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Lithium ion batteries (LIBs) have been used in portable electronic devices due 

to high energy density, rechargeable characteristics, and tiny memory effect. 

However, advanced portable electronic device, electric vehicles (EVs), and large 

scale energy storage system (ESS) require high specific capacity (energy density), 

light weight, and low cost LIBs.  

The elemental sulfur is one of the most abundant materials on earth and has a 



high theoretical capacity. However, there are some problems. The first problem is 

the dissolution of the polysulfide. The intermediate lithium polysulfides which was 

formed during the charge and discharge process are soluble in the typical organic 

electrolytes for LIBs. This leads to continuous cathode active material consumption, 

eventually the capacity is faded during cycle. The second problem is the safety and 

stability of the lithium metal used as the anode. Lithium metal surface control is a 

necessary step not only for the stability of Li metal anode, but also for a high capacity 

with a high coulombic efficiency(C.E).  

In this study, we developed poly(vinylidene fluoride-co-hexafluoropropene) 

(PVdF-HFP) coated anodic aluminum oxide (PAAO) separator to blocking 

polysulfide shuttle effect and to control lithium metal interface. PAAO was prepared 

by coating PVdF-HFP solution on anodic aluminum oxide (AAO). AAO provides 

mechanically, chemically, and thermally stability. The vertical aligned pores of AAO 

are filled with PVdF-HFP which has been used as gel polymer electrolyte, offer high 

lithium ion conductivity with conventional electrolyte. PVdF-HFP selectively passes 

lithium ions and effectively blocks dissolution of the polysulfide into the anode 

region. Consequently, the proposed system conserved high specific capacity with 

high C.E. during the cycle. Prepared PAAO showed high specific capacity ( 850 

mAh g-1, 0.2C), high C.E. (>98%), and long cycle life (>100 cycles, 0.5C). The 

suggested PAAO separator effectively block the polysulfide shuttle effect and 

improve the poor cyclability of the lithium-sulfur system. It suggests that this novel 

poreless separator can be a possible candidate of the powerful separator for lithium 



sulfur batteries. 
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Chapter 1. Introduction 

 

1.1 Lithium sulfur batteries 

 

Since the invention of lithium-ion batteries (LIBs) in the 1970s, they 

have been mainstays in determining the performance of electronic 

devices. In recognition of this merit, John B. Goodenough, M. Stanley 

Whittingham, and Akira Yoshino have been awarded the Nobel Prize in 

Chemistry in 2019, especially for the development of LIBs. In their 

early stages, LIBs were used in consumer electronics, especially mobile 

devices.[1]–[3] However, LIBs are now used in a wide range of 

applications, from mobile devices to large-scale energy storage such as 

electric vehicles and energy storage systems.[3]–[5] During such 

expansion in the breadth of applications, there has been a steady 

increase in the demand for higher energy density from these batteries. 

Conventional intercalation electrode materials such as lithium transition 

metal oxides and graphite are insufficient to meet these requirements 

because intercalation materials and their associated technologies have 

already achieved state-of-the-art limits. Ni-rich Li–Co–Ni–Al and Mn 

oxide, which is one of the highest-capacity intercalation materials, show 

specific capacities of approximately 200 mAh g-1[6],[7], which is not 

adequate in terms of full cell capacity because this capacity represents 



the series combination of cathode and anode capacities. Therefore, new 

types of cathodic materials have been studied. Representative materials 

for such applications include sulfur, which enables the conversion 

reaction; sulfur has a high theoretical specific capacity of 1675 mAh g-

1, which is eight times that of the Ni-rich ternary transition metal oxide. 

Sulfur is produced as a by-product in the petrochemical industry; 

however, it is used only to manufacture sulfuric acid, as a rubber 

additive, and as a fertilizer, thus abandoning a large quantity available 

in nature. This means that the supply could be stable and the price lower 

than conventional active materials.[8] 

To utilize this high specific capacity of sulfur, anodic materials must 

have a reasonably high specific capacity. Li metal is the most suitable 

anode for using sulfur owing to its high theoretical capacity and low 

potential. Thus, lithium sulfur batteries (LSBs), which have a sulfur 

cathode and Li metal anode, were suggested.[9]–[11] 

