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SUMMARY

Room-temperature sodium-sulfur batteries have significant poten-
tial for large-scale applications due to the low cost and high energy
density of both sulfur and sodium. Nevertheless, the insulating na-
ture of sulfur and the shuttle effect are impeding their practical
application. Here we report that dispersed single-atom Fe sites
anchored on a nitrogen-doped carbon matrix present an atomic-
level strategy for the development of sulfur hosts. The electronic
structure of sulfur is modified by the atomically dispersed Fe-N4

sites, which can transfer the electron to sulfur, thereby enhancing
its reactivity. The S@Fe1-NMC cathode delivers a high reversible ca-
pacity of 1,650mAh g�1 initially and 540mAh g�1 after 500 cycles at
100 mA g�1. A dual function mechanism is observed on S-Fe-N4

sites, which can activate the polysulfides by weakening the S-S
bonds and accelerate Na+ diffusion into Na-poor regions to
engender a high driving force for Na2Sx decomposition, thus inhib-
iting the shuttle effect.

INTRODUCTION

As one of the spotlights of worldwide research on energy storage systems, metal-

sulfur (M-S) batteries have shown tremendous promise for applications in electric ve-

hicles and smart grids because of the exceptionally high theoretical capacity (1,672

mAh g�1) of the sulfur electrode.1–3 Furthermore, the sulfur cathode can be coupled

with various kinds of metal anodes for high-energy-density M-S batteries (�350 W h

kg�1, based on devices).4–8 Among these M-S batteries, room-temperature sodium-

sulfur (RT-Na/S) batteries have attracted significant attention due to the low cost and

abundance of both sodium and sulfur.9–12 Nevertheless, the insulating nature and

low reactivity of sulfur suppress the complete reduction of Na2Sx (2 % x % 8) to

the final product Na2S, leading to a serious limitation in reversible capacity.13–15

The shuttle effect, arising from the dissolution of intermediate metal polysulfides,

poses an additional challenge for the practical application of Na-S batteries.16,17

This phenomenon will lead to the loss of active materials and rapid capacity decay

during cycling. To solve these problems, various carbon materials,18–20 metal nano-

clusters,21–23 and sulfides24,25 have been introduced as novel S hosts to enhance the

reactivity between sodium and sulfur. In addition, various strategies, such as confine-

ment of polysulfides26–28 and modified separators,29,30 have been developed to

trap the polysulfides so as to relieve the shuttle effect. These methods could

enhance the performance of RT-Na/S batteries, but systematic investigation of

the kinetic conversion of sodium polysulfides remains limited. Moreover, to our

knowledge, the effect of Na ion diffusion on the electrochemical performance of
Cell Reports Physical Science 2, 100531, August 18, 2021 ª 2021 The Authors.
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RT-Na/S batteries, which is intimately associated with the conversion of sodium pol-

ysulfides, has never been explored. The complexity of the conversion reactionmakes

the rational design of the desired sulfur cathode a challenge. Therefore, a compre-

hensive understanding of the sodiation mechanism at the atomic level is urgently

required.

Single-atom catalysts (SACs) with well-defined metal centers atomically dispersed

on a solid matrix usually have a unique electronic structure and maximum atom uti-

lization.31–34 Because of these merits, SACs have been identified as efficient cata-

lysts in electrochemical energy conversion and storage.35–40 For example, Qiu

et al.41 reported that iron (Fe)-N2 sites could trap lithium (Li) polysulfides to accel-

erate its redox conversion and reduce the decomposition energy barrier of Li2S.

Single Co atoms have been anchored on nitrogen-doped graphene (NG) as an elec-

trocatalyst to facilitate the formation of Li2S for Li-S batteries.42 Nickel (Ni)-N4 on NG

was employed to modify the separate components, which could form Sx
2�-Ni-nitro-

gen (N) bonds, thus trapping lithium polysulfides during the charge/discharge pro-

cess.43 It is therefore interesting to manipulate the Na-S chemistry by introducing

SACs onto S hosts, which is expected to improve the reactivity of sulfur and serve

as a model system to investigate the kinetic conversion of reaction intermediates

in RT/Na-S batteries.

Here, we report a novel sulfur host with single Fe atoms anchored on nitrogen-

doped mesoporous hollow carbon (S@Fe1-NMC), which marries the advantages of

the catalytically active SACs and the rigid carbon framework for sulfur encapsulation.

