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Unsaturation degree of Fe single atom site
manipulates polysulfide behavior in sodium-
sulfur batteries

Wanqing Song1,2, Zhenzhuang Wen1, Xin Wang1, Kunyan Qian1, Tao Zhang1,
Haozhi Wang 1,3, Jia Ding 1,2,4 & Wenbin Hu 1,2,4

Sodium | |sulfur batteries hold great promise for grid-scale energy storage, yet
their performance is hindered by the shuttling and sluggish redox of sulfur
species. Herein, we report a strategic design of sulfur hosts modified with
coordinatively unsaturated iron single-atom (Fe‒Nx) for sodium | |sulfur bat-
teries. Utilizing theoretical calculations, geometric descriptor γ (lNa‒S/lFe‒N)
and electronic descriptor φ (eg /t2g) simultaneously correlated with the unsa-
turation degree of Fe‒Nx site are proposed. A negative correlation between γ

and the adsorption strength of sodium polysulfides, along with a positive
correlation between φ and the decomposition capability of Na2S are estab-
lished. The Fe‒N1 sites, with the minimum γ and maximum φ values, are
identified as the optimal functional species for optimizing polysulfides beha-
viors. Sodium | |sulfur batteries utilizing Fe‒N1 /S positive electrodes deliver
improved sulfur utilization (81.4% at 167.5mAg‒1), sustained rate performance
(1003.0mAhg‒1 at 1675mAg‒1), and stable cycling (83.5% retention over 450
cycles at 3350mAg‒1). Moreover, Fe‒N1/S positive electrodes enable sodium | |
sulfur pouch cells to deliver a sulfur utilization of 77.4% (1296.9mAh g‒1) at
0.1 A g‒1. Our work offers a strategy for designing high-activity, fast redox
sulfur positive electrodes and validates the practical potential of sodium | |
sulfur batteries.

Reliable and cost-effective energy is essential for modern society’s
security and economic well-being, with batteries serving as a key
enabler for decarbonization within the global energy sector1–3. The
high specific capacity (1675mAhg‒1) brought by the two-electron
transfer of sulfur makes room-temperature sodium||sulfur (Na||S)
batteries composed of low-cost and environmentally friendly sodium
metal and elemental sulfur exhibit tremendous potential in the field of
large-scale energy storage4–6. Na||S battery systems offer a viable
pathway to achieving sustainable development goals in energy sto-
rage. However, the poor electrical conductivity of sulfur (5 × 10‒28 Sm‒1

at 25 °C) and its discharge products significantly limit the kinetics of
conversion reactions, leading to low sulfur utilization and rapid
capacity decay due to the accumulation of inert discharge products in
the electrode7–9. In addition, the shuttle effect of sodium polysulfides
(NaPSs) in the electrolyte leads to detrimental sulfur species loss and
capacity degradation10,11. To cope with these challenges, the develop-
ment of host materials with excellent functionality to fully exploit the
potential of sulfur is important.

Carbons are widely used as host materials for active sulfur to
improve the electronic conductivity of sulfur positive electrodes.
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However, weak interactions between NaPSs and non-polar carbon
surfaces inevitably fail to address the poor redox kinetics of sulfur
species12–14. Sulfur fixation using chemical interactions between host
and sulfur species is another strategy for sulfur host design. For
instance, sulfatedpolyacrylonitrile (SPAN) relies on the covalent bonds
formed between elemental sulfur and carbon, which plays a key role in
both inhibiting the shuttling of NaPSs and preventing sulfur
agglomeration15,16. In addition, the introduction of appropriate
adsorption and catalytic sites, such as metal compounds into the
carbon-based sulfur host is also one of the major strategies17–20. Sulfur
species are efficaciously adsorbed and rapidly converted since the
polar interactions between the sites and NaPSs. Due to the severe
spatial distributionmismatchbetween the limited adsorption/catalytic
sites and the widely spread sulfur species, it is prone to the accumu-
lation of electrochemically inert solid-phase products, the poisoning
of sites and the rapid failure of the Na||S batteries21,22. Therefore, con-
structing carbon-based sulfur hosts with atomically uniformly dis-
tributed and highly exposed single-atom sites modification is the key
to enhancing the kinetics and stability of sulfur positive electrodes.

In recent years, there are pioneering works on metal single-atom
(M‒N4) modified carbon materials as sulfur hosts in Na||S batteries
reporting improved sulfur redox electrocatalytic activity23–25. Fe‒N4

sites, for example, exhibit notable catalytic activity in metal||sulfur
batteries26–29, which is closely related to the unique d-band electrons of
Fe. Nevertheless, sites with such fully coordinated configurations are
probably mediocre for the adsorption and catalytic conversion of
NaPSs, as the symmetrical nitrogen ligands in the first coordination
shells leave weakly polarized central metal atoms. Aiming to further
enhance the interactions with polysulfides, single-atom sites with
asymmetric coordination configurations gradually arise researchers’
interests30,31. The design of single-atom sites for their functionalities in
Na||S electrochemistry requires careful consideration of their anchor-
ing and converting capabilities toward NaPSs. This necessitates a sys-
tematic approach to rationally designing both the geometric and
electronic structures of these sites. Moreover, given the unique char-
acteristics of metal||sulfur systems compared to conventional elec-
trocatalytic systems, it is imperative to identify universal descriptors
for geometric/electronic structures of single-atom sites and establish
the mapping between them and NaPSs behaviors to guide the design
and construction of high-efficiency single-atom sites-based host
materials in the Na||S batteries.

In this work, we delve into the pivotal influence of unsaturation
degrees of Fe single-atom sites (Fe‒Nx) on the behaviors of NaPSs.
Based on theoretical calculations, two key descriptors of γ (lNa‒S/lFe‒N)
for geometric structure and φ (eg/t2g) for electronic structure are
developed innovatively for analyzing the unsaturation degree of Fe‒Nx

sites. A negative correlation is established between γ and adsorption
strength of NaPSs, and a positive correlation is found between φ and
the catalyzing capability of Na2S decomposition. Accordingly, Fe‒N1

with minimum γ and maximum φ values is considered as the optimal
functional species for enhancing NaPSs behaviors through theoretical
screening. Na||S batteries using positive electrodes with Fe‒N1 sites
modification exhibit elevated sulfur utilization (81.4% at 167.5mA g‒1),
notable rate performance (1003.0mAhg‒1 at 1675mAg‒1), and stable
cycling performance. When incorporated into pouch cells, the Fe‒N1-
based positive electrodemaintains an impressive sulfur utilization rate
of 77.4%, highlighting its promising potential for practical applications.
These findings offer insights into the role of unsaturated single-atom
sites in boosting the Na||S electrochemistry.

Results and discussion
Systematic experimental screening revealed that Fe single atoms exhi-
bit improved performance in facilitating polysulfide conversion com-
pared to other investigated elements (Supplementary Figs. 1 and 2).
Therefore, herein Fewas chosen as activemetal element for single-atom

