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Abstract  The severe shuttle effect and sluggish reaction kinetics have hindered the commercial application of 

high-energy lithium-sulfur (Li-S) batteries. In this work, a dual-thiol metal-organic framework (MOF) was in situ 

synthesized on carbon nanotubes, and sulfur was covalently connected to this composite (UiO-66(SH)2@CNT) 

to form a MOF-sulfur copolymer (S-UiO-66(SH)2@CNT). Benefiting from the strong covalent interaction between 

thiol groups and sulfur species, the S-UiO-66(SH)2@CNT cathode can retard the shuttle effect and simultane-

ously strengthen the redox kinetics of polysulfides. As a result, a discharge capacity of 791 mAh g-1 is achieved 

at a current density of 0.2 C, whereas the S/UiO-66@CNT cathode using the blend of UiO-66@CNT and sulfur 

as active materials only shows a specific capacity of 670 mAh g-1. Moreover, the S-UiO-66(SH)2@CNT cathode 

exhibits a higher capacity retention of 93.27 % at 0.5 C during 200 cycles compared with that of the 

S/UiO-66@CNT cathode (64.94 %). This work will provide significant inspiration for the design of advanced 

MOFs and cathodes for excellent Li-S batteries. 
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Introduction 

High energy battery is more and more demanded with the 

rapid development of portable electronic devices and new 

energy vehicles over the past few decades. Lithium-sulfur 

batteries as one of the most promising next-generation battery 

technologies, have received increasing attention owing to their 

high gravimetric energy density and discharge capacity.[1-5] 

However, the practical application of Li-S batteries is impeded 

by various issues including the poor conductivity of sulfur and 

lithium sulfide, massive volume expansion of sulfur upon 

lithiation, severe shuttle effect of polysulfide intermediates, and 

the sluggish reaction kinetics.[6-11]Specifically, the shuttle effect 

resulted from polysulfide dissolution/diffusion, and the sluggish 

conversion process between different polysulfide species dur-

ing charging and discharging results in low sulfur utilization and 

poor cycling stability.[12-16] 

Tremendous efforts have been made to solve these prob-

lems and a common strategy is to use porous materials as 

hosts to confine sulfur in the cathode. So far, a variety of porous 

carbon-based hosts have been developed to physically en-

capsulate sulfur and improve the conductivity of active spe-

cies.[17-20] However, the weak van der Waals interaction be-

tween carbon and polysulfides limits their application. To en-

hance the interaction between sulfur and host, covalently in-

troducing sulfur in the host to form a copolymer has been de-

veloped. When heated at an appropriate temperature 

(159-245 °C), the circle sulfur (S8) molecules could transform to 

linear sulfur chains via a ring-opening reaction. After copoly-

merizing with hosts, the sulfur-host copolymer can be obtained. 

For instance, Yan et al. reported a sulfur cathode by the cova-

lent attachment of sulfur to the thiol-functionalized graphene.[21] 

Similarly, Gao et al. used the thiol-modified carbon nanotubes 

(CNT) as the host to covalently bind sulfur and confirmed that 

the prepared copolymer can suppress the shuttle effect by 

covalent interaction between thiol groups and sulfur and soluble 

polysulfides.[22] However, the limited number of functional 

groups grafted on the carbon matrix leads to ineffective inhibi-

tion of the polysulfide shuttling. 

Metal-organic frameworks (MOFs), which are characterized 

by adjustable functional organic ligands, large specific surface 

area and regular pore structure, providing opportunities to con-

struct advanced cathode for Li-S batteries. [23-28] For example, 

Zhang et al. prepared a thiol-modified MOF by post-synthesis 

grafting thiol groups onto UiO-66-NH2 and verify the covalent 

connection between thiol-modified MOF and sulfur by system-

atic characterization.[29] Nevertheless, each linker in this thi-

ol-modified MOF bears only one thiol group and the potential of 

functional linker has not been fully tapped. Moreover, the syn-

thesis of the thiol-modified MOF involves a complicated graft 

process to obtain desired functional groups and the reaction 

kinetics of Li-S cells with thiol MOF-sulfur copolymer is still 

unexplored. 

