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ABSTRACT: Development of new porous materials as host to suppress the dissolution and shuttle of lithium polysulfides are 
beneficial for constructing highly efficient lithium-sulfur batteries (LSBs). Although 2D covalent organic frameworks (COFs) as host 
materials exhibit promising potential for LSBs, their performance is still not satisfactory. Herein, we develop polyimide COFs 
(PI-COF) with a well-defined lamellar structure, which can be exfoliated into ultrathin (~1.5 nm) 2D polyimide nanosheets 
(PI-CONs) with large size (~ 6 μm) and large quantity (40 mg/batch). Explored as new sulfur host materials for LSBs, PI-COF and 
PI-CONs deliver high capacities (1330 and 1205 mA h g−1 at 0.1 C, respectively), impressive rate capabilities (620 and 503 mA h g−1 
at 4 C, respectively), and excellent cycling stability (up to 96% capacity retention at 0.2 C for PI-CONs) due to the synergistic effect 
of robust conjugated porous structure and strong oxygen-lithium interactions, surpassing the vast majority of organic/polymeric 
lithium-sulfur batteries cathodes ever reported. Our finding demonstrates that ultrathin 2D COFs nanosheets with carbonyl 
groups could be promising host materials for LSBs with excellent electrochemical performance. 

INTRODUCTION 
Covalent organic frameworks (COFs) are a class of crystalline 
porous organic polymers, in which organic building blocks are 
precisely integrated into two-dimensional (2D) or 
three-dimensional extended structures with periodic 
frameworks and well-defined pores utilizing dynamic covalent 
chemistry.1-3 Owing to their high porosity, good thermal and 
chemical stability, and structural diversity, COFs have been 
widely applied in many areas such as gas storage and 
separation,4 catalysis,5 removal of organic pollution,6 energy 
storage and conversion,7 and so on. It is well-known that the 
exfoliation of bulk 2D layered materials (e.g., graphene, and 
MoS2) into ultrathin nanosheets can bring unique functions 
including tunable bandgap, enhancement of 
photoluminescence, control of optical transmittance and 
beneficial for fabricating devices.8 Similar to those 
well-developed 2D materials, bulk 2D COFs can also be 
exfoliated into 2D COF nanosheets (CONs), which have been 
recently emerging as a new type of 2D materials and 
attracted increasing attention. Compared with bulk 2D COFs, 
2D CONs exhibited advanced merits for energy storage and 
conversion, including more accessible active sites on the 
surface, faster ion diffusion, especially at a high 

charge-discharge rate, higher conductivity and better 
processability for fabricating electrodes.9,10 Although many 
strategies have been developed for preparing 2D CONs, such 
as on-surface synthesis, solvothermal synthesis, mechanical 
exfoliation, solvent-assisted exfoliation, and chemical 
exfoliation,11 it is still highly challenging to obtain superior 2D 
CONs with high quality, large size, and large quantity. 

Rechargeable lithium-sulfur batteries (LSBs), as one of the 
most promising next-generation batteries, have attracted 
tremendous attention due to their high theoretical specific 
capacity, low cost and environment-friendliness of element 
sulfur.12-14 However, the dissolution and shuttle of 
intermediate lithium polysulfides (LiPSs) lead to poor cycling 
stability and irreversible capacity loss,15,16 which have 
restricted LSBs’ practical applications. To tackle such issues 
and improve LSBs’ performance, several types of porous 
materials have been developed as host to 
chemically/physically absorb LiPSs including porous 
carbon,17,18 carbon nanotubes,19,20 porous organic polymers,21 
and metal-organic frameworks.22 Recently, 2D COFs have 
been demonstrated as outstanding porous host to combine 
polysulfides species, furnishing improved electrochemical 
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Scheme 1. Schematic illustration of constructing 2D PI-COF, ultrathin PI-CONs, and PI-CONs/S materials. 

 

performance.23,24 In addition to physical confinement of LiPSs 
by periodic nanopores in COFs, the functional groups on the 
pore surface could also interact with LiPSs through lithiophilic 
and/or sulfiphilic interactions, which cooperatively constrain 
soluble LiPSs within the cathode region, providing high sulfur 
utilization and stable cycling performance.9,25-27 However, 
among these progresses, only bulk COFs with limited 
functional groups (e.g., N, and B atoms, vinyl groups and 
fluorinated groups)  have been explored and the 
improvement of performance are far away from satisfactory.  

