Fe-N, sites are the dominant active
centers.””*® In this perspective, efforts are dedicated to the
preparation of catalysts with dense single iron sites.’**° As the
synthesis of Fe-N-C materials involves a pyrolysis process, the
simultaneous formation of multiple Fe species (such as Fe
clusters, Fe clusters/Fe,C, FeO,/Fe,C, or FeN, nanoparticles,
etc.) usually occurs due to the different precursors adopted,
which makes it complex to interpret the ORR behaviors of Fe-
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N-C catalysts.”"**> When oxygen atoms are not involved, the
most common accompanying impurities are Fe clusters or Fe
clusters/Fe,C clusters/nanocrystals due to the agglomeration of
Fe atoms during the heat treatment and the possible reaction
between the outer surfaces of agglomerated Fe with the C
atoms in contact. Some reported studies lean toward the view-
point that these Fe or Fe/Fe,C moieties are catalytically inactive
for the ORR due to their low stability in an acidic environment
or inaccessibility to O, when protected/isolated by carbon
layers®”*%**** and should be suppressed during the synthesis
while maximizing the Fe-N, sites. On the other hand, the
involvement of Fe clusters or Fe/Fe,C moieties in the catalytic
process of the ORR has also been reported.*”' The catalyst
composed of pea-pod-like CNTs with encapsulated Fe nano-
particles is reported with enhanced ORR activity due to the
electron transfer from Fe particles to CNTs.”> Gewirth and co-
workers identified the Fe particles encapsulated by N-doped
carbon as active species and responsible for the activity of the
ORR catalyst.*> The high ORR performance of a Fe-N-C cata-
lyst that is devoid of Fe-N coordination is believed by
Mukerjee’s group to correspond to the N-doped carbon-
covered Fe/Fe,C nanoparticles, which imparts a synergistic
effect on N-doped carbon, enabling the stabilization of the per-
oxide intermediate and 4e” reduction of oxygen. Besides the
abovementioned research studies, the Fe clusters/particles
have also been found to affect the Fe-N, sites around them,
not only serving as active species. Wan and coworkers suggest
that the Fe/Fe;C nanoparticles can boost the activity of Fe-
N,.*® The Fe nanocluster is also believed to play an important
role in enhancing the ORR activity of atomic Fe sites.”” The
coexistence of M nanoparticles and MN, (M = Fe and Co)
reported by the Sun group offers efficient ORR activity due to
the changed adsorption/desorption strength of ORR inter-
mediates.>® These pioneering studies infer that a synergistic
effect might appear between the coexistent single atomic Fe
sites and Fe clusters/nanoparticles in Fe-N-C materials when
used for catalyzing the ORR process, which can provide a good
opportunity for fabricating efficient Fe-N-C catalysts. To
further confirm this deduction, the synthesis of a new Fe-N-C
catalyst possessing both single atomic Fe sites and Fe species
through a different strategy and the investigation of its cata-
lytic mechanism are essential but still challenging.

Herein, a model Fe-N-C catalyst with single atomic Fe-N,
sites and Fe nanoclusters embedded in a porous N-doped
carbon matrix is successfully fabricated through a solid-phase
preparation process followed by pyrolysis. The complexes
assembled from Fe(u) and phenanthroline (Phen) are selected
and used solely as carbon, iron, and nitrogen sources with con-
sideration of two points: (1) maximizing the transformation of
Fe-N bonding in Fe-Phen complexes to atomic Fe-N, sites; (2)
generating Fe clusters due to the high density of Fe centers.
Silica nanoparticles are added for two purposes: (1) for using
as the hard template for introducing porosity into the carbon
structure; (2) for impeding severe aggregation of Fe centers
during the heat treatment. After removal of SiO,, the prepared
catalyst has been confirmed to have abundant atomic Fe-N,
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sites and Fe nanoclusters and a large specific surface area,
which contribute to its high activity toward the ORR. DFT cal-
culations indicate that it is beneficial for the Fe atom of Fe-N,
sites to bond with the OOH intermediate when a neighboring
Fe nanocluster exists, thus increasing the adsorption energy of
OOH and lowering the energy barrier for the formation of the
OOH intermediate, resulting in an efficient ORR performance.

Experimental
Materials

All chemical reagents were directly used without any purifi-
cation. Anhydrous iron(u) acetate (Fe(CH3C0O),), 1,10-phenan-
throline and hydrofluoric acid (HF) were purchased from Energy
Chemical, and SiO, powder was supplied by Sigma-Aldrich.

