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Sulfur cathode with nano-scaled electronic/ionic network is essential for all-solid-state Na/S batteries
to achieve high energy density and long cycle life. However, it is great challenged to fabricate such a
structure using either mechanical milling or liquid-phase reaction method. Here, a S-Na3SbS4-C cath-
ode with distributed micro-scaled primary electronic/ionic highways along with nano-scaled secondary
local-roads is fabricated by combining the liquid-phase reaction and mechanical milling. The formation
mechanism for nano-scaled local-roads in S-Na3SbS4-C is systematically investigated. The S-Na3SbS4-C
nanocomposite cathode with 3D distributed primary and secondary ionic/electronic conduction network
provides a high initial discharge capacity of 1504.3 mAh g! at 50 mA g-! with Coulombic efficiency of
98.5% at room temperature. Meanwhile, S-Na3SbS4-C/Na cells also demonstrate excellent rate capability
with capacities of 1386.3, 1324.1, 1150.8, 893.4, 825.6, 771.2 and 662.3 mAh g! at current densities of 50,
100,200,300, 500, 1000 and 2000 mA g™!, respectively. Even at ultrahigh cathode loading of 6.34 and 12.74
mg cm2, the S-Na3SbS,-C/Na cells can deliver reversible discharge specific capacities of 742.9 and 465.6
mAh g at 100 mA g, respectively. S-Na3SbS;-C/Na cell represents one of the best rate performances
for room-temperature all-solid-state sodium-sulfur batteries reported to date. This work provides a sim-
ple strategy to design mixed conductive composite cathode for high-performance room-temperature
all-solid-state sodium-sulfur batteries.
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Introduction

Traditional sodium-sulfur batteries suffer from potential safety
problem because the employment of molten sodium (anode)
and sulfur (cathode) as electrodes in high operation tempera-
ture [1]. Room-temperature sodium-sulfur batteries have attracted
intensive attention due to the improved safety, enhanced relia-
bility and higher energy output [2]. However, room-temperature
sodium-sulfur batteries using organic electrolytes suffer from low
Coulombic efficiency and poor cycling stability, due to the low elec-
tronic conductivity of Sand Na;,S, dissolution of sodium polysulfide,
and large volume changes of S during charge-discharge pro-
cesses [3,4]. To address these issues, carbon-sulfur [5-7] composite
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cathodes are used to improve the electron conducting property,
ameliorate the volume change of sulfur and simultaneously trap
sulfur on carbon to decrease the dissolution of polysulfide. Many
porous carbons have been extensively investigated for S host, the
shuttle effects still exist in almost all the liquid electrolyte based
Na/S batteries. Employment of covalent sulfur [8] and confining
small sulfur molecules in microporous carbon [9,10] can reduce
the shuttle reaction, while the low S loading also reduce the total
energy density of Na/S full cell.

All-solid-state sodium-sulfur battery can ultimately eliminate
the shuttle reactions [11-13]. However, two main challenges
that restrict the electrochemical performance of all-solid-state
sodium-sulfur batteries are the low ionic conductivity of the
electrolytes and the limited triple-phase contacts among active
material, electrolytes and electronic additives. The low utilization
of active materials caused by less and gradually reduced elec-
tronic/ionic conduction is one major challenge for all-solid-state
battery, [14,15] because the volume expansion and contraction
of active material during cycling reduces electrolyte/active mate-
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rial/carbon triple-boundaries. Inspired by excellent pipeline to
transport water from the roots to the leaves in trees, the elec-
tronic/ionic conduction in cathodes should have the micro-scaled
highway and then well-distribute into nano-scaled local-roads to
ensure a large triple-phase boundary and achieve a high capacity
and long cycle life. The two-level electronic/ionic transport system
can be fabricated by synthesizing the nano-sized cathode mate-
rial with nanoscaled electronic/ionic conduction network, then
incorporate these composite cathode materials with micro-sized
electronic/ionic conducting materials.

