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ABSTRACT 

Coordination Polymer Modified Separator for Mitigating Polysulfide Shuttle 

Effect in Lithium-Sulfur Batteries 

Yi Wan 

The development of the new cathode and anode materials of Lithium-Ion Batteries 

(LIBs) with high energy density and outstanding electrochemical performance is of 

substantial technological importance due to the ever-increasing demand for economic 

and efficient energy storage system. Because of the abundance of element sulfur and 

high theoretical energy density, Lithium-Sulfur (Li-S) batteries have become one of the 

most promising candidates for the next-generation energy storage system. However, 

the shuttling effect of electrolyte-soluble polysulfides severely impedes the cell 

performance and commercialization of Li-S batteries, and significant progress have been 

made to mitigate this shuttle effect in the past two decades. Coordination polymers 

(CPs) or Metal-organic Frameworks (MOFs) have been attracted much attention by 

virtue of their controllable porosity, nanometer cavity sizes and high surface areas, 

which supposed to be an available material in suppressing polysulfide migration. In this 

thesis, we investigate different mechanisms of mitigating polysulfide diffusion by 

applying a layer of MOFs (including Y-FTZB, ZIF-7, ZIF-8, and HKUST-1) on a separator. 

We also fabricate a new free-standing 2D coordination polymer 

Zn2(Benzimidazolate)2(OH)2 with rich hydroxyl (OH-) groups by using a simple, scalable 

and low cost method at air/water surface. Our results suggest that the chemical 

stability, the cluster morphology and the surface function groups of MOFs shows a 
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greater impact on minimizing the shuttling effect in Li-S batteries, other than the 

internal cavity size in MOFs. Meanwhile, the new design of 2D coordination polymer 

efficiently mitigate the shuttling effect in Li-S battery resulting in a largely promotion of 

the battery capacity to 1407 mAh g-1 at 0.1 C and excellent cycling performance 

(capacity retention of 98% after 200 cycles at 0.25C). Such excellent cell performance is 

mainly owing to the fancying physical and chemical structure controllability of MOFs or 

CPs, which has substantial potential for future commercial utilizations. 
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Chapter 1 Introduction 

1.1 Background 

            As the development of science and technology, energy plays a more and more 

important role in people’s production and livelihood. However, the conventional energy 

source fossil fuels are limited, and burning fossil fuels unavoidably bring environmental 

harms. Thereby, pursuing new sustainable and clean energy technologies becomes the 

main trends in energy research area. The renewable energy sources, for example, solar 

and wind energy can commendably solve the environmental issues. But due to their 

intermittent and uncontrollable characteristics, an effective and large-scale electrical 

energy storage system (ESS) is needed to realize smart grid management. Secondary 

batteries (or rechargeable batteries) are the most promising technique for EES due to its 

flexibility, high energy conversion efficiency, and simple maintenance.1 Typically, Lithium-

Ion Batteries (LIBs) are widely used for commercial portable electronic devices since 

1990s2, however, their theoretical capacity limits their application in electric vehicles and 

smart grids. Accordingly, new techniques and structures of batteries are being intensively 

developed. Lithium-Sulfur (Li-S) batteries have attracted much attention because of their 

high theoretical specific capacity (1675 mA h g-1) and energy density (2567 W h kg-1), but 

the shuttle effect of dissolved polysulfides severely limits their practical applications.3-5 

            Up to now, several works have been done to minimize the shuttle effect by 

designing new materials and modifications such as high conductive carbon-sulfur 
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composite.6-7 But the dissolution and migration of polysulfides in the electrolyte still a 

challenge need to be resolved. Here also many researcher have shown that modification 

of separator in the batteries can help to mitigating the diffusion of polysulfides in the 

electrolyte. By using different kinds of materials, different efficiency can be reached.3, 6, 8-

9 Among these materials, coordination polymer shows great diversity by simply changing 

different metal centers or organic ligands. The well-designed coordination polymer 

modified separator with suitable pore size, sufficient reaction area and desired functional 

group should significantly improve the battery performance.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

1.2 Lithium-Sulfur Batteries 

1.2.1 Introduction of Li-S Batteries 

            Actually, Li-S batteries have been discovered as promising battery system for 

powering portable electronics since from an early historical stage, the 1960s.10 However, 

the successful development of LIBs which have better cycling performance attracted most 

of the researchers’ attention5, 11-12, the Li-S study had to be ceased.  After the year 2000, 

the rapid development of modern techniques, for instance, portable electronic devices 

and stationary storage system for clean energy, created the ever-increasing demand for 

high energy density materials of the battery, which leads to the redivious of Li-S 

batteries.13 Li-S batteries have theoretical energy density of about 2567 W h kg-1, which 

is five times larger than that of conventional LIBs (387 W h kg-1 for LiCoO2/graphite 

battery).5 and sulfur is an abundant and non-toxic element. These features make Li-S 
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batteries to be the promising candidate for economic and efficient advanced battery 

system for large-scale storage for renewable energy sources, such as solar and wind. In 

2009, Nazar et al. reported a carbon-sulfur composite anode materials for Li-S battery 

with enhanced stability and battery performance7, attracting many researchers’ attention. 

Figure 1-1 shows the increasing tendency about the number of publication in the Li-S 

battery field, apparently, intensive research efforts have been made in finding significant 

techniques for excellent performance of Li-S batteries.14 Although the fast capacity fading 

due to the shuttle effect of the dissolved polysulfide and low electrical and ionic 

conductivity of sulfur significantly limit their practical applications, Li-S batteries are still 

deserved such numerous attention.   

1.2.2 Fundamental of Li-S Batteries  

           A typical Li-S battery is constituted by a lithium anode, a sulfur cathode and an 

ether-based electrolyte in between.13 The sulfur, existing as the most common and stable 

form, cyclic octasulfur (S8)15, undergoes a two-electron reduction process, to form a series 

of soluble lithium polysulfide intermediates (Li2Sn, 3 ≤ n ≤ 8), and to generate insoluble 

low-order polysulfide (Li2S2) and Li sulfide (Li2S) at the end of discharge, as shown in Figure 

1-2.16  
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Figure 1-1. Histogram of the number of publication in the Li-S battery field as a function 

of year. Citation report for “lithium sulfur” or “lithium sulphur” or “Li-S” in the publication 

title and “battery” in topic (years between 1998 -2017). Source Science citation index 

(Web of Science), ISI Web of Knowledge: search date November 13, 2017. 

            During the discharge process, two obvious plateaus are observed. The first one is 

referring to a solid (S8) to liquid (Li2Sn) transformation, where S8 is first reduced to S8
2- at 

2.39 V with respect to Li/Li+ and subsequently to S6
2- at 2.37 V vs. Li/Li+ and S4

2- at 2.24 V 

vs. Li/Li+, corresponding to a theoretical capacity of 418 mA h g-1. 6, 17 And the second one 

is a liquid (Li2Sn) to solid (L2S2/Li2S) process with a diminishment of sulfur chain length.17 

This discharge plateau is at 2.1 V vs. Li/Li+, where every 1.5 electron transfer out from per 

S atom, with the theoretical capacity around 1254 m Ah g-1.6 The reverse reaction, or 

charging process, occurs when applying an external electric field with a suitable potential 

difference, where Li2S is decomposed to element sulfur and lithium. What is noteworthy 
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is that the high theoretical capacity (1672 mA h g-1) is hard to be reached under practical 

applications due to some unresolved issues. 

 

Figure 1-2. Schematic and charge/discharge profile of a Li-S cell.16 

1.2.3 The Challenges of Li-S Batteries 

            Although Li-S batteries have relatively high theoretical energy density, there still 

remain several challenges need to be solved for performance improvement and future 

applications.  