Preparation of the Fe-Phen@SiO, precursor

The Fe-Phen@SiO, precursor was prepared by mechanical
grinding. A mixture of Fe(CH3;COO), (0.0348 g, 0.2 mmol),
1,10-phenanthroline (0.1082 g, 0.6 mmol), and the appropriate
amount of SiO, powder was added into an agate grinding jar,
and ground at 700 rpm for 120 min. Then, the prepared Fe-
Phen@SiO, precursor was scraped from the grinding jar and
collected for further use. The names Fe-Phen, Fe-Phen@SiO,-6,
Fe-Phen@Si0,-7, and Fe-Phen@SiO,-8 correspond respectively
to precursors with 0 g, 0.0720 g, 0.0840 g, and 0.0960 g of SiO,.

Preparation of the Fe(0)/FeN,-NC catalyst

0.2 g of the as-prepared Fe-Phen@SiO, precursor was put into
the crucible and heated at 800 °C for 3 h with a heating rate of
5 °C min~"! under a N, atmosphere, which was then soaked in
5% HF solution for 24 h, washed with deionized water to
neutral, collected by centrifugation, and dried at 80 °C over-
night to obtain the final product. The catalysts Fe-NC, Fe(0)/
FeN,-NC-6, Fe(0)/FeN,-NC-7 and Fe(0)/FeN,-NC-8 correspond
respectively to the precursors Fe-Phen, Fe-Phen@SiO,-6, Fe-
Phen@Si0,-7, and Fe-Phen@§SiO,-8.

Characterization

Phase purity and crystallinity were evaluated by powder X-ray
diffraction (PXRD) with Cu Ka radiation (4 = 0.15418 nm). The
morphology and microstructure of the synthesized catalysts
were observed by scanning electron microscopy (SEM,
JEOL-7900) and transmission electron microscopy (TEM,
JEM-2100F). X-ray photoelectron spectroscopy (XPS) was
applied to investigate the surface chemical states using an
ESCA250Xi spectrometer and the binding energy was cali-
brated according to the graphite C 1s peak. Raman spectra
were recorded on a LABRAM HR EVO Raman microscope
spectrometer at an excitation wavelength of 532 nm to analyze
the graphitization degree of the samples and the structural
information of the carbon matrix. The N, adsorption-desorp-
tion isotherms and corresponding pore size distributions were
acquired from a JW-BK200 surface area analyzer. The content
of Fe in the samples was measured by an Agilent 710 induc-
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tively coupled plasma optical emission spectrometer
(ICP-OES). The Fe K-edge X-ray absorption near edge structure
(XANES) and the extended X-ray absorption fine structure
(EXAFS) were investigated at the BL14W1 beamline of the
Shanghai Synchrotron Radiation Facility (SSRF) in fluo-
rescence mode using a fixed-exit Si (111) double crystal mono-
chromator. The incident X-ray beam was monitored in an
ionization chamber filled with N,, and X-ray fluorescence
detection was performed using a Lytle-type detector filled with
Ar. The EXAFS raw data was background-subtracted, normal-
ized and Fourier transformed by the standard procedures with
the IFEFFIT package.

Electrochemical measurements

All electrochemical tests were carried out on a Gamry electro-
chemical workstation (INTERFACE 1000 T) through a three-
electrode cell configuration with a glassy carbon rotating disk
electrode (RDE, 5 mm in diameter) as the working electrode,
Ag/AgCl electrode (KCl saturated) as the reference electrode,
and a graphite rod as the counter electrode. All measured poten-
tials were transformed to the reversible hydrogen electrode
(RHE) in terms of the Nernst equation: Epyp = Eagagal +
0.059 pH + E’ ag/agal- For the preparation of the catalyst ink,
4 mg of the as-prepared catalyst was dispersed in a solution of
970 pL of ethanol and 30 pL of Nafion (5 wt%) by ultra-
sonication for 60 min. To prepare the working electrode, 15 pL
of homogeneous catalyst ink was pipetted onto the GC electrode
with a loading equivalent to 0.300 mg cm™. Linear sweep vol-
tammograms (LSVs) were tested in the O,-saturated 0.1 M KOH
solution at a scan rate of 10 mV s~ . Cyclic voltammetry (CV)
was performed in both O,- and N,-saturated 0.1 M KOH solu-
tion at the same scan rate. The electron transfer number (n) was
calculated using the Koutecky-Levich (K-L) equation:

11 1 1.1
J Jx L Jx Bwl/?
B = 0.2nFCyD*3v ~1/6

where J is the measured current density, Jx and J;, are the kine-
tically limited and diffusion-limited current densities respect-
ively, @ is the angular velocity of the disk, n is the electron
transfer number, F is the Faraday constant (96 485 C mol %),
C, is the bulk concentration of O, (C, = 1.2 X 107° mol cm™ in
0.1 M KOH), D, is the diffusion coefficient of O, (Dy = 1.9 x
107" cm?® s7" in 0.1 M KOH), and V is the kinematic viscosity of
the electrolyte (V= 0.01 cm® s* in 0.1 M KOH).