Several methods have been reported to synthesize such
nanocomposite cathode. Co-precipitation from precursor solu-
tion with followed annealing is an efficient method to fulfill
nano-scaled intimate electrolyte/active material interface because
co-precipitated active material and the electrolyte after followed
annealing process can form strongly bonded interface [16-18].
Using LiyS-LigPS5CI-C nanocomposite [19] as a model cathode,
we co-precipitate Li,S active material and LigPS5Cl electrolyte on
polyvinylpyrrolidone carbon precursor. During the following high-
temperature carbonization process, Li;S and LigPS5Cl with partial
lattice match each other are anchored onto carbon surface ensur-
ing large and robust triple interphase. The resultant all-solid-state
lithium-sulfur battery delivered reversible capacity of 830 mAh g1
at current density of 50 mA g~ for 60 cycles. Fan et al. synthesized
Na,S-Na3PS4-CMK-3 nanocomposite cathode [12] through casting-
annealing technology, which can realize strong interfacial contacts
and eliminate the residential stress in Na,S cathode, leading to
an improved reversible capacity of 810 mA h g'! under current
density of 50 mA g1 for 50 cycles at 60 °C. However, at a high
current density of 150 mA g1, the battery only exhibits a capac-
ity of 200 mA h g, indicating the ionic conductivity of NazPSy4
electrolyte (3.45 x 104 S cm™ at 60 °C) still restricts the over-
all electrochemical performance of all-solid-state sodium-sulfur
batteries. However, co-precipitation and casting/annealing method
cannot be employed to synthesize sulfur/electrolyte nanocompos-
ite, because sulfur will sublimate during the annealing process.
Herein, a self-forming nano-scaled ionic/electronic conduction
networks in S-Na3SbS4-C composite cathode is fabricated by liquid-
phase reaction and followed with ball-milling process to in-situ
form uniformly nano-scale ionic/electronic conducting channel in
cathode. In this method, ball-milling process replaces annealing
process to transfer electrolyte precursor to Na3SbS, electrolyte,
which can eliminate the sublimation of sulfur and simultaneously
decrease the particle size of active material.

Inspired by the efficient structure of biological systems and
highway systems [20,21], these nano-scaled ionic/electronic con-
duction networks have to be connected by micro-sized high
conducting stem to allow fast flow of ion and electron in all
the direction of cathode. Therefore, S-Na3SbS4-C composite was
further mixed with electronic conducting carbon and Nas3SbS,
electrolyte with room temperature ionic conductivity of 1.14 mS
cm! to realize high micro-scaled primary ionic/electronic conduc-
tion networks in the cathode layer (Fig. 1), thus leading to the
resultant S-Na3SbS4-C/Na3SbS4/Na all-solid-state sodium-sulfur
batteries exhibit excellent cycling stability and rate capability at
room temperature.

Results and Discussion
Synthesis of S-Na3SbS4 composites

S-Na3SbS4 composites with nano-scaled ionic conduction chan-
nels were synthesized by liquid-phase reaction and followed with

ball-milling process. Fig. 2a shows the synthesis process of S-
Na3SbS,4 composite. The formation mechanism of S-Na3SbS, in the

synthesis process was investigated using XRD and Raman. Firstly,
Na3SbS, precursor was prepared by mixing of Na,S, Sb,Ss and
S with mole ratio of 3:1:2 in acetonitrile. After stirring at 50 °C
for different times, the precursor solution was distilled and fur-
ther dried at 80 °C for 12 hours to remove the residual solvent.
With increasing the stirring and reaction time, the Raman peaks
for Na,S and S gradually disappear, while the Raman peaks for
sodium polysulfides gradually appears (Fig. S1). However, the XRD
patterns for Sb,Ss still retain through the reaction process (Fig.
S2). Therefore, after liquid-phase reaction and drying process, only
the electrolyte precursor (Sb,S3 and sodium polysulfides) rather
than Na3SbS, electrolyte was formed. To form S-Na3SbS, active
material-electrolyte composite, S,ctive material Was added to formed
electrolyte precursor (Sb,S3 and sodium polysulfides) and then
ball-milling was applied to the mixtures. During ball-milling pro-
cess, Sb,S3 and sodium polysulfides reacted to in-situ form Na3zSbSy
electrolyte (Figs. S3, S4), and thus forming S-Na3SbS,; composite
(Figs. S5, S6). However, if directly ball-milling the mixture of Na,S,
SbS3, Selectrolyte aNd Sactive material together, impurities are always
existed in the obtained composite (Fig. S7). Therefore, two step
reaction of liquid-phase and ball-milling are essential for synthesis
of S-Na3SbS, composites.