According to the experimental and density functional theory (DFT) calculation re-

sults, we demonstrate that the Fe-N4 sites can effectively induce chemical adsorp-

tion of sulfur via electron (e�) transfer. S@Fe1-NMC delivers an unprecedented initial

reversible capacity of 1,650 mAh g�1 and retains a high reversible capacity of 540

mAh g�1, despite going through 500 cycles at 0.1 A g�1. Good agreement between

density functional theory computations and electrochemical results underscores that

these S-Fe-N4 sites can accelerate Na+ diffusion and boost the kinetic conversion of

intermediates in RT-Na/S batteries, inhibiting the shuttle effect. The proposed dual

function mechanistic insight into the kinetic conversion of the polysulfides can apply

generally to the investigation of high-performance, practical RT-Na/S batteries.
RESULTS AND DISCUSSION

Dual function mechanism

The most widely investigated Fe-pyridine-N4 configuration, in which an isolated

transition metal atom occupies a di-vacancy in graphene and binds to four pyridinic

N,44 was used to unravel the atomic level mechanisms of RT/Na-S batteries. To

simplify the notation, we define one of the S atoms at the end of a Sx chain as the

S(1) atom, the atom next to it as S(2), and so on (Figure 1A). The electron density dif-

ference plots for Na2S8 adsorbed on Fe-pyridine-N4 are presented in Figure 1B.

Na2S8 adsorbed on graphitic N and pyridinic N4 are taken as references. Pro-

nounced electron redistribution takes place in the area between Na2S8 and Fe-pyr-

idine-N4, whereas little evidence of electron transfer is found between Na2S8 and

N-doped carbon, indicating strong interaction between S atoms and Fe ions. This

result, combined with the observation that the distance of S atoms to Fe-pyridine-

N4 (�2.2 Å) is shorter than the distance to graphitic N or pyridinic N4 (>3 Å), provides

strong evidence that Fe plays a critical role in chemically binding the Sx chains and

altering their electronic structures. This can be substantiated by the increase in S-S

bond length shown in Figure 1C. For Na2Sx (4 % x % 8), the adsorption of S(i) atoms
2 Cell Reports Physical Science 2, 100531, August 18, 2021



Figure 1. DFT calculations

(A) Notation of sulfur atoms on a Na2S8 chain.

(B) Electron density difference map with isosurfaces of 0.015 Å�1 for Na2S8 adsorbed on Fe, Fe-pyridine-N4, graphitic N, and pyridinic N4. The red and

green contours represent charge accumulation and depletion, respectively.

(C) S(i)-S(i+1) bond lengths when S(i) is on top of a catalytic center.

(D) Reaction energies of Na2Sx with one Na+/e� pair, DG[Na2Sx / Na3Sx], versus those with two Na+/e� pairs, DG[Na2Sx / Na4Sx].

(E) Structural evolution during the discharge of S@Fe1-NMC and S@NMC cathodes. Color code: yellow, S; purple, Na; black, C; gray, N; brown, Fe.
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on Fe-pyridine-N4 will lead to a significant increase in S(i)-S(i+1) bond length (origi-

nally �2.06 Å), except for the case of S(1), which probably results from the unpaired

electron on the S(1) atom. The elongated S-S bond suggests lower energy of the an-

tibonding orbitals and a higher propensity for the Sx chain to accept electrons, which

will benefit the sodiation process. In addition, the Fe-S interaction is characteristic of

net-electron transfer from Fe to S atoms, the amount of which is nearly the same for

different Na2Sx adsorption configurations (Table S1).

We calculated the Gibbs free reaction (DG) energies of Na2Sx with one Na+/e� pair

yielding Na3Sx and two Na+/e� pairs yielding Na4Sx (or Na2Sy + Na2Sx�y, 0 < y < x),

denoted as DG[Na2Sx/Na3Sx] and DG[Na2Sx/Na4Sx], respectively. The geometric

structures of all configurations are provided in Figures S1–S12. The reaction energy is

averaged over all adsorption configurations for each polysulfide. A more negative DG

[Na2Sx / Na3Sx] would mean that a larger energy gain is expected when Na2Sx ac-

cepts the first Na+/e� pair; in other words, there is a more exergonic driving force

for Na+ ions diffusing into a Na-poor region and binding to a Na-deficient Na2Sx chain.