Despite their high specific capacities, LSBs have not yet been 

commercialized because of critical issues during their cycling. The most 

serious problem of an LSBs is sustained capacity fading by the "shuttle 

effect" of the lithium polysulfide species.[12] In the LSBs, the lithium 

polysulfide species is generated during discharge, and the mole ratio of 

Li to S varies depending on the depth of discharge. Lithium polysulfide 

species, especially high-sulfur-content lithium polysulfide, is highly 



soluble in the electrolyte; the molecules are easily dissolved in the 

electrolyte and move to the anode region.[13] This lithium polysulfide 

can then be electrolyzed to Li2S and Li2S2 when the anode side allows 

strong reduction conditions. Li2S and Li2S2, which are generated via 

electrolysis of high-sulfur-content lithium polysulfide, are less soluble 

in the electrolyte. Thus, lithium polysulfide that is electrolyzed at the 

interphase of the anode accumulates on the surface of the anode during 

cycling. Li2S and Li2S2 are insulators, so they interfere with anodic 

reactions, thereby plating and stripping the Li metal. The repeated 

depositions of Li2S and Li2S2 induce capacity fading.[14]  

There is another critical problem involved in the use of lithium metal 

as the negative electrode. Lithium is charged and discharged by the 

repeated stripping and plating actions; the uneven flow of lithium ions 

in these processes causes dendritic growth of lithium, which crosses the 

separator, and may cause serious problems by shorting the anode and 

cathode inside the cell. In addition, under strong reducing conditions of 

the anode, the electrolyte may decompose and react with lithium ions 

and electrons to form a solid–electrolyte interphase (SEI) layer. The SEI 

layer may be repeatedly formed on the lithium surface owing to the 

volume change of lithium during the charge and discharge processes; 

this forms dead lithium, causes low coulombic efficiency (C.E), and 

decreases the active material of the negative electrode. Many studies 



have attempted to solve these cycling problems in batteries. Xiulei Ji et 

al. suggested using highly ordered carbon nanostructures to prevent the 

sulfur from dissolving into the electrolyte.[15] Weiyang Li et al. have 

shown that a stable and uniform SEI layer forms because of a synergetic 

effect of lithium polysulfide and lithium nitrate used as additives in an 

ether-based electrolyte, thereby preventing dendritic growths and 

minimizing electrolyte decomposition.[16] Yong-keon Ahn et al. showed 

through computer simulations (COMSOL) that anodic aluminum oxide 

(AAO) can evenly distribute the flux of lithium ions generated during 

charging and discharging on the surface of the lithium metal in order to 

effectively suppress the formation of lithium dendrites.[17] 

 



1.2 Functional separator for lithium sulfur batteries 

 

In this study, we propose a functional separator to solve two problems 

associated with LSBs using AAO and poly(vinylidene fluoride-co-

hexafluoropropylene) (PVdF-HFP). The functional separator was made 

by filling PVdF-HFP on the surface of the AAO and inside the pores of 

the layer. AAO has highly ordered and a vertically formed nanopore 

structure, along with very stable electrochemical and thermal 

properties.[18] In addition, PVdF-HFP molecules swell within the 

electrolyte, which not only pass lithium ions well but also prevent 

lithium polysulfide from passing into the anode region.[19],[20] A PVdF-

HFP coated AAO (PAAO) membrane was prepared by coating PVdF-

HFP solution on AAO. The AAO provides a highly ordered vertical 

pore structure and has less tortuosity than a conventional separator. The 

vertical pore structure of the AAO evenly distributes the Li-ion flux in 

the battery system, so the proposed separator effectively prevents the 

non-uniform growth of lithium. The AAO is also mechanically, 

chemically, and thermally stable.[17] The vertically aligned pores of 

AAO are filled with PVdF-HFP to form a gel polymer electrolyte that 

offers high lithium-ion conductivity than conventional electrolytes. The 

PVdF-HFP selectively passes lithium ions and effectively blocks 

dissolution of the polysulfide into the anode region. Consequently, the 



proposed scheme conserves high specific capacity with high C.E during 

cycling. The prepared PAAO showed high specific capacity ( 850 

mAh g-1, 0.2C), high C.E (>98%), and long cycle life (75% retention @ 

100 cycles, 0.5C). The reference polyethylene separator showed low 

specific capacity ( 500 mAh g-1, 0.2C), low C.E (~90%), and fast 

capacity fading (42% retention @ 100cycles, 0.5C) during cycling. 

Compared with a PP separator and bare AAO separator, the PAAO 

separator showed better initial capacity, C.E, and electrochemical 

stability. The suggested PAAO separator effectively blocks the 

polysulfide shuttle effect and improves the cyclability of the LSBs. This 

suggests that the proposed poreless separator may be a good candidate 

as a powerful separator for LSBs. 



Chapter 2. Experimental Section 

 

2.1 Fabrication of anodic aluminum oxide 

 

The AAO membrane was fabricated by a two-step anodic oxidation method. 

