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Lithium sulfur batteries have high theoretical specific capacity and good application prospects. In this
paper, large surface area mesoporous chromium MIL-101 (Cr) metal organic framework has been
prepared by hydrothermal method and composite with carbon nanotubes (CNTSs) as the houst of sulfur.
The composite electrode material of MIL-101@CNT/S shows the excellent electrochemical
performance. Especially the MIL-101@5%CNT/S composite electrode material, when the current
density at 0.1C, it has a high initial discharge capacity of 1236.7 mA h g, and its specific capacity
retention rate reaches 53.4% after 200 cycles. What’s more, thanks to the addition of CNTs, the results
have better high multiplier performance than MIL-101 (Cr)/S, and the capacity contributed by the
second platform has been improved.
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1. INTRODUCTION

Traditional transition metal oxide lithium ion batteries can’t meet the high energy density
requirements for electrical appliances. Therefore, it is urgent to develop batteries with high energy
density and safety[1]. Lithium sulfur batteries have attracted extensive attention due to their high
theoretical specific capacity (1675mA-h/g) and high theoretical energy density (2600W-h/kg)[2].
Besides, sulfur is not only a suitable cathode material, but also has the advantages of natural
abundance and environmentally friendly[2-4]. However, there are still many limitations in the
practical application of lithium-sulfur batteries. (1) The generation of high solubility polysulfide causes
serious shuttle effect between cathode and metal lithium anode, resulting in low coulomb efficiency
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and capacity attenuation[2,5]. (2) As sulfur and reduction products are insulators at room temperature,
the utilization rate of sulfur is reduced and the actual capacity is low[2,6]. (3) The volume expansion of
sulfur cathode is obvious during charging and discharging, which leads to insufficient cycle life. (4)
The final products of sulfur electrochemical reduction (Li.S and Li»S2) are insoluble insulating
substances, which tend to block the electron and ion transport channels of sulfur anode.

The main problems to be solved urgently for lithium sulfur battery are the poor conductivity of
anode material and the dissolution and diffusion of polysulfide. In order to overcome these problems,
researchers take many useful measures to design and modification the host of sulfur for Li-S batteries,
such as porous cathode[7-9], porous carbon[10-13], conductive polymer [14,15], metal organic
framework (MOFs)[16-18] and other types of porous materials.

Carbon materials in composite electrode materials have two main functions: one is to provide
electrical conductivity for the sulfur, and the other is to provide pore structure for the loaded sulfur.
Porous carbon delamination improves the conductivity of electrode materials and adsorbs soluble
polysulfide ions. However, soluble substances can still flow out of carbon pores, affecting recovery
performance.The traditional carbon matrix material system has few kinds and single structure, which
can not meet the special design and improvement needs of sulfide composite materials[19].

Metal organic frameworks (MOFs), a new kind of porous framework, is a type of crystalline
porous material prepared by coordination of metal ions and organic binder. And MOFs have good pore
characteristics, large surface area, relatively stable chemical properties and controllable metal-organic
frame structure[16,20]. What’s more, the formation of the surface of the composite materials of
channel abundant functional groups can load more active substance sulfur adsorption by key materials,
helping to suppress elemental sulfur and sulfur compounds are dissolved in the electrolyte, which is
beneficial to fully improve lithium sulfur batteries cycle performance and maintain the higher the
positive materials of the active material utilization.Man Gao et al. [21] phosphorylated the precursors
of Prussian blue@graphene oxide and prepared the FeP composite material with double carbon coating
in situ. When the product is used as the positive electrode material of lithium-ion batteries, the specific
capacity is maintained at about 830 mAh g after 100 cycles at the current of 100 mA g2, while at 5A
g ! current, 359 mAh g can be obtained.

