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ABSTRACT: Understanding the origin of high activity of
Fe—N—C electrocatalysts in oxygen reduction reaction (ORR)
is critical but still challenging for developing efficient
sustainable nonprecious metal catalysts in fuel cells and
metal—air batteries. Herein, we developed a new highly active
Fe—N—C ORR catalyst containing Fe—N, coordination sites
and Fe/Fe;C nanocrystals (Fe@C-FeNC), and revealed the
origin of its activity by intensively investigating the
composition and the structure of the catalyst and their
correlations with the electrochemical performance. The

detailed analyses unambiguously confirmed the coexistence of Fe/Fe;C nanocrystals and Fe—N, in the best catalyst. A series
of designed experiments disclosed that (1) N-doped carbon substrate, Fe/Fe;C nanocrystals or Fe—N, themselves did not
deliver the high activity; (2) the catalysts with both Fe/Fe;C nanocrystals and Fe—N, exhibited the high activity; (3) the higher
content of Fe—N,, gave the higher activity; (4) the removal of Fe/Fe,C nanocrystals severely degraded the activity; (S) the
blocking of Fe—N, downgraded the activity and the recovery of the blocked Fe—N, recovered the activity. These facts supported
that the high ORR activity of the Fe@C-FeNC electrocatalysts should be ascribed to that Fe/Fe;C nanocrystals boost the activity
of Fe—N,. The coexistence of high content of Fe—N, and sufficient metallic iron nanoparticles is essential for the high ORR
activity. DFT calculation corroborated this conclusion by indicating that the interaction between metallic iron and Fe—N,
coordination structure favored the adsorption of oxygen molecule. These new findings open an avenue for the rational design and
bottom-up synthesis of low-cost highly active ORR electrocatalysts.

1. INTRODUCTION

The electrochemical reduction of oxygen is the pivotal step in
controlling the performance of various next-generation energy
conversion and storage devices, such as fuel cells, metal—air
batteries and certain electrolyzers.'~* The commercialization of
these technologies prominently depends on the development of
low-cost high-performance electrocatalysts for oxygen reduction
reaction (ORR). Currently, the most efficient and widely used
ORR catalysts are precious metal group (PMG) materials.”® The
prohibitive cost and scarcity of the precious metals has stimulated
extensive exploration of alternative low-cost nonprecious metal
catalysts (NPMCs) with attractive performance for the ORR.” A
variety of NPMCs with high activity and stability have been
reported in recent years." '’ To warrant implementation in
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practical energy conversion and storage devices, it is highly
desirable but still challenging to create highly active, stable and
low-cost catalysts with superior activity even over commercial
Pt/C catalyst.

Among various alternative NPMCs, the materials containing
transition metal—nitrogen coordination sites (M—=N_, M = Fe,
Co, etc.) have been generally considered to be the most
promising substitutes for PMG catalysts. Studies on these typical
catalysts were initiated by the discovery of the ORR activity of
cobalt phthalocyanine reported by Jasinski in 1964,° followed by
the investigation of its analogues (metal—nitrogen coordinating
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macrocycles) to improve their catalytic activities.”' ~>° Due to the

high cost of these metal macrocycles, the situation had a marginal
success until Yeager proposed a model that electronically
conducting surfaces with nitrogen groups were capable of
binding transition metal species to form M-N; structure.”” Thus,
this model provided an economic method for the facile
preparation of Fe—N—C catalysts through the pyrolysis of
inorganic iron salts, carbon and nitrogen sources. Since then,
great progress has been made in this field.”*™** In spite of a few
significant advancements achieved by delicate selection of
suitable transition metal, nitrogen and carbon precursors and
optimization of the nanostructing process,'>***>**~*! the ORR
performance of NPMC:s still need to be further improved.

Besides the activity, the nature of active sites responsible for
high activity in Fe—=N—C catalysts still remains elusive to date,
although intensive efforts had been attempted to reveal it by
using physical or electrochemical techniques.’®**~>* There is a
general agreement that Fe is playing important role in enhancing
the ORR activity of the catalysts. Recently, trace amount of
transition metals were reported to significantly affect the ORR
catalytic activity of metal-free catalysts.””>* Tremendous
progress has been made for pyrolyzed Fe—N—C cata-
lysts, 0364155759 several of which exhibit superior perform-
ance for oxygen electroreduction,'>****% However, there are
still debates on what are the real active sites and whether Fe only
promotes the formation of active sites or directly participates in
catalyzing ORR.*® Up to now, almost no clear and solid evidence
was observed or intense investigation was done to unveil how the
introduction of Fe boosts the catalytic activity of Fe—N—C
catalysts for ORR, except for a few discussion reported very
recently."*” The lack of knowledge about active sites, caused by
the low density of active sites and the complexity of both
structure and composition in these Fe—N—C catalysts, has
greatly hampered the rational design and preparation of high
active and durable Fe—N—C catalysts.

Herein, we reported a facile and easily scalable method to
prepare a highly active Fe—~N—C ORR catalyst (Fe@C-FeNC)
which contains Fe—N, configurations and graphene-encapsu-
lated Fe/Fe;C (Fe@C) nanocrystals. The catalyst exhibited
superior catalytic activity for ORR with a half-wave potential E,
of 0.899 V (all potentials used in the context are versus to
reversible hydrogen electrode (RHE)) in 0.1 M KOH solution,
which is 15 mV higher than that of commercial Pt/C, and a
kinetic mass current of 41.6 A/g at 0.8 V. It was found that the
pyrolysis process not only created the Fe—N, configurations, but
also aggregated iron atoms to form graphene-encapsulated
metallic Fe/Fe;C nanocrystals around Fe—N, species. More
interestingly, the in-depth investigation on morphology,
composition and local structure of the catalysts unambiguously
disclosed that these Fe@C nanocrystals dramatically boosted the
catalytic activity of the neighboring Fe—N, active sites for ORR,
which should be responsible for the enhanced performance. The
high content of Fe—N, sites and sufficient Fe@C nanocrystals
are essential to present the high catalytic activity for ORR. This
finding sheds light on the origin of high catalytic performance of
the Fe—N—C catalysts, and opens a path for rationally designing
highly active ORR electrocatalysts.

