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Abstract 

Pollution, climate change and the rapid consumption of fossil fuel resources are driving 

widespread development and adoption of clean and renewable energy sources, including hydro, 

wind and solar power, as well as non-fossil fuel powered products such as electric vehicles. 
Therefore, there is an urgent and growing demand for corresponding high-efficiency, high-density, 

and low-cost energy storage systems. Among them, Li, Na, K, Mg, Zn, and Al-ion batteries and 

other types of rechargeable batteries have the characteristics of high efficiency and reversibility, 

light weight, environmental friendliness, and low cost, and have been widely studied in academia 

and industries.  While extensive research over the past decades has led to the highly successful 

commercialization of lithium-ion batteries in portable electronics and electric vehicles, there have 

been many efforts to develop next-generation batteries with higher energy density, longer cycle 

life, and lower cost, such as batteries based on sulfur and organic materials. 

This thesis has explored the use of functional polymers to improve the specific capacity, 

discharge voltage, cycling stability, and rate performance of sulfur and organic cathodes. Through 

a combination of characterization techniques including thermal gravimetric analysis (TGA), X-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), ultraviolet-visible 

spectroscopy (UV-Vis), peel test, cyclic voltammetry (CV), chronoamperometry (CA), 

electrochemical impedance spectroscopy (EIS), and galvanostatic cycling, a deep understanding 

toward the development of strategies for tackling the dissolution issue of sulfur and organic 

cathodes, conductivity change of conductive polymers during the battery cycling process, capacity 

fading mechanism, electrochemical reaction kinetics, and charge storage mechanism have been 

gained. Our findings may inspire the development of novel cathode materials with higher energy 

density and lower cost for the next-generation electrical energy storage. 

Firstly, a multi-functional poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS)-Mg2+ binder formed by cross-linking PEDOT:PSS with Mg2+ was developed for 

the sulfur cathode. This new binder has a robust 3-D network structure, and a strong binding ability 

toward lithium polysulfides due to the strong interaction between the oxygen atoms in PEDOT 

and lithium polysulfides. These functionalities can increase the charge transfer reactions, and 

cushion the drastic volume change during discharge/charge cycling. The Li–S battery with a 

cathode using this new binder exhibited an initial capacity of 1097 mA h g-1 with a capacity 
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retention of 74% over 250 cycles at 0.5 C, which are significant improvements compared with the 

Li–S battery using a conventional PVDF binder. Moreover, the preparation of the cathode slurry 

for coating the cathode film uses water present in the PEDOT:PSS dispersion as the only dispersing 

solvent, which eliminates the use of toxic organic solvent such as N-methyl-2-pyrrolidone (NMP), 

making the fabrication of Li–S batteries more environmentally friendly. 

 Secondly, an innovative and facile in-cell electrochemical polymerization method has been 

developed to incorporate a conductive polymer PEDOT into the sulfur cathode. The PEDOT was 

formed on the surface and in the pores of the sulfur cathode film by the chronoamperometry 

method (4.1 V vs. Li+/Li for 800s) in a coin cell. The in-cell synthesis method enables an intimate 

contact between PEDOT and other components in the cathode, leading to enhanced electron 

transport and effective trapping of soluble polysulfides. As a result, the sulfur cathode with the in-

cell formed PEDOT shows substantially improved capacity, cycling stability, and rate performance 

compared with that using the commercial PEDOT. Furthermore, combined cyclic voltammetry 

(CV) and electrochemical impedance spectroscopy (EIS) results show that the conductivity of 

PEDOT changes drastically during the Li-S battery cycling process. In the potential range of 

1.7~2.8 V for Li-S batteries, the conductivity of PEDOT is rather limited due to the 

electrochemical dedoping process. To utilize the high conductivity of PEDOT and increase its 

conductivity by the electrochemical doping, PEDOT is applied in LiFeO4 (LFP) batteries which 

uses a potential range of 2~4.2 V. With the in-situ synthesized PEDOT, the LFP cathode shows a 

notable improvement in the specific capacity at the high current rate of 1 C. 

