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Abstract
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sulfur with sodium, and the dissolution and migration of sodium polysulfides. Herein, a novel micrometer-
sized hierarchical S cathode supported by FeS2 electrocatalyst, which is grown in situ in well-confined
carbon nanocage assemblies, is presented. The hierarchical carbon matrix can provide multiple physical
entrapment to polysulfides, and the FeS2 nanograins exhibit a low Na-ion diffusion barrier, strong binding
energy, and high affinity for sodium polysulfides. Their combination makes it an ideal sulfur host to
immobilize the polysulfides and achieve reversible conversion of polysulfides toward Na2S. Importantly,
the hierarchical S cathode is suitable for large-scale production via the inexpensive and green spray-
drying method. The porous hierarchical S cathode offers a high sulfur content of 65.5 wt%, and can
deliver high reversible capacity (524 mAh g-1 over 300 cycles at 0.1 A g-1) and outstanding rate
capability (395 mAh g-1 at 1 A g-1 for 850 cycles), holding great promise for both scientific research and
real application.
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Abstract:

Applications of room-temperature sodium sulfur (RT-Na/S) batteries are currently impeded by
the insulating nature of sulfur, the slow redox kinetics of sulfur with sodium, and the
dissolution and migration of the sodium polysulfides. Herein, the authors present a novel
micron-sized hierarchical S cathode supported by FeS> electrocatalyst that is grown in situ in
well-confined carbon nanocage assemblies. The hierarchical carbon matrix can provide
multiple physical entrapment to polysulfides, and the FeS, nanograins exhibit a low Na-ion
diffusion barrier, strong binding energy, and high affinity for sodium polysulfides. Their
combination makes it an ideal sulfur host to immobilize the polysulfides and achieve
reversible conversion of polysulfides towards NazS. Importantly, the hierarchical S cathode is
suitable for large-scale production via the inexpensive and green spray-drying method. The
porous hierarchical S cathode offers a high sulfur content of 65.5 wt%, which can deliver high

reversible capacity (524 mAh g* over 300 cycles at 0.1 A g!) and outstanding rate capability
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(395 mAh gt at 1 Ag? for 850 cycles), holding great promise for both scientific research and

real application.

Room-temperature sodium-sulfur (RT-Na/S) batteries are considered one of the most
promising next-generation batteries and have aroused great research interest due to the low
cost, abundance, nontoxicity, and high theoretical energy density (1274 Wh kg™) of sulfur.™
Their actual energy densities are a far cry from the theoretical values, however. Their
practical applications are mainly impeded by the problematic S cathode due to its insulating
nature and the slow redox kinetics of sulfur, as well as the dissolution and migration of the
reaction intermediates (sodium polysulfide, NazSx, 4 < x < 8).[2 These drawbacks not only
cause serious loss of active materials but also incomplete conversion reactions during
charge/discharge processes, resulting in rapid capacity decay and poor reversible capacity.!
Many approaches have been introduced from their lithium-sulfur (Li/S) counterparts. The
most popular stratege is to encapsulate sulfur in nanostructured carbon matrices, including
carbon nanotubes,™ hollow carbon nanospheres,® carbon nanofibers,’® and nanoporous
carbon.l”l Nevertheless, due to the nonpolar nature of the carbon hosts, they can only partially
retain polysulfides by weak physical Van der Waals interaction. Very recently, it was found
that polarized carbon hosts, produced via incorporating sulfiphilic sites, are much better than
plain carbon matrices for enhancing S cathodes, owing to their strong chemical bonding to
polysulfides.[? On one hand, fundamental researches on sulfiphilic species, such as TiO and
BaTiOs,! metallic Cu and Co,”®! polyacrylonitrile,’% and Se-S composite,*!l have been
introduced in nanosized carbon to improve the electrochemical performance of RT-Na/S
batteries, although progress is still impeded by the so-called shuttle-effects of sodium
polysulfides. On the other hand, nanosized structure of the carbon host is certainly not a
panacea from the applications perspective. Firstly, the troublesome synthesis approaches and

the dimensions of nanoparticles with low yield are difficult for mass production. Secondly,



their high electrolyte/electrode surface area may lead to more difficulty in maintaining
interparticle contact. Most importantly, the tap density of a nanopowder is generally less than
for micron-size materials, resulting in the reduced volumetric energy density.*?l Micron-size
carbon hosts have not been utilized in RT-Na/S batteries for confining polysulfides, however,
due to their inherent defects, including lower electrical conductivity, poor electrolyte
infiltration, and limited pore volume when compared to nanosized hosts.*31 1 Therefore, it
would be very challenging but highly profitable to realize a highly efficient S cathode that
was suitable for facile and large-scale production toward practical RT-Na/S batteries.