2. RESULTS

The catalyst Fe@C-FeNC was prepared by coating carbon
nanotubes (CNTs) with glucose in the presence of iron salt
precursor, followed by the pyrolysis in the presence of melamine
as nitrogen source. In order to investigate the effect of Fe content
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on the morphology and catalytic performances of the catalysts,
three Fe@C-FeNCs with different Fe contents were prepared.
Compared with Fe@C-FeNC-1, three and five times amount of
iron source were used to prepare Fe@C-FeNC-2 and -3,
respectively (see Supporting Information for the details). Based
on the thermogravimetric analysis (TGA, Figure S1), the final Fe
contents in three catalysts are 2.57 wt % for Fe@C-FeNC-1, 4.42
wt % for Fe@C-FeNC-2, and 20.2 wt % for Fe@C-FeNC-3,
respectively. It can be seen that the more iron source was used the
more iron remained in the catalysts and the more carbon lost
during preparation, causing the big difference of iron content
between Fe@C-FeNC-2 and -3 catalysts. The transmission
electron microscope (TEM) images of Fe@C-FeNC-2 in Figure
lab show that the catalyst consisted of coated CNTs and
flocculent carbon nanostructures which should be resulted from
the migration and rearrangement of carbon atoms catalyzed by
active iron atoms during heat treatment.”* Nanoparticles in
several nanometers with darker contrast were clearly identified in
both flocculent carbon nanostructures and coated CNTs. A close
look at Figure 1b and the bright-field high-resolution TEM
(HRTEM) image (Figure lc and Figure S2) reveals that these
nanoparticles were encapsulated with a few graphene layers and
well crystallized with a lattice distance of 0.204 nm. When the
amount of iron precursor decreased to one-third, the as-prepared
catalyst (Fe@C-FeNC-1) comprised the flocculent, thin and
wrinkled carbon nanostructures connected with CNT's as shown
in Figure 1d,e. No clear nanoparticles were found in whole TEM
observation. While the amount of iron precursor increased in the
preparation of Fe@C-FeNC-3, the larger nanoparticles in
around 20 nm appeared (Figure 1f). HRTEM image in Figure
1g discloses that these nanoparticles were also crystallized with a
lattice distance of 0.204 nm and encased with a few graphene
layers. It should be noted that the nanoparticles in Figure 1b,f
exhibited a size distribution since they were formed by the
random aggregation of iron atoms at high temperature during
pyrolysis.

In order to further identify the nature of these nanocrystals, X-
ray diffraction patterns of three samples were recorded and
presented in Figure 1h. The XRD pattern of Fe@C-FeNC-1 (red
curve) shows a sharp peak at 26.1° and a board peak at 43.1°,
both of which can be assigned to graphitic carbon. No other
detectable peaks appear in the XRD pattern, implying that iron
atoms might be incorporated into carbon framework in
disordered form. As the amount of iron precursor increased,
crystalline phases of metallic Fe, Fe;C are detected in Fe@C-
FeNC-2 and Fe@C-FeNC-3. Four diffraction peaks at 26.1°,
43.7°, 44.7° and 65.0° in the XRD pattern of Fe@C-FeNC-2
(green curve) can be indexed to the diffraction from (002) planes
of graphite, (102) planes of Fe;C (cementite, JCPDS No. 35—
0772), and (110) and (200) planes of cubic Fe (JCPDS No. 06—
0696), respectively. The relative diffraction intensity from Fe;C
increased as the iron content further increased in the XRD
pattern of Fe@C-FeNC-3 (purple curve), indicating an increased
ratio of Fe;C/Fe. These results indicate that metallic Fe, Fe;C
and graphitic carbon coexisted in the catalyst Fe@C-FeNC-2 and
Fe@C-FeNC-3. Taking into account the TEM results together,
the nanoparticles in both Fe@C-FeNC-2 and Fe@C-FeNC-3
should be Fe/Fe;C nanocrystals. The continuous lattice distance
0f 0.204 nm in Figure 1c,g is well consistent with the d-spacing of
(220) crystallographic planes of Fe;C or (110) planes of cubic
Fe. According to the knowledge on in situ growth of CNTs, %3
it can be inferred that the Fe/Fe;C nanocrystals should originate
from the reduction of iron precursor by carbon during pyrolysis.
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Figure 1. (a,b) TEM and (c) HRTEM images of Fe@C-FeNC-2. (d,e) TEM images of Fe@C-FeNC-1. (f) TEM and (g) HRTEM images of Fe@C-
FeNC-3. (h) XRD patterns of three Fe@C-FeNC catalysts as well as Fe (JCPDS No. 06—0696, red vertical line) and Fe;C (JCPDS No. 35—0772, blue

vertical line) as references.

While the composite containing iron compound and carbon or
carbonaceous materials was pyrolyzed at high temperature, iron
compound was reduced by carbon to metallic iron. These
metallic Fe atoms are chemically extremely active to react with
other atoms such as nitrogen or catalytically graphitize carbon
planes. If the Fe concentration is low enough (the case of Fe@C-
FeNC-1), most of Fe atoms involved in the formation of
graphene-like graphitic layers or reacted with nitrogen atoms to
generate the Fe—N, species before they aggregated. When the Fe
concentration increased in the case of Fe@C-FeNC-2, the
excessive Fe will aggregate to form Fe nanocrystals, which
subsequently produce carbides with carbon atom and catalyti-
cally graphitize carbon to generate graphene-like carbon layer
surrounding the nanocrystals during the pyrolysis and cooling.
As the dosage of iron precursor further increases in the case of
Fe@C-FeNC-3, Fe nanocrystals grow up. The larger size of Fe
nanocrystals makes the inside carbon atoms difficult to diffuse
onto the outer surface, thus creating more Fe;C phase as
indicated in XRD patterns.