Based on the measurement data of the rotating ring disk
electrode (RRDE), the yield of HO,™ and the electron transfer
number (n) can be calculated according to the equation:

2001;
N
H;05(%) = ——————
2 2( 0) |Id‘+1r/N
A
n—————m—
|Id|+1r/N
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where Iy is the disk current density, I, is the ring current
density, and N is the ring collection efficiency (N = 0.37).

Density functional theory (DFT) calculations

The Vienna ab initio simulation package (VASP) was applied to
perform DFT calculations with the Perdew-Burke-Ernzerhof
(PBE) functional and projector augmented wave (PAW)
method.>® The kinetic cut-off energy and the Brillouin zone
were optimized to be 450 eV and the 3 x 3 x 1 k-point mesh
respectively. The ionic relaxation was calculated until the force
on each atom was less than 0.03 eV A™*. The single Fe atom
anchored graphene (named FeN,) model was constructed by
bonding a single Fe atom with four N atoms in the graphene,
and the Fe; cluster was placed surrounding the FeN, moiety
(named Fe;-FeN,) to simulate the interaction between Fe clus-
ters and FeN, coordination. Different Fe;-FeN, configurations
were considered to search for the stable structures as the calcu-
lation model. For the ORR process in alkaline solution, the
Gibbs free energy was calculated based on the standard four-
electron reaction mechanism:*

*+ 0, +H;O+e — *OOH + OH™
*OOH + e~ — *O + OH™
*O0+H,O+e — *OH+ OH™
*OH+e — *+OH™.

The Gibbs free energy of the adsorbed species was calcu-
lated as:

AG = AEads + AEZPE - TASadS

where AE,qs is the adsorption energy, AEzpg is the zero-point
energy difference between adsorbed and gaseous species, and
TAS,qs is the corresponding entropy difference between these
two states (T was set to be 298 K).

Results and discussion

The overall synthetic process of Fe(0)/FeN,-NC catalysts is
shown in Fig. 1. The nanosized SiO, was utilized as the hard
template to introduce porosity into the carbon structure
(Fig. S1a and S27). After grinding together with Fe(CH3COO),
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Fig. 1 Schematic illustration of the preparation process of the Fe(0)/
FeN,-NC-7 catalyst.
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and 1,10-phenanthroline (Phen), the white color of SiO,
turned to dark red (Fig. S1bt), the characteristic color of Fe-
Phen complexes, indicating the successful synthesis of Fe-
Phen complexes via the solid chemical reaction. As revealed by
scanning electron microscopy (SEM) (Fig. S31), the Fe-Phen
complexes had been coated on the surface of the SiO, tem-
plate. The prepared Fe-Phen@sSiO, precursors were then
heated at 800 °C for 3 h under a N, atmosphere, during which
the Fe-Phen complexes were transformed into the carbon
matrix that is decorated with single atomic Fe-N, sites and Fe
nanoclusters. Finally, porous Fe(0)/FeN,-NC catalysts were pre-
pared after removing the SiO, template by HF etching
(Fig. Sict). As Fe-Phen complexes are the precursors capable
of producing single atomic Fe-N, sites, it is reasonable to dis-
perse them on the carbon substrate to prepare the single atom
ORR catalyst. However, no extra carbon substrate is used in
this study to increase the density of Fe-Phen complexes.
Under high density of Fe-Phen complexes, migration and
agglomeration of Fe center would happen during the pyrolysis
process, facilitating the simultaneous generation of Fe nano-
clusters, further growth of which can be restricted by the con-
finement effect of SiO, template as revealed in Fig. 2 and 3a.
The detailed structural features of the as-prepared Fe(0)/
FeN,-NC catalysts were characterized by transmission electron
microscopy (TEM) in comparison with the Fe-NC material
obtained without the addition of the SiO, template. As shown
in Fig. 2a and b, a mass of anomalous nanoparticles was
formed and embedded in the non-porous carbon matrix of Fe-
NC. The lattice fringes of the nanoparticles show interplanar
distances of 2.37 A, corresponding to the (110) crystal plane of
Fe;C, which is further confirmed by XRD results in Fig. 3a. In

