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Understanding the charge transfer effects of
single atoms forboosting theperformanceof
Na-S batteries

Yao-Jie Lei1,2,8, Xinxin Lu 1,8, Hirofumi Yoshikawa 3, Daiju Matsumura3,
Yameng Fan1, Lingfei Zhao1, Jiayang Li1, Shijian Wang 2, Qinfen Gu4,
Hua-Kun Liu 5, Shi-Xue Dou 5, Shanmukaraj Devaraj 6, Teofilo Rojo7,
Wei-Hong Lai 1 , Michel Armand 6 , Yun-Xiao Wang1,5 &
Guoxiu Wang 2

The effective flow of electrons through bulk electrodes is crucial for achieving
high-performance batteries, although the poor conductivity of homocyclic
sulfur molecules results in high barriers against the passage of electrons
through electrode structures. This phenomenon causes incomplete reactions
and the formation ofmetastable products. To enhance the performance of the
electrode, it is important to place substitutable electrification units to accel-
erate the cleavage of sulfur molecules and increase the selectivity of stable
products during charging and discharging. Herein, we develop a single-atom-
charging strategy to address the electron transport issues in bulk sulfur elec-
trodes. The establishment of the synergistic interaction between the adsorp-
tion model and electronic transfer helps us achieve a high level of selectivity
towards the desirable short-chain sodium polysulfides during the practical
battery test. These finding indicates that the atomic manganese sites have an
enhanced ability to capture and donate electrons. Additionally, the charge
transfer process facilitates the rearrangement of sodium ions, thereby accel-
erating the kinetics of the sodium ions through the electrostatic force. These
combined effects improve pathway selectivity and conversion to stable pro-
ducts during the redox process, leading to superior electrochemical perfor-
mance for room temperature sodium-sulfur batteries.

Lithium-ion batteries have established themselves as the primary
option for powering portable electronic devices and electric
vehicles1–3. The limited availability and high price of Li, however, have
led to the increasedpopularity of sodium-basedbatteries, owing to the
low cost and natural abundance of sodium resources. Among these
sodium-based storage technologies, room temperature sodium-sulfur
(RT Na-S) batteries are particularly promising due to their high energy
density, up to 1274Wh·kg−14–8. Although progress has been made in
developing the Na-S battery, several obstacles remain9–12. One

significant challenge is its complex and uncontrollable cathodic pro-
ducts, such as long-chain and short-chain sodium polysulfides (NaPSs)
in the RT Na-S system13–15. The long-chain (LC) NaPSs (Na2Sx, 4 ≤ x ≤ 8)
are metastable intermediates. These are highly soluble in ether-based
electrolytes or can undergo nucleophilic reactions with carbonate-
based electrolytes11,16–19. This solubility causes active material loss and
interfacial deterioration, which subsequently leads to rapid capacity
decay8,20–24. In order to overcome these obstacles, advanced catalysts
must be developed to effectively regulate the reaction pathways and
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achieve optimal product selectivity during charging and discharging.
Product-selectivity, a concept often employed in connection with
organic catalysis such as in CO2 reduction25–27, hydrogenation
reactions28–30, and toluene oxidation31–33, has rarely been explored in
the context of Na-S battery technology. By selectively reducing the
production of unstable LC NaPS products, the yield of stable short-
chain products can be enhanced, although the reaction kinetics of
short-chain products, including Na2S2 and Na2S intermediates, is
sluggish. The continuous build-up of solid NaPSs on the electrode
reduces its charge transfer capability and obstructs ion accessibility,
potentially causing severe polarization, irreversible capacity, and poor
Coulombic efficiency7,34–37. Despite numerous studies focusing on
improving the reactivity and stability of RT Na-S batteries by incor-
porating catalysts into cathodes, the diverse catalytic activities
exhibited by various catalysts towards sulfur and sodium-sulfide spe-
cies have not been thoroughly investigated38–40. Altering the catalytic
active sites can have a significant impact on the composition of reac-
tion products during discharge and charge processes, since catalysts
with different electronic structures exhibit varying electron transfer
(ET) capabilities, which, in turn, influence reaction pathways and
product-selectivity. Thus, these challenges necessitate building and
scaling catalytic relationships between catalysts and products to
achieve optimal interfacial properties and enhance their reversibility
under reactions within the batteries.

Understanding and quantifying product-selectivity is crucial, as it
can inspire new approaches and directions for the use of catalysts in
battery technology. In this study, we first construct the collaborative
relationship between the absorption model and ET. This method can
help us rapidly screen out promising single atom catalysts that have a
high level of selectivity towards the short-chain sodium polysulfides
for sodium sulfur batteries. This allows for understanding the rela-
tionships between product selectivity and the electrification capability

of single atom catalysts (SACs) for Na-S batteries. Based on previous
catalytic work theory, we believe that establishing a weak inter-
molecular bonding force with fast ET capability is necessary to achieve
a lowenergybarrier for sulfur dissociation. The rapid cleavageof sulfur
molecules can avoid the formation of unstable sodium polysulfides,
resulting in enhanced selectivity towards stable short chain poly-
sulfides. To confirm these predictions, we experimentally investigated
the effects of different single atoms on the reaction pathways and
product selectivity of RTNa-S batteries by fabricating a series of single-
atom metal catalysts supported on porous nitrogen-doped carbon
nanospheres (M1-PNC). The catalysts included manganese (Mn1), iron
(Fe1), cobalt (Co1), tin (Sn1), nickel (Ni1), and copper (Cu1), with each
showing distinct ET capabilities. With its stronger ability to donate
electrons, Mn1 promotes the decomposition of polysulfide chains,
leading to the rapid formation of short-chain NaPSs and Na2S. Addi-
tionally, Mn1 with its strong ability to capture electrons reduces the
irreversibility of solid-state short-chain NaPSs during the charging
process, facilitating the conversion ofNa2S to NaPS. Consequently, the
reversible capacity and stability of RTNa-S batteries are enhanced.Mn1
active sites exhibit high product-selectivity towards short-chain NaPSs
among these six metals (Mn1, Fe1, Co1, Sn1, Ni1, Cu1), which suppresses
the “shuttle effect” and substitution reactions with electrolytes, pro-
moting cycling stability in RT Na-S batteries.

Results
Screening single atom catalysts
Generally, reactions on heterogeneous interfaces involve adsorption
and desorption processes. According to the Sabatier principle, if the
adsorption of reactants is too strong, the reaction rate dependsmainly
on the desorption energy, while if it is too weak, the reaction rate
depends mainly on the adsorption energy (Fig. 1a)41. Both scenarios
can lead to poor reaction rates. In the case of sodium-sulfur batteries,
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Fig. 1 | Screen single atom catalysts. a Schematic diagram of the typical curves
associated with reactions in which the adsorption (red) and desorption (blue) are
rate determining step s, together with the key potentials in Na-S batteries (right).
b Reactant (fr(Q)) and product (fp(Q)) potential energy wells for electron transfer in
three different regimes: weak/ideal/strong electron coupling (from left to right).
c Diagram of the creation of sulfur-bonded heteroatoms as a function of the

distance between the sulfur and the metal atoms, together with a schematic dia-
gram of ideal van der Waals interactions to achieve low-energy-barrier bonds.
d Correlations between the adsorption energy (Eds) and the bond length between
themetal and S (Lms). eComparison of Eds values from the DFT calculations and the
full-fit results using the ML algorithm for gradient boosted regression (GBR).
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the theoretical reduction potential of the reactant sulfur is −0.61 eV
(versus reversible hydrogen electrode (RHE))42,43. The onset redox
potentials of Na2S6 is around 2.1 V (versus Na/Na+), which corresponds
to −0.61 V (versus RHE). Also, the cutoff discharge voltage is 0.8 V
(versus Na/Na+), which corresponds to −1.91 V (versus RHE). Based on
these conditions for the battery test, it can be concluded that the cut-
off chemical potential for all products obtained at the cathode is
−0.61 eV to −1.91 eV (versus RHE)37,44–47. If sulfur needs to be rapidly
converted to short-chain (SC) sodium polysulfides (NaPSs), the inter-
actions between the catalysts and the cathodic products should not be
too strong or too weak within this potential window (−1.91 eV
<µ < −0.61 eV, where µ is the chemical potential). To achieve high
product selectivity towards SC NaPSs, an ideal solution for the cata-
lysts is to transfer electrons from the catalysts to sulfur/sulfide species
within the voltage range whilst implementing mild adsorption. This
could lead to the fast breakdown of the sulfur into SC NaPSs.