However, because Na4Sx can potentially decompose into Na2Sy and Na2Sx�y, a more
Cell Reports Physical Science 2, 100531, August 18, 2021 3
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negative DG[Na2Sx/Na4Sx] would indicate a higher thermodynamic driving force for

Na2Sx decomposition after receiving two Na+/e� pairs. As shown in Figure 1D, for

long-chain polysulfides (4 % x % 8), Fe-pyridine-N4 can enhance Na+ diffusivity

compared with graphitic N, whereas for short-chain polysulfides (2 % x % 3), Fe-pyr-

idine-N4 can help decompose Na2Sx. Actually, spontaneous S-S bond cleavage is

observed for all polysulfides after the first or second elementary sodiation step on

Fe-pyridine-N4. In contrast, when adsorbed on N-doped carbon, Na2S3 and Na2S2
remain intact, even after adding the second Na+/e� pair (Figures S8 and S10). More-

over, the stronger binding of polysulfides on Fe-pyridine-N4 than on graphitic N (Fig-

ure S11) demonstrates the benefit of Fe-pyridine-N4 in alleviating the shuttle effect.

The dual function mechanism of Fe-pyridine-N4 for boosting the electrochemical

performance of Na/S cells can be visualized in Figures 1D and 1E. The Fe-pyri-

dine-N4 cathode facilitates facile Na diffusion into Na-poor regions and high conver-

sion efficiency of the intermediates to the final product Na2S, whereas distinct phase

separation between Na-rich and Na-poor regions would likely occur in the N-doped

carbon cathode because of the insufficient driving force for even distribution of the

Na ions. This feature in the N-doped carbon, together with the insusceptibility of

short-chain polysulfides to decomposition, could explain the reasons for low-capac-

ity utilization of traditional Na/S cells.

S-Fe-N4 site design and fabrication

To verify the preceding theoretical analysis, a new sulfur host consisting of a single Fe

atom anchored on N-doped mesoporous hollow carbon (NMC) has been synthesized.

The nitrogen adsorption/desorption isotherm and pore size distribution of NMC (Fig-

ure S13) demonstrate that NMChas a high surface area of 715m2/g and amesoporous

structure with average pore width of�4.3 nm. Scanning electronmicroscope (SEM) im-

ages of NMC (Figure S14) showed its nanosphere structure and its size are homoge-

neous. Fe1-NMC was prepared via acid leaching of Fe nanoparticles, and then single

Fe atoms were anchored by the nitrogen functional. SEM images of Fe1-NMC in

Figure S15 indicated that after loading single Fe atoms, it couldmaintain its nanosphere

structure. TheRaman spectraof the two samples in Figure S16A showed that the ID/IG of

Fe1-NMC is close to that ofNMC, also indicating the highly stable nanosphere structure

in NMC. The X-ray diffraction (XRD) pattern in Figure S15B didn’t present any Fe bulk

signal, suggesting it is atomically dispersed. S was loaded into Fe1-NMC, which sealed

both in a quartz ampoule that was maintained at 300�C for 12 h, as illustrated in Fig-

ure 2A. The Fe-N4 sites in S@Fe1-NMC are expected to enhance Na ion diffusion and

improve the kinetic conversion of reaction intermediates, inhibiting the shuttle effect.

High-angle annular dark field (HAADF)-scanning transmission electron microscopy

(STEM) images and the corresponding elemental mapping of S@Fe1-NMC (Figures

2B–2I) demonstrated that sulfur had been successfully dispersed on the carbon walls,

and no obvious Fe nanoparticles could be found. The carbon layer (Figures 2C and

2D) in the carbon wall in NMC is about 3.4 Å, corresponding to the graphene layer in

graphite45; the average size of the wall thickness is 4.9 G 1.1 nm (Figure S17). The

carbon layer and the hollow nanosphere structure will enhance the conductivity of

S@Fe1-NMC and simultaneously provide more space to store sulfur. After loading sul-

fur, the single Fe atoms remain atomically dispersed (Figures 2D and 2E; Figure S18),

indicating that sulfur atoms are likely to bind to single Fe atoms. The pore size

distributions of Fe1-NMC and S@Fe1-NMC are shown in Figure S19. The Brunauer–

Emmett–Teller (BET) surface area is decreased from 327.3790 m2/g (Fe1-NMC)

to 10.5317 m2/g (S@Fe1-NMC). It also could be clearly seen that the <3 nm pores dis-

appearedafter loadingS. These results suggest that sulfur has been successfully loaded

on the pores of NMC.
4 Cell Reports Physical Science 2, 100531, August 18, 2021



Figure 2. Electron microscope images of S@Fe1-NMC

(A) Schematic illustration of synthesis of S@Fe1-NMC and electrode reaction mechanism of S@NMC and S@Fe1-NMC.

