nature communications

Article

https://doi.org/10.1038/s41467-025-59437-3

Axial ligand induces the charge localization
of Ca single-atom sites for efficient Na-S

batteries

Received: 27 May 2024

Accepted: 23 April 2025

Fangcai Zheng ® %%, Yuhang Zhang"?®, Zhigiang Li"?, Ge Yao'?, Lingzhi Wei?,
Changlai Wang ®3

, Qianwang Chen®'* & Hui Wang ®'

Published online: 12 May 2025

M Check for updates

The main-group s-block metal single-atom catalysts (SACs) are typically
regarded as catalytically inactive for sulfur conversion reactions in

sodium-sulfur batteries. Herein, we design efficient calcium (Ca) SACs coor-
dinated with one axial N atom and four planar O atoms (Ca-O4N-C) for
sodium-sulfur batteries. The axial N ligand induces the charge localization at
Ca sites to strengthen p-p orbital-hybridization between Ca centers and sulfur
species, which boosts the affinity toward sodium polysulfides (Na,S,,) and
simultaneously promotes the conversion kinetics. The Ca-O4N-C@S exhibits
superior sulfur conversion activity of 1211 mAh g™ based on the mass of sulfur
at 335 mA g™ after 100 cycles under a sulfur loading of 1.0 mg cm™ with an
electrolyte of 2M sodium bis(trifluoromethylsulfonyl)imide in propylene car-

bonate/fluoroethylene carbonate and an electrolyte-to-sulfur ratio of 70 pL
mg, which is well-placed among d-block SACs for sodium-sulfur batteries.
This work regulates the p orbital charge distribution of Ca SACs for efficient
sodium-sulfur batteries.

The widespread application of portable electronics and electric vehi-
cles has prompted extensive exploration of energy storage systems
with excellent performance-to-price ratios'>. Room-temperature
sodium-sulfur (Na-S) batteries are considered to be one of the most
promising candidates owing to their high energy density of
1274 Wh kg™, abundant sodium resources on the earth, and low cost of
sulfur and sodium®'. However, the detrimental shuttle effect of
sodium polysulfides (Na,S,) and sluggish reaction kinetics result in low
reversible capacity and limit the commercial application of Na-S
batteries’. To solve these intractable issues, polar materials (e.g., metal
oxides, metal carbides, metal nanoparticles) were extensively intro-
duced into porous carbon matrix as polar active sites to improve the
interaction with Na,S,, and accelerate the reaction kinetics of poly-
sulfides conversion, thereby promoting the performance of Na-S

batteries®®. Though the conversion kinetics and the anchoring ability
of Na,S, are optimized to a certain extent, the introduction of metal
compounds with a high mass percentage composition reduces the
energy density of the entire battery”’°. Therefore, to realize high-
performance Na-S batteries, it is crucial to introduce highly efficient
catalysts into the carbon cathode to simultaneously enhance the
adsorption ability and reaction kinetics.

Single-atom catalysts (SACs) are wildly introduced into carbon
cathode for Na-S batteries owing to their high atom utilization ratio
and potential catalytic activity in the conversion of Na,S, into the
complete discharge product of Na,S" . Generally, SACs reported so
far for Na-S batteries have been focused on d-block transitional metal
(M) centers with similar planar M-N, coordination structures, which
provide empty d,? orbital to accommodate the p electrons of Na,S,,
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and accelerate the conversion reaction efficiency'". However, these
planar M-N, structures with symmetrical charge distribution are not
conducive for the electron transfer, and offer limited ability to
strengthen the adsorption of polar Na,S, and improve the reaction
kinetics via weak d-p orbital-hybridization between SACs and
Na,S,'*". To today, regulating the coordination environment is wildly
confirmed as an effective strategy for deliberately adjusting the d
electron distribution on SACs centers for Na-S batteries®*. For
example, our group ever demonstrated that Zn-N, SACs were favor-
able for boosting the conversion of sulfur species in Na-S batteries in
comparison with Zn-N, SACs*. Zhang et al. also confirmed that the
unsaturated Fe-N, single-atom structure facilitated to the adsorption
of polysulfides and accelerated the sulfur conversion kinetics®. These
results demonstrate that regulating the coordination environment
could be an effective pathway to boost the catalytic activity of SACs for
Na-S batteries.

In contrast to d-block transitional metals, s-block main-group
metals lacking valence electrons show an unsatisfactory ability to
activate sulfur species conversion in Na-S batteries** %, In this context,
s-block main-group metals are rarely investigated to optimize the
sulfur conversion electrochemistry in Na-S batteries. However, recent
researches have demonstrated that the p electrons in s-block metals
can be further activated through breaking the symmetry of main-
group single-atom center, thereby displaying promising catalytic
activity via the optimized overlap between the p orbitals of s-block
metals and reaction intermediates®. For example, our group ever
regulated the p-orbital electron structure of Ca through the con-
struction of N,O-coordinated asymmetrical single-atom center to
optimize the interaction with the reaction intermediates of oxygen
species and then boost the catalytic activity for the ORR™. Liu et al.
designed planar Ca-N;O single-atom structures to induce the electron
localization on p-orbitals at Ca sites, thus boosting the catalytic activity
of CO, electroreduction to CO®. Therefore, it is feasibly deduced that
breaking the symmetry of metal single-atom structure can induce the
localized p orbital charge distribution on s-block metal center as an
active site for Na-S batteries.