Since Sb,S3 does not involve the liquid reaction in the syn-
thesis of electrolyte precursor, alternatively S-Na3SbS, electrolyte
can also be synthesized by mixing Na;S and Sejectrolyte With mole
ratio of 3:2 (without Sb,S3) in ACN for 24 h, and then ball-milling
the obtained Na,S;, Na;S; and Na,S (Fig. S8) with Sb,S3 and
Sactive material (Fig. S9). Therefore, Sb,S3 can be added either in the
first step liquid-phase reaction or in the late ball-milling procedure.
However, if Na;S, Sejectrolyte aNd Sactive material Were firstly mixed in
ACN, Na,S4 and unreacted sulfur were detected in the XRD pattern
(Fig. S10). Further ball-milling the produced mixture with Sb,Ss,
some impurities were observed in the synthesized S-Na3SbS,4 com-
posite (method 3, Fig. S11).

In summary, for preparing Na3SbS, electrolytes, Na,S and S
should react to form sodium polysulfides through liquid-phase
reaction in acetonitrile, and then Sb,S3 will react with sodium
polysulfides during ball-milling process to obtain the final Na3SbS,4
electrolyte (Fig. 2b). However, when changing reaction solvent to
dimethoxyethane, impurities will be observed in the final NazSbS4
electrolyte (Fig. S12). For synthesizing S-Na3SbS, composite, the
Sb,S3 and polysufides was firstly formed in the liquid-phase reac-
tion, and then ball-milled with S,ctive material t0 form S-Na3SbS,
composite (Fig. 2c).

Synthesis of S-Na3SbS4-C composites

In S-Na3SbS4 composite, the nano-scaled ionic conduction path-
way was in-situ formed. However, the electronic conduction is
absent, which will restrict the electrochemical performance of
the as-prepared composite. Carbon was further introduced into
the composite cathode to construct electronic network (Fig. 3a).
After ball-milling S;ctive material» Na3SbS4 electrolyte precursor and
Super P with weight ratio of 1.2: 2.0: 0.4, S-Na3SbS4-C composite
(S1.2E2.0Co.4) was obtained. x, y, zin SxEy C; denotes the weight ratio
of S,ctive material» Na3zSbS4 electrolyte precursor and Super P. The
existence of S in S-Na3SbS,4-C composite (Fig. 3b) is evidenced by
XRD diffraction peaks at 23.06°, 26.70°, 27.69°, 28.65°, 31.38° and
37.03° (JCPDS: #24-0733). The remaining peaks at 17.48°, 24.82°,
30.52°, 35.38°, 39.72°, 43.70°, 47.40°, 50.90°, 57.44°, 63.52° and
66.44° are ascribed to cubic Na3SbS, (JCPDS: #30-1154). Raman
spectroscopy (Fig. 3c) was conducted to further confirm the compo-
sition of S-Na3SbS4-C composite. Sulfur shows sharp characteristic
peaks at 155, 222, and 473 cm!, which derives from the bend-
ing and the stretching of S-S bonds [22], respectively. The peaks
at 360 cm™! and 384 cm! assign to the stretching vibration modes
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Fig. 1. Illustration of the ionic/electronic conducting channels in S-Na3SbS4-C composite based cathode.
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Fig. 2. a) Reaction pathway and formation mechanism for S-Na3;SbS4 composite, b) XRD pattern of Na3SbS, electrolyte synthesized by different routes, c) XRD pattern of

S-Na3SbS4 composite synthesized by different methods.

