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Non-noble metal electrocatalysts for the oxygen reduction reaction (ORR) are urgently needed in metal-air
batteries, seawater batteries and fuel cells. Fe-N-C materials are among the most active catalysts for the
ORR. Fe-N-C synthesis usually requires post-heat treatment after pyrolysis which is time-consuming and
inevitably triggers inactive aggregate Fe species due to difficulties in controllable atom-level modulation.
Here, highly active Fe-N-C catalysts were prepared by a simple process involving an ammonia etching
treatment by using ZIF-8 as a hard template and a mixture of FeSO,4 and 2-methylimidazole as the Fe, N
and C precursors. The direct ammonia treatment modulates N and Fe active species and removes the
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unstable carbon framework to form pyrolyzed Fe-N-C nanocages with a well-dispersed pore structure.
The obtained Fe-N-C exhibits a potential of 0.89 V vs. RHE at a kinetic current density of =1 mA cm ™2 (E_y)
for the ORR, similar to commercial Pt/C, but outperforming it in terms of stability and methanol tolerance.

DOI: 10.1039/d5cy00124b
In situ electrochemical Raman and density functional theory provide insights into the origin of the activity
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Introduction

The massive development of renewable energy-based
technologies that are required in the next decades represents
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of Fe-N-C materials and the underlying ORR electrocatalytic mechanisms at the molecular level.

a global challenge that is necessary to alleviate the current
dependence on fossil fuel-based energy supply. The oxygen
reduction reaction (ORR) plays a major role in a wide range
of electrochemical energy conversion and storage devices
involving renewable energy, including metal-air batteries and
fuel cells."”* Although current platinum-group metal (PGM)
catalysts can provide good activity and stability for the
kinetically sluggish ORR, their high cost, low abundance and
vulnerability remain grand challenges that limit the wide
applications of these energy devices."* To address this,
tremendous efforts have been devoted to developing precious
metal-free electrocatalysts for the ORR. Transition metal-N
complexes on carbon matrices (M-N-C), such as Fe(Co)-N-C,
have attracted great interest because of their inherent high
activity toward the ORR.°® Among various types of metal
centers, the Fe-N-C catalyst created by depositing iron single
atoms as metal centers on a nitrogen-doped carbon matrix
has been demonstrated to be the most active one to date,”
although most of the reported Fe-N-C catalysts currently
being pursued do not yet meet the demands of high activity
(at least comparable to Pt/C), long-term durability, and low
cost. Recently, substantial efforts have been devoted to
developing Fe-N-C catalysts with enhanced activity and
increased density of FeN, active sites for an overall
improvement of the ORR activity.®>'® Compared to

This journal is © The Royal Society of Chemistry 2025
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traditional Fe-N-C catalysts, zeolite imidazole frameworks
(ZIF-8) and their derived microporous carbon, which was first
studied by Proietti et al,"" have been identified as ideal
precursors to produce FeN, active sites for the ORR without
containing inactive Fe aggregate species due to the abundant
pores in ZIF-8 that can serve as the host for the Fe precursor,
thus promoting the dispersion and formation of the active Fe
metal centers."”” However, the conventional high-temperature
pyrolysis method for the synthesis of Fe-N-C catalysts is
time-consuming and usually leads to considerable structural
and compositional heterogeneity, such as the content of
metal loading, the coordination environment of isolated
metal sites, and the structure of the nitrogen-containing
carbon matrix.">™ Such heterogeneity in structure and
composition hinders the establishment of a definitive
correlation between the atomistic structure of the isolated
metal sites and the exhibited ORR catalytic properties.

Within the preparation of Fe-N-C catalysts, annealing in
ammonia is often used to either form active sites™ or to
improve catalytic performance.” As confirmed by several
studies, using an Fe precursor with a high iron content during
a pyrolysis step in an argon atmosphere prevents a well-
dispersed atomic dispersion of iron (FeN, formation) and
thus leads to a lower catalytic activity.'® In contrast to
pyrolysis in Ar, an additional heat treatment in NH; afterward
increases the absolute amount of Fe in FeN, coordination.'**®
Moreover, NH; etching can modulate Fe-N, active sites by
forming different N species.’® However, while enhancing the
performance of Fe-N-C catalysts, post-heat treatment after
pyrolysis is time-consuming and inevitably gives rise to a
non-uniform structure.'® Moreover, a secondary heat
treatment after pyrolysis probably conducts the formation of
a carbon framework rich in disordered micropores, which are
hardly accessible and lead to the inhomogeneous
distribution of active sites, thus hindering optimization of
activity due to steric hindrance and the large mass transport
resistance."’

In this study, a Fe-N-C material was synthesized via an
ammonia etching strategy by using ZIF-8 as the hard
template and a mixture of FeSO, and 2-methylimidazole as
the Fe, N and C precursors. Exposure to ammonia was
correlated with the modulation of N and Fe active species
and removal of the unstable carbon framework to form well-
dispersed pore structures in the pyrolyzed Fe-N-C catalysts.
The Fe-N-C catalyst is far superior to the N-C species in
catalyzing the ORR, although their N content is quite similar,
demonstrating the dominant role of the Fe-N, active site over
N,-C species. Both the ordered mesoporous structure of the
carbon framework and the FeN, active site along with small
clustering of Fe are confirmed with X-ray diffraction (XRD),
X-ray absorption spectroscopy (XAS) and aberration-corrected
high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM). This work provides a new
strategy for effectively manipulating the ORR electrocatalytic
performances of Fe-N-C materials by direct NH; etching for
a sustainable energy conversion system.

