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SUMMARY

Metal- and nitrogen-coordinated carbon materials (M-N/C) have
emerged as the most promising nonprecious catalysts for the oxygen
reduction reaction (ORR), but it remains challenging to simultaneously
achieve high intrinsic activity, fast mass transport and efficient
utilization of active sites in a single catalyst. Herein, we design an Fe-
N/C catalyst consisting of edge-hosted Fe-N3; sites dispersed on
multiscale porous carbon frameworks (eFe-N3/PCF). The low
coordination and edge effect of the Fe-N; moieties endow eFe-N3/PCF
with high intrinsic activity, while the enriched nanopores enable
improved mass transport and atom utilization efficiency. When
evaluated by rotating disk electrode, the catalyst presents an onset
potential of 1.090 V and a half-wave potential of 0.934 V vs. RHE in
base, ranking it as one of the most active M-N/C catalysts. Further,
when employed as gas diffusion electrodes, eFe-N3/PCF displays
excellent mass transport efficiency that enables high-rate and high-
power capabilities at practically high current densities. This work opens
up opportunities for designing high-performance ORR electrocatalysts
towards applications in diverse energy conversion and storage
technologies.

Keywords: edge-hosted Fe-Nj sites; high intrinsic activity; efficient mass transport; oxygen
reduction.

INTRODUCTION

The oxygen reduction reaction (ORR) plays an essential role in fuel cells and metal-air
batteries that are considered as two promising devices in the next-generation
electrochemical energy storage (EES) systems. Owing to the sluggish ORR kinetics,
electrocatalysts are exploited to accelerate the reaction process.*® Traditionally, Pt-based
catalysts have been regarded as the general candidates to reduce overpotentials. However,
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the scarcity and insufficient stability of commercial Pt/C largely impede its widespread
applications in the EES technologies.®® Therefore, it is crucial for developing Pt group metal-
free (PGM-free) alternatives that combine high performance with cost-effectiveness.

Heterogeneous single-atom catalysts (SACs) are drawing tremendous attention for the
100% theoretical atom utilization efficiency, high catalytic activity and tunable electronic
structure.®*> Among them, Fe-N/C SACs with atomically dispersed Fe-N, sites on carbon
substrate are considered as the most encouraging PGM-free ORR catalysts.*** Recently,
extensive research has been focused on increasing the Fe loading to obtain high-density Fe-
N, sites, but the addition of Fe in excess would cause metal atom aggregation during the
pyrolysis treatment that is typically used for the preparation of Fe-N/C.**** Furthermore, the
utilization efficiency of Fe-N, sites remains far below the theoretical limit as most sites are
buried within the compact carbon matrix and thus have no contribution to the catalytic
activity. For example, Malko et al. found that only 4.5% of the Fe-N,sites in a Fe-N/C catalyst
were involved in the ORR by an in situ electrochemical quantification method.* Therefore,
it is of vital importance to improve the exposure of the Fe-Nj sites for optimizing the
performance of Fe-N/C. As the ORR occurs at the triple-phase boundaries (TPBs), where O,
and electrolyte can contact with the active sites, the creation of porous structure in Fe-N/C
that can provide abundant TPBs would be effective in increasing the accessibility of the Fe-
N, sites.5**® In addition, the introduction of porous structure is particularly desirable for
catalysts to be operated at high current densities (e.g., >500 mA c¢m™) that is usually
encountered in realistic fuel-cell systems, where mass transport rather than charge transfer
becomes rate limiting.”*° On the other hand, pore engineering could potentially generate
Fe-N, moieties with enhanced intrinsic activity. Recent experimental and theoretical studies
suggested that edge-hosted Fe-N, sites could have higher ORR activity than basal-plane-
hosted counterparts due to the effects of electronic redistribution and the optimization of
the intermediate binding energy.?*3* It is expected that the creation of in-plane pores on
carbon matrix would lead to the formation of abundant edge sites for hosting Fe-N, moieties,
resulting in an enhanced ORR activity. Therefore, morphology and pore engineering on the
Fe-N/C catalysts are critical for the cooperative optimization of intrinsic activity, mass
transport and utilization efficiency of the Fe-N, moieties to enhance their catalytic
performance, but it still remains a grand challenge.

Herein, by the combinational use of a self-assembly process and high-temperature metal
etching effect, we designed a Fe-N/C ORR catalyst with edge-hosted Fe-Nj sites dispersed
on a multiscale porous carbon framework (termed as eFe-N,/PCF) (Figure 1A). The
interconnected macropores within the framework and the in-plane mesopores on the carbon
nanosheets can facilitate the mass transport in the catalyst layer and at the same time
increase the atom utilization efficiency (~5-fold enhancement). Additionally, the Fe-N,sites
in eFe-N,/PCF adopt an under-coordinated Fe-N, configuration and preferentially orient at
the edge plane, as directly visualized by atomic-scale transmission electron microscopy
(TEM), due to the presence of the abundant in-plane pores. These edge-hosted Fe-N, sites
possess enhanced intrinsic activity compared to the conventional basal-plane-hosted Fe-N,
counterparts, demonstrated by control experiments and density functional theory (DFT)
calculations. As a result, when evaluated with a rotating disk electrode (RDE) in 0.1 M KOH,
eFe-N,/PCF delivers an outstanding ORR activity with an onset potential (Eqonset) @s positive
as 1.090 V (vs. RHE), a half-wave potential (E,;,) of 0.934 V (vs. RHE) and a large kinetic
current (ji = 48.8 mA cm™ at 0.8 V), superior to commercial Pt/C (Egnset = 0.950 V, Ey, = 0.845
V, jk = 5.89 mA cm?, respectively) and almost all M-N/C ORR catalysts reported to date.
Furthermore, to demonstrate the benefits of multiscale porosities in eFe-N,/PCF for
enhancing the mass transport efficiency, gas diffusion electrodes (GDEs) were fabricated
and evaluated in both a three-electrode half cell and a two-electrode zinc-air battery (ZAB).
Measurements show that eFe-N,/PCF is able to deliver practically high current density in the
half cell with low mass transport overpotential (e.g., 47 mV at 500 mA cm™, compared to 110
mV for the control sample) and exhibit a high peak power density of 294 mW cm™in ZAB.
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Figure 1. Characterization of morphology and porous structure