(I) The low utilization efficiency of sulfur resulting from its insulating nature.18 

Since both sulfur and lithium sulfide are nonconductive for electrons and ions, 

the utilization efficiency of active materials has been greatly limited, which has 

been reported that after cycles, the unreacted sulfur still exists.19  
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(II) The shuttle effect of polysulfide intermediates resulting in the serious capacity 

fading.18 During the cycling, lithium polysulfides, formed from the reduction of 

S, are soluble in most conventional organic electrolytes. Several severe 

problems, including low Coulombic efficiency, fast capacity fading, and high 

self-discharge rate have come out16-18, due to the following reasons. i) Owing 

to the concentration gradient force, the dissolved polysulfides move toward 

the lithium anode through the separator and react with lithium metal, 

resulting in the irreversible loss of active materials. ii) On the lithium metal 

surface, the long-order polysulfides are partially reduced to low-order 

polysulfides, which then shuttle back to the cathode during the charging 

process, which is defined as the well-known “shuttle effect”.16, 20 iii) The 

passivation layer of the lithium metal surface with insoluble products, e.g., 

Li2S/Li2S2  is generated from a polysulfide-rich electrolyte, which resulting in 

the poor cycling stability of Li-S batteries.3 

(III) The volume expansion caused by the density difference between octasulfur 

(2.07 g cm-3) and Li2S (1.66 g cm-3) upon lithiation, profoundly limit the cycle 

performance of Li-S batteries.16, 21 During the cycling, the iterative volume 

change of the electrode leads to the separation of sulfur from the cathode 

conductive matrix, resulting in permanent capacity loss. Therefore, a suitable 

design is needed to balance the volume variation and the volumetric energy 

density which indicate the energy reserve ability of the cell. 
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(IV) The safety issue of lithium dendrites formed during the cycling when an anode 

of metallic lithium is applied.18 As a result of the high specific capacity (3860 

mA h g-1) and the most electronegative potential (-3.04 V vs. standard 

hydrogen electrode)22, lithium metal become an ideal material for anode of Li-

S batteries. However, the lithium dendrites and mossy metal deposits lead to 

the increasing potential of short circuits, which limit commercial application 

since the safety concern.23 

 

Figure 1-3. TEM or SEM image, schematic model and battery performance of some 

sulfur/carbon composites: (a) carbon spheres with sulfur infusion inside24, (b) 

poly(ethylene glycol) (PEG)-wrapped graphene/sulfur composite25. 

            These unsolved problems significantly hinder the commercialization of Li-S 

batteries. To date, efforts have been made to design new structures, utilize novel 
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materials and modifications to minimize these effect. Especially for the diminishment of 

the dissolution and diffusion of polysulfides, several methods have been investigated, for 

instance, carbon−sulfur composite cathodes24-29 (some examples show in Figure 1-3), the 

introduction and adoption of polysulfide absorbers30-33(as shown in Figure 1-4). However, 

it still remains challenging to inhibit the dissolution and migration of polysulfides in the 

electrolyte. Recently, the modification of separator by using different kinds of materials 

has been attracted many attention due to the profound effect in improving the cycle 

performance of Li-S batteries. The detail introduction will be shown in the following 

session.  

 

Figure 1-4. SEM figures, schematic model, and battery performance of various polysulfide 

absorbers: (a) nanoporous graphitic carbon nitride30, (b) graphene oxide/sulfur 

composite31. 
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1.3 Modified Separators for Li-S Batteries 

            Separator is also a significant constituent in the Li-S batteries, the elementary 

function of the separator is physically to separate the cathode and anode, preventing the 

short circuit occurrence. Moreover, since the dissolution of the polysulfides in the 

electrolyte, the ability to inhibit polysulfides migration becomes a key point for promoting 

the cycle performance and durability of Li-S batteries. Consequently, an ideal separator 

should have excellent chemical and thermal stability, flexibility, ionic conductivity and 

tailored porosity, high wettability, proper thickness for specific applications.8 Traditional 

separators i.e. polyethylene (PE), polypropylene (PP), and PE/PP separators with pore size 

in the range of micrometers, commercially be applied because of their low cost, high 

chemical stability, and proper porosity. However, their drawbacks, such as, low 

wettability, poor stability in high temperature or high voltage, which even causes safety 

concern and extremely limits the cell performance. Furthermore, the dissolved 

intermediate polysulfide can freely diffuse through the conventional separator, which 

resulting in “dead” phenomenon in Li-S batteries.8, 34 Recently, the modification of 

separator implying various kinds of materials has been demonstrated an effective way to 

achieve the high stable and performance Li-S battery in which the modified separator can 

significantly limit the diffusion of polysulfides intermediate or trap them in the 

structures8, 35-49.   
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1.3.1 Carbon Materials Modified Separator for Li-S Batteries 

            Owing to the high conductivity and thermal stability of carbon materials, they 

attracted many researchers’ attention as a coating layer on top of separator, for example, 

the conductive carbon slurry35-36, 38 (Super P, Ketjen Black, Acetylene Black and so on), 

graphene37, porous carbon39and carbon nanotubes (CNTs)40-41. Here we introduce a 

bifunctional separator fabricated by Manthiram’s group42-43, a Celgard polypropylene 

separator with multiwall carbon nanotubes (MWCNTs) coating on the cathode side, which 

greatly inhibit the shuttle effect in Li-S batteries. The CNTs facing the cathode side can act 

as a current collector layer to facilitate the electron diffusion and promote the sulfur 

utilization. And also the dense MWCNTs can trap/intercept and suppress the diffusion 

parts of the dissolved polysulfide. Figure 1-5 shows the optical image, schematic 

configuration and battery performance of the MWCNTs coated separator. 

1.3.2 Polymer Materials Modified Separator for Li-S Batteries 

            Polymer materials shows great performance in Li-S batteries because of their 

proper thickness, light-weight and variety pore size. Moreover, the polymer can be easily 

doped with active element like oxygen-, nitrogen-, sulfur- and iodine- which profoundly 

enhance the reaction in batteries.8 Nafion is the most common used one for Li-S batteries 

due to its excellent ion conductivity and its dense structure which sufficiently limit the 

polysulfide shuttle effect. Nafion-coated polypropylene separator (Celgard 2500) has 

shown great selectivity of cation in Li-S battery by Bauer et al.44 Other Polymers, for 
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example, polyethylene glycol (PEG)45, polyethylene oxide (PEO)46, also have been 

demonstrated they can enhance the performance of Li-S battery. 

 

Figure 1-5. Optical image, schematic model and battery performance of the MWCNTs 

coated separator43. 

1.3.3 2D Materials Modified Separator for Li-S Batteries 

            Recently, ultrathin layered materials, such as hexagonal boron nitride (h-BN)47, 

molybdenum disulfide (MoS2)48, black-phosphorus49 and so on, have attracted much 

attention due to their unique crystalline structure and special van der Waals interactions. 

Cui’s group has reported49 a bifunctional separator which great suppress the polysulfide 

diffusion in Li-S batteries due to the modification of black-phosphorus. These layered 

black-phosphorus have strong binding energy with sulfur species which efficiently block 
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the polysulfide inside the 2D sheets. Moreover, the high electron conductivity of black 

phosphorous greatly help to re-activation of the trapped sulfur species resulting in a high 

coulombic efficiency. The light weight of 2D materials also show the possibility of future 

industrial separator applications. 

 

Figure 1-6. Schematic and the operation principle of the separators without/with the 

modification by black-phosphorus nanoflakes.49 
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Chapter 2 MOF coated Separators for Li-S Battery50 

2.1 Introduction 

           MOF have been attracted many attentions due to their unique properties like high 

porosity, controllable cavity size and large reaction areas. Furthermore, they have been 

applied in the fields of gas separation, catalysis, and energy storage systems including the 

Li−S battery.51-52 Previous researcher believe that the internal voids was the main reason 

to trap or block the polysulfides as a molecular sieve53, however, the results show that 

the polysulfides may still diffuse through the intergranular channels of the MOF films. 

Thus, the fundamental mechanism of the MOF-based separators is still needed to be 

investigated. 

 

Figure 2-1. The structure and pore size of (a) Y-FTZB, (b) ZIF-7, (c) ZIF-8 and (d) HKUST-1. 

Grey: Carbon; Blue: Nitrogen; Red: Oxygen; Light green: Fluorine; Opaque blue: Zinc; 

Lime: Copper; Green: Yttrium. 