Nevertheless, rapid ET is challenging to achieve, given that the
rate of this process depends on the reaction free energy, the re-
organization energy linked to the ET, and the electronic coupling
between the donor and acceptor, according to Marcus’s theory
(Eq. (1))48–50:
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where kET is the ET rate, h is Planck’s constant, λ is the total reorgani-
zation energy, kB is Boltzmann’s constant. T is the temperature,H(DA) is
the electronic coupling matrix element between donor and acceptor,
and 4G0

ET is the standard Gibbs’ energy change accompanying the ET
reaction. Excessively strong or weak re-organization energy often
results in high energy barriers for the ET process (Fig. 1b). The re-
organization energy depends on the distance between the donor and
acceptor (rDA) and the solvent polarity (Eq. (2))51–53:
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Previous research also suggests that the bond barrier usually has
the lowest energy when the bond length typically reaches the van der
Waals radius of the atoms involved (Fig. 1c)54. Next, machine learning
(ML) is performed as a sufficient way to identify the best scientific
descriptors, which can assess how various physical and chemical
properties of metal atoms affect adsorption or reaction energy. As
shown in Fig. S1, it is obviously that the bond length ofmetal and sulfur
can influence the adsorption and reaction energy. According to the
prediction in Fig. 1e, a linear relationship between the adsorption
energy Eads and diverse SACs is obtained, which demonstrates that the
prediction results of ML are like those of DFT calculations. Then, by
establishing a linear relationship between the lengths of adsorption
and metal-sulfur bonds (Fig. 1d), combined with the theoretical
knowledge discussion, we can rapidly screen potential SACs for Na-S
batteries that should exist in a specific region (as shown as Fig. 1d,
optimized region), in which the SACs,Mn-N4, Fe-N4, Rh-N4, Mg-N4, Co-
N4 and Mg-C1N3 feature mild adsorption (more detailed ML proce-
dures are in the Supplementary information, Figs. S2, S3, S4 and
Tables S2, S3, S4, S5).With the investigation of prediction, we selected
six representative SACs, Mn1, Fe1, Co1, Sn1, Cu1, and Ni1, which were
used to conduct further experimental validation in Na-S batteries.

Synthesis and characterizations of single atom catalysts
These SACs, Mn1, Fe1, Co1, Sn1, Cu1, and Ni1, were synthesized through
in-situ deposition on porous nitrogen-doped carbon nanospheres (M1-
PNC) via facile polymerization and then carbonization. Afterward, the
S was infused into the nanospheres (S@M1-PNC), which then served as
cathode materials for Na-S batteries. The scanning electron

microscopy (SEM) and scanning transmission electron microscopy
(STEM) images confirm that the S@Mn1-PNC consists of nanospheres
with an average diameter of about 500 nm (Supplementary informa-
tion, Fig. S5). High-angle annular dark-field (HAADF) STEM and the
corresponding intensity profiles further visualize theMn atoms, which
are isolated single atomsdispersedon thenanospheres (Fig. 2a, b). The
S@Mn1-PNC was also placed in a field ion microscope (FIM) to be
characterized by atom probe tomography (APT) (Fig. 2c). The results
demonstrate that C, N, S, and Mn are well-dispersed throughout the
nanospheres (Fig. 2d, Supplementary Information, Fig. S6), which is
consistent with the energy-dispersive X-ray (EDX) mapping analysis
(Supplementary Information, Fig. S7). For comparison, a sample with S
loading on Ni1-PNC (S@Ni1-PNC) was analyzed by SEM, STEM, and EDX
mapping analysis (Supplementary Information, Figs. S8, S9), confirm-
ing that C, N, S, Ni are well-dispersed on the nanosphere with a dia-
meter of ~500 nm. Furthermore, the presence of overlapped APT
atomic mapping suggests that the atomic distribution of Mn remains
unchanged even after loading the S (Fig. 2e).

To further confirm the state of Mn on the nanospheres, X-ray
absorption fine structure (XAFS) measurements were employed. The
Mn K-edge X-ray absorption near-edge structure (XANES) spectra of
S@Mn1-PNC were collected to reveal the oxidation state of Mn. As
shown in Fig. S10a (Supplementary Information), the near-edge
absorption energy of S@Mn1-PNC almost overlaps with MnO, indi-
cating that the Mn atoms have a valence of +2. The Fourier-transform
(FT) of the k3-weighted extended X-ray absorption fine structure
(EXAFS) spectrum of S@Mn1-PNC shows only one main peak at 1.65 Å
(Supplementary Information, Fig. S10b), which can be indexed to the
Mn-N coordination shell. Thefitting curves and the table of parameters
(Supplementary Information, Fig. S10c andTable S6) demonstrate that
the Mn1 are coordinated by four nitrogen atoms (and a model was
constructed todisplay thisproposed structure). To further verify other
single atom metals, we systematically characterized Fe1, Co1, Sn1, Cu1,
and Ni1 deposited on carbon nanospheres by HAADF-STEM and XAFS
(Fig. 2f and Supplementary Information, Figs. S11, S12, S13,
Tables S7, S8).

Pathway selectivity and electrochemical performance
The S contents in different matrices for S@M1-PNC were measured by
thermogravimetric analysis (TGA) (Supplementary Information,
Fig. S14). The electrochemical testing was carried out within the vol-
tage range of 0.8–2.8V. The initial discharge and charge (Fig. 3a,
Fig. 3b, and Supplementary information Fig. S15) curves for standard
cells with various SACs in their cathodes display distinct capacities.
Generally, the quasi-solid conversion reaction of S8 cleavages can be
divided into two regions in an ester-based electrolyte, including high-
plateau capacity and low-plateau capacity. The capacities of these two
plateaus are mainly contributed by long-chain (LC) NaPS
(S8→Na2Sx→Na2S4, 2.8–1.25 V) and short-chain (SC) NaPS
(Na2S4→Na2S2, Na2S, 1.25–0.8V) conversions, respectively. When Mn1
acts as a catalyst for Na-S batteries, the discharge capacity primarily
originates from low-plateau capacity, which indicates the capacity are
mainly contributed by SC NaPS conversion, accounting for 88.6% of
the total capacity (Fig. 3c). In contrast, the high-plateaucapacity region
contributes 18.3% to the overall capacity. Such result indicates that the
Mn1 exhibits high pathway selectivity towards SC NaPS formation.
Among the other five SACs, Fe1 possesses similar pathway selectivity to
Mn1, in which the capacity contribution of the low-plateau region
accounts for 81.7% of the total discharge capability. In the cases of the
Co1 and Sn1, the SACs delivered 67% and 64% of low-plateau capacity,
respectively. ForNi1 andCu1, it is evident that the high-plateau capacity
(S→Na2S6) region is dominant, suggesting that LC NaPS are main
capacity contributor. Since the sluggish kinetics of SC conversion (low-
plateaucapacity) is the rate-determining stepof the S redox reaction, it
can be expected that Mn1 would show the best performance, followed
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by Fe1, Co1, Sn1, and finally Cu1 and Ni1. After 120 cycles at a current
density of 0.2 A g−1, the S@Mn1-PNC cathode retains the highest
capacity of 784.6mAhg−1 amongst all the S@Mn1-PNC samples
(Fig. 3d), which also represents the highest capacity retention of 84%.