This journal is © The Royal Society of Chemistry 2025
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Experimental section
Materials synthesis

Synthesis of ZIF-8 and pure NC samples. All syntheses
were conducted at room temperature. Typically, 1 g of zinc
nitrate hexahydrate was dissolved in 100 mL of methanol
with stirring. Then 50 mL of methanol containing 4 g of
2-methylimidazole was added with vigorous stirring for 24 h
to form ZIF-8. The solid product (ZIF-8) was collected by
centrifugation, washed with ethanol three times, and dried at
60 °C under vacuum overnight. Metal-free N-doped carbon
(NC) samples were prepared by pyrolyzing ZIF-8 in a tube
furnace at 1000 °C for 1 h with a heating rate of 5 °C min™
under flowing argon.

Synthesis of Fe-ZIF-8. Typically, FeSO,-7H,0 (20 mg) and
as-made ZIF-8 (1.2 g) were dissolved in 50 mL ethanol and
vigorously stirred for 15 min at 60 °C to form a yellow
suspension. The solid yellow product (Fe-ZIF-8) was collected
by centrifugation, washed with ethanol three times, and
dried at 60 °C under vacuum overnight.

Synthesis of Fe-N-C-Ar. The Fe-ZIF-8 samples were
pyrolyzed in a tube furnace at 1000 °C for 1 h with a heating
rate of 5 °C min~" under flowing argon. After cooling down,
Fe-N-C-Ar was obtained.

Synthesis of Fe-N-C-NH;. The Fe-ZIF-8 samples were
pyrolyzed in a tube furnace at 1000 °C for 1 h with a heating
rate of 5 °C min~" under flowing ammonia gas. After cooling
down, Fe-N-C-NH; was obtained.

Material characterization

Scanning electron microscopy (SEM) was carried out on a
LEO 1550-Gemini microscope operating at 3.00 kV. A
platinum layer was sputtered on the samples to increase their
surface conductivity. Transmission electron microscopy
(TEM) and high-resolution TEM (HR-TEM) images, together
with elemental mapping images, were acquired on a Tecnai
G2 F30 S-Twin (FEI, Netherlands) working at 200 kv. High-
angle annular dark-field scanning TEM (HAADF-STEM) and
aberration-corrected HAADF-STEM 3 (AC-HAADF-STEM)
images were collected using a Themis Z field emission
electron microscope (FEI, Netherlands) working at 200 kV
equipped with a probe spherical aberration corrector. X-ray
photoelectron  spectroscopy  (XPS) experiments were
conducted on an Axis Ultra DLD imaging XPS using hybrid
mode (700 x 300 pum) with 80 eV pass energy for survey
spectra, as well as 20 eV pass energy for high-resolution
spectra of elements. The excitation source was an Al anode
operating at 15 kV and 10 mA emission. The X-ray
photoelectron spectra were fitted with a Voigt function and a
Shirley background and calibrated to the C 1s. Powder X-ray
diffraction (PXRD) patterns were recorded on a Bruker D8
Advance diffractometer equipped with a scintillation counter
detector with Cu Ko radiation (4 = 0.15184 nm) applying a 26
step size of 0.02°. Raman spectra were recorded using a
Witec (focus innovations) Raman microscope operating with
an objective (Nikon, 10%/0.25, oo/~ WD 6.1) and an excitation
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wavelength of 532 nm with an intensity of 3.5 mW. The
nitrogen sorption isotherms were measured with a Belsorp
Max automatic volumetric adsorption system at liquid
nitrogen temperature (77 K) using N, as the probe gas after
a degassing process at 120 °C for 12 h under vacuum. The
specific surface areas and pore size distribution were
obtained by using the Brunauer-Emmett-Teller (BET)
equation and the nonlinear density functional theory (NL-
DFT) model. The XA spectra at the Fe L-edge were acquired
in total electron yield (TEY) mode by measuring the drain
current of the Fe-N-C materials spread uniformly on
double-sided copper tape. The XAS measurements were
performed at the U49/2 PGM-1 beamline of the synchrotron
BESSY 1I using the LiXEdrom endstation.’® For the Fe L, 3-
edges, the spectra were normalized to the XAS area
calculated over the region 700-730 eV. The photon flux was
adjusted to avoid sample damage during the measurement.
The RIXS measurements were performed at the U41-PEAXIS
beamline using the endstation PEAXIS of BESSY IL'® The
samples were prepared using the same procedure as for
XAS. The RIXS spectra were acquired with an incident angle
of 30° from the sample surface and a scattering angle, 20,
of the CCD detector at 60°. Carbon tape was used to
determine the energy resolution to 150 meV at the Fe
L-edge. Fe L-edge spectra were acquired for 30 min per
incident energy. Due to the sensitivity of the sample to
X-ray exposure, the spectra were acquired while the sample
was moving at a meandering pattern at a horizontal speed
of 100 um s~ and vertical speed of 1000 um s'. The XAS
measurements at the Fe K-edge were performed at the
KMC-2 beamline of the synchrotron BESSY IL>° Further
details of the experimental setup are described elsewhere in
depth.”®?" For the sample preparation, a thin and uniform
layer of the powder was evenly spread on Kapton tape.
Excess powder was carefully brushed away, and the tape
was then folded multiple times to create 1 cm X 1 cm
measurement windows. The Fe-N-C NH; and Fe-N-C Ar
samples were measured in fluorescence mode, along with
commercial Fe-oxides in transmission mode. The energy
calibration was conducted by aligning the first inflection
point of a simultaneously measured Fe metal foil to 7112
eV. All spectral normalization involved the subtraction of a
linear baseline obtained by fitting the data before the Fe
K-edge and division by a polynomial function of order 3
obtained by fitting the data after the Fe K-edge for analysis
near the edge and division by a knot spline for the
extended X-ray absorption fine structure (EXAFS) analysis.
The Fourier transform (FT) of EXAFS was performed in the
energy range from 35 to 340 eV above the Fe K-edge
(corresponding to 3 to 9.45 A™'), with the reference energy
(Eo) set at 7112 eV for the Fe K-edge.

