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Durable and highly efficient electrocatalysts for the oxygen reduction reaction (ORR) are central to
rechargeable Zn-air batteries (ZABs). The current best-performing ORR electrocatalysts are FeN4-based
powder materials among the non-noble metals, but they still suffer from peeling off and demetallation
during long-term device operation. Herein, we constructed an anti-dissolving structure of dual-atomic
Fe sites modified with carbon holes and pyridinic-N on carbon fiber membranes (Fe,Ng-CMPCFs) as
binder-free cathodes via two-step NHs-assisted carbonization. Experimental and theoretical studies
implied that the energy barrier of Fe dissolution is significantly higher in Fe,Ng-CMPCFs (1.41 eV)
compared to that of conventional non-defective FeN4 (0.94 eV), which can significantly inhibit the
demetallation of Fe sites during long-term electrocatalysis. Thus, the Fe,Ng-CMPCFs-based cathode

Received 17th July 2024, enabled ZABs to operate over 200 days (record-breaking 14 500 cycles) with a remarkable peak power
Accepted 3rd October 2024 density of 261.4 mW cm™2. Furthermore, structure analysis uncovered the anti-dissolving origin of Fe
DOI: 10.1039/d4ee03148b sites in Fe,Ng-CMPCFs, which can be attributed to the enhanced orbital interaction (Fe—N and Fe-Fe)

and electrostatic force between the Fe and N atoms. This work provides a valuable route to design anti-
rsc.li/ees dissolving atomic sites and binder-free cathodes for sustainable electronic devices.

Broader context

Zn-air batteries (ZABs) with a high theoretical energy density, low cost, and good safety have attracted considerable attention as sustainable energy devices for
promising large-scale commercialization. However, the major challenge associated with ZABs is the development of highly efficient and durable electrocatalysts
for the oxygen reduction reaction (ORR). In this case, the current best-performing electrocatalysts, such as the typical Fe single atom-based powder materials,
still suffer from peeling off and demetallation during long-term device operation. Herein, we report an anti-dissolving structure of dual-atomic Fe sites
modified with carbon holes and pyridinic-N on a carbon fiber membrane (Fe,Ns-CMPCFs) as a freestanding cathode via two-step NH;-assisted carbonization.
Experimental and theoretical results disclose that the energy barrier of Fe dissolution is significantly higher in Fe,Ns-CMPCFs (1.41 eV) compared to that in
conventional non-defective FeN, (0.94 eV), thus inhibiting the demetallation of Fe during long-term electrocatalysis. In addition, the aerophilic membrane-
based cathodes can avoid the possible peeling off and cathodic flooding. As a result, it exhibits excellent ORR stability for 10 000 cycles and a record-breaking
lifespan of ZABs of over 200 days (14 500 cycles) with negligible efficiency decay (~2.5%). This work provides a valuable pathway to design anti-dissolving
atomic sites and binder-free cathodes for renewable electronic devices.
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Background

The electrocatalytic oxygen reduction reaction (ORR) plays a
vital role in a range of energy conversion and storage techno-
logies, such as fuel cells and rechargeable metal-air batteries.'™
Zn-air batteries (ZABs) with a high theoretical energy density, low
cost, and good safety have attracted considerable attention.*
However, a major challenge associated with the cathodes of ZABs
is their sluggish kinetics and non-ideal stability of oxygen
reduction, which involves a four proton-coupled electron transfer
step.>® Thus, to date, platinum (Pt)-based catalysts have been
mainly used to catalyze the ORR at the cathode, but their high
cost, natural scarcity and poor durability severely impede the
sustainable and commercial deployment of ZABs.’

Single-atom catalysts (SACs) based on transition metals (e.g.,
Fe, Co, Ni, and Mn) have been widely used as ORR electro-
catalysts owing to their maximum atomic utilization, tunable
electronic structure, superior intrinsic activity, and low cost;®°
thus, they are regarded as the most promising alternatives to
noble-metal-based catalysts.'® Among them, Fe single atoms
with four N coordinates in a carbon matrix (Fe-N,/C) are known
to possess the highest intrinsic activity.'"'* Recently, to further
enhance the ORR activity of Fe-N,/C, the introduction of
heteroatoms (such as S and P) or metal atoms (such as Co
and Mn) has been widely reported.'*™*° Yang et al. reported the
crucial role of S doping in regulating Fe-N,/C catalysts, which
exhibited a positive half-wave potential of 0.89 V."” Liu et al.
proposed the preparation of contiguous dual single atom FeN,
and CoN, sites embedded in N-doped graphitic carbon, demon-
strating a remarkable half-wave potential of 0.877 V.'® However,
despite recent advances, “big data” analysis revealed that
the half-wave potential of most Fe-N,/C catalysts is below
0.90 V.'>?° Moreover, most reports on Fe-N,/C catalysts only
focused on boosting their electrocatalytic activity, which cannot
achieve long-term stability for practical applications such as
ZABs.”" To date, studies on promoting the stability of atomic
sites during catalytic reactions are still lacking.?* Therefore, it is
highly desirable to enhance the inherent activity and durability
of Fe-N,/C by further optimizing its electronic structure.

The rational design of carbon supports is another significant
factor in improving the ORR activity and battery performance.
To date, most SACs are fabricated in powder form, and then
sprayed on carbon cloth or Ni foam as the cathode in ZABs.
However, this method often causes the catalysts to peel off
during the battery operation, which severely affects the long-
term stability and lifespan of batteries."” In addition, the use of
extra binder (e.g., Nafion) for powder-like catalysts in the
preparation of electrodes also leads to performance degrada-
tion due to their inactivity, insulation, and high resistance to
oxygen transport.’”** Therefore, designing binder-free cath-
odes with integrated catalysts is regarded as a promising
strategy to address this issue.>*?> In this case, electrospinning
carbon fiber membranes immobilized with single-atom moi-
eties as cathodes have emerged as a revolutionary frontier in
the field of sustainable ZABs. This innovative approach not only
facilitates electron transport but also enhances electrolyte
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infiltration and gas diffusion to the active sites.”®*” Further-
more, with the increasing demand for wearable and portable
electronic devices, the inherent bendability of membranes
endows them with great potential to be used as flexible
electrodes.”®*° However, despite the above-mentioned merits,
the insufficient exposure of active sites is the main limitation of
nanofibrous catalysts.>" Hence, increasing the porosity of car-
bon fibers is an effective solution to facilitate the exposure of
the active sites.*** Currently, the main strategy is to adopt
polyacrylonitrile (PAN) as the fiber precursor and mixing it with
metal-organic frameworks (MOFs) to prepare porous carbon
fibers but this will cause severe degradation of the flexibility
and carbon yield.>" Therefore, it is imperative to investigate and
explore alternative polymer precursors as potential sources for
the preparation of porous carbon fibers.