In this work, we present a novel sulfiphilic host consisting of FeS, nanograins grown in
situ in nitrogen-doped hierarchical carbon microspheres (FeS,@NCMS) with high pore
voluem. After encapsulating S in the FeS;@NCMS host, FeS2@NCMS/S composite with a
high S loading ratio can be achieved, which is expected to exhibit enhanced polysulfide
immobilization and conversion as cathode in RT-Na/S batteries. First, such porous carbon
microspheres offer high surface area (569 m? g) and pore volume (0.98 cm® g!) to support
abundant N-doped electroactive sites and high theoretical loading mass of sulfur (70 wt %);
and the interconnected carbon skeleton would facilitate the accessibility of those sulfiphilic
sites to polysulfide. Second, the hierarchical microspheres are assembled from numerous
nanocages that serve as containers for S species, which can effectively confine the dissolution
and diffusion of polysulfides due to their excellent immobilizing effects derived from the
well-confined space and buffered diffusion paths. Third, the FeS; electrocatalyst plays critical
roles in optimizing the S cathode, because it shows strong chemical bonding and a fast redox
mechanism for polysulfides, leading to high utilization of polysulfide reactions; moreover, the
partially intercalated FeS, (NaxFeS.) during the initial discharge process could strengthen
these effects of FeS; due to the enhanced electrical conductivity and adsorption energy. And
the micron-size FeS;@NCMS/S with uniform distribution can achieve high volumetric

energy density compared to those of nanosized hosts. With favorable micro-/nano-
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architectures and strong electrocatalysis, the synthesized high-kinetics FeS;@NCMS/S
cathode has been designed to exhibit high reversible capacity and lifespan, thus making a
great leap forward for practical RT-Na/S batteries.

The synthetic strategy for the FeS,@NCMS/S composite by a large-scale template-free
approach is schematically illustrated in Figure 1. The precursor solution was prepared by well
mixing the Fe source, B-cyclodextrin (B-CD), polyvinylpyrrolidone (PVP), and the N source
additives, which can be used to produce spherical precursors by spray-drying. For a
laboratory-scale spray dryer, the maximum capacity can be up to 2500 mL h™*, which is
suitable for quick and large-scale production (Figure S1 in the Supporting Information). f-CD
is one of the well-known supramolecular compounds that are toroidal in shape with a
hydrophobic inner cavity and a hydrophilic exterior.*®] These unique characteristics can
enable them to bind selectively various organic and inorganic molecules in their cavities and
on their exterior to form stable inclusion complexes and nanostructured hollow assemblies. In
this synthesis, benefiting from the high molecular selectivity and enantioselectivity of 3-CD,
the exterior hydroxyls of the B-CD molecule can form hydrogen bonds with PVP in water
solution. Subsequently, the PVP coordinates to Fe®** to form Fe-PVP-B-CD complexes with
the inner cavity retained.[*®! The Fe-PVP-B-CD complex as a molecular template with a cavity
structure is responsible for both structural control and pore formation, which finally form the
hierarchical structure with hollow nanocage assemblies in microspheres during the
carbonization process.

The X-ray diffraction (XRD) analysis in Figure S2 shows that the crystalline structures
of Fe3Os (35.5 and 43.1°), metallic iron (44.8°), and carbon (25.9°) were detected in the
hierarchical precursor (Fes0s-Fe@NCMS), indicating that the Fe source can be reduced to
metallic iron during the carbonization process with partial oxidation. In the following sulfur
loading process, the XRD pattern of the FeS2@NCMS/S composite (average size of FeS;:

6.7t 0.8 nm) is dominated by the elemental sulfur with a high sulfur content of 65.5 wt%
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(Figure S3a,b). It is interesting to note that the diffraction peaks of both iron oxide and
metallic iron are disappeared, which means they were transferred to other materials during the
high temperature sulfur loading process. Once the sulfur has been removed by immersing
FeS:2@NCMS/S in CS; and further evaporating it in a furnace, the characteristic peaks of FeS;
can be clearly observed, confirming that both the previously formed iron oxide and metallic
iron can be sulfurized to FeS, during the sulfur loading process.*”) The nitrogen absorption
analysis of Fe30s-Fe@NCMS revealed a high specific surface area of 569 m? g, and a
hierarchical porous structure with total pore volume of 0.98 cm® g* can be observed (Figure
S3c). After the sulfur infusion, the values of the specific surface area and pore volume
decrease to 130 m? g and 0.21 cm® g?, respectively, which can be attributed to the
distribution of S in both the hollow spaces and the pores of the host. The pore volume
variation of 0.77 cm® g* was calculated to a maximum of 1.96 g of S embedded in the
mesopores for each gram of the host, which is consistent with the thermogravimetric analysis
(TGA) (Figure S3b). The sulfurization process during high temperature sulfur loading is also
evidenced by X-ray photoelectron spectroscopy (XPS). There are six de-convoluted peaks for
the Fe 2p XPS spectrum in Fe3O4-Fe@NCMS (Figure S4a). The four peaks respectively
correspond to Fe?* (710.9 and 724.8 eV) and Fe®* (713.3 and 727.1 eV) in the FesO4 phase,!*]
while the other two peaks (706.6 and 719.3 eV) correspond to Fe® of metallic iron.** For the
FeS2@NCMS/S composite (Figure S4b), there are only two peaks located at 707.5 and 720.4
eV that can be assigned to the Fe 2ps; and Fe 2p12 binding energies in FeS, respectively.?”]
The two peaks in the S 2p spectrum (Figure S4c) at 162.4 and 163.8 eV are assigned to the
2p32 and 2py2 orbitals of S in FeS», while the peaks at 163.2 and 164.5 eV are ascribed to the
spin-orbit coupling of elemental S.[?!1 The above results indicate that the two iron species in
Fe30s-Fe@NCMS can be converted to FeS> during the sulfur loading process. The doped
nitrogen (Figure S4d) leads to the dominance of pyridinic and pyrrolic nitrogen at 397.7-400.3

eV. The N-doped carbon could serve as a conductive Lewis base matrix, which is expected to
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increase the adsorbability with respect to the polysulfides and promote the conversion

kinetics.[?

The field-emission scanning electron microscopy (FESEM) image shows that the sulfur
loaded product has a microsphere morphology with an average diameter of ~1.1 £ 0.1 pum
(Figure 2a), which can provide a higher electron density, leading to a favorable volumetric
energy density. The magnified FESEM and transmission electron microscope (TEM) images
(Figure 2b,c) show that numerous nanocages derived from the Fe-PVP-B-CD complex are
distributed in the microspheres and interconnected throughout the carbon skeleton. This
interconnected hierarchical structure can not only improve the utilization of S, but also
facilitates electron transfer inside the hierarchical microsphere. The TEM and scanning TEM
(STEM) images indicate that there is a homogeneous distribution of FeS, nanoparticles
coupled with nanocages that are embedded in the microspheric skeleton (Figure 2d, e). The
TEM image of FeS2@NCMS/S shows less transparency when compared with its Fe3Os-
Fe@NCMS precursor (Figure S5), indicating the successful loading of sulfur. More electron
microscopy techniques have been introduced in Figure S6 to characterize the hierarchical
structure from the surface to the interior. It is interesting to note that the iron species, PVP,
and B-CD play different roles in the formation of the hierarchical structure. The iron species
are responsible for the robust spherical morphology at high temperature (Figure S7a), while
PVP controls the size distribution of the nanoparticles (Figure S7b), and B-CD plays the key
role in the formation of the pore structure (Figure S7c). The high-resolution TEM (HRTEM)
image reveals that the lattice spacing of 0.336 nm, corresponding to graphitic carbon layers, is
found near FeS, nanoparticles, which results from the catalytic graphitization of amorphous
carbon by the formation of metallic iron during the carbonization process (Figure 2f).12%l The
existence of partially graphitized carbon is also evidenced by the Raman spectrum (Figure S8).
The peaks located at 1340 and 1580 cm ™ in the Raman spectrum are the characteristic D and

G band peaks of carbonaceous materials. The Fe3Os-Fe@NCMS shows a two-dimensional
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(2D) band peak and sharp D and G band peaks when compared with amorphous carbonized
pure dextrin (CPD), indicating the presence of graphite with defects and disordered structure.?*]
The high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) image of FeS;@NCMS/S clearly reveals the distinct crystal and atomic arrangements
of FeS» nanoparticles (Figure 2g). The interplanar spacing between adjacent lattice planes was
measured to be 0.224 and 0.382 nm, corresponding to the (2-11) and (110) planes of FeS,
respectively. The typical molecular models (inset) of FeS» along the [-113] projected direction
coupled with the fast Fourier transform (FFT) pattern are also highly consistent with the
pyrite phase, indicating a high degree of crystallinity for the FeS, nanograins (Figure 2h). The
STEM energy dispersive spectroscopy (EDS) mapping images and line scanning (Figure 2i)
of individual particles show the homogeneous distribution of Fe, N, and S elements along the
C skeleton. The atomic concentrations of N and Fe in the composite are 1.92 and 9.36 %,
respectively (Figure S9a). To further confirm that the sulfur has been encapsulated inside the
host rather than absorbed on the surface, STEM-EDS mapping images of a cross-section of
the FeS;@NCMS/S cathode were obtained by the focused ion beam (FIB) technique. It is
obvious that the elements (C, N, S, and Fe) are homogeneously distributed along the cross-
section as well, indicating the homogeneous distribution of sulfur in both the surface and the
interior due to the facilitated sulfur infiltration channels through the meso- and micropores
(Figure S9b). The mass content of FeS, nanograins in the FeS;x@NCMS host was conducted
by TGA under flowing air, which indicates that the overall content of FeS, nanoparticles in
the hierarchical microspheres is 14.5 wt% (Figure S10). It is expected that the
FeS:@NCMS/S cathode with a hierarchical microspheric carbon skeleton and electrocatalytic
effect based on the N-doped sites and FeS: nanograins could provide synergetic effects
towards physical confinement and chemical bonding to immobilize the polysulfides in RT-