In situ electrochemical Raman characterization

A controlled active area of 3.5 cm® with 5 pl catalyst ink
dropcast on an Au-coated film was used as the working
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electrode with counter (carbon) and reference (Ag/AgCl)
electrodes onto the SP 200 (BioLogic) potentiostat and the in
situ Raman experiment was conducted in 0.1 M KOH
electrolyte. Raman spectra were collected using a Raman
spectrometer LabRAM HR Evolution with a 532 nm excitation
laser with a power of 0.5 mW on the sample. The Raman
frequencies were calibrated using an Si substrate. A 50x long
working distance objective (Olympus, 0.5 NA) was used,
focusing on the sample surface and avoiding contact with the
electrolyte. Before the backscattered light entered the CCD, a
532 nm notch filter was added to eliminate the laser beam.
The acquisition time was set as 30 s for the spectral Raman
shift ranging from 400 to 2000 cm " using a 300 g mm™"
grating.

Electrochemical measurements

The electrochemical measurements were carried out in a 100
mL three-electrode cell made from polymethyl pentene with a
Teflon lid (ALS Inc. part # 013271, 013580) using a Reference
600+ potentiostat (Gamry Inc.) equipped with an RRDE-3A
rotator (ALS Inc.). A glassy carbon (GC) rotating disk
electrode (RDE) of 3 mm in diameter (0.071 cm?) was coated
with a catalyst ink and used as the working electrode. Hg|HgO
(ALS Inc.) filled with 1 M NaOH solution and a graphite rod
were used as the reference electrode and the counter
electrode, respectively. The catalyst deposition on the working
electrode was achieved by dropcasting 2.8 pL catalyst ink
which was then dried naturally under air. The ink consisted
of 5 mg mL™" catalyst dispersed by 15 min sonication in a
mixture of water and ethanol (1:1 volume ratio) in the
presence of 2 vol% Nafion solution (~5% Nafion in a mixture
of alcohols, Sigma-Aldrich). The total catalyst loading on the
GC electrode was 200 upg cm > The electrochemical
experiments were conducted in O,-saturated or Ar-saturated
0.1 M KOH solution and 0.5 M H,SO, solution (Sigma-
Aldrich) at room temperature after purging the electrolyte
with Ar or O, for 30 min. For each sample, three freshly
prepared electrodes were measured under the same
conditions to assess the reproducibility of the measurements.

Prior to the ORR activity characterization, 10 cyclic
voltammograms (CVs) were recorded at a scan rate of 100 mV
s' in the potential range from 0.2 to -0.4 V vs. Hg|HgO|
NaOH and no change of the voltammetric response was
observed during the last CVs. Subsequently, electrochemical
impedance spectra were collected in the frequency range
from 100 kHz to 1 Hz with an AC amplitude of 10 mV (RMS)
to determine the uncompensated resistance (R,) and later
correct the measured data (Epeasured) by the iR,-drop
according to eqn (1), where ijeasured 1S the measured current.
All potentials were converted to the reversible hydrogen
electrode (RHE) scale by measuring the voltage between an
RHE electrode (Gaskatel) and the reference electrode for 10
min at the beginning of each measurement day. The last
value recorded (Vi) was applied to calculate the potentials
vs. RHE according to eqn (1) each measurement day. The

This journal is © The Royal Society of Chemistry 2025
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average value obtained for different experiment days was 0.87
+ 0.01 V. The obtained R, values were on average 74.9 + 3 Q
for all samples.

Ecorrected = Emeasured + VRE - lmeasuredRu (1)

To investigate the ORR activity, linear sweep
voltammograms (LSVs) were recorded in the potential range
from 0.2 to -0.8 V vs. Hg|HgO|NaOH reference electrode at
a scan rate of 5 mV s~ and rotation rate of 1600 rpm. All
activity measurements were performed in triplicate to
ensure the reproducibility of the measurements (Fig. S77).
An additional LSV was recorded in Ar-saturated electrolyte,
at the same scan rate to determine the background current,

which was later subtracted from the measured
voltammograms (Fig. S77).
To investigate the ORR stability, 100 CVs were

recorded with the catalyst-modified electrodes at a scan
rate of 50 mV s™" in the potential range from 0.2 to —0.8 V vs.
Hg|HgO|NaOH reference electrode at a rotation rate of 1600
rpm. The current densities at 0.5 V vs. RHE were then
extracted at different cycling rates and plotted as a function
of the corresponding number of cycles.

The CH3;OH tolerance tests were carried out by
chronoamperometric measurements at 0.45 V vs. RHE in an
O,-saturated 60 mL 0.1 M KOH electrolyte. After 240 s, the
measurement was paused to inject 0.5 M CH3;OH (1.22 mL)
into the electrochemical cell and the solution was mixed with
a magnetic stirrer without disassembling any cell component.
The chronoamperometric measurement was then resumed
for 240 s more.

