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ABSTRACT: Atomically dispersed transition metal active sites have emerged as one
of the most important fields of study because they display promising performance in
catalysis and have the potential to serve as ideal models for fundamental
understanding. However, both the preparation and determination of such active
sites remain a challenge. The structural engineering of carbon- and nitrogen-
coordinated metal sites (M—N—C, M = Fe, Co, Ni, Mn, Cu, etc.) via employing new
heteroatoms, e.g, P and S, remains challenging. In this study, carbon nanosheets
embedded with nitrogen and phosphorus dual-coordinated iron active sites (denoted
as Fe-N/P-C) were developed and determined using cutting edge techniques. Both
experimental and theoretical results suggested that the N and P dual-coordinated iron
sites were favorable for oxygen intermediate adsorption/desorption, resulting in
accelerated reaction kinetics and promising catalytic oxygen reduction activity. This
work not only provides efficient way to prepare well-defined single-atom active sites
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to boost catalytic performance but also paves the way to identify the dual-coordinated single metal atom sites.

INTRODUCTION

The development of sustainable energy technologies, encom-
passing metal—air batteries and fuel cells, relies heavily on
oxygen reduction reaction (ORR) electrocatalysts since they
lie at the heart of such energy devices."™ Noble metal-based
materials (e.g, platinum and its alloys) have been well-
developed and are the most active ORR catalysts; however,
their scarcity and accompanying high cost and poor long-term
durability greatly impede their global-scale application."®”
Thus, economical materials are pursued as substitutes for
expensive noble-metal-based electrocatalysts for ORR. To
serve as a proper alternative to noble-metal-based catalysts,
materials for ORR should encompass oxygen-favorable active
sites with sufficient availability for splitting the O=0O bond,
optimized geometric construction for efficient O, diffusion and
mass transfer, and robust reactive sites for long-term
durability.*"'* Alternatively, heteroatoms and single metal
embedded carbon materials have displayed promising ORR
catalytic activities, which has been attributed to the
discrepancy in electron spin density and electronegativity
between carbon and heteroatoms (B, N, P, and S) as well as to
charge polarization."*">" The charge distributions induced by
the incorporation of heteroatoms and metal could result in
much improved oxygen adsorption and subsequent O=O
double bond breaking.>>*'"'7**7>* S¢ far, materials compris-
ing the metal/nitrogen coordinated active centers enriched
carbon materials (M—N—C, M = Fe, Co, Ni, Mn, Cu, etc.)

have recently emerged as the most promising alternatives to
noble metal-based ORR catalysts.””***¥*57% Darticularly, the
well-defined porphyrin-like M-N, sites, which are emerging
noble-metal-free catalysts for oxygen adsorption and reduction,
exhibit the highest activity to date.>>”'"***’73° Recent studies
have demonstrated that such catalysts with single metallic sites
can be further enhanced by introducing extra metals'®'>*"3*
or heteroatoms®> ™ to form new coordination structures.
However, it remains challenging to develop a universal method
for such a purpose, and unique structures lack cutting edge
characterization techniques.

In this study, carbon nanosheets embedded with nitrogen
and phosphorus dual-coordinated iron active sites (denoted as
Fe-N/P-C) were prepared and determined using systematic X-
ray absorption fine structure analysis. Both experimental and
theoretical results suggest that the configuration of N/P dual-
coordinated Fe active sites are favorable for the adsorption/
desorption of oxygen intermediates, and they also accelerate
reaction kinetics and boost catalytic ORR performance.
Benefitting from the rich active sites, large specific surface
area, and hierarchical porous structure, the optimized Fe-N/P-
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Figure 1. (a) Schematic of the synthesis process of the Fe-N/P-C catalyst. (b) HAADF-STEM image with corresponding EDS elemental mapping
of Fe-N/P-C-700. (c) Aberration-corrected HAADF-STEM image. (d) Enlarged image of Fe-N/P-C-700, partial single Fe atoms are circled in

yellow. (e) EELS atomic spectra of Fe, N, and P elements from the bright dots shown by the yellow circles in (d).

