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ABSTRACT 

Fe-N-C catalysts have emerged as a promising substitute for the expensive Pt/C to boost the oxygen 
reduction reaction (ORR). However, conventional Fe-N4 active sites, which generally feature a low-spin 
configuration, s trongly adsorb oxygen intermediates and necessitate structural optimization of the active 
sites for improved performance. Herein, graphitic nitrogen (NGC ) adjacent to the Fe-N4 centers is 
straightforwardly introduced to modulate the spin state of Fe-N-C catalysts after elucidating the influence of 
nitrogen species on the Fe-N4 sites. Theoretical calculations demonstrate that the adjacent NGC can 
effectively regulate the spin state of the active Fe sites, which enables electron fil ling from Fe to the 
anti-bonding π* orbital of oxygen species and optimizes the *OH desorption for accelerated ORR. Inspired 
by this, such catalysts are cost-effectively prepared by a rational combination of electrospinning and 
controlled thermal annealing using inexpensive precursors. The optimal catalyst shows superior ORR 

activity to the benchmark Pt/C, and excellent durability, with a minor voltage decay of 11 mV after 10 0 0 0 
cycles. The spin-state-promoted performance enhancement is confirmed by a series of in-situ 
characterizations. The remarkable performance of the optimized catalyst is further confirmed in Zn-air 
batteries (ZABs) with a peak power density of 225 mW cm−2 . Moreover, quasi-solid ZABs using this 
catalyst realize excellent performance even under bending conditions and successfully power electronic 
devices, including a mobile phone and an electronic watch. This work correlates the spin state of catalysts 
and oxygen reduction performance, providing an alternative strategy for regulating the performance of 
electrocatalysts as well as promoting their application in wearable electronics. 

Keywords: oxygen reduction reaction, Fe-N-C, graphitic nitrogen, spin state, Zn-air battery 

I
G  

c  

v  

c  

t  

r  

Z  

d  

t  

s  

c

mercial Pt/C shows high ORR activity, the scarcity 
and high cost of Pt largely hinders its widespread 
application [11 ,12 ]. Consequently, developing alter- 
natives to Pt/C with non-precious metals for accel- 
erated ORR kinetics is urgently required. 

Recently, emerging transition metal-nitrogen- 
carbon (M-N-C) catalysts, in which the active metal 
is typically coordinated by four pyridinic N sites, 
especially the Fe-N-C variant, have stood out as 
promising candidates to replace the commercial 
Pt/C catalyst for enhanced ORR [13 –15 ]. The 
bond strength between the oxygen-containing 
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NTRODUCTION 

lobal efforts to address the challenges of climate
hange and the energy crisis have expedited the de-
elopment of electrochemical energy storage and
onversion technologies [1 –5 ]. The oxygen reduc-
ion reaction (ORR), a key process for many energy-
elated electrochemical technologies, for example
n-air batteries (ZABs), has thus aroused tremen-
ous interest in the past decade [6 –9 ]. However,
he ORR entails multi-electron-proton transfer with
luggish kinetics, thus demanding efficient electro-

atalysts to accelerate the ORR [10 ]. Although com- 
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ntermediates and the active Fe sites, a crucial factor
hat determines ORR performance, is largely depen-
ent on the electron occupancy at the 3 d orbital of
e, alternatively the spin state [16 –18 ]. The typical
e-N4 configurations of Fe-N-C catalysts exhibit
n empty anti-bonding orbital because of the large
lectronegativity of the coordinated N species. Con-
equently, the Fe in such a Fe-N-C configuration
s generally at a low spin state (LS, t2g 5eg 0), which
trongly adsorbs the oxygen intermediates and
mpedes the subsequent steps of ORR [19 ]. Recent
esearch has suggested that an effective approach to
ddressing the strong adsorption issue is to modu-
ate the low spin state of active Fe sites, which can be
chieved by introducing foreign species adjacent to
he Fe-N4 centers. The foreign species surrounding
he coordinated single atomic metal centers can reg-
late the distribution of electrons in the 3 d orbital
f the metal, modulating the adsorption/desorption
ehavior of the active metals due to their adjusted
pin states [20 ,21 ]. Wang’s team implanted Fe clus-
ers around the Fe-N4 centers to introduce electrons
nto the dz 2 orbital of atomically dispersed Fe,
ontributing to boosted ORR activity [19 ]. Zhang’s
esearch group introduced Mn single atoms adjacent
o Fe to form a dual-metal atomically dispersed
onfiguration and observed an essential ly faci litated
dsorption of the oxygen species at the active Fe sites
22 ]. Zhai proposed that S doping can effectively
egulate the spin state of atomically dispersed Fe for
unable ORR activity [23 ]. Despite these advances,
traightforward and cost-effective methods for spin
egulation are sti l l urgently needed [19 ,24 ]. Typical
yntheses of Fe-N-C catalysts involve thermal
nnealing of the mixture containing metal salts
nd organic precursors as nitrogen and carbon
ources [25 –27 ]. The nitrogen content generally
verwhelms the required amount to coordinate
e, and the as-obtained catalysts, in fact, contain
uite some nitrogen species such as pyrrolic ni-
rogen and pyridinic nitrogen in the surroundings
f the Fe-N4 centers. The nitrogen species around
e-N4 potentially have the ability to regulate the
pin configuration of the active centers, and a clear
nderstanding of the relationship between them
ould contribute to an effective approach to spin
egulation of the Fe-N4 centers. Nevertheless, the
ctual mechanism sti l l remains elusive. 
Herein, we systematically investigated the influ-