Herein, we report a two-step carbonization strategy with the
assistance of NH; to construct anti-dissolving Fe,Ng sites on
conjugated microporous polyimide (CMP)-derived carbon
fibers (Fe,Ns-CMPCFs) as freestanding cathodes for durable
ZABs. This integrated cathode can avoid the possible peeling off
from the substrate observed for powder-based catalysts and
promote electron transfer to the active sites along the carbon
fibers. In addition, our functionalized carbon fibers based on
chemically modified polymers possess a large specific surface
area of 1062 m”> g~ ', high porosity, and rich pyridinic-N con-
tent. These characteristics play a pivotal role in exposing and
promoting the Fe,Ng sites for electrocatalytic reaction. Thus,
the as-synthesized Fe,Ns-CMPCFs catalyst exhibited an excep-
tional positive half-wave potential of 0.91 V, outstanding accel-
erated kinetics (51.1 mV dec™ "), and excellent ORR stability for
10000 cycles. When assembled as a freestanding cathode in
liquid-state ZABs, it performed with an outstanding peak power
density of 261.4 mW cm > and a record lifespan of over 200
days (14 500 cycles) with an ultra-stable round-trip efficiency. In
addition, its quasi-solid-state ZAB also afforded a remarkable
peak power density (203.7 mW cm ™ ?), demonstrating great
potential for wearable energy devices. The theoretical simula-
tion indicated that the dissolution energy barrier of the Fe sites
in the dual-atomic models is significantly increased compared
to that in the single-atomic structures, which can be ascribed to
the enhanced orbital interaction (Fe-N and Fe-Fe bond) and
electrostatic strength (Fe and N atoms). Besides, the modifica-
tion of carbon holes and pyridinic-N also contributed to alle-
viating the demetallation of the Fe sites in Fe,Ng-CMPCFs. This
anti-dissolving structure and cathode design concept can pro-
mote the application of single atoms in the field of energy
conversion and storage.

1. Results and discussion

The strategy for the synthesis of the Fe,Ns-CMPCF membrane
catalyst is presented in Fig. 1a. The precursor solution, contain-
ing two monomers, 1,3,5-tris(4-aminophenyl)benzene (TAPB)
and naphthalene-1,4,5,8-tetracarboxylic acid (NTCA), generated
the carboxylate ammonium salt after stirring. The template
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polymer, polyvinyl pyrrolidinone (PVP), was added to enhance
the viscosity of the monomer solution for electrospinning. The
specific preparation process included electrospinning, polycon-
densation and two-step carbonization. Fig. S1a (ESIt) illustrates
the result of electrospinning the aforementioned solution,
generating a yellow membrane with fibers with a diameter of
around 950 nm. Fig. S1b (ESIt) shows that the heat treatment at
420 °C led to a cross-linked polycondensation reaction between
NTCA and TAPT. This reaction produced the dark-brown CMP
membranes with the decreased fiber diameter of 855 nm
(Fig. S1b and S2, ESIT). Simultaneously, PVP underwent decom-
position. Finally, the CMP membranes were subjected to carbo-
nization at 900 °C, transforming into porous carbon fibers
(CMPCFs), as shown in Fig. Sic (ESIf).

The Fourier transform infrared spectra (FTIR) curves in Fig.
S3 (ESIt) distinctly display peaks assigned to the amino group
(3200 to 3500 cm™ ") of TAPB and the carboxyl group of NTCA
(broad peak at 3070 cm™'). Both peaks disappeared after the
cross-linking reaction to form the CMP membranes. In addition,
the three characteristic peaks of the imide unit are located at 1709,
1666, and 1343 cm™ ' for CMP, among which the former two peaks
are attributed to the asymmetric/symmetric vibrations of the C—0
groups in the six-membered imide rings and the latter peak
corresponds to the stretching vibration of the formed C-N-C
moiety. Simultaneously, the two characteristic peaks (2980 cm ™"
for -CH,-, and 1661 cm™ ' for C=0) derived from PVP also
disappeared due to its thermal decomposition.*> The chemical
structure of CMP was also confirmed by solid-state 13C nuclear
magnetic resonance spectroscopy (NMR), as shown in Fig. S4
(ESIt). The peak at 162 ppm originates from the carbonyl carbon
of the imide ring and the two distinct peaks at 142 and 128 ppm
are attributed to the naphthalene and phenyl carbon, originating
from the incorporated building units of NTCA and TAPB, respec-
tively. The thermogravimetric analysis (TGA) of TAPB/NTCA/PVP,
as shown in Fig. S5 (ESI), illustrates a high carbon yield of 46% at
900 °C. The resultant CMPCFs exhibited excellent flexibility,
enduring over 1000 bending cycles (Fig. S6, ESIt), and possessed
the good tensile strength of 3.2 MPa (Fig. S7, ESIT). It is significant
to note that both CMP and CMPCFs exhibited a dominant pore
size distribution of 1-2 nm, as shown in Fig. S8a (ESIf), and
CMPCFs stand out with an impressive specific surface area of
1062 m> g™, as seen in Fig. S8b (ESIT). The micropore-hosted
single atoms near the carbon edge are widely recognized as the
primary active sites in catalytic systems.*' Additionally, the high
porosity of carbon fibers can spatially suppress Fe aggregation and
shorten the ion/electron transport pathways.