            Here, we use four different types of MOFs ( Figure 2-1) with different pore sizes 

and chemical structures including Y-FTZB ([Y6 (μ3−OH)8]10+ clusters with FTZB2− 2-fluoro-
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4-(tetrazol-5-yl)benzoate) ligands), ZIF-7 (zeolitic imidazolate frameworks), ZIF-8, and 

HKUST-1 (copper benzene-1,3,5-tricarboxylate) to modify the separators for comparison 

of the performance of Li-S batteries. All the MOF-modified separators show better Li-S 

battery cycle performance, in particular Y-FTZB. But the large number of the grain 

boundaries of MOF particles still allow the diffusion of polysulfides resulting in the 

decaying of specific capacity. Different from previous results, we found that the packing 

morphology of MOF particles on top of the separator has a higher impact than other 

factors. Meanwhile, a proper cutoff voltage window is also important for maintaining the 

stabilization of MOFs and minimizing other side reactions, especially when the MOFs 

contain some active metal ions like Cu2+ from the HKUST-1. 

2.2 Experiment 

2.2.1 Synthesis of Y-FTZB 

            According to works performed by Xue and his co-worker54, Y-FTZB fcu MOF was 

synthesized by evenly mixing 68.0 mg of H2FTZB (0.3265 mmol, FTZB = 2-fluoro-4-

(tetrazol-5-yl) benzoate), 83.5 mg of Y(NO3)3·6H2O (0.3265 mmol), 2.50 mL of DMF, 1.25 

mL of C2H5OH and 1.25 mL of chlorobenzene into a 20 mL scintillation vial and heating it 

to 115℃ for 72 hours. After cooling down to room temperature, the products were 

washed with DMF and immersed into 10 mL methanol for 3 days, where the methanol 

was replaced three times per day55. Finally, the colorless polyhedral crystals of Y-FTZB 

MOF was collected. 
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2.2.2 Synthesis of ZIF-7 

            Preparing two beakers with 100 mL deionized water, 13.2 mg of Zinc(II) 

acetylacetonate hydrate (0.5 mmol) and 118 mg of benzimidazole (1 mmol) were 

dissolved, respectively. Under the ultrasonication, benzimidazole solution was poured 

into Zinc(II) acetylacetonate hydrate solution. Quickly, the mixed solution turned into a 

milk-like suspension and was kept under ultrasonic treatment for 3 hours at room 

temperature for complete crystallization. As-prepared ZIF-7 (phase-III) was collected by 

filtration and cleaned with ethanol 3 times and then dried at 50℃ for one day56. 

2.2.3 Synthesis of ZIF-8 

ZIF-8 was synthesized on the basis of previous literature57. 405 mg of Zn(NO3)2·6H2O and 

263 mg of 2-methylimidazole were dissolved in 20 mL methanol respectively. Then, 

Zn(NO3)2·6H2O solution was poured into the 2-methylimidazole solution by twice 

injection with pipette. The blend was stirred at 1000 rpm for 5 minutes and stay static at 

room temperature for one day. As-synthesized product of ZIF-8 particles were collected 

by centrifugation at 8000 rpm for 10 minutes and cleaned twice by ethanol, then drying 

at room temperature. 

2.2.4 Synthesis of HKUST-1 

            In accordance with previous research58, HKUST-1 was prepared with some slight 

modification. In short, 0.6 g of Copper(II) acetate monohydrate mixed with 7.4 g of 
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propionic acid were dissolved in 60 mL deionized water respectively. Then, 75 mL of 

Dimethylformamide (DMF) solution containing 2 g Trimesic acid was added dropwise to 

the blend solution with the speed of 2 mL min-1 by using syringe pump under strong 

stirring. After 1 hour vigorous stirring, the HKUST-1 powder was collected by 

centrifugation at 8000 rpm for 10 minutes and washed twice by ethanol, then drying at 

room temperature. 

2.2.5 Preparation of the Modified Separators 

            The uniform slurry which is made of Carbon nanotubes (CNTs) slurry (from Cnano, 

China), the binder of polyvinylidene fluoride (PVDF) in a weight ratio of 90:10 and N-

methylpyrrolidinone (NMP, Sigma-Aldrich) as dispersant, was casted onto one side of the 

glass fiber (GF, Advantec Co., Japan) by a doctor blade system. After dried in vacuum oven 

at 120 ℃ for 12 h, the CNT-based separator comes out as shown in Figure 2-2 with 

thickness around 4 μm.  

            On the other side of the GF separator, the MOF powders dispersed in NMP solvent 

were filtrated onto the surface. Then the separators were dried in vacuum oven at 60 ℃ 

for 24 hours, followed by punching to Ø18 mm MOFs/CNTs separator. The loading and 

thickness of CNT and MOFs is about 0.3 mg cm-2 (4 μm) and 1.2 mg cm-2 (10 μm) 

respectively.  
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Figure 2-2. SEM figures of the (a) top surface and (b) cross-section of the CNT-based 

separators. 

2.2.6 Li-S Battery Fabrication and Electrochemical Analysis 

            At 250 ℃, the sulfur powders and Super P carbon were melted to form uniform 

Sulfur-Carbon (S-C) composites in mass ratio of 70:30. Then, by using the 

thermogravimetry analysis (TGA, NETZSCH, STA 449) method, the final weight percent of 

sulfur was calculated from 40 to 400 ℃ with a heating rate of 2 ℃ min-1 under Ar 

atmosphere (Figure 2-3). The 70wt% decay proves there is no loss during preparation. The 

S-C composites were mixed with PVDF (90:10, w/w) in NMP to form a slurry and then cast 

on an Al foil by the doctor blade. Then the electrodes were dried in vacuum oven 

overnight, followed by punching to Ø13 mm circular cathodes with the sulfur loading at 

around 1 mg cm-2. All the batteries were assembled in the 2032-type coin cells in the Ar-

filled glovebox. 1 M lithium bis(trifluoromethane)sulfonimide (LiTFSI), 0.4 M LiNO3 in 1,2-

dimethoxyethane (DME) and 1, 3-dioxolane (DOL) (1:1, v/v) were mixed as electrolyte. 
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The cyclic voltammetry (CV) was performed under the different scan rates of 0.05-1 mV 

s-1 and the electrochemical impedance spectroscopy (EIS) was performed through the 

frequency range of 200 kHz-10 mHz (potentiostat BioLogic VMP3). The galvanostatic 

charge-discharge tests (Arbin Instruments, USA) were carried out within a voltage window 

of 1.8-2.8 V ( 1.5–2.8 V for the HKUST-1 separator). The C-rate capability tests were tested 

under 0.1 C, 0.25C, 0.5C, 1 C, 2.5 C and returned to 0.25 C. 

 

Figure 2-3. The TGA curve of the S-C composite. 

2.2.7 Characterization Approach 

            Scanning electron microscope (SEM, Zeiss Merlin Gemini, Germany) were used to 

investigate the morphologies and packing structures of the separators. The crystallinity 

of the materials were characterized using X-ray diffraction (XRD, Bruker D8 Advanced 

diffractometer) at 40 kV, 40 mA. The permeation experiments were performed separately 

using two kinds of self-designed glassware. The first setup contained two bottles as shown 
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in Figure 2-4. One small bottle was filled with the brown electrolyte which containing 1.0 

M LiTFSI, 0.4 M LiNO3, 0.05M Li2S8 in DOL/DME. The small bottle was sealed by the blue 

cap with the MOF-based separator inside. And It was put upside-down into the big bottle, 

which was filled with the standard transparent electrolyte (e.g., 1.0 M LiTFSI, 0.4 M LiNO3 

in DOL/DME). There is a hole in the middle of the cape which allows the diffusion of the 

brown electrolyte into the transparent electrolyte in the big bottle due to the gradient 

force. In this way, we can clearly observe the diffusion phenomenon of the polysulfide 

affected by the MOF-based separators. Another device is to evaluate the filtration speed 

of the MOF-based separator, the brown electrolytes are on the top side of the separator 

where the filtration is driven by the gravity force. 

 

Figure 2-4. The setup used for visualization of polysulfide diffusion process. 

 

 

 



32 
 

2.3 Result and Discussion 

2.3.1 Structure and Performance 

            Figure 2-5 shows the configuration of the battery with a MOF-based separator. 

The CNTs side face to cathode since the high conductivity of CNT layer can greatly 

promote the sulfur utilization and also the small pores formed from the “net” structure 

can partially trap the dissolved polysulfides.42 The MOF side face to the anode side as an 

additional blocking layer to mitigate the shuttle effect of polysulfides.  

 

Figure 2-5. Schematic of the MOF-based lithium−sulfur battery configuration. 