Although MOF has these advantages, the electronic conductivity of MOF is poor [19], which
limits its electrochemical performance. For example, an electrochemically active MOF (MOF-5) has
an electrical conductivity of 1.0x10 ~* S/cm [22] at normal temperature and another MOF (Cu[Ni
(pdt)z]) at normal temperature. The conductivity is only 1.0x 10® S/cm [23]. In order to solve the
problem of poor conductivity of MOF, it is fully utilized in the cathode material of lithium-sulfur
battery. Some researchers have used MOF material as precursor, and realized the application of MOF
in lithium-sulfur battery by high-temperature carbonization. For the first time, Xi et al. [24] prepared
mesoporous carbon material sulfur composites by carbonizing four mesoporous metal organic
framework materials. During the process of carbonization from mesoporous MOF to mesoporous
carbon, the porous structure of the material is well retained, and the rich pore volume and pore size
distribution after carbonization effectively increase the sulfur loading and cycle performance of the
material. In the process of carbonization, the porous material is transformed from a poorly conducting
mesoporous to a mesoporous carbon with good conductivity. Although the conductivity of the
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composite material is improved to a certain extent, the overall conductivity of the material is still not
excellent. After the cycle 40 times, the capacity was only maintained at 592 mA h g? the capacity
retention ratio was low, and the electrochemical property of the composite was not fully exerted. Liu et
al. [25] selected a metal-organic framework—ZIF-8, which is mainly composed of micropores, as a
carbonization template and skeleton, and injected sulfur into the porous skeleton to obtain an S/IMPCP
composite. At a ampere density of 100 mA g, the first discharge specific capacity was 920 mA h g%,
and the capacity after this cycle was 490 mA h g, showing a high capacity retention ratio and good
cycle performance. However, compared to the existing specific capacity of the sulfur-carbon
composite, the specific capacity level is still low.

In order to ensure the excellent electron conduction and ion migration with the charge and
discharge, we added different proportions of CNTs in the MOF (MIL-101(Cr)) to increase its
conductivity. MIL-101 (Cr)/CNT/S composite anode material has been successfully prepared, and the
weight ratio of CNTs was 2%, 5% and 7%. In addition, the effect of CNTs content on the
electrochemical property of sulfur electrode materials and the application of MII-101(Cr) in lithium-
sulfur batteries were studied.

2. EXPERIMENTAL

2.1. Preparation of the modified Chromium-Metal-Organic Frameworks (MIL-101(Cr)/CNT)

MIL-101 (Cr)/CNT was prepared by a simple hydrothermal reaction method. Typically, take
0.996 g terephthalic acid and 2.4 g Cr (NO3)39H20, and some carbon nanotubes, the weight of carbon
nanotubes is2 %,5%,7% of the pure MIL-101 (Cr) , fully ground into 30mL deionized water and stir
for 30 minutes. Then, add 0.1 ml of hydrofluoric acid into the mixed solution and transferred it to 60
ml Teflon lined stainless steel bomb and 8 hours of 220°C. In order to thoroughly remove unreacted
terephthalic acid cavities of MIL-101 (Cr), filter residue was transferred to a 60 ml Teflon lined
stainless steel bomb and 8 hours of 120°C. After cooling, the crystallized green powder was forward
purified by alternating washing with deionized water, DMF and ethanol. Finally, MIL-101 (Cr)/CNT is
collected through centrifugal 60°C and vacuum drying 12 hours under at 60°C.

2.2. Preparation of the MIL-101(Cr)/CNT/S cathode.

The MIL-101(Cr)/CNT/S composites were obtained by the traditional melt diffusion technique.
Typically, the prepared MIL-101(Cr)/CNT and sublimed sulfur were ground together for 20 minutes at
a mass proportion of 3:7 and put into 50-mL Teflon-lined stainless-steel bomb keeping at the
temperature of 155°C for 20 hours. Finally, the MIL-101(Cr)/CNT/S composites were prepared.

To prepare the electrode, the MIL-101(Cr)/CNT/S composite, super P, and polyvinylidene
fluoride (PVDF) at the weight ratio of 7:2:1 mixed together and stirred for 20 hours in a phial with N-
methyl-2-pyrrolidone (NMP) being the solvent. Then, the mixed slurry was evenly coated on the Al
foil and dried at 55°C for 12 hours in vacuum obtaining the cathode film. The prepared cathode film
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was punched into 9-mm diameter discs. The load of the active material was approximately 1-2 mg cm-
2 on every cathode plate[1].