(A) Schematic illustration of the designed advantageous features of eFe-N,/PCF for ORR
catalysis.

(B) SEM image and photograph (inset) of eFe-N,/PCF.

(Cand D) TEM images at low magnification (C) and high magnification (D) of eFe-N,/PCF.
(E and F) N, adsorption/desorption isotherms (E) and the corresponding pore-size
distribution curves (F) of eFe-N,/PCF, bFe-N,/PCF and N/PCF.

(G) Raman spectra of eFe-N,/PCF, bFe-N,/PCF and N/PCF.

RESULTS AND DISCUSSION
Synthesis and Structural Characterization

To prepare eFe-N,/PCF (Figure S1), a mixed solution of graphene oxide nanoribbons
(GONRs) and controlled amounts of Fe precursor was firstly hydrothermally self-assembled
into a hydrogel with macroporous structures. After being freeze-dried, the sample was
pyrolyzed in NH; atmosphere to form the unsaturated and edge-hosted Fe-N; sites and
introduce in-plane pores within the graphene nanoribbons due to the high-temperature
etching effect of Fe nanoparticles (which can be washed away by post acid-leaching). The
pyrolysis time was found to be important in generating the in-plane pores and thus the edge-
hosted Fe-N, sites, as reducing the pyrolysis time failed to form the in-plane pore and
accordingly a control sample consisting of basal-plane-hosted Fe-N, sites (denoted as bFe-
N,/PCF) can be obtained. Detailed descriptions of the preparation of eFe-N;/PCF, bFe-
N,/PCF and other control samples were provided in the Supplemental Information.

The morphology and pore structure of eFe-N,/PCF were firstly characterized by various
techniques, as shown in Figure 1. Scanning electron microscopy (SEM) image reveals the
interconnected three-dimensional macroporous carbon framework of eFe-N,/PCF (Figure
1B), and the inset shows the optical image of the monolithic aerogel. TEM image displays
that the graphene nanoribbons are entangled with each other (Figure 1C). Further, the high-
resolution TEM (HR-TEM) image reveals numerous mesopores in the size range of ~10-50
nm that could improve mass transfer and provide abundant edge sites for hosting Fe-N,
moieties (Figure 1D). Nitrogen adsorption and desorption analysis in Figure 1E shows that
eFe-N,/PCF displays a classic type IV isotherm with an apparent hysteresis loop at moderate
pressure, indicating the existence of ample mesopores.3® Brunauer-Emmett-Teller (BET)



surface area analysis shows that the specific surface area (SSA) of eFe-Ny/PCF (545 m* g™) is
significantly higher than that (377 m* g™) of bFe-N,/PCF and that (320 m* g™) of N/PCF
(prepared by a similar method to eFe-N,/PCF but without the addition of metal precursor).
The pore size distribution curves suggest that eFe-N,/PCF is mainly enriched with ~10-70 nm
nanopores and it has a significantly increased total mesopore volume of 0.386 cm® g™
compared to that (0.190 cm® g™) of bFe-N,/PCF and that (0.151 cm?® g™) of N/PCF (Figures 1F
and S2, and Table S1). It is noted that other than the pyrolysis time period, the amounts of
Fe precursor added during preparation can be used to effectively tune the porosity of the
catalysts (Figures S3-S4 and Table S2). Figure 1G shows the Raman spectra with the presence
of the defect-related D-band at 1335 cm™ and graphitic carbon-related G-band at 1580 cm’
* 39 A higher Ip-to-/g ratio of eFe-N,/PCF (1.49) than that (1.07) of bFe-N,/PCF and that (1.05)
of N/PCF suggests its higher degree of defects due to the presence of abundant in-plane
holes and edge sites. The surface wetting property of the catalysts was studied by water
contact angle (CA) measurements. As shown in Figure Ss, the water CA of eFe-N,/PCF
(~135°) is larger than that (~121°) of bFe-N,/PCF, suggesting its enhanced hydrophobicity.
The multiscale porosity and hydrophobicity of eFe-N,/PCF could benefit the transport of
gaseous O2 reactants during the ORR process.