The catalytic activity for ORR of the prepared catalysts was
first assessed using rotating ring-disk electrode (RRDE) in 0.1 M
KOH solution saturated with O,, and compared with commercial
Johnson Matthey Pt/C (20% Pt loading) catalyst. In order to
better understand the catalytic performances and reveal the
active sites in the catalyst Fe@C-FeNCs, three control catalysts
were prepared by the same synthetic route as Fe@C-FeNC-2
except for no addition of iron source, nitrogen source
(melamine), and both iron source and melamine, noted as NC,
Fe@C, and C respectively. As shown in TEM images (Figure
S3a,b), only carbon nanotubes with porous carbon layer derived
from the pyrolysis of polymerized glucose coating exist in the
catalyst NC. No flocculent carbon nanostructure or nano-
particles were found in the catalyst NC since no iron was
introduced as the catalyst to form these structures. The TEM
images (Figure S3c,d) and XRD pattern (see Figure S4b)
demonstrated that the control catalyst Fe@C has similar
morphology and composition to Fe@C-FeNC-2 but the Fe/
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Fe;C nanoparticles are larger probably due to no consumption in
the formation of FeN, unlike Fe@C-FeNC-2.

The linear sweep voltammetry (LSV) results (red curve in
Figure 2a) indicate that the control catalyst C (porous carbon
coated carbon nanotubes without N-doping and iron) shows the
worst ORR activity in terms of the most negative E, ,,. After the
introduction of iron alone, the catalyst Fe@C shows very little
improvement on activity, implying that Fe/Fe;C nanoparticles
themselves show similar catalytic activity to the pristine carbon
materials in alkaline medium. The poor activity of the control
catalyst C and Fe@C are further disclosed by a high hydrogen
peroxide yield of approximate 50% and 40% at 0.75 V (Figure
2b), corresponding to the electron transfer number of 2.9 and 3.1
which are calculated on a basis of currents on disk and ring
electrodes, respectively (Figure 2c). This result suggests that the
ORR processes on the catalyst C and Fe@C dominate by a 2-
electron reduction pathway. In contrast, when the nitrogen was
introduced into the catalyst, the metal-free control catalyst NC
exhibits an apparently enhanced catalytic activity for ORR in
view of an E, /, at 0.787 V, 62 mV higher than the catalyst Fe@C.
The decreased hydrogen peroxide (H,0,) yield corroborates the
improvement of ORR performance after the incorporation
nitrogen in the catalyst. This improvement could be safely
attributed to the effect of nitrogen doping in carbon materials, as
reported in the literature.”*®” However, it is noteworthy that
while both iron and nitrogen were introduced into the catalyst
the ORR activity of the catalyst Fe@C-FeNC-2 tremendously
leaped forward in terms of a remarkably positively shifted E, , at
0.899 V, which is 212 and 112 mV positive than that of the
catalysts Fe@C and NC, respectively. The larger limited current
density implies that the conductivity of the catalyst was
improved, which could be ascribed to the improvement of
graphitization in the presence of iron and nitrogen during
pyrolysis. Such an E,/, is 15 and 7 mV positive than those of
commercial Pt/C (Johnson-Matthey, 20 wt %) at 0.884 V and
Pd/C (Johnson-Matthey, 20 wt %) at 0.892 V (Figure SS),
respectively, indicating the catalyst Fe@C-FeNC-2 demonstrates
the better ORR activity than commercial Pt/C and Pd/C. This is
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Figure 2. (a,d) Steady-state ORR polarization curves, (b,e) hydrogen peroxide yield and (c,f) corresponding electron transfer number during ORR
process. (g) Tafel plots of Fe@C-FeNC-2 and Pt/C. (h,i) Steady-state ORR polarization curves of Pt/C (h) and Fe@C-FeNC-2 (i) before and after
5000 potential cycles in O,-saturated in 0.1 M KOH. The loading of all nonprecious catalysts is 700 pg/cm?

one of the highly active non-Pt catalysts with ORR performance
better than Pt/C.'""> The RRDE measurement reveals that the
evolution of hydrogen peroxide is strikingly suppressed on the
catalyst Fe@C-FeNC-2. H,O, yield is lower than 2.5% over the
scanned potential range as shown in Figure 2b and apparent
smaller than that on Pt/C. Specifically, the H,0, yield on Fe@C-
FeNC-2 at E| ), is less than 0.01% compared with 1.31% on Pt/C.
Figure 2c¢ displays that the electron transfer number during the
reaction is 3.95—3.99 for Fe@C-FeNC-2 over the scanning range
of potentials, indicating that ORR process on Fe@C-FeNC-2
ideally follows the four electron pathway. Therefore, the above
results reveal that it is essential to simultaneously introduce both
iron and nitrogen into the catalyst for achieving such significant
improvement on the ORR activity, which could produce
intrinsically different active sites, such as iron—nitrogen
coordinating species (Fe—N,).