            Figure 2-6 shows different stacking morphology of MOFs particle and interfacial 

structures on top of the separators, which may due to the variations of the MOFs’ sizes 

and shapes. Qualitatively speaking, the Y-FTZB-based separator has denser structure 

because most of the surface areas were covered by the large particles, and small particles 
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were insert into the grain boundary space, formed a seamless film structure. The HKUST-

1 also has dense packing structure (Figure2-6d). On the contrary, the ZIF-7 and ZIF-8 layers 

show regular stacking way due to their well-defined shape. 

 

Figure 2-6. The SEM figures of the (a) Y-FTZB, (b) ZIF-7, (c) ZIF-8, and (d) HKUST-1 

separators’ packing structures. The scale bar is 200 nm. 

            To further understand the mechanism of the MOF-based separator to mitigate the 

polysulfides diffusion, the cycle performance and rate capability were done in Li-S 

batteries. As shown in Figure 2-7a, most of the MOF-based separators have better 

stability than pristine (without MOF) one, except HKUST-1. Same as typical profiles in Li-

S batteries, the voltage plateaus in Figure 2-7a shows the conversion from the sulfur to 

the long-chain lithium polysulfide (Li2Sn, 4 ≤ n ≤ 8) at around 2.4 V and the further 

reduction to Li2S2/Li2S at 2.1 V.17, 59 It should be noted that the Coulombic efficiency of 
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the HKUST-1-based Li-S battery is only 90% in the first cycle, and the value decreases 

further with cycling, referring to the side reactions particularly in first few cycles. The Y-

FTZB-coated separator has the highest initial discharge capacity, followed by those with 

HKUST-1, ZIF-7, ZIF-8, and pristine, which are 1101, 1032, 1025, 989, and 925 mAh g−1, 

respectively (Figure 2-7b).  

 

Figure 2-7. (a) Cycle performance and (b) first galvanostatic charge−discharge profiles of 

the batteries with various MOF based separators at the rate of 0.25C. (c) Rate capabilities 

of batteries with various MOF-based separators under the rate of 0.1C, 0.25C, 0.5C, 1C, 

and 2.5C. 
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Figure 2-8. Charge/discharge curves of (a) Y-FTZB, (b) ZIF-7, (c) ZIF-8, and (d) HKUST-1 

based batteries at different current densities. 

            Y-FTZB based Li-S batteries keeps the superior capacity of 557 mAh g−1 after 300 

cycles, however, the other batteries with ZIF-7, ZIF-8, CNTs, and HKUST-1-based 

separators have capacities of only 452, 403, 380, and 197 mAh g−1, respectively. The 

HKUST-1 based separator has worse battery performance than pristine one, which means 

that HKUST-1 may not suitable materials for mitigating the polysulfide effect. The 

differences become more obvious in the rate test (Figure 2-7c). At the initial 0.1C, the 

battery with the Y-FTZB separator has a high capacity around 1480 mAh g−1 and shows 

the excellent retained capacity of 987 mAh g−1 when it cycles back to 0.25C. On the 

contrary, a low Coulombic efficiency and a sharp capacity decay are observed in the 

battery with the HKUST-1 separator; moreover, the charge/discharge curves in Figure 2-
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8 further show the serious shuttle effect. This is related to its chemical stability of MOFs, 

which shall be discussed later.  

2.3.2 Electrochemical Performance 

 

Figure 2-9. CV curves of the different batteries with (a) Y-FTZB, (b) ZIF-7, (c) ZIF-8, and (d) 

HKUST-1 separators. 

            Figure 2-9 shows the cyclic voltammetry (CV) curve of the batteries with various 

MOF based separators, which further help us to analyze the difference in electrochemical 

performance. All the battery shows two cathodic peaks, but the one at around 2.3 V is 

very weak for HKUST-1 in the first scan (Figure 2-9d and 2-10a), resulting in the short first 

discharge plateau at the low C-rate (Figure 2-8d and 2-10). The CV curves of the battery 
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with Y-FTZB separator have relatively sharp peaks and low variation of the potentials with 

changing the scan rate, which demonstrating its outstanding performance for the Li-S 

battery. On the contrary, the batteries with ZIF-7 and ZIF-8 separators show a more 

obvious variation in voltage position and distorted peak at around 1.8 V, especially at the 

high rates, demonstrating the polysulfide redox process are not sufficient. 

 

Figure 2-10. The 1st (a) CV and (b) discharge curve of the batteries with variation MOF-

based separators at the scan rate of 0.05 mV s-1 and 0.1 C respectively. 

            Figure 2-11 shows the electrochemical impedance spectroscopy (EIS) plot and the 

related circuit49 for fitting the Nyquist plot. The junction between the semicircle and the 

x-axis represents the Ohmic resistance Re between the electrode and the electrolyte, and 

the semicircle of the Nyquist plot is the overlap of two semicircles consisting of the 

charge-transfer resistance (Rct) and interfacial layer resistance (Rsl). The battery with the 

Y-FTZB separator show the lowest Re value (3.8 Ω) after charging to 2.8 V, indicating that 

the polysulfide can diffuse back to the cathode side rather than migrate to the anode side 

due to the dense packing structure. On the contrary, the ZIF-7 and ZIF-8 separators with 
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rich of voids and boundaries, where the polysulfide can easily penetrate it to the anode 

side. In addition, the solid Li2S2/Li2S can be formed during the reaction with metallic 

lithium, then the solid Li2S2/Li2S will deposit on the lithium surface, resulting in the 

increased resistance. The HKUST-1 has denser layer than ZIF-7 and ZIF-8, thereby more 

polysulfides can be blocked by HKUST-1 and thus results in a lower Re. The Y-FTZB 

separator has the smallest diameter of the semicircle, representing that the battery has 

lowest resistance in the battery which promote the redox process. On the contrary, the 

ZIF-8 separator shows the largest diameter of the semicircle, corresponding to the largest 

resistance results in poor battery performance.  

 

Figure 2-11. EIS plots after the CV scan rate at 0.05 mV s-1 and relative equivalent circuit. 
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2.3.3 Diffusion Analysis 

            To further investigate the polysulfide diffusion process, two types of visualization 

devices were used. In the first experiment, a small bottle with polysulfide electrolyte was 

upside down to a large bottle with conventional electrolyte where containing a 

MOF/CNTs separator (Figure 2-12). Due to the concentration gradient, the polysulfide 

would migrate into the large bottle. For CNTs separator, it became light yellow within 1 

hour, while for the other MOF separators, they stayed still clear. This results directly 

demonstrates that the MOFs are effective in slowing the polysulfide diffusion. The bottle 

with the Y-FTZB separator showed the lightest electrolyte color after 4 h, followed by the 

HKUST-1, ZIF-7, and ZIF-8, while the pristine separator with only CNTs was the yellowest. 

Which connected with battery performance, Y-FTZB shows excellent performance of 

mitigating the shuttling effect of polysulfides.  

 

Figure 2-12. Polysulfide diffusion experiment with different separators. (a) The gradient 

force driven diffusion experiment. (b) The gravity force driven diffusion experiment. 
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            Previous results believed that the main reason MOF can block the polysulfide 

diffusing is their internal cavity, and the performance can be improved by minimizing the 

pore size. 53 However, in our study, the battery performance does not follow the sequence 

of poresize 2.9 Å (ZIF-7), 3.4 Å (ZIF-8), 6 Å (Y-FTZB), and 9 Å (HKUST-1) (Figure 2-1). In our 

research, we could clear see that the pore size in MOFs is not the only predominant factor 

effect the polysulfide diffusion. The polysulfide can be more easier migrate through the 

grain boundary compared to the inner voids. Thereby, a more densely packed structure 

would result in a better battery performance. Consider to the battery performance, most 

of the MOF separators in Figure 2-12 show the trend that the slower the filtration rate is, 

the better the cycle performance is, except for the HKUST-1 separator.  

2.3.4 Further Analysis for HKUST-1 

 

Figure 2-13. Charge/discharge profiles of the battery with the HKUST-1 separator at the 

1st, 2nd, 10th and 100th cycle. 
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Figure 2-14. (a) Comparative cycle performance of batteries with HKUST-1 separator 

when the discharge cutoff voltage is 1.8 and 1.5 V. (b) Galvanostatic charge/discharge 

curves of the battery at the 1st, 2nd, 10th, and 100th cycles using HKUST-1 separator when 

it was discharged to 1.5 V. (c) XRD patterns of the HKUST-1 on separator before and after 

cycling. 