(B–E) TEM images and high-resolution (HR) STEM images of S@Fe1-NMC.

(F–I) Corresponding elemental mapping of S@Fe1-NMC.
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As a reference sample, sulfur loaded on plain NMC (S@NMC) was successfully pre-

pared (Figure S20). Elemental mapping of S@NMC demonstrated that sulfur is well

distributed on the carbon walls. XRD patterns of S@Fe1-NMC and S@-NMC are

shown in Figure S21, in which the peaks are indexed to crystalline sulfur (JCPDF

42-1278). Interestingly, the XRD results suggest that the dominant component of

these two samples is sulfur, and the absence of Fe peaks in S@Fe1-NMC could

be attributed to its atomic dispersion. Thermogravimetric analysis (TGA) of

S@Fe1-NMC and S@-NMC indicates that the sulfur in the two samples is about 69

and 62 wt %, respectively (Figure S22). The greater S loading ratio in S@Fe1-NMC

demonstrates that atomically dispersed Fe is favorable for the capture of sulfur

and improvement of its loading.

X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine

structure (EXAFS) measurements were employed to investigate the coordination

environment and chemical states of S@Fe1-NMC and Fe1-NMC. Figure 3A presents

the Fe K-edge XANES spectra of S@Fe1-NMC, Fe1-NMC, FeO, Fe2O3, and Fe foil.
Cell Reports Physical Science 2, 100531, August 18, 2021 5



Figure 3. X-ray absorption fine structure analyses

(A and B) Fe K-edge XANES spectra (A) and R-space EXAFS spectra (B) of S@Fe1-NMC, Fe1-NMC,

Fe foil, Fe2O3, and FeO.

(C) Wavelet transforms for the k3 S@Fe1-NMC, Fe1-NMC, and Fe foil spectra with optimum

resolution at 2.0 Å.

(D and E) S K-edge NEXAFS spectra (D) and S 2p region of the XPS spectra (E) for S@Fe1-NMC and

S@-NMC.
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The intensities of Fe1-NMC and S@Fe1-NMC are greater than that of Fe foil and close

to those of FeO and Fe2O3, suggesting that the Fe in Fe1-NMC and S@Fe1-NMC is in

an oxidation state. In addition, the first-derivative XANES peaks for Fe1-NMC and

S@Fe1-NMC are located at the position of Fe2O3, indicating that their stable valence

states are approximately +3. The white line intensity of S@Fe1-NMC is lower than

that of Fe1-NMC, indicating that the encapsulated S would be adsorbed on single

Fe atoms, leading to the formation of S-Fe chemical bonds. The EXAFS Fourier trans-

form (FT) of S@Fe1-NMC and Fe1-NMC shows no obvious peak for Fe-Fe bonds

around 2.21 Å, thereby excluding the possibility of aggregation of Fe atoms (Fig-

ure 3B; Figure S23). Fe1-NMC has a major peak at 1.41 Å, which is assumed result

from the Fe-N4 structure.46 The prominent peak at 1.47 Å in S@Fe1-NMC is attrib-

uted to the adsorption of sulfur, that is, the formation of the S-Fe-N4 structure
6 Cell Reports Physical Science 2, 100531, August 18, 2021
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(corresponding to the DFT results). EXAFS wavelet transform (WT), which simulta-

neously provides radial distance resolution and k-space resolution, is a useful tool

to discriminate the backscattering atoms, even if they overlap in R-space.47 The

WT analysis of Fe1-NMC (Figure 3C) presents an intensity maximum at 3.36 Å�1,

which can be attributed to the Fe-N/carbon (C) contributions originating from the

mononuclear Fe centers without an Fe-derived crystalline structure in Fe1-NMC.

Moreover, the intensity maximum at 3.63 Å�1 in S@Fe1-NMC demonstrates the

S-Fe-N/C structure.46

Near-edge X-ray absorption fine structure (NEXAFS) spectra of these two S hosts

(Figure 3D; Figure S24) were collected to investigate the electron transfer behavior

of sulfur. The decreased intensity of the S K-edge in S@Fe1-NMC compared with that

of S@NMC implies electron transfer from Fe-N4 to S,28 consistent with the DFT pre-

diction. X-ray photoelectron spectra (XPSs) of the two samples are shown in Fig-

ure 3E and in Figures S25 and S26. The S 2p XPS of S@Fe1-NMC can be separated

into 2p3/2 (163.9 eV) and 2p1/2 (165.1 eV). The S 2p3/2 XPS peak is left shifted by

0.1 eV compared with that of S@NMC (2p3/2: 164.0 eV). This negative shift can be

assumed result from chemical coupling between S and Fe1-NMC via electron trans-

fer. The Fe-N structure can be found in the N 1 s XPS of S@Fe1-NMC. In addition, the

negative shift of 0.6 eV of C-N in S@Fe1-NMC compared with S@NMC demonstrates

the existence of S-Fe-N4 sites.

