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Spin Regulation of Fe Single Site Induced 
by Adjacent Mg Site Achieving Excellent Oxygen 
Reduction Catalysis
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HIGHLIGHTS

•	 The FeMg–N–C dual-atom catalyst demonstrates excellent oxygen reduction reaction (ORR) performance, achieving notably high 
half-wave potentials of 1.004 V in alkaline and 0.881 V in acidic media.

•	 Adjacent Mg sites induce the spin state transition of Fe from low spin to medium spin, optimizing the adsorption of *O2 and desorp-
tion of *OH, thereby accelerating the 4-electron ORR pathway.

•	 The catalyst enables outstanding practical performance in energy devices, delivering peak power densities of 530.1 mW cm−2 in 
Zn–air batteries and 1.06 W cm−2 in H2–O2 fuel cells.

ABSTRACT  Metal–nitrogen–
carbon catalysts have emerged as 
promising alternatives to costly 
platinum group catalysts in fuel 
cells and metal–air batteries; how-
ever, further enhancement of their 
activity in both alkaline and acidic 
media is still required. Here, we 
present a FeMg–N–C dual-atom 
catalyst that demonstrates excellent 
oxygen reduction reaction (ORR) 
performance, achieving notably 
high half-wave potentials (E1/2) of 1.004 V in alkaline media and 0.881 V in acidic media. Additionally, the FeMg–N–C catalyst delivers 
peak power densities of 530.1 mW cm−2 in Zn–air cells and 1.06 W cm−2 in H2–O2 fuel cells. Experimental and theoretical analyses reveal 
that the enhanced ORR activity arises from the spin state transition of Fe sites from low spin to medium spin, induced by adjacent Mg sites. 
This medium-spin Fe site exhibits strong adsorption of *O2 and weak adsorption of *OH, effectively facilitating the initial ORR step and the 
removal of *OH. This work paves a novel pathway to design and construct well-performing electrocatalysts via the spin regulation strategy. 

KEYWORDS  Dual-atom catalyst; Spin regulation; Oxygen reduction; Excellent half-wave

 *	 Kunyue Leng, lengky@nwu.edu.cn; Xiaolin Li, lixiaolin0427@szpu.edu.cn; Xuejing Wang, wangxuejing@nwpu.edu.cn; Yunteng Qu, 
yuntengqu@nwu.edu.cn

1	 Collaborative Center on Photoelectric Technology and Nano Functional Materials, Institute of Photonics and Photon‑TechnologY, Northwest 
University, Xi’an 710069, People’s Republic of China

2	 Institute of Intelligent Manufacturing Technology, Shenzhen Polytechnic University, Shenzhen 518055, People’s Republic of China
3	 Institute for Advanced Study, Chengdu University, Chengdu 610106, People’s Republic of China
4	 Université Paris-Saclay, CentraleSupélec, ENS Paris-Saclay, CNRS, LMPS-Laboratoire de Mécanique Paris-Saclay, 8‑10 Rue Joliot‑Curie, 

91190 Gif‑sur‑Yvette, France
5	 School of Life Science and Technology, Northwestern Polytechnical University, 1 Dongxiang Road, Xi’an 710069, People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s40820-026-02143-6&domain=pdf


	 Nano-Micro Lett.          (2026) 18:291   291   Page 2 of 15

https://doi.org/10.1007/s40820-026-02143-6© The authors

1  Introduction

Electrocatalytic oxygen reduction reaction (ORR) is a dis-
tinctly important half-reaction for advanced energy con-
version devices, such as fuel cells and metal–air batter-
ies [1, 2]. The naturally sluggish ORR process due to the 
involvement of complicated multi-electron/multi-proton 
coupling pathway requires platinum group metals (i.e., 
Pt, Pd) as catalysts, but their high cost and low storage 
capacity severely impede large-scale application [3–5]. 
Therefore, identifying cost-effective and high-activity 
catalysts for ORR are urgently required [6, 7]. Toward 
this goal, metal–nitrogen–carbon single-atom catalysts 
(SACs), especially Fe–N–C, have been developed, but 
their intrinsic ORR activity still far from demands in 
energy conversion devices [8]. As known, a typical active 
site of Fe–N–C is identified as a carbon-hosted FeN4 moi-
ety, which presents weak adsorption with *O2 and strong 
adsorption with *OH [9]. It has been demonstrated the 
undesired adsorption energy with ORR intermediates 
can be attributed to the low-spin states of Fe sites (3d6, 
dxy

2dxz
2dyz

2dz
₂0) [10]. Given that ORR process involves 

the transformation of paramagnetic oxygen (O2) molecules 
to diamagnetic OH−/H2O, the ORR thermodynamics and 
kinetics is sensitive to spin states of activity site [11]. As a 
result, the spin configurations have become a new descrip-
tor linking catalyst structure and ORR activity, but the 
research on spin state regulation of catalyst still remains 
challenge.