Inspired by the advantages of 2D CONs in energy storage 
(e.g., lithium-ion batteries),10 we envisioned that 2D CONs 
could be promising host materials to improve the 
electrochemical performance of LSBs. Therefore, we 
constructed polyimide COFs (PI-COF) with a distinct lamellar 
structure from two cheap organic monomers, pyromellitic 
dianhydride (PMDA, $23/kg) and melamine (MA, $1357/MT) 
(Scheme 1). Given the lamellar topology, the bulk PI-COF can 
be easily exfoliated into ultrathin nanosheets (denoted as 
PI-CONs) in large quantity (40 mg/batch), possessing a lateral 
size of 6 μm and a thickness of ~1.5 nm. In addition, PI-CONs 
show high loading capacity of sulfur (~ 70 wt%) because of 
the inherently porous structures, and highly exposed active 
surface. Interestingly, the sulfur cathodes based on PI-CONs 
can deliver very high reversible capacities of 1330 and 620 
mA h g−1 at current densities of 0.1 C and 4.0 C, respectively, 
and retain 96% of its initial capacity after 100 cycles at 0.2 C, 
surpassing most organic/polymeric host materials ever 
reported (Tables S6-7). DFT calculation demonstrated that the 
LiPSs (e.g., Li2S2, Li2S4, and Li2S6) can be anchored via strong 
oxygen-lithium interactions, revealing suppressed dissolution 
and shuttle of LiPSs by the introduction of carbonyl groups. 

Combining the experimental and theoretic results, our finding 
demonstrates that the carbonyl groups can readily promote 
the absorption of LiPSs and paves the way for designing new 
2D CONs materials for highly efficient LSBs.  

RESULTS AND DISCUSSION 
Synthesis and characterization of bulk PI-COF and PI-CONs. 
The micrograms scale polyimide COFs can be obtained via 
conventional solvothermal synthesis method with sealed 
glass tubes,28,29 which should hinder their practical 
applications. Thus, we firstly attempt to scale up the synthesis 
of PI-COF using autoclave (Scheme 1). Typically, PMDA and 
MA were stirred in NMP/H2O and then the mixture was 
heated at 210 °C for 24 h to afford the dark brown PI-COF 
powders with a shining appearance in moderate yield (Figure 
S1). The peaks at 1785 and 1733 cm−1 corresponding to 
asymmetric and symmetric vibrations of C=O groups on the 
five-membered imide rings, the vanish of bands at 3420 and 
3480 cm−1 attributed to the stretching bands of −NH2 and the 
signals at 1362 cm−1 assigned to the stretching vibration of 
the C-N-C bond in the Fourier transform infrared 
spectroscopy (FTIR), all these information indicate the 
formation of fully imidized networks (Figure 1a). In addition, 
13C cross-polarization magic-angle-spinning (CP-MAS) 
solid-state NMR spectroscopy reveals that carbonyl carbon of 
imide ring at 156.2 ppm and C signals from the triazine units 
at 164.4 ppm for PI-COF networks (Figure 1b and Figure S2). 
X-ray photoelectron spectroscopy (XPS) of PI-COF implies a 
new band located at 399.9 eV, corresponding to the 
formation of C-N-C bond (Figure 1c). Raman spectra (Figure 
1d) of PI-COF further demonstrates a graphene-like sharp G 
peak at 1596 cm−1 generated by the doubly degenerated zone  
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Figure 1. Characterization of PI-COF. (a) FTIR spectra; (b) 13C 
CP-MAS solid-state NMR spectra; (c) XPS N 1s spectra and (d) 
Raman spectra. 

 
center E2g mode, verifying a 2D honeycomb structure with 
high crystallinity.30,31 Furthermore, PI-COF showed excellent 
thermal stability up to 500 °C as confirmed by 
thermogravimetry analysis (TGA) (Figure S3). 