To impart ORR electrocatalytic activity, Fe precursors were
introduced and converted to homonuclear dual Fe single atoms
through the two-step NH;-assisted carbonization (Fig. 1b). The
aberration-corrected high angle annular dark-field scanning
transmission electron microscopy (AC-HAADF-STEM) images
in Fig. 1b and Fig. S9 (ESIt) confirm the coexistence of Fe single
atoms and clusters in the sample after the first calcination step
at 900 °C in an Ar atmosphere. However, after the second
pyrolysis with NH; treatment and acid etching, the Fe aggre-
gates disappeared and all the elements (iron, nitrogen, and
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carbon) were homogeneously distributed throughout the fiber
structure, as shown in Fig. S10 and S11 (ESIT). Notably, the AC-
HAADF-STEM image in Fig. 1c demonstrates that numerous
bright dots formed in pairs (highlighted by red rectangles) were
detected and their average interatomic distance is in the range
of 2.4 to 2.5 A based on the Z contrast analysis (Fig. 1d and Fig.
S12, ESIt). The thorough statistical analysis indicated that the
dual-atomic sites occupy 82% among the identifiable bright
spots in the resultant Fe,Ns-CMPCFs (Fig. S13, ESI{). This
formation of structure is mainly attributed to the introduction
of the NH; atmosphere, which could thermally transport the
volatile Fe atoms from the Fe nanoparticles to bond with the
isolated Fe single atoms, forming dual-atomic Fe sites on the
carbon fibers.***” This formation mechanism was also verified
by DFT simulation, as seen in Fig. 1e. The free energy diagram
indicates that the mobile Fe atom under the NH; atmosphere
tended to form the Fe,Ng model more easily (AG = —0.93 eV) by
coupling with the atomic Fe atom on the carbon substrate
instead of forming new isolated Fe-N, sites (AG = —0.38 eV).
Furthermore, the content of metal loading also played a sig-
nificant role in forming the dual single atoms. By adjusting the
Fe contents in the precursor, two other types of Fe-doped
CMPCFs could be prepared, i.e., FeN,-CMPCFs with Fe single
atoms and Fe NPs-CNMCFs with Fe nanoparticles.*® The theo-
retical calculation indicated that the homonuclear Fe,Ng sites
in Fe,Ng-CMPCFs possess a highly superior anti-dissolving
capacity to the conventional FeN, sites, especially after decorat-
ing with carbon holes and pyridinic N (Fig. 1f and Fig. S14,
Table S1, ESIf). This property can effectively prevent the
demetallation of the metal sites from the carbon host. Conse-
quently, when it was assembled as a freestanding air-electrode
in practical liquid-state ZABs, it exhibited excellent cycling
durability to a record-breaking 200-day lifespan (Fig. 1g).
Comprehensive characterization was further performed to
verify the structure of Fe,Ns-CMPCFs and other samples for
comparison. The X-ray diffraction (XRD) patterns of FeN,-
CMPCFs and Fe,Ng-CMPCFs, as shown in Fig. S15 (ESIt), only
display two broad peaks, which correspond to the graphitic
carbon. No peaks ascribed to Fe particles were observed,
indicating the high dispersion of Fe atoms. Alternatively, with
a continuous increase in the Fe content, the emergence of a
sharp graphitic peak at 26° and other very small peaks indi-
cated the formation of Fe nanoparticles together with the
graphitic carbon structure in Fe NPs-CMPCFs. Among them,
the appearance of sharp graphitic peak can be attributed to the
formation of ordered graphitic layers catalyzed by Fe
nanoparticles.’® The intensity ratio (Ip/lg) between the D and
G bands in the Raman spectra further confirmed that the
excess Fe dopant facilitated the formation of graphitic layers
(Fig. S16, ESIt). The high-resolution TEM and HAADF-STEM
images show that no metal aggregation could be detected in
FeN,-CMPCFs, similar to Fe,Ns-CMPCFs (Fig. S17, ESIT). How-
ever, the AC-HAADF-STEM result suggested that most of the
bright dots (highlighted by orange circles) are isolated in FeN,-
CMPCFs (Fig. S18, ESIT), which is different from that in Fe,Ng-
CMPCFs. In the case of Fe NPs-CMPCFs, we could distinctly

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Synthesis strategies and design conception of constructing homonuclear dual Fe single atom-based carbon fibers (FeoNg-CMPCFs) with
enhanced anti-dissolving ability. (a) Schematic of the preparation of Fe-doped porous carbon fibers by electrospinning a mixture of TAPB, NTCA,
Fe(acac)s, and PVP, followed by two-step carbonization. PVP was used to enhance the viscosity of the monomer solution for electrospinning.
(b) Aberration-corrected high angle annular dark-field scanning TEM (AC-HAADF-STEM) image for the prepared catalysts after first-step carbonization.
The blue and yellow circles highlight the coexistence of Fe clusters and single atoms in this step, respectively. (c) AC-HAADF-STEM image of the resultant
Fe,Ng-CMPCFs after second-step pyrolysis assisted by NHs. The dashed red rectangles show the homonuclear dual Fe single atoms. (d) Corresponding
Z-contrast analysis of region A and region B in (c). (e) Theoretical simulation of Fe,Ng formation under an NHz atmosphere. The blue, gray, white, and
orange balls indicate N, C, H and Fe atoms, respectively. (f) Dissolution energy of one Fe atom (AGgisso) in different FeN, and Fe;Ng-based structures.

(g) Performance comparison of liquid-state ZABs using Fe,Ng-CMPCFs and other reported electrocatalysts, as listed in Table S12 (ESIT).

observe the metal aggregation with the d-spacing of 0.206 nm,
corresponding to the (110) facet of metallic Fe.*® This result
confirmed the existence of Fe nanoparticles in Fe NPs-CMPCFs
(Fig. S19, ESIf). The content of Fe loading in FeN,-CMPCFs,
Fe,Ns-CMPCFs, and Fe NPs-CMPCFs catalysts was determined
to be 1.5, 2.6 and 3.9 wt%, respectively, by inductively coupled
plasma-optical emission spectroscopy (ICP-OES), as shown in
Table S2 (ESIt).