First, a high-purity aluminum foil (99.999%, 500 μm, Goodfellow Ltd.) of 

appropriate size was prepared, its surface was washed with ethanol and 

acetone, and the foil was annealed at 500 °C to remove residual stress. 

Thereafter, to remove the natural oxide film on the aluminum surface by the 

electrochemical method, 20 V was applied via a polishing solution. The 

polishing solution was prepared by mixing ethanol and perchloric acid in the 

ratio of 4:1 (v:v) for about 8 min at a fixed temperature of 0 °C. After the 

surface of aluminum is cleaned through electrochemical polishing, the first 

anodization process commences. The anodizing process was conducted at 40 

V and 15 °C in 0.3 M oxalic acid solution. After the first anodic oxidation, 

the aluminum oxide layer formed on the surface was removed by etching for 

4 h in chromium(VI) oxide solution, and the second anodic oxidation was 

performed under the same conditions as the first process. Owing to the 

constant dimple produced on the aluminum surface by the first anodization, a 

more uniform pore structure could be obtained in the secondary anodization 

step. In addition, a pure aluminum substrate was obtained using a 1:1 solution 

of 0.3 M copper(II) chloride and hydrochloric acid. The bottom AAO barrier 



layer was removed from the substrate by soaking in phosphoric acid solution 

for 60 min. The surface of this substrate was then observed using field 

emission-scanning electron microscope(FE-SEM) (Hitachi, S-4800) to 

understand the morphological and structural characteristics of the AAO. 

  



 

 

 

Figure 1. Fabrication process of AAO membrane: (a)aluminum foil, 

(b)aluminum after electrochemical polish, (c)after first anodization, (d)a

luminum after remove first anodizing aluminum oxide layer, (e)after s

econd anodization, (f)AAO membrane: after remove the barrier layer, 

(g)PAAO membrane: after coating with PVdF-HFP 



2.2 Sulfur cathode 

 

The sulfur electrode for the full cell test was prepared by slurry casting with 

a mixture of sulfur (Alfa Aesar), carbon black (Super P, Timcal), and 

polyethylene oxide (PEO, average Mv = 600,000, Sigma Aldrich) in a 6:2:2 

mass ratio. The slurry was uniformly mixed using an orbital mixer (AR 100, 

Thinky mixer) and then cast in an aluminum foil using a doctor blade. 

 



2.3 Electrochemical characterization 

 

In order to evaluate the electrochemical properties of the fabricated 

membrane, several cells were assembled using the CR2032 coin cell and then 

evaluated. In the ion conductivity measurements, a 1 M LiTFSI in dimethyl 

ether (DME)/1,3-dioxolane (DOL) (volume ratio of 1/1) was used as the 

electrolyte and a stainless steel (SUS) coin cell can was used as the electrode. 

Ionic conductivity of the separators at room temperature was determined with 

two electrodes AC impedance method by using EC-Lab (VSP, Bio-Logic 

SAS) over a frequency range of 100 mHz to 1 MHz. After measuring the 

resistance by AC impedance, the ion conductivity was calculated using the 

following equation[21]: 

             Eq. (1) 

where L is the thickness of the separator, Rb is the bulk resistance, and A is 

the contact area between the separator and SUS electrode. 

All cycle tests were performed using an automated charge–discharge 

equipment (WBCS 3000L, WonATech). 



Chapter 3. Results and Discussion 
 

3.1 Structure analysis of anodic aluminum oxide 

 

The morphological and physical characteristics of AAO and PAAO 

were confirmed via scanning electron microscopy (SEM). In Figure 1(a), 

it is seen that a highly ordered pore structure was formed on the surface 

of the AAO. The pore size is about 50 nm and the thickness is 25 µm 

(Figure 1). In Figure 1(b), we see that the barrier layer on the back of 

AAO substrate has been removed normally to form vertical pores. In 

the case of the PAAO, PVdf-HFP was dissolved in dimethylformamide 

(DMF) solution at 5 wt% and then rotated at 500 rpm for 30 s on the 

wafer to obtain a thin film. Then, before the DMF solution evaporated, 

the AAO was placed on the PVdf-HFP/DMF solution on the wafer to 

coat the surface of the AAO and absorb the PVdf-HFP inside the pores. 

The as-prepared PAAO has a thickness of 35 µm and is coated with 

PVdF-HFP on both the front and back sides, and as shown in the Figure 

3, PVdF-HFP is well absorbed into the vertical pores. 