nce of nitrogen species on the spin state and ORR
ctivity of Fe-N4 centers, with adjacent graphitic ni-
rogen (NGC ) being the most favorable in terms of
egulating ORR activity. Specifically, the NGC can in-
uce electron delocalization in the 3 d orbital of Fe
ites to optimize the adsorption and desorption of
xygen intermediates. To deliberately implant NGC 
Page 2 of 11
surrounding the Fe-N4 centers, the Fe-N4 -C cata- 
lysts with a high nitrogen content are annealed at 
a higher temperature whereupon part of other ni- 
trogen species are directionally converted into NGC . 
Systematic structure analysis proposes the successful 
production of the Fe-N4 -C with adjacent NGC (de- 
noted as Fe-N4 /NGC -C). Moreover, electron para- 
magnetic resonance (EPR) spectroscopy combined 
with magnetic characterization confirms a spin tran- 
sition from a low to high state after the introduction 
of NGC . Consequently, the Fe-N4 /NGC -C catalyst 
demonstrates superior ORR performance and signif- 
icant durability (voltage attenuation of only 11 mV 

after 10 0 0 0 cycles) compared with the commercial 
Pt/C. Then, in-situ electrochemical impedance spec- 
troscopy (EIS), in-situ attenuated total reflectance 
surface-enhanced infrared absorption spectroscopy 
(ATR-SEIRAS) and in-situ Raman were employed 
to monitor the ORR process, in which the facilitated 
O2 adsorption and *OH desorption are observed. 
Moreover, the Fe-N4 /NGC -C was used as the cath- 
ode catalyst for ZABs using liquid and quasi-solid 
electrolytes, separately, which can deliver an unex- 
ceptionable high peak density of 225 and 136 mW 

cm−2 , respectively. Quasi-solid counterparts with 
the Fe-N4 /NGC -C catalyst can even work smoothly 
at bent conditions and power electronic devices in- 
cluding mobile phones and electronic watches. 

RESULTS AND DISCUSSION 

Theoretical calculation 

To explore the impact of different adjacent nitrogen 
species on the ORR performance of the Fe-N4 -C, 
density functional theory (DFT) calculations were 
conducted on Fe-N4 -C and a series of structures with 
different nitrogen species implanted adjacent to the 
Fe-N4 centers, including pyrrolic N (denoted as Fe- 
N4 /NPR -C), pyridinic N (Fe-N4 /NPD -C), oxidized 
N (Fe-N4 /NON 