Recent research findings demonstrate that nonmetal het-
eroatom doping (B, O, S, P, etc.) can alter the spin state 
of active sites of Fe–N–C, arising from distinct electron-
egativity between them and N [12, 13]. Another effective 
approach is to construct dual-atom catalysts (DACs), such 
as Fe–Co, Fe–Mn, Fe–Ru, and Fe–Ni, which offering a 
crucial synergetic effect to optimize the adsorption energy 
of intermediates and accelerate reaction kinetics [14–22]. 
It has been demonstrated the introduction of another het-
erometal could modulate the electronic spin state of Fe 
sites via coupling interactions, therefore promoting ORR 
catalytic activity [23, 24]. However, the current spin regu-
lation design of Fe-M DACs mainly focused on the d-block 
transition metals themselves. The similar valence orbit 
structure between Fe and others d-block metal may limit 
the range of spin states, thus leading to finite improvement 

of ORR performance. Very recently, the introduction of 
main group metal into Fe–N–C, such as Fe–Al, Fe–Sn, 
provides a novel idea for a wide range of electronic struc-
ture regulation [25–28]. However, the insight of spin con-
figuration regulating through main group metal remains 
elusive and still face the challenge of relatively low activ-
ity in alkaline and acid conditions compare with platinum 
group catalysts.

In this study, Mg is introduced to modulate the spin 
configuration of Fe by pyrolyzing a ZIF-8-based precursor 
containing Fe and Mg. The resulting FeMg–N–C catalyst 
features paired Mg–Fe sites in a FeMg–N6 configuration, 
where Fe and Mg single atoms are positioned adjacently 
by sharing two N atoms without forming direct Fe–Mg 
bonds. This dual-atom structure exhibits excellent ORR 
performance, achieving notably high half-wave potentials 
of 1.004 and 0.881 V in alkaline and acidic media, respec-
tively. Furthermore, it delivers peak power densities of 
530.1 mW cm−2 in Zn–air cells and 1.06 W cm−2 in H2–O2 
fuel cells. Experimental and theoretical studies reveal that 
Mg doping modifies the spin state of Fe from low spin 
to medium spin, optimizing the adsorption of key ORR 
intermediates on Fe and thereby enhancing the 4-electron 
ORR kinetics.

2 � Experimental Section

2.1 � Materials

Analytical grade 2-methylimidazole, zinc nitrate hexa-
hydrate (Zn(NO3)2·6H2O), iron nitrate nonahydrate 
(Fe(NO3)2·9H2O), and magnesium nitrate hexahydrate 
(Mg(NO3)2·6H2O) were purchased from Aladdin Indus-
trial Corporation. Methanol was purchased from Inno-
chem. All reagents were used as required without puri-
fication steps.

2.2 � Preparation of Catalysts

2.2.1 � Preparations of ZIF‑8

Firstly, 1.38  g of Zn(NO3)2·6H2O was dissolved into 
100 mL of methanol, and then, 100 mL of methanol con-
taining 3.245 g 2-methylimidazole was added into solution 
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under the condition of continuous ultrasound for 10 min 
at room temperature. After that, the mixture was stirred at 
room temperature for 24 h. The resulting precipitate was 
collected by centrifugation, rinsed repeatedly with metha-
nol, and vacuum-dried at 60 °C overnight. Finally, ZIF-8 
powder was obtained.

2.2.2 � Preparations of NC

ZIF-8 powder was pyrolyzed in a quartz tube furnace under 
nitrogen atmosphere. The thermal treatment was performed 
at 950 °C for 3 h with a controlled heating rate of 2 °C min−1 
to obtain NC powder.

2.2.3 � Preparations of FeMg‑ZIF‑8

A homogeneous precursor solution was prepared by dissolv-
ing Zn(NO3)2·6H2O, Fe(NO3)2·9H2O, and Mg(NO3)2·6H2O 
(molar ratio Zn:Fe:Mg = 25:1:1) in 100 mL methanol, main-
taining a total metal ion concentration of 5 mmol. Separately, a 
methanolic solution of 2-methylimidazole (3.245 g in 100 mL 
methanol) was rapidly added into solution. After that, the mix-
ture was stirred at room temperature for 24 h. The resulting 
precipitate was collected by centrifugation, rinsed repeatedly 
with methanol, and vacuum-dried at 60 °C overnight. Finally, 
FeMg-ZIF-8 powder was obtained.

2.2.4 � Preparations of FeMg–N–C

The as-synthesized FeMg-ZIF-8 precursor was pyrolyzed in a 
quartz tube furnace under nitrogen atmosphere. The thermal 
treatment was performed at 950 °C for 3 h with a controlled 
heating rate of 2 °C min−1 to obtain the FeMg–N–C catalyst.