For comparison, the capacity retention of the Fe1, Co1, Sn1, Ni1 and
Cu1 was 77.6%, 65.3%, 62.8%, 55%, and 53%, respectively (Supplemen-
tary Information, Fig. S16). Interestingly, the cycling stability of the
S@SACs-PNC cathodes was also determined by their pathway selec-
tivity (Supplementary Information, Fig. S17, and Table S9). In addition,
S@Mn1-PNC outperformed other S cathodes in terms of rate perfor-
mance, delivering reversible capacities of 989, 901, 814, 776, 678, and
576 mAh g-1 at current densities of 0.1, 0.2, 0.5, 1, 2, and 5 A g-1,
respectively (Fig. 3e). When the current density reversed back to
0.1 A g-1, the S@Mn1-PNC cathode recovered to 890mAhg-1, surpass-
ing the other SACs (Supplementary Information, Fig. S18). Compared
with the results reported previously, the S@Mn1-PNC cathode exhib-
ited exceptional high-rate capability (Supplementary Information,
Fig. S19). Owing to the high-pathway selectivity towards SC NaPSs, the
reaction kinetics of S@Mn1-PNC cathode was significantly boosted,
which enables excellent cycling stability and superior rate perfor-
mance. Furthermore, it even displayed excellent long cycling perfor-
mance, achieving a high reversible capacity of 344.1mAh g-1 at 2 A g-1

after 3000 cycles (Fig. 3f). In additions, Fig. S20 (Supplementary
Information) showcases a comparative analysis of long-cycling per-
formance between this work and the previous reports. Due to its fast
reaction kinetics, the S@Mn1-PNC remarkably demonstrates out-
standing cycling performance for room temperature Na-S batteries.

Overall, single atom catalysts exhibit distinct electrocatalytic
activities towards the high-plateau and low-plateau conversion
regions, showingdifferent pathway selectivity.Meanwhile, the S@Mn1-
PNC and S@Fe1-PNC cathodes demonstrate high reaction kinetics and

excellent battery performance via effectively catalyzing the rate-
determining step. In contrast, the S cathodes with SACs that tend
towards LC selectivity cannot realize good electrochemical perfor-
mance, because the S redox reactions produce metastable S inter-
mediates (LC NaPSs). Meanwhile, these SACs cause incomplete and
highly irreversible final products (Na2S), thus causing rapid active S
loss and battery failure.

Pathway selectivity and cycling stability mechanism
To experimentally explore the product selectivity, which is the path-
way selectivity, for S@Mn1-PNC cathode in room temperature (RT) Na-
S batteries, the states of sulfur (S) were examined via in-situ synchro-
tron powder X-ray diffraction (XRD) patterns (λ =0.6884Å for S@Mn1-
PNC) during the initial discharge and charge processes (Fig. 4a). Under
Mn single atom catalysis, S with a typical diffraction peak at 24.4° is
directly reduced to form Na2S4 (23.7°), which is then further reduced
to Na2S2 (27.39°) and Na2S (38.96°) during the discharge process.
Notably, no LCNaPSswere detectedwhen S@Mn1-PNCwas used as the
cathode. In comparison, when using Ni1, S (Supplementary informa-
tion, Fig. S21, λ =0.7748Å) is initially reduced to soluble LCNa2Sx, then
converted to Na2S4 and eventually to Na2S2 and Na2S during dischar-
ging. Interestingly, the peak of Na2S disappears gradually during the
charging process when using S@Mn1-PNC as the cathode. In contrast,
the irreversible Na2S products remain for the S@Ni1-PNC cathode.
These results clearly demonstrate that Mn single atoms exhibit high
product-selectivity toward SC NaPSs in the discharge process and
excellent ability to promote the reversibility of solid-state SC NaPSs in
the charge process. As shown in Fig. 4b, ex-situ X-ray absorption
spectroscopy (XAS) measurements for S@Mn1-PNC demonstrate the
appearance anddisappearanceof S K-edgeXANES absorption edges in
the range of 2465–2480 eVduring the initial cycle, further verifying the

S

Mn

MnS

C N

Fig. 2 | Characterizationof single atomcatalysts. aHigh-resolutionHAADF image
of Mn1@PNC, together with the three-dimensional (3D) profile of the local struc-
ture of the Mn1 atoms (b). c Schematic illustration of the working mechanism of

atomic probe tomography. d 3D atomic distribution of the elements: C, N, S, and
Mn, and (e) their corresponding overlapped 3D atomic distribution map. (f) 3D
profiles of the local structures of the Co1, Ni1, Fe1, Sn1, and Cu1 atoms.
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conversion of S states during the discharge/charge process and
revealing the product-selectivity of Mn1 towards S intermediates. In
comparison, the ex-situ S K-edge XANES spectra of S@Ni1-PNC (Sup-
plementary Information, Fig. S22) show the conversion process from
LC soluble NaPSs to SC insoluble NaPSs during the discharging pro-
cess. Combining the in-situ XRDwith the ex-situ XAS results, Mn single
atoms can efficiently reduce polysulfide S8 to SC sulfide compounds
(i.e., Na2S andNa2S2) viaNa2S4 as dominant intermediate. These results
are consistent with the cyclic voltammetry (CV) curves (Supplemen-
tary Information, Fig. S23). Time-of-flight secondary-ion mass

spectrometry (TOF-SIMS) was conducted to visually reveal the abun-
dance of both Na and S in the S@Mn1-PNC electrode after 50 cycles at
full discharge to 0.8V. The 3D reconstructions of the TOF-SIMS depth
profiles (Fig. 4c, d) show that both Na and S are uniformly distributed,
suggesting the excellent cycling stability of the S@Mn1-PNC cathode.
Normalized depth profiles of secondary ion fragments of bulk S@Mn1-
PNC electrode indicate uniform distributions of both Na and S
(Fig. 4e). Furthermore, the top view images of the S@Mn1-PNCcathode
exactly display the evolution of the distributions of both Na and S in
different frames, including whole frames, 0–20 frames, 20–40 frames,

Fig. 3 | Product selectivity and electrochemical performance for S@Mn1-PNC,
S@Fe1-PNC, S@Co1-PNC, S@Sn1-PNC, S@Ni1-PNC, and S@Cu1-PNC. a Initial
discharge and (b) charge profiles. c The percentages of short-chain polysulfides in

the initial discharges. d Cycling performances at current density of 0.2mAg−1.
e Rate performances. f Long-term cycling performance of S@Mn1-PNC at the cur-
rent density of 2 A g−1.
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and 40–60 frames, respectively, which are consistent with the 3D
distributions (Supplementary Information, Fig. S24).

As illustrated by the Fourier-transformed (FT) k3-weighted
extended X-ray absorption fine structure (EXAFS) spectrum (Fig. 4f),
there is only one primary peak at different voltages, at around 1.65 Å,
suggesting that Mn1 single atoms always coordinate with N atoms
during the cycling. Interestingly, the peak at 1.65 Å incurs a slight shift
to the left during the discharging process,which suggests a decrease in
the coordination value of Mn. The result can be attributed to the cat-
alytic effect of SA-Mn1 to S species, which is also consistent with ML
prediction. This indicates that Eads will decrease with bond length of
Mn-N decreases (Fig. 1d), which facilitates the desorption of S species.

