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H I G H L I G H T S  

• PIM-EA-TB based carbon-sulfur composites is used for shuttle free Na–S batteries. 
• The carbon-sulfur composites are prepared through the one step heat treatment. 
• This is based on the synergetic effect of physical confinement and covalent bonding. 
• The composites show a high reversible capacity of ~500 mA h g− 1 over 350 cycles. 
• The composites demonstrate a high coulombic efficiency of ~100% over 350 cycles.  
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A B S T R A C T   

Room-temperature sodium–sulfur (RT Na–S) batteries have recently gained attention as next-generation energy 
storage devices owing to their low cost, the abundance of sodium, and the high theoretical capacity of sulfur. 
However, the notorious shuttle effect, caused by the dissolution of intermediate polysulfides during cycling, 
limits the long-term performance of Na–S batteries. In this study, intrinsically microporous Tröger’s base based 
polymer (PIM-EA-TB)-based carbon–sulfur composites are prepared for shuttle-effect-free RT Na–S batteries by 
utilizing the combination of physical confinement and covalent bonding in a single material. The composites 
demonstrate excellent electrochemical performance, including a negligible capacity fading over 350 cycles and a 
high coulombic efficiency of approximately greater than 99%.   

1. Introduction 

Room-temperature sodium–sulfur (RT Na–S) batteries have recently 
attracted interest as one of the most promising next-generation energy 
storage devices because of their low cost, the earth-abundance of so-
dium, and the high theoretical capacity of 1675 mA h g− 1 of sulfur 
[1–5]. However, the notorious shuttle effect, caused by the dissolution 
of intermediate polysulfides during cycling, limits the long-term per-
formance of Na–S batteries [1,2]. To overcome this shuttle effect and 

improve the performance of RT Na–S batteries, various approaches have 
been proposed, such as the use of interlayers, electrolyte additives, 
binders, and the development of novel cathode materials [6–15]. 

Among these approaches, much effort has been devoted to devel-
oping novel cathode materials to improve the performance of RT Na–S 
batteries. Carbonaceous materials are widely used as hosts for these 
cathode materials because of the insulating nature of sulfur with a 
conductivity of 5 × 10− 30 S cm− 1 [16,17]. To realize shuttle-effect-free 
RT Na–S batteries, various strategies have been investigated, with the 
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physical confinement and covalent bonding approaches being consid-
ered effective [2,18]. First, microporous materials can confine both 
sulfur and intermediate polysulfides in their micropores. For instance, 
small sulfur molecules, which are physically confined in micropores, 
cannot be dissolved into electrolytes owing to their space constraints 
[19]. Second, covalent bonding between the sulfur and carbon atoms 
could prevent the sulfur molecules from being dissolved out of the 
matrix. Specifically, polyarcrylonitrile (PAN)-derived carbon–sulfur 
composites comprising covalently bound sulfur have exhibited excellent 
electrochemical performance over 500 cycles [20]. 

As one of the successful examples of materials for preventing shuttle 
effects, we recently reported that polymer of intrinsic microporosity 
(PIM-1)-based carbon–sulfur composites demonstrated excellent elec-
trochemical performance, including a negligible capacity fading over 
250 cycles and a high coulombic efficiency greater than 99% [21]. Their 
unprecedented performance is due to their unique structure and related 
properties of the precursor polymer PIM-1, such as microporosity and 
the presence of the functional groups. Specifically, these traits are 
attributed to their ladder-like structures with contorted moieties of 
PIM-1, which leads to the formation of many micropores and a high 
surface area (>800 m2 g− 1) [22]. Benefiting from these features of 
PIM-1, the resulting PIM-1-based carbon–sulfur composites operated 
without the shuttle effect by combining two different concepts—namely, 
physical confinement and covalent bonding—in a single material. More 
importantly, carbon–sulfur composites have demonstrated no signifi-
cant capacity fading in carbonate-based electrolytes without additives 
such as LiNO3 to suppress the shuttle effect, although carbonate elec-
trolytes are known to be reactive with the polysulfide, which leads to 
side reactions in metal–sulfur batteries [2,23,24]. Therefore, as the 
PIM-based carbon–sulfur composites can operate in carbonate electro-
lytes without additives, the combination of the two above-mentioned 
successful strategies using a PIM can be regarded as a promising 
approach to fundamentally inhibit the side reactions of sodium 
polysulfide. 