The crystal structure of 2D PI-COF was characterized by 
powder X-ray diffraction (PXRD) experiments that matched 
well with the theoretical calculation. The PXRD patterns of 
PI-COF display a major peak at 4.96, which corresponds to the 
(100) reflection plane, accompanied by three minor peaks at 
8.46, 13.92 and 27.58 attributed to (110), (210) and (001) 
diffractions, respectively. The comparison between the 

experimental data and simulated PXRD patterns including 
eclipsed (AA) and staggered stacking (AB and ABC) models 
(Figures S4-7, and Table S1-3), reveal that PI-COF has an AB 
stacking mode in the P63 space group (Figure 2a). In addition, 
Pawley refinements give the optimized unit cell parameters (a 
= b = 21.49 Å, c = 6.35 Å) and good agreement parameters (Rp 
= 2.98% and Rwp = 3.83%). The refined PXRD patterns match 
well with the experimental PXRD data, as confirmed by the 
negligible difference plot (Figure 2a). Figure 2b shows a 
typical type I isotherm for PI-COF by N2 adsorption-desorption 
measurement and the Brunauer-Emmett-Teller (BET) surface 
area was evaluated to be 142 m2 g−1. The nonlocal density 
function theory (NLDFT) suggests that PI-COF features a 
narrow pore size distribution with an average pore width of 
~1.3 nm (Figure 2c), which is in good agreement with the 
simulated values from the AB stacking model (~1.2 nm) 
(Figures 2d and S6). 

Interestingly, PI-COF displayed well-defined 2D lamellar 
morphology confirmed by optical microscopy and scanning 
electron microscopy (SEM). Unlike most of the other 2D COFs 
with sphere, tube, ribbon, or plait-like morphology,32,33 the 
optical microscopy (Figure 2e) shows that the as-synthesized 
PI-COF has a unique 2D flake-like morphology with large 
lateral size of several micrometers, which are rare in 2D COFs. 
In addition, the bright birefringence from polarizing 
microscope also suggests an excellent internal order within 
the PI-COF (Figure 2e). Moreover, the SEM image 
unambiguously reveals that PI-COF features a 2D lamellar 
morphology (Figures 2f and S8), suggesting highly ordered 

 

 

 
Figure 2. (a) PXRD patterns of PI-COF with the experimental profiles in black, difference curve in orange, and calculated profiles of AB 
packing mode in green; (b) The N2 adsorption (filled) and desorption (open) isotherm of PI-COF and PI-COF/S; (c) The pore size 
distribution profiles of PI-COF calculated by nonlocal DFT model, showing a uniform pore size of ~1.3 nm; (d) Top (left) and side (right) 
views of the corresponding refined 2D crystal structure of PI-COF; (e) Optical microscopy image (top), and polarizing microscope image 
(bottom); (f) SEM images of PI-COF flakes, revealing a well-arranged 2D layered structure. 
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Figure 3. (a) SEM image of PI-CONs on Si substrate; (b) The lateral size distribution histogram of PI-CONs, the Gaussian fit curve is colored 
in red; (c) SEM image of PI-CONs on copper grids. Inset is the photograph of PI-CONs dispersion in DMF (~2 mg mL−1); (d) AFM image of 
PI-CONs; (e) The corresponding height curves for the selective areas in (d); (f) Optical microscopy of PI-CONs on SiO2 substrate before 
and after being heated at 500 °C in ambient condition for 1 h; (g) HRTEM image and (h) SAED pattern of PI-CONs; (i) The simulated SAED 
pattern according to the AB stacking mode. 

 

and efficient interlayer stacking within PI-COF similar to 
graphite. These results demonstrate that the pre-organization 
of organic monomer can facilitate the preparation of 2D COFs 
with well-defined 2D lamellar structures.  

Due to the large size and well-defined layered morphology 
of the bulk PI-COF, it was readily exfoliated into ultrathin 2D 
nanosheets, namely PI-CONs, with micrometer-size and large 
quantity (~ 40 mg/batch) through solvent-assisted liquid 
sonication (see Experimental Methods for details), which has 
rarely been achieved in previous 2D COFs (Table S4).10,34-36 
According to the SEM and TEM images, PI-CONs clearly show 
2D nanosheet structures with an average lateral size of 5∼6 
μm (Figures 3a-c). A typical Tyndall effect was observed when 
a red laser went through the solution of PI-CONs in DMF and 
no precipitates were observed within one month (inset in 
Figure 3c), indicating their good dispersity and the formation 
of colloidal structure in DMF. In addition, the atomic force 
microscopy (AFM) reveals that the thickness of PI-CONs is ~ 
1.2 nm (Figures 3d and e), corresponding to ~ 4 layers. To 
further confirm the crystallinity of PI-CONs, PXRD analysis was 
conducted and the PXRD pattern of PI-CONs is identical to 
that of bulk PI-COF (Figure S9). It is worthy to emphasize that 