Fig. 2 (a and b) TEM images of Fe-NC; (c and d) TEM images, (e and f)
HRTEM images, (g and h) HAADF-STEM images (single Fe atoms and Fe
nanoclusters highlighted by yellow and blue circles respectively) and (i—
m) elemental mapping of C (red), N (green), O (cyan), and Fe (yellow) of
Fe(0)/FeN,-NC-7.
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Fig. 3 (a) PXRD patterns, (b) Raman spectra, (c) N, adsorption—desorp-
tion isotherms and (d) corresponding pore size distribution of Fe-NC,
Fe(0)/FeN,-NC-6, Fe(0)/FeN,-NC-7 and Fe(0)/FeN,-NC-8.

contrast, obvious porosity is observed in the TEM images of
Fe(0)/FeN,-NC catalysts after SiO, was introduced with no large
aggregated Fe species (Fig. 2c-f and Fig. S4f). In the high-
resolution TEM (HRTEM) images, clear lattice fringes with
interplanar distances of 3.51 A (Fe(0)/FeN,-NC-6), 3.42 A (Fe(0)/
FeN,-NC-7) and 3.50 A (Fe(0)/FeN,-NC-8) can be attributed to
the (002) crystal planes of carbon. By applying HRTEM and
atomic-resolution high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) (Fig. 2g and
h), the existence of Fe single atoms and Fe clusters in Fe(0)/
FeN,-NC-7 is revealed from the bright dots that are highlighted
by yellow and blue circles respectively. It clearly proves the
effectiveness of this strategy in fabricating abundant single
atomic Fe-N, sites with the simultaneous generation of Fe
nanoclusters in the carbon matrix. The elemental mappings
further performed on Fe(0)/FeN,-NC-7 reveal the homogeneous
distribution of participating elements (C, O, N, and Fe) (Fig. 2i
and m). As indicated by the TEM characterization, the target
material designed with atomically dispersed Fe-N, sites and
Fe nanoclusters in carbon has been successfully prepared.
Further characterization of the microstructures was carried
out for Fe(0)/FeN,-NC catalysts. As shown in the powder X-ray
diffraction (PXRD) patterns in Fig. 3a, there are two diffraction
peaks observed at 26 of 25.1° and 43.1° for Fe(0)/FeN,-NC-6,
Fe(0)/FeN,-NC-7 and Fe(0)/FeN,-NC-8, which can be attributed
to the (002) and (101) crystal planes of carbon. No characteristic
peaks corresponding to Fe species are detected in the PXRD
patterns, indicating that severe aggregation of the Fe centers of
Fe-Phen complexes did not happen during the pyrolysis, in
sharp contrast to the Fe-NCs that present distinct diffraction
peaks of the Fe;C phase (JCPDS-75-0910). This great difference
originates from the absence of the SiO, template, further con-
firming a positive role played by SiO, in reducing the aggrega-
tion of Fe centers during the heat treatment. The detailed
structural features of carbon in the as-prepared samples were