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate the element composition on the surface of the catalysts
(Fig. S20-S22, ESIf). It was found that the Fe,Ns-CMPCF
catalyst exhibited a distinct intense peak at 399.4 eV, which is
attributed to the contribution of Fe-N and pyrrolic N.***** This
peak showed a significantly higher percentage compared to the
other contrast samples (Fig. 2a), indicating the formation of an
increased number of Fe-N active sites in Fe,Ng-CMPCFs.

This journal is © The Royal Society of Chemistry 2024

Additionally, the high-resolution Fe 2p spectra of FeNy-
CMPCFs and Fe,Nsc-CMPCFs could be well-fitted with Fe*"
and Fe’" species. In contrast, the presence of metallic iron
Fe® could be observed at 707.3 eV for Fe NPs-CMPCFs.*>** The
content of different elements on the catalyst surface is also
summarized in Table S3 (ESIt). X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) measurements were conducted to determine the
chemical state and coordination environment of the Fe atoms
in FeN,-CMPCFs and Fe,N,-CMPCFs. As shown in XANES
(Fig. 2b), the absorption edge position of both FeN,-CMPCFs
and Fe,Ngz-CMPCFs is located between the standard Fe foil and
Fe,03, which reveals that the valence of Fe is between 0 and
+3.%%¢ By comparing the absorption edge positions of FeNy-
CMPCFs and FePc, a positive energy shift was observed in
Fe,N-CMPCFs. This shift suggests a higher proportion of high

Energy Environ. Sci., 2024,17, 8722-8733 | 8725
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Fig. 2 Structural analysis of Fe,Ng-CMPCFs and the control samples. (a) Nitrogen contents and ratios of different nitrogen species in Fe,Ng-CMPCFs,
FeN4-CMPCFs and Fe NPs-CMPCFs. (b) X-ray absorption near-edge structure (XANES) spectra of the Fe K-edge of FeN4-CMPCFs, Fe;Ng-CMPCFs, Fe
foil, FePc, and Fe,Os. (c) Fourier transforms and (d) wavelet transforms of the extended X-ray absorption fine structure (EXAFS) spectra of the different
samples. Corresponding fitting curve of the Fourier-transformed EXAFS spectra of (e) FeN4-CMPCFs and (f) Fe,Ng-CMPCFs. The insets are the models of
the deductive Fe—N4 and Fe,—Ng structure. Fe—N; and Fe—N, represent the existence of two different bond lengths of Fe=N in Fe,Ng-CMPCFs. The blue,

gray, and yellow balls indicate N, C, and Fe atoms, respectively.

valence Fe in Fe,Ns-CMPCFs, consistent with previous reports.*”
Furthermore, the EXAFS spectra in Fig. 2c reveal that compared to
the planar Fe-N,, the Fe-N peak in Fe,Ns-CMPCFs became
broader and exhibited a negative shift of 0.03 A. The main
reason for this is that unlike the typical D,;, symmetry of Fe-N,,
the asymmetric dual-atomic Fe,Ng sites result in electron
redistribution, thus existing two different Fe-N bond lengths.
In addition, the peak position of Fe-Fe in Fe,Ns-CMPCFs (2.4 A)
showed a positive shift compared to that of Fe-Fe in the Fe foil
(2.2 A), demonstrating that the existence of Fe-Fe bonds in

8726 | Energy Environ. Sci., 2024,17, 8722-8733

Fe,N-CMPCFs did not originate from Fe clusters. The wavelet
transform contour plots (Fig. 2d) confirmed the predominant
Fe-N coordination in both FeN,-CMPCFs and Fe,Nz-CMPCFs,
with the maximum intensity at approximately 4.8 A. To unveil
the detailed coordination structure of Fe atoms, we fitted the Fe
R-space EXAFS spectra of the FeN,-CMPCF and Fe,N¢-CMPCF
catalysts, as shown in Fig. 2e and f, respectively. The
fitting result exhibited that the Fe-N bond length of FeN,-
CMPCFs is 1.98 + 0.01 A with an N coordination number of
4.0 £+ 0.2, which is consistent with the standard Fe-N, model

This journal is © The Royal Society of Chemistry 2024
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(Table S4, ESIt). Nevertheless, two different bond lengths of
Fe-N (Fe-N1 and Fe-N2) existed in Fe,Ns-CMPCFs. In this case,
the bridging bond (Fe-N2) in the Fe,Ng structure possessed a
shorter bond length of 1.89 A. Furthermore, the fitting results
also demonstrated a significantly lower coordination number
(CN:1.0 £ 0.1) and a longer average bond length (R: 2.55 +
0.01108) of Fe-Fe in Fe,Ng-CMPCFs, which is different with
the coordination environment of Fe-Fe in Fe foil (CN: 8, R:
2.47 4 0.01A). The main reason for this is that the Fe atoms are
separated by two N atoms in the Fe,Ns model, thus exhibiting
a longer Fe-Fe distance than that in conventional Fe
nanoparticles.*® These results not only verify the existence of
the Fe,Nj structure but also exclude the presence of Fe clusters
in Fe,Nc-CMPCFs. Based on the aforementioned results, it can
be reasonably concluded that the main coordination struc-
ture in FeN,-CMPCFs consists of isolated Fe-N, single atoms,
while Fe,Ng,-CMPCFs consist of homonuclear Fe,~Ng dual
single atoms.