The electrochemical double layer capacitance was estimated
from the CVs in the non-faradaic potential window from 0.2 to
-0.4 V vs. Hg|HgO|NaOH at various scan rates (10, 25, 50, 75,
100 and 150 mV s'). The fitting model is based on an
allometric regression with the variables Y and X as the current
and the scan rate, respectively.>> The slope b corresponds to the
capacitance while an exponent « is associated with
compensating deviations from linearity (eqn (2)).>*

Y = bX® (2)

RDE voltammetry was performed at various rotating speeds
ranging from 100 to 1600 rpm with a sweep rate of 5 mV s~ to
assess the selectivity of the different samples. This experiment
was performed in duplicate for each catalyst to ensure that the
results are reproducible (Fig. S7f). The number of electrons
transferred during the ORR was determined using the
Koutechy-Levich (K-L) equation (eqn (3)):

1/] = 1/(0.62nFCoDy >V ™) + 1/ (3)
where J is the measured current density, 7 is electron transfer
number, F is the Faraday constant (96 485 C mol ™), C, is the

bulk concentration of O, (1.2 x 10™® mol ecm™), D, is the
diffusion coefficient of O, in 0.1 M KOH (1.9 x 10> cm?* s7'),

This journal is © The Royal Society of Chemistry 2025
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V is the kinematic viscosity of the electrolyte (0.01 cm* s™%), @
is the angular velocity of the disk electrode, and Jx is the
kinetic-limited current density.”® The kinetically controlled
potential region is defined here by the potential region at
which the current density remains below 20% of the limiting
current density.

A rotating ring disk electrode (RRDE) consisting of a GC
disc (2 = 4 mm, 0.126 cm?) and a concentric platinum (Pt)
ring (@ = 7 mm, 0.188 cm?) in polyether ether ketone was
used as the working electrode (WE). The GC/Pt-RRDE was
polished using deagglomerated alumina (Al,O;) pastes with
particle sizes of 0.05 um. The electrode was sonicated in 18
MQ water after the polishing steps. LSV was performed in an
O,-saturated 0.1 M KOH electrolyte using the RRDE to
calculate the collection rate, electron transfer number, and
yield of intermediate HO, . The disk potential is scanned
from 1.2 to 0.0 V (vs. RHE), and the platinum ring potential
is fixed at 1.2 V vs. RHE with a rotation speed of 1600 rpm at
a sweep rate of 5 mV s . The ring electrode potential is
higher than the disk electrode potential to collect the signal
of hydrogen peroxide oxidation. The ring electrode potential
of 1.2 V vs. RHE can ensure the oxidation of hydrogen
peroxide ions diffusing from the disk electrode to the ring
electrode.

The hydrogen peroxide yield and the electron transfer
number (n) were calculated with the following eqn (4) and (5)
assuming the absence of any side reactions:

H,0, (%) = 200 x (Ig/N)/(Ip + Ix/N) (4)
n =4 x (Ip)/(Ip + Iz/N) (5)

where I, is the disk current, I is the ring current, and N is
the ring collection efficiency (experimental determination of
N = 0.36 for Fe-N-C NH; and 0.39 for Pt/C 20%).

DFT methods

DFT calculations were performed using the all-electron,
numeric atomic orbital FHI-aims software package.**
Calculations were performed using the PBE®® exchange-
correlation functional coupled with the many-body dispersion
method (DFT + MBD),***” as implemented in FHI-aims, to
account for long-range van der Waals effects. Structures were
created using periodic boundary conditions with several
structures of the Fe-N-C system created with increasing
amounts of oxidation in the form of the addition of OH
groups to carbons atoms (structures shown in Fig. 9a). To
represent the ORR process, O, OH and OOH molecules were
added onto the central Fe atom and the geometry was
allowed to relax until all convergence criteria were below each
threshold of 107 eV for the total energy, 10~ eV for the sum
of the eigenvalues, 107 e/a,’ for the charge density, and 0.01
eV A™* for the forces. All calculations were performed at the
gamma-point (1 x 1 x 1 Monkhorst-Pack?” k-grid) and
performed with the built-in ‘tight’ basis set of FHI-aims.

Catal. Sci. Technol., 2025, 15, 4266-4278 | 4269
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Results and discussion
Electrocatalyst material characterization

Fig. 1 illustrates the synthetic method for preparing the Fe-
N-C catalyst. First, ZIF-8 was prepared by mixing
Zn(NOj3),6H,0 and 2-methylimidazole (2-MI) in methanol
and subsequently the iron precursor FeSO,-7H,O was
encapsulated in the cages of the =zeolite imidazolate
frameworks (ZIF-8) via the assembly of Zn®>" and
2-methylimidazole (2-MI) in ethanol by oil-bath heating. The
obtained solid yellow product (denoted as Fe-ZIF-8) was then
collected by centrifugation, washed three times with ethanol,
and dried under vacuum overnight. Finally, after pyrolysis of
Fe-ZIF-8 at 1000 °C under a pure ammonia or an argon
atmosphere with a flow rate at 0.1 L min~", for carbonization
and Zn removal, Fe-ZIF-8 was correspondingly converted into
two types of catalysts (denoted as Fe-N-C NH; and Fe-N-C
Ar according to the atmosphere used during the pyrolysis
step). The crystal structures of Fe-ZIF-8 and ZIF-8 (before
modification with the Fe precursor) are compared from the
XRD patterns in Fig. S1,f showing that the two materials
share a similar crystalline structure. ZIF-8 and Fe-ZIF-8
display similar Fourier transform infrared (FTIR) spectra (Fig.
S27), indicating that the introduction of Fe did not change
the functional groups on ZIF-8. The O—S=—O stretching of
sulfate is also revealed by the bands at 1104 cm™' while the
band at 612 cm ' corresponds to S-O stretching in
FeSO,-7H,0.”® These two characteristic peaks related to
SO4>" of FeS0O,-7H,0 are not present in Fe-ZIF-8, indicating
that the Fe species in this material is not in the form of
sulfate salt. The sharp peaks at around 422 cm™' and 688
em™ corresponding to the stretching vibration of Zn-N
bonds formed between zinc and imidazole can be observed
in the two cases,” suggesting that the incorporated Fe
species are not substituting Zn in the ZIF structure.
Furthermore, the characteristic peaks in the range of 700-
1600 cm™' originating from the stretching vibration of the
2-methylimidazole ligands only can be seen in Fe-ZIF-8 and
ZIF-8, and the stretching vibration peak of the C=N bond
in the imidazole ring appears at 1585 cm ' of Fe-ZIF-8 and
ZIF-8, indicating that Fe doping does not cause the

s N 4
o= m* W=o 12
. J CH,0H ¥ fes0,7H,0
mo  mo  mo > N
+ 25T, 24h 60C, 15min
N
</ j/ ZIF-8 Fe-ZIF-8
hY
- .
B—="| Centrifuge
— .
1000°C, 1h
NH; (Ar) flow