site design in Na||S batteries. To investigate the impact of coordination
unsaturation degrees for single-atom sites interacting with NaPSs, we
conducted density-functional theory (DFT) calculations on Fe single-
atom sites with varying nitrogen coordination number (Fe‒Nx, x = 1–4)
(Supplementary Fig. 3 and Supplementary Data 1). Mitigating the det-
rimental shuttle effect of soluble NaPSs is vital for sulfur utilization and
cycling stability inNa||S batteries32,33. Therefore, the adsorption strength
of Fe‒Nx sites with NaPSs stands as a important factor in sulfur host
design. As the stoichiometric mid-point of NaPSs and the end member
of the long-chain polysulfides in the reduction pathway, the effective
anchoring of Na2S4 is particularly critical. Figure 1a delineates the con-
figurations of Na2S4 adsorbed on Fe‒Nx sites. Under polar interactions,
the distances between central Fe atoms and ligand N atoms in several
configurations stretch by different degrees (Supplementary Table 1 and
Supplementary Data 1). We innovatively develop the geometric struc-
ture descriptor γ (γ= lNa‒S/lFe‒N), where lFe‒N represents the distance
between Fe and N atoms directly anchored to NaPSs, and lNa‒S denotes
the corresponding distance betweenNa and S atoms inNaPSs anchored
by Fe and N. Theoretical calculations unveil a strong correlation
between γ and the binding energy of Na2S4 on Fe‒Nx sites with varying
unsaturation degrees. As depicted in Fig. 1b, the γ value steadily
decreases from 1.527 (Fe‒N4–Na2S4) to 0.824 (Fe‒N1–Na2S4) as unsa-
turation degree increases, while the adsorption energy for Na2S4
increases from −1.467 eV (Fe‒N4–Na2S4) to −7.532 eV (Fe‒N1–Na2S4).
Similar relationships between binding energies and γ are also observed
for Fe‒Nx sites interacting with long-chain (Na2S8/Na2S6) and short-
chain NaPSs (Na2S2/Na2S) (Supplementary Fig. 4, Supplementary
Table 2, and Supplementary Data 1), indicating that γ provides good
universality in describing the adsorption of NaPSs on single-atom sites.
In Fe‒Nx sites with low unsaturation degrees (e.g. Fe‒N3, Fe‒N4), fixed
Fe‒N bond lengths cause the adsorbed NaPSs molecules to suffer from
the steric-hindrance effect of the full coordination configurations,
preventing strong adsorption. Notably, the highly coordinatively
unsaturated Fe‒N1 configuration allows for ample space for NaPSs
adsorption, circumventing the steric-hindrance effect. In addition, the
distance between the central Fe single atom and the highly unsaturated
ligand N atoms can be adjusted to accommodate the NaPSs config-
urations for the strongest adsorption.

Moreover, addressing the high energy barrier of Na2S oxidation is
essential for improving the efficiency and stability of Na||S batteries.
Based on the configuration demonstrated in Supplementary Fig. 3, Fe‒
Nx can be approximated as a D4h crystal field, where the 3d orbital of
the central Fe atom is split into t2g orbitals (dxy, dyz, dzx) and eg orbitals
(dx2−y2, dz2). Upon interaction with Na2S, the d orbitals of Fe at the Fe‒
Nx site hybridize with the p orbitals of S in Na2S (Fig. 1c), forming σ/σ*
bonds with high-energy splitting and relatively weak π/π* bonds19,34.
The bonding orbitals are fully occupied after hybridization depending
on the intrinsic electronic structure of Fe and S. Consequently, the low
occupancy of π* is advantageous for coupling of Na2S and accom-
modating the electrons released from its decomposition, which
implies a higher number of eg and a lower number of t2g orbital elec-
trons. Therefore, we propose φ (φ = eg/t2g) as a proper descriptor to
characterize the correlation between electronic structures of Fe‒Nx

and the catalytic property. From theprojecteddensity of states (PDOS)
for eg and t2g orbitals of Fe (Fig. 1d),φ decreases progressivelywith the
increasing unsaturation of Fe‒Nx sites. To delve deeper into the influ-
ence of unsaturation degrees for Fe‒Nx sites on Na2S decomposition,
we conducted a projected crystal orbital Hamiltonian population
(pCOHP) analysis. As illustrated in Fig. 1e, increasing the unsaturation
of Fe‒Nx sites shifts the bonding orbitals of Na‒S bonds in adsorbed
Na2S molecules above the Fermi level, reducing the Na‒S bond dis-
sociation barrier. The parameter φ, describing the relationship
between the catalytic activity of Fe‒Nx sites and their local electronic
structure, shows a positive correlation with integrated COHP (ICOHP)
(Fig. 1f). Fe‒Nx sites with highφ values facilitate the coupling with Na2S
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molecules and adsorption of electrons released during Na2S decom-
position, thereby delivering the advantage for effective Na2S decom-
position. The electrons of NaPSs are easier to enter the bonding
orbitals of Fe‒Nx sites with lower φ, which brings about stronger
interactions between the central Fe atoms and NaPSs. This enhanced
interaction, shown by increased ICOHP, suggests that Na2S dissociates
more readily on highly unsaturated Fe‒Nx sites, especially Fe‒N1 sites.
The positive correlation between the descriptorφ and ICOHP permits
the improved kinetics of Na2S decomposition by modulating the
orbital occupations of Fe‒Nx sites.

Overall, the constructed geometric and electronic structure
descriptors reveal that the unsaturation of Fe‒Nx sites can modulate
both γ andφ. The descriptors and their functionality are illustrated in
Fig. 1g. Based on the established negative correlation between γ and
NaPSs adsorption strength, and the positive correlation between φ
andNa2S decomposition capability, the Fe‒N1 site stands outwith the
minimum γ and maximum φ values. These optimized geometry

structures circumvent the steric-hindrance effects, resulting in the
strongest NaPSs adsorption. Meanwhile, the refined electronic
structures provide sufficient electronic orbitals to the highest cata-
lyzing capacity for Na2S dissociation. Consequently, incorporating
Fe‒N1 sites as functional components in sulfur hosts is the rational
design.

Guided by the theoretical calculations, we synthesized sulfur
hosts with Fe‒Nx sites. Nitrogen-containing carbon precursors typi-
cally decompose and derivatize into carbon upon high-temperature
treatment. During this process, highly reactive nitrogen species are
highly susceptible to escape from the material, leaving defects in the
derived carbon materials35. Based on this pyrolysis-induced nitrogen
escape strategy, we constructed carbon-supported Fe single atoms
materials with different coordination environments. Specifically, the
Fe-doped precursors (Fe-ZIF-8) were pyrolyzed at 1100, 900, and
700 °C, yielding a set of carbon host specimens possessing Fe‒Nx sites
(abbreviated as Fe‒Nx). To determine the functionality of Fe‒Nx sites,
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Fig. 1 | Effects of the geometric and electronic structures of Fe–Nx on the
behaviors of polysulfides. a Configurations of Na2S4 adsorbed on Fe‒Nx, in which
the pink, yellow, red, blue, and grey spheres represent Na, S, Fe, N, and C atoms,
respectively. b Relationships among unsaturation degrees of Fe–Nx, binding
energies, andgeometric structure descriptors (γ, γ = lNa‒S/lFe‒N). c Schematic for the
d-p orbital hybridization between Fe–Nx and sulfur species. d Projected DOS of
different orbitals for Fe–Nx. e Projected crystal orbital Hamilton population

(pCOHP) diagrams of Na–S bonds in Na2S adsorbed on Fe‒Nx. f Relationship
between ICOHP values of Na‒S bonds in Na2S and electronic structure descriptor
(φ, φ = eg/t2g). g Schematic illustration of Fe–Nx with high unsaturation degrees for
efficient sulfur redox in Na||S batteries based on geometrical/electronic structure
descriptors. The atomic coordinates of the configurations are provided as a Sup-
plementary Data 1 file, and source data are provided as a Source Data file.
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we also pyrolyzed Fe-free ZIF-8 precursors at 700 °C to obtain pure
nitrogen-doped carbon (NC).

Fe‒Nx and NC specimens exhibit cubic morphologies ~200 nm in
size (Fig. 2a and Supplementary Fig. 5). Aberration-corrected high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images (Fig. 2b) reveal high densities of isolated dis-
tributions of bright dots (highlighted in yellow circles) on the surfaces
of Fe‒Nx, originating from atomically homogeneous dispersion of Fe
species. This is corroborated by energy dispersive spectroscopy (EDS)
mapping images (Supplementary Fig. 5) with the uniform Fe distribu-
tion and X-ray diffraction (XRD) patterns (Supplementary Fig. 6) with
amorphous features.