The effect of the dosage and the state of introduced iron on the
electrocatalytic activity of Fe@C-FeNCs catalysts was further
explored. As shown in Figure 2d, the catalyst Fe@C-FeNC-2
shows the best performance in terms of the most positive E, , of
0.899 V and the highest kinetic mass current of 41.6 A/g at 0.80
V. In contrast, the catalyst Fe@C-FeNC-1 exhibits the degraded
ORR activity with a E;,, of 0.862 V while the catalyst Fe@C-
FeNC-3 also shows slightly degraded ORR activity with a E, /, of
0.885 V. The RRDE measurements corroborate that Fe@C-
FeNC-1 shows the worst activity for ORR among three catalysts
in terms of the highest yield of H,O, although it still beats the
control catalysts C, Fe@C and NC (Figure 2e). The electron
transfer number for all three Fe@C-FeNC catalysts are
approaching the ideal value of 4.0 (Figure 2f). Furthermore, it
is known that in order to obtain a high current at low
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overpotential for an electrochemical reaction, the reaction
should exhibit a low Tafel slope.”* As shown in Figure 2g,
Tafel slope of ~68 mV/dec for Fe@C-FeNC-2 is very close to
that of ~67 mV/dec for Pt/C. This means that the transfer of the
first electron is probably the rate-determining step in ORR
catalyzed by Fe@C-FeNC-2, similar to platinum.”® The
durability of catalyst was subsequently assessed using the
accelerated durability test protocol from the US Department of
Energy by cycling the catalysts between 0.6 and 1.0 V at 50 mV
s~ under O, atmosphere. After S000 continuous cycles, the E,
on Fe@C-FeNC-2 negatively shifts by ~16 mV (Figure 2h),
slightly larger than 10 mV on Pt/C (Figure 2i). Lastly, it is worth
noting that the concept demonstrated in this manuscript is not
limited to using carbon nanotubes as the active site carrier. For
example, in consideration of the cost and mass production of the
catalyst, the cheap acetylene black (AB) was used to substitute
for CNTs in the preparation of Fe@C-FeNC-2. the resulting
catalyst shows a good ORR activity as well in terms of a E,/, of
0.888 V (Figure S6), which is comparable to Pt/C.

The electrochemical measurements show that both iron and
nitrogen are playing important role in enhancing the ORR
activity and the amount of iron significantly affect the
performance of the catalysts. In order to reveal the status of
iron and nitrogen in the catalysts, an aberration-corrected
scanning transmission electron microscopy (AC-STEM)
equipped with an electron energy loss spectrometer was applied
to analyze high-resolution elemental distribution. Figure 3a
shows the annular bright field (ABF) STEM images of the
catalyst Fe@C-FeNC-1. Only flake-like structures were found,
which are similar to graphitic carbon structures observed under
conventional TEM observation in the literatures.”** But in
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Figure 3. (a) ABF image, (b) HAADF STEM image, (c) EELS spectrum, (d—f) EELS mapping of iron, nitrogen, and overlaid iron and nitrogen of the
area marked by yellow square in (b) for Fe@C-FeNC-1 sample. (g) HAADF STEM image, (h) EELS spectrum, (i—1) EELS mapping of carbon, iron,
nitrogen, and overlaid iron and nitrogen of the area marked by yellow square in (g) for Fe@C-FeNC-2.

high-angle annular dark field (HAADF) mode (Figure 3b), a
number of bright spots in a size at atomic scale unambiguously
appear, which should correspond to the heavy atoms. Iron and
nitrogen atoms were further identified and mapped out by
electron energy loss spectroscopy (EELS) analysis (Figure 3c—
f). The signals of carbon, nitrogen and iron are distinguishable in
EELS spectrum. The overlay of iron and nitrogen signals in the
elemental mapping images (Figure 3f) clearly discloses that iron
atoms are adjacent to nitrogen atoms at atomic level, suggesting
the presence of Fe—N, coordination. On the other hand,
nanoparticles appear in the HAADF STEM image (Figure 3g) of
the catalyst Fe@C-FeNC-2. EELS mapping images (Figure 3j—1)
confirm that these nanoparticles are iron aggregations, which are
surrounded with iron and nitrogen atoms at atomic level. This
result suggests the existence of Fe—N, closely adjacent to iron
nanoparticles in Fe@C-FeNC-2. Such environment would allow
for the interaction of iron nanoparticles and Fe—N,.

In attempt to further understand the nature of ORR
catalytically active sites, X-ray absorption spectroscopy at Fe k-
edge, a sensitive characterization for identifying noncrystalline
species, was conducted to analyze the coordination environment
of iron. Figure 4a shows the k3 weighted Fourier transformation
of Fe K edge from extended X-ray absorption fine structure
(EXAFS) spectra for commercial iron phthalocyanine (FePc)
and iron foil as the references as well as three Fe@C-FeNCs.
Quantitative information on the local structures was obtained by
fitting EXAFS data using the IFEFFIT package and listed in
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Supporting Information (Table S1). The fitting curves are
plotted in Supporting Information (Figure S7). It can be seen
from Figure 4a that all Fe@C-FeNC:s exhibit peaks at 1.44 + 0.06
A assigned to Fe—N distance due to a nitrogen shell surrounding
Fe in reference to that of FePc, corroborating the existence of the
Fe—N, coordination.”**° Another peak at 2.46 + 0.02 A,
ascribed to the Fe—C distance of the second neighbor shell in
FePc, is clearly distinguished in the spectra of Fe@C-FeNC-1
and Fe@C-FeNC-2. These information suggests that Fe—N,,
configurations may be incorporated in the graphitic carbon
frameworks in both catalysts, resulting in relative long-range
order structure. Whereas, the spectrum of Fe@C-FeNC-3 is
more like that of Fe foil with two strong peaks at 2.09 + 0.13 A
and 4.46 + 0.11 A, which correspond to the Fe—Fe distance,
referring to Fe foil. The peak of the Fe—Fe bond could also be
observed in Fe@C-FeNC-2 although it is much weaker than that
in Fe@C-FeNC-3. These results corroborate that metallic iron
exists in both Fe@C-FeNC-2 and Fe@C-FeNC-3, which are
consistent with the TEM and AC-STEM results. Moreover, it is
noticed that the Fe—N peak in Fe@C-FeNC-3 is the weakest one
among three catalysts, indicating the long-range order of Fe—N
environment is weaker than other two. Together with the
enhanced long-range order of Fe—N in Fe@C-FeNC-2 than that
in Fe@C-FeNC-1 in terms of the stronger Fe—N signal, it could
be inferred that the appropriate amount of iron benefits the long-
range order of Fe—N environment, but the excessive amount of
iron deteriorates it probably due to the high activity of iron
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Figure 4. (a) Experimental Fourier transform at the Fe K-edge of EXAFS data of three Fe@C-FeNCs, and FePc and iron foil as references. (b) The
deconvoluted N 1s spectra of FePc and three Fe@C-FeNC catalysts. (c) The Fe 2p narrow scan spectra of FePc and three FeC-FeNCs catalysts.