Thirdly, a series of one-dimensional coordination polymers using 2,5-dihydroxy-1,4-

benzoquinone (DHBQ) as the ligand and divalent metal ions (Ni, Co, Mn, Zn, and Cu) as the metal 

center have been synthesized and their electrochemical properties have been compared. It has been 

found that the coordination polymers using Ni, Co, Mn, and Zn (M-DHBQ·2H2O) exhibit the 

redox activities of both metal and ligand in the potential range of 0.5~3 V vs. Li+/Li, while the 

coordination polymer using Cu (Cu-DHBQ) only exhibits the redox activity of the ligand in the 

same potential range. In the potential range of 1.4~3 V vs. Li+/Li where only the DHBQ ligand is 

redox active, Cu-DHBQ exhibits the highest utilization of the quinone groups among the as-

synthesized coordination polymers. Moreover, the capacity fading mechanism of Cu-DHBQ 

cathode is identified as the dissolution of the discharged product or intermediate in the electrolyte 
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by UV-Vis analysis. By using the alginate binder (25 wt% in the cathode), which can strongly bind 

the electrode film and effectively trap the soluble species, the Cu-DHBQ cathode exhibits a high 

capacity of 261 mA h g-1 (98.1% of the theoretical capacity) at the current rate of 20 mA g-1, and 

can maintain a capacity of 194 mA h g-1 after 200 cycles at 100 mA g-1 with a capacity retention 

of 91.5%. Furthermore, our coordination approach is very versatile and can be extended to other 

ligand such as 2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone (DHBQ-Cl) which has a higher 

discharge voltage than that of DHBQ. The Cu-DHBQ-Cl cathode shows a fast capacity fading, 

which might be caused by the collapse of the crystal structure after Li+ insertion. Nevertheless, our 

approach opens up a new avenue for the application of coordination polymers in energy storage. 

Finally, the stabilization of organic cathode through acid-base interaction with polymer binders 

has also been studied. It has been found that the binder approach for improving the cycling stability 

of organic cathode is only an auxiliary approach, whereas the polymerization approach, which 

includes the formation of conventional polymers, macrostructures, coordination polymers, 

covalent organic frameworks (COFs) and metal organic frameworks (MOFs), is be considered as 

the primary approach.  

Finally, two diketopyrrolopyrrole (DPP) based conjugated polymers, namely 

diketopyrrolopyrrole-quaterthiophene copolymer (PDQT) and diketopyrrolopyrrole-bithiophene 

polymer (PDBT) have been explored as the cathode materials for Li-ion storage. The PDQT 

cathode shows a p-type charge storage mechanism with a theoretical capacity of 104.8 mA h g-1 

and an experimental capacity of 44.4 mA h g-1 (corresponding to a high doping level of 42%), 

while the PDBT cathode shows a bipolar charge storage mechanism with a theoretical capacity of 

124.8 mA h g-1 and an experimental capacity of 17.1 mA h g-1. The experimental average discharge 

voltages of PDQT and PDBT cathodes are ~3.8 and ~2.95 V, respectively, which are much higher 

than other conjugated polymer cathodes. Further optimization of the testing condition (e.g. 

nanocomposite formation between conjugated polymer cathode material and porous carbon, better 

electrolyte solvent which is stable over a broad potential range so that both the p- and n-doping 

reactions are reversible) is needed to increase the experimental capacity of PDBT.   
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Chapter 1. Introduction 