This journal is © the Partner Organisations 2022
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investigated via Raman spectra (Fig. 3b). The two distinct
peaks located at 1346 and 1592 cm™" are respectively assigned
to the D-band and G-band, referring to the disordered and gra-
phitic structure in carbon. The Ip/I; values calculated for the
Fe(0)/FeN,-NC catalysts are much lower than that of Fe-NC,
suggesting that defects are greatly reduced after introducing
SiO, as a template. It is probably due to the more compact and
continuous arrangement of the formed Fe-Phen molecules on
the SiO, surface under the force of mechanical grinding that
results in a lower defect degree in the final carbon structure.
Comparing the three Fe(0)/FeN,-NC catalysts, Fe(0)/FeN,-NC-7
presents a little lower Ip/I value than its counterparts, indicat-
ing a higher graphitization degree for Fe(0)/FeN,-NC-7, which
would be beneficial for the catalysis of the ORR. The impor-
tance of an appropriate Fe-Phen/SiO, ratio for deriving a
superior catalyst in this study is also confirmed by the N,
adsorption-desorption results. As illustrated in Fig. 3c, Fe-NC
shows basically no adsorption of N, in the pressure (P/P,)
range of 0-1.0, while much higher adsorption capacity is
obtained on Fe(0)/FeN,-NC catalysts with distinct hysteresis
loops. The calculated specific surface areas of Fe-NC, Fe(0)/
FeN,-NC-6, Fe(0)/FeN,-NC-7 and Fe(0)/FeN,-NC-8 are 16.14,
320.41, 456.58 and 418.81 m> g, respectively. The much
higher surface areas of Fe(0)/FeN,-NC catalysts compared to
that of Fe-NC prove the successful introduction of porosity by
adopting SiO, as a template. Corresponding pore size follows
the order Fe(0)/FeN,-NC-6 > Fe(0)/FeN,-NC-8 > Fe(0)/FeN,-NC-7
(Fig. 3d). The reasons lie in the fact that compared to Fe(0)/
FeN,-NC-7, relatively excessive Fe-Phen complexes were added
in the case of Fe(0)/FeN,-NC-6, which impeded better dis-
persion of the SiO, template. The agglomeration of SiO, and
its incorporation in Fe-Phen complexes not only reduce the
possible porosity and surface area but also generate larger
pores in the carbon structure. As for the preparation of Fe(0)/
FeN,-NC-8, the relatively deficient Fe-Phen complexes led to
thinner coating or partial discontinuity of its coating on the
surface of SiO,, resulting in the possible collapse of a small
fraction of the pores after SiO, removal. Therefore, Fe(0)/FeN,-
NC-7 shows the smallest pore size owing to the optimal ratio
of Fe-Phen complexes and SiO, that provides more uniform
dispersion of SiO, nanoparticles and even coating of Fe-Phen
complexes on their surface. In the catalytic reaction process,
the larger surface area and higher porosity are conducive to mass
transfer and accessibility of the active sites, thus helping enhance
the overall ORR catalytic performance of Fe(0)/FeN,-NC-7.

The elemental composition and surface chemical state of
Fe(0)/FeN,-NC catalysts were analyzed by X-ray photoelectron
spectroscopy (XPS). Four elements C, N, O, and Fe show their
characteristic peaks in the survey spectra (Fig. S5at). In the C
1s high-resolution XPS spectra, the fitted peaks at 284.3, 285.1,
287.3, and 289.6 eV are respectively assigned to the C-C, C=N,
C=0, and O=C-O bonding (Fig. S5b}). Deconvolution of the
Fe 2p spectra reveals two pairs of 2p;/,/2p;/, doublets for Fe**
(710.1/722.8 eV) and Fe*" (713.5/726.2 eV), accompanied by
two satellite peaks at 718.9 and 730.0 eV (Fig. 4a). The revers-
ible redox reaction between Fe®*/Fe*" plays a critical role in the
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EXAFS spectra of Fe(0)/FeN,-NC-7, Fe foil and Fe,Os; wavelet transform
of Fe K-edge EXAFS for (e) Fe(0)/FeN,-NC-7, (f) Fe foil and (g) Fe,Os.