Na/S batteries.



The assembled coin cells with FeS;@NCMS/S cathode, a conventional current collector,
and carbonate-based electrolyte were tested in the voltage window of 0.8-2.8 V. The Cyclic
voltammograms (CVs) were recorded at a scan rate of 0.1 mV s, as is shown in Figure 3a.
There are two prominent peaks centred at 2.15 and 0.83 V during the first cathodic scan. The
peak around 2.15 V can be attributed to the transition from elemental sulfur to long-chain
polysulfides, and the soluble long-chain polysulfides are gradually transformed to less soluble
short-chain Na,Sa in the following reactions.! The sharp peak at 0.83 V corresponds to the
formation of Na>S and the solid-electrolyte interphase (SEI) layer during the further sodiation.
In the following five cathodic scans, two major repeatable reduction peaks appear at 1.48 and
1.02 V, which correspond to the conversion of the dissolved NaxSx (4 < x < 8) to NaSs and
the formation of short-chain NaxS, and NazS, and are highly repeatable without current
attenuation, indicating a reversible reaction mechanism with high capacity retention in this
system. It is interesting to note that the electrocatalyst-free cathode, the sulfur-loaded
nitrogen-doped hierarchical carbon microsphere (NCMS/S), cathode shows obvious current
attenuation and a less defined cathodic peak (around 1.5 V), caused by the loss of active
material and the sluggish reactivity of sulfur towards sodium when compared to that of
FeS:2@NCMS/S (Figure S11). This indicates that the FeS:x@NCMS/S electrode promises
better electrochemical performance in RT-Na/S batteries with the assistance of strong
adsorption capability of the FeS> nanograins. The charge/discharge plateau shown in Figure
3b can be clearly distinguished from the 1% to the 300" cycle at 0.1 A g* for FeS;@NCMS/S
electrode. The discharge plateaus above 2.0 V and below 1.5 V for the initial cycle are
attributed to the reduction from sulfur to long-chain polysulfides and the formation of short-
chain polysulfides, respectively. Interestingly, the plateau above 2.0 V disappeared after the
second cycle, whilst the well-defined plateau around 1.5 V became clear and was highly
repeatable in the following cycles. This suggests that the transition between sulfur and the

polysulfides is irreversible. Thus, the long-chain polysulfides Na>Sx and the short-chain
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polysulfides dominate the redox reactions in this RT-Na/S system. Based on this highly
reversible mechanism, the FeS,@NCMS/S electrode delivered a high initial capacity of 1471
mAh g* and maintained a stable capacity of 524 mAh g over 300 cycles at a current density
of 0.1 A g (Figure 3c). Remarkably, the FeS;@NCMS/S composite delivered a reversible
capacity of 395 mAh g* for 850 cycles even at 1 A g (Figure S12). In the case of the
electrocatalyst-free host (Figure S13), however, the NCMS/S electrode with a sulfur loading
of 61.7 % showed a dramatic capacity loss of 60% based on the 2" cycle after 300 cycles and
a low retained capacity of 270 mAh g at 0.1 A g* because of the polysulfide dissolution. The
excellent cycling performance of the FeS;@NCMS/S electrode, especially compared to the
electrocatalyst-free cathode, is highly attributable to not only the strong chemical bonds
between Na»Sx and the polar surface, but also the fast reduction of long-chain polysulfides
due to the FeS; electrocatalyst. The FeS2@NCMS/S electrode also presented excellent rate
performance, delivering reversible capacity of 624, 573, 533, 444, 340, and 139 mAh g* at
current densities of 0.1, 0.2, 0.5, 1, 2, and 5 A g}, respectively (Figure 3d). Upon reverting
back to 0.1 A g, the FeS;@NCMS/S electrode shows a fully restored capacity of 581 mAh g-
!, Obviously, the FeS;,@NCMS/S presented much better high-rate capability as compared to
the electrocatalyst-free cathode. To the best of our knowledge, this rate performance of the
micron-size cathode, benefitting from the hierarchical physical entrapment and
electrocatalytic anchoring of polysulfides, is competitive with the previously reported nano-
size cathodes with a conventional current collector and carbonate-based electrolyte (Figure
3e). It is notable that a large irreversible capacity loss is observed in the initial cycle for both
samples, and there is a gradual decay over the initial 50 cycles for the NCMS/S electrode. As
discussed in Figure 3a and b, the large irreversible capacity between the initial and second
cycles could be attributed to three major parts: (i) the irreversible transition between sulfur
and the polysulfides; (ii) the loss of active material due to the dissolution of the surface