2.2.5 � Preparations of Fe–N–C and Mg‑N–C

For the synthesis of Fe–N–C and Mg-N–C, sharing identical 
structure, all the steps are the same except for the absence of 
Mg(NO3)2·6H2O and Fe(NO3)2·9H2O, respectively.

2.3 � Physical Characterizations

Powder X-ray diffraction (XRD) patterns of samples 
were recorded on a Rigaku Miniflex-600 operating at 

40 kV voltage and 15 mA current with Cu Kα radiation 
(λ = 0.15406 nm). Transmission electron microscopy (TEM) 
images were recorded by a Hitachi-7700 working at 100 kV. 
The high-resolution TEM (HRTEM), high-angle annu-
lar dark-field scanning transmission electron microscopy 
(HAADF-STEM) images the corresponding electron energy-
loss spectroscopy (EELS) were recorded by a FEI Tecnai 
G2 F20 S-Twin high-resolution transmission electron micro-
scope working at 200 kV and on a JEOL JEM-ARM200F 
TEM/STEM with a spherical aberration corrector working 
at 300 kV. X-ray photoelectron spectroscopy (XPS) was 
collected on scanning X-ray microprobe (PHI 5000 Verasa, 
ULAC-PHI, Inc.) using Al Kα radiation. For the core-level 
spectra, the binding energies were calibrated using the C 1s 
feature located at 284.8 eV as the reference. Raman spectra 
were obtained via the inVia-Reflex system at a wavelength 
of 532 nm. The contents of Fe and Mg were detected by an 
inductively coupled plasma optical emission spectrometer 
(ICP–OES, iCAP 7400). X-ray absorption fine structure 
(XAFS) measurement and data analysis: XAFS spectra at 
the Fe K-edge was collected at the beamline 1W1B station 
of the Beijing Synchrotron Radiation Facility, China. The Fe 
K-edge and Mg K-edge X-ray absorption near-edge structure 
(XANES) data were recorded in a fluorescence mode. Cor-
responding metal foil and metal oxide were used as refer-
ences. The acquired extended X-ray absorption fine structure 
(EXAFS) data were extracted and processed according to 
the standard procedures using the ATHENA module imple-
mented in the IFEFFIT software packages. The k3-weighted 
EXAFS spectra were obtained by subtracting the post-edge 
background from the overall absorption and then normal-
izing with respect to the edge jump step. Electron paramag-
netic resonance (EPR) spectra were from Bruker A300. For 
zero-field-cooled (ZFC) measurements, the samples were 
exposed to a temperature range of 2 to 300 K at a rate of 
5 K min−1, while an external field of 1000 Oe was applied.

2.4 � Electrochemical Characterizations

All electrochemical measurements were taken on the CHI 
760E workstation (Shanghai Chenhua Instrument, China) 
within a three-electrode system. 0.1 M HClO4 and 0.1 M 
KOH were used as electrolytes for ORR measurement. 
Prior to measurements, oxygen or nitrogen was bubbled 
through the electrolyte for at least 30 min. The test system 
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was composed of the working electrode (RDE or RRDE), 
the reference electrode (Ag/AgCl), and the counter elec-
trode (platinum wire), all of which were calibrated before 
recording. The ORR current is measured by subtracting the 
background current (determined from the measurements 
in N2-saturated solution) from the current measured in 
O2-saturated solution. To prepare the catalyst ink, 5 mg of 
the catalyst was mixed with 1 mL of a solution containing 
980 μL of ethanol and 20 μL of 5% Nafion under ultrasoni-
cation for 30 min. Then, the catalytic ink was drop-casted 
onto the surface of a freshly polished rotating disk electrode 
(RDE, 5 mm in diameter) or rotating ring–disk electrode 
(RRDE, inner diameter: 6.25 mm, outer diameter: 7.92 mm) 
with a Pt ring. The loading of non-noble metal catalyst was 
kept to 0.4 mg cm−2 while the commercial 20 wt% Pt/C 
(Alfa Aesar) was fixed to 0.2 mg cm−2.

3 � Results and Discussion

3.1 � Synthesis and Characterization

Considering the intrinsic ORR activity of Fe single sites 
and the effective spin regulation of Mg on Fe, a Fe–Mg 
synergistic DACs is conceptualized in this work. Figure 1a 
diagrammatizes the synthetic process of the DACs. An iron 
and magnesium contained ZIF-8 (FeMg-ZIF-8) is prepared 
in one pot as the precursor, which is furtherly pyrolyzed to 
gain the Fe- and Mg-doped NC material FeMg–N–C. The 
as-prepared FeMg-ZIF-8 exhibits same crystalline features 
(Fig. S1) and similarly hexagonal morphology about 76 nm 
(Figs. S2 and S3) with ZIF-8, excluding the impaction of 
heterometal on the structure of precursor. After pyrolysis, 
the obtained FeMg–N–C maintains the apparent appearance 
of the precursor (Fig. 1b, c), but the size is reduced by about 
10 nm (Fig. 1d), due to the decomposition and shrink of 
ZIF-8 framework (insert of Fig. 1d). No metal particles are 
detected. The EDS element mapping of FeMg–N–C reveals 
a uniform distribution of Fe, Mg and N on carbon, indicating 
its nature of Fe–Mg-doped NC material, and the contents of 
Fe and Mg are confirmed as 1.25 and 0.61 wt% (Fig. 1e and 
Table S1), respectively. To further investigate the local struc-
ture of the metal sites, aberration-corrected HAADF-STEM 
image is taken over FeMg–N–C. As shown in Fig. 1f, paired 
bright spots (red cycles) belonging to heavier elements dis-
perse on C-based substrate randomly, demonstrating the 