of Sb-S [23] in Na3SbS, electrolyte. Peaks of 1350 cm™! and 1585
cm! in Raman spectroscopy are attributed to D band and G band of
Super P, which is related to the defects and disorder in hexagonal
graphitic layers, and the vibration of the sp2-bonded carbon atoms,
respectively [24]. S12E;0Co4 composite exhibits higher intensity

ratio of D versus G band (Ip/Ig = 1.05) compared with that for
Super P (Ip/lg = 0.96) because of the structural distortion, indi-
cating interaction was occurred between carbon and sulfur, which
will enhance the electronic conductivity to accelerate the electron
transport [25,26]. Fig. 3d-e shows the morphology of S;5E20Co4
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Fig. 3. a) lllustration of formation mechanism of S-Na3SbS4-C composite. b) XRD patterns of Sy 2E;0Co and Sq2E;0Co4 composite, ¢) Raman spectra of SqE;0Co 4, Super P,

Na3SbSy electrolyte and sulfur, SEM images of d) S12E20Co and e) S12E20Co4.

and Sq5E;oCo composites. Severe aggregation is clearly observed
inSq5E; 0Co composite (Fig. 3d), while, the particles were uniformly
distributed throughout the Sq3E; ¢Co4 composite and the particle
size was reduced to around 200 nm (Fig. 3e). The particle size of
S1.2E2.0Co.4 composite is larger than that of Super P (~50 nm, Fig.
$13), indicating sulfur, Super P and Na3SbS, electrolyte were mixed
together to form a secondary particle.

The structure of S13E>0Cp4 composite was further analyzed
using transmission electron microscope (TEM) and high-resolution
transmission electron microscopy (HRTEM). As shown in Fig. 4a,
the S15E;0Co4 composite with particle size of about 200 nm are
homogeneously distributed without aggregation, which is in con-
sistent with the SEM. In Fig. 4b, Super P shows both amorphous
areas and regions of graphite layers with interlayer spacing of

0.350 nm attributed to (0 0 2) plane of graphite [24]. Other obvi-
ous lattice fringe of about 0.345 nm corresponds to (0 2 6) lattice
plane of sublimed sulfur, and lattice fringe of about 0.358 nm
can be indexed to (2 0 0) lattice plane of Na3SbS, electrolytes.
Furthermore, the STEM images in Fig. 4c confirm that element
sulfur, carbon, sodium and antimony are perfectly overlapped
in the composite, indicating the formation of close triple-phase
contacts among sulfur/carbon/Na3SbS, electrolyte. Therefore, all
the carbon, sulfur and Na3SbS4 components in S-Na3SbS4-C com-
posite are interconnected forming an integrated ionic/electronic
conducting network (Figs. S14, S15) with a high electronic con-
ductivity of 8.5 x 103 S cm™! (Fig. S14). The realized ideal
interfacial contacts and large triple-phase will significantly reduce
the interfacial resistance and minimize the residential stress due
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Sodium

Fig. 4. a) TEM, b) HRTEM images and c) STEM spectra of S;5E0Co.4 composite (marked by the orange rectangle region).

to uniform volume change of sulfur during electrochemical pro-
cess.

Fabrication and Electrochemical performance of S1E20Co4
cathodes with micro- and nano-scaled ionic/electronic conduction
channels

To achieve a high performance, a primary electronic/ionic high-
way is also required to connect SxE,C; (S12E».0Cos, S1.6E2.0Co0.4 and
S1.6E2.0Co.8) composites with nano-scaled balanced ionic/electronic
conductivity together forming 3D efficiently distributed elec-
tronic/ionic channels for sulfur active materials. We optimized high
and balanced primary electronic/ionic highway by optimizing the
ratio of SxE,C;, Na3SbS, electrolyte and carbon in cathodes at 7:
2: 1 (Fig. S16). All the performance measurement of the SyE,C,
(S5-Na3SbS4-C) cathodes was conducted at room temperature in all-
solid-state sodium battery within the cut-off voltage of 1.0 ~2.8 V
using metallic sodium as anode and Na3SbS, as electrolyte. Within
this voltage range, the electrolyte is stable against sodium (Fig. S17)
and the capacity contribution from the sulfide electrolyte is negli-
gible (Fig. S18). The Na3SbS, electrolyte with tetragonal structure

(Fig. S19) has a total ionic conductivity of 1.14 mS cm™! with Na*
transference number of ~1.0 (Figs. S20, S21) at room temperature,
ensuring fastionic transportation in the electrolyte layer and inside
cathode. Even though the XRD pattern (Fig. S22) for S;3E>0Cos,
Sl.6E2.0C0.4 and 51.6E2.0C0.8 COlTlpOSitES is similar to S1.2 E2'0C0‘4, the
electrochemical performance of all the cathodes (Fig. S23) men-
tioned above is still inferior to that of SqE; ¢Cp4, which might be
caused by the aggregation of the component material (Fig. S24) and
concentrated strain/stress during charge/discharge process.