In this work, we synthesized a dual-thiol MOF-decorated 

CNT (UiO-66(SH)2@CNT) via a simple one-step solvothermal 

process and used it to covalently bind with sulfur to form 

MOF-sulfur copolymer (S-UiO-66(SH)2@CNT). As illustrated in 

Figure 1, the S-UiO-66(SH)2@CNT can efficiently restrain the 

shuttle of polysulfides by covalent connecting thiol-rich 

UiO-66(SH)2 to sulfur species. In addition, CNTs was intro-

duced to enhance the conductivity of MOF and the resultant 

S-UiO-66(SH)2@CNT can accelerate the redox kinetics of pol-

ysulfides. Compared with the Li-S cell using the blend of 

UiO-66@CNT and sulfur as the cathode (S/UiO-66@CNT), the 

S-UiO-66(SH)2@CNT based cell exhibited better electrochem-

ical performance such as higher discharge capacity and better 

cycling stability. 

 

Figure 1. Synthesis route for S-UiO-66(SH)2@CNT. 
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Experimental 

UiO-66(SH)2@CNT was prepared via a one-step 

hydrothermal approach. Briefly, 2,5-dimercaptoterephthalic acid 

(H2DMBD, 38 mg), ZrCl4 (38 mg), acetic acid (1.5 mL), dime-

thylformamide (DMF, 6.4 mL), and carboxylated CNT (32 mg) 

were mixed in a Teflon-lined stainless steel autoclave. Then, 

heat treatment was carried out at 120 °C for 24 hours. Finally, 

the black UiO-66(SH)2@CNT was obtained after the washing 

and drying process. For comparison, UiO-66@CNT was fabri-

cated by a similar method applying 1,4-benzenedicarboxylic 

acid (BDC) in place of H2DMBD. 

The S-UiO-66(SH)2@CNT cathode was prepared by the 

previously reported method. Sulfur and UiO-66(SH)2@CNT 

were mixed at a mass ratio of 6:4, and the mixture was heated 

at 185 °C for 1 day to obtain S-UiO-66(SH)2@CNT. 

S/UiO-66@CNT was prepared by heating the corresponding 

composite at 155 °C for 24 hours. Then, the sulfur cathode was 

fabricated by pasting the slurry comprising 80 wt% active ma-

terials, 10 wt% carbon black, and 10 wt% binder onto the alu-

minum foil. A lithium tablet was used as the anode and the 

common ether-based electrolyte was used as received. The 

sulfur loading was controlled to be about 1 mg cm-2.  

X-ray diffraction (XRD) pattern was collected with an X-ray 

powder diffractometer (Rigaku SmartLab). Fourier transform 

infrared (FT-IR) spectrometry was performed using a spec-

trometer (Nicolet iS50R). The morphologies of two composites 

were examined by scanning electron microscopy (SEM, Hitachi 

4300N). Thermogravimetric analysis (TGA) was performed with 

a thermos gravimetric analyzer (STA449F5). The cycling 

measurement was carried out on a battery tester (Neware 

BTS-CT-3008-TC). Electrochemical impedance spectroscopy 

(EIS) test was performed on a workstation (Donghua DH7003).  

Results and Discussion 

XRD measurements were first applied to evaluate the 

crystallization of the samples. As displayed in Figure 2, the 

XRD patterns of UiO-66(SH)2@CNT and UiO-66@CNT display 

two peaks at 7.4°and 8.5°, which ascribe to the (110) and 

(200) planes of UiO-66.[30] Also, the patterns of both samples 

have similar peaks as simulated UiO-66 and show a CNT peak 

at 26.2°, confirming the incorporation of additional CNT does 

not disturb the crystal structure of pristine MOFs. TGA was 

applied to analyze the thermal degradation process of 

UiO-66@CNT and UiO-66(SH)2@CNT. Specifically, two sam-

ples were heated at a heating rate of 10 °C min-1 until 800 °C, 

and nitrogen was used as the purge gas atmosphere. As seen 

in Figure 3, UiO-66@CNT has an excellent thermal stability up 

to 450 °C and UiO-66(SH)2@CNT remains stable above 

210 °C. 