Subsequently, this primarypeak recovered its original place during the
charging process. Additionally, the continuous wavelet transforms
(WTs) of S@Mn1-PNCat various discharge and charge states (Fig. 4g, h)
display consistent intensitymaximawith noenergy changes and values
approximately equal to 4.0 Å-1, which are all very close to that in the
reference Mn-PNC (~4.0 Å-1)55. This further demonstrates that S@Mn1-
PNC has a stable structure, which is advantageous for maintaining
cycling stability.

Charge transfer accelerated S cleavage
Catalysts with varying electronic structures provide unique char-
acteristics, which affect electron donation and supply to adjacent
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Fig. 4 | Pathway selectivity and cycling stability mechanism. a In-situ synchro-
tron-based XRD patterns of S@Mn1-PNC. b Ex-situ X-ray absorption spectra of S for
S@Mn1-PNCduring the initial cycle.c and (d) 3D reconstructed imagesof TOF-SIMS
depth profiles of Na and S after 10 cycles. Scale bar 10 µm. e Normalized depth

profiles of secondary ion fragments obtained from the S@Mn1-PNC electrode after
50 cycles. f k3-weighted FT-EXAFS curves of S@Mn1-PNC in R-space during the
initial discharge and charge processes. WT plots of the Mn k-edge of S@Mn1-PNC
cathode during (g) discharge and (h) charge processes.

Article https://doi.org/10.1038/s41467-024-47628-3

Nature Communications |         (2024) 15:3325 6



sulfur (S) species, thus regulating S redox processes with distinctive
pathway selectivity. As depicted in Fig. 5a, b, the evolutions of Mn
K-edge and Ni K-edge spectra are observed during the first cycle
through ex-situ X-ray absorption spectroscopy (XAS), as confirmed by
the positional shifts of thewhite line peaks in the XANES spectra. In the
Mn K-edge (Fig. 5a) a low-intensity additional peak appears at
6537.8 eV, which is ascribed to the electron transition (ET) from the 1s
orbital to the unoccupied 3d orbital, indicating the excitation of core-
level electrons to the valence shell. In contrast, no evident peak is
observed in the Ni K-edge pre-edge (Fig. 5b). Moreover, theMnK-edge
shifts by about 0.63 eV to a higher energy when the discharge voltage
is set to 2.0V (Fig. 5c), indicating that Mn1 quickly transfers many
electrons to S species. When discharged to 1.2 V and 0.8 V, the energy
shifts decreased to 0.3 eV. This signifies that electrons are still being
supplied to S species. In contrast, the Ni K-edge experiences no energy
shifts in thehigh-voltage region,while there are increased energy shifts
from 1.2 V to 0.8 V, implying that, due to the inferior ET capability of
Ni1, it can only donate electrons to S species in the low-voltage region.

During charging processes, the Mn K-edge progressively shifts to
lower energy, reflecting a gradual reduction of Mn valence states. This
suggests that Mn1 gradually accepts electrons from S species, pro-
moting S cathode oxidation reactions (Fig. 5d). Conversely, the Ni
K-edge initially shifts to higher energy before moving to lower energy
as the voltage changes from 1.2 V to 0.8V, demonstrating that Ni1
accepts electrons at 0.8 V, a process unfavorable for the oxidation
process during charging. Accordingly, the shift of the near-edge
absorption energy successfully reveals that the various SACs have
different abilities to donate and accept electrons, suggesting their
diverse catalytic abilities. As illustrated in Fig. 5e, Mn typically exhibits
multiple valences, including Mn1+, Mn2+, Mn3+, and Mn4+, consistent
with the redox potentials of S and its intermediates. The XANES
spectra reveal that the valence state of Mn1 in S@Mn1-PNC is close to
+2 (Supplementary Information, Fig. S25), indicating that Mn1 can
donate electrons to adjacent S species to facilitate the conversion to
Na2S2 and Na2S, and accept electrons from Na2S to enhance reversi-
bility. Further, DFT calculations were conducted to evaluate the

6400 6440 6480 6520 6560 6600 6640
0.0

0.4

0.8

1.2).u.a(
S

E
N

A
X

Energy (eV)

 Pristine
 Discharge-2.0V
 Discharge-1.2V
 Discharge-0.8V

Mn k-edge 
XANES

6540 6542

0.1

0.2

0.3

Energy (eV)

8280 8320 8360 8400
0.0

0.4

0.8

1.2 Ni k-edge
XANES

 Pristine
 Discharge-2.0V
 Discharge-1.2V
 Discharge-0.8V

).u.a(
SE

N
AX

Energy (eV)

-0.5

0.0

0.5

1.0

1.5

2.0

En
er

gy
 s

hi
ft 

(
eV

)

-1.0

-0.5

0.0

0.5

En
er

gy
 s

hi
ft 

(
eV

)

1

2

3

4

5

150010000

)V(
egatloV

First discharge capacity (mAh/g)

 Mn SAs
 Ni SAs

500

0

1

2

3

1000500

)V(
egatloV

First charge capacity (mAh/g)

 Mn SAs  Ni SAs

0

Mn-ET
Ni-ET

Mn-ET Ni-ET

Mn1+/2+

Mn2+/3+

Mn3+/4+
Fe2+/3+

Ni2+/3+

Ni3+/4+
S 3P

Na2S6

Na2S4

Na2S2/ Na2S

Na2S2/ Na2S 3p
anti-b ( )

e-

e-

S-S bond cleavage

8328 8330

0.05

0.10

0.15

Energy (eV)

hv

Fig. 5 | Cleavage mechanism with fast kinetics of electron transfer from sulfur
molecules. aTheMnK-edge fromex-situXANESspectraof the S@Mn1-PNCsample
during the discharge process, with the insets showing enlargements of the near-
edge absorption energy shifts. b The Ni K-edge from ex-situ XANES spectra of the
S@Ni1-PNC sample during the discharge process, with the insets showing enlar-
gements of the near-edge absorption energy shifts. c The energy shifts of S@Mn1-

PNC and S@Ni1-PNC during the discharging process with their discharge curves.
d The energy shifts of S@Mn1-PNC and S@Ni1-PNC during the charging process
with their charge curves. e Schematic illustration of electron transfer caused by
change in the electronic structure, where the voltage is determined by the energy
gap. f Diagram of S-S orbital energy levels.