Considering the potential application of dual-single-atomic
structures with homonuclear metallic center, the ORR perfor-
mance of the catalyst was further assessed in 0.1 M KOH
solution using a rotating disk electrode (Fig. S23, ESIt). The
cyclic voltammetry (CV) curves of Fe,No-CMPCFs and the con-
trol samples exhibit significant reduction peaks in the O,-
saturated rather than N,-saturated electrolyte (Fig. S24, ESIt),
indicating the advanced oxygen reduced activity. As shown in
Fig. 3a and b, the Fe,Ns-CMPCF catalyst exhibited an out-
standing onset potential of 1.004 V and a positive half-wave
potential of 0.91V vs. RHE (reversible hydrogen electrode),
outperforming the commercial 20% Pt/C (0.975 V/0.863 V),
FeN,-CMPCFs (0.955 V/0.882 V) and Fe NPs-CMPCFs (0.945 V/
0.859 V), respectively. In addition, the catalyst without NH;
treatment in the second-step pyrolysis (Fe-CMPCFs-Ar) dis-
played inferior catalytic activity (Fig. S25, ESIf). The ORR
kinetics of the different catalysts was further evaluated by the
Tafel plot, as shown in Fig. S26 (ESI{). The Fe,Ns-CMPCF
catalyst displayed the smallest Tafel slope of 51.1 mV dec*,
demonstrating more favorable reaction kinetics. To estimate
the four-electron ORR selectivity, the transferred electron num-
ber and produced H,O, yield were studied by rotating ring disk
electrode (RRDE) measurements. In the voltage range of 0.3-
0.8 V, the Fe,Ns-CMPCF catalyst consistently exhibited a low
H,0, yield of approximately 5%, as depicted in Fig. 3c. Further-
more, this yield is consistent with an average electron transfer
number of 3.9, indicating the predominant four-electron trans-
fer pathway. This result was further verified by the Koutecky-
Levich (K-L) plots at various potentials, which can determine
the electron transfer number according to the LSV curves at
different rotating speeds from 400 to 2025 rpm (Fig. S27, ESI¥).
Based on the K-L equation, the electron transfer number of
Fe,N,-CMPCFs was also calculated to be =~ 4, which is con-
sistent with the RRDE measurement. In addition, the kinetic
current density (/i) of the Fe,Ng-CMPCF catalyst is about
65.1 mA cm™” at 0.85 V, which is 8.3- and 15.5-times higher
than that of FeN,-CMPCFs (7.8 mA cm™>) and Fe NPs-CMPCFs
(4.2 mA cm?), respectively, suggesting the enhanced reaction
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kinetics of Fe,Ng-CMPCFs for ORR (Fig. S28, ESIt). Electroche-
mical impedance spectroscopy (EIS) was also performed to
investigate the electrocatalytic kinetics and interface reactions
in ORR. As illustrated in Fig. S29 (ESIt), the Fe,Ns-CMPCF
catalyst possessed the smallest semicircle, further demonstrat-
ing its superior reaction kinetics and charge transfer resistance
of ORR.

Stability is another significant factor to evaluate the practical
application of catalysts. After a fast accelerated durability test
(ADT) of 10 000 cycles for the Fe,Ns-CMPCF catalyst, the decline
in its ORR activity was negligible (Fig. 3d). Even after 30 000
cycles, the decrease in its half-wave potential was still very
slight (AE = 3 mV), as shown in Fig. S30 (ESI{), implying its
outstanding stability. By contrast, nearly 20 mV decay of half-
wave potential was seen for FeN,-CMPCFs and Fe NPs-CMPCFs
after 10 000 cycles. Additionally, a chronoamperometry test (i-t)
was also conducted to assess the long-term stability of the
catalysts. As shown in Fig. S31 (ESIf), Fe,Ng-CMPCFs main-
tained 98% of their original current density after 15 h, which is
superior to that of Pt/C (65%). After injecting methanol into the
electrolyte, almost no disturbance in the i~¢ curve could be
found for Fe,Ng-CMPCFs compared to commercial Pt/C
(Fig. S32, ESIf). These results confirm the excellent ORR
stability and methanol tolerance of Fe,Ng-CMPCFs.

To estimate the electrochemical active surface areas
(ECSAs), we conducted a CV test to calculate the double layer
capacitance values (Cyq;), as shown in Fig. S33 (ESIt). The Cyq; of
the Fe,Ng-CMPCF catalyst is 17.5 mF cm™ 2, which is higher
than that of the FeN,-CMPCF (16.6 mF cm *) and Fe NPs-
CMPCF (14.8 mF cm™?) catalysts. As expected and shown in
Fig. S34 (ESIT), Fe,Ns-CMPCFs possessed the largest ECSA of
438 cm?, corresponding to more accessible active sites in Fe,Ng-
CMPCFs. The ECSA-corrected linear sweep voltammetry (LSV)
curves in Fig. 3e confirm that the Fe,-Ng sites possess superior
intrinsic catalytic activity compared to the other catalysts with
isolated Fe-N, and Fe nanoparticles. Moreover, the Fe,~Ng sites
showed the highest turnover frequency (TOF) and ECSA-
corrected current density at 0.9 V vs. RHE, which also revealed
its excellent intrinsic ORR activity (Fig. 3f).

Given that the cathode of ZABs also needs OER catalytic
ability, the OER performance of Fe,Ne-CMPCFs and the con-
trast samples was measured in 1.0 M KOH, as shown in Fig. S35
(ESIY). The Fe,Ns-CMPCF catalyst exhibited a remarkable over-
potential of 346 mV, which is superior to that of FeN,-CMPCFs
(385 mV), Fe NPs-CMPCFs (370 mV) and commercial RuO,
(350 mV). Moreover, the it curve in Fig. S31b (ESIt) demonstrates
the outstanding OER stability of Fe,N,-CMPCFs at 10 mA cm >,

Based on the above-mentioned characterization results,
density functional theory (DFT) calculations were performed
to shed light on the ORR activity and stability of the isolated
single-atomic Fe (FeN,-CMPCFs) and homonuclear dual single-
atomic Fe (Fe,Ns-CMPCFs). In the case of the single-atom
catalysts (SACs), as shown in Fig. 4a, the ORR reaction pathway
involves the following steps: (I) O, adsorption and hydrogena-
tion into OOH*; (II) O-O bond cleavage of OOH* into O*; (III)
protonation of O* into OH*; and (IV) OH* removal to form H,O

Energy Environ. Sci., 2024,17, 8722-8733 | 8727
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Fig. 3 ORR activity evaluation Fe;,Ng-CMPCFs and the control samples. (a)