C catalyst displays excellent ORR catalytic activity due to
facilitated mass transfer and more accessible active sites. They
possess higher durability, higher methanol tolerance, and more
positive half-wave potential than P-free controls and
commercial Pt/C. These features along with their promising
performance in Zn—air batteries render the as-developed Fe-
N/P-C catalyst one of the most state-of-the-art Fe-based
catalysts to date.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The
schematic process of Fe-N/P-C catalysts is illustrated in
Figure 1a. First, polypyrrole (PPy) hydrogel was formed by the
polymerization of pyrrole in the presence of phytic acid and
FeCl;. Subsequently, the PPy hydrogel was pyrolyzed under
flowing N, and subsequently leached using sulfuric acid to
produce the carbon nanosheets that contain nitrogen and
phosphorus dual-coordinated iron active sites (denoted as Fe-
N/P-C, see the Supporting Information for details). During
the optimization, the calcination temperature was adjusted
from 600 to 1000 °C to target corresponding products,
denoted as Fe-N/P-C-X (X = 600—1000).

Fe-N/P-C catalysts were first investigated using X-ray
diffraction (XRD) and Raman spectroscopy. The diffraction
peaks belonging to Fe,P (which are difficult to etch using acid
treatment) were determined after increasing the calcination
temperature up to 800 °C (Figure S1). Notably, the XRD
pattern of Fe-N/P-C-700 exhibited only two broad diffraction
peaks at approximately 24.3 and 42.6°, corresponding to 002
and 101 planes of typical amorphous carbon (Figure S2). No
other sharp peaks could be detected in the pattern, indicating
that the crystalline Fe,P was not formed, and other Fe-based
inorganic species were effectively eliminated after chemical
leaching. The Raman spectra of Fe-N/P-C-X (Figure S3)

displayed defect site-related D bands at 1335 cm™', and sp>
hybridized carbon correlated G bands at 1587 cm™'. The
calculated intensity ratios of the D band to G band (Ip/I) for
Fe-N/P-C-X ranged from 1.31 to 1.62, suggesting the defective
structure of the carbons.***!

In order to avoid decentralization, the analysis and
discussion focuses on Fe-N/P-C-700 unless otherwise stated.
To further study the structural features at the element and
atomic level, field-emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM)
were used. According to the results of FESEM (Figures S4
and S5) and TEM images, Fe-N/P-C-700 exhibited a very
limited layered structure (Figures S6 and S7). No obvious
lattice belonging to Fe nanoparticles was visualized in either
TEM or high-resolution TEM (HRTEM) images (Figure S6),
which confirmed the complete elimination of Fe-based
crystalline species by acid leaching. The selected-area electron
diffraction (SAED) pattern of Fe-N/P-C-700 also displayed
two diffuse diffraction rings without obvious patterned spots
(Figure S6a), indicating the typical amorphous state again. In
addition, Fe-N/P-C-700 exhibited localized layered short-
range ordering as indicated by the contrast line profile (Figure
S6b) with an average interlayer spacing of 0.37 nm. By
contrast, Fe,P nanoparticles were clearly observed when the
pyrolysis temperature was higher than 800 °C. The layered
structure decorated with Fe,P nanoparticles for Fe-N/P-C-X
(X > 800) can be observed from the SEM and TEM images
(Figures SS and S7), indicating the scarifying of Fe and P
precursors toward aggregated species instead of atomically
dispersed species. These consistent observations were also
detected in the corresponding HRTEM images and SAED
patterns, suggesting that size and crystallinity increased with
the increase in temperature (Figure S7).
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Figure 2. Chemical environment of Fe-N/P-C catalysts. (a) Comparison of Fe K-edge XANES spectra of iron foil, FeO, Fe,0;, Fe;0,, FePc, Fe,P,
and Fe-N/P-C-700. (b) Linear fitting curve of Fe-N/P-C-700, Fe-N/P-C-800, and reference materials derived from corresponding Fe K-edge
XANES spectra. (c) Fourier transform of the EXAFS spectra of Fe-N/P-C-700, and control samples. (d) Wavelet transform of Fe K-edge EXAFS
for Fe-N/P-C-700, FePc, iron foil, and Fe,P. (e, f) EXAFS analysis of Fe-N/P-C-700 at k and R space, respectively. The inset in (f) demonstrates

