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Herein, we report an atomically dispersed Fe-N-C catalyst with
axial oxygen ligands (FeN4O/NC) firstly synthesized by ultrafast
joule heating. The formation of oxygen species between FeN, and
graphene, which offers high activity and stability for the ORR.
The calculation indicates that FeN4O/NC offers an optimal
adsorption-desorption of oxygen-containing intermediates,
providing a promising approach to designing efficient single-atom
electrocatalysts.

Electrocatalytic 4e- oxygen reduction reaction (ORR) is an
important process in energy storage and conversion systems,
such as metal-air batteries and fuel cells.!> Platinum (Pt)-based
catalysts have been widely used to catalyze the ORR. However,
high costs and scarce earth abundance of Pt-based catalysts
preclude their practical applications in fuel cells.>* Developing
highly efficient non-precious ORR catalysts as alternatives to Pt-
based catalysts has attracted wide attention.’>”7 Among non-
precious ORR catalysts, transition metal, and nitrogen co-doped
carbon (M-N-C) single-atom catalysts are regarded as one of the
most promising materials owing to their maximum atomic
utilization and desired ORR activity.®1° In particular, single-
atom Fe-N-C catalysts are of great concentration due to their
unique electronic structure and impressed catalytic activity.!!-13
Nevertheless, the activity and stability of Fe-N-C catalysts still
need to be improved because of the Fe-N4 moicties with the
Fenton effect and a symmetric electron distribution, which are
unfavorable for optimizing the adsorption of the ORR
intermediates. 415
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In recent years, some researchers have reported the axial
coordination effect on Fe-N-C catalysts for ORR.!® For example,
Wang et al. found that hydroxy (OH) ligand is part of the active
moiety for improving the ORR activity via theoretical
calculations.!” The axial OH ligand can modulate the electronic
structure of the Fe atom, resulting in Fe-(OH)Njy sites facilitating
ORR kinetics. In addition, axial OH coordination on the Fe
center can increase the adsorption free energy of anion, decrease
the H,O, yield of ORR, and hinder the Fenton effect, thus
enhancing the durability of the Fe-N-C catalyst.!® However, most
of the electrocatalytic M-N-C catalysts were prepared by tube
furnace pyrolysis.!®2! The metal and carbon precursors would
undergo extremely uncontrollable pyrolysis and reconfiguration
through tube furnaces with slow heating rates, resulting in
complex product structures and possibly different types of active
sites. The structure of the active center of the catalyst is not clear
enough, which is not conducive to the efficient local regulation
of the active center and the accurate study of the structure-
activity relationship of the M-N-C catalyst.?>?3 Thus, it is still a
challenge to achieve atomically precisely controlled locations of
axial ligands on the metal center for efficient ORR.

Herein, we design and synthesize an atomically dispersed Fe-N-C
catalyst with axial oxygen ligands (FeN4O/NC) for ORR by ultrafast
joule heating. The aberration-corrected transmission electron
microscopy (AC-TEM) and X-ray absorption fine structure (XAFS)
analysis reveal that the atomically dispersed Fe atoms exist as axial
oxygen coordination FeN4O/NC species. Benefiting from the unique
structure of FeN4O/NC with suitable adsorption strength of oxygen
intermediates on active metal center, the FeN4O/NC catalyst shows
superior ORR activity, of which half-wave potential (£},) is 0.903 V
versus RHE. Notably, the FeN4O/NC catalyst exhibits excellent
durability with only a 7 mV negative shift in £/, after 10,000 cyclic
voltammetry cycles. Density functional theory (DFT) calculations
reveal that the axial oxygen ligands in FeN4O/NC can regulate the
electronic structure of the Fe center and adjust the oxygen-containing
intermediates adsorption-desorption on the active center, thus
resulting in outstanding ORR performance.
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Fig.1 (a) The schematic synthesis illustration of FeN4O/NC and the temperature-
current-time profile of the periodic carbothermal shock treatment process (Input
current: 100 A; 3 s-heating and 6 s-cooling is one cycle, a total of 14 cycles, with a
maximum temperature of ~1300 K). (b) SEM and (c) TEM images of FeN4O/NC.
(d) HRTEM image of FeN4O/NC. (e, f) HAADF-STEM and corresponding EDS
mapping images of C, N, Fe, and O elements of FeN4O/NC. (g) AC HAADF-STEM
image of FeN4O/NC.