Fig. 5a shows the CV curves for Sq 2 E5 9Cp.4/Na3SbS4/Na all-solid-
state sodium battery. A broaden reduction peak in the range of 1.0
~ 1.7 V is related to the reduction of sulfur to Na,S. In the anodic
cycle, the oxidation peaks at 2.2 V and 2.4 V attribute to the multi-
step conversion reaction of Na;S to sulfur. For the following two
cycles, the CV curves are similar to the first curve, indicating iden-
tical electrochemical reactions occur in the as-prepared Sq 3E; 0Co 4
cathode. Fig. 5b displays the first three charge-discharge voltage
profile of S;5E;(Co4 cathode at room temperature in all-solid-
state sodium-sulfur battery at 50 mA g!. A high initial discharge
capacity of 1504.3 mAh g! (based on the mass of sulfur) with
a ultrahigh Coulombic efficiency of 98.5% is delivered, which is
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much higher than that of sodium-sulfur battery with organic lig-
uid electrolytes [5,10,27]. In sharp contrast, the composite cathode
employing directly mixed element sulfur, Na3SbS, electrolyte and
Super P only shows capacity of 691.9 mAh g'! with much lower
Coulombic efficiency of 40.2% (Fig. S25). The high capacity and
Coulombic efficiency of Sq3E; ¢Co.4 cathode could benefit from the
realization of nanoscaled triple-phase contacts. The rate capability
of S15E5 0Co4 cathode was evaluated under different current den-
sities at third cycle. As shown in Fig. 5¢, the battery can deliver
capacities of 1386.3, 1324.1, 1150.8, 893.4, 825.6, 771.2 and 662.3
mAh g1 at current densities of 50, 100, 200, 300, 500, 1000 and 2000
mA g1, respectively. Fig. 5d displays the high rate cycling stability
of the battery at current density of 1000 mA g!. After cycling for
100 cycles, high discharge capacities of 468.1 mAh g-! were main-
tained. The superior electrochemical performance of S;5E;0Co4
composite further demonstrates the realization of intimate triple-
phase contacts and the construction an integrated ionic/electronic
conducting pathway in the cathode, which can accommodate

the stress/strain accumulation as well as maintain the structural
integrity of electrode material during charge-discharge process
[28].

The effect of sulfur loading on the electrochemical perfor-
mances of Sy3E;0Cp4 composite cathode was also investigated.
Room-temperature all-solid-state sodium-sulfur battery with high
cathode loading of 6.34 and 12.74 mg cm™ (Fig. 6) deliver a
high reversible capacities of 742.9 mAh g! and 465.6 mAh g!
at 100 mA g! after three cycles, respectively, which is hard to
realize in the conventional sodium-sulfur battery using organic
electrolyte.

Conclusions

A S-Na3SbS,-C with nanoscaled secondary electronic/ionic
conducting networks with intimate triple contacts in the com-
posite is successfully prepared by a mechanochemical process.
All-solid-state sodium-sulfur batteries using S-Na3SbS,4-C as cath-
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ode deliver a high reversible capacity of 468.1 mAh g! after
cycling at current density of 1000 mA g! for 100 cycles at
room temperature. Besides, even at ultrahigh cathode loading of
6.34 and 12.74 mg cm2, the batteries can still deliver reversible
discharge specific capacities of 742.9 and 465.6 mAh g! at
100 mA g'!, respectively. The superior electrochemical perfor-
mances of the room-temperature all-solid-state sodium-sulfur
battery can be attributable to the stable interfacial contacts and
reduced stress/strain in the cathode material. This work opens
up a facile method for construction of high-performance cathode
material in room-temperature all-solid-state sodium-sulfur bat-
tery.
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