Herein, we successfully designed a facile strategy to construct s-
block Ca SACs supported on nitrogen-doped carbon materials for
Na-S batteries, in which the p orbital electron distribution of Ca sites
was precisely regulated by the introduction of axial N ligands. The
atomically dispersed Ca single-atom sites effectively confine the
shuttle diffusion of soluble Na,S, and provide abundant catalytic sites
to accelerate the reaction kinetics for Na-S batteries. Interestingly,
X-ray adsorption fine structure (XAFS) results demonstrate that the
axial O atom in the oversaturated Ca-Os coordination structure (Ca-
05-C) can be substituted by an N atom (Ca-O4N-C) via the thermal NH;
etching. The density functional theory (DFT) results combined with
electrochemical measurements confirm that the introduction of axial
N atom can result in more localized p orbital charge on Ca single-atom
sites in Ca-O4N configuration than that in Ca-Os configuration, which
enhances the affinity for Na,S, and simultaneously promotes the
conversion kinetics of Na-S batteries owing to the strengthened p-p
orbital-hybridization between Ca SACs and sulfur species. This work
offers a facile strategy to precisely regulate the highly active Ca-O4N
configuration for the potential application in advanced Na-S batteries.

Results

Synthesis and structural characterizations

Figure 1a displays the synthesis procedure of Ca-O4N-C, and the syn-
thetic details are described in the experimental section. Ca-based
metal-organic frameworks (Ca-BTC) constituted by Ca*" and trimesic
acid were first applied as a precursor for the synthesis of Ca-O4N-C. As
shown in Supplementary Fig. 1, Ca-BTC exhibits a sheet-like mor-
phology. The thermal decomposition temperature of Ca-BTC under N,
was investigated by thermogravimetric analysis (TGA) (Supplementary

Fig. 2). After the pyrolysis process, the Ca-O clusters in the Ca-BTC
were transformed into ultrafine CaCO; nanocrystals embedded into
in situ generated carbon skeleton (Supplementary Fig. 3). X-ray dif-
fraction (XRD) pattern (Supplementary Fig. 4) confirms that CaCO;
nanocrystals are easily removed by an acid etching process, and then
Ca-0s-C is successfully obtained. The scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) results (Fig. 1b and
Supplementary Fig. 5) exhibit that Ca-Os-C still retains a sheet-like
morphology without any nanoparticles. The high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
image (Fig. 1c) confirms the existence of abundant bright dots on the
carbon skeleton, which can be attributed to Ca single atoms. Besides,
the element mapping (Fig. 1d) of Ca-Os-C also verifies the existence of
Ca single atoms.

In contrast to Ca-Os-C, no new phase is formed in the XRD pattern
of Ca-O4N-C, and two broad peaks confirm the formation of disordered
carbon with low crystallinity (Supplementary Fig. 6). In addition, the
Ca-O4N-C maintains a similar morphology to Ca-Os-C, and large num-
ber of atomically dispersed bright dots are also observed in Ca-O4N-C
(Fig. e, f and Supplementary Fig. 7). Nevertheless, the element map-
ping (Fig. 1g) confirms the existence of N atoms in Ca-O4N-C. Raman
results confirm that the Ip/Ig ratio of Ca-O4N-C (0.955) is higher than
that of Ca-Os-C (0.938), demonstrating that the thermal NH; etching
can remove some edge-0 groups and increase the density of defective
structure in carbon materials (Supplementary Fig. 8)*2. Compared with
that of Ca-Os-C, containing distinctive peaks of C and O, the X-ray
photoelectron spectrum (XPS) survey spectrum of Ca-O4N-C has a new
peak of N (Supplementary Figs. 9, 10), confirming the successful
introduction of N atom in Ca-O4N-C. Besides, the elemental analysis
shows that the ratio of N in Ca-O4N-C is 3.25 wt%. The absence of the Ca
peak in the XPS survey demonstrates the low Ca content in Ca-O4N-C
and Ca-Os-C. The inductively coupled plasma optical emission spec-
troscopy (ICP-OES) further confirms that the contents of Ca atom in
Ca-05-C and Ca-O4N-C are 1.22 and 1.56 wt%, respectively. The rela-
tively high Ca loading in Ca-O4N-C originates from the removal of
unstable groups by the thermal NH; etching.

The details of coordinated environments of Ca-Os-C and Ca-
04N-C were further confirmed by X-ray adsorption near-edge structure
(XANES) and extended X-ray adsorption fine structure (EXAFS) spec-
troscopies. As shown carbon K-edge in Fig. 2a, both Ca-Os-C and Ca-
O4N-C display typical adsorption peaks at 286 and 293 eV, which cor-
responds to graphitic C-C m* and graphitic C-C ¢* resonances of
carbon materials®, respectively. Moreover, the weak peak at about 289
eV corresponds to C-O-C and C-N-C configurations*. As shown in
Fig. 2b, in comparison with the standard N-doped graphene, the
nitrogen K-edge curves display that pyridinic-N and pyrrolic-N exist in
Ca-O4N-C. Besides, the oxygen K-edge curves (Fig. 2¢) show that both
Ca-0s-C and Ca-O4N-C contain C=0 m* and C-O o* resonances®. To
further confirm the coordinated fine structure of Ca centers in Ca-Os-C
and Ca-O4N-C, the Ca K-edge XANES of Ca-Os-C and Ca-O4N-C is close
to CaO (Fig. 2d), suggesting that Ca atoms serve as oxidation state in
Ca-0s5-C and Ca-O4N-C. Besides, as shown in the inset of Fig. 2d, the
white line of Ca-O4N-C shifts negatively in contrast to that of Ca-Os-C,
which probably due to that one of O atoms in Ca-Os-C is substituted by
an N atom®. As shown in Fig. 2e, the Fourier transformation EXAFS
spectra show the atomically dispersed Ca atoms in Ca-Os-C and Ca-
O4N-C. The fitting results (Fig. 2f, g and Supplementary Table 1)
demonstrate that the coordination number of Ca in Ca-Os-C is about 5,
while after the O atom substituted by an N atom, the coordination
number of Ca in Ca-O4N-C is still close to 5. Moreover, the length
(2.241 A) of the axial Ca-O bond is different with that of the other four
planar Ca-O bonds (2.389 A) in Ca-Os-C, while the length of four Ca-O
bonds (2.370 A) is same in Ca-O,4N-C, suggesting the axial O atom in Ca-
Os5-C is substituted by an N atom. Besides, the calculation results
confirm that the bond lengths of Ca-O and Ca-N in Ca-Os-C and Ca-
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Fig. 1| Schematic illustration and morphology characterization. a The illustration of the fabrication process of Ca-O4N-C. b TEM image of Ca-O4N-C. c HAADF-STEM
image of Ca-O4N-C. d Elemental maps of Ca-Os-C. e TEM image of Ca-Os-C. f HAADF-STEM image of Ca-Os-C. g Elemental maps of Ca-O4N-C.