Fe
g
o N
+
[
=i o
<
S «~
+
[
St D)
=
S
@
C D oy |
15 =
; eFe-N,/PCF -~ 5 N
1 S +
| s \ x _ ¢
y @ 10 N N oo e
| =1 Y
= —_~
i / <
7 DQ § / S ~
i = 0.5 [ @ [
—+ - £ / —F:Pc = = :
- ) bFe-N,/PCF s ) g 0 2 4 6 8 10 12
3 [o16evi 0.0 — k (A1)
= TR 7100 7125 7150 7175 7200 2
2 D E Energy (eV) G bFe-N,/PCF
£ ) />Q 12 — ~"Fitting
£ it : T Bulk Fe 9 14
; ~ ﬂFe Fe‘T /:\fh/\’“ ;
& " NIPCF ol o) Fe:0s € ol v
= Fe-O & A~ -
= £ B, e TGl N eFe-N,/PCF
. Graphitic N 2 Fe-N /) = — Fi
N Oxidized N pORN 5o ) W ... = i Riting
q //)>Q{ E 3 | bFe-N,/PCF %
g " :iN/i\\i;Aih‘eFre-ﬁsl_PCFﬁ 0,’“ AN
396 398 400 402 404 0 2 2 6 0 2 4 6
Binding energy (eV) R(A) R(A)

Figure 2. Analysis of composition and atomic structure

(A) ADF-STEM image of eFe-N5/PCF. The Fe atoms are marked by the red circles, and the
pore edges of graphene are marked by the orange dashed lines.

(B) TEM image and corresponding elemental mapping images of eFe-N,/PCF.

(C) The high-resolution N 1s XPS spectra of eFe-N,/PCF, bFe-N,/PCF and N/PCF.

(D and E) The Fe K-edge XANES (D) and FT k*-weighted EXAFS (E) spectra of eFe-N,/PCF,
bFe-N,/PCF and the reference samples of bulk Fe, FeO, Fe,O, and FePc.

(F) Wavelet transforms for the k*>-weighted Fe K-edge EXAFS signals of eFe-N,/PCF, bFe-
N,/PCF and the reference samples of bulk Fe, Fe,O, and FePc.

(G) Comparisons between experimental FT-EXAFS spectra and fitting curves of eFe-N,/PCF
and bFe-N,/PCF.

Analysis of composition and atomic structure

The annular dark-field scanning TEM (ADF-STEM) shows that the Fe metals in eFe-N,/PCF
are atomically dispersed on the carbon substrate and preferably situate at the defective edge
sites (Figure 2A and Figure S6). No Fe nanoparticles were detected by X-ray diffraction (XRD)



(Figure S7). The Fe loading in eFe-N,/PCF and bFe-N,/PCF was determined to be 0.73 wt%
and o.71 wt%, respectively, by inductively coupled plasma mass spectrometry (ICP-MS)
(Table S3). Energy dispersive X-ray spectroscopy (EDX) mapping images reveal that C, N and
Fe elements distribute uniformly over the graphene nanoribbons in eFe-N,/PCF (Figure 2B).
The X-ray photoelectron spectroscopy (XPS) survey spectra demonstrate eFe-N,;/PCF has a
higher N content (3.19 at%) than N/PCF (2.62 at%) and bFe-N,/PCF (2.93 at%) (Figure S8 and
Table Sg), possibly attributing to its edge abundancy for N doping. High-resolution N1s XPS
spectra of these three catalysts were fitted into four peaks that can be assigned to pyridinic
N, pyrrolic N, graphitic N, and oxidized N (Figure 2C).*"** Notably, the peak positions for the
pyridinic N of eFe-N,/PCF and bFe-N,/PCF shift positively (~0.16 eV) compared to N/PCF,
indicating the formation of Fe-pyridinic N bond.*®

To further probe the atomistic and electronic structure of Fe sites, X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) analyses were
performed. As shown in Figure 2D, the Fe K-edge adsorption energy of eFe-N,/PCF and bFe-
N,/PCF situates between FeO and Fe,O, reference compounds, suggesting the oxidation
state of Fe is between +2 and +3. The Fourier-transformed EXAFS (FT-EXAFS) spectra of eFe-
N,/PCF and bFe-N,/PCF both exhibit a main peak situated at ~1.5 A in R space (Figure 2E),
close to the main peak of the iron phthalocyanine (FePc) reference, which can be assigned to
the Fe-N instead of Fe-Fe bond (2.2 A). Furthermore, the EXAFS wavelet transforms (WT)
analyses demonstrate only one maximum intensity at ~4.0 A™ in k space (Figure 2F),
confirming that the Fe metals exist as mononuclear Fe centre with Fe-N coordination in eFe-
N,/PCF and bFe-N,/PCF.****% Quantitative structural parameters were extracted by least-
squares EXAFS curve-fitting analyses (Figures 2G and Sg and Table Ss), suggesting that the
average number of N coordinators in the first coordination shell of Fe is 3.0 and 4.0 at Fe-N
distances of 1.89 A and 1.96 A for eFe-N,/PCF and bFe-N,/PCF, respectively. From the above
structural analyses, it is determined that the single Fe atoms in eFe-N,/PCF adopt under-
coordinated and edge-hosted Fe-N; moieties, in contrast to the basal-plane-hosted Fe-N,
moieties in bFe-N,/PCF.