formation of dual-atom metal sites. The isolated metal sites 
(bule cycles) are also observed with a percentage about 20% 
(Fig. S4). Notably, there seems to be a difference in inten-
sity between bright spots in one metal atom pair, suggest-
ing a heteronuclear dual-atom structure, which should be 
Fe–Mg pair. This heterogeneous nature is further confirmed 
by the EEL spectrum measured along the metal pair (site 
1 in Fig. 1f, Fig. S5). As shown in Fig. 1g, signals belong 
to N, Fe, and Mg are detected at energy of 409.3, 713.4, 
and 1311.9 eV, verifying the formation of Fe–Mg dual-atom 
sites, which are coordinated with N at atomic scale. The 
average Fe–Mg distance in one metal pair is about 2.56 Å 
(Fig. 1h), between the diameters of iron and magnesium 
atoms. Samples of single-atom Fe (Fe–N–C), single-atom 
Mg (Mg–N–C) and NC are also prepared to investigate the 
potential interaction between Fe and Mg (Figs. S6-S11).

The coordinated environment of Fe and Mg sites 
in FeMg–N–C is further studied. The XRD pattern of 
FeMg–N–C shows identical characteristic features of 
graphite carbon (Fig. 2a). The N 1s XPS spectrum pre-
sents the signals of graphitic N, pyrrolic N and pyridinic 
N (Fig. 2b), demonstrating the N-doped carbon substrate 
for FeMg–N–C, in agreement with the Raman spectra (Fig. 
S12) [29–32]. Moreover, extra peak is extracted between 
the binding energy of 398.6 to 400.5 eV, which overlaps 
the Mg–N bonding in Mg–Pc and Fe–N bonding in Fe-Pc, 
confirming the formation of metal–N coordination [33, 34]. 
According to Fe 2p and Mg 1s XPS spectra (Fig. 2c, d), both 
Fe and Mg are positive charged in FeMg–N–C, which can be 
attributed to the Fe–N and Mg–N interactions [35]. Further-
more, FeMg–N–C shows an increased oxidation state of Fe 
compared with Fe–N–C and a reduced oxidation state of Mg 
compared with Mg–N–C, implying the charge transferring 
between Fe and Mg.

The X-ray adsorption fine structure (XAFS) is exploited 
to further dig into the coordinated states of Fe and Mg. For 
Fe sites in FeMg–N–C, the white-line intensity of Fe K-edge 
XANES spectra reveals a positive oxidation state between 0 
to + 3 (Fig. 2e), slightly higher than that in Fe–N–C. And the 
oxidation state of Mg in FeMg–N–C is confirmed slightly 
lower than that in Mg-PC (Fig. 2f), which is close to + 2. 
These results are in good agreement with the XPS spec-
tra. Moreover, the pre-edge in Mg K-edge XANES spec-
trum of FeMg–N–C presents no metallic Mg at ~ 1304 eV 
(Fig.  2f), excluding the Mg–Mg bonding [33], and the 
N-coordinated isolated Mg structure is furtherly confirmed 
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by the Mg K-edge FT EXAFS spectra (Fig. S13a). The fit-
ting results at R space reveal a Mg–N coordination num-
ber about 3.9 (Fig. S13b and Table S2), thus the isolated 

Mg sites in FeMg–N–C should be approximately coordi-
nated with four N atoms. For Fe sites in FeMg–N–C, the Fe 
K-edge FT EXAFS spectrum only shows Fe–N bonding at 

Fig. 1   Synthesis and structure identification of FeMg–N–C. a Illustration of the synthetic process. b SEM image. c, d TEM images. e EDS ele-
ment mapping results. f Aberration-corrected HAADF-STEM image. g EEL spectra along Site 1 in f. h Intensity profile on Site 2 and 3 in f 
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1.52 Å (Fig. 2g), no peaks belonging to Fe–Fe and Fe–Mg 
are observed around 2.22 Å [36]. Therefore, the R space 
features of Fe illustrate a N-coordinated isolated Fe sites 
in FeMg–N–C, and the coordination number is confirmed 
as 3.8 by the corresponding fitting results (Fig. 2h, i and 
Table S2), which is in agreement with the wavelet trans-
form results (Fig. 2j). By reasons of the foregoing, the paired 

Mg–Fe sites in FeMg–N–C can be identified as FeMg–N6, 
in which the Fe and Mg single atoms are made adjacent by 
sharing two N atoms, but without direct Fe–Mg bonding 
(insert in Fig. 2i).