The local electronic structureand coordinationenvironmentof Fe
single atomsobtained atdifferent pyrolysis temperatureswere studied
using synchrotron X-ray absorption spectroscopy (XAS). The X-ray
absorption near-edge structures (XANES) (Fig. 2c) reveal that the
average valence state of Fe in Fe‒Nx ranges between 0 and +3, with a
gradual decrease in valence state as pyrolysis temperature increases.
This suggests a reduction in the number of ligand N atoms competing
for electrons with central Fe atoms. This observation is consistent with
the high-resolution Fe 2p X-ray photoelectron spectroscopy (XPS)
spectra (Supplementary Fig. 7), where the peaks shift toward low
binding energies with higher pyrolysis temperatures. In the Fourier-
transformed extended X-ray absorption fine structure (EXAFS) spectra
(Supplementary Fig. 8), all samples exhibit a main peak near ~1.47Å,
corresponding to Fe‒N path36. The absence of peaks corresponding to
the Fe‒Fe bonds (2.18 Å) further confirms the effective dispersion of Fe

atoms in Fe‒Nx
27. According to the R-space fitting results of EXAFS

(Fig. 2d and Supplementary Table 3), the fitting curves strictly match
the experimental data. Based on precisely determined coordination
numbers (CN) of Fe‒N paths, the Fe‒Nx specimens pyrolyzed at 700,
900, and 1100 °C are named Fe‒N4, Fe‒N2, and Fe‒N1, respectively. The
atomic configuration analyses verified the controlled synthesis of
unsaturated Fe‒Nx sites utilizing the nitrogen-escape strategy.

Furthermore, the variation in pyrolysis temperature significantly
impacts the pore structure of Fe‒Nx, which is crucial for constructing
sulfur storage space in the host materials. As revealed in Fig. 2e, f, and
Supplementary Fig. 9, the micropore volume significantly increases
with rising pyrolysis temperature from 700 to 1100 °C. This phenom-
enon could be ascribed to the elevated pyrolysis temperature, which
intensifies the volatilization of non-carbon elements during pyrolysis
(Supplementary Fig. 10). Fe‒N1 exhibits abundant micropores and a
large surface area (Supplementary Table 4), facilitating the active sites
exposure and sulfur species storage.

Using the aforementioned hosts, Fe‒Nx/S, and NC/S composites
were prepared via the sulfur melt-diffusion method. The samples
maintained the same morphology as the pristine hosts (Supplemen-
tary Fig. 11) with no residual sulfur particles observed on the surface.
The XRD patterns of these composite materials (Supplementary
Fig. 12) exhibited similar diffraction peaks of orthorhombic sulfur
(JCPDS No. 08-0247). According to the nitrogen adsorption-
desorption isotherm analysis (Supplementary Fig. 13), the micropore
volumes and specific surface areas of the composites significantly
decreased compared to those of the pristine hosts, indicating effective

2 nm 2 nm 2 nm
500 nm

a b

c d

e f

1100 °C 900 °C 700 °C

Fig. 2 | Morphology and structure characterizations of Fe–Nx host materials.
a SEM image of Fe‒Nx (1100). b HAADF-STEM images of Fe‒Nx, with atomically
dispersed iron species highlighted by yellow circles. c XANES spectra of Fe K-edge
for Fe‒Nx, Fe2O3, and Fe foil references.d EXAFS spectra andfitting curves of Fe‒Nx.
Insets are the fitting models in which the red, blue, and grey spheres represent Fe,

N, and C atoms, respectively. e, f N2 adsorption–desorption isotherms (e) and
corresponding pore size distributions (f) of Fe–N1, Fe–N2, and Fe–N4 (Inset: Sche-
matic illustrations of the pore structure of Fe–Nx host materials corresponding to
f). Source data are provided as a Source Data file.
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sulfur encapsulationwithin the hosts’micropores. Resultantly, Fe‒Nx/S
and NC/S showed similar sulfur loadings (Supplementary Fig. 14). XPS
spectradepicted the interactions between sulfur species and thehosts.
Due to the strong electronegative sulfur, the high-resolution Fe 2pXPS
spectra in Fe‒Nx/S shifted toward higher binding energies (Supple-
mentary Fig. 15), while S 2p XPS spectra shifted in the opposite
direction37. This change is more pronounced in the highly unsaturated
Fe‒N1/S, which adequately demonstrates the strong propensity of the
interaction between S and Fe‒N1 sites.

To understand the sulfur redox in Fe‒Nx/S and NC/S positive
electrodes, cyclic voltammetry (CV) measurements were conducted.
As shown in Fig. 3a, the Fe‒N1/S positive electrode exhibits three
reduction peaks at 1.653V (R1), 1.299 V (R2), and 0.941 V (R3), and two
oxidationpeaks at 1.947 V (O1) and2.182 V (O2). TheCVcurveof the Fe‒
N2/S positive electrode resembled that of the Fe‒N1/S positive elec-
trode, albeit with a lower response current and larger polarization. In
contrast, Fe‒N4/S and NC/S positive electrodes exhibit severe polar-
ization, resulting in weak reduction peaks and a single oxidation peak
within the voltage range of 0.8–3.0 V. This phenomenon indicates that
unsaturated Fe‒N1 sites could facilitate the kinetics of sulfur redox.

Figure 3b shows the galvanostatic charge-discharge (GCD) pro-
files of these four positive electrodes at 167.5mAg‒1 for the 2nd cycle.
The Fe‒N1/S positive electrode exhibits a discharge-specific capacity of
1363mAhg‒1, corresponding to a sulfur utilization of 81.4%. The
respective sulfur utilization for Fe‒N2/S, Fe‒N4/S, and NC/S positive
electrodes are 58.8%, 41.1%, and 30.3%, underscoring the benefits of
Fe‒Nx sites with high unsaturation degrees in enhancing sulfur elec-
trochemical activity. Fe‒N1/S electrodes with a high sulfur content of
~60% and 70% delivered slightly lower capacities of 1228 and
1137mAh g‒1 (Supplementary Figs. 16, 17), which are still higher than
most previously reported positive electrodes with comparable sulfur
content (Supplementary Table 5). The Fe‒N1/S positive electrode
delivers the lowest polarization voltage (0.46 V), representing efficient
sulfur redox andNa+ diffusion. Of note, the capacity contribution from
the pure hosts is minimal (Supplementary Fig. 18), confirming that the
positive electrode capacity arises from reversible sulfur redox.

In terms of rate performance (Fig. 3c), the Fe‒N1/S positive elec-
trode achieved specific capacities of 760.1, 615.7, and 388.5mAhg‒1 at
3350, 5025, and 8375mAg‒1, respectively, surpassing those of other
three positive electrodes. Furthermore, upon reverting to 167.5mAg‒1,
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Fig. 3 | The influence of unsaturation degree in Fe–Nx on electrochemical
performances and sulfur redoxmechanisms. a–cCV curves at0.2mV s–1 (a), GCD
profiles at 167.5mAg‒1 (b), and rate performance (c).dCycling performance of Na||
S batteries with Fe–N1/S, Fe–N2/S, Fe–N4/S, and NC/S positive electrodes.
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positive electrode with the state-of-the-art positive electrodes for Na||S batteries
reported. f andg In situXRDpatternswith selected ranges forNa2S (f) andNa2S5 (g)
of Fe–N1/S, Fe–N2/S, Fe–N4/S, and NC/S positive electrodes during the 1st charge
and 2nd discharge processes. h In situ EIS spectra for Na||S battery with Fe–N1/S
positive electrode. Source data are provided as a Source Data file.
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the battery-specific capacity recovered to 1167.6mAhg‒1 (93.4% of the
specific capacity at the 5th cycle), underscoring that batteries using the
Fe‒N1/S positive electrode exhibit robust reversibility. The GCD curves
of Na||S batteries with the Fe‒N1/S positive electrode (Supplementary
Fig. 19) signify clear and analogous discharge slopes and charge pla-
teaus at various specific currents, with minimal voltage hysteresis.
Resultantly, Fe‒N1 sites demonstrate notable rate performance and
rapid kinetics for sulfur species conversions. In order to strictly prove
that the enhanced sodium||sulfur electrochemistry essentially stem-
med fromFe‒Nx catalytic sites insteadof other physical factors, Fe-free
NC hosts were also investigated. As shown in Supplementary Fig. 20,
each NC host exhibits a similar surface area as the counterpart Fe‒Nx

host synthesized at the same temperature, yet leading to much lower
sulfur utilization and rate capacities (Supplementary Fig. 21). Also, the
Fe‒Nx and Fe-free NC hosts synthesized at the same temperature have
similar electronic conductivities yet leading into significantly different
Na||S electrochemistry (Supplementary Table 6). These control groups
eliminated the effects of surface area and electronic conductivity in
electrochemical performance improvement.