 

Figure 2. XRD patterns of UiO-66(SH)2@CNT, UiO-66@CNT, 

simulated UiO-66 and CNT. 

 

Figure 3. TGA curves of UiO-66@CNT and UiO-66(SH)2@CNT. 

 

FT-IR technique was further used to validate the chemical 

composition of UiO-66@CNT and UiO-66(SH)2@CNT. As 

shown in Figure 4, two characteristic peaks at about 1653 and 

1585 cm-1 confirm the interaction between the Zr node and the 

carboxyl in two UiO-66-type MOFs.[31] Besides, compared with 

the spectrum of UiO-66@CNT, a new characteristic peak of the 

thiol groups (-SH) can be seen in the spectrum of 

UiO-66(SH)2@CNT.[32] Subsequently, S-UiO-66(SH)2@CNT 

was prepared by covalent connection between sulfur powder 

and UiO-66(SH)2@CNT. When the mixture of sulfur and 

UiO-66(SH)2@CNT was heated at 185 °C, the circular S8 could 

cleave into linear sulfur species with radical chain end and 

covalently connect with UiO-66(SH)2 to form a MOF-sulfur 

copolymer. In the FT-IR spectrum of S-UiO-66(SH)2@CNT, the 

absorption peak of -SH almost disappeared. Moreover, the 

absorption peak at 660 cm-1 in UiO-66(SH)2@CNT blue-shifts 

to 680 cm-1 in S-UiO-66(SH)2@CNT, which can be attributed to 

the formation of C-S bonds according to the previously 

studies.[33] These results verify that ring-opened linear sulfur 

species is successfully grafted onto the thiol groups in 

UiO-66(SH)2@CNT. 

 

Figure 4. FT-IR spectra of UiO-66@CNT, UiO-66(SH)2@CNT 

and S-UiO-66(SH)2@CNT. 

 

The morphologies of the prepared UiO-66@CNT and 

UiO-66(SH)2@CNT were examined by SEM. Because of 

abundant nucleation sites on the surface of carboxylated CNT, 

UiO-66 and UiO-66(SH)2 will grow and aggregate out the CNT 

surface. The loose chained and threaded structure of 
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UiO-66@CNT and UiO-66(SH)2@CNT is shown in Figure 5. It 

can be seen that the diameters of UiO-66 and UiO-66(SH)2 

nanoparticles are about 46 and 26 nm, and these MOF nano-

particles are strung into a network by CNT. Notably, this 

network structure not only improves the electrical conductivity 

of UiO-66 and UiO-66(SH)2 but also avoids the aggregation of 

MOF nanoparticles, which is expected to be effective for 

providing more sites for tethering linear sulfur species. 

 

Figure 5. SEM images of (a, b) UiO-66@CNT and (c, d) 

UiO-66(SH)2@CNT.  

 