demonstrated ORR activity of Fe(0)/FeN,-NC catalysts. Four
peaks at 398.1 eV (pyridinic N), 399.1 eV (Fe-N), 399.9 eV (pyr-
rolic N), and 400.8 eV (graphitic N) are analyzed from the N 1s
spectra (Fig. 4b), which confirms the formation of Fe-N, sites
in the structure of Fe(0)/FeN,-NC catalysts. Furthermore, Fe
K-edge X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra were
applied to investigate the local bonding environments of Fe in
Fe(0)/FeN,-NC-7. Fig. 4c shows the normalized XANES spectra
of Fe(0)/FeN,-NC-7 in comparison with Fe foil and Fe,Os. As
revealed, the energy absorption threshold of Fe(0)/FeN,-NC-7 is
located between Fe foil and Fe,0O3, indicating the existence of
positively charged Fe®" stabilized by N atoms in Fe(0)/FeN,-
NC-7. The corresponding Fourier transformation of the Co
K-edge from EXAFS spectra is shown in Fig. 4d. Two main
peaks at about 1.74 and 2.32 A can be attributed to the Fe-N
and Fe-Fe scattering paths respectively, which are further con-
firmed in the wavelet transform (WT) contour plots. In com-
parison with Fe foil (Fig. 4f) and Fe,O; (Fig. 4g), the two
signals focused at 5.2 and 6.7 A™ in the plot of Fe(0)/FeN,-
NC-7 (Fig. 4e) are assigned to the Fe-N and Fe-Fe paths
respectively, demonstrating its essential microscopic features
of atomic-level Fe coupled with Fe clusters in the carbon struc-
ture. These results suggest the evolution of single-atom Fe
sites from the Fe-Phen complexes with the simultaneous gene-
ration of Fe clusters, which is consistent with the TEM
analysis.
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Given the intrinsic activity of Fe-N, in the presence of
neighboring Fe clusters, the ORR performance of the as-pre-
pared Fe(0)/FeN,-NC catalysts was investigated in 0.1 M KOH
solution using a rotating disk electrode (RDE) and rotating
ring-disk electrode (RRDE). As shown in Fig. 5a, the cyclic vol-
tammetry (CV) curves manifest well-defined cathodic peaks in
O,-saturated electrolytes that are associated with the oxygen
reduction process, while no peaks appear when the electrolyte
was N,-saturated. The reduction peak of Fe(0)/FeN,-NC-7 cata-
lyst (0.90 V) is more positive than that of commercial 20% Pt/C
(0.87 V), Fe(0)/FeN,-NC-6 (0.86 V), and Fe(0)/FeN,-NC-8
(0.87 V), indicating its superior performance toward the ORR.
The ORR performance was further studied by linear sweep vol-
tammograms (LSVs). Fig. 5b shows the ORR polarization
curves recorded at the rotating rate of 1600 rpm. As observed,
the Fe(0)/FeN,-NC-7 exhibits an activity with a half-wave poten-
tial (E;/,) of 0.86 V and a diffusion-limited current density (/)
of 5.11 mA cm™?, which is higher than commercial 20% Pt/C
(Eyjp = 0.84 V, J, = 5.05 mA cm™?), Fe(0)/FeN,-NC-6 (Ey, =
0.83 V, J; = 4.56 mA cm™2), Fe(0)/FeN,-NC-8 (E;, = 0.84 V, J =
4.81 mA cm™?), Fe-NC (Eyj, = 0.80 V, Ji = 4.52 mA cm™?) and
comparable to many recently reported electrocatalysts (Fig. 5c
and Table S1f). The corresponding Tafel plots of these
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Fig. 5 (a) CV curves in N;- (dotted line) and O,- (solid line) saturated
0.1 M KOH solution, (b) LSVs curves at 1600 rpm, (c) half-wave potential
and limiting current density and (d) Tafel plots of Fe-NC, Fe(0)/FeN,-
NC-6, Fe(0)/FeN,-NC-7, Fe(0)/FeN,-NC-8 and 20% Pt/C; (e) LSV curves
of Fe(0)/FeN,-NC-7 recorded at different rotation rates in O,-saturated
0.1 M KOH solution (inset: the K-L plots); (f) RRDE tests of Fe(0)/FeN,-
NC-7 at 1600 rpm in O,-saturated 0.1 M KOH solution (inset: the H,O,
yield and electron transfer number from RRDE measurements).
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samples are presented in Fig. 5d, in which the calculated Tafel
slopes are respectively 91.6, 86.2, 90.3 and 98.8 mV dec™" for
Fe(0)/FeN,-NC-6, Fe(0)/FeN,-NC-7, Fe(0)/FeN,-NC-8 and Fe-NC.
The smaller Tafel slope of Fe(0)/FeN,-NC-7 reveals its faster
catalytic kinetics toward the ORR than its counterparts. To
investigate the catalysis mechanism of the as-prepared cata-
lysts, RDE measurements were performed at different rotating
speeds from 400 to 2025 rpm (Fig. 5e and Fig. S6). The limit-
ing current densities are observed to increase with the rotating
speed due to the improved mass transport at a higher rotating
speed. The corresponding Koutecky-Levich (K-L) plots of
Fe(0)/FeN,-NC-7 with parallel slopes and good linearity in the
potential range of 0.5-0.7 V (inset of Fig. 5e) evidence that the
reduction of oxygen on Fe(0)/FeN,-NC-7 follows the first-order
reaction kinetics of dissolved oxygen. The average electron
transfer number (n) calculated based on the K-L equation is
about 3.97, suggesting the four-electron pathway (O, + 2H,O +
4e” — 40H"). The ORR catalytic pathway was further investi-
gated by monitoring the formation of peroxide species (H,0,)
based on RRDE measurements. As illustrated in Fig. 5f and
Fig. S7,f the Fe(0)/FeN,-NC-7 presents a much lower H,0,
yield (<12.3%) than Fe(0)/FeN,-NC-6, Fe(0)/FeN,-NC-8, and
Fe-NC in the potential range of 0.2-0.8 V. The corresponding
electron-transfer number evaluated (3.72-3.91) reveals that the
process from O, to OH™ on Fe(0)/FeN,-NC-7 is mainly through
the four-electron pathway, which is in good agreement with
the K-L results, confirming that the superior ORR process of
Fe(0)/FeN,-NC-7 is related to its faster dynamics.