Article https://doi.org/10.1038/s41467-024-47628-3

Nature Communications |         (2024) 15:3325 7



absorption energies of both Mn1 and Ni1 sites for S8, NaPSs, and short-
chain Na2S2 and Na2S. The optimized absorption configurations are
shown in Figure S26 and S27 (Supplementary information). As dis-
played in Figs. S26, S27, the ideal modes consisting of single atomMn
and Ni coordinated with 4 nitrogen atoms are applied in modeling the
carbonmatrix to calculate the absorption energy of variousNaPSs. The
energy absorption formula is defined as: E (ad) = E(ad/surf) – E (surf) - E
(ad), where E(ad/surf), E(surf), and E(ad) represent the total energies of
the adsorbates binding to the surface, cleaning surface, and free
adsorbate in gas phase, respectively. Thus, the absorption map in
Figure S28 indicates Mn1 sites exhibit stronger absorption abilities for
NaPSs than Ni1 sites, suggesting the S conversion reaction onMn1 sites
is kinetically faster than that on Ni1. This is consistent with the spec-
ulation from ex-situ XANES spectra. To better understand the product-
selectivity of Mn1, the correlations between d-band theory on five
single-atom metals and their corresponding absorption energies are
analyzed in Fig. S29. Overall, Mn1 sites possess the strongest absorp-
tion abilities for S8 and Na2S among different SA sites, suggesting that
Mn1 sites can effectively catalyze S8 molecule cleavage and potentially
produceNa2S as the primary reduction product.Moreover, the density
of states (DOS) exhibits that the d-band states ofMn1 sites are closer to
the Fermi level than these of Ni1 sites (Supplementary information,
Fig. S30), demonstrating that the antibonding states of Mn1 are less
filled than that of Ni1. Accordingly, the relationship between adsorp-
tion and the d-band center is negatively correlated (closer to Fermi
level), in line with the conclusion of d-band theory. Mn1 sites with the

lowest d-band center, therefore, possess an increased likelihood of
electrons filling the antibonding orbital, which facilitates S molecule
cleavage and enhances the S redox kinetics, thus promoting product
selectivity toward SC NaPSs (Fig. 5f)56,57.

Visualization of charge transfer assisted Na ion diffusion
ET has a positive effect on sodium ion diffusion, owing to the rear-
rangement of Na ions facilitated by the ET (Fig. 6a) according to
Marcus’s theory58–60. To verify this, in-situ transmission electron
microscopy (in-situ TEM) was performed to visually investigate the
sodium ion diffusion in the initial sodiation/desodiation processes
(Fig. 6b, Supplementary Movie 1 and Supplementary Movie 2). As
illustrated in Fig. 6c, the strength profile of S@Mn1-PNC gradually
increases during the discharging process, whichmeans that the inside
of the nanosphere is the first to react with the sodium ions. This is
because ET causes an increase in the electrostatic potential, which
enables quick adsorption of sodium ions. During the charging process,
the strong ET capability of Mn1 enables it to accept electrons from S
species, which facilitates the desodiation process (Fig. 6d). When Mn1
serves as a catalyst, S tends to be selectively converted to SC NaPSs,
which might help mitigate volume expansion during S transformation
processes by avoiding the formation of soluble NaPSs. Moreover, the
ET effect of Mn1 is revealed by monitoring the relative energy of
sodium-ion diffusion on different matrixes (Supplementary informa-
tion, Fig. S31). In contrast to the PNC matrix, the PNC matrix with
anchoredMn1 can significantly reduce the diffusion barriers of Na ions
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Charge

Diffusion direction of Na+

Fig. 6 | Sodium ion diffusion visualization. a Schematic diagram of the rearran-
gement ofNa ions facilitated by ET.b Schematic diagram showing the viewof an in-
situ transmission electron microscope (TEM). c Sequential in-situ TEM images of

S@Mn1-PNC cathode during the initial discharge process. d Sequential in-situ TEM
images of S@Mn1-PNC cathode during the initial charge process. e In-situ SAED
patterns of S@Mn1-PNC cathode during the initial discharge and charge processes.
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and facilitate redox reactions. Furthermore, the in-situ selected area
electron diffraction (SAED) patterns reveal the phase conversion pro-
cesses of S during the sodiation/de-sodiation processes (Fig. 6e). As
the discharging processes continue, a new diffraction ring with a dis-
cernible reflection of Na2S emerges. More Na2S diffraction rings
appear as sodiation increases, which is consistent with the in-situ XRD
and ex-situ XAS results. After fully charging to 2.8 V, no other NaPS
intermediates are observed besides Na2S, indicating that Na2S con-
sistently exists within the structure of S@Mn1-PNC nanospheres. This
resembles the lithiation processes in Li-S batteries, where only S and
Li2S were detected, with no signs of intermediate products discovered
by in-situ TEM58,59.

Discussion
The unique electronic structures of single-atom catalysts (SACs)
showcase a variety of electron capture and donation capabilities,
leading to different product-selectivity towards sodium polysulfide
(NaPS) intermediates during the charge and discharge processes. This,
in turn, results in diverse electrochemical performances in room tem-
perature (RT) sodium-sulfur (Na-S) batteries. ML studies revealed the
relationship between product selectivity and diverse single atom cata-
lysts (SACs), thus predicting potential SACs for RT Na-S batteries. Gui-
ded by ML and DFT calculations, we investigated the performances of
several single atom metal catalysts (Mn1, Fe1, Co1, Sn1, Cu1, Ni1) in
cathodes for RTNa-S batteries. Among them, the single atomMn1 based
cathode exhibited the best performance. Combining in-situ synchro-
tron powder XRD (PXRD) and ex-situ XAS, we successfully confirmed
that Mn1 single atoms possess unique ET capability, leading to high
product selectivity towards short-chain NaPSs. Additionally, in-situ TEM
and TOF-SIMS revealed that the stable structure of sulfur-loaded Mn1-
PNC effectively mitigates volume changes during the sulfur conversion
reaction. This work could open a new avenue to the discovery of highly
efficient single atom catalysts for diversified applications.

Methods
Synthesis methods
Fabrication of Mn1-PNC and M1-PNC (M= Fe, Ni, Co, Cu, Sn), where
subscripted 1 stands for single atom. In a typical fabrication, 4mg
(0.01135mmol) manganese acetylacetonate (C10H14MnO4) and 0.5 g
dopamine hydrochloride (C8H12ClNO2) were dissolved into 4mL
ethanol and 6mL deionizedwater to formamixed solution, which was
stirred for 1 h. This solution was labeled solution A. In addition, 36mL
ethanol and 94mL deionized water were mixed at ambient tempera-
ture. Subsequently, 2mL NH3·H2O (28%) was dropped into the liquid
mixture and kept under stirring for 30min, with the product labeled as
solution B. Solution A was poured into solution B with stirring at
400 rpm. After 10 h of stirring, the in-situ Mn precursor @PDA, where
PDA is polydopamine, was collected after centrifugation and washed
with deionized water three times. Immediately, the collected sample
was dried in an oven at 60 °C overnight. Eventually, the Mn1-PNC
nanosphere was obtained via carbonization at 300 °C for 2 h and then
increased to 800 °C for 2 h under N2 atmosphere. The other single
atomic samples were produced by using the same mole mass and
same approach, except that different acetylacetonates were added. In
the caseof the Fe1-PNC, the temperature of carbonizationneeded tobe
changed to 600 °C.

Synthesis of S@Mn1-PNC and other S@M1-PNC. TheMn1-PNCwas
ground in an agate mortar with S powder with a mass ratio of 1:1.5.
Then, the mixture was sealed in an ampoule, inserted into a quartz
tube, andheated at 155 °C for 12 h. The temperaturewas then increased
to 300 °C for 2 h at the heating rate of 5 °Cmin−1. The obtained sample
was denoted as S@Mn1-PNC. Other S loaded single atom samples were
obtained via the same procedures, the products of which were deno-
ted as S@Fe1-PNC, S@Co1-PNC, S@Sn1-PNC, S@Cu1-PNC, and S@Ni1-
PNC, respectively.