            As we discussed above, HKUST-1 separator shows totally strange performance 

comparing to other MOFs. Nevertheless, HKUST-1 separator is dense and show excellent 

ability to block the electrolyte migration, the electrochemical performance of batteries 

with HKUST-1 separator show extremely low Coulombic efficiency. This main due to the 

instability of HKUST-1 inside a cell. Since the sulfur cathode would self-discharge, the free 

sulfur element can react with Cu ion from the HKUST-1 cluster to form CuS, which would 

further react with Li+ to form Cu2S and Li2S when the electrode is discharged to 2.1 V. 

Moreover, when the cutoff voltage is selected below 1.7 V, the Cu2S will be reduced to 

Cu and the product of Li2S.60-62 The formed Cu2S and Li2S can deposit on the lithium 
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surface which inhibit the SEI formation due to the conductive copper sulfide, resulting in 

the low Coulombic efficiency. It would become more obvious at a low C-rate due to the 

full side reactions.  

            Figure 2-13 shows the charge-discharge curve of the battery with HKUST-1 

separator, we would found that the reaction could be reversible when the discharge 

cutoff voltage at 1.8 V, however, the capacity still not high because of the reduction of 

active materials during the first few cycles. However, when the discharge voltage is 1.5 V, 

together with the decomposition of the electrolyte, the battery with HKUST-1 suffers 

serious degradation and a dramatic capacity fading as shown in Figure 2-14a, b). This kind 

of damage may be caused by the formation of CuS/Cu2S, which is proved by the color 

change on the lithium surface after the discharge as shown in Figure 2-15.  

 

Figure 2-15. Photographs of lithium anodes using after 1st cycle. (a) Commercial glass 

fiber separator and (b) HKUST-1 separator.  



43 
 

            By using XRD analysis of the MOFs on the separator, we can clearly see the 

instability of HKUST-1 inside a cell (Figure 2-14c). The HKUST-1 crystal can keep its 

structure after 1—cycles when the cutoff voltage was 1.8 V. But the crystalline structure 

can be destroyed after discharging to 1.5 V. Same result can be get by using SEM analysis 

(Figure 2-16 & Figure 2-17). Thus, a proper charge/discharge voltage window is also 

critical to stabilize the MOF structure inside a cell, in addition to the aforementioned 

stacking situation, the stability of MOFs can guarantee the battery performance. 

 

Figure 2-16. SEM results of the HKUST-1 on a separator (a) before and after cycling with 

the discharged voltage of (b) 1.8 V and (c) 1.5 V, respectively. The scale bar is 200 nm. 

 

Figure 2-17. SEM images of the (a) Y-FTZB, (b) ZIF-7, (c) ZIF-8 on separators after battery 

cycling. The scale bar is 200 nm. 
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2.4 Summary 

            In summary, the MOFs modified separators have been demonstrated that they can 

efficiently mitigating the polysulfide shuttle effect in Li-S batteries and improve the 

battery performance in the same time. In our experiment, the packing structures of the 

MOF particles are the critical point to determine the ability of suppressing the polysulfide 

diffusion, where a denser structure leads to a better performance. The chemical side 

reaction of HKUST-1 with Li anode inhibit the battery performance. So that choosing a 

appropriate charge/discharge window is also important to maintaining the stability of 

MOFs. 
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Chapter 3 Functional 2D Coordination Polymeric Layer for Li-S batteries 

3.1 Introduction 

            Two dimensional (2D) covalent or noncovalent polymeric layers have become 

fascinating research topics owing to their unique physical properties by design and 

potential applications in sensing, catalysis and energy conversion on material surfaces.63-

66 Their ultra-thin feature also enables highly efficient separation of gases and molecules 

based on a commonly reported size exclusion mechanism.67-68 Although decorating 

functional groups in covalent or noncovalent frameworks has been developed in few 

works,69-70 the 2D polymeric layers incorporated with the charge functionality are not yet 

achieved. “Top-down” exfoliation has been adopted to produce organic 2D nanosheets 

such as layered covalent organic frameworks (COFs)63, 71-72 and metal–organic 

frameworks (MOFs)66-68 but the control of lateral size and layer thickness is still 

challenging. “Bottom-up” synthesis provides the feasibility to rationally design and 

construct free-standing organic 2D nanosheets in a centimeter scale for practical 

applications.73-76 Among the numerous coordination structures, Zn2+ (or Co2+) ions can 

coordinate with organic imidazoles in tetrahedron units, making it feasible to form 2D 

silicate-like structures.67, 77 However, a simple method to introduce functionality (e.g., 

through functional groups) to the structure without changing the 2D geometry is still not 

available. Here, we demonstrate a simple, room-temperature and scalable synthesis of 

free-standing and nanometer-thin zinc benzimidazolate coordination polymer (ZBCP) 

layers on water surfaces, where the desired hydroxyl (OH-) groups with the charge 
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functionality are stoichiometrically coordinated into the 2D structures, characterized as 

Zn2(Bim)2(OH)2. In various separation technologies,78-83 charge screening is a noticeable 

mechanism.84-86 Therefore, the incorporation of hydroxyl groups introduces electrostatic 

charges in the 2D layers, which make it an effective charge barrier to the transport of 

negative ions in basic solutions, a robust functionality which had not been achieved to 

date in ultra-thin 2D layers. This is shown to be a significant breakthrough for next 

generation Li-S batteries, where the notorious sulfur-shuttling effects are shown to be 

suppressed in our experiments.87 

3.2 Experiment 

3.2.1 Chemicals 

            The following chemicals, including zinc(II) acetylacetonate hydrate (99.995%), 

benzimidazole (98%), toluene (anhydrous, 99.8%), nitric acid (ACS reagent, 70%), 

magnesium sulfate (≥ 99.99%), N-methylpyrrolidinone (anhydrous, 99.5%), sulfur 

(purum p.a., ≥99.5%), lithium foil(99.9%), bis(trifluoromethane)sulfonimide lithium salt 

(LiTFSI) (99.95% trace metals basis), LiNO3 (99.99% trace metals basis), 1,2-

dimethoxyethane (DME) (anhydrous, 99.5%) and 1,3-dioxolane (DOL) (contains ~75 ppm 

BHT as inhibitor, 99%) were purchased from Sigma-Aldrich Co. LLC. Ammonium hydroxide 

(28.0~30.0%, w/w) was supplied from Fisher Chemical. Glass fiber separator (GC-50) was 

obtained from Advantec MFS, Inc. Cabon nanotubes (CNT) were purchased from CNANO 

Company, China. Water was purified by Milli-Q purification system (Merck KGaA). 
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3.2.2 Synthesis of the ZBCP 

            Zinc(II) acetylacetonate (52.7 mg, 0.2 mmol) was dissolved in de-ionized water (100 

ml), and the solution was poured into 180 ml borosilicate glass dish (80 mm in diameter). 

The benzimidazole/toluene solution was always saturated because of the low solubility 

of benzimidazole in toluene. Thus, the benzimidazole/toluene solution was centrifugated 

to remove that excessive benzimidazole precipitates. Then, the clear 

benzimidazole/toluene solution (150~200 μl) was gently dropped onto the surface of 

zinc(II) acetylacetonate solution by the micropipette. After few minutes, the fast solvent 

evaporation of the toluene produced the confinement of the ligands on the aqueous 

surface and then polymerization occurred. The resulting ZBCP could be deposited on 

various substrates. 

3.2.3 Characterization of the ZBCP 

            AFM was performed in tapping mode with a commercial multifunction atomic 

force microscope (Asylum Research Oxford Instruments, Cypher ES). STM imaging was 

operated in a variable temperature STM (VT-STM, Omicron) under UHV conditions (5.0 × 

10-10 mbar). The ZBCP nanosheets were transferred on gold (111)/mica substrates and 

kept at room temperature during measurements. For STM imaging, chemically etched 

polycrystalline tungsten STM tip was used, which was further cleaned by electron 

bombardment in situ in UHV. The morphology of the ZBCP was characterized by the field 

emission scanning electron microscope (FEI, Quanta 600), operated at 5 kV and 2.5 mA. 