PI-CONs remain intact even after being heated at 500 °C in 
ambient condition for 1 h, demonstrating the excellent 
thermal stability like bulk PI-COF (Figure 3f). The 
high-resolution transmission electron microscope (HRTEM) 
image demonstrates the hexagonal arrangement and high 
structural ordering of PI-CONs (Figure 3g). More importantly, 
the selected area electron diffraction (SAED) pattern (Figure 
3h) further evidenced the hexagonal lattice in few-layered 
microstructures. Both positions and brightness of these spots 
match well with those in the simulated SAED of the structure 
with AB stacking (Figure 3i). 
Synthesis and characterization of PI-COF/S and PI-CONs/S 
composites. Although it is well-known that chemical 
adsorption or bonding of LiPSs to polar host materials 
through strong interactions between C=O and LIPSs can 
provide a multitude of new strategies to suppress the 
dissolution and diffusion of polysulfides species,37 2D COFs 
with carbonyl groups have not been used yet in the LSBs. 
With high porosity and rich carbonyl groups on the pore 
surface, we envisioned that PI-COF and PI-CONs would be 
promising host materials for improving the LSBs’ performance. 
Therefore, sulfur cathodes based on PI-COF and PI-CONs were 
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constructed and their electrochemical performance were 
tested. The porosity and rich functional groups of PI-COF and 
PI-CONs render them as good host for sulfur, where sulfur 
content in the composites is ranging from 73 wt% to 55 wt% 
through highly efficient melting-diffusion (Figure S10). As 
shown in Figure 4f, the sulfur loading of 70 wt% was 
identified as the optimal condition for achieving high specific 
capacities of LSBs. In addition, as shown in Figure 4a-e, the 
SEM images with elemental mapping verify that elements C, 
N, O, and S are both homogeneously distributed on PI-COF 
and PI-CONs, indicating the formation of a uniform composite 
with S (Figure S11). The XRD patterns of PI-CONs/S show 
featureless and weak bands of PI-CONs and sulfur 
nanoparticles, which clearly demonstrates that sulfur 
nanoparticles are highly dispersed on PI-CONs (Figure S12).27 
In addition, a sharp decrease in the specific surface area 
(from 146 to ~ 0 m2 g−1) and pore volume (from 0.18 to ~ 0 
cm3 g−1) further confirms that sulfur had successfully diffused 
into the pores of PI-COF and PI-CONs and the pores were 
almost completely occupied by sulfur (Figures 2b and S13). 

 
Figure 4. (a) The SEM images of PI-CONs/S. The corresponding 
mapping of element (b) C, (c) N, (d) O, and (e) S; (f) TGA curves of 
PI-CONs, PI-COF, PI-CONs/S, PI-COF/S and S nanoparticles; (g) 
The ultraviolet-visible absorption spectra of pristine Li2S6 solution, 
PI-COF-Li2S6 and PI-CONs-Li2S6 solution. The inset is the digit 
pictures of pristine Li2S6, Li2S6 solution absorbed by PI-COF and 
PI-CONs. 

 
To examine the ability of PI-COF and PI-CONs in anchoring 

LiPSs, we experimentally investigate the interactions between 
them and LiPSs. The yellow Li2S6 solution, representative LiPSs, 
was synthesized according to the reported method.38 As 
shown in Figure 4g, the addition of PI-CONs renders the Li2S6 

solution colorless after 5 h, and UV-vis absorption of this 
mixture reveals that the strong absorbance band of Li2S6 at ~ 
450 and 650 nm disappeared after adding PI-CONs, 
demonstrating strong adsorption capability of PI-CONs. In 
contrast, the mixture of PI-COF and Li2S6 gave a light-yellow 
solution and UV-vis absorption tests also indicate slighter 
absorption than that of PI-CONs. These results suggest that 
PI-CONs exhibit higher adsorption capability for Li2S6 than 

bulk PI-COF, due to the ultrathin sheet-like structures with 
more exposed active sites. Noticeably, as shown in Figure S14, 
the asymmetric and symmetric vibrations of C=O groups of 
PI-COF and PI-CONs are significantly shifted from 1785 and 
1733 cm−1 to 1719 and 1640 cm−1 respectively, after 
absorption of Li2S6. Moreover, the signals of LiPSs can be 
detected in the XPS spectra (Figure S15).39-41 These results 
both validate the strong interaction between LiPSs and 
carbonyl groups. 