Designing novel PIM-based carbon–sulfur composites can potentially 
be a good approach for developing shuttle-effect-free Na–S batteries. In 
particular, PIMs with a higher free volume can be used as good host 
matrices because they can contain more sulfur molecules than PIM-1- 
based carbon–sulfur composites. To date, a wide range of intrinsically 
microporous polymers derived from a diverse range of structural units 
and polymerization reactions have been synthesized [25–28]. Among 
them, Tröger’s base (TB) polymers are attractive owing to their ease of 
synthesis and enhanced porosity, which can be attributed to the rigidity 
of the bridged bicyclic structure of the TB unit. 

In this work, PIM-EA-TB-based carbon–sulfur composites were pre-
pared for shuttle-free RT Na–S batteries. PIM-EA-TB has a higher specific 
surface area (>1000 m2 g− 1) than that of PIM-1. PIM-EA-TB was selected 
because its two bridged bicyclic components, namely ethanoanthracene 
(EA) and TB, are more rigid than the spirobisindane (SBI) and benzo-
dioxane components of PIM-1, resulting in a higher free volume and 
surface area [26]. Thus, we anticipated that PIM-EA-TB could provide 
more space to store sulfur molecules in the active cathode materials. 
Moreover, we confirmed that the prepared PIM-EA-TB carbon–sulfur 
composite can operate without generating the shuttle effect, owing to 
the synergetic effect of both physical confinement and covalent bonding, 
as observed in PIM-1-based carbon–sulfur composites. 

2. Experimental 

2.1. Synthesis 

2.1.1. Preparation of carbonized PIM-EA-TB–sulfur composites (cPIMS- 
EA-TB) 

PIM-EA-TB was synthesized as described previously [29]. The 
PIM-EA-TB-based carbon–sulfur composites were synthesized via a 
one-step heating process reported previously. First, ground PIM-EA-TB 

powder and elemental sulfur (w/w = 1:5) were mixed uniformly. The 
mixture was then transferred into an alumina boat and heated in a tube 
furnace under an inert atmosphere (N2 flow, 100 cc min− 1) at a heating 
rate of 5 ◦C min− 1. Specifically, sulfur molecules were impregnated into 
the free volume of the PIM-EA-TB powder by heating the mixture at 
155 ◦C for 2 h. Subsequently, the PIM-EA-TB carbon–sulfur composites 
were prepared by heating at 600 ◦C for 3 h. For comparison, a series of 
cPIMS samples were prepared using PIM-SBI-TB under the same con-
ditions. Additionally, screening tests—performed to observe the changes 
in elemental composition by varying the final temperature and the 
samples—were denoted as cPIMS-X, where X is the applied final tem-
perature (see Table S2). For instance, cPIMS-EA-TB-600 was prepared at 
a final temperature of 600 ◦C. 

2.2. Characterization 

The morphology of cPIMS-EA-TB-600 was observed via field emis-
sion scanning electron microscopy (FE-SEM, Carl Zeiss, SigmaHD) and 
high-resolution transmission electron microscopy (HR-TEM). Field 
emission transmission electron microscopy (FE-TEM) and energy- 
dispersive X-ray spectroscopy (EDXS) were performed for microstruc-
tural characterization and elemental mapping, respectively. Solid-state 
CP-MAS 13C NMR spectra were collected at room temperature using a 
solid 400 MHz NB NMR at a MAS rate of 20 kHz, contact time of 5 ms, 
and frequency of 100 MHz for 13C NMR. The Raman spectra of the cPIM- 
EA-TB-600 and cPIMS-EA-TB-600 samples were obtained using a Lab-
RAM Aramis Raman spectrometer (Horiba Jobin Yvon) equipped with a 
514 nm Ar-ion laser, and elemental analyses were performed using a 
Thermo Scientific FLASH EA-2000 organic elemental analyzer. Ther-
mogravimetric analysis (TGA) was performed using a Pyris 1 TGA 
thermogravimetric analyzer (PerkinElmer). Each sample was heated 
from ambient temperature to 800 ◦C at a heating rate of 10 ◦C min− 1 