04N-C are consistent with the calculated values in the models of Ca-Os
and Ca-O4N (Supplementary Fig. 11), which further verifies the fitting
results of EXAFS spectra. Wavelet transform (WT) of Ca K-edge EXAFS
data were further conducted (Fig. 2h, i), and the results revealed the
coordination environment of Ca-O4N-C was different with that of
Ca-0s-C_From the above analysis, it can be confirmed that the N atom
acts as the axial Ca-N bond in Ca-O4N-C.

The N, adsorption/desorption isotherms were measured by
Brunauer-Emmett-Teller (BET) (Supplementary Figs 12,13 and Sup-
plementary Table 2). The Ca-O4N-C displays a specific surface area of
1147 m?g™ and a pore volume of 1.810cm®>g™. Those values are
1035 m? g'and 1.618 cm® g for Ca-Os-C. The enhanced specific surface
area and pore volume further confirm that the thermal NH; etching
can introduce the defective structure in Ca-O4N-C, which further
supports the Raman results. Besides, Ca-Os-C and Ca-O4N-C show a
similar pore size distribution centered at 0.5-1.0 nm and 3-5.0 nm,
demonstrating the coexistence of micro- and mesopores. The large
pore volume can provide an interconnected internal space to accom-
modate sulfur and accelerate the ion transport?’. Owing to the high
thermal stability of Ca-Os-C and Ca-O4N-C (Supplementary Fig. 14), a
molten diffusion approach was used to load sulfur. Nevertheless, after
the infiltration of sulfur, the specific surface areas of Ca-O4N-C@S and
Ca-O5-C@S decrease significantly to 172 and 101 m*g™, respectively,
and their pore volumes also drop sharply to 0.506 and 0.415cm>g™,
respectively. Moreover, the reduction of pore size can also be
observed in Ca-O4N-C@S and Ca-Os-C@S. This confirms the impreg-
nation of sulfur into the pore structure of Ca-O4N-C and Ca-Os-C.
Besides, TGA results (Supplementary Fig. 15) show that the sulfur

loading mass is 55.2 and 53.2 wt% for Ca-O4,N-C@S and Ca-Os-C@S,
respectively. As a comparison, nitrogen-doped carbon materials (NCs)
without Ca catalytic centers were also synthesized to confirm the
promotion effect of Ca SACs on the conversion of Na,S, into the
product of Na,S. The morphology and XRD pattern of the resulting
NCs is similar with Ca-O4N-C and Ca-Os-C (Supplementary Figs. 16, 17).
Moreover, the XRD patterns of Ca-O4N-C@S, Ca-Os-C@S, and NCs@S
display unobvious diffraction peaks for sulfur (Supplementary Fig. 18).
Raman spectra also confirm the absence of sulfur peaks (Supplemen-
tary Fig.19). These results demonstrate the successful melting of sulfur
into their pore structures. In contrast, NCs@S has a low sulfur loading
mass of 51.8 wt%. The higher loading mass of sulfur in Ca-O,N-C@S can
be probably attributed to the strong affinity toward Sg molecules
caused by the enhanced specific surface area and pore volume?>?, In
addition, as shown in Supplementary Fig. 20, it is clearly observed that
sulfur is well dispersed in the skeleton of Ca-O4N-C, where the atom-
ically dispersed Ca catalytic centers are beneficial for the fast adsorp-
tion of the timely generated Na,S, and thus accelerate the sulfur
conversion kinetics.

To verify the structural advantage of Ca-O4N configuration in the
catalytic conversion of Na,S,, into Na,S, the Na,S,, adsorption test was
first explored. Ca-O4N-C and Ca-Os-C were immersed into Na,Se solu-
tion, and as shown in Fig. 3a, the solution with Ca-O4N-C became col-
orless, while the one with Ca-Os-C exhibited pale yellow,
demonstrating the stronger adsorption capability of Ca-O4N-C toward
Na,Se. Nevertheless, the solution with NCs still remained yellow.
Besides, UV-vis adsorption spectra (Fig. 3a and Supplementary Fig. 21)
confirm that Ca-O4N-C owns the faster adsorption rate toward Na,Se.
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Fig. 2 | Structural characterizations. a C K-edge XANES spectra of Ca-O4N-C and
Ca-05-C. b N K-edge XANES spectra of Ca-O4N-C and N-graphene. ¢ O K-edge
XANES spectra of Ca-O4N-C and Ca-Os-C. d XANES results of Ca K-edge and

e Fourier transforms of Ca K-edge EXAFS spectra of Ca-O4N-C, Ca-Os-C, and CaO.
EXAFS fitting curves in R-space of f Ca-O4N-C and g Ca-Os-C. WT plots of h Ca-O4N-C
and i Ca-Os-C.