Fe-N-C NH, (Ar)

Fig. 1 Schematic procedure for the Fe-N-C

electrocatalysts for the ORR.

synthesis  of
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disappearance of organic ligands.** The rigid structure of

ZIF-8 nanocages can reduce the Fe species from
aggregation during the heat treatment at high
temperatures.

Several characterization techniques were used to confirm
the chemical structure and morphology of the Fe-N-C
catalyst. Scanning electron microscopy (SEM) images of Fe-N-
C NH; (Fig. 2a), Fe-N-C Ar (Fig. S3at), and NC (Fig. S4at)
samples demonstrate that after heat treatment, Fe-N-C
samples and NC (prepared by skipping the step involving the
Fe precursor during the synthesis) retain their initial
dodecahedral shape while the surface becomes rougher. In
the transmission electron microscopy (TEM) images
(Fig. 2b and c) of Fe-N-C NH3, there are no nanoparticles or
nanoclusters observed over the entire carbon matrix and the
images demonstrate a dodecahedral shape as well. The Fe-N-
C Ar and pure NC exhibited the same morphology as Fe-N-C
NH; as shown in Fig. S3 and S4.f Fig. 2d shows the
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of
Fe-N-C NHj;. Single-site iron atoms are clearly identified by
isolated bright dots marked with red circles, indicating that
single metal sites were uniformly distributed in the carbon
skeleton matrix. Similar observations for Fe-N-C Ar are
shown in Fig. S3.j Selected-area electron diffraction (SAED)
patterns of Fe-N-C NH; (Fig. 2e) and Fe-N-C Ar (Fig. S3ef)
display clear crystalline diffraction rings corresponding to the
(100) and (002) facets of the carbon matrix.*" This
demonstrates the formation of mostly single atom structure
in Fe-N-C materials, and agrees well with the XRD pattern. In

Fig. 2 (a) SEM image of Fe-N-C NHs. (b) and (c) TEM images of Fe-N-
C NHs. (d) Aberration-corrected HAADF-STEM image of Fe-N-C NHs.
(e) SAED pattern of Fe-N-C NHs. (f)-(i) Elemental mapping analysis of
C, N, and Fe of Fe-N-C NHz by HAADF-STEM.
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addition, energy-dispersive X-ray spectroscopy (EDS) mapping
images exhibit that Fe, N, and C are uniformly distributed on
the whole architecture of Fe-N-C samples (Fig. 2 and S37).
There is no Fe distribution in the carbon matrix of pure NC as
shown in Fig. S4.f Small traces of Zn are homogeneously
detected over the whole sample (Fig. S5f). These results
demonstrate at well-dispersed structures derived from the
pyrolysis of ZIF-8 under NH; and Ar could serve as an
excellent matrix to host atomically dispersed Fe-based active
sites and thus maximize the density of single-atom catalytic
sites. Knowing the limitation of TEM in terms of resolving
single atoms and signals from a very small area of scanning,
XAS studies were performed to further understand the
distribution in the N-doped carbon matrix which is discussed
later.

From the XRD patterns obtained with the annealed
samples (Fe-N-C NHj3, Fe-N-C Ar and NC, Fig. 3a), two broad
diffraction peaks at 25° and 43° indexed to the (002) and
(100) planes of the N-doped graphitic carbon can be observed
for all three samples.’® No clear differences were found
between samples annealed under NH; and Ar, both
presenting amorphous and graphitic carbon characteristic
peaks. Raman spectra were collected for the same three
samples and are shown in Fig. 3b. The spectra exhibit two
peaks at 1347 cm™ (D band) and 1591 em™ (G band) with an
intensity ratio (Ip/lg) of 1.00 for all samples, indicating a
similar degree of graphitization.® The pore properties were
analysed by nitrogen adsorption/desorption isotherms. The
pure NC has a significantly larger specific surface area (497
m?> g') than Fe-N-C NH; (380 m* g '), Fe-N-C Ar (345
m?* ¢g') and Pt/C 20% (131 m* g™'). As shown in Fig. 3c, all
samples displayed type IV isotherms with a steep increase in
Vaas at relatively low N, pressures (P/P, = 0-0.015) due to
micropores and a well-defined hysteresis loop at higher N,
pressures (P/P, = 0.45-0.95) due to mesopores. Such a
mesoporous structure can be further verified by the pore size
distribution plots in Fig. 3d. The Fe-N-C NH; and pure NC

(a) c(002) ——Fe-N-CNH, (b) ——Fe-N-CNH3
— FeN-CAr ——Fe-N-CAr
——Pure NC ——Pure NC
< 3
3 :
3 s
- 2
.-E C (100) K]
i \A\ |
H £
10 20 30 40 50 60 70 80 90 500 1000 1500 2000 2500
20() Raman shift (cm")
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Fig. 3 (a) XRD patterns, (b) Raman spectra, and (c) N, adsorption-

desorption isotherms with (d) corresponding pore size distributions of
Fe-N-C NHs;, Fe-N-C Ar, NC and Pt/C 20%.
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samples showed a very similar pore distribution with an
average pore size of =~3.5 nm, while Fe-N-C Ar demonstrated
an average pore size of ~3 nm.