under N2 flow. The X-ray diffraction (XRD) pattern of each polymer was 
collected on a Rigaku Ultima IV diffractometer equipped with a graphite 
monochromator and Cu Kα radiation (λ = 1.5406 Å). The 2θ scanning 
range was 10–70◦ with a scanning speed of 3◦ min− 1. The pore char-
acteristics such as the surface area and total pore volume of PIM-EA-TB, 
cPIM-EA-TB-600, and cPIMS-EA-TB-600 were calculated using a 
Micromeritics 3Flex system. Prior to analysis, each sample was dried at 
60 ◦C in a vacuum oven and then degassed for 30 min at 90 ◦C and for 24 
h at 200 ◦C. X-ray photoelectron spectroscopy (XPS) was conducted 
using an AXIS NOVA (KRATOS) with 150 W monochromatic Al-Kα ra-
diation. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was 
conducted using TOF-SIMS5 (IONTOF). 

2.3. Electrochemical characterization 

A PIM-based carbon–sulfur composite electrode was fabricated using 
a dispersion of the active material, conducting carbon (Super P), and a 
polyvinylidene fluoride (PVdF) binder in a ratio of 8:1:1 in NMP. The 
slurry was cast on an aluminum current collector. Galvanostatic cycling 
was conducted at 167.5 mA g− 1 (1/10 C of the theoretical capacity of 
sulfur). The galvanostatic intermittent titration technique (GITT) was 
also applied with a current density of 167.5 mA g− 1 for every 5 minute 
with pauses until the dV/dt was lowered below 1 mV after 20 cycles for 
cycle stabilization. These were performed in a voltage range of 0.5–2.8 V 
(vs. Na/Na+) using a TOSCAT–3100 (TOYO, Japan) and WBCS3000 
(WonATech, Korea) battery testing systems at 30 ◦C. Electrochemical 
impedance spectroscopy (EIS) was conducted using an SP-150 poten-
tiostat (BioLogic, France). For EIS analysis, each cell was cycled for 3 
cycles and discharged to 1.0 V (vs. Na/Na+) followed by a constant 
voltage until the current reached 10% of cycling. The tests were con-
ducted using 2032 coin-type cells with a sodium metal (Sigma Aldrich) 
counter electrode, a glass fiber separator, and 1.0 M NaClO4 in a mixture 
of ethylene carbonate (EC) and propylene carbonate (PC) (5:5 v:v). 
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3. Results and discussion 

To prepare intrinsically microporous TB polymer-based carbon-
–sulfur composites, PIM-EA-TB was synthesized and used as a polymeric 
precursor, which is a shape-persistent ladder polymer consisting of EA 
and TB groups [26,30]. Generally, polymers of intrinsic microporosity 
(PIMs) are known as a class of porous polymers that contain numerous 
micropores, which are originated from their rigid and contorted mo-
lecular structures [22]. Further, it is well-known that PIMs with more 
rigid chemical structure can produce higher free volume and surface 
area. For example, PIM-EA-TB lead to more free volume and higher 
surface area than ethanoanthracene (EA) and Tröger’s base (TB) units of 
PIM-EA-TB are more rigid chemical structure than SBI and benzodiox-
ane of PIM-1 (Fig. 1). [26]. Specifically, the rigid backbones of the 
PIM-EA-TB result in inefficient packing, thereby producing a high free 
volume of 0.657 cm3 g− 1 and a higher surface area (1090 m2 g− 1) 
compared to that of PIM-1 (Table S1) [26,31]. Notably, benefiting from 
its high free volume, PIM-EA-TB can theoretically contain up to 55 wt% 
sulfur to the total weight of the carbon–sulfur composites. Although it is 
theoretical sulfur contents, this is higher value than 29 wt% of 
cPIMS-1-600 sample. In addition, PIM-EA-TB has a pore size of 0.6 nm 
with a narrow pore size distribution, and sulfur can be loaded as small 
sulfur allotropes in these pores. Also, the small sulfur molecules can 
react with crosslinking sites, such as methyl groups, aromatic rings, and 
TB groups, as in the case of PIM-1. Thus, PIM-EA-TB can be used as a 
polymeric precursor that can store small sulfur molecules and react with 
the sulfur molecules in their micropores, which result in the covalently 
bound small sulfur that can operate without the shuttle effect for room 
temperature Na–S batteries. It is noteworthy that extra sulfur molecules 
can be loaded in their larger free volume of PIM-EA-TB than that of 
PIM-1. 