-C) and graphitic N (Fe-N4 /NGC - 
C) (Fig. 1 a). The energy variation of the ORR was
evaluated after the intermediates were adsorbed on 
different models ( Figs S1–S5 in the online supple- 
mentary data). Figure 1 b and Tables S1 and S2 il- 
lustrate the Gibbs free energy of oxygen-containing- 
species adsorption on the aforementioned structures 
at different potentials. With the potential U = 0 V, 
all catalysts show a downward trend in the reac- 
tion path, indicating the thermodynamically favor- 
able feature. When the potential increases to 1.23 V, 
the final step of (*OH + e– → OH– + *) is rate 
determining, in which the desorption energy of Fe- 
N4 -C is 0.49 eV for the release of *OH. Compared 
with other catalysts, the desorption of *OH in Fe- 
N4 /NGC -C is optimized to 0.46 V, which facilitates 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
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Figure 1. (a) Structure models of Fe-N4 -C with different adjacent N species including Fe-N4 /NPR -C, Fe-N4 /NPD -C, Fe-N4 /NON - 
C and Fe-N4 /NGC -C. (b) Gibbs free energy diagrams of ORR on different structures at 0 V and 1.23 V. (c) PDOS of the 3 d orbitals 
analysis at the Fe site for Fe-N4 -C and Fe-N4 /NGC -C. (d) The length variation of the O-O bond and Fe-O bond with O2 and *OH 
adsorbed on Fe-N4 -C and Fe-N4 /NGC -C. The Bader charges transferred from Fe-N4 -C and Fe-N4 /NGC -C to (e) O2 and (f) *OH. 
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he ORR kinetics. To further demonstrate the ef-
ect of NGC on ORR performance, Fe-N4 /NGC -C
tructures with NGC at different sites were built ( Fig.
6). As shown in Fig. S7, all the Fe-N4 /NGC -C cat-
lysts show a lower barrier for ORR than Fe-N4 -
, which confirms that the presence of NGC has
 significant effect on the catalytic performance of
e-N4 -C. 
According to molecular orbital theory, partially

acant 3 d orbitals of metal sites are necessary to
orm bonds with O2 [20 ,28 ]. The projected den-
ity of states (PDOS) of Fe 3 d orbitals in the Fe-
4 -C and Fe- N4 /NGC -C models (Fig. 1 c) was thus
ompared, both of which exhibit spin-up and spin-
own densities. Specifically, Fe-N4 /NGC -C shows a
arger spin-polarized region, indicating a higher oc-
upancy of spin-polarized electrons in the 3 d or-
itals. These spin-polarized electrons help bind to
wo unpaired π* electrons in the triplet O2 with
he same spin orientation, thereby enhancing the ad-
orption of O2 at the initial step of the ORR [29 ].
n addition, the d -band center of Fe-N4 /NGC -C
Page 3 of 11
( −1.151 eV) is shifted downward compared to that 
of the Fe-N4 -C ( −0.602 eV), which means that 
the Fe-N4 /NGC -C catalyst can efficiently desorb the 
subsequent oxygen-containing intermediates to pro- 
mote the continuity of the ORR [30 ]. 

To intuitively understand the effect of NGC on 
ORR activity, we calculated the differential charge 
density and Bader charge of different models. As 
shown in Fig. 1 d and e, the charge density difference
between Fe and O2 indicates that more electrons 
are transferred from Fe-N4 /NGC -C (0.39 e) to O2 
compared to Fe-N4 -C (0.32 e), enabling a longer O- 
O bond on Fe-N4 /NGC - C. In contrast, the electron 
transfer from the catalyst to *OH is reduced from
0.52 e for Fe-N4 -C to 0.48 e for Fe-N4 /NGC -C, sug-
gesting a weaker adsorption of *OH on Fe-N4 /NGC - 
C (Fig. 1 f). Meanwhile, the Fe-O bond between the
adsorbed *OH intermediate and Fe-N4 /NGC -C is 
longer than that in the Fe-N4 -C catalyst (Fig. 1 d).
This facilitates the rapid dissociation of the Fe-OH 

bond for re-exposing the active sites, essentially pro- 
moting the 4-electron reaction process. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
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Figure 2. (a) Digital image of Fe-N4 /NGC -C. (b) SEM, (c) TEM, (d) HR-TEM, (e) AC HAADF-STEM, and (f) EDS elemental mapping 
images of Fe-N4 /NGC -C. 
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ynthesis and characterization 

ompared with other nitrogen species, NGC is more
hermally stable. Therefore, by simply annealing the
s-prepared Fe-N4 -C catalysts at a higher tempera-
ure, part of the uncoordinated nitrogen wi l l be con-
erted into the thermally stable NGC near the cat-
lytic active center [31 ]. Alternatively, the thermally
nstable nitrogen species would be released to react
ith the carbon matrix, contributing to NGC [32 ].
o synthesize such a structure, a precursor solution
ontaining Fe doped zeolitic imidazolate framework-
 (Fe-ZIF-8) ( Fig. S8), polyacrylonitrile (PAN) and
oly vinyl py rrolidone (PVP) was firstly electrospun
o produce self-supported nanofibers, which were
hen stabilized and carbonized at 800°C to form Fe-
4 -C. Following this, an additional annealing step at
 higher temperature was conducted to deliberately
ntroduce NGC . Compared to other strategies for reg-
lating active centers, this process, which uses inex-
ensive precursors ( Table S3) and a simple synthesis
ethod, is more straightforward and cost effective. 
The morphology of Fe-N4 -C and structures