during pyrolysis. This is consistent with the XPS results
mentioned thereinafter. In consideration of the ORR activity
order (highest for Fe@C-FeNC-2, lowest for Fe@C-FeNC-1,
Figure 2d), it revealed that the catalytic activity of the catalyst
Fe@C-FeNC is not simply correlated with coordination
environment of Fe—N.

X-ray photoelectron spectroscopy (XPS) was further
performed for all three catalyst Fe@C-FeNCs and pure FePc
as a reference to analyze the bonding state of iron and nitrogen
(Figure 4b,c). The N 1s curve of FePc (Figure 4b) patently shows
two peaks at 398.06 and 399.42 eV, corresponding to two distinct
nitrogen bonding environments as marked in Supporting
Information (Figure S8). The lower one is assigned to four
nitrogen atoms located in N-substituted methine environment,
an analogous configuration to meso-aza nitrogen structure in
porphyrin, named as N—C configuration.®” The higher one can
be safely indexed to another four nitrogen atoms coordinated to
iron atom, corresponding to Fe—N,, coordination. N 1s signals of
Fe@C-FeNCs were deconvoluted as shown in Figure 4b and the
results were elaborated in Supporting Information (see Table
S2). The apparent peaks at around 399.57 eV in all three Fe@C-
FeNCs confirm the presence of N similar to Fe—N, moiety in
FePc, which agrees with EXAFS results. The signals at around
398.22 and 400.74 eV can be attributed to the N with a chemical
state similar to the above-mentioned N—C and graphitic
nitrogen, respectively. Since the Fe—N, sites are considered to
be responsible for the high catalytic activity, the amount of
nitrogen corresponding to Fe—N, structures was calculated on a
basis of total nitrogen content and its fraction in the catalysts. As
shown in Table S2, this value is 1.956 at. % in Fe@C-FeNC-1,
slightly decreases to 1.893 at. % in Fe@C-FeNC-2, and further
decreases to 1.423 at. % in Fe@C-FeNC-3 with increasing iron
content.

Taking into account the ORR activity order of the three
catalysts, Fe@C-FeNC-1 with the highest amount of Fe—N, but
no Fe@C nanoparticles shows the lowest activity, while Fe@C-
FeNC-3 with Fe@C nanoparticles but the lowest amount of Fe—
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N, exhibits the higher activity than Fe@C-FeNC-1. Fe@C-
FeNC-2 with Fe@C nanoparticles and the higher amount of Fe—
N, than Fe@C-FeNC-3 delivers the highest activity. Together
with the fact that Fe@C nanoparticles themselves shows
negligible ORR activity (Figure 2a), it comes to a conclusion
that Fe—N,, coordination should be the electrocatalytically active
sites for ORR and Fe@C nanoparticles can dramatically promote
the activity of the neighboring Fe—N, for catalyzing ORR.
Besides the analysis mentioned above, the binding state of Fe in
these three catalysts gives another evidence of this promotion. As
shown in XPS spectra (Figure 4c), the signal at 706.87 eV in the
Fe 2p3/2 spectrum of Fe@C-FeNC-3 and 708.47 eV in FePc can
be safely attributed to zero-valence Fe (metallic iron or carbide)
and Fe?", respectively.”> The signal at around 710 eV can be
assigned to Fe in Fe—N, configuration.'' It is notable that the Fe
peak of Fe—N, configuration in Fe@C-FeNC-1 shifts by 0.7 eV
(710.17 to 710.87 eV) to the higher binding energy in Fe@C-
FeNC-2 and Fe@C-FeNC-3 (Figure 4c). This shift implies the
less charge density on central Fe atoms, which is a clue of the
interaction of Fe—N, and Fe@C.

To further support the above conclusion, the two control
experiments were carried out. (1) The catalyst Fe@C-FeNC-2
was leached in 0.5 M H,SO, at 60 °C for 12 h to remove or
substantially diminish metallic Fe nanoparticles. The TEM image
in Supporting Information (Figure S9) confirms that almost no
nanoparticles were found after the acid leaching. As a result, the
acid-leached Fe@C-FeNC-2 shows apparently degraded ORR
activity in terms of a much negatively shifted E,/, at 0.807 V,
which is 92 mV lower than that of original Fe@C-FeNC-2. This
result indicates that metallic Fe nanoparticles is necessary for the
high ORR activity in Fe@C-FeNC-2. (2) It is known that SCN™~
ion can poison Fe—N, sites in catalyzing ORR.**%* In
consideration of the potential reaction between SCN™ ion and
KOH, we first measured the ORR activity of Fe@C-FeNC-2 in
O,-saturated 0.1 M HCIO, containing 0.01 M NaSCN. It can be
seen in Supporting Information (Figure S10) that the E,,, of
Fe@C-FeNC-2 decreases significantly by about 111 mV after the
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Figure S. (a) The correlation between the amount of Fe—N, coordination and catalytic ORR performances in terms of E, , values for Fe@C-FeNCs.
(b) Steady-state ORR polarization curves of as-prepared and acid-leached Fe@C-FeNC-2 measured in 0.1 M KOH. (c) Time-dependent steady-state
ORR polarization curves of SCN™ poisoned Fe@C-FeNC-2 measured in 0.1 M KOH.