the schematic model derived from the EXAFS results.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), corresponding elemental map-
ping (Figure 1b), and energy-dispersive X-ray (EDX) analysis
(Figure S8) were used to evidence the decoration and
homogeneous distribution of elements, especially the Fe
element. By contrast, obviously bright dots assigned to Fe,P
were observed in the HAADF-STEM image and corresponding
EDX mapping analysis (Figure S9) of Fe-N/P-C-800. As
presented in Figures 1lc,d and S10, high-density Fe single
atoms homogeneously distributed in Fe-N/P-C-700 were
clearly observed. Furthermore, the presence of Fe, N, and P
elements was confirmed by atomic electron energy loss
spectroscopy (EELS) of the bright dots, where the element-
specific absorption edges of Fe, N, and P were clearly visible
(Figure 1le). All these results were consistent with the
previously mentioned XRD, SEM, and TEM images, and
they indicated that atomically Fe dispersed porous carbon with
enriched N and P heteroatom dopants were successfully
prepared.

In order to disclose the chemical structure of each element
in Fe-N/P-C-X, X-ray photoelectron spectroscopy (XPS) was
further used. The XPS survey spectra manifested the presence
of Fe, N, P, and C signals, indicating successful ternary (Fe/N/
P) doping characteristics (Figure S11). The elemental
quantification analysis is shown in Table S1. The content of
Fe increased (Figure S12), while the content of N decreased
with the rising of pyrolysis temperature. The C 1s XPS spectra
(Figure S13) demonstrated four peaks at binding energies of
284.6, 285.4, 286.5, and 288.7 eV, corresponding to graphitic
sp® carbon (C=C), carbon coordinated with doped P and N

(C—P and C—N), and O=C—O bonds, respectively.>*** The
N 1s spectra (Figure S14) displayed five deconvoluted
components at 398.0 (pyridinic N), 398.9 (Fe—N), 400.1
(pyrrolic N), 401.2 (graphitic N), and 402.5 eV (oxidized N).
The corresponding ratios and contents of the deconvoluted N
species are summarized in Figure S15. The contents of Fe—N
and pyridinic N species decreased, while the graphitic-N
increased with the increase in pyrolysis temperature. Most
importantly, the characteristic peaks at 128.6 and 129.4 eV (P
2ps, and P 2p, 5,), corresponding to the Fe—P bond, were also
observed in the P 2p spectra for Fe-N/P-C-700 (Figure S16),
which could stem from the partial replacement of N atoms
with P to form the Fe—P bond.*** In addition, the P 2p
spectra exhibited two broad peaks located at 132.6 and 133.8
eV, which could be assigned to P—C and P—O bonds,
respectively.***> The Fe 2p spectrum of Fe-N/P-C-700
(Figure S17) demonstrated peaks centered at 710.5 and
712.4 €V, which could be ascribed to Fe 2p;,, orbitals of Fe**
and Fe?', respectively.*® The satellite peak centered at 719.8
eV, implying the coexistence of Fe** and Fe’. The peak at
725.4 €V could be ascribed to the 2p,,, band with Fe*" and
Fe?* species.”’” All these results indicated that the atomically
dispersed Fe possessed typical Fe—N and Fe—P dual-
coordinating environments.

To further determine the coordination environment
between Fe and N/P, X-ray absorption fine structure
(XAFS) was conducted at different edges of the catalysts.
The C K-edge X-ray absorption near-edge structure (XANES)
spectrum of Fe-N/P-C-700 (Figure S18a) displayed two peaks
at 285 and 292.3 eV corresponding to the 7z* and o* peaks



associated with sp>-hybridized carbon, respectively.****** The
peak at 287.7 eV could be ascribed to C—N—Fe bonding in Fe-
N/P-C-700.*** The peaks in the N K-edge spectrum (Figure
S18b) ranging from 395 to 402 eV can be attributed to z*
transition of pyridinic N (396.6 V), Fe coordinated N (398.4
eV), pyrrolic N (399.2 eV), and graphitic N (400.9 eV).***®
The distinct broad peak centered at 405 eV corresponded to
o*-transition of the C—N bond and the retention of the Fe—N
bond, respectively.’>*** Figure 2a displays the XANES
spectra of Fe-N/P-C-700 at the Fe K-edge, with iron
phthalocyanine (FePc), Fe foil, FeO, Fe,O;, and Fe O, as
control samples. Fe-N/P-C-700 exhibited a pre-edge peak at
approximately 7114.6 eV (a fingerprint of FePc), suggesting
that the coordination configuration of Fe for Fe-N/P-C-700
was similar to FePc with Fe—H, (H: heteroatom) square-
planar structure. The valence of iron was also further examined
using Fe K-edge XANES. Generally, the oxidation states of Fe
as determined by the first inflection point of the derivative
spectrum were linearly dependent on the position of the K-
edge; thus, a linear-fit curve could be obtained for Fe foil, FeO,
Fe;0,, and Fe,0; with different iron oxidation states from 0 to
+3. The absorption threshold position for Fe-N/P-C-700 was
located between FeO and Fe,O; (Figure 2b), suggesting that
the valence state was between +2 and +3 (calculated as usual
valence of +2.3).