X-ray photoelectron spectroscopy (XPS) allows the
identification of the binding states of Fe, N, and C in the
Fe-N-C catalyst, as shown in Fig. 4, 5 and S6.f The presence
of Fe is identified in the survey spectrum of Fe-N-C (Fig.
S6at) and represents less than 1 at% (Table S1}). The
nitrogen (oxygen) content of Fe-N-C NH; is 7.1 (9.7) at%,
while those of Fe-N-C Ar and pure NC are 7.4 (6.5) at% and
6.3 (6.3) at%, respectively. The highest O contents of Fe-N-C
NH; can be ascribed to a higher density of oxygen defects.**
Some residues of Zn (~0.1 wt%) are identified in Fe-N-C
NH; and NC as evidenced by the Zn Auger peak at 499.4 eV
and Zn 2p peaks from 975 to 1046 eV. The C 1s XPS spectra
(Fig. 4a, ¢ and e) of Fe-N-C NHj3, Fe-N-C Ar and pure NC
can be deconvoluted into three peaks at around 284.3 eV,
285.3 eV, and 289 eV, attributed to C-C, C-N and C=O,
respectively. Meanwhile, the component C-N of Fe-N-C NH;
exhibits a slight shift to higher energy compared to Fe-N-C
Ar, suggesting a lower electron cloud density and thus a
higher electron transfer from Fe to the N-doped graphitic
matrix at the Fe-N-C NH; interfaces.’® N-doping in carbon
can change the charge or spin distribution, which facilitates
the O, adsorption and thus is expected to enhance the ORR
performance.*”*® The N 1s XPS spectra of the three catalysts
reveal three dominant peaks at around 398.2 eV, 400.2 eV
and 403.8 eV, assigned to pyridinic N, pyrrolic N or pyridonic
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Fig. 4 High-resolution C 1s XPS spectra of Fe-N-C NHj3 (a), Fe-N-C Ar
(c) and pure NC (e), respectively. High-resolution N 1s XPS spectra of
Fe-N-C NH3 (b), Fe-N-C Ar (d) and pure NC (f), respectively.
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Fig. 5 (a) High-resolution Fe 2p XPS spectra of Fe-N-C NH3z and Fe-N-C
Ar. (b)-(d) XAS and RIXS of Fe-N-C materials. (b) XAS at the Fe L3 ,-edge
for Fe-N-C NH3 and Fe-N-C Ar. (c) and (d) Energy loss feature detected
from Fe Lz RIXS of Fe-N-C NH3z and Fe-N-C Ar, respectively. Zero energy
loss (E = 0 eV) corresponds to the elastic line. The excitation energies for
the RIXS are labeled as black lines in (b). (e) XANES spectra at the Fe
K-edge for Fe-N-C NHz and Fe-N-C Ar along with the reference sample
FesO4, Fe,O3 and FePc. (f) FT of EXAFS spectra at the Fe K-edge for
Fe-N-C NHs and Fe-N-C Ar along with the reference sample FezO,4, Fe
metal foil and FePc.

(N adjacent to a C-O group), and oxidized N, respectively, as
shown in Fig. 4b, d and f. Note that defective sites related to
C-0O and C-N at the C 1s and pyrrolic and oxidized N in the
N 1s exhibit broader peaks than the C-C and pyridinic N
components (Table S27), which are mostly related to the well-
defined graphitic carbon and Fe-N-C active sites. The
broadening is most likely related to slight chemical shifts
due to the different chemical environment that cannot be
resolved by XPS. The content of pyridinic N in Fe-N-C NH3,
Fe-N-C Ar and pure NC is 35 (+2) % while the content of
pyrrolic N is 57% in Fe-N-C NH;3, 54% in Fe-N-C Ar and
53% in pure NC as summarized in Table S2.} The amount of
pyrrolic/pyridonic N in Fe-N-C NH; and Fe-N-C Ar is
therefore increased compared to the pure NC, which instead
presents more oxidized N. Pyridinic and pyrrolic N sites are
believed to be beneficial for ORR chemistry due to improved
oxygen adsorption resulting from a weak bonding energy of
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oxygen molecules.*® In addition, O 1s XPS spectra confirm the
existence of C-OH as shown in Fig. S6b-d,t which is in line
with C 1s XPS spectra. Moreover, the peak at around 531.5 eV
can be assigned to C=O bonds, suggesting the possible
presence of pyrrolic-like nitrogen groups, which were shown
to play a role in the ORR of metal-free catalysts.*® The C-OH
and C=0 groups represent roughly 18% and 82% of the XPS
O 1s based on the fitting results (Table S27), which are related
to ~1.7 at% and 8 at%, respectively for Fe-N-C NH;. C=0
bonds are probably not situated close to Fe,N sites as they
would lead to strong distortion of the carbon framework. On
the other hand, C-OH groups may be stable near the active
sites for the ORR and affect the catalytic activity, and it will be
discussed in the following sections based on DFT
calculations. N—O bonds coming from oxidized nitrogen
detected at the N 1s may also contribute to this peak.’” From
the XPS Fe 2p spectra in Fig. 5a, both Fe-N-C NH; and Fe-N-
C Ar exhibit similar compositions with Fe 2ps/,, Fe(u) satellite
and Fe 2p,/, components, respectively.***° Notably, the Fe 2p
XPS spectrum of Fe-N-C NH; appears at lower binding energy
than that of Fe-N-C Ar, which may be related to the presence
of slightly more oxidized Fe atoms in the Fe-N-C Ar catalyst.