To confirm the actual sulfur content that can be loaded in the 
microporous materials, a series of cPIMS-EA-TB samples were prepared 
at different temperatures, as listed in Table S2. For comparison, the 
other carbon–sulfur composites were fabricated using PIM-1 or PIM-SBI- 
TB under the same temperature conditions, as listed in Table S2. All the 
composites were prepared through a one-step heat treatment of a 
mixture of sulfur and polymeric precursors. Each sample is referred to as 
cPIMS-EA-TB-X, cPIMS-1-X, or cPIMS-SBI-TB-X, where “c” represents 
the sample after carbonization, S indicates the samples that were reacted 
with sulfur, and X is the final temperature applied. For instance, cPIMS- 
EA-TB-600 was prepared through heat treatment of the mixture of sulfur 
and PIM-EA-TB at a final temperature of 600 ◦C. Also, cPIM-EA-TB-600 
was heat treated PIM-EA-TB samples without sulfur molecules at a final 
temperature of 600 ◦C, which means that the sample contained no sulfur 
molecules. In the case of cPIMS-EA-TB-300, the carbon–sulfur composite 
contained 56 wt% of sulfur, and notably, the sulfur content is the 
theoretical maximum that can be stored in the free volume of PIM-EA- 
TB. This result is different from those previously reported for PIM-1 
based carbon–sulfur composites, where the sulfur content of PIM-1 did 
not exceed 30 wt% [21]. This difference can be attributed to the higher 
free volume of PIM-EA-TB, which renders the sulfur molecules easily 

accessible to inner pores through more interconnected void spaces [32]. 
Further, the PIM-EA-TB-based carbon–sulfur composites had a higher 
sulfur content than other PIMs such as PIM-1 and PIM-SBI-TB after 
thermal treatment at a temperature range of 300–600 ◦C, as listed in 
Table S2. In addition, the sulfur molecules can be connected to the 
carbon matrix through the formation of covalent bonds during further 
heat treatments. The formation of covalent bonds between the sulfur 
molecules and the carbon matrix in the cPIMS-EA-TB series is supported 
by the results of TGA and XPS (Figs. S1 and S2). First, from the TGA 
curves, it is evident that free sulfur molecules and physically confined 
small sulfur were absent from 220 to 320 ◦C and from 300 to 480 ◦C, 
respectively, and there remained no residual sulfur molecules on the 
cPIMS-EA-TB series [33]. Furthermore, chemically bound sulfur mole-
cules existed because there was no decomposition before 500 ◦C, and a 
single decomposition occurred above 500 ◦C for the cPIMS-EA-TB series 
[20]. Second, it is well-known that XPS experiment reveals the presence 
of C–S bonds. As illustrated in Fig. S2, the S 2p spectrum of the 
cPIMS-EA-TB 400, 500, and 600 samples showed a characteristic S 
2p3/2/2p1/2 doublet, which was separated by 1.2 eV with an intensity 
ratio of approximately 2:1, and where the S 2p3/2 peak (163.9 eV) had a 
relatively low binding energy than elemental sulfur (164.0 eV), which 
also meant the presence of C–S bonds [34–36]. Consequently, we 
confirmed that the sulfur molecules were covalently linked to the carbon 
matrix during heat treatment. 

Therefore, the cPIMS-EA-TB series contained more sulfur molecules 
than those of the PIM-1-based carbon–sulfur composites, wherein the 
sulfur molecules are covalently bound to the carbon matrix. 