btained at higher temperatures are compared in
ig. S9. All these structures show interconnected net-
orks made of uniform nanofibers. Nevertheless, the
bers begin to fracture at the annealing temperature
f 1100°C ( Fig. S9i and j). To highlight the impact of
GC and reduce the influence of other factors, such
s residual Zn ( Fig. S10), the analysis is then mainly
ocused on the structure obtained at 10 0 0°C [33 ].
he as-obtained Fe-N4 /NGC -C at 10 0 0°C shows
emarkable flexibility, maintaining an intact sheet
tructure even under bending stress (Fig. 2 a and
ideo S1). In addition, carbon nanofibers (CNFs)
Page 4 of 11
as a reference structure was also prepared using an 
identical method to Fe-N4 /NGC -C except for the 
absence of Fe in the precursor. The scanning elec- 
tron microscopy (SEM) images of CNFs ( Fig. S9a 
and b), Fe-N4 -C ( Fig. S9c and d) and Fe-N4 /NGC -C 

(Fig. 2 b, and S9g and h) at higher magnification re-
veal rough surfaces that may facilitate the exposure 
of active sites. The micropores inherited from ZIF, 
as well as the mesopores left by PVP pyrolysis and 
Zn evaporation together constitute the hierarchical 
porous characteristics of Fe-N4 /NGC -C, as depicted 
in the transmission electron microscopy (TEM) im- 
ages (Fig. 2 c and Fig. S11) [34 ]. The X-ray diffraction 
(XRD) patterns show only a broad diffraction peak 
for Fe-N4 -C and Fe-N4 /NGC -C, confirming their 
amorphous nature ( Fig. S12). The content of Fe was 
determined by inductively coupled plasma optical 
emission spectroscopy (ICP-OES) as 0.52 wt% and 
0.54 wt% for Fe-N4 -C and Fe-N4 /NGC -C, respec- 
tively. The metal species are uniformly distributed 
without aggregations from high-resolution transmis- 
sion electron microscopy (HR-TEM) (Fig. 2 d), in- 
dicating atomically dispersed Fe species. Atomic- 
column high-angle annular dark-field scanning trans- 
mission electron microscopy (AC HAADF-STEM) 
analysis of the Fe-N4 /NGC -C structure (Fig. 2 e) 
displays isolated bright spots, highlighted by the 
red circles, representing the atomically dispersed 
Fe. Energy dispersive X-ray spectrometer (EDS) 
elemental mapping reveals a uniform distribution 
of Fe, C and N in the whole carbon skeleton 
(Fig. 2 f). 

The chemical state of the catalysts was then 
analyzed using different spectral technologies. As 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data


Natl Sci Rev, 2025, Vol. 12, nwaf061

a b e

c d

f g h

408 406 404 402 400 398 396

N 1s

Pyridinic-N

Pyrrolic-N
Fe-N

G
ra

ph
itic

-N

In
te

ns
ity

(a
.u

.)

Binding energy (eV)