Electrode preparations and electrochemical performance
measurements
First, the cathode slurry was produced by mixing the active materials,
Super P, and carboxymethyl cellulose (CMC) binder in the ratio of
7:1.5:1.5 in distilled water, after which, the as-prepared slurry was
coated on Cu foil by a clean blank and then loaded into a vacuum oven
for 10 h at 50 °C. The electrodes were then punched with diameters of
0.95 cm and an average active material loading of 2.6mg cm−2. The
cathodes for the RT Na-S battery cells were assembled in an argon-
filled glove box with both O2 and water less than 0.1 ppm. Na foil was
employed as the negative electrode (reference electrode and counter
electrode), and glass fiber (WhatmanGF/Ft) was used as the separator.
The electrolyte consisted of 1M NaClO4 in ethylene carbonate/pro-
pylene carbonate (EC/PC) with a volume ratio of 1:1, and 5wt% fluor-
oethylene carbonate (FEC) as additive. The coin cells were investigated
on NEWARE and Biologic VMP-3 electrochemical workstations within
the voltage window of 0.8–2.8V (vs. Na/Na+). The NEWARE battery
testers are placed at a lab with temperature set at 25 °C via air
conditioner.

Physical characterizations
X-ray diffraction (XRD) was conducted using Cu Kα radiation within
the range of 10°–70° (GBC MMA diffractometer, λ = 1.5406Å). The
morphology was investigated with a field emission scanning electron
microscope (FESEM, JEOL JSM-7500FA) equipped with energy-
dispersive X-ray spectroscopy (EDS). In addition, a 200 kV scanning
transmission electron microscope (STEM, JEM-ARM 200F) was used
with a double aberration-corrector to acquire selected area electron
diffraction (SAED) patterns with an image-forming lens system. The
annular bright-field (ABF)-STEM images were collected with a STEM-
ABF detector, and the angular range of collected electrons for high-
angle annular dark-field (HAADF) images was about 70–250mrad. The
EDSmappingwasprocessedbyNSS software. TGAwas conductedon a
Mettler Toledo TGA/SDTA851 analyzer to measure the thermal
decomposition behavior of samples in the temperature range from
50 °C to 900 °C with a heating rate of 5 °Cmin−1. Time of flight sec-
ondary ion mass spectrometry (TOF-SIMS) measurements were car-
ried out in negativemode for S and positive mode for Na based on the
relative sensitivity factors (RSF) value. A 30 keV, 3 nAGa+ ion beamwas
utilized to sputter the cycled S@Mn1-PNC electrode and produce the
secondary ions. The analysis of TOF-SIMS data was performed using
TOF-SIMS Explorer (Version: 1.3.1.0).

Sample preparation for Atom probe tomography (APT)
measurement
To prepare samples for the atom-probe experiments, the S@Mn1-
PNC nanospheres were cleaned and dried on a Si substrate (sample
stage) and sputter coated with Cr in a sputter coater. After coating,
specimens were transferred into a focus ion beam (FIB) system,
where a strip of Pt was deposited on the top and surrounding area of
the powder samples by using electron-assisted chemical vapor
deposition. Afterwards, a microscope or SEM (scanning electron
microscope) was performed to check the surface of the samples and
mark the characterization positions. An FEI Quanta 200 3D FIB
instrument was utilized to extract the samples60. This process
involves cleaning the surrounding material to create a cantilevered
area, followed by using a nano-hand to extract and cut it into mul-
tiple block samples from the prefabricated silicon base. During
sample preparation, careful attention was paid to avoid damage from
the Ga+ focused ion beam, with ion energies kept below 10 keV after
the lift out61. In addition, the sample’s surface tends to accumulated
impurities and residue during etching, thus necessitating thorough
cleaning to ensure a smooth and high-quality surface. The APT
measurements were conducted with a local electrode atom probe
(LEAP 5000XR) under an ultraviolet (UV) laser pulsing at laser energy
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of 200 pJ, a pulse repetition rate of 200Da, and a target evaporation
rate of 1.5% per pulse at 50 K. The reconstruction and quantitative
analysis of the APT data were performed using CAMECA visualization
and analysis software (AP Suite 6.1.3.42).

In-situ characterizations
In-situ XRD data were collected at the Australian Synchrotron beam-
line at wavelengths of 0.6887 and 0.7223 Å. The X-ray absorption
spectra were collected at the Japan Synchrotron Radiation Research
Institute (JASRI) (1-1-1, Kouto, Sayo-cho, Sayo-gun, Hyogo 679-5198
Japan). The data were processed by Athena and Artemis software. In-
situ transmission electron microscopy (TEM, FEIT Tecnai F20st) was
conducted with a TEM-scanning tunneling microscope holder (Pico
Femto FE02-ST) from Zeptools Co., Ltd.

DFT calculations
All DFT calculationswereperformedon the Vienna ab-initio simulation
package (VASP 5.4.4) based on spin-polarized density functional the-
ory (DFT) methods. The generalized gradient approximation was used
to estimate the exchange-correlation interaction in the scheme of the
Perdew-Burke-Ernzerhof functional62. The interaction between core
electrons and valence electrons was described using the projector
augmented wave method63. The kinetic energy cut-off for the plane
waves was set to 450eV for the model calculations constructed with a
6 × 6 × 1 graphene supercell. The convergence thresholds for energy
and force on each atom during all structure optimizations were less
than 10-5eV and 0.02 eV/Å, respectively. To include the van der Waals
force, the DFT-D3 method of Grimme was employed64. A vacuum dis-
tance of 15 Å along the c-axis was set to ensure sufficient vacuum and
avoid interactions between two periods. For the calculations on the
polysulfide decomposition energy barrier, the climbing image-nudged
elastic bandmethodwas applied, and the force on each atomwas kept
below 0.05 eVÅ−1 65–68.

Machine learning (ML) methods
A method combining DFT calculations with ML by using the bond
length of M-S and the adsorption energies of the metal with sulfur,
Na2S, andNa2S4 as indicators topredict advanced single atomcatalysts
for high-performance RTNa-S batteries. Here, a total of 123 adsorption
energies of different MN4 and MC1N3 sites were obtained by DFT cal-
culations and 123 available DFT data (with the consideration of the
stability of materials and thereby deleting the data with broken
structures) were used for machine training and learning in five ML
models (i.e., linear regression (LR), random forest regression (RFR),
gradient boosted regression (GBR), support vector regression (SVR),
and Kernel ridge regression (KRR) algorithms) coupling with the ele-
mental information.

LR: linear regression; RFR: random forest regression; GBR: gra-
dient boosted regression; SVR: support vector regression; KRR: Kernel
ridge regression.

Data availability
The data that support the findings of this work are available from the
corresponding author upon reasonable request. Source data are pro-
vided with this paper.

References
1. Kovalenko, I. et al. A major constituent of brown algae for use in

high-capacity Li-ion batteries. Science 334, 75–79 (2011).
2. Rodrigues, M.-T. F. et al. A materials perspective on Li-ion batteries

at extreme temperatures. Nat. Energy 2, 17108 (2017).
3. Armand, M. et al. Conjugated dicarboxylate anodes for Li-ion bat-

teries. Nat. Mater. 8, 120–125 (2009).
4. Wei, S. et al. A stable room-temperature sodium-sulfur battery.Nat.

Commun. 7, 11722 (2016).

5. Lei, Y. et al. Streamline sulfur redox reactions to achieve efficient
room-temperature sodium-sulfur batteries. Angew. Chem. Int. Ed.
61, e202200384 (2022).

6. Huang, X. L. et al. Double design of host and guest synergistically
reinforces the Na-ion storage of sulfur cathodes. Chem. Sci. 14,
1902–1911 (2023).

7. Lei, Y.-J. et al. A review on the status and challenges of cathodes in
room-temperature Na-S batteries. Adv. Funct. Mater. 33,
2212600 (2023).

8. Xu, X. et al. A room-temperature sodium-sulfur battery with high
capacity and stable cycling performance. Nat. Commun. 9,
3870 (2018).