 
Figure 5. (a) Charge-discharge curves of PI-COF/S; (b) 
Charge-discharge curves of PI-CONs/S; (c) The rate performance 
of PI-COF/S and PI-CONs/S; (d) The cycling performance of 
PI-COF/S and PI-CONs/S at 0.2 C over 100 cycles; (e) The cycle 
performance of PI-COF/S and PI-CONs/S up to 500 cycles at 1.0 C; 
(f) The Nyquist plots of PI-COF/S and PI-CONs/S; (g) The radar 
chart of various factors for the guidance and evaluation of host 
materials. 

 

Electrochemical performance of PI-COF/S and PI-CONs/S for 
LSBs. We then explored PI-COF and PI-CONs as new sulfur 
host materials for LSBs in combination with metallic Li 
counter electrodes to fabricate a half-cell and evaluate their 
electrochemical performance. The charge-discharge tests 
were firstly conducted at different current densities from 0.1 
C to 4 C (1 C = 1675 mA g−1). As shown in Figures 5a, and b, 
there are two distinct plateaus in the discharge profile and 
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one clear plateau in the charge profile. Taking the 
charge-discharge curves at 0.1 C for example, the higher 
discharge plateau at 2.3 V is assigned to the formation of 
soluble LiPSs (Li2Sn, 4 ≤ n ≤ 8) from solid S8, and the lower 
discharge plateau is attributed to the formation of Li2S or Li2S2, 
while the charge plateau indicates the formation of S8 from 
Li2S or Li2S2. As shown in Figure S16, the cyclic voltammetry 
(CV) measurement of PI-CONs/S cathodes was performed at 
0.1 mV s−1 in a range of 1.7-2.8 V to further value its 
electrochemical performance. At the first cycle, there are two 
pairs of cathodic peaks at 2.3 and 2.0 V and one anodic peak 
at 2.4 V, which are in good agreement with the above 
discharge-charge profiles. The second and third CV curves did 
not show noticeable changes, indicating that PI-CONs/S 
cathodes possess good cycling stability.  

The PI-COF/S shows high initial discharge capacities of 1205, 
1016, 923, 790, 657 and 503 mAh g−1 at 0.1, 0.2, 0.5, 1.0, 2.0 
and 4.0 C, respectively (Figure 5a). Figure 5b demonstrates 
the typical galvanostatic charge-discharge curves of 
PI-CONs/S at different current densities. Interestingly, the 
PI-CONs/S displays notably increased capacities of 1330, 1200, 
1040, 900, 770 and 620 mAh g−1 at 0.1, 0.2, 0.5, 1.0, 2.0 and 
4.0 C, respectively. Meanwhile, the rate capability, evaluating 
by capacity retention from 0.1 C to 4.0 C, enhanced from 41% 
for PI-COF to 45% for PI-CONs (Figure 5c). The improved 
electrochemical performance could be ascribed to the higher 
utilization efficiency of active sites and faster kinetics in the 
few-layer PI-CONs. Remarkably, both the PI-COF/S and 
PI-CONs/S cathodes achieve excellent cycle performance over 
100 cycles at 0.2 C after the rate capability test. PI-CONs/S 
retains 96% of its initial capacity of 1200 mAh g−1 and 
PI-COF/S retains 93% of its initial capacity of 1016 mAh g−1 
(Figure 5d). Moreover, even at a high current density of 1.0 C, 
PI-CONs/S retains 85% of its initial capacity of 900 mAh g−1 
and PI-COF/S retained 84% of its initial capacity of 790 mAh 
g−1 (Figure 5e).  

The transport property of electrons and charges within the 
PI-COF/S and PI-CONs/S cathodes were probed by 
electrochemical impedance spectroscopy (EIS) measurements 
(Figure 5f). In the Nyquist plots, the diameter of semicircle in 
the high-frequency region corresponds to charge transfer 
resistance, which consists of the intrinsic electron resistance 
R1 of electrode and the transfer resistance R2 from the 
electrode to the LiPSs. While the sloping line in the 
low-frequency region is assigned to the rate of 
lithiation/delithiation of LiPSs (R3) and the rate of mass 
diffusion in electrolyte (Warburg impedance).27 To simulate 
the movements of electrons and charges, an equivalent 
circuit is proposed (Figure S17). The fitted values of the 
resistance in the circuits are listed in Table S5. The electrolyte 
resistance Re, R1 and Warburg values of PI-COF and PI-CONs 
are very close because of the similar chemical structures and 
conductivities. Remarkably, both R2 and R3 of PI-CONs are 
much smaller than those of PI-COF, indicating significantly 
easier electron transfer between PI-CONs and LiPSs. It is 
noteworthy that the electrochemical performance of PI-COF 
and PI-CONs are superior to most organic/polymeric and 