As shown in Fig. 3b and Supplementary Fig. 22, XPS tests also
demonstrate that the electron is more easily transferred from Na,S¢ to
Ca-O4N-C in comparison with Ca-Os-C***%, Besides, DFT calculation was
also performed to investigate the electron transfer between Na,S¢ and
the catalysts. About 0.0498 electron is transferred from Na,S¢ to the
Ca-O4N center, while 0.0388 electron is transferred from Na,S¢ to the
Ca-Os center (Fig. 3c), suggesting the superior affinity of Ca-O4N-C
toward Na,Se. The symmetric cell was assembled to investigate the
Na,S,, conversion kinetics, and the cyclic voltammogram (CV) curves
based on Ca-O4N-C, Ca-Os-C and NCs are shown in Supplementary
Fig. 23. The Ca-O4N-C exhibits the higher current response than those
of Ca-0s5-C and NCs, demonstrating the remarkable catalytic activity of
the Ca-O4N centers for Na,S, conversion. The Na,S nucleation was
also conducted to explore the superior catalytic activity of Ca-O4N-C
toward the conversion of Na,S, into NaS. As shown in Fig. 3d-f and
the corresponding enlarged inset, Ca-O4N-C displays higher and earlier
current response (0.30 mA at 2561 s for Ca-O4N-C, 0.21 mA at 4465 s
for Ca-Os-C, and 0.03 mA at 6848 s for NCs). Besides, the capacity of
Na,S nucleation (598 mAh g™) on Ca-O4N-C is also higher than those of
Ca-O5-C (443mAhg™) and NCs (75mAhg™). These results demon-
strate that Ca-O4N-C effectively accelerates the reaction kinetics of
Na,S,, conversion®.

Electrochemical performance of Na-S batteries

The electrochemical performance of Ca-O,N-C@S was further inves-
tigated for Na-S batteries. The first CV curve of Ca-O4N-C@S was
measured at 0.1mV s™ (Supplementary Fig. 24). The cathodic peaks at
1.95 and 0.83 V can be attributed to the conversion of S to long-chain
Na,S, (4<n<8) and the formation of Na,S,/Na,S", respectively. A

strong anodic peak at 2.06 V represents the conversion of short-chain
Na,S, to long-chain Na,S,*. Fig. 3g shows the second CV curve of Ca-
O4N-C@S, and two clear cathodic peaks at 1.58 and 1.10 V is indexed to
the conversion of Na,S, (4<n<8) into Na,S,; and then into Na,S,/
Na,S*°. The oxidation peak at 2.01V corresponds to the reversible
conversion of Na,S,/Na,S into Sg molecules*-*2, The second CV curves
of Ca-0s-C@S and NCs@S were also investigated, and the intensity of
redox peaks decreases in the order of Ca-O4N-C@S, Ca-Os-C@S, and
NCs@S. Besides, compared with Ca-O5-C@S and NCs@S, the reduc-
tion peak of Ca-O4N-C@S shifts positively, while its oxidation peak
shifts negatively. Compared with Ca-Os-C@S (443/324 mV dec™) and
NCs@S (567/293 mV dec™), Ca-O4N-C@S exhibits lower Tafel slopes of
229 and 276 mV dec? for the reduction and oxidation processes
(Fig. 3h, i), respectively, which reveals that the active Ca sites in
Ca-O4N configuration facilitate the Na,S, conversion in Na-S
batteries®.

Figure 4a displays the cycling performances of Ca-O4N-C@S, Ca-
05-C@S and NCs@S at 0.2 C (335mA g™, 1.0 C=1675mA g™). A higher
capacity of 1211 mAh g™ is still maintained for Ca-O,N-C@S compared
to Ca-Os-C@S (1014 mAhg™) and NCs@S (635mAhg™) after 100
cycles. Besides, the electrode with an active mass loading of 80% still
retains a capacity of 1109 mAh g™ at 0.2 C after 100 cycles (Supple-
mentary Fig. 25). When the mass loading was increased up to 3.78 mg
cm??, it still displayed a capacity of 978 mAh g™ at 0.2 C after 100 cycles
(Supplementary Fig. 26). Fig. 4b exhibits the second galvanostatic
charge/discharge (GCD) curves of Ca-O4N-C@S, Ca-Os-C@S, and
NCs@S at 0.2 C. Ca-O4N-C@S exhibits a smaller discharge/charge
potential gap of 0.71V than Ca-Os-C@S (0.74 V) and NCs@S (0.79 V),
suggesting that Ca-O4N single-atom center can promote the sulfur

Nature Communications | (2025)16:4372


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59437-3

aﬁ' I CaoNC b Peakshit _caonc| C -
2 — 1I NCs — S2p, '\ S2p
% —1III Ca-05-C ;_./ 165.5 eV V 164_232
o [ I c = s
g - ., @ P Ca-04-C
g — T 2 S2p,, | S2p
7] c 12 312 Na.S
o —\—4—:»_»_;: = 2%6
< - 1653 eV BRI B 0.0388 fg ,
200 300 400 500 600 700 800 172 168 164 160 WQ :
Wavelength (nm) Binding energy (eV) T Ca-O,-C
d e 03 f 004
0.301 0.301 ' 0.10
— < —~ < ~VY- V1 <
< £ < £ < g
E = E Y= E 5 i
=0.201 =020{p & =
B (R § Poos) P
8 010 '0000 2000 Tﬁggo(s)4000 5000 8 010' 0'C*?OOD 4000 TiSNC:gCES)GOOO 7000 8 0'040000 5000 T?rgg(zs)moo 8000
0.00
20 40 20 40 60 0 40 60
Time (ks) Time (ks) . Time (ks)
g o8 i
— Ca-O,N-C@S o Ca-O,N-C@S o Ca-O,N-C@S
- Ca-0,-C@S A1 1.9415 ca-0.-c@s @A1 174]0 Ca-0-c@S @c
< 041 NCs@Ss 201V | = o NCs@S S o NCs@S
E =1.924 =172
£ 2 £ 324 ¥7°
$ 0.0 5 1.90- BET g §170] %293
5 ° i
229
(&) c2 C1 0 1 g8 o 168
-0.44 110V 1.58 V _ ) ¥ . [e] ) _
- 0.1mVs™ 86 unit: mV dec™ unit: mV dec™’
05 10 15 20 25 3.0 ' -1.0 -08 -06 -04 -1.8-16-14-12-10-0.8-0.6
Potential (V vs Na*/Na) Log [current (mA)] Log [current (mA)]