A series of the as-prepared cPIMS-EA-TB samples were subjected to 
galvanostatic cycling to evaluate their electrochemical performance. As 
shown in Fig. 2, the first discharge capacity of the samples increased 
with heat treatment at temperatures up to 500 ◦C and then decreased 
with a further increase in the temperature. In addition, the samples 
treated at temperatures under 500 ◦C demonstrated acute capacity 
fading. In the case of cPIMS-EA-TB-300 sample, it showed negligible 
capacity and acute capacity fading. This is because carbon substrate was 
not synthesized properly due to low temperature. In the case of cPIMS- 
EA-TB-400 and cPIMS-EA-TB-500 sample, they delivered large capacity 
at first cycle and showed acute fading. The large irreversible capacity 
might come from carbon substrate, which is famous in sodium storage in 
carbon [37,38]. Acute capacity fading after 2nd cycles might come from 
insufficient conductivity. On the other hand, cPIMS-EA-TB-600 exhibi-
ted reversible cycling and negligible capacity fading after 2nd cycle. The 
irreversible capacity at 1st cycle came from carbon substrate, which is 
demonstrated by galvanostatic cycling of carbon substrate 
cPIM-EA-TB-600 without sulfur in Fig. S3. It delivered ca. 275 mA h g− 1 

at 1st cycle and it was decreased to 75 mA h g− 1 after 2nd cycle (Fig. S3). 
The cycle performance difference among cPIMS-EA-TB samples in-
dicates that electrical and ionic conductivity of electrode materials 
varies with temperature. The voltage profiles of cPIMS-EA-TB-600 are 
similar to that of cPIMS-1-600 based electrode that we reported before. 
It indicates that cPIMS-EA-TB-600 reacts with sodium through the same 
reaction mechanism as cPIMS-1-600, which utilizes covalently bound 

Fig. 1. Chemical structure of (a) PIM-EA-TB, (b) PIM-1, and (c) PIM-SBI-TB.  
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small sulfur in microporous carbons. 
The conductivity difference is supported by the EIS results shown in 

Fig. S4. The samples were cycled for 3 cycles followed by a constant 
voltage of 1.0 V, which is the middle state of cycling containing both 
sodiated sulfur and non-sodiated sulfur. The samples treated at tem-
peratures below 500 ◦C exhibited a larger charge transfer resistance than 
those treated at 600 ◦C. This indicates that the large resistance of the 
samples treated at temperatures below 500 ◦C hinders the reaction of 
composite sulfur with sodium. Furthermore, this is supported by the 
GITT results shown in Fig. S5. The samples treated at temperatures 
below 500 ◦C showed a larger overpotential than those treated at tem-
peratures above 500 ◦C. This indicates that the samples treated at 
temperatures below 500 ◦C underwent higher resistance than that of 
cPIMS-EA-TB-600 during cycling. That is, the cPIMS-EA-TB-600 have 
higher conductivity than other cPIMS-EA-TB treated at temperatures 
below 500 ◦C. 

The enhancement in electrical conductivity through high- 
temperature heat treatment can be attributed to the structural changes 
of the polymeric precursor. According to Rong et al., PIM-EA-TB un-
dergoes stepwise degradation during thermolysis [39]. The steps 
comprised ethylene and methane loss, crosslinking, and degradation of 
the main chain, thereby resulting in the conversion of the polymeric 
precursor into sp2 hybridized carbon. These changes in the chemical 
structure were scrutinized by performing a CP-MAS 13C NMR analysis on 
cPIM-EA-TB fabricated under different heat treatment temperatures 
(Fig. 3). First, the pristine PIM-EA-TB contained methylene (δ = 20.32 
ppm), EA (δ = 38.66 and 43.50 ppm), TB (δ = 61.44 and 69.20 ppm), 
and aromatic units (δ = 119.91, 127.04, and 147.69 ppm). After heat 
treatment at 400 ◦C, the TB units were decomposed, and a few EA units 
were diminished. Most of the methylene, EA, and TB groups were lost at 
500 ◦C. Finally, further carbonization at 600 ◦C resulted in the decom-
position of all the peaks of the PIMs, except for the sp2 carbon peaks 
centered at 128.41 ppm. Thus, the PIM-EA-TB was converted to sp2 

hybridized carbon during this carbonization process, and the increase in 
the sp2 carbon content led to the improvement in the electrical 

conductivity of the resulting PIM-EA-TB-based carbon [40]. Addition-
ally, this structural variation was supported by Raman spectroscopy and 
XRD analysis (Figs. 4c, 4d, and S6). 