ORR Performance Evaluated by RDE technique

The ORR activities of the catalysts were first assessed by RDE technique with a typical three-
electrode system in 0.1 M KOH. The potential of the reference electrode was calibrated with
respect to the reversible hydrogen electrode (RHE) (Figure S10), and all potentials obtained
by RDE test were corrected with 95% iR-compensation unless otherwise specified. It is noted
that the ORR activity has been optimized by adjusting the amounts of Fe precursor (Figure
S11). From the cyclic voltammetry (CV) curves, eFe-N,/PCF demonstrates an obvious O,
reduction peak and highest cathodic peak current density in O,-saturated electrolyte
compared to control samples due to its high intrinsic activity and improved mass transport
(Figure S12). From the linear sweep voltammetry (LSV) measurements (Figure 3A), eFe-
N,/PCF delivers the highest ORR activity with an early onset potential (Eonset, defined as the
potential at 0.1 mA cm™) of 1.090 V and a half-wave potential (E,,) of 0.934 V, which are
much higher than N/PCF (0.863 V and 0.734 V), bFe-N,/PCF (1.050 V and 0.830 V) as well as
Pt/C (0.950 V and 0.845 V), and even superior to almost all Fe or other M-N/C-based SACs
reported so far (Figure 3B and Table S6). Additionally, eFe-N,/PCF presents a kinetic current
density (ji) of 48.8 and 7.62 mA cm™at 0.8 and 0.85 V, respectively, much higher than N/PCF
(2.60 mA cm™ and 0.557 mA cm™), bFe-N,/PCF (4.22 mA cm™ and 2.27 mA cm™) and Pt/C
(5.89 mA cm™and 4.30 mA cm ) (Figure 3C). Meanwhile, eFe-N,/PCF possesses a lower Tafel
slope of 60.1 mV dec™ than bFe-N,/PCF (171.2 mV dec™) (Figure S13), highlighting the faster
ORR kinetics of eFe-N,/PCF. The electron transfer number (n) was determined to be close to
4 and the generated H,0, yield is negligible (~3%) for eFe-N,/PCF in 0.2-0.8 V measured by
rotating ring disk electrode (RRDE) (Figure 3D), suggesting a desired Pt-like 4-electron ORR
pathway, in accordance with those derived from Koutecky-Levich (K-L) linear plots (Figure
S14). In comparison, the control samples of N/PCF and bFe-N,/PCF show inferior selectivity
towards the 4-electron pathway. Additionally, eFe-N,/PCF exhibits a current retention of
97.4% after 12 h chronoamperometry test, and there was only 8 mV degradation of E., after
10000 CV cycles (Figure S1g), revealing the excellent stability of eFe-N,/PCF. Furthermore,
eFe-N,/PCF shows a superior methanol resistance (Figure S16). The ORR performance of
eFe-N,/PCF was also evaluated in 0.1 M HCIO, and 0.1 M PBS, suggesting that it could be a
potential pH-universal ORR catalyst candidate (Figures S17 and S18).
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Figure 3. Electrocatalytic performance toward ORR of the catalysts evaluated
with RDE technique

(A) LSV curves of N/PCF, eFe-N,/PCF, bFe-N,/PCF and Pt/Cin 0.1 M KOH.

(B) Comparison of ORR activities in terms of Egneetand Eyj, between eFe-N,/PCF and the state-
of-the-art Fe or other M-N/C-based SACs reported recently.

(C) Comparison of E,j; and jx at 0.8 V and 0.85 V vs. RHE for N/PCF, eFe-N,/PCF, bFe-N,/PCF
and Pt/C.

(D) H,0,yield and electron transfer number (n) of the corresponding catalysts.

(E) The electrochemical double-layer capacitance Cq and ECSA of N/PCF, eFe-N,/PCF and
bFe-N,/PCF.

(F) Comparison of Fe utilization efficiency and TOF between eFe-N,/PCF and bFe-N,/PCF.
(G) Calculated charge densities difference of eFe-N,/PCF and bFe-N,/PCF (blue and yellow
regions represent electron depletion and electron accumulation, respectively).

(H and ) Free energy diagrams of the ORR on the two modelsato V (H) and 1.23 V (I) vs. RHE,
respectively.

The exceptional ORR activity of eFe-N,/PCF can be partially ascribed to its multiscale porous
structure, which can promote the electrochemical active surface area (ECSA) and
accessibility of the active sites. On the basis of electrochemical double-layer capacitance (Ca))
tested at the non-Faradaic potential region, ***’ the ECSA of eFe-N4/PCF was estimated to be
142.5 cm®, much higher than bFe-N,/PCF (76.6 cm?) and N/PCF (61.5 cm®) (Figures 3E and
S19). To quantify the utilization efficiency of the Fe-N, moieties in eFe-N,/PCF and bFe-
N,/PCF, in situ nitrate adsorption and reductive stripping experiments were carried out
(Figure $20).”*® As summarized in Figure 3F, the Fe utilization efficiency of eFe-N,/PCF is
15.70%, which is about five times as high as bFe-N,/PCF (3.17%), suggesting the critical role
of porosity in exposing active sites. Besides, the high ORR performance of eFe-N,/PCF can
be additionally attributed to the high intrinsic activity of the edge-hosted and low-
coordinated Fe-N; moieties. The ECSA-normalized j shows that eFe-N,/PCF delivers higher
values than bFe-N,/PCF, suggesting that eFe-N,/PCF has a higher intrinsic activity (Figure
S21). The turnover frequency (TOF) value, which manifests the intrinsic activity on the per-
site basis,*® was estimated to be 3.92 s™ for eFe-N,/PCF at 0.8 V that is much higher than the
value of 1.92 s™ for bFe-N,/PCF. To further elucidate the origin for the high intrinsic activity
of eFe-N;/PCF, DFT calculation was conducted to investigate the free energetics of ORR-
related mechanism. As shown in Figure 3G, the edge-hosted Fe-N; moieties display
increased electron density (yellow region) around the Fe atom than the basal-plane-hosted
Fe-N, sites, revealing the charge density re-distribution on eFe-N,;/PCF due to the low
coordination of the edge-sited Fe.3**° The typical 4e transfer ORR processes with the
optimized atomic configurations for eFe-N,/PCF and bFe-N,/PCF were illustrated in Figure
S22, and the corresponding Gibbs free energy diagrams at U =0V and U = 1.23 V (vs. RHE)