Although the Fe–Mg bonding in FeMg–N–C are excluded, 
the existing charge transferring inspired us to scrutinize their 
electronic properties. Figure 2k shows the N K-edge XANES 

Fig. 2   Coordinated environment of FeMg–N–C. a XRD patterns. b N 1s, c Fe 2p and d Mg 1s XPS spectra. e Fe K-edge and f Mg K-edge 
XANES spectra. g Fe K-edge FT EXAFS spectra. h, i Fitting results on R spaces of Fe–N–C and FeMg–N–C. j Wavelet transforms plots of Fe. 
k N K-edge, l C K-edge and m Fe L-edge XANES spectra
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spectra, Fe–N–C exhibit three prominent peaks at 398.7, 
401.5, and 407.6 eV, belonging to π* pyridinic N, π* gra-
phitic N, and σ* C–N. Thereinto, the intensity of peak for 
π* pyridinic N reflects the electron-donating from N to bond 
with Fe atoms [37]. For FeMg–N–C, this peak is obviously 
reduced, demonstrating a weakened electron receiving of 
Fe from N. In C K-edge XANES spectra (Fig. 2l), the lower 
π* C-N–C intensity of FeMg–N–C than Fe–N–C furtherly 
reveal a varied electronic interaction between metal and sub-
strates. To affirm the consequent impaction on Fe site, Fe 
L-edge XANES spectra are taken (Fig. 2m), which is influ-
enced by electronic transitions from 2p orbitals to the unoc-
cupied 3d orbitals. Both samples consistently show two typi-
cal L3 (709.5 eV) and L2 (720.7 eV) peaks, and FeMg–N–C 
disclosed a less intense peak A at 707.8 eV than Fe–N–C. 
This peak A is associated with electrons transition from Fe 
2p to unoccupied Fe 3dz

₂ orbitals, and the reduced intensity 
implies a higher occupation of Fe 3dz

₂ orbitals [38]. There-
fore, compared with single-atom Fe, the introduced Mg in 
Fe–Mg dual atom regulate the d-orbital occupation, which 
will benefit its electrocatalytic property.

3.2 � Electrochemical Performance

The ORR performance of the as-prepared FeMg–N–C are 
firstly evaluated in O2-saturated 0.1 m KOH on a rotating 
disk electrode system, and compared with single-atom Fe 
(Fe–N–C), single-atom Mg (Mg-N–C), N-doped carbon 
(NC), and commercial Pt/C. The potentials were calibrated 
to reversible hydrogen electrode (RHE), and solution resist-
ance compensation are practiced. The LSV curves con-
firmed the intrinsic ORR activity of single-atom Fe sites, 
compared with the incapable NC and Mg–N–C (Fig. 3a). 
Furthermore, the introducing of Mg single sites achieving 
a breakthrough ORR activity of FeMg–N–C, the half-wave 
potential (E1/2) reaches a remarkable 1.004 V vs. RHE 
(Fig. 3b), much higher than that of Fe–N–C (0.902 V vs. 
RHE) and commercial Pt/C (0.862 V vs. RHE). The kinetic 
current density (Jk) of FeMg–N–C at 0.9 V vs. RHE is 
112.921 mA cm−2, 57 times of Pt/C, in agreement with the 
calculated mass activity (Fig. S14). Moreover, the boosted 
ORR kinetics of FeMg–N–C is further validated its mini-
mum Tafel slope of 44 mV dec−1 (Fig. 3c), suggesting the 
reduced the ORR barrier. These results agree with its smaller 
charge transfer resistance (Fig. S15). The electrochemical 

double-layer capacitance (Cdl) of FeMg–N–C is calculated 
as 39.1 mF cm−2 (Figs. S16 and S17), superior to Fe–N–C 
(38.9 mF cm−2). Considering their similar BET surface area 
(Fig. S18 and Table S3), the Mg doping endows FeMg–N–C 
an enhanced electrochemical active surface area. Apart from 
ORR activity, the selectivity of 4 e− pathway is investigated 
on rotating ring–disk electrode (RRDE) with Damjanovic 
model (Fig. 3d) [39]. The k1, k2, and k3 represent the rate 
constants for direct reduction of O2 to H2O* (4 e−), O2 to 
H2O2* (2  e−), and the reduction H2O2* to H2O* (2 e−), 
respectively. FeMg–N–C shows a tendency of k1 ≫ k2 > k3, 
demonstrating its adequate 4 e− selectivity. The concrete 
transferred electron number (n) is quantified as 3.98 (Figs. 
S19 and S20) [40]. Overall, the unique Fe–Mg dual-atom 
sties in FeMg–N–C enables a comprehensive promotion in 
both 4 e− ORR activity and selectivity (Fig. 3e). The stability 
of FeMg–N–C in is further evaluated, and no obvious decay 
is observed after 5000 cycles (Fig. 3f), and the used cata-
lysts maintains its original structure (Figs. S21-S23), and no 
metal leaching is detected (Table S4). The FeMg–N–C also 
shows superior long-term stability compared to commercial 
Pt/C (Fig. S24). Moreover, FeMg–N–C has an outstanding 
methanol tolerance (Fig. S25), implying its potential in clean 
energy catalytic device.