The ultrafast joule heating method was employed to prepare
atomically dispersed Fe-N-C catalysts with axial oxygen ligands
(FeN4O/NC), as schematically illustrated in Fig. la (details in the
Experimental Section). The ultrafast joule heating process involves 14
carbothermal shock cycles. Each carbothermal shock cycle consists of
3 s of current (100 A)-on heating and 6 s of current (100 A)-off
cooling, resulting in a maximum temperature of ~1300 K. Briefly,
Fe(I)-phenanthroline complex —[Fe(Phen);]** absorbed with N, N-
Dimethylformamide (DMF containing oxygen atom) are excited and
stripped to form the flow of the single-Fe atoms and CO under the
argon joule heating treatment, and simultaneously the single-Fe atoms
and CO are trapped and anchored by the defective and nitrogenous
sites on the nitrogen-doped carbon (NC) supports to obtain the
FeN4O/NC. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images (Fig. 1b and c) present that
FeN4O/NC consists of monodispersed nanoparticles with
dodecahedron morphology. In comparison with NC supports,
FeN4O/NC-0.1, FeN;O/NC-0.3 (i.e. FeN,O/NC), and FeN4O/NC-0.5
still maintain the polyhedral architecture and undergoes the ultrafast
joule heating process (Figs. S1 amd S2, ESIT). Fig. 1d and Fig. S3
(ESI{) show the high-resolution transmission electron microscopy
(HRTEM) and x-ray diffraction (XRD), confirming that no obvious
iron and iron oxide nanoparticles were observed in FeN,O/NC, and
the NC supports in FeN;O/NC were amorphous carbon.

High-angle annular dark-field scanning transmission electron
microscope (HAADF-STEM) and corresponding energy-dispersive
x-ray spectroscopy (EDS) mapping images for FeN,O/NC were
carried out to display uniform distributions of Fe, N, and O elements
over the NC matrix (Fig. 1e and f). The atomically dispersed Fe atoms
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in FeN4O/NC can be observed in the aberration-comgeted. CAG)
HADDF-STEM images (Fig. 1g).?* In add®ioH) 1thi®/SEM,OTEN,
HRTEM, and AC HADDF-STEM images for FeN4s/NC were also
presented (Fig. S4, ESIT), FeN4/NC shows the same morphology as
FeN4O/NC and also contains isolated bright spots in AC HADDF-
STEM image. N, adsorption-desorption isotherms exhibit that the
FeN4O/NC and FeNy/NC exhibit significant specific surface areas,
which are 1235 and 1586 m?2 g!, respectively (Fig. S5, ESIT).
FeN4O/NC has a similar pore volume to FeN,/NC (Table S1, ESIt).
The release of Zn?* and 2-MIM during the NC formation process can
not only increase the porosity, but also expose a number of carbon
defects, which contributing to the catalytic activity for FeN4O/NC.
Raman spectra of FeN4,O/NC and FeNy/NC catalysts show two
characteristic peaks at ~1352 and ~1588 c¢cm!, designated as the D
band and G band, respectively (Fig. S6, ESIT). The Ip/I ratio for
FeN4O/NC (1.07) was slightly lower than that of the FeN,/NC (1.09),
thus suggesting that the presence of axial oxygen ligands slightly
enhanced the graphitization degree of the carbon support.?*
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Fig.2 (a) Fe K-edge XANES and (b) Fe K-edge FT-EXAFS spectra for FeN,O/NC,
Fe foil and Fe,0;. (c) Wavelet transform (WT)-EXAFS plots for Co element of
FeN4O/NC, Fe foil and Fe,Os. (d) FT-EXAFS R-space fitting curve of FeN,O/NC.
High resolution XPS spectra of (¢) Fe 2p, (f) N 1s, and (g) O 1s for FeN4O/NC.
X-ray absorption energy near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectra were
carried out to further study the coordination environment and
chemical state of Fe center in FeN,O/NC. The XANES spectra at the
Fe K-edge display that the absorption edge of FeN4O/NC is located
between those of Fe foil and Fe,O; (Fig. 2a), indicating that the Fe
atoms exist in a positive oxidation state. EXAFS displays that there is
no main peak of the Fe-Fe path in FeN4O/NC, suggesting the
atomically dispersed Fe sites (Fig. 2b). The main peak for FeN,O/NC
located at 1.48 A, which corresponds to Fe-N(O) coordination. The
coordination environment of FeN4O/NC can be revealed more clearly
by the EXAFS wavelet transform (WT) analysis because of its high
resolution in both K and R spaces. Fig. 2¢ presents the maximal WT
intensity with the light atom coordination at 1.48 A in FeN,O/NC
switching to ca. 7.0 A-1, different from Fe foil (8.3 A-") and Fe,0; (5.0
A-1). The results further verify the individual distribution of Fe sites
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and the Fe-N(O) coordination structure. The exact geometry
coordination structure of the Fe atom in FeN,O/NC was acquired by
the least-squares EXAFS fitting. Quantitative space spectra fitting
confirms the existence of FeN,O/NC moiety (Fig. 2d and Fig. S7, ESI
).
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Fig.3 (a) ORR polarization curves of NC, FeNy/NC, FeN,O/NC, and Pt/C in O,-
saturated 0.1 M KOH solution with a scan rate of 5 mV S™! and a rotation rate of
1600 rpm. (b) Comparison of Ej; and Ji at 0.85 V for FeN4O/NC and reference
catalysts. (c) Tafel plots and (d) yields of HOO™ and number of transferred electrons
(n) of FeN4O/NC and reference catalysts. (¢) ORR polarization curves of FeN4O/NC
and Pt/C catalysts before and after 10,000 CV cycles. (f) Stability test of FeN,O/NC
and Pt/C. (g) Schematic diagram of Zn-air battery. (h) Polarization and power
density curves of FeN4O/NC and Pt/C-based Zn-air batteries. (i) Galvanostatic
discharge curves of the Zn-air batteries at 10 mA cm2.