were shown in Figure 3H and Figure 3, respectively. All elementary steps for the two
catalysts at U = o V are thermodynamically downhill, suggesting that the process is
exothermic and favorable under this potential (Figure 3H and Table S7). In contrast, at U =
1.23 V (Figure 3l), eFe-N;/PCF reveals an energy barrier of 0.44 eV at the rate-determining
step (O* + H,0 + e* — OH* + OH"), lower than bFe-N,/PCF (0.68 eV) at the rate-determining
step (OH* + " — OH" + *). Accordingly, the estimated ORR onset potential of eFe-N,/PCF
(0.79 V) is higher than bFe-N,/PCF (0.55 V) (Figures S23 and S24), confirming the higher
intrinsic activity of eFe-N;/PCF. In brief, the DFT calculation results show that the edge-
hosted Fe-N; moieties could optimize the electronic structure and lower the ORR
overpotentials.
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Figure 4. Electrocatalytic performance toward ORR of the catalysts evaluated
with GDEs in a three-electrode half cell configuration and two-electrode ZAB

(A) ORR LSV polarization curves in 1.0 M KOH at 10 mV s™ for N/PCF, eFe-N,/PCF, bFe-
N,/PCF and Pt/C with GDEs.

(B) Determination of the mass-transport overpotentials (mt) of eFe-N,/PCF and bFe-N,/PCF.
(C) Nyquist plots for GDEs of the cathode catalysts at 0.85 V (inset is the equivalent circuit
model). Z’and Z” are the real and imaginary parts of the impedance.

(D) The discharge polarization curves and the corresponding power densities of N/PCF, eFe-
N,/PCF, bFe-N,/PCF and Pt/C in ZABs.

(E) The discharge platforms of eFe-N,/PCF, bFe-N,/PCF and Pt/C at various current densities
in ZABs.

(F) The energy densities plots of eFe-N,/PCF, bFe-N,/PCF and Pt/C in ZABs.

ORR Performance Evaluated by GDEs configuration

The electrocatalytic performance of the catalysts was further investigated by GDE half cells,
which offer several advantages over thin film RDE measurements with negligible mass
transport limitations and for fast catalyst evaluation under practical operation conditions of
fuel cells.>** The testing configuration and device for the GDE half cells were shown in Figure
S25. From the polarization curves in Figure 4A and Figures 526-S27, eFe-N,/PCF with an
optimized loading of 0.8 mg cm™ exhibits considerably high ORR activity at high current
densities up to 21000 mA cm™with much smaller overpotentials than bFe-N,/PCF, N/PCF and
Pt/C, attributing to its enhanced mass transfer efficiency. To compare the mass transfer
efficiency of eFe-N,/PCF and bFe-N,/PCF, the mass-transport overpotentials () at high
current densities were extracted from the polarization curves (Figure 4B), showing that eFe-
N,/PCF exhibits a nmt of 47 mV at 500 mA cm™, which is much smaller than that (120 mV) of
bFe-N,/PCF. Nyquist plots of electrochemical impedance spectroscopy simulated by the
Randles equivalent circuit model reveals that only one arc is observed for eFe-N,/PCF,
suggesting that the ORR process is mainly kinetically controlled. In contrast, an obvious and
additional arc at low frequency shows up for bFe-N,/PCF, indicative of considerable mass
transport limitations (Figure 4C and Figure $28, Table $8).**% In addition, the long-term
stability of eFe-N;/PCF was assessed with the GDE configuration by chronopotentiometry
measurement at 200 mA cm™ for 100 h and CV cycling for 5000 cycles, which both show
negligible change in potential (Figures S2g and S30), indicating its robust catalytic stability.
The XRD pattern and ADF-STEM image of eFe-N,/PCF collected after the durability test
suggested no aggregation of Fe nanoparticles and that the Fe metals maintained atomic
dispersion on the carbon substrate (Figures S31 and S32), revealing the excellent structural
stability of eFe-N;/PCF. Moreover, when GDE was used as the air cathode in a ZAB, eFe-



N,/PCF exhibits an open circuit potential of 1.58 V vs. Zn, which is much higher than other
control samples (Figure S33). From the LSV polarization curves and discharge curves at
various current densities (20, 50, 100 and 200 mA ¢cm™) (Figures 4D and 4E), eFe-N,/PCF
presents lower overpotentials than bFe-N,/PCF, N/PCF and Pt/C at all current densities and
the performance differences become more pronounced at higher current densities,
highlighting the importance of multiscale porous structures of eFe-N;/PCF in enhancing its
mass transport and thus enabling high-rate capability. Moreover, eFe-N,/PCF displays a
maximum power density of 294 mW cm™ at 385 mA cm™ and an energy density of 988 Wh
kgza, much outperforming commercial Pt/C (146 mW cm™ at 224 mA cm”, 863 Wh kgz,™)
and bFe-N,/PCF (122 mW cm™ at 211 mA cm™®, 764 Wh kgz,™) (Figure 4F). Overall, the GDE
measurements in both three-electrode half cell and two-electrode ZAB demonstrate the
efficient mass transport and high-rate/power capability of eFe-N,/PCF.