Electrochemical performance of Na-S batteries

The discharge/charge profiles of the 1st, 2nd, 10th, 100th, 300th, and 500th cycles at

100 mA g�1 for S@Fe1-NMC and S@NMC cathode materials are presented in Fig-

ure 4A and Figure S27. The RT-Na/S@Fe1-NMC battery presents two long plateaus

from 1.6 to 1.2 V and from 1.2 to 0.8 V during the first discharge process, which is

assumed to relate to the transformation of solid sulfur into sodium polysulfides

and further sodiation to short-chain sulfides, respectively. The RT-Na/S@NMC cell

showed a high plateau for the solid-liquid transition at 2.16 V. The lower potential

plateau of S@Fe1-NMC suggests that additional energy is required to break up

the S-Fe-N4 structure in S@Fe1-NMC. Consequently, the subsequent discharge

potential plateaus showed positive shifts9 without the S-Fe-N4 structure, whereas

the subsequent plateaus of S@NMC shifted to the negative direction. The S@Fe1-

NMC cathode delivered a high initial capacity of 1,650 mAh g�1, close to the theo-

retical capacity of sulfur, which is about 2.4 times greater than that of S@NMC (686

mAh g�1). The 1st discharge capacity of S@Fe1-NMC (2,395 mAh g�1) is higher than

the theoretical capacity of sulfur (1,675 mAh g�1), which could be attributed to the

formation of solid-electrolyte interphase (SEI) and side reactions.48 This high capac-

ity could occur because the S-Fe-N4 sites can enhance the reactivity and improve the

kinetic conversion of polysulfides simultaneously. The electrochemical impedance

spectra (EISs) of these two samples (Figure 4B) showed that S@Fe1-NMC possesses

a lower resistance, because the Fe-N4 structure in S@Fe1-NMC can transfer the elec-

tron to sulfur, thus enhancing its conductivity. The plateaus of S@Fe1-NMC are not

obvious, likely for two main reasons. The first is the electron transfer behavior of sul-

fur. The EXAFS and NEXAFS results (Figure 2) demonstrated that the electron of Fe-

N4 sites could transfer to sulfur, which could improve the reactivity of sulfur. This

electron donor/acceptor will affect the reaction of sulfur with sodium. Second, the

Fe-N4 sites could cause rapid electrocatalytic reduction of polysulfides into the final

product of Na2S. These two reasons result in the plateaus not appearing.

The long-term cycling stability of S@Fe1-NMC and S@NMC cathodes is shown in

Figure 4C over 500 cycles at 0.1 mA g�1. S@Fe1-NMC presented an excellent
Cell Reports Physical Science 2, 100531, August 18, 2021 7



Figure 4. Electrochemical performance of RT-Na/S batteries

(A) Discharge/charge curves for selected cycles of S@Fe1-NMC.

(B) Nyquist plots for S@Fe1-NMC and S@-NMC.

(C) Cycling performance for S@Fe1-NMC and S@-NMC.

(D) CV curves of S@Fe1-NMC at various scan speeds from 0.1 to 0.4 mV s�1.

(E) Na+ diffusion coefficients of S@Fe1-NMC and S@NMC.

ll
OPEN ACCESS Article
reversible capacity of 540 mAh g�1 after 500 cycles; in contrast, the S@NMC cath-

odes delivered a capacity of 351 mAh g�1. The Coulomb efficiencies (CEs) of

S@NMC and S@Fe1-NMC are shown in Figure S28C. It can be seen that the first

CE of S@Fe1-NMC is 68.9%, which is higher than that of S@NMC (43.6%). The

greater first CE also suggested high activity of S in S@Fe1-NMC because of the elec-

tron transfer. The greater stability of S@Fe1-NMC likely originates from the efficient

sites provided by single Fe atoms for the adsorption of sodium polysulfides, thus

preventing the dissolution of long-chain polysulfides. The rate performance at

various current densities from 0.1 to 2 A g�1 of these two samples is shown in Fig-

ure S28. S@Fe1-NMC exhibits reversible capabilities of 730, 588, 498, 360, and

258mAh g�1 at 0.1, 0.2, 0.5, 1, and 2 A g�1, respectively, which are higher than those

of S@NMC. When the initial current density of 0.1 A g�1 is resumed, a higher revers-

ible capacity of 560 mAh g�1 over 150 cycles can be obtained by the S@Fe1-NMC
8 Cell Reports Physical Science 2, 100531, August 18, 2021