polysulfides into the carbonate electrolyte; (iii) the formation of the solid-electrolyte
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interphase (SEI) layer during the sodiation process in the low voltage.?? The limited
capability for polysulfide immobilization of the S-host, however, is responsible for the
capacity decay over the initial 50 cycles. As in the comprehensive comparison with previous
reports that is presented in Figure 3e, FeS2@NCMS/S shows outstanding results in terms of
both its rate capability and its capacity retention relative to the 2" cycle after the first 50
cycles. The successful polysulfide immobilization of the FeS,@NCMS/S cathode can be
assigned to not only the electrocatalytic effects of the encapsulated FeS; nanograins but also
the well-designed hierarchical structures. The hierarchical spheres assembled from nanocages
as interconnected containers for S species can effectively confine the dissolution and diffusion
of polysulfides, due to their excellent immobilizing effects derived from the well-confined
space and tortuous diffusion paths. To exclude capacity contribution of the S host, the
FeS:2@NCMS  electrode was tested, which showed a negligible capacity in the same
conditions (Figure S14a). For comparison, a control sample without the hierarchical structure
was prepared by conducting the same experiment without PVP and with the iron species
removed by acid (Figure S14b). The carbon microspheres sulfur composite (CMS/S) without
the hierarchical structure showed a low sulfur loading of 51.3 % (Figure S14c). It is
electrochemically inactive with negligible reversible capacity, which is likely due to open
pore structure of the CMS host (Figure S15a). The Nyquist spectrum of CMS/S after 30
cycles shows much higher charge transfer resistance (Rct) than FeS;@NCMS/S and NCMS/S
(Figure S15b). When the cells were disassembled, the separator of CMS/S had become
heavily yellow. The corresponding SEM images collected before and after cycling and cross-
sectional EDS mapping images of CMS/S electrode showing thick film and pronounced crack
formation in the cycled electrodes with concentrated signal of sodium on the surface (Figure
S15¢). Uniform dispersions of S and Na were observed, however, in both FeS,@NCMS/S and
NCMS/S. The open pore structure of CMS/S is proven to be responsible for its

electrochemically inactive when compared to the well-confined NCMS/S, which caused the
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formation of thick insulating layer and pronounced cracks in the carbonate electrolyte due to
the heavy dissolution of polysulfides and volume expansion in the course of cycling. This
phenomenon finally impeded Na* diffusion and electron transfer, which ultimately resulted in
increased cell resistance. Furthermore, optically transparent RT-Na/S cells are shown in
operation in Figure S16. After 8 h of discharging, a faint yellow color is observed in the
transparent cell for the NCMS/S, which is due to the resultant polysulfide migration. In
contrast, no obvious color change is observed for the FeS;@NCMS/S. Based on the quite
good results obtained from the transparent cell, we designed minitype pouch cells (0.1 Ah)
with FeS;@NCMS/S cathodes and sodium coated copper foil anodes (Figure S17). After
assembly, the pouch cells were discharged and charged repeatedly at a current density of 0.75
mA cm. Overall, the cycling of Na|FeS;@NCMS/S pouch cells was stable, and the voltage
profiles were identical to those of the coin cells, demonstrating the practicability of RT-Na/S
batteries with the high-kinetics FeS;@NCMS/S cathode. These results further confirmed that
the well-confined hierarchical structure and electrocatalyst greatly immobilized the
dissolution and diffusion of polysulfides, guaranteeing the high kinetics and high performance

of FeS;@NCMS/S cathode, as well as its practicability for the RT-Na/S system.