Linear sweep voltammetry (LSV) curves at 1600 rpm for different catalysts in

0.1 M KOH. (b) Comparison of on-set and half-wave potential of the different samples. (c) By-product peroxide yield (H,O,%) and electron transfer
number for Fe,Ng-CMPCFs, FeN4-CMPCFs, Fe NPs-CMPCFs and Pt/C. (d) LSV curves after accelerated durability test (ADT) by 10000 cycles of
measurements for Fe,Ng-CMPCFs, FeN4-CMPCFs, and Fe NPs-CMPCFs. (e) ECSA-normalized LSV curves for Fe,Ng-CMPCFs, FeN4-CMPCFs, and Fe
NPs-CMPCFs. (f) Comparison of current density and turnover frequency (TOF) at 0.9 V vs. RHE for Fe,Ng-CMPCFs, FeN4-CMPCFs, and Fe NPs-CMPCFs.

on the structure of Fe-N,.'' Different from the traditional
pathway (path I) on SACs, dual single-atom catalysts (DACs)
provide two adjacent metal active sites for adsorption, resulting
in a change in the O, adsorption configurations on DAC
(path I1).**7°° Besides, by calculating the original Fe,~Ng site,
as shown in Fig. S36 (ESIt), the thermodynamic reaction
potential is relatively low; thus, the Fe,—N, sites tend to
coordinate by an extra OH ligand (Fe,N¢OH) when they serve
as the ORR active sites.”’ Therefore, its reaction pathway
includes (I) OH-O*, (II) OH-OH*, (III) OH*, and (IV) OH*
removal,*® as presented in Fig. 4b. To prove the rationality of
this two-site dissociation pathway (path II) on DACs, the Gibbs
energy change of the Fe,NgOH-C,-N,,, sites undergoing the
traditional path I and path II was calculated (Fig. S37, ESIY).

8728 | Energy Environ. Sci., 2024, 17, 8722-8733

As seen in Fig. S38 (ESIY), it is obvious that OH-O* and OH-
OH* in path II are more stable reaction intermediates than
OOH* and O*, respectively, in path I. Given that the thermo-
dynamic process tends to energetically favorable intermediates,
the Fe,NcOH-Cy,-N, site is more likely to follow the two-site
dissociation pathway (path II). In addition, the calculated
theoretical ORR activity on DACs by path II is more compatible
with the experiment result from the free energy diagram of U =
1.23 V. Besides the metal coordination structure, the influence
of carbon holes (Cy) and pyridinic-N (Np,) around the metal
active sites was also considered and their specific structure
diagrams are presented in Fig. S39 (ESIT).

The diverse ORR performances originate from the differ-
ent binding strengths of the intermediate oxygen species on

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Mechanism studies by theoretical calculations. Reaction scheme of the ORR on (a) single-atom catalysts (SACs) and (b) dual single-atom catalysts
(DACs). (c) Free energy diagrams of the ORR on FeN4—C,,—N,, and Fe;NgOH-C,,—N,, at U = 0 V. (d) Density of states (DOS) of FeN4—C,—N,,, and
Fe,NgOH-C,—Ny,. (e) Crystal orbital Hamilton population (COHP) analysis with the corresponding ICOHP values of the Fe—N and Fe—Fe bond in FeN,4~
Ch—Npy and Fe;NgOH-C1,—N,,. (f) Enhanced orbit interaction of Fe~N and Fe-Fe in FeaNgOH-Cp—Ny,. (9) Qualitative molecular orbital of the d-orbitals
in Fe;NgOH-Cp—N,,. (h) Electrostatic potential diagram and atomic charge between Fe and N atoms in SAC and DAC.

various catalysts. It is well-known that non-defective Fe-N, has
too strong adsorption energy for OH*. Therefore, fine-tuning
the local coordination of Fe sites is imperative to optimize the
binding strength of the oxygen intermediates.>® As shown in
Table S5 (ESIt), the Fe,Ng sites modified with C, and Ny,
(Fe,NgOH-C-Ny,y) exhibit weaker OH* adsorption energy than
FeN,-C,,—Np,. Moreover, it is notable that the decoration of Cy,
and N, on the Fe,Ng or FeN, sites is also conducive to the
removal of OH*, in contrast to the non-defective FeN, and
Fe,N system. Furthermore, the Gibbs free energy (AG) of each
step along the 4e” ORR process was calculated on both SACs
and DACs (Fig. 4d and Table S6, ESIY). It is obvious that all the
electron-transfer steps are exothermic on the catalysts at
U = 0V, and thus the free energy pathway goes downhill. The
limiting reaction barrier is a vital factor influencing the catalytic
activity, which can be evaluated by the free energy of the potential-
determining step (PDS). The PDS for Fe,NOH-C,-Np, was the
formation of OH-O*, while that for FeN,-C,-N,, was the
formation of OH*. The AG value of PDS in the DAC system
decreased, particularly for Fe,NeOH-C,-Np,, to only —1.037 eV,
indicating that the synergistic interaction between Fe-Fe in DACs

This journal is © The Royal Society of Chemistry 2024

has a remarkable effect on the PDS and reaction barrier for
ORR, which accelerated the catalytic process (Fig. 4d and Fig.
S40, Table S7, ESIt). Moreover, according to the free energy
diagrams of ORR at U = 1.23 and 0.85 V (Fig. S41, ESI{), it can
be also seen that the AG of each step becomes more uniform and
closer to the ideal ORR catalyst. The PDS step at the U = 1.23 V
diagram directly reflects that the Fe,NgOH-Cy,-Np,, sites possess
a lower thermodynamic overpotential (0.192 V) than that of
FeN,-Ch~Npy (0.329 V).