Figure 5. In situ synchrotron XRD results

In situ synchrotron XRD results of S@Fe1-NMC cells (left) with the initial galvanostatic charge/

discharge curves (right) at 100 mA g�1.
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cathode compared with that of S@NMC (319 mAh g�1). The long cycle performance

of S@Fe1-NMC at a large current density (0.84 A g�1) is shown in Figure S29, which

presents a high reversible capacity of 204 mAh g�1 over 170 cycles. This outstanding

performance of S@Fe1-NMC can be attributed to the S-Fe-N4 sites of S@Fe1-NMC

not only accelerating Na+ diffusion but also supporting the catalytic conversion of

reaction intermediates into Na2S.

To investigate the kinetics of intermediate production, cyclic voltammograms (CVs)

at various scan rates (v) for S@Fe1-NMC and S@NMC were collected and are shown

in Figure 4D and in Figures S30 and S31. We chose the obvious cathodic and anode

scan peaks for scan speeds that varied between 0.1 and 0.4 mV s�1, respectively, to

study the Na+ ion diffusion coefficient (DNa). The DNa of these two cathodes was

investigated using the Randles-Sevcik equation. The linear relationship of the

peak current (Ip) and v0.5 was used to evaluate DNa for oxidation and reduction

peaks.49,50 Both the anode peak (A) and the cathode peak (C) of S@Fe1-NMC are

greater than those of S@NMC, suggesting higher electron and ionic transport

than the latter during cycling. The DNa comparison of these two cathodes is shown

in Figure 4E. For S@Fe1-NMC, the anode peak of DNa is 1.52 3 10�9 cm2 s�1, which is

4 times that of S@NMC (3.80 3 10�10 cm2 s�1); the cathodic peak of DNa for

S@Fe1-NMC is 8.37 3 10�10 cm2 s�1 is also greater than that of S@NMC (6.81 3

10�10 cm2 s�1). The galvanostatic intermittent titration technique (GITT)’s second

curves of S@Fe1-NMC and S@-NMC at the current density of 0.5 A g�1 (Figure S32)

also show that the Na+ ion diffusion coefficients of S@Fe1-NMC are higher than

those of S@NMC, suggesting that the S-Fe-N4 sites will improve Na+ ion diffusion.

This result corroborates the DFT calculations and verifies the essential effect of S-

Fe-N4 sites on promoting Na diffusion.

In situ synchrotron XRD (l = 0.5904 Å) was also employed to demonstrate the

enhanced kinetics (Figure 5). The initial peaks at 9.01� and 10.31� can be attributed

to the (222) and (206) planes of S (JCPDF 42-1278). Then, two new peaks around

12.09� and 13.20� evolved upon discharged to 1.6 V, which can be indexed to the

formation of Na2S4 and long-chain polysulfides (Na2Sx), respectively. The coexis-

tence of Na2Sx and Na2S4 suggests the fast kinetics of the S@Fe1-NMC cell. When

further discharged to 1.4 V, the intensities of the Na2S4 peaks at 12.09� and
Cell Reports Physical Science 2, 100531, August 18, 2021 9
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12.60�, ascribed to the (213) and (312) planes of Na2S4 (JCPDF 25-1112), reached

their maximum and then decreased. A new peak at 15.04� arose for S@Fe1-NMC dis-

charged to 0.8 V, which can be attributed to the (110) planes of Na2S (JCPDF 27-

0793). The absence of the Na2S2 signal in the synchrotron XRD indicated that

Na2S4 is rapidly reduced into Na2S, substantiating that the Fe-N4 sites will enhance

the kinetic conversion of intermediates in RT-Na/S batteries. When the S@Fe1-NMC

cell is charged back to 2.8 V, Na2S4 is also detectable, indicating that the process

from Na2S4 to Na2S is reversible. Meanwhile, the Na2S peak disappears when the

voltage reaches 2.8 V, suggesting that Na2S was totally oxidized into Na2S4 and

then Na2Sx, corresponding to the high initial capacity of 1,650 mAh g�1.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Shu-Lei Chou (shulei@uow.edu.au).