To further acquire precise coordination configuration,
extended XAFS (EXAFS) data were collected to quantify
coordination numbers and bond lengths. The Fourier-trans-
formed (FT) k*-weighted EXAFS spectra (Figure 2c)
demonstrated that Fe-N/P-C-700 only exhibited a prominent
peak at 1.53 A, which was similar to the Fe—N bonding
environment of FePc and can be attributed to the atomically
dispersed Fe—H bonds in Fe-N/ P-C-700.%° In contrast to the
Fe foil and Fe-containing control materials (FeO, Fe,O;,
Fe;0,, and Fe,P), no Fe—Fe peaks at 2.18 A or larger bond
distances were detected, manifesting atomically dispersed Fe—
H configuration. By contrast, a metallic iron signal at 2.2 A
was observed in the FT-EXAFS spectra of Fe-N/P-C-800
(Figure S19), implying the existence of metallic iron and/or
iron phosphide. Moreover, the oscillation curves determined
using intrinsic atomic arrangements (Figure S20) confirmed
the atomic coordination environment in Fe-N/P-C-700.
Wavelet transform (WT) analysis was further conducted to
study the Fe K-edge EXAFS oscillations of Fe-N/P-C-700. As
presented in Figure 2d, WT analysis of Fe-N/P-C-700
exhibited one intensity maximum at approximately S A~
which is close to that in FePc (~5 A™") but quite distinct from
the Fe foil (8 A™') and Fe,P. Therefore, the Fe species in Fe-
N/P-C-700 were confirmed as atomically distributed in form
with an FePc-like coordination environment.

The coordination configuration of Fe moieties in Fe-N/P-C-
700 was further surveyed using quantitative least-squares
EXAFS curve-fitting (see the Supporting Information for
details). The EXAFS spectrum of Fe-N/P-C-700 was first
investigated by utilizing two backscattering pathways; that is,
Fe—N and Fe—P. The best-fitting analyses obviously display
that the main peak at 1.53 A could be satisfactorily interpreted
as Fe—N first-shell coordination (Figure 2e,f) and that the
shoulder peak at 1.87 A stemmed from Fe—P contribution.
The coordination numbers for N and P atoms were calculated
as 3.1 + 0.3 and 0.9 + 0.1 at distances of 1.99 + 0.01 A and
2.35 + 0.02 A, respectively (Table S2). For comparison, fitting
of FePc resulted in four nitrogen atoms with a distance of 1.97

A. These results revealed that the Fe atom in Fe-N/P-C-700
coordinates with three nitrogen atoms and one phosphorus
atom to form a square-planar configuration (as presented in
Figure 2f), which is different from the Fe in Fe-N/P-C-800
with rich Fe—Fe and Fe—P bonds (Figures S21 and $22).

To further gain insight into the Fe coordination types in Fe-
N/P-C-700, 57)Fe Mdssbauer spectroscopy was performed at
295 K (Figure S23). The Mossbauer curve of Fe-N/P-C-700
was fitted with one singlet attributed to Fe—P and two
doublets (D1, D2) corresponding to Fe—N, moieties.>>>' 733
The D1 and D2 doublets are ascribed to square-planar Fe-H,
configurations.””*>** The absence of sextets in the Mdssbauer
spectrum implied the inexistence of iron carbides in Fe-N/P-
C-700, which is in line with the XRD, HAADE-STEM, XPS,
and EXAFS results. Quantitative analysis of Fe-N/P-C-700
(inset of Figure S25 and Table S3) revealed that the iron
species corresponding to the singlet (S1), D1, and D2 were
18.9, 37.7, and 43.4%, respectively. The above results verify
that atomically dispersed Fe-N;P active sites were successfully
achieved in carbon materials for the first time.