Oxidized-N

Figure 3. (a) N 1 s XPS spectra of Fe-N4 /NGC -C. (b) XANES of the Fe K-edge, and (c) FT-EXAFS in the R space of Fe-N4 /NGC -C 
and reference samples. (d) FT-EXAFS fitting curve at the Fe K-edge of Fe-N4 /NGC -C. (e) Wavelet transforms for the k2 -weighted 
Fe K-edge EXAFS signals for Fe-N4 /NGC -C and reference samples. (f) EPR spectra of the Fe-N4 -C and Fe-N4 /NGC -C. Magnetic 
susceptibility of (g) Fe-N4 -C and (h) Fe-N4 /NGC -C. 
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ompared to the X-ray photoelectron spectroscopy
XPS) of Fe-N4 -C and Fe-N4 /NGC -C, a much
igher content of NGC is observed for Fe-N4 /NGC -
 (Fig. 3 a, Fig. S14, and Table S4). In addition to
he nitrogen species coordinated with Fe, the NGC 
epresents the dominant N species for the Fe-
4 /NGC -C. After a second thermal annealing at a
igher temperature, the Fe-N4 /NGC -C exhibits a
etter thermal stability ( Fig. S15) and higher graphi-
ization degree ( Fig. S16), which could result in im-
roved electron transfer and durability for the cata-
yst. To further explore the valence state and coordi-
ation structure of Fe in Fe-N4 -C and Fe-N4 /NGC -
, the K-edge X-ray absorption spectroscopy (XAS)
f Fe was measured using fluorescence mode. The
alence state of Fe in Fe-N4 -C and Fe-N4 /NGC -C
as determined through normalized Fe K-edge X-
ay absorption near edge spectroscopy (XANES)
ata (Fig. 3 b). The Fe K-edge XANES spectra of Fe-
4 -C and Fe- N4 /NGC -C are situated between those
f the Fe foil and Fe2 O3 standard sample, closely re-
Page 5 of 11
sembling that of FePc, which indicates the presence 
of cationic Fe states in the samples [35 ]. The valence 
state of Fe was estimated from the derivative spec- 
trum of XANES, as shown in the inset of Fig. 3 b. The
average valence state of Fe in Fe-N4 /NGC -C is pre- 
dominantly between + 2 and + 3, and close to + 3.
The Fourier transform (FT) k2 -weighted extended 
X-ray absorption fine structure (EXAFS) spectra of 
the catalysts were further analyzed (Fig. 3 c). The Fe- 
N4 /NGC -C catalyst shows a prominent peak associ- 
ated with the Fe-N first coordination shell at ∼1.4 Å. 
No Fe-Fe coordination peak was detected, indicat- 
ing that Fe is atomically dispersed, consistent with 
the results of the AC HAADF-STEM analysis. Fit- 
ting the EXAFS curves permits the quantitative anal- 
ysis of structural parameters around the Fe centers 
(Fig. 3 d, Fig. S17, and Table S5), and a coordination 
number of 4 is observed for both Fe-N in Fe-N4 -C
and Fe-N4 /NGC -C. The EXAFS wavelet transform 

(WT) spectra show contour lines similar to those of 
FePc, further confirming the existence of the Fe-N 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
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Figure 4. ORR activity of the Fe-N4 /NGC -C catalyst in O2 -saturated 0.1 M KOH solution. (a) LSV curves, (b) Eonset and E1/2 vs. 
RHE, (c) the corresponding Tafel plots, and (d) the variation of current densities at different scan rates for Fe-N4 /NGC -C and 
reference samples. (e) Comparisons of Jk (at 0.80 V and 0.85 V), TOF and MA of Fe-N4 /NGC -C, Fe-N4 -C and Pt/C. (f) The number 
of electron transfers (n) and the yield of H2 O2 for the related samples. (g) ORR polarization LSV curves of Fe-N4 /NGC -C before 
and after 10 000 potential cycles at a scan rate of 100 mV s−1 . (h) Comparison of E1/2 loss of recently reported catalysts in 
O2 -saturated 0.1 M KOH solution ( Table S7). 
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oordination pathway in Fe-N4 -C and Fe-N4 /NGC -
 (Fig. 3 e and Fig. S18). 
Numerous studies indicate that the electrocat-

lytic performance of Fe-N4 -C catalysts is closely re-
ated to the 3 d electron configuration of Fe [19 ,36 ].
o elucidate the electron configuration of the 3 d or-
itals in Fe, EPR and magnetic susceptibility were
mployed. An EPR signal corresponding to the
igh-spin state of Fe3 + (HS, S = 5/2) appears at
 = 2.088 (Fig. 3 f) [37 ,38 ]. Compared with Fe-
4 -C, the mass-normalized EPR signal intensity of
e-N4 /NGC -C is much higher, indicating that the
GC triggers the spin state transition. In addition,
he EPR spectrum of CNFs only shows the car-
on signal at g = 2.003 ( Fig. S22). The EPR find-
ngs align well with the effective magnetic moment
 μeff) calculated based on Langevin theory, with val-
es of 5.82 µB and 2.16 µB for Fe-N4 /NGC -C and
e-N4 -C (Fig. 3 g and h), respectively. The corre-
ponding number of unpaired electrons ( n ) is 4.9
or Fe-N4 /NGC -C and 1.4 for Fe-N4 -C, according to
Page 6 of 11
the equation μeff
2 = n ( n + 2) µB 2 , further indicat- 

ing a high-spin configuration of Fe in Fe-N4 /NGC -C. 
High-spin Fe sites possess more unpaired electrons 
in eg orbitals, which facilitates penetration into the 
anti-bonding π* orbital of O2 . Additionally, the spin- 
orb it coupling effect between the high-spin Fe site 
and O2 promotes the formation of the Fe-O bond, 
thereby enhancing O2 adsorption [22 ]. 