The X-ray absorption (XA) spectra at the Fe L-edge of Fe-
N-C NH; and Fe-N-C Ar are shown in Fig. 5b. This indicated
the signature of Fe moieties with an oxidation state close to
+3. The Fe*' features are related to the Fe-N bonds, with an
L;-edge composed of two peaks resulting from ligand field
splitting. Similar features appear in Fe-doped carbon
nanotubes and polymeric carbon nitride."®*" The weak
shoulder at 713.1 eV may be related to a charge transfer state
resulting from the hybridization with oxygen atoms, and
possibly nitrogen atoms.** The Fe Lj-edge resonant inelastic
X-ray scattering (RIXS) spectra of Fe-N-C NH; were also
recorded at selected photon energies corresponding to the
main XA features and are plotted as a function of the energy
loss (Fig. 5c). Two energy loss features at 1.3 eV (A) and 2.6
eV (B), attributed to d-d excitations, are detected for
excitation energy below the main L; peak.”>** Peak A is most
clearly observed around 708.4 eV, whereas peak B is more
intense at 709.6 eV excitation energy. When the incident
energy is detuned above the L; resonance (713.1 eV), a broad
band around 5 eV is observed, which is related to transitions
from 3d to 2p states localized at the Fe atom,** but could also
potentially result from the hybridization with the nitrogen
ligand. The Fe Lj;-edge RIXS of Fe-N-C Ar in Fig. 5d also
shows the same features as that of Fe-N-C NH;, suggesting a
similar chemical environment of Fe atoms in both materials.
This RIXS signature supports the fact that Fe atoms are
incorporated in the N-doped carbon matrix with an oxidation
state close to +3. Fe-N-C active sites with a high Fe oxidation
state were found to increase ORR activity compared to Fe
with an oxidation state closer to +2.*

The bulk sensitive XA spectra at the Fe K-edge of Fe-N-C
NH; and Fe-N-C Ar were obtained. Fig. 5e shows the X-ray
absorption near-edge structure (XANES) spectra of Fe-N-C
NH; and Fe-N-C Ar along with reference samples Fe;0, and
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Fe,0; and iron phthalocyanine (FePc). The edge position of
Fe-N-C NH; and Fe-N-C Ar (Fe K-edge at 0.5 of normalized
absorption intensity) is overlapped with the Fe,O; reference
sample, indicating the bulk oxidation state close to +3, which
is well aligned with XAS at the Fe L; edge and RIXS analysis.
The local structure around the absorbing atom in Fe-N-C
NH; and Fe-N-C Ar was further tracked by EXAFS at the Fe
K-edge (Fig. 5f). The Fourier transform (FT) of the EXAFS
spectra of Fe-N-C NH; and Fe-N-C Ar showed multiple
peaks, which did not support a pure single-site phase. The
distinct peak for Fe-N around 1.5 A reduced distance was
clearly observed in Fe-N-C NH; and Fe-N-C Ar, confirming
the presence of Fe-N, coordination.*® We note that the FT of
FePc showed a peak at 2.46 A reduced distance which had
been assigned to Fe-C bonds.?” The FT peaks in our samples
were clearly distinct. The second coordination peak in Fe-
N-C NH; overlaps with that of the Fe metal foil at 2.2 A
reduced distance, suggesting the presence of Fe-Fe bonding
along with single atom sites.*® Meanwhile, in Fe-N-C Ar a
small peak around 3.0 A reduced distance coincided with
the second coordination peak of Fe;O, reference oxides,*’
which suggests the presence of small metal oxide
nanoparticles along with Fe-N, sites. Overall, both Fe-N-C
NH; and Fe-N-C Ar exhibited single atom sites along with
small Fe metal clusters on Fe-N-C NH; and FeO,
nanoparticles on Fe-N-C Ar.

Profiting from a series of merits, such as rich defects and
a high total content of nitrogen and oxygen species as well as
large specific surface area, Fe-N-C catalysts (both Fe-N-C
NH; and Fe-N-C Ar) display extreme hydrophilicity with a
contact angle () of approximately 0°, much better than pure
NC (15°) and commercial Pt/C (150°) (Fig. S7f). The
favourable hydrophilicity has been proven to increase the
transport and adsorption of hydrated O, to the active sites,
further improving ORR activity.>>*> While this may have a
relatively small impact on half-cell performances, it may
impact more significantly full membrane electrode assembly.