Among the PIM-EA-TB-based carbon–sulfur composites, cPIMS-EA- 
TB-600 exhibited shuttle-free phenomenon similar to that of PIM-1- 
based carbon–sulfur composites, although the former cPIMS-EA-TB- 
300 has a higher sulfur content (56 wt%) than the latter cPIMS-EA- 
TB-600. Accordingly, focusing on the structural properties, including 
microporosity and covalent bonding, of the cPIMS-EA-TB-600, we 
further examined the electrochemical properties of the as-fabricated 
Na–S batteries. 

First, as shown in the SEM and TEM images (Figs. 5 and S7), the 
sulfur molecules of cPIMS-EA-TB-600 were confirmed as being evenly 
distributed in the carbon–sulfur composites. Furthermore, the SEM and 
TEM images revealed that the sulfur molecules were evenly distributed 
without the agglomeration of sulfur throughout the carbon matrix. FIB- 
SEM images (Figs. S8 and S9) also showed the sulfur molecules are well 
distributed on the surface and inside of the sample as suggested by 
Fig. 5a. Second, argon adsorption tests revealed that the evenly 
distributed sulfur molecules were confined in micropores with a pore 
size of approximately 0.6 nm (Fig. 4a and b). To scrutinize the pore 
structure of the carbonized PIM-EA-TB, cPIM-EA-TB-600 was prepared 
by carbonizing the PIM-EA-TB without elemental sulfur at 600 ◦C 
because it was difficult to observe the characteristics of the pores of 
cPIMS-EA-TB-600, which were filled with sulfur molecules. cPIM-EA- 
TB-600 had a specific surface area of 374 m2 g− 1 and exhibited a type 
I isotherm, indicating that they consist of micropores (Table S1 and 
Fig. 4a). Further, the Horvath–Kawazoe (H–K) plots (Fig. 4b) reveal that 
the micropores were approximately 0.6 nm in size with a narrow pore 
size distribution, wherein the sulfur molecules can exist as smaller sulfur 
(S2-4) allotropes under spatial constraints [19]. Moreover, 
cPIMS-EA-TB-600 possessed a low specific surface area of 6.56 m2 g− 1 

because they were filled with sulfur molecules. Additionally, XRD 
analysis revealed that the sulfur molecules did not exist as large 
elemental sulfur (S8), wherein elemental sulfur (S8) has an orthorhombic 

Fig. 2. Voltage profiles of cPIMS-EA-TB carbon–sulfur composites treated at different temperatures.  
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structure with the (222), (026), and (040) planes, which correspond to 
23.1, 25.9, and 27.8◦, respectively. 

Lastly, the covalent bonding between the smaller sulfur molecules 
and the carbon matrix was corroborated by ToF-SIMS analysis. CNS 
fragments (i.e., CNS− at m/z = 58, C3NS− at m/z = 82, and C5NS− at m/z 
= 106), CS fragments (i.e., CS− at m/z = 44 and C2S− at m/z = 56), an SN 
fragment (SN− at m/z = 46), and an oligo-sulfide structure (i.e., S3

− at 
m/z = 96) were detected via ToF-SIMS, indicating that small sulfur 
molecules in cPIMS-EA-TB-600 were linked to the carbon matrix [41]. In 

addition, the XPS spectra of cPIMS-EA-TB-600 reconfirmed the presence 
of C–S bonds (Figs. S2e and f). In the S 2p spectrum, the characteristic S 
2p3/2 and 2p1/2 doublet were found with an energy separation of 1.2 eV 
and an intensity ratio of approximately 2:1. Moreover, the S 2p3/2 
(163.9 eV) peak has a lower binding energy than that of elemental sulfur 
(164.0 eV). Accordingly, the prepared cPIMS-EA-TB-600 contained 
covalently bound small sulfur molecules in its micropores, thereby 
obstructing the dissolution of sulfur from the carbon–sulfur matrix. 