The porosity feature of such carbon materials was further
investigated using nitrogen physisorption measurements. All
Fe-N/P-C-X displayed characteristics of IV-type nitrogen
adsorption—desorption isotherms (Figure S24a), suggesting
the coexistence of mesopores and micropores. The sharp
uptake at low pressure (p/p, < 0.02) and the gradual uptake at
relative higher pressure (0.4 < p/p, < 1.0) accompanied by
hysteresis loops correspond to the coexistence of micropores
and mesopores, respectively. The hierarchical porosity feature
of Fe-N/P-C-X was further proven by calculating pore size
distribution (Figure S24b), cumulated surface areas (Figure
S$24c), and pore volumes (Figure S26d). The pore parameter
comparison (Figure S$24 and Table S4) demonstrated
significant porosity variation from Fe-N/P-C-600 to Fe-N/P-
C-1000. Fe-N/P-C-700 displayed the largest Brunauer—
Emmett—Teller (BET) surface area (Sgpr, 828 m* g™') and
pore volume (0.61 cm® g') among Fe-N/P-C-X.

Electrocatalytic ORR Performance. The high specific
surface area, conductive carbon skeleton, and abundant Fe-N,P
active sites render the as-developed materials good candidates
for electrochemical catalysis. As proof-of-concept, the ORR
activity of as-fabricated materials were first studied in O,-
saturated 0.1 M KOH by using cyclic voltammetry (CV). Fe-
N/P-C-700 displayed the most positive ORR peak potential
and the strongest cathodic current (Figure S25), indicating the
best catalytic activity among all materials. Linear sweep
voltammetry (LSV) curves (Figure 3a) collected using a
rotating disk electrode (RDE) technique at 1600 rpm were
further employed to evaluated the intrinsic ORR electro-
catalytic properties of these catalysts. Fe-N/P-C-700 exhibited
the highest diffusion-limiting current density (Ji= 5.66 mA
cm™2) and the most positive onset potential (E,, = 0.941 V)
and half-wave potential (E;;, = 0.867 V vs RHE) among all
materials. These values are more favorable than those of
commercial Pt/C (Ji= 5.53 mA cm ™2, E o = 0.944 V, E, ), =
0.848 V). Such activity of Fe-N/P-C-700 is higher than most of
recently reported Fe-based electrocatalysts for ORR (Table
SS).

For comparison, Fe-N-C-700 (without P-doping), N/P-C-
700 (without Fe-doping), and Fe-N,@N/P-C-700 (Fe-N, on
N,P-doped carbon) were prepared as control samples. The
structures for Fe-N-C-700 and Fe-N,@N/P-C-700 were
identified by TEM, HRTEM, aberration corrected HAADF-
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Figure 3. (a) ORR polarization curves of Fe-N/P-C catalysts and
commercial Pt/C at a rotating speed of 1600 rpm in 0.1 M KOH
solution. (b) Correlation between ORR activity and surface area
indicating a temperature dependence. (c) Electron transfer number
(n) (top) and HO,™ yield (bottom) vs sweeping potential. (d)
Current—time chronoamperometric responses (top) and tolerance to
methanol (bottom) of Fe-N/P-C-700 compared with those of Pt/C
(20%) electrocatalyst, where the arrow indicates the injection of 3 mL
of methanol.

STEM and FT k*weighted EXAFS spectroscopy (Figure S26
and Figure $27). Obviously, Fe-N/P-C-700 exhibited more
positive E;, than those for Fe-N-C-700 and Fe-N,@N/P-C-
700 (Figure S28), suggesting the advantages of N/P dual-
coordinated Fe single metal active sites on ORR activity. To
explore the reaction kinetics and corresponding mechanism,
LSV curves of Fe-N/P-C-X were subsequently recorded at
various rotating speeds (225—1600 rpm, Figure S29). The
Koutecky—Levich (K—L) plots calculated using LSV curves for
Fe-N/P-C-700 at various potentials revealed almost ideally
overlapped fitting lines. According to the slopes of K—L plots,
the electron transfer number (n) of Fe-N/P-C-700 was
calculated as 3.94 between 0.2 and 0.6 V, indicating a typical
four-electron transfer pathway toward ORR. Moreover, Fe-N/
P-C-700 exhibited an exceptional kinetic current density (J) of
24.49 mA cm? (histogram in Figure S30), which was higher
than other samples and Pt/C (17.81 mA cm™), intuitively
demonstrating the highest ORR catalytic activity of Fe-N/P-C-
700.