Electrochemical ORR performance 

To evaluate the ORR activity of the catalyst with 
high spin state, cyclic voltammetry (CV) and linear 
sweep voltammetry (LSV) curves of Fe-N4 /NGC - 
C were compared with those of Fe-N4 -C, Pt/C and 
CNFs in O2 -saturated 0.1 M KOH solution. The 
CV curves ( Fig. S24) show that the Fe-N4 /NGC - 
C catalyst exhibits a higher oxygen reduction peak 
than other catalysts, confirming its higher ORR ac- 
tivity. Meanwhile, the LSV results (Fig. 4 a and b, 
and Fig. S25) reveal that Fe-N4 /NGC -C displays an 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
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xceptional initial potential ( Eonset ) of 0.99 V vs.
eversible hydrogen electrode (RHE) and a half-
ave potential ( E1/2 ) of 0.87 V vs. RHE. The Tafel
lope (Fig. 4 c) of Fe-N4 /NGC -C (75.72 mV dec−1 )
s smaller than that of CNFs (92.91 mV dec−1 ),
e-N4 -C (90.63 mV dec−1 ) and Pt/C (77.75 mV
ec−1 ). The electrochemical surface area (ECSA) of
he catalyst was determined through its linear cor-
elation with electrochemical double-layer capaci-
ance ( Cdl ). The Cdl value (Fig. 4 d and Fig. S26) for
e-N4 /NGC -C (14.92 mF cm−2 ) surpasses that of
NFs (10.86 mF cm−2 ), Fe-N4 -C (7.27 mF cm−2 )
nd Pt/C (9.68 mF cm−2 ). As shown in Fig. 4 e and
able S6, Fe-N4 /NGC -C demonstrates the highest
inetic current density ( Jk ) at 0.80 and 0.85 V vs.
HE, with values of 24.76 and 8.13 mA cm−2 , respec-
ively, superior to Fe-N4 -C (8.66 mA cm−2 , 2.91 mA
m−2 ) and Pt/C (21.90 mA cm−2 , 6.25 mA cm−2 ).
otably, Fe-N4 /NGC -C exhibits higher mass activ-
ty (MA) and turnover frequency (TOF) than other
atalysts, confirming its excellent ORR performance.
n conjunction with the structural analysis, the vari-
tion trend of the activity among these catalysts in-
icates that ORR performance, in our case, is mainly
ependent on the Fe-N4 -C centers, instead of other
tructural features, such as the residual Zn. 
The ORR pathway of Fe-N4 /NGC -C was eval-

ated by conducting LSV curves at various rotat-
ng speeds ( Fig. S27). The Koutecky-Levich (K-L)
lot indicates a well-defined linear relationship in
he limiting current density ( JL ) region, confirming
rst-order reaction kinetics in relation to the con-
entration of dissolved oxygen [39 ]. The Eonset re-
ains unchanged at different rotating speeds, while
he JL gradually increases with an elevation of rotat-
ng speed due to a reduction in concentration po-
arization at higher rotating speeds [29 ]. The aver-
ge electron transfer number ( n ) of Fe-N4 /NGC -C,
alculated using the K-L equation at different poten-
ials, is 3.99, close to the theoretical value of 4 for the
irect 4 e– reaction pathway. The n and H2 O2 yields
ere further evaluated through the rotating ring disk
lectrode (Fig. 4 f), yielding results consistent with
he K-L results. In the potential range of 0.2–0.9 V vs.
HE, Fe-N4 /NGC -C achieves an H2 O2 yield below
%, demonstrating high selectivity towards OH− in
he ORR reaction, which may ensure long-term sta-
ility for use as the cathode catalyst of ZABs [40 ].
he durability of Fe-N4 /NGC -C was also assessed.
fter 10 0 0 0 accelerated CV cycles, the E1/2 of Fe-
4 /NGC -C only exhibits a negligible decay of 11 mV
Fig. 4 g), which surpasses most of the previously
eported catalysts under similar conditions (Fig. 4 h
nd Table S7). Such excellent stability could be at-
ributed to improved structural stability after high-

emperature annealing. 
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Mechanism of electrocatalytic ORR 