Figure 3d illustrates the cyclic performances of different positive
electrodes at 167.5 and 1675mAg‒1. At 167.5mAg‒1, the reversible
capacities of Fe‒N2/S, Fe‒N4/S, andNC/S positive electrodeswere 475.2,
398.6, and 241.8mAhg‒1 after 200 cycles, respectively. By contrast, the
Fe‒N1/Spositive electrodemaintainedahigh reversible specificcapacity
of 647.8mAhg‒1 and impressive Coulombic efficiency of 99.4% after
200 cycles, showcasing the evident electrocatalytic capability of Fe‒N1

sites for NaPSs redox. Further investigation into the long-term stability
of each positive electrode was conducted at a high specific current of
1675mAg‒1. Among them, the Fe‒N1/S positive electrode demonstrated
a substantial reversible specific capacity of 1003mAhg‒1 and stably
operated for 700 cycles. At 3350mAg‒1, the Fe‒N1/S positive electrode
delivered negligible capacity loss over 300 cycles and 83.5% capacity
retention after 450 cycles (Supplementary Fig. 22). It is instructive to
compare the Fe‒N1/S positive electrode assembled Na||S battery with
the reported state-of-the-art Na||S batteries. As shown in Fig. 3e, Sup-
plementary Figs. 22, 23, and Supplementary Table 7, a comprehensive
comparison was conducted among Na||S batteries with sulfur-positive
electrodes featuring free of catalytic site6,38, single-atom sites23,24,39,40,
metal-particle sites41–44, and compound-particle sites45–48. Notably, the
Fe‒N1/S positive electrode ranks among the top tier in terms of sulfur
utilization, rate performance, and cyclability.

In situ XRD and in situ, EIS measurements were conducted to
deeply understand the unsaturated Fe single atom catalyzed sulfur
redox. Supplementary Fig. 24 illustrates the variations in peak intensity
within the XRD patterns of these positive electrodes throughout
cycling. Peaks at 36.8° and 26.6° corresponding to the Na2S (353) facet
and Na2S5 (131) facet, were extracted to highlight the differences
(Fig. 3f and g). During charging, the Na2S signal in the Fe‒N1/S positive
electrode weakened and nearly disappeared at 3.0V, while the Na2S5
signal gradually increased. In the subsequent discharge process, the
Na2S peak reappears and gradually intensifies, while the Na2S5 peak
exhibits the opposite trend until it completely disappears at 0.8V. This
indicates that in the Fe‒N1/S positive electrode, sulfur species go
through highly reversible conversion, ultimately resulting in the for-
mation ofNa2S as the discharge product. Similar to Fe‒N1/S, changes in
the intensity of Na2S and Na2S5 peaks during charge and discharge
were also noted for Fe‒N2/S. However, at the endof discharge, a strong
Na2S5 signal remains, indicating insufficient reduction of long-chain
NaPSs. The Fe‒N4/S positive electrode exhibits strong Na2S signal and
weak Na2S5 signal throughout the operation, indicating difficulty in
Na2Sdecomposition. In theNC/S positive electrode, substantial signals
of Na2S and Na2S5 persist, indicating significant energy barriers for
NaPS conversion due to the absence of Fe‒Nx sites. Therefore, Fe‒N1

sites are pivotal in boosting the reactivity of sulfur species and expe-
diting the kinetics of sulfur redox.

Based on in situ electrochemical characterization and spectral
data, the sulfur redox process can be elucidated.With regard to the CV
curve in Fig. 3a, the R1/R2 peaks are indicative of the continuous con-
version of long-chain to short-chain NaPSs, while the R3 peak corre-
sponds to their reduction to Na2S. During the anodic scan, the O1 and
O2 peaks signify the oxidation of solid-phase and long-chain NaPSs,
respectively. The Fe‒N1/S positive electrode exhibits strong response
currents for both long-chain and short-chain NaPSs and minimal
polarization, indicating optimal kinetic of sulfur species conversion via
Fe‒N1 sites.

Additionally, we employed in situ electrochemical impedance
spectroscopy (EIS) to monitor the behaviors of sulfur species. The
in situ EISmeasurementswere conductedonNa||S batteries assembled
with Fe‒Nx/S and NC/S positive electrodes at different states of charge
(SoC) for the 2nd cycle at 167.5mAg‒1. As illustrated in Fig. 3h, Sup-
plementary Fig. 25, and Supplementary Tables 8–11, the Fe‒N1/S
positive electrode showcased minor changes in ohmic resistance (Ro)
and charge transfer resistance (Rct) throughout the entire cycle, indi-
cating that the sulfur species underwent conversion with consistently
high efficiency of mass and charge transfer, driven by Fe‒N1 sites.
Regarding the Fe‒N2/S positive electrode, a notable increase in Rct

occurred at an SoC of ~25%, suggesting gradual generation of the less
conductive solid-state product within the positive electrode during
discharge. These products can be partially decomposed during char-
ging, as indicated by the decreasing Rct. Comparing the former two
electrodes, during the discharge of Na||S batteries with the Fe‒N4/S
and NC/S positive electrodes, when SoC ranged from ~50% to 20%, the
emergence of additional impedance from the blocking layer at mid-
frequency in the EIS spectra suggests the accumulation of solid-state
products on the positive electrodes surfaces (Rint), hindering further
sulfur species conversion49. This negative effect was not removed until
charge to about ~70%SoC.Owing to the absenceof Fe‒Nx sites, a larger
Rint of Na||S batteries with NC/S positive electrodes than that of Fe‒N4/
S positive electrodes can be resolved. In summary, highly unsaturated
Fe‒N1 sites are crucial for efficient mass/charge transfer and catalytic
conversion during sulfur conversion.

The reversibility and electrochemical stability of Fe‒Nx hosts are
pivotal for the performance of Na||S batteries. Ex situ XPS was con-
ducted to track valence state changes in the Fe‒Nx/S positive electro-
des during charge and discharge processes. As shown in
Supplementary Fig. 26, the Fe 2p binding energy shifted toward lower
values duringdischarge and fully recovereduponcharging, confirming
the highly reversible nature of the Fe‒Nx sites. Furthermore, HAADF-
STEM images of the Fe‒Nx/S positive electrode after 700 cycles (Sup-
plementary Fig. 27) reveal that the Fe‒Nx sites remain uniformly dis-
persed without Fe aggregation, underscoring their sustained
electrochemical stability. Overall, the high reversibility and electro-
chemical stability of Fe‒Nx hosts underpin the improved electro-
chemical performance of Na||S batteries.

Based on the redox peak indexes in the CV curves, an in-depth
kinetic analysis of each positive electrode was conducted using multi-
rate CV scanning. The varying trends of response current and voltage
polarization as functions of scan rate reflect the kinetics of specific
sulfur redox steps. As shown in Fig. 4a and Supplementary Fig. 28, the
polarization of R1 in the NC/S and Fe‒N4/S positive electrodes
increased rapidly with higher scan rate, since the lack of Fe‒Nx sites
and the inferior interactions between saturated Fe‒N4 sites and NaPSs.
Both Fe‒N2/S and Fe‒N1/S positive electrodes gained higher R1 cur-
rents as the scan rate increased. This phenomenon suggests that
unsaturated Fe‒Nx sites are susceptible to the conversion of long-chain
NaPSs. Regarding the R3 peak, Fe‒N2/S positive electrodes exhibit low
R3 currents for fewer formation of solid-state NaPSs. Fe‒N1/S positive
electrode shows the lowest polarization and highest R3 currents. In the
anodic scan, theO1 peak is discernible for all of the positive electrodes,
while the O2 peak becomes ambiguous as the scan rate increases.
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Compared to the NC/S positive electrode, Fe‒Nx/S positive electrodes
exhibit higher O1/O2 currents, indicating improved Na2S decomposi-
tion capabilities from Fe‒Nx sites. At high scan rates, the O1 currents of
the Fe‒N1/S positive electrode are maximized and the polarization is
minimized, suggesting that the increased unsaturation of Fe‒Nx sites is
closely related to the enhanced Na2S decomposition capability.