2.3 Materials characterization

The phase of all samples were analysed by X-ray diffraction (XRD) using a Bruker D8
Advance diffractometer with Cu Ko radiation from 5° to 80° (Rigaku Corporation Tokyo, Japan). The
surface images of the MIL-101(Cr) and MIL-101(Cr)/S cathode were acquired by using scanning
electron microscopy (SEM; JSM-6700F, JEOL, Tokyo, Japan) at 20 kV.

2.4 Electrochemical characterization

The electrochemical performances of the MIL-101(Cr)/S, MIL-101@2%CNT/S, MIL-
101@5%CNT/S and MIL-101@7%CNT/S composites were tested through the assembly of CR2025
coin cells. The Celgard 2400 and 15.8 mm lithium foil serve as the separator and counter electrodes,
respectively. The electrolyte was composed of 1M lithium hexafluorophosphate (LiTFSI) 1, 3-
dioxolane (DOL) and DME (1:1 by volume) with 2 wt% LiNOs being the additive. 20 pL of
electrolytes per gram of sulfur were added to each cell. The charge-discharge performances were tested
by LAND-CT2001A battery test instruments within the voltage range of 1.7 to 2.8 \VV (vs. Li/Li*) at
different current rates (1C = 1672 mA g %).

3. RESULTS AND DISCUSSION

3.1 Materials characterization

According to Figure 1, MIL-101 has two obvious diffraction peaks around 5° to 10°, which is
consistent with the results of Xueyi He, Eman Elsayed, Binggiong Tan et al[13,26-28], indicating that
MIL-101 has been successfully prepared. With the rise of the addition of CNT, the two diffraction
peaks were significantly weakened, which indicates that the addition of CNT reduced the crystallinity
of MIL-101. In addition, it can be seen from the diffraction pattern of mil-101 @7%CNT/S that there
is an additional diffraction peak of C at the position of 26°, indicating that the amount of CNT added at
this time is too large, so that CNT cannot be evenly distributed in the gaps and channels of MIL-101
(Cn).
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Figure 1. X-ray diffraction patterns of MIL-101/S, MIL-101@2%CNT/S, MIL-101@5%CNT/S and
MIL-101@7%CNT/S composite

Figure 2 is the SEM image of MIL-101 (Cr) and MIL-101@5%CNT/S. It can be seen from
Figure 2(a) that MIL-101 (Cr) is composed of particles with a size of about 200nm, with certain
agglomeration phenomenon and enough holes after agglomeration. Figure 2(b) and Figure 2(c) are
SEM images of MIL-101@5%CNT/S. As shown in Figure 2(c), CNTs are completely distributed in
the surface of MIL-101 (Cr). After the addition of CNTs, the agglomerates of MIL-101 (Cr) have
weakened to some extent.

Figure 2. (a) SEM images of MIL-101(Cr); (b), (c) SEM images of MIL-101@5%CNT/S; (d) SEM
images of MIL-101@7%CNT/S.
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Figure 3. (a) , (b) EDS layered image, electronic image of MIL-101@5%CNT/S; (c), (d), (e),(f) EDS
mappings showing the distribution of O, S,Cr,C and O;

It is shown in Figure 3(f) that the C element is highly evenly distributed in the MIL-101@5%
CNT/S powder, which again demonstrates that the carbon nanotubes are evenly distributed in the voids
and pores of the MIL-101. However, as can be seen from Figure 2(d), when too many carbon
nanotubes are added, agglomeration of carbon nanotubes occurs.