To gain insight into the enhanced ORR activity of 
Fe-N4 /NGC -C, a series of in-situ characterizations, 
including EIS, ATR-SEIRAS and Raman measure- 
ments, were conducted in a 0.1 M KOH solution 
saturated with O2 . EIS tests were conducted at 
different potentials in the frequency range of 0.1 Hz 
to 0.1 MHz (Fig. 5 a and Fig. S31a), and the Nyquist
plots were then fitted into an equivalent circuit 
model ( Fig. S32). The fitting parameters are shown 
in Tables S8 and S9. Specifically, Rs represents the 
solution resistance, while Rct and Rmt correspond 
to the charge transfer resistance and diffusion re- 
sistance, respectively. The correlation between the 
applied potential and Rct , as well as Rmt , can reveal
the kinetics characteristics of oxygen-related species 
evolution [41 ,42 ]. As shown in Fig. 5 b and c, in the
dynamic control region (1 V vs. RHE), both Rct and 
Rmt values are high due to the weak charge transfer 
between the electrode and the reaction interface. As 
the potential decreases, the Rct drops significantly. 
When the applied potential reaches E1/2 , both Rct 
and Rmt attain their minimum values, indicating that 
direct oxygen reduction occurs on the electrode 
surface, agreeing well with the experimental obser- 
vations [43 ]. When the applied potential falls below 

E1/2 , diffusion control becomes dominant, leading 
to a gradual increase in Rct and Rmt because of H2 O 

formation and desorption at the electrode surface. 
Compared with the Fe-N4 -C catalyst (Fig. 5 d and 
Fig. S31b), the Fe-N4 /NGC -C exhibits a smaller arc 
radius at E1/2 , meaning higher electronic transfer 
efficienc y. This behav ior can be attributed to the
facilitated electron transfer through the spin channel 
enabled by the high-spin Fe, thereby enhancing 
the catalytic activity of Fe-N4 /NGC -C [44 ]. At 
high potentials, the disparity in Rct values between 
Fe-N4 -C and Fe-N4 /NGC -C further underscores the 
optimization of the coordination environment at the 
Fe sites in Fe-N4 /NGC -C, improving O2 adsorption, 
accelerating intermediate formation, and enhancing 
*OH desorption, consistent with DFT calculations 
[44 ,45 ]. In-situ ATR-SEIRAS and in-situ Raman 
measurements were also carried out to elucidate key 
intermediates and structural evolution. As depicted 
in Fig. 5 e, the absorbance intensity at 3220 cm−1
during ATR-SEIRAS measurements positively cor- 
relates with the applied overpotential, correspond- 
ing to the stretching vibration mode of the adsorbed 
OH species. The weaker absorption signals suggest 
that the active sites facilitate rapid desorption after 
the *OH adsorption, enhancing the kinetics of the 
4-electron transfer process. Additionally, a peak 
related to the bending vibrational mode of OH 

within H2 O molecules, observed at 1680 cm−1, may 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
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e associated with the adsorption of H2 O during the
RR [46 ]. In-situ Raman spectra provide the bond-

ng information of oxygen-containing intermediates
Fig. 5 f and g). The peak at 827 cm−1 is ascribed to
he asymmetric stretching mode of oxygen in the
-Fe-O bond [47 ]. As the overpotential decreases
o 0.2 V vs. RHE, two additional peaks emerge at
150 and 1530 cm−1 , attributed to the O-O stretch-
ng vibrations of O2 

– and *OOH, respectively [48 ].
he intensities of these peaks increased with the
ising overpotential, indicating a strong interaction
etween the active sites and both O2 

−/*OOH.
s shown in Fig. 5 h, the ratios of ID /IG for Fe-
4 /NGC -C decrease with increasing overpotential,
uggesting dislocation within the carbon matrix
46 ]. These findings offer valuable insights into the
RR mechanism for Fe-N-C electrocatalysts. 

n-air batteries 
o demonstrate the practical performance of Fe-
4 /NGC -C, ZABs with Fe-N4 /NGC -C as the cath-
Page 8 of 11
ode catalyst were assembled using both liquid and 
quasi-solid electrolytes ( Fig. S34a and Fig. 6 d). The 
ZAB using a liquid electrolyte with the Fe-N4 /NGC - 
C catalyst has a high open circuit voltage (OCV) 
of 1.48 V (Fig. 6 a), capable of powering an elec-
tronic timer for several hours ( Fig. S34c). It achieves 
a high peak power density of 225 mW cm−2 (Fig. 6 b)
and specific capacity of 812 mAh gZn −1 at 10 mA 

cm−2 ( Fig. S34d), outperforming the ZABs employ- 
ing CNFs (141 mW cm−2 and 602 mAh gZn −1 ), 
Fe-N4 -C (190 mW cm−2 and 782 mAh gZn −1 ), 
20% Pt/C catalysts (164 mW cm−2 and 733 mAh 
gZn −1 ), and most of the recently reported counter- 
parts using Fe-based ORR electrocatalysts (Fig. 6 c 
and Table S10). Additionally, this ZAB demonstrates 
superior charge-discharge cycle stability to the one 
employing a Pt/C catalyst ( Fig. S34e),with a smaller 
potential gap and sustained high stability over a con- 
tinuous charge-discharge test of at least 1200 cycles. 