9. Wu, C. et al. Continuous carbon channels enable full Na-ion
accessibility for superior room-temperature Na-S batteries. Adv.
Mater. 34, 2108363 (2022).

10. Yan, Z. et al. A high-kinetics sulfur cathode with a highly efficient
mechanism for superior room-temperature Na-S batteries. Adv.
Mater. 32, 1906700 (2020).

11. Xin, S., Yin, Y.-X., Guo, Y.-G. & Wan, L.-J. A high-energy room-tem-
perature sodium-sulfur battery. Adv. Mater. 26, 1261–1265 (2014).

12. Ghosh, A. et al. Sulfur copolymer: a new cathode structure for
room-temperature sodium-sulfur batteries. ACS Energy Lett. 2,
2478–2485 (2017).

13. Vijaya Kumar Saroja, A. P. &Xu, Y. Carbonmaterials for Na-SandK-S
batteries. Matter 5, 808–836 (2022).

14. Li, Z. et al. Room-temperature sodium-sulfur batteries: rules for
catalyst selection and electrode design. Adv. Mater. 34,
2204214 (2022).

15. Lai, W.-H. et al. General synthesis of single-atom catalysts for
hydrogen evolution reactions and room-temperature Na-S bat-
teries. Angew. Chem. Int. Ed. 59, 22171–22178 (2020).

16. Liu, H. et al. Understanding sulfur redox mechanisms in different
electrolytes for room-temperature Na-S batteries. Nanomicro Lett.
13, 121 (2021).

17. Wang, L. et al. The promises, challenges and pathways to room-
temperature sodium-sulfur batteries. Natl Sci. Rev. 9, nwab050
(2022).

18. He, D. et al. Hydrogen isotope separation using a metal-organic
cage built from macrocycles. Angew. Chem. Int. Ed. 61,
e202202450 (2022).

19. Yin, C. et al. Azo-branched covalent organic framework thin films as
active separators for superior sodium-sulfur batteries.ACSNano 16,
14178–14187 (2022).

20. Tang, W., Aslam, M. K. & Xu, M. Towards high performance room
temperature sodium-sulfur batteries: strategies to avoid shuttle
effect. J. Colloid Interface Sci. 606, 22–37 (2022).

21. Jin, F. et al. Boosting electrochemical kinetics of S cathodes for
room temperature Na/S batteries. Matter 4, 1768–1800 (2021).

22. Wang, Y. et al. Developments and perspectives on emerging high-
energy-density sodium-metal batteries.Chem 5, 2547–2570 (2019).

23. Wang, Y. et al. Nanostructure engineering strategies of cathode
materials for room-temperature Na-S batteries. ACS Nano 16,
5103–5130 (2022).

24. Zhang, S. et al. Mo2N-W2N heterostructures embedded in spherical
carbon superstructure as highly efficient polysulfide electro-
catalysts for stable room-temperature Na-S batteries. Adv. Mater.
33, 2103846 (2021).

25. Nam, D.-H. et al. Molecular enhancement of heterogeneous CO2

reduction. Nat. Mater. 19, 266–276 (2020).
26. Nam, D.-H. et al. Metal–organic frameworks mediate Cu coordina-

tion for selective CO2 electroreduction. J. Am. Chem. Soc. 140,
11378–11386 (2018).

27. Kibria, M. G. et al. A surface reconstruction route to high pro-
ductivity and selectivity in CO2 electroreduction toward C2+

hydrocarbons. Adv. Mater. 30, 1804867 (2018).

Article https://doi.org/10.1038/s41467-024-47628-3

Nature Communications |         (2024) 15:3325 10



28. Deng, Y. et al. Solvent tunes the selectivity of hydrogenation reac-
tion over α-MoC catalyst. J. Am. Chem. Soc. 140, 14481–14489
(2018).

29. Zhang, X. et al. Product selectivity in plasmonic photocatalysis for
carbon dioxide hydrogenation. Nat. Commun. 8, 14542 (2017).

30. Kattel, S., Liu, P. & Chen, J. G. Tuning selectivity of CO2 hydro-
genation reactions at the metal/oxide interface. J. Am. Chem. Soc.
139, 9739–9754 (2017).

31. Shoukat, H. et al. Catalytic oxidation of toluene into benzaldehyde
and benzyl alcohol using molybdenum-incorporated manganese
oxide nanomaterials. ACS Omega 6, 19606–19615 (2021).

32. Ji, Y. et al. Reassessing the atmospheric oxidation mechanism of
toluene. Proc. Natl Acad. Sci. 114, 8169–8174 (2017).

33. Li, X. et al. Interfacial synergy of Pd sites and defective BiOBr for
promoting the solar-driven selective oxidation of toluene. J. Mater.
Chem. A. 8, 17657–17669 (2020).

34. Hueso, K. B., Armand, M. & Rojo, T. High temperature sodium bat-
teries: status, challenges and future trends. Energy Environ. Sci. 6,
734–749 (2013).

35. Lu, X. et al. Advanced intermediate-temperature Na-S battery.
Energy Environ. Sci. 6, 299–306 (2013).

36. Hao, H. et al. Review of multifunctional separators: stabilizing the
cathode and the anode for alkali (Li, Na, and K) metal-sulfur and
selenium batteries. Chem. Rev. 122, 8053–8125 (2022).

37. Hao, H. et al. Molybdenum carbide electrocatalyst in situ embed-
ded in porous nitrogen-rich carbon nanotubes promotes rapid
kinetics in sodium-metal-sulfur batteries. Adv. Mater. 34,
2106572 (2022).

38. Yan, Z. et al. Nickel sulfide nanocrystals on nitrogen-doped porous
carbon nanotubes with high-efficiency electrocatalysis for room-
temperature sodium-sulfur batteries. Nat. Commun. 10, 4793 (2019).

39. Yan, Z. et al. Electrochemical release of catalysts in nanoreactors for
solid sulfur redox reactions in room-temperature sodium-sulfur
batteries. Cell Rep. Phys. Sci. 2, 100539 (2021).

40. Zhang, B.-W. et al. Long-life room-temperature sodium-sulfur bat-
teries by virtue of transition-metal-nanocluster-sulfur interactions.
Angew. Chem. Int. Ed. 58, 1484–1488 (2019).

41. Hu, S. & Li, W.-X. Sabatier principle of metal-support interaction for
design of ultrastable metal nanocatalysts. Science 374,
1360–1365 (2021).

42. Steudel, R. & Steudel, Y. Polysulfide chemistry in sodium-sulfur
batteries and related systems—acomputational studybyG3X (MP2)
and PCM calculations. Chem. Eur. J. 19, 3162–3176 (2013).

43. Ooka, H., Huang, J. & Exner, K. S. The sabatier principle in electro-
catalysis: basics, limitations, and extensions. Front. Energy Res. 9,
654460 (2021).

44. Zhang, C. Y. et al. Sodium-sulfur batteries with unprecedented
capacity, cycling stability and operation temperature range
enabled by a CoFe2O4 catalytic additive under an external mag-
netic field. Adv. Funct. Mater. 33, 2305908 (2023).

45. Zhang, E. et al. Single-atomyttriumengineering Janus electrode for
rechargeable Na-S batteries. J. Am. Chem. Soc. 144, 18995–19007
(2022).

46. Li, D. et al. An efficient strategy toward multichambered carbon
nanoboxeswithmultiple spatial confinement for advanced sodium-
sulfur batteries. ACS Nano 15, 20607–20618 (2021).

47. Yang, H. et al. Electrochemical redox kinetic behavior of S8 and
Na2Sn (n = 2, 4, 6, 8) on vulcan XC-72R carbon in a flowing-
electrolyte system. J. Power Sources 478, 229074 (2020).