Specific surface area is an indicator of the number of
available active sites for ORR per unit of mass.>** The
correlation between surface area and ORR activity was
established and is presented in Figure 3b. Obviously, the
ORR activity improved with an increase in specific surface area,
except for Fe-N/P-C-600 due to the poorer conductivity and
lower Fe-N/P sites. The n value for Fe-N/P-C-700 derived
from rotating ring disk electrode (RRDE) measurements
(Figure S31) fell within the 3.92—3.96 range, which was close
to that of Pt/C and in agreement with the RDE results,
confirming again the four-electron ORR process (Figure 3c).
Moreover, the peroxide (HO,”) yield for Fe-N/P-C-700 at the
same potential range was less than 5%, which was comparable
to that of Pt/C and lower than those of other samples (Figure
§32), suggesting the four-electron pathway for oxygen reaction.

The electrocatalytic durability of Fe-N/P-C-700 was assessed
using chronoamperometry (Figure 3d).

After continuous catalytic processes for 36 000 s, Fe-N/P-C-
700 retained almost 100% of the initial current density,
compared with only 72.2% retention for Pt/C, thereby
demonstrating superior stability of Fe-N/P-C-700. Further-
more, no obvious ORR current decay was detected for Fe-N/
P-C-700 electrodes after injecting 3 mL of methanol into the
electrolyte. However, Pt/C resulted in a dramatic current
decrease after the injection of methanol. These results
demonstrated the excellent tolerance to methanol crossover
for Fe-N/P-C-700. Moreover, the morphology of Fe-N/P-C-
700 and the isolated Fe-N/P active sites after long-term
electrolysis were revealed through HAADF-STEM and XAFS
(Figures S33 and S34) and indicated superior structural
robustness and excellent stability of Fe-N/P-C-700. SCN™ ions
have been widely used to prove the Fe-based active sites due to
their strong interaction with Fe-based active sites and their
ability to poison the catalyzed ORR."**% As shown in Figure
835, after adding 10 mM KSCN into the O,-saturated
electrolyte, the E,... of Fe-N/P-C-700 negatively shifted by
36 mV. Significantly, after being rinsed with water several
times, Fe-N/P-C-700 recovered the original catalytic activity in
the fresh electrolyte. This phenomenon can be attributed to
the dissociation of SCN™ ions and recovery of atomic Fe-N/P
active sites. These results suggest that the high activity and
durability of Fe-N/P-C-700 for oxygen reduction originate
from abundant N/P dual-coordinated active sites and carbon
structure rich in porosity.

The ORR performance of Fe-N/P-C-700 in acidic electro-
Iyte (0.1 M HCIO,) was also assessed using RDE technique
(Figure S36). Fe-N/P-C-700 exhibited decent ORR activity
with E . of 0.89 V (vs RHE) and E,, of 0.72 V (vs RHE).
Such activity is comparable to that of the state-of-the-art Fe-
based electrocatalysts for ORR in acidic medium (Tables S6
and S7). The n of Fe-N/P-C-700 was calculated as 3.93 by
using K—L plots (Figure $36), and was in agreement with the
RRDE results (3.88—3.91) shown in Figure S37. Furthermore,
the average H,0, yield of Fe-N/P-C-700 was below 5%
between 0.2 and 0.7 V. These observations implied that four-
electron transfer pathways were also favorable for Fe-N/P-C-
700 toward ORR in acidic electrolyte. Almost no oscillation
was observed for the CV curves of Fe-N/P-C-700 after
instantaneously adding 3 mL of methanol (Figure S38a),
indicating excellent methanol tolerance in acidic electrolyte.
No obvious negative shift was observed for ORR peak
potential after 10000 continuous cycles (Figure S38b).
Moreover, the high-resolution P 2p XPS spectra of Fe-N/P-
C-700 after durability measurement (Figure S39) confirmed
the existence of P atom after the durability measurement,
demonstrating the superb durability of Fe-N/P-C-700. All
these results indicate that Fe-N/P-C-700 is a promising
candidate for oxygen reaction in both alkaline and acidic
electrolytes.