many inorganic host materials, and particularly the PI-CONs 
are one of the best organic/polymeric host materials reported 
so far (Figure 5g and Tables S6-7). 

 

Figure 6. DFT simulations of the status of Li2Sn (n=2,4,6) 
molecules on the surface of (a) PI-CONs monolayer; (b) PI-CONs 
without O by replacing oxygen atoms with hydrogen atoms. The 
C, N, O, S, Li atoms are represented by brown, blue, red, yellow 
and cyan, respectively (only part of frameworks has been 
displayed for clarity). 

 

DFT calculation. The superior performance is benefited from 
the strong interactions between LiPSs and carbonyl groups, as 
well as inherently porous structures, which strongly 
suppressing the shuttle effect during charge-discharge 
process. To further understanding the role of carbonyl groups, 
the binding energies (Ebinding) between PI-CONs and Li2Sn were 
calculated by density functional theory (DFT) with the CASTEP 
module embedded in Materials Studio 2018 (See SI for 
details). The absolute value of Ebinding determines the strength 
of the action, and the sign of the value determines whether 
the action is attraction or repulsion. As shown in Figure 6a, 
the binding energies of Li2S2, Li2S4, and Li2S6 molecules on the 
PI-CONs monolayer are simulated to be -0.678, -0.465, and 
-0.342 eV, respectively, suggesting the strong attraction 
between carbonyl groups and lithium of Li2Sn (n = 2, 4, and 6). 
Besides, as shown in Figure 6b, carbonyl-free analogues have 
been molded for comparison (denoted as PI-CONs without O). 
The PI-CONs without O display positive binding energies with 
Li2Sn ranging from 0.306 to 0.497eV, manifesting a repulsion 
between Li2Sn and frameworks. Besides, the distances 
between lithium of Li2Sn and oxygen of PI-CONs (dLi-O) are 
calculated to range from 2.10 to 2.62 Å (Figure 6a), which are 
much smaller than that of PI-CONs without O (dLi-H ranged 
from 2.35 to 3.19 Å). These results unambiguously confirm 
that the carbonyl groups could remarkably enhance the 
affinity with lithium of polysulfides, which is beneficial to 
suppressing the shuttle effect and improving the overall 
performance.  
 

CONCLUSIONS 
In summary, we have demonstrated the efficient and scalable 
synthesis of crystalline 2D PI-COF with a well-defined lamellar 
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structure and robust polyimide linkage. Due to the 2D layered 
structure, PI-COF can be easily exfoliated into ultrathin 2D 
PI-CONs with micrometer-size and large quantity via liquid 
sonication. Benefiting from the highly conjugated porous 
structure and strong interaction between LiPSs and carbonyl 
groups in PI-COF and PI-CONs, they display high capacities, 
excellent rate performance, and superior long-term cycling 
stability, which render them among one of the best 
organic/polymeric sulfur host materials ever reported. The 
DFT calculation further revealed that the carbonyl groups on 
the surface could significantly improve the affinity of PI-CONs 
with polysulfides, resulting in the enhancement of 
electrochemical performance. This study provides a versatile 
route to construct 2D COFs nanosheets and explores the new 
functional groups with great potential in energy-related 
applications and beyond. 