To gain insight into the electronic structure of Fe SACs and
DACs, the density of states (DOS) was further investigated for
Fe,NgOH-C,,-Np,, and FeN,-C,-Ny,, (Fig. 4c and Table S8, ESIf).
The negative shift in the Fe-3d band center in the structure of
Fe,NgOH-Cy-N,,, confirms that the optimized adsorption
energy for ORR can be attributed to the weaker binding
interaction between the Fe sites and OH* intermediate.
Besides, the higher total density of states can be observed in
Fe,NgOH-C,-N,, near the Fermi level, demonstrating the bet-
ter electron conductivity.

Additionally, studying the mechanism of ORR stability is
equally crucial. It is commonly believed that the demetallation

Energy Environ. Sci., 2024,17, 8722-8733 | 8729
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of metal sites from the carbon host is the main reason for the
degradation in catalytic activity. Therefore, the dissolution
energy barrier of the Fe atoms (AGgisso) in the FeN, and
Fe,Ns systems was calculated, as presented in Fig. 1f and
Table S1 (ESIt). A higher AGgiss, value was found for the
Fe,Ng system, suggesting its better ORR stability. Moreover,
the introduction of carbon holes and pyridinic-N also proved to
be favorable for the anti-dissolving of Fe sites. To uncover the
anti-dissolving origin of the Fe sites in DACs, an in-depth
electronic structure analysis was further performed. The crystal
orbital Hamilton population (COHP) analysis was utilized to
quantitatively compare the orbit interaction of the chemical
bonds, which is regarded as a descriptor of demetallation. As
shown in Fig. 4e and Table S9 (ESIf), the negative area of
integrated COHP (-ICOHP) for the Fe-N bond increased from
9.567 eV in the FeN,~Cp-Np, structure to 10.747 eV in
Fe,N¢OH-C,-Ny,, indicating the stronger Fe-N orbital inter-
action and bond strength in the latter case. Moreover, the
unique Fe-Fe bond in Fe,NgOH-C,-Np,, can also have a positive
contribution (0.373 eV) to the total orbit interaction. By further
projecting to each orbital angular momentum, discovered that
the enhanced o interaction of Fe-N plays a dominant role in
strengthening the orbital interaction, as seen in Fig. 4f and
Table S10 (ESIt). Certainly, we cannot ignore the influence of
the unique Fe-Fe bond in the Fe,NsOH-C,-N,,, structure.
In this case, the Fe 4s-4s interaction creates partially filled
bonding orbitals, which provide significant bonding stability,
as shown in Table S11 (ESIT). In addition, the d-orbital splitting
manner in Fig. 4g indicates that the Fe d,,d,, interaction
produces bonding and antibonding orbitals. The bonding
orbitals filled with electrons contribute a large positive -COHP.
In contrast, the strong antibonding orbital is lifted above the
Fermi level, causing electron refluxing and fewer electrons
filling the antibonding orbitals. Given that the antibonding
orbitals only contribute negligible negative -COHP, the Fe d,,~
d,, interaction also possesses remarkable contribution to the
structure stability (Table S11, ESIt). Besides, the electrostatic
potential with the atomic charge was also calculated to assess
the electrostatic interaction between the Fe and N atoms
(Fig. 4h and Table S12, ESIf). As displayed in Fig. 4h, the
electrostatic potential is enhanced in Fe,NsOH-C,-N,,, mainly
because the neighboring Fe** atom affects the atomic charge of
the Fe** (more positive) and N atoms (more negative). In terms
of the aforementioned theoretical support, we can conclude
that the high stabilization of DACs can be primarily attributed
to the enhanced orbital interaction (o interaction of Fe-N,
4s-4s and d,,-d,, interaction of Fe-Fe) and electrostatic force
between the Fe and N atoms.

Inspired by the excellent ORR performance of the Fe,Ns-
CMPCF catalyst, its practical application in ZABs was further
investigated. In comparison to the conventional powder-like
catalysts prepared through drop-casting, the as-synthesized
Fe,Ns-CMPCF membranes could directly function as freestand-
ing air-electrodes for rechargeable ZABs. In the case of
the liquid-state ZAB utilizing the Fe,Ns-CMPCF membrane, it
demonstrated a high open-circuit potential of 1.57 V (Fig. $42, ESIY),
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outperforming that of RuO,/Pt-based ZABs (1.45 V). Moreover, it
exhibited a narrower charging/discharging voltage gap than
RuO,/Pt-based ZABs under identical current densities (Fig. S43,
ESIT), suggesting the enhanced electrocatalytic activity of Fe,N-
CMPCFs. Notably, the ZAB with the Fe,Ns,-CMPCF membranes
achieved an outstanding peak power density of 261.4 mW cm ™2,
as shown in Fig. 5a, which is superior to that of commercial
RuO,/Pt-based ZABs (102.9 mW cm ). In addition, Fig. 5b
shows the exceptional rate performance of the Fe,Ns-CMPCF-
based ZAB. It achieved a notable discharge voltage of 1.18 V at
the current density of 50 mA cm™ >, suppressing the benchmark
set by RuO,/Pt-based ZABs (1.14 V). Remarkably, even after
discharging at a high current density of 50 mA cm 2, the
Fe,Ns-CMPCF-based ZAB swiftly recovered to a steady discharge
voltage, implying its outstanding rate performance. To further
demonstrate its remarkable rate capability, its discharge-charge
curve at various current densities ranging from 5 to 15 mA cm >
was recorded, as presented in Fig. S44 (ESIT). It is obvious that
the variation in the discharge-charge voltage plateaus was
minimal with an increase in the current density. Notably, it
could be easily recovered and maintained long-term stability as
the current density returned to 10 mA cm > Moreover, the
specific capacity of the Fe,Ng-CMPCF-based ZABs was calculated
to be 775 mA h g, ", which is superior to that of the RuO,/Pt-
based ZABs (705 mA h gz, ') at the current density of
10 mA cm %, as shown in Fig. 5c. The cycling stability
was evaluated by a continuous galvanostatic discharging—char-
ging test. The freestanding Fe,Ns,-CMPCF membrane-based
ZABs deliver an ultralong operation lifespan of over 4800 h at
5 mA cm™?, which is superior to that of the RuO,/Pt-based ZABs
(500 h) (Fig. 5d and Fig. S45, ESIt). Notably, they could stably
operate with a minor widening voltage gap, and after replacing
the zinc plate and electrolyte, the voltage gap could be restored
to its original state (0.73 V). This excellent performance in liquid-
state ZABs has ascended to the top level among recent reports
(Table S13, ESIt). To further assess the stability of the ZABs
under different environmental conditions, cycling tests were
conducted at different temperatures. As shown in Fig. S46 (ESIT),
even under high-temperature (50 °C) and low-temperature
(=10 °C) conditions, the ZABs using the Fe,Ns-CMPCF mem-
branes could still operate stably for a long period.