3.2 Electrochemical performance

Figure 4(a) is the Initial discharge-charge currents of MIL-101/S, MIL-101@2%CNT/S, MIL-
101@5%CNT/S and MIL-101@7%CNT/S cathodes at a ampere density of 0.1C. Figure 4(b) is the
Rate performance of MIL-101 /S, MIL-101@2%CNT/S, MIL-101@5%CNT/S and MIL-
101@7%CNT/S cathodes at various current densities. According to Figure 4(a), with the current
density being 0.1C, the discharge specific capacity of MIL-101/S, MIL-101@2%CNT/S, MIL-101
@5%CNT/S, MIL-101 @7%CNT/S positive electrode first turn is 1165.5 mA h g, 1073.2 mA h g7,
1236.7mA h g?, and 908.6mA h g, respectively. Therefore, the first discharge of MIL-
101@5%CNT/S was significantly better than that of MIL-101@2%CNT/S and MIL-101@7%CNT/S.
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Figure 4. (a) Initial discharge-charge currents of MIL-101 /S, MIL-101@2%CNT/S,
MIL101@5%CNT/S and MIL-101@7%CNT/S cathodes at a current density of 0.1C; (b) Rate
performance of MIL-101 /S, MIL-101@2%CNT/S, MIL-101@5%CNT/S and MIL-
101@7%CNTY/S cathodes at various current densities

As can be seen from Figure 4(a), the charge-discharge curve consists of two voltage platforms.

The first voltage platform corresponds to Sg to open the chain reaction, and generates high-priced
polysultin Li>Sn (4<n<8), and the second voltage platform reacts to the reduction reaction of high-

priced polysultin Li>Sy to generate a low-priced polysulfide Li>Sy (2<n=<4)[29,30]. During charging,
due to the low conductivity of the discharge product Li2S; or Li»S and it covers on the anode surface,
its initial charging voltage needs to overcome a certain potential barrier, in order for Li>S> or Li2S to be
oxidized into high-priced polysulites or monosulfur, which is a barb shape shown in the curve[31]. Itis
also shown in Figure 4(a) that MIL-101/S, the first platform of MIL-101/S anode contributes a high
capacity of nearly 400 mA h g, which also shows that MIL-101 has a good adsorption effect on
polysulfide [16]. However, due to MIL-101's poor electrical conductivity, its second platform
contributes less than 700 mA h g. At the same time, it can be observed that too much or too little
addition of CNTSs is not conducive to improving the conductivity of MIL-101. When the addition of
CNTs is 5%, the conductivity of MIL-101 can be improved. At this time, the contribution capacity of
the second platform is about 950 mA h g, 250 mA h g* higher than that of the second platform of
MIL-101/S. This indicates that the addition of appropriate amount of CNTs improves the conductivity
of MIL-101 and enhances the electrochemical kinetics of the transformation from Li>Ss to Li.S. In
addition, with the content of CNTSs increasing from 2% to 5% to 7%, the discharge platform first
increased and then decreased, and the charging platform decreased firstly and then increased, which
indicated that with the increase of CNTSs, the polarization of the battery would first decrease and then
increase, and the overpotential would decrease and then increase. This may be due to the relatively
limited pore volume and specific surface area of the material itself, which cannot realize the high
loading of active substances[9].

The results of Figure 4(b) show that the discharge specific capacity of MIL-101 @5%CNT/S is
higher than that of MIL-101 @2%CNT/S and MIL-101 @7%CNT/S, no matter how large the
multiplier is. At low multiplier, MIL-101/S has good multiplier performance from 0.1C to 0.5C, but at
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high multiplier, its capacity declines rapidly. The reason is that at high multiplier, the rate of gaining
and losing electrons in the outside world is much higher than the rate of electrons supplied by internal
electrochemical reactions, leading to rapid polarization inside the battery and reduced discharge
capacity .With the addition of CNTs, multiplier performance was improved. The performance of CNTs
at 5% is optimal at both low and high multiples. For MIL-101 @ 5% CNT/S positive, the current
density of 0.1C, top 10 circle show nearly 1230 mA h g* discharge specific capacity, and then after 20
cycle, current density of 0.5C gained about 920 mA h g discharge specific capacity, to 1C, which
further increases the current density in 40 circle about 390 mA h g keep discharge specific capacity,
increase, the current density to 3C in 60 cycle to keep about 280 mA g h, showing good cycle
performance keep rate and cycle stability. If the ampere density returns to 0.1C, the discharge specific
capacity can be restored to about 1120 mA h g, reaching over 90% of the initial level, showing a
small capacity attenuation.