To gain insight into the mechanism and high kinetics of FeS;x@NCMS/S in the highly
reversible reactions, in-situ synchrotron XRD (1 = 0.688111 A) carried out on the Powder
Diffraction Beamline (Australian Synchrotron) was performed to investigate the
charge/discharge products and intermediate phases of the RT-Na/FeS;@NCMS/S cell (Figure
4a). There are three obvious peaks in the fresh cell. One of them, located at 6.91°, can be
indexed to the (113) planes of elemental sulfur (JCPDS No. 77-0145). The other two at 14.97°
and 16.25° are attributed to the (200) and (210) planes of FeS; (JCPDS No. 42-1340). The
transition from Sg to long-chain polysulfides (Na2Sy) started at 2.1 V with extended shoulder
at 6.7-6.8° which is related to the generation of polysulfide species and detected through the

organized adsorption of NaySx at the ferrous disulfide surface of the hierarchical host.[!
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During further discharging, a new peak at 13.8° appeared at 1.45 V, indicating the reaction
from NazSx to Na Ss4 (JCPDS No. 71-0516). The thus-formed Na2Ss4 could be further reduced
to NaxS> (JCPDS No. 81-1771) with the discharge voltage from 1.45 to 1.2 V. The peaks of
NazSs and Na.S; gradually faded with the signal of Na;S (JCPDS No. 77-2149) emerged,
since further discharged to 1.1 V, which signify the final discharging product in this RT-
Na/FeS:@NCMS/S cell. Therefore, combined with the CV analysis, the following picture is
revealed: Sg undergoes three intermediate phases (Na2Sx, Na2Ss, and NaxS;) to reach the final
product (NazS) in the initial discharge. When desodiated back to 2.0 V, the peaks of NazS; and
NazS4 are detected, demonstrating that the reverse conversions in this system. The signal of Sg
cannot be detected, however, even on full desodiation back to 2.8 V, suggesting the
irreversibility of sulfur reduction. The working mechanism for RT-Na/S batteries are different
from the high- and intermediate-temperature Na—S batteries which the formation of solid
Na.S, dramatically increases the electrode resistance and prohibits any further discharge
reaction.?? Firstly, in room-temperature Na—S battery, the solid NazS, can be fully reduced to
solid NaxS benefit from the highly conductive framework provided by the host material.

Besides, in room-temperature Na—S battery, the plateau around 1.5 V is mainly corresponding

to the conversion of the Na>Sx (4 < x < 8) to Na>S4, and the formation of Na>S; and NazS can

be assigned to the plateau around 1.0 V. It is worth to note that the diffraction peak intensity
of Na>S> become weak and disappeared in the following charge and discharge processes. This
indicates that the oxidation rate of Na,S> as it is transformed into Na2Ss and the reduction rate
of NazSz into NaS are dramatically accelerated. Based on the above results, showing the
benefit from the electrocatalytic effect of FeS» nanograins, we propose a two-step
electrocatalytic mechanism, in which the redox reactions of polysulfides occur on the
FeS2@NCMS/S electrode through two distinctive steps with Na S, as an intermediate. The

polysulfides adsorbed on the polar surface of FeS, nanoparticles by tight chemical bonds first
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undergo a sodiation process through the low diffusion barriers at the surface to form a Na,S:
intermediate, which is subsequently catalyzed to the final product, NazS. This reasonably
analysis of the electrocatalytic effect shows that it could restrain the dissolution of Na;S4 by
catalyzing it to insoluble short-chain polysulfides, and it promises better electrochemical
performance of the FeS;@NCMS/S cathode in RT-Na/S batteries as well. The electrocatalytic
behavior was further verified and highlighted via density functional theory (DFT) calculations
to investigate the binding energies to polysulfides and diffusion barriers for Na ions on FeS;
nanograins and the nitrogen-doped substrate. The optimized structure of the FeS, (0 0 1)
surface for polysulfide adsorption behavior is shown in Figure 4b. The chemical interactions
are dominated by the bonds between Na»Sx and FeSz. As shown in Figure 4c, the binding
energies of NaxSe on FeS; and nitrogen-doped substrate are 1.32 and 0.55 eV (as listed in
Table S1), respectively, which are much higher than that on the pure carbon dominated by van
der Waals interactions (0.07 eV). More importantly, the binding energy of Na,S; intermediate
on FeS; is the highest at 2.78 eV, which is more than triple that on the nitrogen-doped
substrate, indicating the possibility that Na»S» intermediate has the fastest catalytic reaction in
the RT-Na/FeS;@NCMS/S battery. Furthermore, we simulated the diffusion barriers for Na
ions on the FeS (0 0 1) surface with three different paths. Path 1 is along the b-axis (A -> B),
as shown in Figure 4d. Path 2 is along the a-axis (B -> C), and path 3 is C -> A. The energy
profiles along the individual paths for FeS» are shown in Figure 4e. It can be found that path 1
has the smallest diffusion barrier, which is only 0.071 eV. The diffusion barriers for paths 2
and 3 are 0.149 and 0.147 eV, respectively. On the FeS; (0 0 1) surface, S-Fe bonds form
channels along the b-axis. So, Na ions are easier to transport via path 1 than paths 2 and 3.
The former is along these channels, while the latter needs to climb the barrier of channels. It
should be noted, however, that the barrier for the channels is very small (0.08 eV). So, the
FeS> shows small Na ion diffusion barriers for all paths that lie the region of 0.071 to 0.149