Materials availability

This study did not generate new unique materials.

Data and code availability

The calculation code and experimental data generated during this study are avail-

able from the lead contact upon request.

Density functional theory calculations

All calculations were performed using the plane-wave-based DFT method as imple-

mented in the Vienna ab initio simulation package (VASP).51,52 Projector

augmented-wave pseudopotentials53,54 with the generalized gradient approxima-

tion of the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional55 were

employed. An energy cutoff of 520 eV was adopted, and a k-point sampling of

2 3 2 3 1 in the Monkhorst-Pack scheme56 was found to be sufficient for energy

convergence. All structures were relaxed until a force tolerance of 0.02 eV/Å was

reached. To complement the deficiencies of DFT in dealing with dispersion interac-

tions, DFT-D3 semi-empirical van der Waals corrections57 were applied for the struc-

tural optimization. A graphene supercell with a surface periodicity of 63 6 was taken

as the basis for the construction of Fe-pyridine-N4, graphitic N, and pyridinic N4moi-

eties. A vacuum space of at least 15 Å in the z direction was used to avoid mirror in-

teractions. The DG reaction energies of Na2Sx (2 % x % 8) with Na+/e� pairs were

calculated as follows:

DG½Na2Sx /Na2+ nSx � = E½Na2+ nSx � � E½Na2Sx � � nE½Na�
where E[Na2Sx] and E[Na2+nSx] are the total energies of the configurations before

and after sodiation, n (n = 1 or 2) is the number of Na+/e� pairs, and E[Na] is the total

energy of a single Na atom in its ground state (Na metal).

Synthesis of NMC

Typically, 0.15 g of the SiO2 nanoparticles (�100 nm) obtained earlier and 0.225 g of

cetyltrimethylammonium bromide (CTAB) were added to a solution of deionized wa-

ter (75 mL), ethanol (45 mL), and ammonia (0.825 mL, 28 wt %). The mixture became

a homogeneously dispersed solution after treatment with ultrasound and stirring, for

30 min each, and then 0.12 mL of tetraethyl orthosilicate (TEOS) was injected. The

reaction was allowed to proceed for 6 h at 25�C under gentle stirring. The products

were collected by centrifugation, washed with ethanol, and redispersed into 60 mL
10 Cell Reports Physical Science 2, 100531, August 18, 2021
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of NH4NO3/ethanol (6 g/L) solution to remove the CTAB surfactant. This extraction

process proceeded at 60�C for 10 h to yield core-shell SiO2@mesoporous silica

(mSiO2, with a thickness of �15 nm) nanoparticles. Then, the SiO2@mSiO2 particles

were used as hard templates. They were first coated with resorcinol formaldehyde

(RF) via a sol-gel process. Specifically, 0.15 g of SiO2@mSiO2 and 0.46 g of CTAB

were added into 14.08 mL of H2O and transferred into a three-neck, round-bottom

flask. Homogeneous dispersion could be obtained after continuous ultrasonication

and stirring for 0.5 h. Second, 0.7 g of resorcinol, 56.4 mL of absolute ethanol, and

0.2 mL of NH4OH were added into the dispersion sequentially, and the flask was

maintained at 35�C with stirring for 0.5 h, followed by the addition of 0.1 mL of

formalin. The RF polymerization could be completed after continually stirring for

6 h at 35�C and aging overnight. The obtained SiO2@mSiO2@RF nanospheres

were collected and washed with deionized water and alcohol. The core-shell

SiO2@mSiO2@C sample was prepared by calcination of the SiO2@mSiO2@RF pow-

der at 800�C for 4 h (5�Cmin�1) in a NH3 atmosphere. Finally, NMC was prepared by

etching away the SiO2@mSiO2 template with a 2.0 M NaOH solution.