Fig. 3 | Electrochemical adsorption and catalytic mechanism. a UV/vis spectra
and digital photo of Na,S solution before and after adsorbed by Ca-O4N-C, Ca-OsC
and NCs. b The S 2p spectra of Na,S¢ adsorbed in Ca-O4N-C and Ca-OsC. ¢ The

diagrams of charge density difference for Na,S¢ adsorbed on the Ca-O4N-C and Ca-

0sC models. d-f Potentiostatic discharge curves of Na,S¢ on Ca-O4N-C, Ca-Os-C and
NCs. g CV curves of Ca-O4N-C@S, Ca-0s-C@S and NCs@S. h, i Tafel plots of Ca-
04N-C, Ca-Os-C, and NCs, which were calculated from CV curves.

reaction kinetics in Na-S batteries®. Besides, there are two discharge
plateaus and one charge plateau in the first GCD profiles of Ca-O5-C@S
(Supplementary Fig. 27), which is consistent with the observation of
the first CV curves. Figure 4c displays the rate capability, and Ca-O4N-
C@S exhibits superior rate capacities of 1316, 1240, 1144, 1036, 942,
859, and 714 mAh g™ at 0.1, 0.2, 0.5, 1.0, 2.0, 3.0, and 5.0 C, respec-
tively, which are higher than Ca-Os-C@S and NCs@S at each current
density. Besides, the capacity of Ca-O4;N-C@S can come back to the
original level, and the GCD curves (Fig. 4d) still show obvious reduc-
tion/oxidation plateaus at different current rates, suggesting the good
reversibility of the sulfur chemistry for Na-S batteries. In addition, Ca-
0,4N-C@S also shows long cyclic stability with a capacity of 887 mAh g™
after 800 cycles at 3.0 C (Fig. 4e), which is superior to that of Ca-Os-
C@S (402 mAhg™) and NCs@S (163 mAh g™). The capacity decay of
Ca-O4N-C@S is 0.017% per cycle. As shown in Supplementary Fig. 28,
Ca-O4N-C@S shows superior or even better electrochemical perfor-
mance for Na-S batteries in comparison with the reported sulfur
cathodes”"*2****8More importantly, the outstanding performance
of Ca-O4N-C@S was further evaluated by a pouch cell (8 x 6.5 cm?), and
a high capacity of 515 mAh g™ and a Coulomb efficiency of 99.50% were
observed after 50 cycles at 0.1 C (Supplementary Fig. 29). The superior
sulfur conversion electrochemistry for Na-S batteries is attributed to
the unique Ca-O4N catalytic centers, which enhances the affinity
toward sulfur species and accelerates the sulfur conversion kinetics.

The sulfur conversion mechanism in Na-S batteries
CV curves obtained at different scan rates were measured to explore
the accelerated sulfur conversion kinetics (Supplementary

Figs. 30-32). It is clearly found that the current densities of the cathode
peaks and anode peaks for Ca-O4N-C@S, Ca-Os-C@S, and NCs@S are
linear with the square roots of scan rates, suggesting a diffusion-
limited process. Besides, the slopes of the reductive peak and oxidative
peak for Ca-O4N-C@S are 0.69 and 0.93, which is higher than those of
Ca-05-C@S (0.67 and 0.89) and NCs@S (0.61 and 0.89), further con-
firming that Ca-O4N single-atom center can promote the sulfur con-
vention kinetics. The galvanostatic intermittent titration technique
(GITT) was performed to investigated Na* diffusion coefficient (Dy,")
of Ca-O4N-C@S, Ca-0s-C@S, and NCs@S (Fig. 5a and Supplementary
Fig. 33). Obviously, the Dy, value of Ca-O4N-C@S is higher than those
of Ca-Os-C@S and NCs@S, revealing that the Ca-O4N single-atom
center accelerates the Na* diffusion rate in Ca-O4N-C@S”**. As shown
in Fig. 5b and Supplementary Table 3, Ca-O4N-C@S has a smaller
charge-transfer (R.,) value (588 Q) than those of Ca-Os-C@S (620 Q)
and NCs@S (925 Q). These results demonstrate that Ca-O4N single-
atom center displays enhanced Na* diffusion rate and electron trans-
fer, leading to enhanced electrochemical performance.

To further explore the sulfur conversion mechanism, the dis-
charge/charge process of Ca-O4N-C@S was explored by in situ XRD. Sg
molecules was first reduced into long-chain Na,S,, (4 <x < 8), and then
the weak peaks of Na,S, were presented (Fig. 5¢)***2. Eventually, the
weak peaks of Na,S are observed, indicating the full catalytic conver-
sion of sulfur species to Na,S*. In the charge process, Na,S was gra-
dually converted into Na,S, and then into long-chain Na,S,.. Finally,
Na,S,, was transformed to Sg molecules completely*’. Besides, the
presence of a weakly reversible peak near 27° can be attributed to the
peak of sulfur, which can further confirm that the Ca single-atom sites
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can catalyze the reversible conversion of sulfur during the redox
process. The sulfur conversion steps were further investigated by the
ex-situ XPS, and the S 2p spectra showed that sulfur was initially
transformed into Na,S, (4<x<8), and then into Na,S, and Na,S
(Fig. 5d, €)*°. When charged from 0.5 to 2.8V, Na,S and Na,S, were
converted into sulfur, demonstrating reversible Na-S electrochemistry
(Fig. 5e)*. In addition, Ca-O4N-C@S still retained an intact sheet-like
morphology after cycling, and sulfur was uniformly loaded in Ca-O4N-
C, implying its high structure stability for sulfur redox reactions (Fig. 5f
and Supplementary Fig. 34). Besides, XPS results (Supplementary
Fig. 35) confirm the formation of NaF and Na,COj; at cathode electro-
lyte interphase (CEI) layer, which improves the ionic conductivity and
reduces the sulfur loss from the interfacial side reactions®. The cata-
lytic conversion of sulfur species by Ca-O4N-C is illustrated in Fig. 5g.
The Ca-O4N catalytic center boosts the affinity toward Na,S,, which
effectively avoids the diffusion of soluble polysulfides and lowers the
sulfur redox kinetics, endowing Ca-O,N-C@S with long:-life cycling
stability.