As for the ZABs employing a quasi-liquid elec- 
trolyte (Fig. 6 d), the employment of Fe-N4 /NGC -C 

and Pt/C as the cathode catalysts contribute to an 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf061#supplementary-data
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Figure 6. Electrochemical performance of Fe-N4 /NGC -C in ZABs. (a) Open circuit potentials. (b) Charge and discharge polar- 
ization plots of the ZABs with Fe-N4 /NGC -C as the catalyst in an aqueous electrolyte with 6 M KOH and 0.2 M Zn(CH3 COO)2 . 
(c) Comparison of the specific capacity and power density of the ZABs using Fe-N4 /NGC -C catalysts and other catalysts listed 
in Table S10. (d) Structural illustration of a quasi-solid ZAB using a sodium polyacrylate (PANa) hydrogel electrolyte. (e) Open 
circuit potential of the quasi-solid ZABs with different catalysts. (f) Photograph of an electronic watch powered by two series- 
connected quasi-solid ZABs. (g) Current density discharge plots, (h) discharge polarization plots, and (i) specific capacity plots 
of the quasi-solid ZABs with Fe-N4 /NGC -C and Pt/C as the catalysts. (j) Long-term charge and discharge profiles at 10 mA cm–2 

under different bending angles for the quasi-solid ZABs with Fe-N4 /NGC -C as the catalyst. 
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CV of 1.43 V and 1.41 V, respectively (Fig. 6 e).
lexible quasi-solid ZABs using Fe-N4 /NGC -C cath-
de catalysts connected in series can power an elec-
ronic watch and even a mobile phone (Fig. 6 f and
ig. S35, and VideoS2). Along with the excellent rate
apability of the ZABs (Fig. 6 g and Table S11), their
eries connection could potentially serve as a pow-
rful charger. Moreover, the batteries, which mainly
onsist of biosafe components, permit them to be
ower candidates for wearable electronics [7 ]. The
Page 9 of 11
power density and specific capacity for the quasi- 
solid ZAB using Fe-N4 /NGC -C is much better than 
its counterpart with the Pt/C catalyst (94 mW cm−2 , 
690 mAh gZn −1 ) (Fig. 6 h and i). A stress bending
test was conducted on the quasi-solid ZAB (Fig. 6 j).
Despite minor voltage fluctuations under high stress, 
the battery promptly regains its original charging 
and discharging profile, highlighting its remarkable 
adaptability and potential as an energy source for 
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ONCLUSION 

n summary, we establish a correlation between the
RR activity of Fe-N-C catalysts and their spin state,
roposing a straightforward approach for spin regu-
ation. Specifically, the influence of nitrogen species
djacent to Fe-N4 centers on the ORR activity was
heoretically analyzed, showing that NGC can reg-
late the spin state of Fe sites to enhance activity.
his structure was then synthesized via a simple sec-
ndary annealing process, leveraging the different
hermal stabilities of diverse nitrogen species. Sys-
ematic structural characterizations confirmed the
uccessful fabrication of the Fe-N4 -C catalyst with
djacent NGC . The Fe-N4 /NGC -C catalyst possesses
 higher number of unpaired electrons, which can
enetrate the anti-bonding π* orbitals of O2 to effi-
iently activate the reactant. The *OH intermediate
t the Fe sites exhibits a longer, more easily desorbed
ond, enhancing the overall reaction efficiency. Con-
equently, the Fe-N4 /NGC -C catalyst exhibits sig-
ificantly improved ORR activity. The evolution of
xygen-containing species was monitored using a
ange of in-situ techniques, which aligned well with
heoretical predictions. To validate its practical ap-
lication, the Fe-N4 /NGC -C catalyst was employed
n ZABs, demonstrating superior performance com-
ared to batteries using a 20% Pt/C catalyst. This
ork offers valuable insights into the spin-dependent
ctivity of Fe-N-C catalysts and presents an alterna-
ive strategy to optimize noble-metal-free electrocat-
lysts. 
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