addition of 0.01 M NaSCN. The remarkably depression of
catalytic activity can be attributed to the blocking of Fe—N,
active sites by SCN™ in catalyzing ORR. Moreover, if we
pretreated the Fe@C-FeNC-2 electrode in 0.1 M HCIO,
containing 0.01 M NaSCN to partially block Fe—N, sites, then
rinsed it thoroughly with Milli-Q water and measured it in 0.1 M
O,-saturated KOH, we initially observed that the E, ,, negatively
shifted by 44 mV compared with that without treatment.
However, the ORR LSV curve gradually recovered to its original
position before the pretreatment of SCN™ since the blocked Fe—
N, sites gradually recovered as the dissociation of SCN™ on
central iron sites in 0.1 M KOH (Figure Sc). This result
unambiguously corroborates that Fe—N, coordination sites
should be responsible for the ORR activity of Fe@C-FeNCs.
Therefore, these two control experiments strongly support the
conclusion that the high content of Fe—N, active sites and
sufficient Fe@C crystals are essential to deliver high ORR
catalytic performance.

The density functional theory (DFT) calculations revealed
that the additional iron atom is able to provide extra electron to
nitrogen atoms, resulting in the decrease of Mulliken charges on
central iron atom of Fe—N,, (Figure S11 and Table S3). After the
modification by additional iron atom, the HOMO energy of the
catalyst rises, leading to the more overlap with the LUMO of
triplet O, molecule and thus the increase in activity for catalyzing
ORR. In addition, the binding energy of O, with Fe-modified
Fe—N, configuration is slightly higher than that of bare one,
which favors the adsorption of O, on the active sites and thus
promotes the ORR activity of Fe—N, configuration. The details
of the calculation and the description were presented in the
Supporting Information.

3. DISCUSSION

On the basis of the above results, we believe that the super
catalytic activity of Fe@C-FeNC-2 can be attributed to the Fe—
N, sites promoted by neighboring Fe/Fe;C nanoparticles. In
fact, a few previously reported Fe—N—C catalysts which showed
excellent ORR activity did feature both Fe—N,, sites and metallic
Fe cluster or nanoparticles.'>***37%73%90%%70 Eo 1 example, Piotr
Zelenay’s group reported a N-doped CNT/nanoparticle
composite with iron nanoparticles encapsulated in carbon shells
as an efficient ORR electrocatalyst.'” Although the paper did not
discuss the origin of the high activity, it could be speculated that
the two heat-treatment steps could create Fe—N,, configurations,
which worked together with inner iron nanoparticles to lead to
the high ORR activity of the catalyst. Dai’s group synthesized
CNTs-graphene complexes as ORR electrocatalysts by exfoliat-
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ing the outer wall of few-walled CNTs via oxidation and high-
temperature reaction with ammonia.”> Atomic-scale microscopic
observation suggested the existence of Fe—N, sites and iron
clusters were obviously found near to the Fe—N, coordination,
both of which should contribute to the enhanced electrocatalytic
activity. This also can explain why some pyrolyzed Fe—N—C
catalysts needed to be subjected to a second pyrolysis after acid
treatment for removal of nonactive metal phase to keep good
activity. The second annealing process would facilitate the
residual irons to migrate together and form clusters or
nanoparticles adjacent to Fe—N, sites. Therefore, we proposed
that the pyrolysis is not only the key step to create the Fe—N,,
configurations, but also to aggregate iron atoms to form metallic
clusters or nanoparticles, both of which contributed to the
enhancement of catalytic performance. Besides, the concept
could also interpret well the pyrolyzed metal macrocycles
compounds are more active than the pristine ones.””””!
Moreover, Bao’s group experimentally and computationally
demonstrated that coordinatively unsaturated Fe nanoclusters
changed the charge-density distribution on outer N-doped
carbon layers,” which is consistent with our result that metallic
iron nanoparticles could change the charge density of central iron
atom in Fe—N,, configuration and thus enhance its ORR activity.

4. CONCLUSION

In summary, a high-performance nonprecious metal catalyst for
ORR was developed through a pyrolysis of the mixture of glucose
coated carbon nanotubes, iron and nitrogen sources. The
optimal catalyst Fe@C-FeNC-2 exhibited an ORR E;,, at
0.899 V, which is 15 mV higher than that of Pt/C. The analytical
results from XRD, AC-TEM, EELS, EXAFS, and XPS confirm
the coexistence of Fe/Fe;C nanoparticles and Fe—N,, config-
uration in the catalyst. Taking into account the correlations
between the content of Fe—N, configuration and the ORR
activities together with the EXAFS analysis, it unambiguously
come to the conclusion that Fe@C nanoparticles can
dramatically promote the activity of the neighboring Fe—N,
for catalyzing ORR. The more Fe—N, sites in the presence of
Fe@C nanoparticles will promise the higher ORR activity. This
finding justifies why it is essential for the high ORR activity to
have simultaneously metallic iron and nitrogen doping in the
numerous reported carbon-based ORR catalysts®> """ and
may inspire the rational design of highly active ORR electro-
catalysts for fuel cell and metal—air battery applications.
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Experimental Section

Synthesis of Fe@C-FeNCs catalysts.