Discussion

DFT calculation was also performed to reveal the catalytic activity of
Ca SACs for the sulfur species conversion in Na-S batteries. Based on
the above XAFS analysis, two kinds of Ca SACs structural models were
constructed, including an axial O-coordinated Ca-Os-C and an axial
N-coordinated Ca-O4N-C (Supplementary Figs. 36, 37). To demonstrate
the thermal stability of Ca-Os-C and Ca-O4N-C, ab initio molecular
dynamics (AIMD) simulations were first conducted. The AIMD results
showed the energy oscillates near the initial value, and the structures
of Ca-Os5-C and Ca-O4N-C remained well-preserved after 10,000 fs at
300K (Supplementary Figs. 38, 39), confirming their excellent

structural stability. For comparison, the model of nitrogen-doped
carbon materials (NCs) was also constructed (Supplementary Fig. 40).
In the discharge process, Sg ring molecules firstly react with two Na* to
form long-chain Na,Sg, which then undergoes further reduction to
form Na,S¢, Na,S;, Na,S,, and finally transforms into Na,S. The
adsorption behaviors of intermediates on Ca-Os-C, Ca-O4N-C, and NCs
were investigated by DFT calculations. The calculated adsorption
energies are displayed Fig. 6a and Supplementary Table 4, and corre-
sponding interaction configurations are depicted in Fig. 6b and Sup-
plementary Fig. 41. The adsorption energies of Na,S, on Ca-SACs are
higher than those on NCs, which is attributed to the formation of Ca-S
bonds between Ca SACs and Na,S,,, effectively trapping Na,S,, inter-
mediates and inhibiting the shuttle effect™. Interestingly, the
adsorption strength of Na,S,, species on Ca-O4N-C is stronger than that
on Ca-0s-C, suggesting that Ca-O4N-C has a stronger affinity capability
toward Na,S, species (Supplementary Table 4). Subsequently, the
reaction pathways of the sulfur reduction reaction on Ca SACs and NCs
were calculated. As displayed in Gibbs free energy (AG) profiles (Fig. 6b
and Supplementary Fig. 41), the transformation of the Sg ring molecule
into Na,Sg and Na,S¢ on Ca SACs and NCs is relatively straightforward
as these steps are exothermic; however, the following conversion of
long-chain Na,Se into shorter-chain Na,S4, Na,S,, and Na,S are quite
sluggish. For NCs, the transformation of Na,S, into Na,S is the most
difficult step with a large energy barrier of 0.77 eV (Supplementary
Fig. 41). The transformation of Na,S, into Na,S, on Ca SACs is the rate-
limiting step, and compared with Ca-Os-C (Fig. 6b), the Ca-O4N-C could
facilitate the sluggish kinetics of sulfur reduction in discharge process
as it has a lower the energy barrier.

During the charging process, Na,S will be oxidized back to
the charged product. The decomposition energy barriers of Na,S on
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Ca-0s-C and Ca-O4N-C were calculated using the climbing-image
nudged elastic band (CI-NEB) method>. The dissociation processes
begin from the initial state (IS) of Na,S to the final state (FS) of NaS
cluster and a single Na ion (Na,S>NaS + Na* + ") via a transition state
(TS). The energy profiles for the Na,S decomposition processes on
Ca-05-C and Ca-O4N-C are presented in Fig. 6c, d. The calculated
results show that the Na,S decomposition processes on Ca SACs are
endothermic. The activation energy of Na,S decomposition on Ca-
0s5-C (1.64 eV) is higher than that on Ca-O4N-C (1.59 eV). Therefore,
Ca-O4N-C could accelerate the catalytic oxidation of Na,S by
decreasing the activation energy in the charging process. To assess
the effectiveness of Ca-Os-C and Ca-O4N-C in preventing “catalyst
poisoning”, the binding energies of the Ca-Os-C and Ca-O4N-C with
isolate sulfur atom were calculated*®. The optimal geometrical con-
figurations and the corresponding binding energies for Ca-Os-C and
Ca-O4N-C with adsorbed isolate sulfur atom are presented in Sup-
plementary Figs. 42, 43 and Supplementary Table 5, respectively.
According to the data in Supplementary Table 5, both Ca-Os-C
(-1.67 eV) and Ca-O4N-C (-2.21eV) exhibit moderate binding ener-
gies with sulfur, indicating Ca-Os-C and Ca-O4N-C possess moderate
Ca-S interactions. The moderate Ca-S interactions enable Ca-Os-C
and Ca-O4N-C to dissociate from the Ca-S bond during the charge-
discharge cycles, effectively preserving their active catalytic sites,
which facilitate balanced and efficient bidirectional catalytic func-
tions, thereby improving the reversibility of Na-S batteries”.

To explore the superiority of Ca-O4N-C@S for Na-S batteries, the
electronic structures of Ca-Os-C and Ca-O4N-C were further calculated.
The p band center of Ca in Ca-Os-C and Ca-O4N-C were calculated. The
partial density of states (PDOS) shows that the Ca-3p orbitals of Ca
SACs are very localized. Compared to the p band center of Ca in Ca-
O4N-C (-2.38 eV), the p band center of Ca in Ca-O5-C (-7.64 eV) shifted
down (Supplementary Fig. 44), which was attributed to the stronger
electronegativity of O than N. This difference in electronegativity
causes electrons to transfer from Ca to the surrounding O and N
atoms. This charge transfer is clearly observed in Fig. 6e, f, and the
electron distribution of the Ca-O4N-C is more localized around the Ca
atom compared to Ca-Os-C. The downshift of the Ca p band center
resulted in a weaker adsorption strength of Na,S,, on Ca-Os-C than on
Ca-O4N-C.