48. Marcus, R. A. On the theory of oxidation‐reduction reactions invol-
ving electron transfer. I. J. Chem. Phys. 24, 966–978 (2004).

49. Marcus, R. A. On the theory of electron‐transfer reactions. VI. Uni-
fied treatment for homogeneous and electrode reactions. J. Chem.
Phys. 43, 679–701 (2004).

50. Marcus, R. A. Chemical and electrochemical electron-transfer the-
ory. Annu. Rev. Phys. Chem. 15, 155–196 (1964).

51. Hashemi, A., Peljo, P. & Laasonen, K. Understanding electron
transfer reactions using constrained density functional theory:
complications due to surface interactions. J. Phys. Chem. C. 127,
3398–3407 (2023).

52. Kuss-Petermann, M. & Wenger, O. S. Unusual distance depen-
dences of electron transfer rates. Phys. Chem. Chem. Phys. 18,
18657–18664 (2016).

53. Kuss-Petermann, M. & Wenger, O. S. Reaction rate maxima at large
distances between reactants. Chimia 70, 177 (2016).

54. Frey, P. A., Whitt, S. A. & Tobin, J. B. A low-barrier hydrogen bond in
the catalytic triad of serine proteases. Science 264, 1927–1930
(1994).

55. Yang, G. et al. Regulating Fe-spin state by atomically dispersedMn-
N in Fe-N-C catalysts with high oxygen reduction activity. Nat.
Commun. 12, 1734 (2021).

56. Joo, S. et al. Enhancing thermocatalytic activities by upshifting the
d-band center of exsolved Co-Ni-Fe ternary alloy nanoparticles for
the dry reforming of methane. Angew. Chem. Int. Ed. 60,
15912–15919 (2021).

57. Nørskov, J. K., Abild-Pedersen, F., Studt, F. & Bligaard, T. Density
functional theory in surface chemistry and catalysis. Proc. Natl
Acad. Sci. 108, 937–943 (2011).

58. Guldi, D. M. & Asmus, K.-D. Electron transfer fromC76 (C2v‘) and C78

(D2) to radical cations of various arenes: evidence for the marcus
inverted region. J. Am. Chem. Soc. 119, 5744–5745 (1997).

59. Hou, S. et al. Solvation sheath reorganizationenablesdivalentmetal
batteries with fast interfacial charge transfer kinetics. Science 374,
172–178 (2021).

60. Gould, I. R., Ege, D., Moser, J. E. & Farid, S. Efficiencies of photo-
induced electron-transfer reactions: role of the Marcus inverted
region in return electron transfer within geminate radical-ion pairs.
J. Am. Chem. Soc. 112, 4290–4301 (1990).

61. Wang, Z. et al. In situ TEM observations of discharging/charging of
solid-state lithium-sulfur batteries at high temperatures. Small 16,
2001899 (2020).

62. Zhao, E. et al. Advanced characterization techniques in promoting
mechanism understanding for lithium-sulfur batteries. Adv. Funct.
Mater. 28, 1707543 (2018).

63. Thompson, K. et al. In situ site-specific specimen preparation for
atom probe tomography. Ultramicroscopy 107, 131–139 (2007).

64. Felfer, P. J., Alam, T., Ringer, S. P. & Cairney, J. M. A repro-
ducible method for damage-free site-specific preparation of
atom probe tips from interfaces. Microsc. Res. Tech. 75,
484–491 (2012).

65. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

66. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B. 50,
17953–17979 (1994).

67. Grimme, S., Ehrlich, S. & Goerigk, L. Effect of the damping function
in dispersion corrected density functional theory. J. Comput. Chem.
32, 1456–1465 (2011).

68. Henkelman, G., Uberuaga, B. P. & Jónsson, H. A climbing image
nudged elastic band method for finding saddle points and mini-
mum energy paths. J. Chem. Phys. 113, 9901–9904 (2000).

Acknowledgements
This research was supported by the Australian Research Council
(ARC) (DE220101113, DP220103301, and DP210101389). The authors
acknowledge the use of the facilities at the UOW electron Micro-
scopy Centre (LE0882813 and LE0237478), Dr. Tania Silver for her
critical reading, and Dr. Shaobo Li, who conducted the time-of-
flight secondary-ion mass spectrometry.

Article https://doi.org/10.1038/s41467-024-47628-3

Nature Communications |         (2024) 15:3325 11



Author contributions
Y.-J.L., Y.F., L.Z., J.L. and S.W. conducted synthesis and characterization.
X.L. contributed machine learning and density functional theory calcu-
lations. Y.-J.L. wrote the manuscript. W.-H.L. and Y.-X.W. supervised the
project. H.Y. and D.M. performed X-ray absorption spectroscopy. Y.-J.L.
and Q.-F.G. performed synchrotron X-ray diffraction measurements.
D.S., T.R., Y.-X.W., H.-K.L., W.-H.L., S.-X.D., M.A., and G.W., helped draft
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-47628-3.

Correspondence and requests for materials should be addressed to
Wei-Hong Lai, Michel Armand, Yun-Xiao Wang or Guoxiu Wang.

Peer review information Nature Communications thanks Jiarui He,
Shizhao Xiong, and the other anonymous reviewer(s) for their con-
tribution to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

1Institute for Superconducting & ElectronicMaterials, Australian Institute of InnovativeMaterials, University ofWollongong, InnovationCampus, SquiresWay,
NorthWollongong, NSW2500, Australia. 2Centre forClean Energy Technology, School ofMathematical and Physical Sciences, Faculty of Science, University
of Technology Sydney, Sydney, NSW 2007, Australia. 3School of Science and Technology, Kwansei Gakuin University, 2-1 Gakuen, Sanda, Hyogo 669-1337,
Japan. 4Australian Synchrotron 800 Blackburn Road, Clayton, VIC 3168, Australia. 5Institute of Energy Materials Science, University of Shanghai for Science
and Technology, Shanghai 200093, China. 6Centre for Cooperative Research on Alternative Energies (CIC EnergiGUNE) Basque Research and Technology
Alliance (BRTA) Alava Technology Park Albert Einstein 48, 01510 Vitoria-Gasteiz, Spain. 7Inorganic Chemistry Department, University of the Basque Country
UPV/EHU, P.O. Box. 644, 48080 Bilbao, Spain. 8These authors contributed equally: Yao-Jie Lei, Xinxin Lu. e-mail: weihongl@uow.edu.au;
marmand@cicenergigune.com; yunxiaowang@usst.edu.cn; Guoxiu.Wang@uts.edu.au

Article https://doi.org/10.1038/s41467-024-47628-3

Nature Communications |         (2024) 15:3325 12

https://doi.org/10.1038/s41467-024-47628-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:weihongl@uow.edu.au
mailto:marmand@cicenergigune.com
mailto:yunxiaowang@usst.edu.cn
mailto:Guoxiu.Wang@uts.edu.au

	Understanding the charge transfer effects of single atoms for boosting the performance of Na-S batteries
	Results
	Screening single atom catalysts
	Synthesis and characterizations of single atom catalysts
	Pathway selectivity and electrochemical performance
	Pathway selectivity and cycling stability mechanism
	Charge transfer accelerated S cleavage
	Visualization of charge transfer assisted Na ion diffusion

	Discussion
	Methods
	Synthesis methods
	Electrode preparations and electrochemical performance measurements
	Physical characterizations
	Sample preparation for Atom probe tomography (APT) measurement
	In-situ characterizations
	DFT calculations
	Machine learning (ML) methods

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