eV (as listed in Table S2), presenting enhanced high kinetics for polysulfide redox reactions
13



based on the fast ion diffusion on the polar surface. Therefore, the diffusions in these three
pathways have double-peak and single-peak profiles. This two-step electrocatalytic
mechanism can benefit from both the strong binding energy of polysulfides and the low
diffusion barrier on FeS, nanograins, as illustrated in Figure 4f. Firstly, the polar surface of
FeS, as a catalytic site can strongly adsorb soluble long-chain polysulfides, which greatly
promotes their nucleation. Secondly, as the fast-catalytic reaction goes on, the long-chain
polysulfides quickly convert to short-chain polysulfides with boosted bonding energy. Once
the NazS. intermediate has formed, the bonding energy increases to the highest 2.78 eV, and
thus, the NaxS; immediately decomposes to the final product NazS with a further boosted
catalytic reaction.’?®! In comparison, the host without electrocatalysis (Figure 4g) suffers from
a dramatic diffusion of long-chain polysulfides and incomplete conversion reactions due to
the sluggish reaction kinetics of sulfur and its NaS product. This phenomenon is repeated in
every subsequent cycle, which leads to the formation of a thick insulating layer, thus resulting

in severe capacity fading, as illustrated in Figure S15.

To further visually demonstrate the anchoring ability of the hierarchical carbon
microspheres and the above hypothesis, the sodiation/desodiation process of the hierarchical
host was recorded using in-situ TEM (Figure 5a). Here, the nanocage assemblies as
independent containers for S species effectively prevent the polysulfides from expanding out
of the hierarchical sphere in sodiation/desodiation processes (Videos S1 and S2). The
representative pristine FeS;@NCMS/S shows a diameter of 535 nm. During the sodiation
process (Figure 5b), the volume of the representative particle increased gradually as the
sodiation time was extended, resulting in a slight volume expansion of 3.4 %. The volume
almost fully recovers to the pristine state after full desodiation (Figure 5c). The slight volume
variation and barely diffused polysulfide confirm that the interconnection of the nanocages
and incorporation of FeS; electrocatalyst can prevent the expansion of sulfur species. In

comparison, without the support of the hierarchical sturcture and polar component, the
14



polysulfides visibly spilled out of the CMS/S particles (Video S3). Notably, numerous
nanocages in the hierarchical structure show variable transparency during the
sodiation/desodiation process, indicating the quasi-solid state transitions of sulfur-NaxSx and
NaxSx-NazS, respectively. After the initial sodiation process, the anchored Na,S particles are
visibly observed, indicating the highly efficient immobilization of the hierarchical structure.
As shown in in-situ selected area electron diffraction (SAED) patterns (Figure 5d), the
diffraction patterns of FeS; are observed in the pristine particle. And a new diffraction pattern
with a recognizable reflection of the (220) planes of Na,S is observed when Na ions are
introduced into FeS;@NCMS/S for 255 s. With the sodiation process went on, more
identified diffraction rings of Na.S are clearly observed, which is in good agreement with the
results of in-situ synchrotron XRD. Similar to lithium-sulfur batteries, the signal of those
intermediate states can not be found by the in-situ TEM observation.l**] Based on the previous
work and our results, there are two potential causes for the phenomenon. On one hand, the
poor thermal stability of sulfur and long-chain sodium polysulfides could be burned or melted
by the zoomed electron beam, and the high thermal stability of NaxS selectively retained. On
the other hand, based on the reduction equation: Na>Sx + (2x-2)Na*" + (2x-2)e” = xNazS, the
zoomed electron beam could accelerate the reduction of long-chain sodium polysulfides to
Na.S with sufficient Na* and electron during the discharging process. The trace of NaxFeS; is
found to coexist with FeS, at 401 s in the sodiation process, demonstrating that the Na*
partially intercalate into FeSz, based on the mechanism: FeS> + xNa* + xe- — NayFeS
(shown in detail by ex-situ STEM in Figure S18). The intercalation-type FeS, therefore has
fast kinetics, since NaxFeS; has high polaron mobility.[?”] Consequently, the affinity for
polysulfides of the novel host can not only be attributed to the FeS> electrocatalyst and the
conductive Lewis base matrix but also the hierarchical structure assembled form nanocages as
well, thereby suppressing the shuttling effect and resulting in stable cyclability. This was also

confirmed by ex-situ STEM-EDS mapping images (Figure S19) of the FeS;@NCMS/S
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electrode in the sodiated state, where the dispersion of sulfur greatly overlaps with sodium
inside the host, illustrating the effective anchoring of sulfur species with high activity.