The Fe,Ns-CMPCF membrane after the long-term operation
was further characterized. The SEM images in Fig. S47 (ESIt)
show that the cross-linked carbon fibers were well-preserved
after 4800 h of cycling. Some impurities, possibly KOH or
KHCO; from the electrolyte, were observed on the surface of
the carbon fibers. The AC-HAADF-STEM images in Fig. S48
(ESIY) display that the fibrous structure was well-reserved with
no noticeable Fe aggregation. Notably, a high ratio of dual-
single-atomic sites could be detected, up to approximately 77%,
demonstrating its remarkable anti-dissolving effect. Addition-
ally, the Fe 2p XPS spectra displayed that the Fe element
maintained its oxidation state (Fe’* and Fe®) in Fe,Ng-
CMPCFs. Only a tiny positive shift in the Fe 2p;, peak
could be observed, indicating a slight decrease in the Fe**
percentage. (Fig. S49, ESIf). Furthermore, the Fe,Ns-CMPCF

This journal is © The Royal Society of Chemistry 2024
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cathodes. (h) Comparison of quasi-solid-state ZAB performance between Fe;Ng-CMPCFs and recently reported electrocatalysts.

membrane-based cathode even remained flexible after 4800 h,
as depicted in Fig. S50a (ESIT). In comparison, for the RuO,/Pt
powder-based cathodes, a significant portion of the catalyst
peeled off from the substrate and dissolved in the electrolyte
(Fig. S50b, ESIf). Thus, we can reasonably conclude that
powder-based catalysts are prone to peeling off from the sub-
strate during long-term cycling, which also serves as the primary
cause for their performance degradation. Besides, the O, adhesion
experiments demonstrated that the as-prepared Fe,Ns-CMPCF
membrane is highly aerophilic, which can promote the rapid
diffusion of O, bubbles across the interface (Fig. S51, ESIt). It is
believed that this characteristic can alleviate cathodic flooding, and
consequently improve the stability of ZABs. Therefore, in addition
to the anti-dissolving active sites, the advantages of the membrane-
based cathodes also play a significant role in achieving the durable
ZABs with a record 200-day lifespan.

Due to its inherent flexible and binder-free nature, the
Fe,Ns-CMPCF membrane also holds great potential for applica-
tion in wearable quasi-solid-state ZABs. The simplified sche-
matic in Fig. 5e displays the utilization of KOH/sodium

This journal is © The Royal Society of Chemistry 2024

polyacrylate (KOH/PANa) gel as the solid electrolyte and
Fe,Ns-CMPCF membrane as the freestanding cathode in a
quasi-solid-state ZAB. The as-assembled ZAB showed a smaller
gap between the discharge and charge polarization curves
compared to that of RuO,/Pt-based ZABs (Fig. S52, ESIf).
Additionally, it demonstrated a distinguished peak power den-
sity of 203.7 mW cm™?, outperforming the Pt/RuO, based ZAB
(96.1 mW cm™?), as shown in Fig. 5f. Furthermore, compared to
the Pt/RuO,-based ZAB, it demonstrated a higher voltage plat-
form of 1.23 V at 30 mA cm 2, as shown in Fig. $53 (ESI{),
indicating its excellent rate capability. Moreover, it could
operate stably for 160 h at 2 mA cm > without replacing the
hydrogel, as depicted in Fig. S54 (ESIt). Even at 5 mA cm ™2, it
still exhibited a steady discharge-charge cycling performance
(Fig. S55, ESIf). Notably, after changing the hydrogel, the
voltage gap of the ZAB could be restored significantly. In
contrast, the Pt/RuO,-based ZABs experienced rapid decay
within 40 h at 2 mA cm 2. Besides, it also exhibited consistent
discharge-charge curves with minimal variation under differ-
ent bending states, as shown in Fig. 5g. To showcase its
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potential application, it is noticeable that two sets of quasi-
solid-state batteries using the Fe,Ns-CMPCF membrane could
easily power two LED screens (Fig. S56, ESIT). Undoubtedly, its
remarkable performance also surpasses other reported quasi-
solid-state ZABs in recent years, as shown in Fig. 5h and Table
S14 (ESIY).

2. Conclusion

In summary, we successfully integrated dual-atomic Fe sites
within flexible carbon nanofibers as freestanding cathodes for
ZABs via a two-step NH;-assisted carbonization. The compre-
hensive characterization confirmed that Fe,N sites modified
with carbon holes and pyridinic-N were homogeneously dis-
persed throughout the carbon fibers. Thus, the resultant Fe,Ng-
CMPCEF catalyst demonstrated exceptional catalytic activity and
stability for ORR. Moreover, the ZABs assembled with the
freestanding Fe,Ns,-CMPCFs also exhibited an outstanding
peak power density for both liquid-state and quasi-solid-state
ZABs (261.4 and 203.7 mW cm™ >, respectively). Notably, they
delivered unprecedented durability for 4800 h without degrada-
tion in their performance. The theoretical simulation further
demonstrated that the Fe,Ng structure possesses a remarkable
anti-dissolving capacity, especially after decorating with carbon
holes and pyridinic-N, which can alleviate the demetallation of
the Fe atoms during long-term electrocatalysis. In addition, the
aerophilic membrane-based cathodes can avoid the possible
peeling off and cathodic flooding, which also promote the
durability of ZABs. This study yielded valuable insights into
the underlying mechanism for the stabilization of the dual
single atoms and the design of freestanding air cathodes.
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