A zinc–air battery (ZAB) is exploited to study the appli-
cation potential (Fig. S26), with FeMg–N–C as the cath-
ode and Zn as the anode. Our as-configured FeMg–N–C-
based ZAB shows a peak power density of 530.1 mW cm−2 
(Fig.  3g), outperforming the ZAB based on Fe–N–C 
(334.5 mW cm−2) and commercial Pt/C (255.4 mW cm−2). 
The specific capacity at 10 mA cm−2 of FeMg–N–C ZAB 
can be up to 802.4 mAh gZn

−1 (Fig. S27). Figure 3h dis-
plays the galvanostatic charge–discharge cyclability at 
10 mA cm−2. The FeMg–N–C + RuO2 (1:1) ZAB exhibits 
a long-term robustness of 275 h with a consistent voltage 
efficiency about 73.3%, superior to the Pt/C + RuO2 (1:1) 
ZAB, confirming its potential application in ZAB.

The 4 e− ORR performance of FeMg–N–C in acidic 
medium is furtherly investigated in O2-saturated 0.1 M 
HClO4 solution. The single Fe sites are proved as the domi-
nating active sites (Fig. 4a). After the introducing of adjacent 
single Mg sites, the FeMg–N–C shows a half-wave poten-
tial of 0.881 V vs. RHE, far exceeding commercial Pt/C 
(0.850 V vs. RHE). The boosted ORR kinetics and activity 
are furtherly confirmed by its higher Jk (3.186 mA cm−2, 
Fig. 4b), smaller Tafel slope (55 mV dec−1, Fig. 4c), higher 
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mass activity (Fig. S28), lower charge transfer resistance 
(Fig. S29), and larger electrochemical active surface area 
(8.01 mF cm−2, Figs. S30-S31), compared with Fe–N–C 
and commercial Pt/C. The excellent 4 e− pathway selectiv-
ity is demonstrated by the absolute dominant k1 (Fig. 4d) 
and the n of 3.97 (Figs. S32 and S33), making FeMg–N–C 
a well-rounded catalyst in 4 e− ORR in acidic medium 
(Fig.  4e). The FeMg–N–C also shows good durability, 
indicated by its cyclability of 5000 cycles (Fig. 4f), long-
term operation up to 25 h (Fig. S34), robust structure (Figs. 
S35-S37, Table  S4), and excellent methanol tolerance 

(Fig. S38). Among all the contemporary technologies for 
electrocatalysis, the most commercially successful is the 
application in the acidic medium hydrogen fuel cell. There-
fore, we construct membrane electrode assembly (MEA) 
with FeMg–N–C as cathode and Pt/C as the anode, and 
evaluate its application in practical PEMFC. As shown in 
Fig. 4g, the FeMg–N–C MEA delivers a current density of 
45.1 mA cm−2 at 0.9 V under 150 kPaabs of O2, exceeding the 
US DOE target for 2025 (44.0 mA cm−2) [41]. When prac-
ticing under 150 kPaabs of air, the very same MEA exhibits 
120.0 and 559.3 mA cm−2 at 0.80 and 0.67 V (Fig. S39), 

Fig. 3   Electrochemical performance in alkaline medium. a LSV curves, b kinetic current density and half-wave potential, c Tafel slope, d 
kinetic analysis with rate constants as a function of potential, e performance comparisons and f cyclability in O2-saturated 0.1 M KOH solution. 
g Discharge polarization curves and corresponding power density curves of pure catalyst-based ZAB. h Galvanostatic discharge/charge cycling 
performance and voltage efficiency of catalysts + RuO2 (1:1)-based ZAB
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outperforming the Fe–N–C MEA. Moreover, the peak power 
density of FeMg–N–C MEA reaches up to 1.06 W cm−2 in 
H2–O2 PEMFC (Fig. 4h) and 609.92 mW cm−2 in H2-air 
PEMFC (Fig. 4i), demonstrating its potential application as 
cathode catalysts in acidic medium hydrogen fuel cell. The 
long-term stability of the H₂-air PEMFC was tested at a con-
stant voltage of 0.6 V for up to 150 h (Fig. S40). A fast initial 
decay of ~ 20 h followed by a slower process was observed, 
and the retention of current density was 227 mA  cm−2 
after 150 h, corresponding to a retention of approximately 
50%. This performance is comparable to several recently 

reported non-precious metal catalysts under similar condi-
tions (Table S9).