To understand the contribution of atomic Fe-N, sites and
Fe nanoclusters in Fe(0)/FeN,-NC-7 to its ORR activity, SCN™
and H,0, poisoning experiments were carried out in O,-satu-
rated 0.5 M H,SO, solution. As shown in Fig. 6a, a significant
decline in the ORR activity is observed from the LSV curve of
Fe(0)/FeN,-NC-7 when SCN™ ions were introduced. However,
after the electrode was put back in 0.1 M KOH solution, the
ORR performance gradually recovered in 20 min (Fig. 6b). This
phenomenon is due to the blocking of Fe-N, sites by SCN™
ions in the acidic environment (strong interaction between Fe
centers and SCN™ ions) and the subsequent release under the
alkaline conditions (dissociation of SCN™), well demonstrating
the important role played by Fe-N, sites in the catalysis of the
ORR process. The reason that the recovered performance of
Fe(0)/FeN,-NC-7 is a little lower than that in its initial state is
probably due to the loss of part of the Fe clusters in the acidic
environment. The ORR contribution of Fe clusters was further
investigated by H,O, poisoning experiment as metallic Fe is
more easily dissolved in the peroxide-containing electrolyte.
Fig. 6¢c compares the LSV curves of Fe(0)/FeN,-NC-7 before and
after the addition of 2 mM H,0, in 0.5 M H,SO, solution. An
obvious decline in the ORR performance can be observed with
a ~70 mvV shift of E,;,, suggesting that the existence of Fe
nanoclusters is beneficial for boosting the overall ORR per-
formance of Fe(0)/FeN,-NC-7.

To evaluate the potential of Fe(0)/FeN,-NC-7 for real appli-
cations, two important aspects of the methanol crossover
effect and long-term durability were tested by chronoampero-
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Fig. 6 (a) SCN™ poisoning experiments represented by RRDE polariz-
ation curves at 1600 rpm in 0.5 M H,SO, for Fe(0)/FeN,-NC-7; (b) LSV
curves of SCN™ poisoned Fe(0)/FeN,-NC-7 in 0.1 M KOH at different
times; (c) H,O, poisoning experiments represented by RRDE polarization
curves at 1600 rpm in 0.5 M H,SO, for Fe(0)/FeN,-NC-7; (d) chronoam-
perometric responses of Fe(0)/FeN,-NC-7 and 20% Pt/C for 10 h (inset:
methanol tolerance of Fe(0)/FeN,-NC-7 and 20% Pt/C with 4.4% volume
methanol in 0.1 M KOH solution).

metry measurement at the potential of 0.85 V. After 4.4%
volume methanol was quickly injected into 0.1 M KOH solu-
tion at 300 s, 20% Pt/C shows a sharp and unrecoverable
current drop of ~40%, while limited influence on the current
is observed for Fe(0)/FeN,-NC-7 (inset of Fig. 6d), suggesting
its excellent methanol tolerance. The chronoamperometry
response in a constant ORR process was further recorded for
Fe(0)/FeN,-NC-7 to explore its durability. As shown in Fig. 6d,
88% of its initial current density can be retained after 10 h of
test, higher than that of 20% Pt/C (78%), verifying the good
durability of Fe(0)/FeN,-NC-7, which was further demonstrated
by the long-time CV cycling measurement (Fig. 7a). After 3000
CV cycles, the half-wave potential only shows a slight shift of
2 mV with a 3.4% reduction of current density. TEM and XPS
characterization studies were further performed to reveal the
microstructural changes in Fe(0)/FeN,-NC-7 after this CV
cycling test. The porous feature of the carbon structure is
observed to be unchanged from the TEM image (Fig. 7b),
whereas subtle differences have been detected by the XPS
spectra. In the Fe 2p spectrum, the deconvoluted doublet of
Fe”" is found to shift to higher binding energy after CV cycling
test, indicating the electrochemical oxidation of the Fe>*
during the CV cycling (Fig. 7c). Fitting the N 1s spectrum
shows that the ratio of Fe-N and pyridinic N decreases with an
increase of pyrrolic N after 3000 CV cycles, which suggests that
part of the Fe-N and pyridinic N bonding was damaged during
the continuous redox process (Fig. 7d and Fig. S8t). That
might be the reason for the slight decrease in ORR perform-
ance after the CV cycling test.