To reveal the origin of sulfur reduction kinetics for these four
positive electrodes, the Gibbs free energies along the sulfur reduction
pathway were calculated. Per Fig. 4b, among all the sub-steps, the
conversion of Na2S6 to Na2S4 was found to have the highest energy
barriers for all positive electrodes, which is identified as the rate-
determining step (RDS) for the entire reduction process. The highest
RDS energy barrier (3.367 eV) of NC/S accounts for the challenge in
converting long-chain to short-chain NaPSs in the absence of Fe‒Nx

sites. The RDS energy barrier decreases with the increasing unsatura-
tion degree of the Fe‒Nx sites. As for the Fe‒N1 sites, the lowest RDS
energy barriers ensure their considerable favor in accelerating the
kinetics of both long-chain and short-chain NaPSs conversion. To fur-
ther analyze the role of Fe‒Nx sites in the kinetics of sulfur reduction
reaction, the R1 peaks in the CV curves were extracted for fitting the

Tafel slopes. As shown in Fig. 4c, Fe‒Nx/S positive electrodes exhibit
higherR1 onset potentials and significantly lowerTafel slopes compared
to NC/S positive electrodes (434mVdec‒1), indicating that Fe‒Nx sites
can expedite the reduction of NaPSs. The lowest Tafel slope for the Fe‒
N1/S positive electrode (179mVdec‒1) confirms the advantage of highly
unsaturated Fe‒N1 sites in catalyzing the long-chain NaPSs reduction.

Furthermore, the CV curves of theNa2S8-, Na2S6-, andNa2S4-based
symmetric cells (Supplementary Fig. 29) also verified the optimal
catalytic capability of the Fe‒N1 site. We further conducted a quanti-
tative analysis of the symmetric cell data by comparing the redox peak
potentials and corresponding currents at various scan rates (Supple-
mentary Fig. 30). Symmetric cells based on Fe‒N1 electrodes con-
sistently displayed the lowest polarization and highest response
currents, highlighting the optimal NaPSs redox kinetics enabled by Fe‒
N1 sites.Moreover, to elucidate the critical catalytic role of Fe‒N1 in the
reduction of solid-phase NaPSs, we conducted Na2S nucleation tests.
As shown in Supplementary Fig. 31, Na2S nucleation exhibited the
earliest onset time and largest capacity on the Fe‒N1 electrode. These
results compellingly demonstrate that Fe‒N1 sites can significantly
accelerate the nucleation and growth of the Na2S phase, revealing the

Fig. 4 | The influence of unsaturation degree in Fe–Nx from the electronic
structure aspect. a Multi-rate scan CV curves of Na||S batteries with Fe–N1/S,
Fe–N2/S, and Fe–N4/S positive electrodes. b Gibbs free energy profiles of sulfur
reduction processes on Fe–N1, Fe–N2, Fe–N4, and NC hosts. Insets: Corresponding
adsorption configuration of sodium polysulfide on Fe‒N1, where the pink, yellow,
red, blue, and grey spheres represent Na, S, Fe, N, and C atoms, respectively. cTafel
slope of peak R1 derived fromCV curves at 0.2mV s–1.d Energy profiles of the initial

state (IS), transition state (TS), andfinal state (FS) forNa2S decompositiononFe–N1,
Fe–N2, Fe–N4, and NC hosts. e Relationship between the polarization voltage of O1

peak at 0.4mV s–1 and electronic structure descriptor (φ). f Linear relationship of
log (specific current) vs. log (scan rate) of peak O1 for the positive electrodes. The
atomic coordinates of the configurations are provided as a Supplementary Data 1
file, and source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-58114-9

Nature Communications |         (2025) 16:2795 7

www.nature.com/naturecommunications


underlyingmechanismof the high sulfur utilization of Fe‒N1/S positive
electrodes.

As the initial step in the oxidation process of sulfur species, the
decomposition of electrochemically inert Na2S directly determines the
sulfur utilization efficiency in Na||S batteries. Hence, we conducted
DFT calculations to determine the energy barriers of Na2S decom-
position on each substrate. As illustrated in Fig. 4d, the energy barriers
for the Na2S decomposition reaction on Fe‒N1, Fe‒N2, Fe‒N4, and NC
were calculated to be 0.57, 0.76, 0.94, and 2.03 eV, respectively. This
trend is consistent with the ICOHP changes in Fig. 1c. Furthermore, we
assessed the correlation between φ and the potentials of O1 peaks
(Fig. 4e). As the φ decreased from 0.664 (Fe‒N1) to 0.640 (Fe‒N4), the
polarization voltage of the Na2S oxidation reaction rose from 1.977 V
(Fe‒N1/S) to 2.112 V (Fe‒N4/S). This linear relationship confirms that the
electronic structures of the Fe‒Nx sites are critical in the decomposi-
tion of Na2S. Descriptor φ can also justify and predict the ability of the
coordinatively unsaturated single-atom sites to reduce the Na2S
decomposition energy barriers. To experimentally evaluate the influ-
ence of Fe‒Nx unsaturation degrees on sulfur redox kinetics, we
extracted the b value at the O1 peak from multi-rate scan CV curves.
The b value in equation i = avb reflects the reaction kinetics (where i
and v represent response current and corresponding scan rate)50. The
sulfur conversion in Na||S batteries involves a combination of multiple
surface-controlled and diffusion-controlled processes, making the b
value an effective descriptor for sulfur conversion kinetics (Supple-
mentary Fig. 32). As shown in Fig. 4f, the b values of the O1 peak for Fe‒
N1/S, Fe‒N2/S, Fe‒N4/S, and NC/S positive electrodes are 0.78, 0.66,
0.63, and 0.53, respectively. Fe‒N1/S positive electrodes exhibit the
highest b value of the O1 peak, indicating that it has the greatest
advantage in solid-state Na2S decomposition, which is the essential
reason for its enhanced sulfur utilization.

A higher population of Fe‒Nx sites available routinely leads to
better sulfur conversion kinetics, as comprehensively demonstrated in
Supplementary Figs. 33–40 and Supplementary Tables 12, 13 based on
control groups of specimenswith various Fe‒Nx site to sulfur ratios. Of
note, in these control groups, the Fe‒N1 site is all identified as pos-
sessing the highest catalytic capability towards sulfur conversion.

Geometric structures of the Fe‒Nx sites are also important for
optimizing the behavior of sulfur species in Na||S electrochemistry. As
aforementioned, the geometric structures of unsaturated Fe‒Nx sites
adjacent to defects are expected to provide NaPSs adsorption spaces
and Na+ diffusion channels. Therefore, we initially investigated the
relationship between the geometric structures of Fe‒Nx and the
essential Na+ diffusion behaviors involved in sulfur redox. The galva-
nostatic intermittent titration (GITT) technique was employed to
investigate the Na+ diffusion behavior in various hosts. Notably, Fe‒N1/
S positive electrodes exhibited lower overpotential compared to the
other three positive electrodes, indicatingmore facile reaction kinetics
(Fig. 5a). The Na+ diffusion coefficient was calculated according to
Fick’s second law, with results depicted in Fig. 5b. Compared to NC/S
positive electrodes, the Na+ diffusion coefficient of Fe‒N4/S positive
electrodes exists a peak near 1.9 V during discharge, corresponding to
the reduction process of long-chain NaPSs. It is suggested that the
presence of Fe‒Nx sites enhances Na+ diffusion in the positive elec-
trodes. However, saturated Fe‒N4 sites exhibit limited catalytic con-
version of short-chain NaPSs as revealed by the similar Na+ diffusion
behavior as NC/S positive electrodes in the subsequent discharge and
charge process, leading to frustrated Na2S formation and decom-
position. In contrast, both Fe‒N2/S and Fe‒N1/S positive electrodes
exhibit high Na+ diffusion coefficients at 1.7–2.0 V (discharge),
0.8–1.2 V (discharge), and ca. 2.0 V (charge), indicating the advantage
of unsaturated Fe‒Nx sites for Na

+ conduction. Particularly, the defect-
rich feature of the geometric structures in the Fe‒N1/S positive elec-
trode enables more Na+ transfer to the vicinity of Fe‒N1 sites for sul-
fur redox.