Overall, benefiting from the regulation of the adjacent 
Mg, the dual-atom catalyst FeMg–N–C achieves exceptional 
4 e− ORR performance in both alkaline and acidic medi-
ums, and it is highly capable on various energy catalytic 
devices. Moreover, the performance of FeMg–N–C in rotat-
ing disk electrode system, ZAB and PEMFC all comparable 
to most of the reported results (Tables S5-S9). The effect of 
the pyrolysis temperature (850, 950, and 1050 °C) and Fe/
Mg molar ratio (1.5:0.5, 1:1, and 0.5:1.5) on FeMg–N–C 

Fig. 4   Electrochemical performance in acidic medium. a LSV curves, b kinetic current density and half-wave potential, c Tafel slope, d kinetic 
analysis with rate constants as a function of potential, e performance comparisons and f cyclability in O2-saturated 0.1 M HClO4 solution. g 
MEA performance measured at 0.9 V under a back pressure of 150 kPaabs. The green star denotes the US DOE target for 2025. h H2–O2 PEMFC 
performance and i H2-air PEMFC performance measured at 353 K with catalyst loading of 4.0 mg cm−2 under 100% relative humility
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are also studied, and the optimized catalyst is identified as 
be synthesized at 950 °C with a Fe/Mg ratio of 1:1 (Figs. 
S41-S47). Besides Mg, other main group metal with poten-
tial spin regulation effect on Fe, such as Ca, Na, and Li are 
exploited. All catalysts show boosted ORR performance 
compared with Fe–N–C in both alkaline and acidic mediums 
(Figs. S48 and S49). Moreover, the influence of the d-block 
metal is disclosed by MgCo-C-N, which show improved E1/2 
compared to the Co‑N‑C (Figs. S50 and S51). The above 
results reveal the possibility to construct spin regulation over 
different main group and d-block metals, but the ingredients 
need further elaborating to gain desired performance.

3.3 � Mechanistic Insight

The potential-dependent operando Raman spectra are used to 
probe into the ORR pathway (Fig. S52). In alkaline medium 
(Fig. 5a, b), the band for O–O stretch of *OOH at 730 cm−1 
implies the launch of ORR. The further decomposition of 
*OOH leads to the band of *OH at 1060 cm−1, representing 
the 4 e− pathway [42]. Both of two bands initially emerge 
at more positive applied potential over FeMg–N–C (1.1 and 
1.0 V) than over Fe–N–C (0.9 and 0.9 V), in agreement 
the superior onset potential and activity of FeMg–N–C. 
Moreover, an extra band belongs to the superoxide O2

− is 
observed on FeMg–N–C between 1.0 to 0.2 V, which is not 
detected over Fe–N–C, demonstrating an enhanced Fe–O2 
interaction induced by Mg doping [43]. Similar promotion 
of Fe–O2 interaction over FeMg–N–C is also observed in 
acidic medium (Fig. 5c, d) [44]. The accelerated intensity 
accumulation of these Raman bonds with potential reveals 
a boosted O–O decomposition, enabling faster 4 e− ORR 
process on FeMg–N–C, as well as the verification via in situ 
FTIR spectra (Figs. S53 and S54). The enhanced interaction 
of O2 with FeMg–N–C than Fe–N–C is furtherly confirmed 
by the higher desorption temperature in O2-TPD (Figs. 5e 
and S55).

The Fe L-edge XANES results (Fig. 2m) had proved the 
enhanced occupation of Fe 3dz

₂ orbitals in FeMg–N–C, 
and this may the essential reason for its stronger inter-
action with ORR intermediates than Fe–N–C. Therefore, 
electronic structures and the spin states of Fe sites are 
investigated. In EPR spectra (Figs. 5f and S56), the peak 
intensity of FeMg–N–C is higher than that of Fe–N–C 
[45]. The g-value for Fe–N–C and FeMg–N–C were 