Multi-walled CNTs (40-60nm in diameter and 5-15 pm in length, Shenzhen Nanotech Port Co. Ltd.)
were firstly refluxed in 6M HNO3 solution for 48h to remove metal and impurities and to make them more
dispersible in water. In a typical synthesis, 20 mg pretreated CNTs, 800 mg glucose (Sinopharm Chemical
Reagent Co., Ltd) and 10 mg sodium dodecyl sulfate (SDS, Sinopharm Chemical Reagent Co., Ltd) were
dispersed in 10 mL ultrapure water and sonicated for 4 h to form a homogenous black suspension,
followed by the addition of 0.5 mmol iron (I11) nitrate nonahydrate (Alfa Aesar). The suspension was
transferred into a 25 ml sealed autoclave and heated at 180 °C for 15 h. The dark brown precursor was
collected by centrifuging, washing and drying at 60 °C overnight, and then mixed with melamine at a
mass ratio of 1:10 by grinding. The light gray mixture was placed into a quartz tube and heated to 900°C
at a rate of 10 °C/min under a flow of argon. After 1 h of pyrolysis, the catalyst Fe@C-FeNC-1 was
obtained. The catalyst Fe@C-FeNC-2 and -3 were prepared by using the exactly same procedure except
for using 1.5 and 2.5 mmol instead of 0.5 mmol of iron (Ill) nitrate nonahydrate, respectively. In
consideration of the cost and mass production of the catalyst, Fe@C-FeNC could also be prepared by

replacing CNTs with acetylene black (AB) in the same amount (20 mg).
Characterization

The morphologies of the catalysts were characterized by transmission electron microscopy (TEM)
on JEM-2100F (JEOL, Tokyo, Japan), working at an accelerating voltage of 200 kV. STEM observation
was carried out on a JEOL ARM200F (JEOL, Tokyo, Japan) STEM operated at 200 kV with cold filed-
emission gun and double hexapole Cs correctors (CEOS GmbH, Heidelberg, Germany). The attainable
spatial resolution defined by the probe-forming objective lens is better than 80 picometers. Electron
energy loss spectroscopy (EELS) spectra were acquired with a multi-scan charge-coupled device (CCD)
camera (Gatan Quantum Model 965, Gatan Inc.). X-ray photoelectron spectroscopic (XPS) measurements

were performed on an ESCALab220i-XL electron spectrometer (VG Scientific) using 300W Al Ka
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radiation. The base pressure was about 3x10°° mbar, and the binding energies were referenced to C1s line
at 284.8 eV from adventitious carbon. Powder X-ray diffraction (XRD) patterns were recorded on a

Regaku D/Max-2500 diffractometer equipped with a Cu Kal radiation (A = 1.54056°A). Fe K-edge X-

ray absorption spectra were recorded at the Shanghai Synchrotron Radiation Facility (SSRF, Shanghai)
facility at the beamline 14W1. Data were recorded using a Si(111) double crystal monochromator. Fe K-
edge extended x-ray absorption fine structure (EXAFS) data were analyzed using standard procedures

with the program IFEFFIT.
Electrochemical tests

Prior to use, the glass carbon rotating disk electrode (4 mm in diameter, 0.1256 cm? in surface area)
was polished mechanically with 0.5~0.7 um down to 0.03~0.05 um alumina slurry to obtain a mirror-like
surface and then washed with Mill-Q water and ethanol and allowed to dry. For all non-precious catalysts
in this work, in the typical ink preparation procedure, 2 mg catalysts were dispersed in 400 pL ethanol
and sonicated for 30 minutes to form a homogeneous ink. 17.6 pL ink was loaded on polished glassy
carbon electrode to get catalysts loading of 700 pg /cm® A drop of 0.5 wt. % nafion (Sigma-Aldrich)
solution was then applied onto electrode surface layer to protect the catalysts dropping out. After dried in
the air, the electrode was prepared for test. Before each ORR measurement, all non-Pt catalysts were
scanned in Nj-saturated electrolyte and the obtained background voltammograms were subtracted from
that measured in the O,-saturated electrolyte. For comparison, commercial 20 wt.% Johnson-Matthey
Pt/C and 20 wt.% Johnson-Matthey Pd/C were also measured with noble metal (Pt or Pd) loading of 25.5

Hg /cm?.

All electrochemical measurements were performed on a RRDE-3A (ALS, Japan) device in
conjunction with CHI 760E bipotentiostat (CH instruments). All the CV measurements were conducted
at a scan rate of 50 mV/s, and the LSV curves were recorded at a rate of 10 mV/s. Before each ORR test,
the electrolyte was purging with O, at least for 30 min. All RRDE measurements were carried out at a
rotation speed of 1600 rpm. The accelerated durability tests were carried out by cycling the catalysts

between 0.6 and 1.0 V at 50 mV s* under O, atmosphere, according to US Department of Energy protocol.
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Poisoning experiment for Fe@C-FeNC-2 was firstly executed in Op-saturated 0.1 M HCIO, with addition
of 0.01 M NaSCN. The remarkably depression of catalytic activity can be seen. After that, the glass
carbon electrode with poisoned Fe@C-FeNC-2 was rinsed thoroughly and measured again in 0.1 M O,-

saturated KOH.

Hydrogen peroxide yields and the electron transfer number (n) were calculated using the equations

below:

/N
Ir/N+Ip

H,0,(%)=200x

o

n=4
“To+Ip/N

Herein, I, and I are the disk and ring currents, respectively. N is the ring collection efficiency and

the measured N value was 42.4%.
Density function theory (DFT) calculation.

In this study, the DFT calculations were performed using the DMol® software package. A generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) was employed to describe electronic
exchange and correlation effects. DFT semi-core pseudopots approximation was utilized with the double
numerical plus polarization (DNP) basis set. The convergence tolerance of energy is taken as 1x107
Hartree, and the maximum allowed force and displacements are 0.004 Hartree per A and 0.005 A,

respectively.