In addition, Fe-N/P-C-700 also exhibits decent oxygen
evolution reaction (OER) catalytic activity in alkaline solution.
Fe-N/P-C-700 displays a small potential at 10 mA cm™> (E =
10) of 1.66 V (Figure S40), which is comparable to RuO,
(1.61 V). The potential difference (AE) between E, ), and E; =
10 is an effective indicator for the bifunctional activity of
oxygen electrocatalysts. Fe-N/P-C-700 showcases a low AE
value of 0.79 V, which is close to that of Pt/C and RuO, (0.76



V). These results demonstrate good bifunctional electro-
catalytic activity of Fe-N/P-C-700.

Zinc—Air Batteries Performance. Zinc—air batteries
were further constructed to demonstrate the potential for
practical energy devices of the as-developed material (Figure
4a). The primary Zn—air battery based on Fe-N/P-C-700
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Figure 4. (a) Schematic of a Zn—air battery. (b) Polarization and
power density plots of the Zn—air batteries equipped with Fe-N/P-C-
700 and Pt/C catalysts. (c) Long time galvanostatic discharge curves
of the Zn—air batteries at 100 mA cm™> Inset: Photograph of two
Zn—air batteries lighting up an LED. (d) Discharge curves of the
batteries at various current densities.

exhibits an impressive open-circuit voltage of 1.42 V and a
maximum power density of 1332 mW cm™ at a current
density of 219.6 mA cm > (Figure 4b), which was much higher
than that of the Pt/C-based Zn—air battery (74.3 mW cm™2).
A blue light-emitting diode (LED) can be easily powered by

two Fe-N/P-C-700 batteries connected in series (Figure 4c).
The galvanostatic discharge curve of a Fe-N/P-C-700-based
device at 100 mA cm™? exhibited a steady discharge voltage of
0.93 V and no conspicuous degradation (Figure 4c). The
specific capacity for the Fe-N/P-C-700 equipped device at 100
mA cm™2 was as high as 723.6 mA h g_l, which was larger than
that for commercial Pt/C (680.7 mA h g~'). The galvanostatic
discharge curves for Fe-N/P-C-700 equipped devices demon-
strated excellent discharge stabilities at various current
densities ranging from 1 to 100 mA cm™* (Figure 4d). Such
an impressive performance highlights again the superior
catalytic activity and stability of Fe-N/P-C-700 for ORR. To
investigate the cycling stability, we conducted galvanostatic
charge and discharge measurements. The Fe-N/P-C-700 based
Zn—air battery shows good cycling stability, without obvious
increase in the potential gap even under the charge/discharge
cycling test at 10 mA cm™ for 40 h (Figure S41). These results
demonstrate the promising charge/discharge performance of
Fe-N/P-C-700 based Zn—air battery.

Theoretical Calculations and Catalytic Mechanism.
To further understand the ORR reaction process at the atomic
level, density functional theory (DFT) calculations were
conducted to study the active sites and the reaction mechanism
(Figure S). The computational details are provided in Tables
S8—S12. The N and P dual-coordinated Fe atom were
determined as three N atoms and one P anchored Fe (Fe-
N;P). Then, the control model of Fe with four N coordinates
(Fe-N,) was built for comparison. Previous studies have
suggested that Fe centers could be the dominant active sites for
ORR.** The free-energy pathways of Fe-N, and Fe-N;P for
ORR in an alkaline solution (pH 13) are presented in Figure
Sa. The details of reaction energetics at ground states are
presented in Table S8. First, the free energy profiles of Fe-N,
and Fe-N;P were investigated (Figure Sa). The pathway of the
O, molecule caught by the Fe atom was downhill, and the free
energies were —1.19 and —1.01 eV for Fe-N, and Fe-N;P,
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Figure 5. (a, b) Two different Gibbs free energy diagrams of ORR on Fe-N, and Fe-N;P active sites and the corresponding catalytic mechanism on
the Fe-N,P active site. (c) Gibbs free energy diagrams for the optimized Fe-N,-P1 and Fe-N;P-PS active sites during ORR under alkaline
conditions and the corresponding catalytic mechanism on the Fe-N,P-PS active site.