EXPERIMENTAL METHODS 
Synthesis of PI-COF. PI-COF was synthesized in an autoclave. 
In general, PMDA (983 mg, 4.5 mmol) and H2O (162 μL) were 
added into 1-methayl-2-pyrrolidinone (NMP, 20 mL) in an 
autoclave. Then, MA (378 mg, 3 mmol) dispersed in NMP (20 
mL) solution was added dropwise into the above solution 
under stirring within 1h at room temperature. The resulted 
mixture in the autoclave was sealed and heated at 210 °C for 
24 h to afford dark brown solids. The PI-COF was finally 
obtained by washing with NMP, DMF, hot water and ethanol 
several times to thoroughly remove the unreacted monomer. 
The obtained products were dried in a vacuum oven at 100 °C 
for 12 h and used without any further purification for 
characterizations and subsequential experiments.  
Liquid exfoliation of PI-COF to PI-CONs. PI-CONs nanosheets 
were prepared by adding 100 mg bulk PI-COF into 50 mL DMF. 
The sample was soaked and stirred for 3 h, and then 
sonicated for 2 h (200 W). The obtained solution was 
centrifuged at 4000 r/min for 15 min to get the PI-CONs (40 
mg, yield 40%). 
Synthesis of PI-COF/S and PI-CONs/S composites. To load 
sulfur into PI-COF and PI-CONs, sulfur nanoparticles were first 
synthesized by reacting 255 mg Na2S2O3 with 278 μL 
concentrated HCl and 17 mg polyvinylpyrrolidone in 85 mL 
deionized water. Uniform nanoparticles with a diameter of 
400 nm were obtained (Figure S18). PI-COF and PI-CONs and 
sulfur nanoparticles were dispersed separately in 15 mL 
ethanol by sonication before being mixed to obtain a 
homogenous suspension. The suspension was filtered and 
dried at 60 °C. The different mass ratio of PI-COF and PI-CONs 
to sulfur nanoparticles was set to probe the optimal condition 
(1:2, 1:3, 1:4, 1:5). The PI-COF/S or PI-CONs/S composites in 
the vacuum-sealed tube were heated at 155°C for 10 hours 
followed by another 5 hours heating at the same temperature 
under N2 atmosphere for weakly bonded surface-sulfur 
removal. 
Preparation of Li2S6. Li2S6 solution (1 M) was prepared by 
adding an appropriate amount of Li2S and S into 1,3-dioxolane 
(DOL) and 1,2-dimethoxyethane (DME) (1:1 by volume) and 
stirring for 24 h.  

Instrumental Characterizations. The morphology 
characterizations were carried out on TEM (JEM-2100F) and 
FESEM (Zeiss Ultra-55). AFM was conducted on scanning 
probe microscope (Multimode 8). FTIR was recorded on 
Nicolet Avatar 360. The 13C CP/MAS NMR spectra were 
recorded on Bruker 400WB AVANCE III. XPS were conducted 
on a Thermo ESCALAB 250XI system. Raman spectra were 
recorded on XploRA A35. Optical microscopy observations 
were carried out with a Leica DM4000M optical microscope. 
The thermal properties were evaluated using TGA 
(Mettler-Toledo). PXRD patterns were recorded on a Rigaku 
Ultima IV diffractometer using Cu-Kα radiation (λ = 1.5418 Å). 
N2 adsorption-desorption measurements were conducted on 
ASAP 2020 PLUS Analyzer (Micromeritics). BET methods were 
utilized to calculate the specific surface areas, and the pore 
size distribution curves were obtained using NLDFT method. 
Ultraviolet-visible absorption spectra were obtained on 
Lambda 750 UV-visible spectrophotometer.  
Lithium-Sulfur Batteries. To investigate the performance of 
lithium-sulfur batteries, a uniform slurry was prepared by 
mixing PI-COF/S or PI-CONs/S (70 wt%), conductive carbon 
black (20 wt%) and polyvinylidene fluoride (10 wt%) in NMP 
solution. The slurry was spread onto aluminum foils and 
vacuum dried at 55 °C for 12 h. The dried foil sheet was 
directly cut into circular disks as cathodes. LSBs were 
assembled in an argon-filled glove box with metallic lithium as 
counter electrode and Cellard 2400 as separator, respectively. 
1 M LiTFSI in DOL: DME (1:1 by volume ratio) was used as 
electrolyte. The 2016 coin-type cells were used for coin-cell 
batteries. 

The galvanostatic charge-discharge experiments were 
conducted on a battery testing system (LAND, Wuhan China) 
in the voltage window from 1.7 V to 2.8 V at different current 
densities. EIS were tested on CHI 660D electrochemical 
workstation in the frequency range of 100 kHz to 0.01 Hz. CV 
measurements were conducted on CHI 660D electrochemical 
workstation at a scanning rate of 0.1 mV s−1 in the potential 
range of 1.7-2.8 V. Before the electrochemical measurements, 
the electrodes were first completely activated by 
charging/discharging for five cycles. 
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