As revealed by tremendous studies, atomic Fe-N, sites
should be responsible for the high ORR activity of the Fe-N-C
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Fig. 7 (a) LSV curves of Fe(0)/FeN,-NC-7 before and after 3000 CV
cycles in 0.1 M KOH solution; (b) TEM image of Fe(0)/FeN,-NC-7 after
3000 CV cycles; (c) Fe 2p and (d) N 1s XPS spectra of Fe(0)/FeN,-NC-7
before and after 3000 CV cycles.

catalyst, especially the Fe-N, configuration. In this work,
enhanced activity was obtained when atomic Fe-N, sites and
Fe nanoclusters co-exist in the carbon structure. To elucidate
the mechanism of these two kinds of Fe sites for catalyzing the
ORR, DFT calculations were carried out using the VASP code,
investigating the effect of Fe species on the theoretical energy
diagrams and electronic structure of the catalyst. According to
the structure of Fe(0)/FeN,-NC-7, the Fes-FeN, configuration is
constructed by placing a Fe; cluster around the Fe-N, moiety
to simulate the possible interaction between Fe clusters and
Fe-N, coordination (Fig. S9a and bf). Fig. 8a displays the
Gibbs free energy diagrams along the ORR reaction steps for
the Fe-N, and Fe;-FeN, model together with the optimized
adsorption states of ORR intermediates. For these two con-
figurations, the *OOH formation step is the most sluggish step
with the highest uphill energy barriers. The Gibbs free energy
barrier of the rate-determining step on Fe;-FeN, (0.22 eV) is
lower than that of Fe-N, (0.46 eV) at U = 1.23 V, which
accounts for the higher ORR activity of Fe(0)/FeN,-NC-7. To
gain a deeper understanding of the catalytic behavior, the
local density of states (LDOS) of Fe-N, and Fes-FeN, were
further investigated as shown in Fig. 8b. The hybridization
states between the d orbital of a single Fe atom and the p
orbital of N atoms at around 0.1 and 3.2 eV are lower for Fe;-
FeN, than that for Fe-N,, indicating a weaker interaction
between the single Fe atom and N atoms in Fez;-FeN,. The
charge density distributions in Fig. 8c, d and Fig. S9¢, df also
demonstrate that the electron-deficient state around the single
Fe atom of Fe;-FeN, is attenuated in contrast to that of Fe-N,,
corresponding to the lower oxidation state of Fe. These results
indicate that the additional Fe cluster in the Fe;-FeN, configur-
ation is able to provide extra electrons to N-doped graphene,
resulting in the electronic localization of the single Fe atom.
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Fig. 8 (a) Potential Gibbs free energy diagrams for the ORR pathway on
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mized configurations for intermediates adsorption; (b) the difference of
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density difference of OOH adsorbed (e) Fe—N, and (f) Fes-FeN,.
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ively. The isosurfaces are all set to 0.1 eV A~>.

Naturally, the single Fe atom in Fe;-FeN, can supply more elec-
trons for bonding with the OOH intermediate as reflected in
the charge density difference results of OOH adsorbed Fe-N,
and Fes-FeN, (Fig. 8e and f). The enhanced electron inter-
actions will increase the adsorption energy of OOH on the
single Fe atom of Fe;-FeN,, thus leading to the low energy
barrier for the formation of the OOH intermediate.
Consequently, high ORR activity is obtained on Fe(0)/
FeN,-NC-7.

Conclusions

In summary, we designed and synthesized a model Fe-N-C
catalyst with atomic Fe-N, sites and Fe nanoclusters by using
the mechanical grinding strategy followed by pyrolysis. The
Fe-Phen complexes assembled by grinding a mixture of iron(u)
acetate and Phen are directly used as carbon, metal, and nitro-
gen sources. As the sole element source, Fe-Phen complexes
are expected to generate atomic Fe-N, sites and Fe clusters at
the same time due to their high density of Fe centers and Fe-
N bonds. Also added to the starting materials are silica nano-
particles as hard templates to introduce porosity into the final
carbon structure for better mass transfer and exposure of
active sites, which have been confirmed to impede severe
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agglomeration of Fe centers during the pyrolysis process. As
suggested by the results of electrochemical tests, the syn-
thesized Fe(0)/FeN,-NC-7 catalyst exhibits a high overall ORR
performance that is even superior to the commercial 20% Pt/
C. DFT calculations indicated that the neighboring Fe nano-
clusters of atomic Fe-N, sites can increase the electron density
of a single Fe atom, which drastically decreased the reaction
energy barrier for *OOH formation and thus boosted the ORR
activity of Fe(0)/FeN,-NC-7. These findings would provide
insights into the future design and synthesis of efficient Fe-N-
C catalysts for the ORR.
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