Electrochemical evaluation of Fe-N-C for the ORR

The activity of Fe-N-C NH; catalysts toward the ORR was
investigated by rotating disk electrode (RDE) measurements.
Linear sweep voltammetry (LSV) was performed at a scan
rate of 5 mV s and electrode rotation at 1600 rpm as
shown in Fig. 6a. The procedure for the background
correction is shown in Fig. S8a-d.f The reproducibility of
three consecutive measurements was validated as shown in
Fig. S8e-h.f To compare the electrocatalytic activity in the
kinetic-control voltametric region, three parameters were
determined, namely, the onset potential (E,nse), defined
here as the potential at which the current density reaches
-0.1 mA cm?, the potential at a current density of -1 mA
em™ (E.) and the half-wave potential (E;;).>>*' These
parameters were estimated from the LSV curves (Fig. 6a) to
E_; = 0.89 + 0.002 V (Ey), = 0.86 + 0.002 V) vs. RHE for Fe-N-C
NH;, comparable with that of Pt/C 20% (E_; = 0.9 + 0.005 V;
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Ey;, = 0.86 + 0.005 V) and higher than for Fe-N-C Ar (E_; =
0.85 + 0.006 V; Ey;, = 0.81 + 0.006 V) and pure NC (E_; =
0.79 + 0.004 V; E;, = 0.75 + 0.004 V). This is also observed
in terms of the Ey,ge, Wwhich was 0.97 + 0.005 V vs. RHE for
Fe-N-C NHj;, while it was found more negative for NC (0.88
+ 0.006 V vs. RHE) and Fe-N-C Ar (0.93 + 0.009 V vs. RHE).
Furthermore, the ORR performance of the most active
sample Fe-N-C NH; was also investigated in acidic media
(0.5 M H,SO,) by RDE. Interestingly, Fe-N-C NH; was also
active for the ORR in an acidic solution. As shown in Fig.
S8i,7 the E,nse and E_; of Fe-N-C NH; were 0.85 + 0.01 V
and 0.79 + 0.006 V, respectively, which were comparable to
those of Pt/C and higher than some of other non-precious
metal-based catalysts in acidic electrolyte®®™>* but still
significantly lower than those in alkaline electrolyte. The
Fe-N-C active site may be less stable in acidic electrolyte or
experience a decrease in ORR activity due to competitive
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Fig. 6 (a) Background-corrected linear sweep voltammograms of Fe-
N-C NHs, Fe-N-C Ar, pure NC and Pt/C 20% recorded at a scan rate of
5 mV st with an electrode rotating rate of 1600 rpm. (b) Background-
corrected linear sweep voltammograms of Fe-N-C NHs recorded at a
scan rate of 5 mV s™! with electrode rotation rates of 100, 400, 900
and 1600 rpm. (c) The fitted Koutecky-Levich plots of Fe-N-C NHz at
different electrode potentials for the determination of the number of
electrons transferred (n); line plots corresponding to the theoretical n
= 2 and n = 4 are shown to facilitate visual comparison. (d) Cyclic
voltammograms recorded at different scan rates from 10 to 150 mV s
in the potential range of 0.9 to 1.1 V vs. RHE for Fe-N-C NHzs. (e) The
extraction of the Cy of Fe-N-C NHs. (f) Average C4 comparison of Fe-
N-C NHs, Fe-N-C Ar and pure NC. All measurements were conducted
using an O,-saturated 0.1 M KOH solution as an electrolyte.
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carbon surface oxidation and corrosion reaction with
protons in acidic solution.

The diffusion-limited current density J;, (determined here
at a potential of 0.2 V vs. RHE) of Fe-N-C NH; (-5.9 + 0.06
mA cm ™) is comparable to that of commercial Pt/C 20%
(-5.8 + 0.1 mA cm™?), and higher than that of Fe-N-C Ar
(-5.5 + 0.08 mA ecm™?) and pure NC (-4.6 + 0.07 mA cm?),
which could be correlated to differences in selectivity
between these materials. To gain further insight into the
electron-transfer pathway of all samples, the RDE
measurements were conducted at various rotation speeds
from 100 to 1600 rpm.>* The measurements show again a
high reproducibility (Fig. S91). Fig. 6b and S10a, ¢ and e}
show that the current densities were enhanced with the
increasing rotation speed, while the onset potentials
remained constant at different rotation speeds. Fig. 6¢ and
S10b, d, ft illustrate the Koutecky-Levich (K-L) plots of all
samples, which displayed excellent linearity between the
inverse of the current density (1//) and the negative of the
square root of the scan rate (o *°) at different potentials.
Moreover, the numbers of transferred electron per oxygen
molecule in the ORR of Fe-N-C NH; were almost the same
between 0.625 and 0.75 V vs. RHE, implying first-order
reaction kinetics for the ORR.>® The transfer numbers of
these three catalysts are estimated to be 3.54 (pure NC), 3.95
(Fe-N-C Ar) and 3.98 (Fe-N-C NHj3) from the slopes of the
linear fitting plots. The values of the Fe-N-C samples
approach n = 4, corroborating a four-electron oxygen
reduction process (Fig. 6¢ and S107).

The correlation between specific surface area and
electrochemically active surface area (ECSA) is highly
important to confirm the extent of the surface area involved
in the electrochemical reaction.’® Specific surface area refers
to the total surface area of a material per unit mass or
volume, while ECSA refers to the portion of the surface area
that is electrically conductive and exposed to the
electrolyte.””® Since the electrochemical reactions, including
the ORR, take place at the interface between the electrode
and the electrolyte, a larger ECSA indicates higher availability
of catalytic sites and better conductivity. Therefore, we used
the non-faradaic capacitive double-layer current as a proxy of
the ECSA to further evaluate the relative catalyst activity of
the materials in this study. It was measured using the scan-
rate dependence of cyclic voltammograms (CVs).>”*® For this
purpose, CVs were collected with each of the catalysts at scan
rates ranging from 10 to 1000 mV s™' in the non-faradaic
potential range between 0.9 and 1.1 V vs. RHE for Fe-N-C
NH;, Fe-N-C Ar and pure NC. The obtained voltammograms
are shown in Fig. 6d, S11a, ¢ and e} for Fe-N-C NH;, Fe-N-C
Ar, pure NC and Pt/C 20%, respectively. From the obtained
voltammograms, the anodic and cathodic currents measured
at a potential of 1.0 V vs. RHE for Fe-N-C NH;, Fe-N-C Ar
and pure NC were extracted and plotted as a function of the
scan rate as shown in Fig. 6e, S11b and d, respectively. The
double-layer capacitance (Cqj) values can be calculated by
determining the slope using an allometric fit according to a
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previously reported procedure (fitting details are shown in
Table S31).>> As shown in Fig. 6f, the average Cyq is 0.92 mF
for Fe-N-C NHj, higher than that of Fe-N-C Ar (0.37 mF)
and pure NC (0.62 mF), indicating the higher electrochemical
active surface area of the Fe-N-C NH; catalyst among N