  



 

 

 

 

Figure 2. SEM characterization images of the AAO membrane and polymer 

coated AAO membrane: (a) front, (b) bottom, (c) cross-section of AAO 

membrane, and (d) front, (e) bottom, (f) cross-section of the polymer coated 

AAO membrane 

  



 

 

 

Figure 3. Thickness of the (a) AAO and (b) PAAO.  

  



3.2 Separator characterization of PAAO 

 

Among the many intrinsic properties of the membrane, there are a few 

critical ones, for example, the contact angle with the electrolyte, 

electrolyte uptake, porosity, wettability, and thermal stability. These 

characteristics directly affect the performance and stability when the 

separator is applied to a battery.[22],[23] 

In order to evaluate the thermal stability of the prepared membrane, 

the shrinkage rate was evaluated after standing for 30 min at a 

temperature of 90 ℃ (Figure 4.) In the case of the AAO-containing 

separators such as PAAO or AAO, the membranes were thermally very 

stable and no shrinkage was observed at 90 ℃. However, shrinkage was 

observed at 90° in the PP membrane, and the thermal shrinkage was 

calculated from the following equation.[17] 

               Eq. (2) 

where Ai and Af are the areas of the separator before and after the 

thermal stability test, respectively. The PP dimensional change is about 

15% (Figure 4(a) and (d)). If the shape of the separator is changed by 

temperature, as in the case of the PP separator, there is the possibility 

that an internal short circuit may occur during the operation of the cell. 

  



 

 

 

 

 
Figure 4. Before and after Thermal stability tests of PP (a and d), AAO (b 

and e) and polymer coated AAO (c and f) 

  



 

 

 

 

Figure 5. Contact angle of the (a) PP, (b) Bare AAO, (c) polymer coated AAO 

  



In figure 5, the contact angles of the membranes were measured to 

evaluate the affinity of the PAAO to shallow water. The electrolyte was 

measured using 1 M LiTFSI DME/DOL at a volume ratio of 1/1 

(PANAX ETEC). The PP membrane was about 47°, and the AAO 

membrane was about 10°. The PAAO membrane was absorbed 

immediately after dropping, and the contact angle could not be 

measured. The AAO has a large number of micropores of approximate 

average size 50 nm, which can quickly absorb organic electrolytes 

owing to hydrophilicity, capillary force, and close polarity. The PAAO 

can also absorb electrolytes quickly by the swelling effect of the PVdF-

HFP.[24] 

          Eq. (3) 

Here, Wd and Ww are the weight of the dry separator and the weight of 

the separator sufficiently wetted with electrolyte, respectively. When 

comparing the electrolyte uptake, PP with 136%, AAO with 103%, and 

PAAO with 123% were observed. The PAAO showed lower electrolyte 

uptake than the PP membrane, but it could absorb more electrolyte than 

the AAO via the PVdF-HFP coating.  

              Eq. (4) 

where Wf is the weight of the membrane measured after soaking in n-

butanol for 3 h, Wi is the weight of the pure membrane, ρliq is the density 

of n-butanol, and Vi is the volume of the membrane. From porosity 



measurements, AAO 71.5%, and PAAO 67.2%. The porosity of the PP 

membrane was 55%.[25] These results indicate that AAO and PAAO 

have more porous structures than PP separators and can be completely 

wetted on the insides of the pores considering the organic electrolyte 

uptake measurements. This is due to the swelling effect of the PVdF-

HFP; PVdF-HFP allows organic solvents to penetrate the spaces 

between the chains, thus absorbing more quantity of organic solvents.[26] 

  



 

 

 

Figure 6. Electrochemistry performance of PP, AAO and PAAO. (a) ion 

conductivity measurement using ac impedance, (b) electrochemical 

impedance spectroscopy, (c) cycle performance. 

  



 

 

 

Figure 7. Voltage profile of lithium sulfur cell with each separat

or at 0.5C. (a) first cycle, (b) 100th cycle 

 

  



3.3 Electrochemical characterization of lithium sulfur cell 

 