The reason for this may be the following: the addition of CNTSs, on the one hand, enhances the
electrical conductivity of the composite, which results in higher capacity retention and good cycle
performance, and on the other hand, with the addition of CNTs, the metal component content
decreases as the crystal density of MIL-101 decreases[16], resulting in a lower volume capacity
density. Moreover, when too much CNTs are added, agglomeration occurs, so that the CNTs are not
uniformly distributed, so that the performance of the composite material is more prone to CNTSs.
Therefore, when the addition of CNTSs is too much or too little, the performance will be poor.
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Figure 5. Cycling stability of the MIL-101 /S, MIL-101@2%CNT/S, MIL-101@5%CNT/S and MIL-
101@7%CNT/S cathodes at a ampere density of 0.1C for 200 cycles

According to Figure 5, the coulombic efficiency is above 95%. When the number of cycles is
greater than 75, the discharge specific capacity of MIL-101 @5%CNT/S is higher than MIL-101 /S,
and when the number of cycles is more than 175, the discharge specific capacity of MIL-101
@2%CNT/S is higher than MIL-101 /S. When the number of cycles reached 200, the discharge
specific capacity of MIL-101 /S, MIL-101@5% CNT/S, andMIL-101@2% CNT/S remained around
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630 mAh g, 660 mA h g?, and 730 mA h g, respectively. Therefore, the addition of 5% CNTSs in
MIL-101 (Cr)/S can enhance the utilization rate of active substances and show good cycling
performance. The deficiency is that after adding the CNTs to MIL-101 (Cr)/S, the cyclic stability of
the anode material decreases, which may be caused by insufficient grinding.

The following table is the performance comparison of MIL-101@5%CNT and other materials
in lithium sulfur battery.

Table 1. Performance comparison of MIL101@5%CNT and other materials in lithium sulfur batteries

serial . initial discharge . cycle- capacl'ty
number anode material capacity/current density lndex/cuTr— retent'lo—
ent density  n ratio

1 MIL-101@5%CNT(this work) 1236.7mAh g'/0.1C  200/0.1C  53.4%

2 polypyrrole coated hollow MOF[32] 10925 mAhg!'/0.1C  200/0.1C  32.4%

3 ionic-electronic conducting polymer[15] 1108 mA h g'/0.1C 200/0.1C 64%

4 hierarchical porous nitrogen-doped carbon[33] 1355 mAh g'/0.1C 300/0.2C  38.4%

5 heteroatom-doped porous carbon[34] 1185 mA h g'/0.05C 300/0.2C  41.3%

6 N and O dual-doped porous carbon[35] 1338 mA h g'1/0.1C 200/0.1C  77.4%

By comparing the two materials with NO. 1 and NO. 2 in the table, it can be seen that the
addition of appropriate amount of CNT does improve the electrical properties of the organic metal
skeleton, both in terms of initial discharge capacity and cyclic characteristics, and the cycling
performance was improved by 64.8%, which proves our conjecture[32]. However, we can know that
MIL-101@5%CNT still has some shortcomings in its cycling performance comparing with porous
carbon materials[33—-35]. And compared with the ionic-electronic conducting polymer, the initial
discharge capacity of MIL-101@5%CNT was improved, but the circulating property was
decreased[15].

4. CONCLUSION

In conclusion, MIL-101 (Cr)/CNT/S composite anode material has been successfully prepared,
and suitable CNTs were added to MIL-101(Cr) to improve the conductivity of MIL-101(Cr). When the
adding amount of CNTs is 5%, the composite material has the best performance. It shows a good
multiplier performance, and the capacity contributed by the second platform has been greatly
improved.

However, it also has some deficiencies: with the addition of CNTSs, the crystallization of MIL-
101(Cr) is reduced to some extent, and the cycle stability of charge and discharge is also decreased.
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