To further understand the bonding between Na,S¢ and Ca SACs,
the projected crystal orbital Hamilton population (pCOHP) were cal-
culated to understand the bonding between Na,S¢ and Ca SACs***°. As
shown in Fig. 6g, there is a strong p-p orbital-hybridization between Ca
atom and sulfur atom, forming bonding orbitals and antibonding
orbitals. The valence states were mainly composed of bonding orbitals,
while the antibonding orbitals were mainly located in the conduction
band. However, there were also a small number of antibonding orbitals
in the valence band. To gain deeper quantitative insights, the inte-
grated COHP (ICOHP) was determined by integrating the energy up to
the highest occupied bands (below Eg). The integrated pCOHP values
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of Na,S¢ adsorption on Ca-Os-C and Ca-O4N-C were -0.34 and -0.50,
respectively, suggesting a stronger bonding interaction between
Na,S and Ca-O4N-C. The above DFT calculations demonstrated that
strong p-p orbital-hybridization between Ca atom and sulfur atom
endowed the Ca-O4N-C with a stronger affinity for Na,S,, species, thus
decreasing reaction barrier of Na-S batteries during the discharge/
charge processes, thereby promoting the conversion kinetics of Na-S
batteries.

In summary, we have successfully designed efficient s-block Ca
SACs coordinated with one axial N atom and four planar O atoms
dispersed on carbon nanosheets for efficient Na-S batteries. The axial
N atom induces the localized electron distribution on the planar Ca-O,
single-atom center to strengthen p-p orbital-hybridization of Ca SACs
and Na,S,,, which boosts the affinity toward Na,S,, and simultaneously
promotes the conversion kinetics of Na-S batteries. The Ca-O4N-C@S
exhibits superior sulfur conversion activity with a capacity of
1211 mAh g at 0.2 C after 100 cycles, which outperforms most d-block
SACs for Na-S batteries. Furthermore, Ca-O4N-C@S exhibits long-term
cyclic stability with a capacity of 887 mAh g™ at 3.0 C after 800 cycles.
This work offers a promising guidance for the design of efficient s-
block metal SACs for Na-S batteries.

Methods

Chemicals

Calcium chloride (CaCl,, 97%), propylene carbonate (PC, 99%) and
fluoroethylene carbonate (FEC, 98%) were purchased from Shanghai
Macklin Biochemical Co., Ltd. Carboxymethyl cellulose (CMC, 99%),
and Super P were purchased from Guangdong Canrd New Energy
Technology Co., Ltd. Sodium bis(trifluoromethylsulfonyl)imide

(NaTFSI) were purchased from Changde Dado New Material Co., Ltd.
Trimesic acid (BTC, 99%) was purchased from J&K Scientific Ltd.
Metallic Na, N,N-dimethylformamide (DMF, 99.5%), hydrochloric acid
(HCI, 38%), nitric acid (HNOs, 68%) and sulfur were purchased from
Sinopharm Chemical Reagent Co., Ltd.

Synthesis of Ca-BTC

Typically, 226 mg of trimesic acid and 83 mg of calcium chloride were
dispersed in 40 mL of N,N-dimethylformamide (DMF) and refluxed at
180 °C for 2 h. The precipitate was washed by centrifuging with DMF
three times, and dried at 60 °C in an oven overnight.

Synthesis of Ca-0s-C

Ca-BTC was annealed at 600 °C for 2 h in N, and then etched with HCI
for 30 min. The precipitate was further annealed at 800 °C for 2 hin N,.
The heating rate is 10 °C min™.

Synthesis of Ca-O4N-C

Ca-BTC was annealed at 600 °C for 2 h in N, and then etched with HCI
for 30 min. The precipitate was further annealed at 800 °C for 2 h in
NH;. The heating rate is 10 °C min™.,

Synthesis of NCs
The synthesized procedures are similar with that for Ca-O4N-C except
for the acid ecthing by mixed acidic solution (HCI:HNO3 = 3:1) for 12 h.

Synthesis of Ca-O4N-C@S, Ca-05-C@S, NCs@S
For the synthesis of sulfur cathode, the sulfur host and sulfur were well
mixed in mortar with a mass ratio of 1:2 (50 mg:100 mg). The mixtures
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were heated at 155 °C for 12 h and then at 300 °C for 20 min in N, to
obtain the Ca-O,N-C@S, Ca-Os-C@S, and NCs@S.

Materials characterization

X-ray diffraction (XRD, SmartLab 9KW) was conducted to confirm the
phase of all samples. The morphologies of all samples were observed
by scanning electron microscopy (SEM, JSM-6700 M), transmission
electron microscopy (TEM, Hitachi H-800), and high-resolution TEM
(HRTEM, JEOL-2011). The thermal stability was performed on a TGA-
5500 thermoanalyser (TGA). The valence and composition of samples
were investigated by X-ray photoelectron spectroscopy (XPS, ESCA-
LAB 250 Xi). The specific surface area and pore characteristics were
measured by a sorption analyzer (Micromeritics ASAP 2020) at 77 K.
The soft XAS spectra were measured at the soft X-ray magnetic circular
dichroism end station (XMCD) of the National Synchrotron Radiation
Laboratory (NSRL) in the University of Science and Technology of
China (USTC).