Conclusion

In conclusion, by morphology and pore engineering, we designed a multiscale porous eFe-
N,/PCF catalyst that has combined merits of high intrinsic activity originated from the under-
coordinated and edge-hosted Fe-N; moieties, improved utilization of active sites and mass
transport efficiency as a result of the macropores within the three-dimensional carbon
framework and the in-plane mesopores in the graphene nanosheets. Benefiting from these
advantageous features, eFe-N;/PCF exhibits an exceptional catalytic activity toward ORR
with an onset potential of 1.090 V and a half-wave potential of 0.934 V vs. RHE,
outperforming Pt/C and almost all state-of-the-art M-N/C SACs. Additionally, when
employed as GDEs, eFe-N,/PCF could deliver high current densities up to 1000 mA cm™ at
relatively low overpotentials in a half cell configuration and a high peak power density of 294
mW cm™ in a ZAB. It is convinced that the results presented in this work would guide the
rational design and synthesis of prominent SACs for basic research and practical
applications.

EXPERIMENTAL PROCEDURES
Resource availability

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by
the lead contact, Huilong Fei (hlfei@hnu.edu.cn).

Materials availability
This study did not generate new unique reagents. All the chemical materials and
experimental procedures are summarized in the following.

Data and code availability
Full experimental procedures and experimental data are provided in the supplemental
information.

Reagents and Chemicals

Multi-walled carbon nanotubes (MWCNTs) were purchased from Chengdu Organic
Chemicals Co. Ltd. (outer diameter: 30~80 nm, >99.9 wt%). Concentrated sulfuric acid
(H,SO,, 98.3%), hydrochloric acid (HCl, 36~38%), phosphoric acid (H;PO,, 85%), and
potassium permanganate (KMnO,, 99.5%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Iron (lll) chloride hexahydrate (FeCl;*6H,0, >99%) was purchased from
GENERAL-REAGENT. Potassium hydroxide (KOH, >90%) and sodium nitrite (NaNO,) were
brought from Shanghai Macklin Biochemical Co., Ltd. Nafion 117 solution (5 wt%) was
brought from Sigma-Aldrich. Carbon fiber paper (CFP) (HCP120) was purchased from
Shanghai Hesen. All of these chemicals were used as received without any further
purification.

Synthesis of graphene oxide nanoribbons (GONRs)

GONRs were prepared from multiwalled carbon nanotubes (MWCNTSs) via oxidative
unzipping that was reported previously.>* In brief, 150 mg of MWCNTSs were firstly suspended
in 36 mL H,SO, by stirring the mixture for 1 h at room temperature. Secondly, H;PO, (4 mL)
was then added and the mixture was stirred for another 15 min before the addition of KMnO,,
(750 mq). It should be careful to add KMnO, in batches to prevent explosion. Thirdly, the
reaction mixture was heated at 65 °C for 2 h and then allowed to cool to room temperature.
Finally, the aforementioned reaction mixture was poured onto 100 mL of ice containingH,0,



(30%, 5 mL) and then the resulting light-brown colored precipitate was centrifuged until
pH~7. The collected GONRs were diluted to 2 mg ml™ for further use.

Synthesis of eFe-N3/PCF

The synthesis route of eFe-N,/PCF is diagrammed in Figure Si. Specifically, 175 uL
FeCl;*6H,0 (3.4 mg mL™) was added to 8 mL (2 mg mL™) GONRs, and the mixture was
sonicated for 30 min and stirred for 20 min. Then, the well-mixed dispersion was transferred
into a 50 mL polytetrafluoroethylene (PTFE) reactor to conduct the hydrothermal reaction
at120 °Cforaz h, resulting in the formation of a 3D porous hydrogel. After being lyophilized,
the gel was pyrolyzed at 800 °Cfor 1.5 h in a tubular furnace under a constant flow of Ar/NH,
(150/50 sccm) with a heating rate of 22.5 °C min™. This step would induce the formation of
atomically dispersed Fe sites as well as Fe nanoparticles, which were responsible for the
generation of the in-plane holes in the graphene nanoribbons due to the high-temperature
Fe etching effect. To wash away the excessive Fe nanoparticles, the pyrolyzed sample was
acid-leached with 0.5 M H,SO,. A second calcination (8oo °C, 10 min) was carried out to
obtain the final product of eFe-N,/PCF. For comparison, control sample of bFe-N,/PCF was
prepared following the same procedure of eFe-N,/PCF but reducing the first-step pyrolysis
time down to 0.5 h to minimize the etching of carbon matrix by the Fe nanoparticles. Another
control sample of N/PCF was prepared without the addition of Fe precursor. Further, the
amounts of Fe salts added in the precursor were varied to optimize the FeN, sites density and
porosity in the catalysts (labeled as Fe-N/PCF-X, X = 0.1, 1 and 1.2, representing that the
added amounts of Fe salts were 17.5 uL, 175 uL and 210 uL, respectively).