Through electrochemical analysis, the ion conductivity of the 

membrane and the impedance and charge/discharge characteristics 

when applied to the lithium sulfur cell were confirmed.[27],[28] The ionic 

conductivity of the metal/separator/metal structure was 0.55 mS cm-1 

for PP, 1.52 mS cm-1 for AAO, and 1.01 mS cm-1 for PAAO (Figure 

6(a)). The PAAO showed higher ionic conductivity than commercial 

membranes owing to the structural properties of the AAO. The highly 

ordered vertical pores in AAO increase the ion conductivity by 

providing a passage through which lithium ions move, hence providing 

a straighter path than commercial polyolefin separators. When the bulk 

resistance was measured through AC impedance in a full cell using 

lithium metal as a negative electrode and sulfur as a positive electrode 

active material, PP showed 1.48 Ω, AAO showed 1.36 Ω, and PAAO 

showed 1.77 Ω (Figure 6(b)). AAO showed lower resistance than PP as 

well as PAAO. In addition, the charge transfer conductivity was 

measured as 21.3×10-3 mS cm-1 for PP, 35.8×10-3 mS cm-1 for AAO, 

and 25.1×10-3 mS cm-1 for PAAO. Owing to the structural 

characteristics of AAO, the AAO is superior to PP in all measurements; 

however, PAAO is superior to PP and slightly lower than AAO. This 

result indicates that the thickness of the PAAO increased during the 



PVdF-HFP coating process, and therefore, the performance faded. 

When 100 cycles were charged and discharged at 0.5C in a full cell, 

both PP and AAO maintained only 55% of their capacity after 100 

cycles. On the other hand, when PAAO was applied, the capacity was 

maintained at 75%, and the C.E was over 98%. In particular, there is a 

marked difference in the second plateau section at 2–2.1 V. In Figure 7 

(a) and (b), after 100 cycles, only the PAAO-applied cell was sustained 

in the second plateau, and the remaining PP and AAO were very short. 

In the second plateau, the following reactions occur:[29],[30] 

           Eq. (5) 

            Eq. (6) 

At this time, as the length of the lithium polysulfide becomes shorter, 

a large amount of lithium is precipitated on the surface of the lithium 

metal beyond the separator, and the amount of remaining active material 

decreases, thereby gradually decreasing the capacity. Therefore, it can 

be seen that the PAAO effectively blocks the lithium polysulfide species. 

This is possible because PVDF-HFP, which is located on the surface 

and inside the pores of the AAO, effectively blocks lithium polysulfide 

and only passes lithium ions. 

  



 

 

 

 

Figure 8. The voltage profile of Li symmetric cell cycled galvanostatically at 

1 mA cm-2 for 500 cycles. 

  



In Figure 8, the stability of the lithium interface during charging and 

discharging was investigated through the lithium symmetric cell. The 

experiment was conducted under the conditions of 1 mA cm-2 and 1 

mAh cm-2. Figure 8(b) shows the voltage profile during the initial cycle 

and shows two peaks at each plating and stripping stage. This 

phenomenon occurs because the kinetic pathway is different between 

the interface of the lithium metal electrode and the electrolyte; this 

phenomenon is also apparent at the beginning of the cycle and gradually 

disappears as the cycle progresses.[31] In PAAO, however, the voltage 

behavior of the double peak shape is not observed. Only the plateau 

shape appears. In the case of PP separators, the lithium plating and 

stripping cycles are repeated, resulting in thick inactive layers due to 

lithium build-up on the surface of the lithium electrode and increasing 

over potential. Therefore, lithium ions are prevented from continuously 

accumulating and growing in only one portion, thereby preventing 

dendrite formation and enabling long-term charge and discharge. 

Therefore, it can be seen that the PAAO separator can greatly improve 

the unstable charge/discharge characteristics of the lithium metal.[32] 

  



 

 

 

Figure 9. Optical Image of dissolution and diffusion of poly sulf

ide during the charge-discharge process. 

  



In Figure 9, we observed the movement of lithium polysulfide during 

charging and discharging using H-cell in real time.[33] When the PP 

separator is applied, it can be seen that all of the poly sulfide has passed 

to the anode region in 100 cycles. On the other hand, in the case of AAO 

and PAAO, it can be seen that it effectively limited polysulfide 

movement. PAAO limited the movement of polysulfide via the PVdF-

HFP located on the AAO. In the case of AAO, the strong interaction 

between polysulfide and AAO seems to limit some polysulfide 

movement.[34] 



Chapter 4. Conclusion 

 

In this study, we present a functional separator (PAAO) that can be applied 

to LSBs via a composite of organic and inorganic materials. PAAO effectively 

prevents the continuous reduction of capacity due to the shuttle effect of 

lithium polysulfide, which is the biggest problem of LSBs. In addition, by 

utilizing the structural advantages of AAO, which is an inorganic material, 

the flux of lithium ions is effectively distributed, and the surface of the lithium 

metal anode is stably controlled, thereby increasing the utility of the lithium 

metal as a cathode. Therefore, this concept can easily solve the problem of 

continuous capacity reduction due to the shuttle effect of polysulfide in LSBs, 

and the stability problem of lithium metal with one separator. 
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