X-ray photoelectron spectroscopy (XPS) was conducted to analyze
the chemical status of samples.?>2¢ Table S2 (ESIT) indicates the
existence of C, N, O, and Fe elements in samples. Fig. 2e shows the
high-resolution XPS Fe 2p spectra for FeN,O/NC. The main peaks are
located at ca. 710.6 eV and 724.3 eV, corresponding to Fe 2p;, and
Fe 2py,, for Fe-N/Fe-O bond, respectively. Compared to the peak of
Fe 2ps/, for FeNy/NC (710.5 eV) (Fig. S8, ESIT), the peak of Fe 2p3/»
for FeN4O/NC exhibits a up-shift by 0.1 eV, which is presumably
induced by axial oxygen ligands. The high-resolution XPS C 1s
spectra of FeN4O/NC and FeN,/NC can be deconvoluted into three
peaks at 284.8, 286.6, and 288.7 eV, which correspond to C-C, C-N,
and C-O, respectively (Fig. S9, ESI T). The N Is spectrum of
FeN,O/NC was divided into pyridinic N (~398.4 eV), metal-N
(~399.2 eV), pyrrolic N (~400.6 eV), graphitic N (~401.2 eV), and
oxidized N (~402.9 eV), respectively (Fig. 2f). Oxidized N was not
found in N 1s spectra of FeN,/NC (Fig. S10, ESIT). The fitted peak
for the Fe-N bond is consistent with the analysis of XAS. Meanwhile,
as shown in Fig. 2g and Fig. S11 (ESIT), high-resolution XPS O Is
spectra for FeN4O/NC and FeN4/NC exhibit that the intense peak for
low coordination oxygen can be observed in FeN,/NC, and decreases
in FeN4O/NC.

The electrocatalytic ORR performance of the FeN4O/NC and
FeNy/NC catalysts was studied by the rotating disk electrode (RDE)
measurements. The optimal ORR catalyst (FeN4,O/NC) were derived
from [Fe(Phen);]>*/NC by adjusting with different [Fe(Phen);]*"
addition (Fig. S12 and Table S3, ESIT). The linear sweep voltammetry
(LSV) analysis exhibits that FeN,O/NC displays a favorable ORR
activity with a half-wave potential (£},) of 0.903 V (versus RHE),