IR spectra of the studied samples were recorded in the wave number range 4000~400 
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cm−1 with a FT-IR spectrometer (Thermo Scientific, Nicolet iS10) using samples dispersed 

in pure KBr pellets or ATR method. XPS measurements were carried out using a Kratos 

Amicus spectrometer with monochromatic Al−Kα radiation. The pressure in the chamber 

was maintained less than 1.0 × 10−6mbar during the measurement. The backgrounds were 

all Shirley type with the Gaussian/Lorentzian line shapes, and the analyzing software is 

CasaXPS. XRF spectra were measured with an X-ray analytical microscope (Horiba 

Scientific, XGT-7200) under vacuum condition with Rh X-ray tube (50kV/1mA). Elemental 

analysis of the ZBCP nanosheets was obtained by the organic elemental analyzer (Thermo 

Scientific, FLASH 2000); the sample was baked in vacuum oven at 100°C for 24hrs before 

testing. XRD data were collected over the 2θ range 5°~40° on the Bruker D8 ADVANCE 

diffractometer with Cu–Kα radiation (λ =1.5406Å, 40 kV/40mA). GI-XRD was performed 

at the 23A SWASX beamline 23A with a beam of lamda = 1.24 Å at 0.2° or 2.0 ° incidence 

at the Taiwan Light Source of the National Synchrotron Radiation Research Center, 

Hsinchu, using a CMOS flat panel X-ray detector C9728DK. TEM images were taken on a 

Cs-corrected FEI Titan Cube transmission electron microscope operated at 300 kV. SAED 

patterns were collected by a Gatan Ultra-scan 1000xp CCD camera. Low-dose TEM images 

were acquired by a Gatan K2 direct-detection camera operated in electron-counting 

mode. To prepare samples for TEM analysis, the ZBCP nanosheets were fished on lacey 

carbon supported copper grids (TED PELLA, Inc.) and dried overnight. 

            Zeta potential measurements were performed in Zetasizer Nano ZS (Malvern 

Instruments Ltd.) under room temperature. For the measurement, the ZBCP 
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[Zn2(Bim)2(OH)2] nanosheets (40 mg, 0.1 mmol) were dispersed in de-ionized water (100 

ml) in an ultrasonic bath for 1 hour. Nitric acid and ammonium hydroxide were used for 

conventional pH adjustment of aqua suspensions. The analysis was processed using a 

DTS1070 clear disposable folded capillary cell. To verify the origin of surface charges, 

magnesium sulfate (6 mg, 0.05 mmol) was dissolved in the aqua suspension of ZBCP (100 

ml) before the measurement. 

3.2.4 Preparation of the Coated Separator and Cathode 

            The glass fiber separator was first coated with CNT paste (CNT: PVDF binder = 90:10, 

w/w) on one side and dried under vacuum at 100 oC for one day. After drying, the 

separator was cut into ɸ18 mm diameter round shape separators. The ZBCP was fished 

on the other side for the ZBCP/GF/CNT structure (or the CNT side for ZBCP/CNT/GF 

structure). Then the separator was dried again under vacuum for one day at 60 oC. The 

sulfur powder was first mixed with super P with a mass ratio of 70:30. The mixture was 

further dispersed into NMP with PVDF binder (mixture: PVDF = 90: 10, w/w) and cast with 

doctor blade on Al foil. After drying in a vacuum oven at 40 oC for one day, the cathode 

was cut into ɸ13mm diameter round electrodes, with a sulfur loading around 1.0 mg/cm2.      

3.2.5 Li-S Battery Analysis 

           The 2032-type coin cell was used to investigate the electrochemical performance 

of the modified separator. The cathode was the as-prepared sulfur electrode, and the 

anode was the lithium foil. 1M LiTFSI in DME and DOL (1:1, v/v) with 0.4M LiNO3 additive 
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was used as the electrolyte. The batteries were assembled in the Ar-filled glovebox, in 

which the moisture and oxygen were controlled below 0.1 ppm. The cell performance 

was carried out using BT2043 Arbin Instruments, USA. 

3.2.6 Polysulfide Permeation Measurement 

            A photo of a full device for measuring the polysulfide diffusion is displayed in 

Supplementary Fig. S15. The inside small bottle was filled with the polysulfide electrolyte 

containing 1.0 M LiTFSI, 0.4 M LiNO3, 0.05M Li2S8 in DOL/DME. The blue cap has a hole in 

the middle where the separator was fixed, allowing the diffusion of the brown electrolyte 

into the outside big bottle. The big bottle was filled with the transparent electrolyte of 

1M LiTFSI, 0.4 M LiNO3 in DOL/DME. 

3.3 Result and Discussion 

3.3.1 Strategy and 2D structure 

            Figure 3-1a depicts the method of synthesizing large-area and free-standing two-

dimensional (2D) polymeric layers based on zinc(II) benzimidazolate complex on water 

surfaces. A toluene solution of benzimidazole (HBim) is gently spread on top of an 

aqueous solution of zinc(II) acetylacetonate [Zn(acac)2] using a micropipette. The 

polymerization of Zn2+ ion and HBim occurs in an ambient condition, where the fast 

evaporation of toluene also promotes the reaction, resulting in large-area 2D zinc 

benzimidazolate coordination polymer (ZBCP) layers on water surfaces. Since the reaction 
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occurs in the presence of water, the hydroxyl groups are also coordinated to zinc as parts 

of the 2D structures.  

 

Figure 3-1. (a) Schematic illustration for the preparation of large area ZBCP layers on 

water surfaces. The inset photograph shows that a ZBCP thin film with a lateral size 

around few centimeters is suspended on water. Scale bar: 2cm. (b) The SEM image of the 

ZBCP transferred onto a 300 nm SiO2/Si substrate, where the wrinkles were formed during 

the transfer process. Scale bar: 50 μm. (c) The tapping-mode AFM topographical image of 

the ZBCP on a 300 nm SiO2/Si substrate and the corresponding cross-sectional height 

profile demonstrating its ultrathin feature (~3 nm). Scale bars: 10 μm.  

            The thickness of the ZBCP layers depends on the quantity and concentration of the 

HBim solution added, which are optimized to achieve a large-area, continuous and 

transferrable 2D film as shown in the scanning electron microscopy (SEM) image (Figure 

3-1b). The atomic force microscopy (AFM) topographical image and cross-sectional 
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analysis in Figure 3-1c and Figure 3-2a,b reveal that the typical thickness of the obtained 

ZBCP layer is around 3.2±0.2 nm. If less quantity of HBim is added, the ZBCP layers become 

insufficiently strong for transfer; thus, small sized flakes (few hundred nanometers to few 

microns in lateral size) are often observed (Figure 3-2c-e and Table 3-1). The scanning 

tunneling microscopy (STM) image of these small islands transferred onto a gold (111) 

substrate (Figure 3-3) reveals that the obtained ZBCP film is actually a stacked structure 

of a few 2D monolayers (apparent thickness ~1 nm for each monolayer).  

 

Figure 3-2 (a) Optical images and (b) corresponding AFM images of the typical ZBCP on 

SiO2/Si, The corresponding cross-sectional height profile in inset shows its ultrathin 

feature (~3.5 nm). (c) Optical images and (d, e) corresponding AFM images of the 

transferred ZBCP. The corresponding cross-sectional height profile in inset shows that the 

thin film breaks into small islands and the thickness is less than 3nm. 
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Amount of 

Hbim/Toluene 

Thickness 

obtained 
Lateral size obtained 

200 μl 3.2±0.2 nm Continuous; few cm (Figure S1) 

100 μl 3~2.5 nm Non-uniform; various size 

≦50 μl 2.5 nm (avg.) 

Fragmented; few ten to hundred nm  

(Figure S2) 

Table 3-1. The effect of the amount of Hbim/Toluene solution to thickness and size of the 

ZBCP sheets. 

 

Figure 3-3. (a) The STM image of the small domain ZBCP on a gold (111) substrate. (b) The 

height profile of the nanosheets along the red line marked in the image. Scale bars: 75 

nm. (c) The STM images of fully covered ZBCP layers on gold (111) reveal the layer stacking 

structures and (d) corresponding cross-sectional height profile of monolayers. 
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3.3.2 Component Analysis 

 

Figure 3-4. (a) The full and zoom-in FTIR spectra of the ZBCP film. (b) XPS spectra of N 1s 

(left) and O 1s (right) of the ZBCP film. 

            Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy 

(XPS), X-ray fluorescence (XRF) analysis and elemental analyzer are adopted to explore 

the chemical structure of the obtained ZBCP film. Most of the IR vibrational modes in 

Figure 3-4a are attributed to the benzimidazolate (Bim) including the entire ring 

stretching or bending at 600–1500 cm-1, the =C–H stretching of aromatics at 3068 and 

3032 cm-1, and the C–C stretching of the aromatic ring at 1611 and 1465 cm-1.88 The 

presence of the Zn–N stretching at 421 cm-1 and the translation mode of Zn–OH at 465 

cm-1 proves that zinc (II) ions form coordination bonds with Bim and hydroxyl groups.89-90 

The observation of bending modes at 850 cm-1 and 1015 cm-1 and the single Zn–OH 

deformation band at around 1520 cm-1 further corroborates the formation of the Zn–OH 
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bonds.90-91 Furthermore, the N–H vibration mode of free HBim located at 628 cm-1 

disappears after coordination with the zinc (II) ions.88 These results suggest that the ZBCP 

layer is a coordinated system of zinc (II), benzimidazolate and hydroxyl groups.  

 

Figure 3-5. X-ray fluorescence (XRF) energy spectrum of the ZBCP layers showing energy 

peaks for specific elements. The table summarizes the results of the element quantitative 

analysis. 

            Figure 3-4b displays the XPS spectra of N 1s and O 1s for the ZBCP layers. Two N1s 

peaks from HBim corresponding to non-protonated (399 eV) and protonated (401 eV) 

nitrogen are identified.92 The non-protonated nitrogen dominates the whole peak 

(96.53%), indicating that the pyrrole nitrogen (–NH–) in HBim has been deprotonated and 

coordinated to zinc(II) ions. This conclusion is supported by the absence of N–H vibration 

mode in the FTIR spectrum (Figure 3-4a). The predominant peak in the O 1s spectrum 

with a binding energy of 532 eV is originated from the zinc hydroxide bond (Zn–OH) in the 
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ZBCP, while the weak peak at 533.3 eV is correlated to a trace amount of residual 

moisture.93-94  

 

Figure 3-6. Chromatogram for elemental analysis of (a) carbon (C), hydrogen (H), nitrogen 

(N) and (b) oxygen (O) in the ZBCP, where the small peak before O is attributed to nitrogen 

peak and other chemicals produced (ex: methane and/or hydrogen) during pyrolysis 

reactions. 

            To quantitatively define the chemical composition of the ZBCP layer, XRF and 

elemental analysis are performed. Zinc is confirmed as the major metal component (> 

99.6%, Figure 3-5) by XRF measurements. The elemental analysis (details in Figure 3-6 and 

Table 3-2) reveals the composition of the ZBCP layers as: C, 42.11%; H, 3.34%; N, 13.66%; 

O, 8.46%. In other words, the atomic composition matches well to the chemical formula 

Zn2(Bim)2(OH)2. 
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Element 
Mass(%)  

(experiments) 

Mass(%) of Zn2(bim)2(OH)2 

(expected) 

C 42.10942 42.21106 

H 3.33754 3.015075 

N 13.66156 14.07035 

O 8.458052 8.040201 

Table 3-2. C, H, N , and O elemental analysis of the ZBCP. 

3.3.3 Structure Analysis 

             

Figure 3-7. (a) The SAED pattern indicates the non-crystalline nature of the film. (b-d) The 

low-magnification TEM images of the ZBCP nanosheets. 
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            The Transmission electron microscopy (TEM), selected area electron diffraction 

(SAED) and grazing incidence X-ray Diffraction (GI-XRD) do not reveal any evidence of a 

crystalline structure (Figure 3-7 and Figure 3-8), suggesting that the ZBCP layers may be 

amorphous in the in-plane direction. Taking the FTIR and XPS results together with the 

XRF-confirmed formula Zn2(Bim)2(OH)2, the structure of ZBCP is proposed in Figure 3-9. 

Each zinc (II) ion is coordinated with two benzimidazolates and two hydroxyls groups to 

form a tetrahedral unit. The extension of the unit allows the formation of a planar 

polymer, as evidenced by the STM image in Figure 3-3.  

 

Figure 3-8. (a) XRD profile with a broad amorphous halo and (b) GI-XRD profiles exhibiting 

only the crystalline peak from the sapphire substrate; these indicate a non-crystalline 

nature of the film. 

            Furthermore, contact-angle measurements show that the front side (facing air) 

and the back side (facing aqua) of the ZBCP nanosheets are hydrophobic (Figure 3-10). 

The result reveals that aromatic rings within benzimidazolates should dominate the 
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ZBCP’s outer surfaces and the hydroxide groups are in the center part of the film as 

proposed. To further prove that the ZBCP is stably coordinated as a planar rather than a 

linear polymer structure, it is subjected to the solubility test in various solvents for more 

than 24 hours, where the ZBCP does not dissolve in most of the solvents including ethanol, 

acetone, toluene, NMP, DMF and water (pH from 7 to 12) except in acid aqua 

(Supplementary Table S3) due to the instability of Zn-N and Zn-O bonds in acids.95-96 The 

simulated Zn2(Bim)2(OH)2 structure is shown after energy minimization using molecular 

dynamics, and the thickness of the ZBCP polymeric monolayer (1 nm) agrees well with the 

STM results. 

 

Figure 3-9. (Left) The tetrahedral unit of the Zn2(Bim)2(OH)2 is presented to illustrate the 

coordination environment of Zn atoms. (Right) Top and side views of the proposed 

structure of Zn2(Bim)2(OH)2. 
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Figure 3-10. The Contact angle measurements on (a) front and (b) back side of the ZBCP 

thin films. 

3.3.4 Surface Charge Analysis 

            The electrostatic potential of material surfaces can be probed by zeta potential 

measurements: the higher the zeta potential, the larger the surface potential of a charged 

surface.97 To perform the zeta potential measurement, the ZBCP layers are broken into 

small pieces and suspended in the de-ionized water adjusted to different pH values 

(Figure 3-11a). The intrinsic ZBCP (pH≒ 7) is negatively charged likely due to the 

amphoterism of zinc–hydroxides, where the zinc-hydroxides behave as Lewis acids which 

receive electron pairs from other hydroxides in basic solutions.95 To verify the origin of 

negative charges, we introduced a small amount of Mg2+ ions into the solution and kept 

the pH value of the system at around 7. As shown in Figure 3-11a inset, the zeta potential 

of the ZBCP decreases with the Mg2+ addition due to the affinity of hydroxide (OH-) to 

Mg2+ ions, meaning that the Mg2+ ions can passivate the hydroxyl groups in ZBCP and thus 
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diminish the surface charges. The formation of Mg-OH bonding is also proved by FTIR 

measurements; two peaks at 830 cm-1 and 625 cm-1 are assigned to the Mg–OH stretching 

mode and the combination modes of Eu (368 cm-1) and Eg (280 cm-1) respectively (Figure 

3-11b).90, 98-99 The zeta potential dependence on pH value and Mg2+ passivation clearly 

indicates that the surface electrostatic property is attributed to the amphoteric property 

of hydroxyl groups in the ZBCP. 

 

Figure 3-11. Electrostatic charge property of the ZBCP. (a) Zeta potential values of the 

ZBCP dispersed in de-ionized water with various pH values. Inset shows that the Zeta 

potential of the intrinsic ZBCP decreases after adding Mg2+ ions. (b) The FTIR  spectra of 

the ZBCP before and after adding Mg2+ ions, where the formation of Mg–OH bonds results 

in the reduction of the net electrical charges in the ZBCP. 
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3.3.5 Li-S Battery Applications 

 

Figure 3-12. Electrochemical performance of the Li-S batteries with and without ZBCP.  (a) 

Schematic of a ZBCP coated separator and the charge repulsion operation of the ZBCP 

layer. (b) Cycling performance of the batteries using the separator with and without ZBCP 

coating at 0.25 C. (c) 1st cycle charge-discharge curves for the batteries using different 

separators. (d) Rate capacity and cycling retention of the battery using the separator with 

and without ZBCP coating. 