Furthermore,Rct obtained from themulti-temperature EIS spectra
was utilized to fit the Arrhenius equation, enabling the determination
of the correlation between the thermodynamics of the sulfur species’
redox reactions and the kinetics of Na+ diffusion at the experimental
level18,51. Fig. 5c and Supplementary Figs. 41–44 present the multi-
temperature EIS spectra of the four positive electrodes in 0.8–3.0V.
Through the linear correlation between 1/T and log (1/Rct), the acti-
vation energy (Ea) at a given potential was calculated, as delineated in
Fig. 5d. In both the charge and discharge processes, Fe‒N1/S positive
electrodes exhibited the lowest activation energy barrier (4.8 and
1.8 kJmol‒1 for sulfur reduction and oxidation reactions, respectively),
which was lower than those for Fe‒N2/S, Fe‒N4/S, and NC/S positive
electrodes (6.1/4.5, 6.4/12.4, and 12.4/15.8 kJmol‒1, respectively).
Combining the calculated Na+ diffusion coefficients with the activation
energy barriers, Fe‒N1/S positive electrodes possess the highest Na+

transfer capacity at themaximumenergy barrier, which is attributed to
the geometric structures of the highly unsaturated Fe‒N1 sites.

The geometric structures of Fe‒Nx are closely associated with the
adsorption strength of NaPSs, as indicated by theoretical calculations.
Effective immobilization of polysulfides is a prerequisite to inhibit
shuttle effects and to facilitate sulfur redox kinetics52,53. To assess the
adsorption capacities of the Fe‒Nx sites modified sulfur hosts to
polysulfides, Na2S6 adsorption experiments were conducted (Fig. 5e).
The introduction of Fe‒Nx sites enhanced the adsorption capacity of
NaPSs informed by the lighter color of Fe‒Nx containing solutions
compared to NC. Furthermore, all Na2S6 species in solution were
thoroughly adsorbed by the Fe‒N1 hosts after 12 h, as evidenced by the
almost overlapping with the DME solvent in the ultraviolet–visible
(UV–vis) spectra. The results of the adsorption experimentsmatchwell
with the theoretical calculations (Supplementary Fig. 45), based on the
correlation between γ and absorbance in Fig. 5f and Supplementary
Table 14.

The visual cells serve as suitablemeasurements to appraise NaPSs
conversion kinetics endowed by Fe‒Nx sites. As illustrated in Fig. 5g,
visual cells were constructed with sodium foil negative electrodes and
Fe‒Nx/S or NC/S positive electrodes, undergoing 12 h standing and a
complete discharge/charge cycle. The dissolved amount of NaPSs in
the electrolyte and the condition of the sodium negative electrode
surface can reasonably describe the adsorption and conversion
kinetics of NaPSs, since the weak adsorption and sluggish conversion
ofNaPSs supply sufficient time for both their dissolution and shuttling.
At the end of the charging process (3.0V), the counter sodium nega-
tive electrode for Fe‒N1/S visual cells remained silvery glow and the
electrolyte kept colorlesswith negligible signalsdetected in theUV–vis
spectrum (Fig. 5h). In addition, the advantages of Fe‒N1 sites in
strongly adsorbing and catalytically converting NaPSs are obvious
compared to other visual cells, in which massive NaPSs dissolution in
electrolytes and conspicuous NaPSs deposition on sodium negative
electrodes are observed.

Cycling stability is another important index for evaluating the
performance of Na||S batteries. To elucidate the correlation between
NaPSs conversion and the cycling stability of Na||S batteries, we col-
lected and examined the positive electrodes (state of charge) after 100
cycles at 1675mAg‒1. Figure 6a illustrates that Na2S4, Na2S4, Na2S2, and
Na2S are predominant in post-cycled Fe‒N1/S, Fe‒N2/S, Fe‒N4/S, and
NC/S positive electrodes, respectively. Compared to the crystalline
Na2S4 in Fe‒N2/S positive electrodes, the amorphous products in Fe‒
N1/S positive electrodes present favorable electrochemical activities,
suggesting that Fe‒N1 sites promote the stability of Na||S batteries.
Conversely, the accumulation of electrochemically inert Na2S/Na2S2 in
Fe‒N4/S and NC/S positive electrodes results in the loss or even
depletion of sulfur species, which is detrimental to the stability.

The morphology and elemental distribution of the post-cycled
positive electrodes corroborated the SAED results, as shown in Fig. 6b.
The cubic particles in the cycled Fe‒N1/S positive electrode remain
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well-defined. The overlap between elemental sulfur distribution and
particle morphology suggested effective sulfur species confinement
within the composite materials, attributed to the strong adsorption of
Fe‒N1 sites. Additionally, the uniformdistribution of elemental sodium
confirmed the accessibility of Na+ within the positive electrodes.
Notably, micron-sized secondary particles resulting from extensive
NaPSs adhesion were observed in both Fe‒N2/S and Fe‒N4/S positive
electrodes. Moreover, the differential distribution of sodium and sul-
fur indicates the stacking of sodium-rich solid Na2S/Na2S2 and the
escaping of sulfur-rich solvable NaPSs. Severe aggregation on cycled
NC/S positive electrodes obscured original cubic morphologies. The
electrode surfacewas coatedwith non-conductiveNaPSs, as evidenced
by the sulfur distribution exceeding the original morphologies. Due to
the lack of catalytic Fe‒Nx sites, NC hosts failed to restrain sulfur
speciesmigration, resulting in the detachment of the formed products
from the hosts.

Based on the above analysis, Supplementary Fig. 46 summarizes
the Na||S electrochemical conversion mechanism on Fe‒Nx sites with
various unsaturation degrees. The NC hosts exhibit poor sulfur redox

kinetics. Sulfur species escape rapidly from micropores, unevenly
depositing as Na2S on the host’s surface, blocking pores and impeding
mass/charge transfer, leading to the passivation of sulfur species. The
saturated Fe‒N4 sites in the Fe‒N4 hosts have weak interactions with
NaPSs and insufficient NaPSs redox catalysis. Increasing the unsa-
turation degree of the Fe‒Nx site significantly enhances interactions
with sulfur species. The unsaturated Fe‒Nx sites with defect-rich con-
figurations reduce the steric-hindrance effect of NaPSs adsorption,
allowing formuch stronger anchoring of NaPSs by Fe‒Nx sites. In terms
of electronic structure, unsaturated coordination leaves the central Fe
atom with ample hybridization orbitals to couple and interact with
NaPSs. As a result of the favorable geometric and electronic structure
of Fe‒Nx sites, Na||S batteries featuring Fe‒N1/S and Fe‒N2/S positive
electrodes demonstrate better electrochemical performances com-
pared to those with Fe‒N4/S positive electrodes. Specifically, Fe‒N1/S
positive electrodes exhibit high sulfur utilization and efficient sulfur
redox during high-rate and long-term cycling, thereby conferring sig-
nificant reversible capacity, satisfactory rate performance, and pro-
longed cycling lifespan to Na||S batteries.