This journal is © The Royal Society of Chemistry 20xx
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which is more positive than that of commercial Pt/C apd highgrdhan
those of most of previously reported highly d¢Hvéhohiprediousnetal
catalysts (Fig. 3a and Table S4, ESIT). FeN,O/NC exhibits the highest
Ji@0.85 value (26.83 mA cm?), which is higher than those of NC
(0.12 mA c¢m2), FeNy/NC (9.34 mA c¢cm?), and Pt/C (5.81 mA c¢cm™),
respectively (Fig. 3b). Fig. 3c shows a low Tafel slope of 33.2 mV
dec’! for FeN4O/NC, which is lower than those of NC (79.2 mV dec
1, FeNy/NC (62.3 mA cm?) and Pt/C (69.4 mV dec!), indicating that
FeN4O/NC has the faster reaction kinetics.?” FeN,O/NC presents mass
activity of 11.75 and 7.28 mA mg! at 0.85 and 0.90 V (Fig. S13, ESIt),
respectively, which are 1.27 and 2.17 times higher than those of
FeNy/NC. As shown in Fig. 3d, FeN4O/NC gives a low yield of HOO"
(below 5%) in a potential range of 0.2-0.8 V. The electron transfer
number (n) for FeN4O/NC is close to 4.0, which is in agreement with
the linear Koutecky-Levich (K-L) plots obtained from RDE
measurements at different rotation speeds (Fig. S14, ESIT), indicating
the four-electron transfer pathway toward ORR for FeN,O/NC.
Furthermore, FeN4O/NC exhibits a higher electrochemical double-
layer capacitance (Cy) of 27.7 mF c¢cm™ than that of FeNy/NC (22.9
mF cm2), suggesting that the axial oxygen ligands synergistic FeN,
sites are conducive to improve the electrochemically active surface
area (ESCA) (Fig. S15, ESIT).2® Impressively, FeN4O/NC exhibits
outstanding durability than the Pt/C catalyst, as observed by slighter
decay in E, during the accelerated stability test (ADT) (Fig. 3e) and
the lower decay in the chronoamperometry measurement (Fig. 3f).
FeN4O/NC after durability test still maintains the dodecahedron
morphology and atomically dispersed Fe atoms (Fig. S16, ESIT). Fig.
S17 (ESI T) shows that FeN4O/NC presents excellent methanol
resistance, as confirmed by that the current density of FeN4O/NC does
not decay after injecting methanol into the electrolyte. The primary
Zn-air battery (ZAB) was assembled by using FeN4O/NC as the air
cathode electrocatalyst and zinc foil as the anode, of which schematic
diagram is shown in Fig. 3g. The FeN4O/NC-based ZAB exhibits a
higher stable open-circuit voltage of 1.46 V than that of commercial
Pt/C (1.42 V) used as a reference (Fig. S18, ESIT). As shown in Fig.
3h, the FeN4O/NC-based ZAB shows an excellent peak power density
of 226 mW c¢m2, which is higher than that of commercial Pt/C-based
ZAB (165 mW cm?). Furthermore, the FeN,O/NC-based ZAB shows
an ultra-high specific discharge capacity of 762 mAh g! at a discharge
current density of 10 mA cm?, which is higher than that of
commercial Pt/C-based ZAB (715 mAh g'!) (Fig. 3i).

To further reveal the effects of axial oxygen ligands on the
properties of FeNy sites as well as their enhanced ORR activity, two
models (FeNy/NC and FeN4O/NC) with the typical four-electron
transfer pathway toward ORR were constructed for DFT calculations
(Fig. 4a and b). Fig. 4c and Fig. S19 (ESIt) present the Gibbs free-
energy diagrams of the reduction of O, to OH- on the FeN,O/NC and
FeN4/NC active sites. The Gibbs free-energy diagrams of ORR on
both FeN4O/NC and FeNy/NC exhibit a downhill pathway at zero
electrode potential (U = 0 V vs RHE), suggesting the exothermic
nature of all the elementary steps. At U = 1.23 V, the last elementary
step of the ORR for both FeN,O/NC and FeN,/NC models possesses
the highest free energy difference, indicating that the rate-determining
step (RDS) is the reduction of OH* to OH- (OH* + 30H- + ¢~ — 40H-
+ *). The free energy change of the RDS for FeN,O/NC is calculated
to be the ORR overpotential (770rr) value of 0.41 V, which is much
smaller than that of FeNy/NC (0.64 V) (Fig. 4d). The lower
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overpotential for the FeN,O/NC model implies that the FeN4O/NC
site is thermodynamically favorable during the ORR process.
Impressively, as can be seen in Fig. 4d, the thermodynamic limiting
potential of FeN4O/NC is up to 0.82 V, which is higher than that of
FeNy/NC (0.59 V), which can further demonstrate that FeN,O/NC has
an excellent electrocatalytic activity toward ORR. The adsorption
energy of O on the FeN4O/NC is lower than that of FeN,/NC (Fig.
S20, ESI 1), suggesting the weakened adsorption of O-containing
intermediates and high electrocatalytic ORR kinetics at the
FeN4O/NC site.
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Fig.4 (a) Atomic structure of FeN4/NC and FeN,O/NC sites. (b) Proposed ORR
mechanism on the FeN4O/NC catalyst. (c) Free-energy diagram of ORR for
FeN4O/NC model. (d) Thermodynamic limiting potential and nogrr of FeN4/NC and
FeN4O/NC sites.

In summary, the axial oxygen-bridged FeN,O/NC catalyst was
successfully prepared by ultrafast joule heating for ORR. Benefiting
from the rational construction of active sites, the FeN4O/NC catalyst
exhibited excellent ORR activity and stability. Both experimental
analyses and theoretical calculations reveal that the axial oxygen
ligands synergistic FeNy sites in FeN4O/NC have optimal adsorption-
desorption of ORR oxygen-containing intermediates, thus enhancing
ORR performance. Overall, our study not only provides a new
approach for regulating the microenvironment of single-atom
catalysts but also offers a new opportunity for developing highly
efficient catalysts for wide applications in energy conversion and
storage.
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