To evaluate the advantages of UiO-66(SH)2@CNT, CR2025 

coin-type Li-S cells with S-UiO-66(SH)2@CNT cathode were 

assembled. For comparison, the S/UiO-66@CNT cathode was 

also prepared by the traditional melt-diffusion method. Firstly, 

the cyclic stability of Li-S cells with S/UiO-66@CNT and 

S-UiO-66(SH)2@CNT cathodes were tested within a cutoff 

voltage window of 1.7–2.8 V. After one cycle activation at 0.2 C, 

the Li-S cells with two cathodes were cycled at 0.5 C. As shown 

in Figure 6, the S/UiO-66@CNT cathode exhibits a discharge 

capacity of 670 mAh g-1 at 0.2 C, while the 

S-UiO-66(SH)2@CNT cathode yields a higher capacity of 791 

mAh g-1 at the same current density, indicating that the sulfur 

species are well confined within the S-UiO-66(SH)2@CNT 

cathode and the utilization of sulfur is greatly increased, which 

is enabled by rich thiol groups by trapping sulfur and polysul-

fides. The initial discharge capacity of the Li-S cells with 

S-UiO-66(SH)2@CNT cathode was 568 mAh g-1 at 0.5 C and 

the capacity was increased to 684 mAh g-1 after a slow activa-

tion process. The reversible capacity reached 638 mAh g-1 with 

a coulombic efficiency of 96.22 % at the end of 200 cycles, 

corresponding to a high capacity retention of 93.27 % based on 

the highest discharge capacity. In comparison, the initial dis-

charge capacity of the Li-S cells with S/UiO-66@CNT cathode 

was 539 mAh g-1 at 0.5 C and the capacity was gradually de-

creased to 350 mAh g-1 with a coulombic efficiency of 95.53 % 

at the end of 200 cycles, corresponding to a capacity retention 

of 64.94 %. These results demonstrate that the 

S-UiO-66(SH)2@CNT cathode possesses a superior cycling 

performance including higher capacity retention and coulombic 

efficiency, benefiting from the stable covalent interaction be-

tween sulfur species and thiol groups in UiO-66(SH)2. 

 

Figure 6. Cyclic stability of Li-S cells with S/UiO-66@CNT and 

S-UiO-66(SH)2@CNT cathodes at 0.5 C. 

 

Moreover, the galvanostatic charge-discharge 

performances of Li-S cells with S/UiO-66@CNT and 

S-UiO-66(SH)2@CNT cathodes at the end of 200 cycles were 

investigated. As presented in Figure 7, both cathodes show two 

representative discharge plateaus. The short plateau at the 

high potential (~2.30 V) corresponds to the reduction of sulfur 

(S8) to long-chain polysulfides (Li2Sn, 3 < n ≤ 8) and the long 

plateau at the low potential (~2.05 V) suggests the further re-

duction of soluble polysulfides to solid Li2S2 or Li2S.[34-35] The 

charge plateau represents the reverse oxidation of Li2S2 or Li2S 

to S8. In addition, the high-voltage (CH) and low-voltage (CL) 

plateau capacities are extracted from the discharge curves. The 

S-UiO-66(SH)2@CNT cathode displays high CH (264 mAh g-1) 

and CL (374 mAh g-1). The lower CH of 140 mAh g-1 and CL of 

210 mAh g-1 are obtained for the S/UiO-66@CNT cathode. In 

addition, the S-UiO-66(SH)2@CNT cathode exhibits a voltage 

hysteresis of 268.5 mV, which is much smaller than that of the 

S/UiO-66@CNT cathode (285.8 mV), indicating the accelerated 

redox kinetics and the strong interaction between thiol groups 

and sulfur species. In addition, EIS measurement was applied 

to study the difference in charge transfer. As displayed in Figure 

8, the Nyquist plots of two cathodes consist of a semicircle and 

an inclined line, which represent the charge transfer resistance 

(Rct) and diffusion impedance of lithium ions, respectively.[36] 

The S-UiO-66(SH)2@CNT cathode yields a lower Rct (59 Ω) 

than S/UiO-66@CNT (167 Ω), demonstrating the enhanced 

charge transferability and accelerated redox kinetics in Li-S 

with S-UiO-66(SH)2@CNT. 

 
Figure 7. Charge-discharge profiles of S/UiO-66@CNT and 

S-UiO-66(SH)2@CNT cathodes after 200 cycles at 0.5 C. 
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Figure 8. EIS curves of S/UiO-66@CNT and 

S-UiO-66(SH)2@CNT cathodes. 

 

Conclusions 

In summary, a thiol-rich MOF-modified 

CNT(UiO-66(SH)2@CNT) is synthesized by in situ growth 

method and used to covalently bind with sulfur to form 

MOF-sulfur copolymer (S-UiO-66(SH)2@CNT). Benefiting from 

the covalent connection between sulfur and UiO-66(SH)2@CNT, 

S-UiO-66(SH)2@CNT could inhibit the shuttle effect and sim-

ultaneously promote the conversion kinetics of polysulfides. 

Consequently, the resultant S-UiO-66(SH)2@CNT cathode 

exhibits a higher discharge capacity of 791 mAh g-1 at 0.2 C 

and a higher capacity retention of 93.27 % at 0.5 C during 200 

cycles compared with that of the S/UiO-66@CNT cathode. The 

present work may inspire the design of advanced MOFs and 

cathodes for high performance Li-S batteries. 
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