Discharge Charge
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Fig. 5 | The influence of unsaturationdegree in Fe–Nx fromgeometric structure
aspect. a and bGITT curves (a) and calculated Na+ diffusion coefficient (b) of Na||S
batteries with Fe–N1/S, Fe–N2/S, Fe–N4/S, and NC/S positive electrodes. c and
dMulti-temperature EIS spectra (c) and calculated activation energy barriers (d) for
Na||S batteries with Fe–N1/S, Fe–N2/S, Fe–N4/S, and NC/S positive electrodes.
e UV–vis spectra and the optical photo of Na2S6 solutions with host materials
(solutions (1)–(5) in the inset are reference Na2S6 solution, and adsorbed solution

with Fe–N1, Fe–N2, Fe–N4, and NC). f Relationship between geometric structure
descriptor (γ) and absorbance of Na2S6 in UV–vis spectra for Fe–N1, Fe–N2, and
Fe–N4. g Visual cells under different states employing Fe–N1/S, Fe–N2/S, Fe–N4/S,
and NC/S positive electrodes. h UV–vis spectra and the optical photos visual cells
employing different positive electrodes at the end of the charging process. Source
data are provided as a Source Data file.
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To explore the practical application of Fe‒N1/S positive electrodes,
Na||S pouch cells (60 ×60mm2) were assembled. Optical images
demonstrated a stable open-circuit voltage (OCV) of 2.32 V under flat
and standing conditions (Supplementary Fig. 47), underscoring the
adaptability of Na||S batteries to diverse environments. The rate per-
formance and correspondingGCDprofiles of the assembledpouch cells
are depicted in Fig. 6c and d. Na||S pouch cells employed Fe‒N1/S
positive electrodes exhibited reversible capacities of 1296.9, 1124.8,
1073.9, 1030.1, and 799.4mAhg‒1 at different specific currents of 0.1,
0.2, 0.3, 0.5, and 1.0A g‒1, respectively. Notably, specific capacity
recovered to 1082.3mAhg‒1 (96.2% of the 10th cycle specific capacity)
after switching back to 0.2 A g‒1, indicating efficient sulfur utilization of
the Fe‒N1/S positive electrode even in pouch cells. Encouragingly, the
sulfur utilization of the Fe‒N1/S positive electrode in both Na||S pouch
cell and coin cell is improved compared to previous reports (Fig. 6e and
Supplementary Tables 15, 16)6,24,26,39,43,48,54–64. In particular, the Na||S
pouch cell maintains comparable performance even under low elec-
trolyte conditions of 25μLmgsulfur

‒1 (Supplementary Fig. 48). Addi-
tionally, visual demonstrations were conducted to validate its practical
potential. As shown in Supplementary Fig. 47, two series-connectedNa||
S pouch cells employing Fe‒N1/S positive electrodes efficiently lighted
the light-emitting diode (LED) devices without significant brightness
reduction after continuous 20-min operation. Overall, sulfur-positive
electrodes based on Fe single atoms with unsaturated coordination
exhibit boundless potential for future advanced energy storage devices.

Discussion
In summary, we designed coordinatively unsaturated Fe‒Nx (x = 1–4)
sitesmodified hostmaterials for sulfur-positive electrodes to optimize

the polysulfide behavior for high-performance Na||S battery. Based on
theoretical calculations, geometric structure descriptor γ and elec-
tronic structure descriptor φ correlated with the unsaturation degree
of Fe‒Nx sites were proposed. The negative correlation between γ and
the adsorption strength of NaPSs, as well as the positive correlation
betweenφ and the decomposition capability of Na2S, were established
and experimentally verified. The Fe‒N1 sites, theoretically screened
and characterized by the lowest γ and the highest φ values, are con-
sidered the optimal functional species for sulfur host modification in
Na||S batteries. Comprehensive experimental analyses and theoretical
calculations indicated that Fe‒N1 sites provide sufficient space for
NaPSs adsorption. Their electronic structure offers abundant coupling
orbitals for solid-phase products, mainly Na2S, accelerating kinetics
and lowering the energy barrier for Na2S decomposition. As a result,
Na||S batteries with Fe‒N1 sites modified positive electrodes exhibit
improved sulfur utilization, sustained rate performance, and long-
term stability. Additionally, pouch cells using positive electrodes with
Fe‒N1 site modification achieved a sulfur utilization of up to 77.4% at a
specific current of 0.1 A g‒1, comparable to top-level coin cells. This
work presents design principles for efficient single-atom-based cata-
lysts for Na||S batteries, providing important guidance for selecting
high-performing catalysts and optimizing polysulfide behavior in Na||S
batteries.

Methods
Chemicals
Iron(III) acetylacetonate (Fe(acac)3, 98%), sodium bis(tri-
fluoromethanesulfonyl)imide (NaTFSI, 98%), ethylene glycol dimethyl
ether (DME, 99.5%), and fluoroethylene carbonate (FEC, 99%) were

Fig. 6 | Practical application prospect of unsaturated Fe–Nx positive electrodes
in Na||S batteries. a and b SAED patterns (a), SEM images, and corresponding EDS
mapping (b) of post-cycled Fe–N1/S, Fe–N2/S, Fe–N4/S, and NC/S positive electro-
des. c and d Rate performance (c) and corresponding GCD profiles (d) of Na||S

pouch cell employing Fe–N1/S positive electrode. Inset: Digital image of the
assembled Na||S pouch cell configuration. e Sulfur utilization comparison between
Fe–N1/Spositive electrode-basedNa||S pouch cell and the state-of-the-artNa||S coin
cells. Source data are provided as a Source Data file.
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purchased from Meryer Chemical Technology Co., Ltd. Zinc nitrate
hexahydrate (Zn(NO3)2·6H2O, 99.99%), sodium sulfide (Na2S, 95%),
sodium metal (Na, 99.7%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. 2-Methylimidazole (2-MIM, 98%),
hexadecyl trimethyl ammonium bromide (CTAB, 98%), and propylene
carbonate (PC, 99%) were purchased from HEOWNS. Sulfur (S, 99.5-
100.5%), graphene nanoplatelets, and diethyl carbonate (DEC, 99%)
were purchased from Sigma-Aldrich. Methanol (99.9%) and tetra
ethylene glycol dimethyl ether (TEGDME, 99%) were purchased from
Shanghai Macklin Biochemical Co., Ltd. Carboxymethyl cellulose
(CMC, M.W. 250000) was purchased from Shanghai Acmec Bio-
chemical Technology Co., Ltd. N-methyl−2-pyrrolidone (NMP) and
poly(vinylidene fluoride) (PVDF) were purchased from Guangdong
CanrdNewEnergyTechnologyCo., Ltd. All reagentswereuseddirectly
in the experiments without further purification.

Synthesis of Fe-ZIF-8 and ZIF-8 precursors
In a typical synthesis, 20.0mg CTAB, 0.788 g (2.65mmol)
Zn(NO3)2·6H2O, and 49.4mg (0.14mmol) Fe(acac)3 were sequentially
dissolved in 28ml deionized water to form solution A. 12.97 g
(0.158mol) 2-MIM was dissolved in 200ml deionized water to form
solution B. Afterwards, solution A was slowly poured into solution B
and stirred continuously for 24 h. The orange-colored Fe-ZIF-8
powder was collected by centrifugation, washed three times with
methanol, and dried in a vacuum oven at 60 °C overnight. The L-Fe-
ZIF-8 with low Fe loading was obtained by reducing the amount of
Fe(acac)3 introduced to 9.9mg (0.028mmol) during the synthesis.
ZIF-8 was obtained without adding Fe sources during the synthesis
process.

Synthesis of Fe‒N1 hosts
The L-Fe-ZIF-8 powderwas immersed in theN2 atmosphere andheated
up to 1100 °C for 3 h at a heating rate of 5 °Cmin–1, followed by the
furnace cooling to room temperature. The obtained black powders
were noted as Fe‒N1.

Synthesis of Fe‒N2 hosts
The Fe-ZIF-8 powder was treated at 900 °C for 3 h under N2 gas flow at
a heating rate of 5 °Cmin‒1. After cooling to room temperature, the
black Fe‒N2 powder was obtained.

Synthesis of Fe‒N4 and NC hosts
The Fe-ZIF-8 and ZIF-8 powders were treated at a rate of 5 °Cmin‒1 in
an N2 atmosphere at 700 °C for 3 h. The resulting powders were
noted as Fe‒N4 and NC, respectively. To enable a more comprehen-
sive comparison, ZIF-8 was pyrolyzed at 900 and 1100 °C under
identical conditions, yielding products designated as NC (900) and
NC (1100).