            The inclusion of a vast number of hydroxyl groups in the layered coordination 

polymer ZBCP presents great potential in applications requiring charge filters such as an 

ultrathin charge barrier membrane for Li-S batteries to mitigate the notorious polysulfide 
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shuttling effect. The shuttling effect is a major issue due to the migration of dissolved 

(negatively charged) polysulfides to the lithium anode, which forms an insoluble Li2S, 

causing significant capacity degradation.100-102 Figure 3-12a illustrates the configuration 

of the battery and the schematics for stopping the polysulfides with the charge barrier. In 

our experiments, the commonly used glass fiber (GF) separator coated with a layer of 

carbon nanotubes (CNT) is adopted as the baseline separator (denoted as GF/CNT). Note 

that the main function of CNTs is to enhance the conductivity for the sulfur cathode and 

they can also help to suppress the polysulfide migration as the first barrier.80 The large-

area ZBCP layers (around 10 nm thick) are fished onto a GF/CNT separator to form a 

ZBCP/GF/CNT structure. The electrochemical characteristics of the Li-S batteries 

integrated with and without the ZBCP charge barrier are examined. The galvanostatic 

cycling test is performed at 0.25 C (1 C = 1673 mA g-1) in the voltage window of 1.8-2.8 V. 

Figure 3-12b shows that the initial capacity of the battery with ZBCP layers could reach 

1272 mAh g-1, while the one without ZBCP shows a lower capacity of 927 mAh g-1 (Figure 

3-12c). Both batteries exhibit the typical discharge plateaus at 2.3 V and 2.1 V. After 200 

cycles, the battery without ZBCP shows obvious decay to 412 mAh g-1. Meanwhile, the 

one with the ZBCP barrier could still retain the capacity at 738 mAh g-1 with a stable 

coulombic efficiency of ca. 98%. The high capacity and the enhanced cycle stability is due 

to the negatively charged ZBCP barrier, which will further stop the dissolved Sn
2- to the 

cathode side and increase the sulfur utilization.  



64 
 

 

Figure 3-13. Charge-discharge curves of the battery using ZBCP-coated separator at a, 1st, 

50th, 100th and 200th cycles at 0.25 C and b, different C-rates of 0.1 C, 0.25 C, 0.5 C, 1 C 

and 2.5 C. 

            In addition, the charge-discharge test for the battery with ZBCP at different C-rates 

are carried out, where the specific capacities are 1407 mAh g-1, 1130 mAh g-1, 987 mAh g-

1, 842 mAh g-1 and 610 mAh g-1 at 0.1 C, 0.25 C, 0.5 C, 1 C and 2.5 C, respectively (Figure 

3-12d and Figure 3-13). Finally, the capacity is able to restore to 1061 mAh g-1 when 

returning to 0.25 C, showing the excellent capacity retention. In contrast, the battery 

performance using separator without the ZBCP layer shows a much lower capacity at the 

C-rate test. It could be concluded that the Li-S battery performance is significantly 

enhanced and the polysulfide shuttling is largely minimized with the ultra-thin ZBCP layers. 
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Moreover, the ohmic resistance in the battery after adding a ZBCP charge barrier does 

not present a significant increase owing to its ultra-thin nature (detailed analysis is 

discussed shown in Figure 3-14), attractive for battery applications. After the 

discharge/charge cycling, the ZBCP coated separator was examined by the SEM and FTIR 

(Figure 3-15 and 3-16). According to the SEM images and FTIR analysis, the ZBCP layers 

remain attached on GF after the discharge/charge cycling. 

 

Figure 3-14. (a) Cyclic voltammetry profiles of the Li-S batteries using the separators with 

and without ZBCP layers at a scan rate of 0.05 mV/s, and the relative EIS plots were 

measured at (b) OCV (point A), (c) 1.8 V (point B) and (d) 2.8 V (point C). 
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            In addition, the polysulfide permeation measurements for the separators with and 

without ZBCP were conducted (Figure 3-17).83 The brown polysulfide-containing 

electrolyte is allowed to diffuse into the transparent electrolyte outside inner bottle and 

then we can observe the diffusion behaviors by the color change. Apparently, the 

transparent electrolyte using separator without ZBCP layer turned into light yellow after 

12h, while the one with ZBCP separator has almost no color change even after 48h. This 

phenomenon confirms the ZBCP barrier has superior ability to stop the polysulfide 

diffusion, which is consisted with its excellent electrochemical performance. The superior 

performance is attributed to the presence of OH groups in the ZBCP. We also like to point 

out that the optimized configuration for the battery is to have a lower resistance between 

the S cathode and the separator; therefore, CNTs facing to the S cathode with the ZBCP 

facing the Li anodes is the preferred structure (Figure 3-18). 

 

Figure 3-15. The SEM images of the ZBCP-coated separator (a) before and (b) after 

discharge/charge cycling. 
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Figure 3-16. The FTIR spectra which were directly taken from ZBCP-coated separator 

before and after discharge/charge cycling. Red dash lines represent the characteristic IR 

absorption peaks of the ZBCP. 

 

Figure 3-17. Polysulfide diffusion tests. (a) The baseline separator (GF/CNT, (b) the ZBCP-

coated separator (ZBCP/GF/CNT). 
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Figure 3-18. (a) Cycling performance and (b) the 1st cycle charge-discharge profile of 

battery using ZBCP | CNT | GF at 0.25 C, respectively. 

3.3.6 Functional Group Dominated Process 

 

Figure 3-19. N2 adsorption-desorption isotherms on the ZBCP nanosheets. 
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            We note that in a recent study the size exclusion effect from metal-organic-

framework/graphene oxide composites has been proposed to inhibit the polysulfide 

shuttling.81 Here, we performed the BET measurements for the amorphous ZBCP layers 

(Figure 3-19 and Figure 3-20). Since the crystallographic aperture (pore) size of our 

structure ( 0.30 nm in diameter) is smaller than the probe molecules, we conclude that 

there is no pronounced porosity for the pore size larger than the probe molecules (0.36 

nm in diameter) from the BET measurement.  The size exclusion effect from the intrinsic 

aperture size may play some role. However, our Mg2+ experiment (Figure 3-11) actually 

indicates that the OH functionality is like dominating the blocking of polysulfides. 

 

Figure 3-20. Helium adsorption-desorption curve on the ZBCP nanosheets. 
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3.4 Summary 

            In summary, we proposed a synthetic strategy to grow a large-area and 

transferable Zn-coordination 2D polymer, where OH functional groups and the 

amphoterism of zinc–hydroxides play an active role in retarding the transportation of 

negative charges. Here, the separation/selection using charge exclusion principle is 

different from the separation of gases and molecules based on commonly reported size 

exclusion mechanism. The charge barrier feature has been integrated into the Li-S battery 

to mitigate the S-shuttle effects, largely promoting the Li-S capacity and cycle 

performance.  The synthesis is simple, scalable and materials-saving and it is anticipated 

that this type of functional 2D coordination polymers can be soon adopted for practical 

use.  
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Chapter 4 Conclusions and Future Directions 

4.1 Conclusions 

            In Li-S batteries, separators show great impact on the battery performance, hence, 

a lightweight separator with high ion conductivity and wonderful polysulfide blocking 

ability is desired for future application of Li-S batteries. In this dissertation, we do two 

experiences to investigate the fundamental mechanisms of MOF-based separators.  

            The first experiment we have done shows that the more densely packed structure 

has a better Li-S batteries performance which is different from previous result that a small 

pore size MOF will lead to a better performance. Moreover, a proper charge/discharge 

window is a very important parameter to maintain the stability of MOFs and to avoid side 

reactions, which resulting in a better Coulombic efficiency and cycle life of Li-S batteries. 

            The second experiment we have done shows that the function groups like hydroxyl 

group or other groups can efficiently mitigating the polysulfide shuttle effect by 

electrostatic force. This critical properties can be easily applied to most of the MOFs which 

should be developed in the later stages. 

 4.2 Future Plan 

            Here, we already proved the importance of the densely packed structure and the 

function group of MOFs. Thereby, in the next step, we would focus on combining the both 

properties together to greatly improve the performance of Li-S batteries. Finding out a 
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kind of MOF with suitable poresize and dense crystals structure to modify not only 

conventional separator but also other fancy materials like Nafion may shows attractive Li-

S battery performance. Then the way to controllably changing the functional groups on 

the surface of the separator should be investigated for future applications. Furthermore, 

trying to synthesis free-standing MOF separator is also an interesting topic in the future.  
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