Owing to these aspects, cPIMS-EA-TB-600 showed stable cycle 

Fig. 3. 13C CP-MAS NMR analysis for a series of cPIM-EA-TB samples treated at different temperatures.  
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performance when utilized as a Na–S battery cathode, as shown in Fig. 6. 
It exhibited a high reversible capacity of approximately 500 mA h g− 1 

after stabilization and maintained a stable cycle over 350 cycles. In 
addition, it exhibited a high coulombic efficiency (approximately 
greater than 99%), implying that it effectively prevented the side re-
actions of sodium polysulfide and shuttle effect. This high coulombic 
efficiency can be attributed to the fact that the covalently bound small 
sulfur molecules of cPIMS-EA-TB-600 did not diffuse into the electrolyte 
during cycling. The reaction mechanism of cPIMS-EA-TB-600 was also 
confirmed by dQ/dV plot of 100th cycle (Fig. S10), where one redox 
couple appeared at 1.14 V during discharge and 1.85 V during charge 
and there was no evidence on re-oxidation to elemental sulfur that oc-
curs near 2.2 V [3,41]. Further, it was revealed that there was no sulfur 
dissolution by observing difference in UV–Vis spectra for both samples 
of cPIMS-EA-TB-600 only stored in coin cell and one cycled for 10 cycles 
(Fig. S11). It means cPIMS-EA-TB-600 can suppress sulfur dissolution 
during cycling. The characteristics during cycling were illustrated in 

Fig. S12. In addition, it showed improved rate performance compared to 
cPIMS-1-600 that we reported before as shown in Figs. S13 and S14. 
Thus, cPIMS-EA-TB-600 can be used as a promising cathode material for 
RT Na–S batteries without the shuttle effect. 

4. Conclusions 

Herein, the highly porous polymeric precursor PIM-EA-TB was used 
to fabricate carbon–sulfur composites for shuttle-effect-free RT Na–S 
batteries. After being subjected to heat treatment, the PIM-EA-TB-based 
carbon–sulfur composites contained more sulfur owing to their large 
free volume. cPIMS-EA-TB-600 possessed 36 wt% of sulfur molecules, 
which is higher than that previously reported for PIM-1. In addition, 
benefiting from the characteristics of PIM, the PIM-EA-TB-based car-
bon–sulfur composites can operate without the shuttle effect because 
they contain small sulfur molecules in their micropores, and these 
molecules are covalently linked with the carbon matrix. Additionally, 

Fig. 4. (a) Ar adsorption/desorption isotherms, (b) pore size distribution plots, (c) Raman spectra, and (d) XRD patterns of cPIM-EA-TB-600 and cPIMS-EA-TB-600, 
and (e) ToF-SIMS spectrum of cPIMS-EA-TB-600. 
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after the heat treatment, the PIM-EA-TB was converted into an electri-
cally conductive carbon matrix, which complemented the insulating 
nature of the sulfur molecules. Furthermore, the electrochemical tests 

revealed a high reversible capacity of approximately 500 mA h g− 1 after 
stabilization and the composite maintained a stable cycle over 350 cy-
cles with high coulombic efficiency (approximately greater than 99%). 

Fig. 5. (a) Schematic of the preparation procedure of PIM-EA-TB-based carbon–sulfur composites, (b) high-angle annular dark-field STEM image of cPIMS-EA-TB- 
600, (c) elemental mapping of carbon, (d) elemental mapping of sulfur, and (e) high-resolution TEM image. 

Fig. 6. Electrochemical properties of cPIMS-EA-TB-600 composites. (a) Voltage profiles of cPIMS-EA-TB-600, (b) specific capacity and (c) coulombic efficiencies 
versus the cycle number of cPIMS-EA-TB-600. *Unusual points in cycle performance and coulombic efficiency within 50 cycles and after 100 cycles were due to the 
instability of Na metal and the electrical shutdown of the cycler, respectively. 
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Consequently, we propose that PIMs with higher free volumes, such as 
PIM-EA-TB, can be used as polymeric precursors that can enable the 
realization of the ideal cathode materials for shuttle-effect-free Na–S 
batteries. 
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