A hierarchical high-kinetics S cathode suitable for large-scale production has been
synthesized in this paper. In-situ synchrotron XRD, in-situ TEM, and DFT results confirm
that the hierarchical nano-/microstructure coupled with the effective FeS electrocatalyst
simultaneously achieved high reversible capacity and long lifespan for the FeS;@NCMS/S
cathode. Significantly, the soluble polysulfides can be strongly adsorbed and catalyzed on the
polar surfaces of FeS, nanograins. They undergo a fast sodiation process to form Na.S:
intermediate through the polar surface with low diffusion barriers, and then subsequently
transform into the final discharge product, NayS, preventing the active material from
dissolving in the carbonate electrolyte. Consequently, the novel cathode offers a high
reversible capacity of 624 mAh gt at 0.1 A g* and a steady capacity of 395 mAhgtat1 A g
1 for 850 cycles. By constructing the high-kinetics S cathode via the industrialized spray-
drying technique, this work will open up a new avenue for superior RT-Na/S batteries in

terms of mass production and practical application.
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Figure 1. Schematic illustration of the synthetic process for the FeS,@NCMS/S composite.
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Figure 2. FESEM images at (a) low and (b) high resolution of FeS;@NCMS/S composite
with histogram showing size distribution as inset. (c and d) TEM images of FeS;@NCMS/S
composite. (e) STEM image and (f) HRTEM image of FeS2@NCMS/S composite. (g)
HAADF-STEM image matched with the corresponding molecular model of FeSz, and (h)
corresponding FFT image of FeS;@NCMS/S composite. (i) STEM-EDS mapping images
coupled with EDS line scanning of FeS;@NCMS/S composite.
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Figure 3. (a) Cyclic voltammograms of FeS,@NCMS/S composite at 0.1 mV st (b)
charge/discharge curves of FeS;@NCMS/S composite at 0.1 A g2 (c and d) Cycling
performance and rate performance of FeS;@NCMS/S and NCMS/S, where solid and hollow
spheres represent discharge and charge, respectively. (e) Comparison of this work with
previously reported RT-Na/S batteries with respect to the rate capability and capacity
retention relative to the 2" cycle after the first 50 cycles (inset).
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Figure 4. (a) In-situ synchrotron XRD patterns of an RT-Na/S battery containing a
FeS:@NCMS/S electrode with the corresponding galvanostatic charge/discharge curves at the
current density of 200 mA g*. (b) Atomic conformations and binding energies for Na,Sx
species adsorption on the FeS; (0 0 1) surface. (c) Comparison of the binding energies of
various Na>Sx molecules bound to FeSz, N-doped carbon, and pure carbon, respectively, with
atomic conformations of Na>S4 adsorption on N-doped carbon and pure carbon as insets. (d)
Top view schematic representation of corresponding diffusion pathways for FeS,. (e) Energy
profiles for three different diffusion processes of Na ions on the FeS; (0 0 1) surface.
Schematic illustration of the sulfur conversion process and the electrocatalytic mechanism of

(f) FeS2@NCMS/S and (g) NCMS/S.
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Figure 5. (a) Schematic illustration of in-situ TEM apparatus and pristine image of an
individual FeS;@NCMS/S particle. (b and c) Sequential images of FeS;@NCMS/S electrode
from in-situ TEM measurements during sodiation and desodiation processes, respectively. (d)
In-situ SAED patterns for the FeS;@NCMS/S electrode operated at various states during the
initial discharge.
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A novel sulfiphilic host, consisting of FeSz nanograins grown in-situ in nitrogen-doped
hierarchical carbon microspheres, is utilized to realize highly efficient S cathode. The
combination of micro-/nano-architectures and FeS, nanograins as high affinity sulfur host
with multiple physical entrapment to immobilize the polysulfides and achieve reversible
conversion of polysulfides towards NazS, holding great promise for both scientific research
and real application.

Keywords: large-scale production, hierarchical structure, sodium-sulfur batteries, ferrous
disulfide, nanograins
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