Rotating disk electrode (RDE) and rotating ring disk electrode (RRDE) tests

All the electrochemical measurements were performed in 0.2 M KOH on a CHI 760E
electrochemical workstation (Chenhua, Shanghai, China) with a traditional three-electrode
system with glassy carbon electrode (5 mm in diameter), Hg/HgO electrode and graphite rod
as the working electrode, reference electrode and counter electrode, respectively. To
prepare the working electrodes, 2 mg electrocatalyst was added into the mixture of g6o uL
of alcohol and 4o uL of Nafion (5 wt%). After sonicating for 60 min, 10 pL of the suspension
was dropped on a glassy carbon electrode for tests (0.201 mg cm™; 0.203 mg cm for bFe-
N,/PCF). For comparison, an electrode based on Pt/C (20 wt%) (0.101 mg cm™) catalyst ink
was prepared with the similar protocol. Cyclic voltammetry (CV) curves were tested in 0~1.2
V vs. RHE with a scan rate of 5o mV s™. The linear sweep voltammetry (LSV) measurements
were performed by RDE and RRDE (Pine Research Instrumentation) at the rotating speed
varied from 400 to 1600 rpm with a scan rate of 10 mV s™ in O,-saturated 0.1 M KOH. All LSV
curves were corrected with background current with those collected in N,-saturated 0.1 M
KOH. The electrochemical double layer capacitance (Cq) was derived from CV curves at non-
Faradaic region (from 1.10 V to 1.20 V vs. RHE) at various scan rates of 10, 15, 20, 25 and 30
mV s, The methanol tolerance was studied by the chronoamperometry measurementino.1
M KOH mixed with 3 M methanol as electrolyte. All potentials derived by RDE testin 0.2 M
KOH were converted to the reversible hydrogen electrode (RHE) potentials by Erne = Engrgo
+ 0.903 based on the calibration results (Figure S10), and corrected with 95% iR-
compensation.

To probe the ORR kinetics, Koutecky-Levich (K-L) plots were obtained from the following
equations:

121,12 13+_l (Equation 1)

B = 0.62nFCo(Do)Pv™® (Equation 2)

wherejis the measured current density; j_ and ji are the diffusion-limited current density
and kinetic current density, respectively; w is the angular velocity; n is transferred electron
number; Fis Faraday constant (96485 C mol™); C, is the bulk concentration of O, (1.15 x 10
mol cm™); D, is the diffusion coefficient of 0,in 0.1 MKOH (1.9 x10°cm?s™); vis the kinetic
viscosity of the electrolyte (0.01 cm?®s™).

The electron transfer number (n) and hydrogen peroxide yield (H,0,%) were evaluated by
the following two equations with RRDE tests:

R
N

H,0,% =200 X (Equation 3)
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n=4X (Equation 4)
where g and Ip are the ring and disk currents. N is the ring current collection efficiency
which was calibrated to be 23.7% (Figure S34).

Quantification of the number of the active site density (SD)

The number of active site density (SD) and turnover frequency (TOF) were quantified
according to the technique presented by Malko et al. by RDE setup in 0.5 M acetate buffer
electrolyte with pH = 5.2.2%% The principle is based on the observation that nitrite (NO,) can
interact with the Fe sites in the Fe-N/C catalyst and the electrochemical measurements
consist of five steps: experimental cleaning protocol (-0.4~1.05 V vs. RHE), measurement
(un-poisoned; 0.3~1.0V vs. RHE), electrode poisoning (-0.3~0.4 V vs. RHE), measurement
(poisoned and strip; 0.3~1.0 V vs. RHE and -0.3~0.4 V vs. RHE) and measurement (recovered;
-0.3~0.4 V vs. RHE and o0.3~1.0 V vs. RHE, repeatedly). All the aforementioned
electrochemical tests were operated on a traditional three-electrode system. Specifically,
glassy carbon electrode, calomel electrode and graphite rod were used as the working
electrode, reference electrode and counter electrode, respectively. The corresponding ORR
performance was recorded before, during and after the NO, absorption. The excess nitrosyl
reduction charge (Qsuip) associated with the stripping peak was proportional to the SD, and
TOF was calculated by dividing the difference of kinetic current density between the
poisoned and the un-poisoned state of eFe-N,/PCF at 0.8 V. All the potentials were converted
to the reversible hydrogen electrode (RHE) potentials by ERHE=EHg/Hg2CI2+ 0.538 based on

the calibration results in 0.5 M acetate buffer (Figure S35). The SD and TOF values were
calculated by the following two equations:

Qstrip (C 9-1)
stripF (C mol™)

SD (mol g™) = (Equation 5)
Nstrip Aji (MA cm )

-1y _ Mstip S/ UTAST 7
TOF(s7) = Qstrip (Cg™)Le(mg cm™)

(Equation 6)

where Qsp is the excess coulometric charge associated with the stripping peak; nstip is
the number of electrons associated with the reduction of one adsorbed nitrosyl per site (n =

5); Fis the Faraday constant (96485 C mol™); ji =T—XJJ (mA cm™) is the kinetic current density
(0.8 Vvs. RHE); Lc is the catalyst loading.

Gas diffusion electrode (GDE) half cell test

A gas diffusion electrode (GDE) electrochemical half cell with negligible mass transport
limitations was developed to simulate the real fuel cell test conditions.”*** The GDE
electrochemical test was measured on a three-electrode system with the GDE as the working
electrode, a graphite rod as the counter electrode and Hg/HgO reference electrode in 1 M
KOH (Figure S25). To prepare the GDE, catalysts ink consisting of 4 mg electrocatalysts, 960
uL alcohol and 4o uL Nafion (5 wt%) were drop-casted on gas diffusion CFP (HCP120) and
dried at 60 °C for 4 h. All the loadings of prepared catalysts and commercial Pt/C was 0.8 mg
cm’. Electrochemical impedance spectroscopy (EIS) was tested between 0.01~1000000 Hz
(quiet time: 2 s; AC excitation amplitude: 5 mV). All the potentials were converted to the
reversible hydrogen electrode (RHE) potentials by Epyg = Eyggot 0928 based on the
calibration results in 1.0 M KOH (Figure S36), and all potentials were corrected with 50% iR-
compensation.