Synthesis of Fe1-NMC

Fe1-NMC was prepared through dispersion of 6.2 mg of FeCl2 and 50 mg of NMC in

Millipore water (18.2 MU$cm) under ultrasonication for 30 min (ultrasonic bath, 480

W; Bandelin Electronic). The resultant mixture was freeze-dried (Alpha 1-2 LDplus

Entry Freeze Dryer, Refrigeration system, 0.43 kW; Martin Christ) for 48 h to remove

water, followed by thermal treatment at 300�C for 2 h in 5 vol % H2 in N2, forming Fe

nanoparticles (Fe NPs/NMC). The resultant powders were leached in 2MHCl for 24 h

and then 2 M HNO3 for 24 h. Finally, the sample was collected by centrifugation and

washed with water and ethanol several times. The electrocatalyst thus produced was

designated Fe1-NMC. The inductively coupled plasma (ICP)-optical emission spec-

troscopy (OES) results demonstrated that the Fe mass loading of Fe1-NMC was

�1.0%.

Synthesis of sulfur cathode samples

A mixture of Fe1-NMC:S with a weight ratio of 1:3 was sealed in a quartz ampoule

and thermally treated at 300�C for 2 h in a N2 atmosphere. This new sample was de-

noted as S@Fe1-NMC. In addition, a reference sample with plain NMC as the S host

was prepared, in which S was embedded into the plain NMC framework (denoted as

S@NMC). The synthesis procedures were the same as those for S@Fe1-NMC but with

NMC used instead of Fe1-NMC.

Characterization

The morphologies of the samples were investigated by transmission electron micro-

scopy (TEM) (JEOL 2011, 200 keV) and STEM (JEOL ARM-200F, 200 keV). The XRD

patterns were collected on a powder XRD (GBC MMA diffractometer) with Cu Ka ra-

diation at a scan rate of 1� min�1. XPS measurements were carried out using Al Ka

radiation and fixed analyzer transmission mode: the pass energy was 60 eV for the

survey spectra and 20 eV for the specific elements. The X-ray absorption spectra

at the Fe K-edge were recorded at the X-ray absorption spectroscopy (XAS) station

of the Beijing Synchrotron Radiation Facility (BSRF). The data collection was carried

out in transmission mode for the Fe K-edge X-ray absorption fine structure (XAFS).

All spectra were collected under ambient conditions.

Electrochemical measurements

The electrochemical tests were conducted by assembling coin-type half-cells in an

argon-filled glove box. The slurry was prepared by fully mixing 70 wt % active
Cell Reports Physical Science 2, 100531, August 18, 2021 11
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materials (S@Fe1-NMC and S@NMC), 10 wt % carbon black, and 20 wt % carboxy-

methyl cellulose (CMC) in an appropriate amount of water via a planetary mixer

(KK-250S). Then, the obtained slurry was pasted on Cu foil using a doctor blade

with a thickness of 100 mm, which was followed by drying at 50�C in a vacuum

oven overnight. The mass loading of active materials of S@Fe1-NMC and S@NMC

was around 1.0 mg cm�2. The capacities of cells in this work were normalized based

on the mass of sulfur. The working electrode was prepared by punching the elec-

trode film into discs 0.97 cm in diameter. Sodium foil was employed as both

reference and counter electrode. The electrodes were separated by a glass fiber

separator. The electrolyte consisted of 1.0 M NaClO4 in propylene carbonate/

ethylene carbonate with a volume ratio of 1:1 and 5 wt % fluoroethylene carbonate

additive (PC/EC + 5 wt % FEC). The electrochemical performance was tested on a

Land Battery Tester with a voltage window of 0.8–2.8 V. All capacities of cells

have been normalized based on the weight of sulfur. Cyclic voltammetry was per-

formed using a Biologic VMP-3 electrochemical workstation.

For in situ synchrotron XRD measurements, the cells were similar to the previously

mentioned coin cells for electrochemical performance testing. To enhance the

diffraction peak intensity, a thicker layer of cathode material was loaded on the Cu

foil, with loading up to 5 mg cm�2. To guarantee that the X-ray beams could pene-

trate the whole cell and that the electrochemical reactions could bemonitored, three

4-mm-diameter holes were punched in the negative and positive caps, as well as the

spacer. Then, Kapton film (only showing low-intensity responses in XRD patterns)

was used to cover the holes in the negative and positive caps, and AB glue was

used for complete sealing. The charge/discharge process was conducted with a bat-

tery test system (Neware) that was connected to the cell.

The DNa of these two cathodes were investigated using the Randles-Sevcik equation,

as shown below:

Ip = 2:69 3 105n1:5ADNa
0:5v0:5CNa

where Ip is the peak current (in amperes), n indicates the number of electrons in the

reaction, A represents the electrode areas (per square centimeter), v is the scan

speed (in volts per second), and CNa is the Na concentration in the electrolyte (in

moles per cubic centimeter).
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