calculated as 2.003 and 2.060, implying a transition of 
the Fe spin state from low spin to others [46]. Further-
more, magnetic hysteresis loops are measured at room 
temperature (Figs. 5g and S57). The FeMg–N–C shows 
an increased saturation magnetization compared with 
Fe–N–C, and the enlarged view around H = 0 reveals a 
coercive magnetic field (Hc) and residual magnetization 
(Mr) of FeMg–N–C both exceeding those of Fe–N–C. The 
results of EPR and magnetic hysteresis loops verify that 
the introducing of Mg increases the unpaired electrons of 
Fe in FeMg–N–C compared with Fe–N–C, thus regulating 
the spin of Fe [47]. In order to further quantify the change 
in the number of unpaired electrons, zero-field cooling 
temperature-dependent (ZFC-T) magnetic susceptibility 
(χm) measurements are exploited. As shown in Figs. 5h 
and S58, by fitting χ−1 and temperature, the effective 
magnetic moments (μeff) of FeMg–N–C is determined as 
2.6 μB, higher than the 1.0 μB of Fe–N–C [11, 48, 49]. 
Correspondingly, the number of unpaired electrons for 
Fe in FeMg–N–C and Fe–N–C are calculated as 1.8 and 
0.4, respectively (the detail calculation can refer to the SI 
files). Due to the larger effective magnetic moment and the 
increased number of unpaired d electrons, the regulation 
of Mg in FeMg–N–C enables a variation of the electronic 
structure of the Fe. That is, the spin state of the Fe sites 
is changed from the low spin (LS, t2g

6 eg
0) to the medium 

spin (MS, t2g
5 eg

1) [9, 47].
To theoretically uncover the impaction of electron spin 

states on ORR, orbital interactions between Fe sites and 
oxygen-containing ORR intermediates are established, 
with FeMg–N–C in MS state and Fe–N–C in LS state. 
According to the molecular orbital bonding principle, dz

₂ 
orbitals of Fe tend to overlap the 2pz/π2p* of O to form 
σ-type orbitals. On the other hand, the dxz/dyz orbitals of 
Fe interact with the 2px (2py) of O for π-type orbitals. The 
orbital hybridization degree between the d orbitals of Fe 
and the 2pz/π2p* orbitals of O-intermediates will change 
the corresponding bonding strength, boosting the ORR 
dynamics. Therefore, the frontier orbital of dz

₂, dxz, and dyz 
are filled in with different numbers of unpaired electrons 
based on various local spin configurations, determining 
the interaction strength (Fig. 5i). We furtherly quantify 
the bond order of Fe with each O-intermediate in ORR. 
For FeMg–N–C, it shows a higher bond order with *O2 
(1.5) than Fe–N–C (1), while a lower bond order with *OH 
(1) than Fe–N–C (1.5), validating of FeMg–N–C with 
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Fig. 5   Mechanistic insight. Potential-dependent operando Raman spectra in alkaline a, b and c, d Acidic. e Curve of O2-TPD. f EPR spectra at 
77 K. g Magnetic hysteresis loops of catalysts at room temperature. h Temperature-dependent magnetic susceptibility (χ−1-T) curves. i Possible 
orbital interactions between Fe sites and oxygen-containing ORR intermediates. j, k Partial density of states of Fe sited interacted with *OH. l 
COHP of FeMg–N6 sites. m Free energy diagram
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enhanced interaction with *O2 and a reduced interaction 
with *OH. As the activation of *O2 in charge the starting 
of ORR, and the rate-determining step for ORR on Fe is 
commonly the reduction of *OH for final production, the 
spin regulation in FeMg–N–C will accelerate the ORR 
process via adjusting interaction strength of Fe sites with 
ORR intermediates.

DFT calculations are exploited to further reveal the advan-
tage of the spin regulation on Fe by Mg in ORR. A Fe-N4 
model is used to simulate Fe–N–C, and a FeMg–N6 model 
is used to simulate FeMg–N–C due to its lower formation 
energy (Fig. S59). From the results of pDOS (Figs. 5j-k 
and S60), compared with Fe-N4, the dz

₂ orbitals of Fe in 
FeMg–N6 overlaps with 2p of O in *OH to form σ*-type 
orbitals (agrees with Fig. 5i), which cross the Fermi face, 
indicating the reduced interaction of Fe with *OH [50]. 
Moreover, the smaller of |COHP| of FeMg–N6 than Fe-N4 
consolidates this perception (Figs. 5l and S61, Table S10). 
As a result, the barrier of the rate-determining step for ORR 
was significantly reduced to 0.15 eV over FeMg–N–C, com-
pared with the 0.42 eV over Fe–N–C (at 1.23 V, Figs. 5m 
and S62-S63). Overall, the Mg doping in FeMg–N–C alter-
ing the spin state of Fe from LS to MS, which optimizing 
the adsorption of pivotal ORR intermediates on Fe, therefore 
boosting the 4 e− ORR dynamics (Fig. S64).

4 � Conclusions

A Fe–Mg dual-atom catalyst is prepared for efficient 
4 e− ORR process. The introduced Mg shows the ability 
to regulate the spin state of Fe. As a result, the Fe sites in 
MS optimize its interaction with *O2 and *OH, leading to 
a significant boosting of the 4 e− ORR dynamics. Accord-
ingly, the as-prepared FeMg–N–C performs notably high 
half-wave potentials of 1.004 V in alkaline, as well as the 
commendable capacity in Zn–air cells and fuel cells. This 
work paves a novel pathway to design and construct well-
performing electrocatalysts via the spin regulation strategy.
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