Zn-air battery test

A home-made primary Zn-air battery was assembled with catalysts-coated GDE as the air
electrode, Zn plate (thickness: 0.5 mm; purity: 99.99%) as the counter electrode and 6 M
KOH as the electrolyte. The air electrode was prepared by uniformly coating the as-
fabricated catalysts ink onto CFP (HCP120) and then dried at 60 °C for 4 h. The catalysts
loadings were 0.8 mg cm™ (Pt/C: 0.4 mg cm™). The discharge polarization curves of the
battery were operated at a sweep rate of 10 mV's™. The power density (P) and energy density
(E) were calculated as follows:

P=IV (Equation 7)
where / is the discharge current density and Vs the corresponding voltage.

Vit
E=
mzn

(Equation 8)



where Vis the average voltage, / is the discharge current density, tis the discharge time,
Mmz,is the consumed weight of Zn.

Density functional theory calculation (DFT)

All the density functional theory calculations were performed using the Vienna Ab Initio
Simulation Program (VASP).55% The generalized gradient approximation (GGA) in the
Perdew-Burke-Ernzerhof (PBE) form and a cutoff energy of 500 eV for planewave basis set
was adopted.”” A 5 x 5 x 1 Monkhorst-Pack®® grid was used for sampling the Brillouin zones
at structure optimization, whereas a denser mesh of 11 x 11 x 1 was used for the electronic
structure calculations. The ion-electron interactions were described by the projector
augmented wave (PAW) method.* The supercell containing a 5 x 3 periodic rectangular
graphene sheets (60C atoms) was used to build the Fe-N/C systems. Sufficient vacuum of 20
A has been considered to avoid periodic interaction. A DFT-D3 semiempirical correction was
described via Grimme’s scheme method.”” The convergence criteria of structure
optimization were chosen as the maximum force on each atom less than o0.02 eV/A with an
energy change less than 1 x 10™ eV.

The ORR process (the pH is set to 13 in this study) can be described as:

0. (g) + 2H,0 (I) + 4" = 4OH" (Equation 9)

The four electron reaction steps are as followed:

*+0,(g) — 0,* (Equation 10)
0,*(g) + H,O (I) + & = OOH* + OH" (Equation 11)
OOH* +e"— O* + OH" (Equation 12)
O*+H,0+e — OH* + OH" (Equation 13)
OH* +e — OH + * (Equation 14)

the * represents the substrate, (I) and (g) denote the liquid and gas phases, respectively.

The Gibbs free energy change (AG) for each elemental step is defined as:%o%

AG=AE+ AZPE-TAS+ AGy+ AGyy (Equation 15)

where AE is obtained directly from DFT calculations, AZPE is the change of zero-point
energies (ZPE), T is temperature that refers to room temperature (T = 298.15 K), AS is the
change in entropy, AGy is the contribution of electrode potential to AG, and it is computed
on the basis of the assumption that the chemical potential of a proton/electron (H* + €) in
solution is equal to half of the chemical potential of a gaseous H, and shifting AG by - eU in
each proton/electron transfer step, where e is the number of electrons transferred and U is
the applied electrode potential. The ZPE and entropies of ORR intermediates are calculated
from the vibrational frequencies, and those of gas-phase molecules are obtained from the
standard thermodynamic database. The free energy of O, was obtained from the reaction
2H,0 — O, + 2H, for which the free energy change is 4.92 eV. The overpotential for ORR
™) is calculated by:®

r]ORR =1.23 + max {AG,, AGy, AG., AGgl/e (Equation 16)

Material characterization

Field-emission scanning electron microscope (SEM) (FEI Quanta 250), and transmission
electron microscope (TEM) (FEI Titan G2 60-300) were used to study the morphology of the
catalysts. The annular dark-field scanning TEM (ADF-STEM) was performed on JEOL
ARM300 CF with JEOL ETA aberration correctors with beam energy 8o keV, 40 um condenser
lens aperture (32mrad), ADF detector (inner angle 47mrad) and beam current approx. 46 pA.
The X-ray powder diffractometer (XRD) (Bruker/AXS D8 Advance, Cu Karadiation, A =1.5406
A, 40 kV and 40 mA), XPS (Kratos AXIS SUPRA, Al Ka radiation) and Raman (Via-reflex, 532
nm) were employed to investigate the structure and composition of these catalysts.



Inductively coupled plasma mass spectrometry (ICP-MS) (Agilent 7900) was used to detect
the metal content. The pore and morphological features of the various catalysts were
determined by nitrogen physisorption at 77 K in a Micromeritics ASAP 2460. The Fe K-edge
X-ray absorption spectra (XAS) were performed at beamline 1WiB in fluorescence mode by
using a Si (111) double-crystal monochromator (Beijing Synchrotron Radiation Facility). A
detuning of about 25% by misaligning the Si (111) crystal was performed to minimize the
higher harmonics. The storage ring of BSRF was operated at 2.5 GeV with a maximum
current of 250 mA in decay mode. The incident and fluorescence X-ray intensities were
monitored by using standard N,-filled ionization chambers and Ar-filled Lytle-type detector,
respectively. An energy calibration was conducted using reference bulk Fe. The raw data
were background subtracted, normalized, Fourier transformed and fitted by using the
Demeter software.

SUPPLEMENTAL INFORMATION

This section includes supplemental information with 36 figures, and 8 tables and can be
found online.
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