Electrochemical characterization

The as-prepared samples (Ca-O4N-C@S, Ca-Os-C@S, and NCs@S)
were measured as cathodes to assemble a CR2032 coin-type cell
in an argon-filled glove box (MBRAUN UNILAB PRO, SP (1800/
780)). A slurry of active materials (70%), carboxymethyl cellulose
(CMC) binder (10%), and Super P (20%), mixed in water with a
mortar, was coated on the Al foil and dried in a vacuum oven at
60°C overnight. The thickness and diameter are 150 pm and
14 mm, respectively. The mass loading of an electrode is about
1.0 mg cm™. The glass fiber (GF/D, Whatman, thickness: 660 pm,
diameter: 18 mm) was used as a separator and metallic Na
(thickness: 300 pum, diameter: 15mm) was used as the counter
electrode with 2M sodium bis(trifluoromethylsulfonyl)imide
(NaTFSI) in propylene carbonate/fluoroethylene carbonate (PC/
FEC, 1/1 by volume) as an electrolye. An electrolyte-to-sulfur ratio
is 70 uL mg™. The surface oxide layer of Na was removed with a
knife. The 2032-type coin cells were assembled in an Ar-filled
glove box (H,0 <0.1 ppm, O, <0.1 ppm). The capacity and cycling
performances were tested between 0.5 and 2.8V on a battery
testing system (Neware). Cyclic voltammetry (CV) measurements
(0.5-2.8V vs. Na*/Na) and Electrochemical impedance spectro-
scopy (EIS) tests (amplitude: 5 mV, frequency from 100 kHz to
0.01Hz) were performed on a CHI760E electrochemical work-
station. The data used for Tafel analysis was derived from the CV
curves. All electrochemical tests were performed at 25°C in an
environmental chamber. The capacity values are calculated based
on the mass of sulfur in cathodes.

Synthesis of Na,S¢ solution

The Na,S¢ solution was obtained through adding sulfur and Na,S
powder with the molar ratio of 5:1in a mixed solution of PC and FEC (1:1
by volume), and then continuously stirred at 80 °C for 24 h in the
argon-filled glove box. The Na,S¢ solution with the atomic sulfur
concentration of 0.2 M was obtained.

Na,S¢ solution adsorption experiment

The Ca-O4N-C, Ca-Os-C, and NCs with the same mass of 2 mg were
added into the diluted Na,S¢ solution (2mL), respectively. The
adsoption experiment was performed in an argon-filled glove box. The
adsorption ability was measured by ultraviolet-visible (UV-vis) spec-
troscopy after the active materials soaked in the Na,S¢ solution
for 12 h.

Na,S precipitation experiments

The Na,S precipitation experiments were tested with CR2032-type
coin cells on the gamry workstation. A slurry of samples (70%, Ca-O4N-
C, Ca-0s-C, and NCs), carboxymethyl cellulose (CMC) binder (10%),

and Super P (20%), mixed in water, was coated on carbon paper and
dried ina vacuum oven at 60 °C for 12 h. A GF/D membrane was used as
the separator and Na was used as the anode. About 45 pL of Na,S¢
solution as electrolyte was added on the cathode side and 75 pL of PC/
FEC (1/1 by volume) solvent was dropped on the anode side. The cell
was first galvanostatically discharged to 1.3 V and then kept at a voltage
of 1.2V until the current was below 107° A.

Theoretical computation
All calculations were carried out using the Vienna Ab initio Simula-
tion Package (VASP) based on the density functional theory (DFT)®.
The projector augmented wave (PAW) method was used to
describe electron-ion interactions. The gradient-corrected
Perdew-Burke-Ernzerh (GGA-PBE) functional was adopted to
describe electron exchange and correlation energy®. The cutoff
energy was set to 400 eV. The convergence of total energy and forces
was set to 1x107 eV and 0.01eV/A, respectively. A Monkhorst-Pack
3x3x1 k-point grid was used to sample the Brillouin zon®. To
guarantee full relaxation, 15 A vacuum space was introduced in the
z-direction. The activation energy for Na,S decomposition was cal-
culated with the climbing-image nudged elastic band (CI-NEB)
method®”. The projected crystal orbital Hamilton population
(pCOHP) was employed to reveal the nature of bonding between Ca
SACs and Na,S,, intermediates®® *°, The ab initio molecular dynamics
(AIMD) simulations were performed in the canonical ensemble (NVT)
with constant temperature in the Nosé-Hoover heat bath at 300 K for
10 ps®*. During the simulations, the Brillouin-zone samplings adopt a
I'-point grid. The initial velocities of ions were randomly assigned by
Maxwell-Boltzmann distribution at the targeting temperature. The
time step was set to be 3 fs.

The adsorption energies of Sg and Na,S,, (n=8, 6, 4, 2, 1) species
on NCs and Ca-SACs, were defined as:

AE= Etotal - Esub - Especies (1)

where E,5 Was the total energy of Sg or Na,S;, species on NCs and Ca-
SACs, Equ» Was the energy of the clean substrate, Epecies Was the energy
of Sg or Na,S,, (n=8, 6, 4, 2, 1) species.

The Gibbs free energy reaction profile of Sg and Na,S,, (n=8, 6, 4,
2, 1) species on NCs and Ca-SACs could be calculated as follows:

AG=AE +AZPE — TAS )

where AE was the adsorption energy of Sg or Na,S,, (n=8, 6, 4, 2, 1)
species on NCs or Ca-SACs, AZPE was the change in zero-point energy,
T was the temperature (298.15K), and AS was the change in entropy.

The decomposition processes of Na,S on Ca-Os-C and Ca-O4N-C
were calculated as follows:

*Na,S — *NaS+Na* + e~ 3)

in which * represents Ca-Os-C or Ca-O4N-C.
The binding energies of an isolated sulfur atom on Ca-Os-C and
Ca-O4N-C was calculated using the following equation:

E,=FEg% —Ex —Eg “)

where Es- is the total energy of a Ca single-atom catalyst with a bonded
isolate sulfur atom, E- is the energy of Ca single-atom catalyst, Es
denotes the energy of isolate sulfur atom.

Data availability

The data generated in this study are available within the main text and
the Supplemental Information. Source data are provided with
this paper.
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