To assess the adsorption strength of O, on the model molecule catalysts, the adsorption energy of O,
was given as Eags= Etota—Ecatalyst—Eadsorbate, IN Which Ecatalyst 1S the energy of the bare catalyst, and Eagsorbate
is the energy of the free oxygen molecule in the gas phase, Ea is the total energy of the catalysts with

adsorbates.
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Figure S1: TGA results for three Fe@C-FeNCs samples.
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Figure S2: (a) Bright-field and (b) dark-field TEM images for Fe@C-FeNC-2 catalyst.
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Figure S3: (a-b) TEM image (a) and HRTEM image (b) of NC catalyst. (c-d) TEM image (c) and

HRTEM image (d) of Fe@C catalyst.
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Figure S4: XRD patterns of (a) purchased FePc and (b) Fe@C catalyst.
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Figure S5: Steady-state ORR polarization curve (top) and hydrogen peroxide yield of commercial Pd/C

(Johnson-Matthey, 20 wt.%) catalyst in O,-saturated 0.1 M KOH.
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Figure S6: ORR polarization curves of Pt/C catalyst and Fe@C-FeNC-2 sample prepared from same

synthetic condition except that CNTSs are substituted by acetylene black.
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Figure S7: Experimental Fourier Transform at the Fe K-edge of EXAFS data of FePc and three Fe@C-

FeNCs samples and the corresponding fits.
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Figure S8: The structure of FePc. The N1s binding energy at 398.22 eV is related to four nitrogen
atoms located in dash outside circle, noted as N-C. Another N1s position at 399.57 eV corresponds to

other four nitrogen atoms located in dash inside circle, noted as Fe-Ny.
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Figure S9: TEM images at different magnifications for acid-leached Fe@C-FeNC-2 sample.
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Figure S10: Steady-state ORR polarization curves of Fe@C-FeNC-2 catalyst in O,-saturated 0.1 M

HCIO, with or without 0.01 M NaSCN.
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Density function theory (DFT) calculation

Figure S11: Optimized structure of O, adsorbed on (a) bare and (b-d) Fe-modified Fe-N4 moieties.

The density functional theory (DFT) calculations were further conducted to understand the
interaction between iron and Fe-Ny coordination. In view of the difficulty in unveiling specific
configuration between iron atom and Fe-Ny structure in real catalyst, all three possible models with iron
atom surrounding Fe-N4 moiety are determined to perform the DFT calculations as shown in Figure S11.
In bare Fe-N4, model (Figure S11a), the electron is transferred from central iron atom to the neighboring
nitrogen atoms. The additional iron atom is able to provide extra electron to nitrogen atoms (Figure S11b-
S11d), resulting in the decrease of Mulliken charges on central iron atom of Fe-Ny in all three models
(Table S3). As revealed by Tafel slope, rate-determining step of the ORR is similar for both the Fe@C-
FeNC-2 and Pt/C catalysts, indicating that the transfer of the first electron is the rate-determining step
(Oz,ad+e—>02,(,ld‘).1'3 According to the frontier molecular orbital theory, electron transfer can smoothly
proceed between the highest occupied molecular orbital (HOMO) of a catalyst and the lowest unoccupied
molecular orbital (LUMO) of O,.*® After the modification by additional iron atom, the HOMO energy of
the catalyst rises, leading to the more overlap with the LUMO of triplet O, molecule and thus the increase
in activity for catalyzing ORR. In addition, the binding energy of O, with Fe-modified Fe-Ng4
configuration is slightly higher than that of bare one, which favors the adsorption of O, on the active sites

(Table S3) and thus promotes the ORR activity of Fe-N, configuration.’
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Table S1: Parameters of EXFAS fits for FePc and three catalyst Fe@C-FeNCs.

Coordination Bond length Bond disorder
Sample Bond type P,
Number R(A) o"x10°(A%)
Fe-N 4 1.96+0.01 4.2+0.8
FePc Fe-C 8 3.04+0.02 3.4+0.6
Fe-N 4 3.34+0.03 11.0+1.0
Fe-C 2.5+0.5 1.8740.02 8.0+0.6
Fe@C-FeNC-1
Fe-N 2.0£0.3 1.85+0.01 5.3+0.8
Fe-N 3.0£1.0 1.92 2.8+1.0
Fe@C-FeNC-2 Fe-Fe 4.3+0.9 2.42 11.6+1.5
Fe-C 7.0£2.8 3.02 3.9+2.0
Fe-N 0.8+0.2 1.94+0.02 3.0+0.5
Fe@C-FeNC-3
Fe-Fe 5.0£0.5 2.48+0.02 4.5+0.9
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Table S2: Nitrogen contents and deconvoluted N1s peak positions in FePc and catalyst Fe@C-FeNCs
from XPS data.

N-C N4-Fe graphitic-N N-oxyde
Catalysts N
y (at. %) Position Fraction  Position  Fraction Position Fraction Position Fraction
(eV) % (eV) % (eV) % (eV) %
FePc 8.48 398.06 56.5 399.42 43.55
Fe@C-FeNC-1 6.84 398.25 30.8 399.55 28.6 400.71 30.1 402.58 10.5
Fe@C-FeNC-2 4,53 398.25 335 399.72 41.8 400.91 22.2 402.70 2.5
Fe@C-FeNC-3 7.57 398.37 44.6 399.62 18.8 400.57 36.6

Table S3: Calculated Mulliken charge of central iron atom, HOMO energy level and the absorption of
O, energy on bare and Fe-modified Fe-N4 configurations.

Catalysts Mulliken charge HOMO energy /eV Eads(O,) /eV
FeN, (Figure S1la) 0.427 -5.482 -0.298
FeN,-1 (Figure S11b) 0.412 -5.176 -0.373
FeN,-2 (Figure S11c) 0.418 -5.145 -0.418
FeN,-3 (Figure S11d) 0.390 -5.144 -0.536
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