Synthesis of Fe‒N1/S, Fe‒N2/S, Fe‒N4/S, and NC/S composites
Fe‒N1 (or Fe‒N2, Fe‒N4, NC) host and sulfur were homogeneously
mixed at a mass ratio of 1:1, and subsequently vacuum encapsulated in
a high boron glass tube. The glass tubes were placed in a muffle fur-
nace and heated up to 155 °C at a heating rate of 5 °Cmin‒1 and held for
12 h. After that, the glass tubes were further heated up to 300 °C for an
additional 12 h. The composites could be obtained by furnace cooling
to room temperature and were denoted as Fe‒N1/S, Fe‒N2/S, Fe‒N4/S,
and NC/S. Composites with high sulfur content were prepared using a
similar procedure by adjusting the ratio of the Fe‒N1 host to sulfur to
4:6 and 3:7, denoted as Fe‒N1/S (60% S) and Fe‒N1/S (70% S),
respectively.

Adsorption measurements
The Na2S6 solution for adsorption measurements was prepared by
mixing Na2S and sulfur with a molar ratio of 1:5 in DME. 10mg Fe‒N1,

Fe‒N2, Fe‒N4, and NC were added into the 2ml 0.02M Na2S6 solution,
respectively, with the blank Na2S6 solution as a reference.

Materials characterization
Scanning electronmicroscopy (SEM) imaging coupled with an energy-
dispersive X-ray spectrometer (EDS) was conducted using a Jeol JSM-
7800F field-emission microscope. Transmission electron microscopy
(TEM) characterization, including imaging and selected-area electron
diffraction (SAED) pattern acquisition, was carried out on a Jeol JEM-
F200 instrument. Atomic-resolution aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) observations were performed on a Jeol JEM-ARM200F
system. X-ray photoelectron spectroscopy (XPS) measurements were
acquired using a Kratos Axis Supra spectrometer withmonochromatic
Al Kα excitation. Nitrogen adsorption–desorption isotherms for por-
osity analysis were recorded on a Micromeritics AutoSorb-IQ gas
sorption analyzer. Thermogravimetric analysis (TGA) was performed
under a flowing nitrogen atmosphere using a Netzsch STA 449C
thermal analyzer. Ultraviolet–visible (UV–vis) absorption spectra were
collectedwith a ShimadzuUV-2700 spectrophotometer equippedwith
an integrating sphere. In situ X-ray diffraction (XRD) studies were
conductedon aRigakuSmartLabdiffractometer operated at 40kV and
50mA (Cu Kα radiation, λ =0.15406 nm). The X-ray absorption spec-
troscopy (XAS) measurements at the Fe K-edge were obtained at
beamline BL14W1 of the Shanghai Synchrotron Radiation Facility
(SSRF) in transmission mode.

For post-cycling electrode characterization, disassembled elec-
trodes were rinsed repeatedly with DEC solvent to eliminate residual
electrolyte salts. After drying, samples were transferred via a vacuum
chamber to SEM. Throughout this procedure, the specimens were
continuously maintained under an Ar atmosphere or in a vacuum
environment to prevent material degradation. Ex-situ characterization
followed identical cleaning/drying steps. Electrode materials were
scraped, mounted on holders, and sealed in Ar-filled containers.
Sampleswere rapidly transferred to TEM/XPS instruments tominimize
air exposure.

Electrochemical measurements
CR2032 coin cells were assembled in an argon-filled glove box with
rigorously controlled atmosphere conditions (H2O < 0.1 ppm,
O2 < 0.1 ppm). The positive electrode slurry was formulated by uni-
formly blending 70wt% Fe‒N1/S, Fe‒N2/S, Fe‒N4/S or NC/S compo-
sites, 20wt% graphene nanoplatelets, and 10wt% CMC with an
appropriate amount of deionized water in ambient air using an agate
mortar. The slurry was doctor-blade-coated onto carbon-coated
aluminum foil at a controlled gap width of 250 μm, followed by
overnight vacuum drying at 60 °C. Electrodes were punched into
12mm disks with a sulfur loading of ca. 1mg cm‒2. A single sheet of
glass fiber separator (GF/C, Whatman; 260 μm thickness, 1.2 μmpore
size, 19mm diameter) was employed. For the sodium metal negative
electrode, surface-oxidized layers were mechanically removed from
bulk sodium, and 15mg of fresh sodium was pressed onto a 15.8mm
stainless-steel current collector. The electrolyte (2M NaTFSI in PC/
FEC, 1:1 v/v) was freshly prepared in the Ar-filled glove box via 12 h
stirring at 25 °C prior to assembly. Each coin cell contained 100μL
electrolyte, yielding an electrolyte-to-sulfur (E/S) ratio of ca.
88.5μLmgsulfur

‒1 to ensure full separator wetting. Electrochemical
characterization was conducted using a NEWARE battery testing
system and Solartron multi-channel electrochemical workstation
within a 0.8–3.0 V voltage range (vs. Na+/Na) in a thermostat at 25 °C.
Cycling tests were performed at 167.5, 1675, and 3350mAg‒1, while
rate performance was conducted across sequential specific currents
of 167.5, 335.0, 502.5, 837.5, 1675, 3350, 5025, 8375, and 167.5mAg‒1.
All specific capacities and specific currents were calculated based on
the elemental sulfur mass. Coulombic efficiency (CE) was calculated
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as the ratio of charge-specific capacity to discharge-specific capacity,
as follows:

CE =
Charge capacity

Discharge capacity
× 100% ð1Þ

CV measurements were carried out on a Solartron multi-channel
electrochemical workstation with scanning rates of 0.1–1.0mV s‒1

between 0.8 and 3.0 V. Electrochemical impedance spectroscopy tests
were performed at specific voltages in the frequency range
1MHz–0.01 Hz with an amplitude of 5mV after resting for 10min. A
thermal test chamber was used to control the temperature during the
EIS testing. To stabilize voltage, the batteries were discharged/charged
to the specified potential and held at that potential until the output
current remained constant. For the pouch cell (6 × 6 cm2), the assem-
bly involved sulfur-positive electrodes with sulfur loading of approxi-
mately 1mgcm‒2 and glass fiber separators. The electrolyte was
injected post-sealing via a reserved port, followed by 12 h rest and gas
extractionwith a syringe before clamping the port. The E/S ratio in low
E/S ratio Na||S pouch cell is 25μLmgsulfur

‒1. The Na||S pouch cells were
cycled under 5 kPa pressure between 0.8 and 3.0 V (vs. Na+/Na) using a
Solartron multi-channel electrochemical workstation for discharge/
charge measurements. Each data has undergone repeatability testing,
mitigating sources of random error through stringent test specifica-
tions. Thedata demonstrates high accuracy and reproducibility, falling
within experimental error margins.

Symmetric cell measurements
The Na2S6 electrolyte was synthesized by dissolving Na2S and sulfur
(molar ratio corresponds to the nominal stoichiometry of Na2S6) in
TEGDME containing 2M NaTFSI, followed by continuous stirring at
60 °C for 24 h to ensure homogeneity. Symmetric cells were assem-
bled using 100μL of the prepared Na2S6-containing electrolyte
(0.052M) with identical Fe‒N1, Fe‒N2, Fe‒N4, or NC electrodes as both
the positive and negative electrodes to investigate polysulfide con-
version mechanisms.

Visual cell measurements
For the visual cell tests, the positive electrode slurry was prepared by
mixing composites (Fe‒N1/S, Fe‒N2/S, Fe‒N4/S, or NC/S), graphene
nanoplatelets, and PVDF at a mass ratio of 7:2:1 in NMP solvent. The
resulting slurry was uniformly coated onto carbon paper substrates
and dried at 60 °C overnight. Sodium foil pressed onto a stainless-
steel collector served as the negative electrode. The electrodes were
secured using alligator clips, and the cells were filled with an elec-
trolyte of 2M NaTFSI in DME. The assembled reaction vessels were
sealed and subjected to galvanostatic charge-discharge testing at
167.5mAg‒1 using a Solartron multi-channel electrochemical
workstation.

Computational methods
Details of the computational methods are provided within the Sup-
plementary Information.

Data availability
All data generated or analyzed during this study are included in the
published article. Source data are provided with this paper.
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