Due to the limited resources of fossil fuels (e.g. coal, gasoline and natural gas), and the 

greenhouse effect caused by the CO2 emission associated with their burnings, the demand for 

renewable and clean energy resources has been increasing in recent decades. Wind, solar, 

tidal/wave and other renewable energies have been intensively explored due to their natural 

abundance and environmental friendliness. However, such renewable energy resources are 

intermittent, thus efficient electrical energy storage (EES) systems such as electric grids and 

batteries are needed to store and deliver the energy produced by them. Among various EES systems, 

rechargeable lithium-ion batteries (LIB) have been successfully applied in portable electronics, 

aerospace and electric vehicles (EVs) due to its high gravimetric and volumetric energy densities, 

and superior long cycle performance.1,2 

LIB was first commercialized by Sony in the early 1990s. The schematic for the structure 

and working principle of a LIB is shown in Figure 1.1. A LIB consists of an anode (e.g. C, Al, Ge, 

Si), a Li-intercalation compound cathode (e.g. LiCoO2, LiMn2O4, LiNi0.33Mn0.33Co0.33O2, 

LiFePO4), a separator, and electrolyte which transports Li+ ions between the cathodes and anodes. 

The graphite anode has a layered structure, while the Li-intercalation compound cathode has a 

similarly layered, spinel, olivine or tavorite structure.2 Both electrodes are able to reversibly insert 

(a process called intercalation) and remove (a process called deintercalation) Li+ ions. During 

discharging, Li+ ions move from the anode to the cathode through the electrolyte inside the cell 

while the electrons flow through the external circuit in the same direction. The electrochemical 

reactions of a LIB are shown below: 

Half reaction in the cathode (taking CoO2 as an example): 

CoO2 + Li+ + e− ⇌ LiCoO2 

Half reaction in the anode (taking C as an example): 

LiC6 ⇌ C6 + Li+ + e− 

Overall reaction (discharging: from left to right, charging: from right to left): 

LiC6 + CoO2 ⇌ C6 + LiCoO2 
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Figure 1.1 Schematic for the structure and working principle of a LIB. Reproduced with 

permission from Ref. 1.  

Both anode and cathode materials can affect the specific energy of a LIB.2,3 After a few 

decades of intensive research on the cathode materials for LIB, the specific capacities of the 

cathode materials for the state-of-the-art LIBs are approaching their theoretical limits (Table 1.1). 

New cathode materials with larger specific capacities and higher discharge voltages are needed for 

the applications of LIBs in EVs and grid-scale energy storage. Moreover, the cost of the cathode 

materials needs to be considered to make the products (cell phones, cars, etc.) using LIBs more 

affordable to the general public. Cathode materials consisting of transition metals (e.g. Co, Ni, and 

Mn) requires a high cost for the mining of the respective raw materials from the earth’s crust. 

Furthermore, the contents of these transition metals in the earth’s crust are relatively low. Lastly, 

the environmental impact of the cathode materials is of high importance. Used LIBs which consist 

of transition metals can cause severe environmental pollution if they are released into the 

environment without any sophisticated chemical processing to eliminate the transition metals. 

With these considerations, a variety of new cathode materials with novel electrochemistry are 

being developed in recent years, which will be summarized in the next section. 
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Table 1.1 Characteristics of representative intercalation cathode materials. Reproduced with 

permission from Ref. 2. 

 

1.1 Sulfur cathode 

Being the fifth most common element by mass (weight content of 2.9%) in the earth,4 sulfur 

is abundant in nature. Sulfur is produced massively as a by-product in the natural gas processing 

and oil refining industry (Figure 1.2a).5 The annual production of sulfur world-wide is estimated 

to be 70 million tonnes.6 Sulfur has several solid allotropes, among which the most common one 

is cyclic octa-sulfur (S8). Octa-sulfur melts at 115 °C and boils at 445 °C. At rom temperature, 

octa-sulfur exists as the α-phase which has a “crankshaft” structure with the space group of Fddd-

D2h, as shown in Figure 1.2b.7 On increasing the temperature to 95 °C, octa-sulfur changes from 

α-phase to β-polymorph, where the structure of the S8 ring is unchanged. Further increasing the 

temperature to 159 °C, the structure of octa-sulfur evolves into γ-phase, accompanied by a 

decreased density but increased viscosity due to the cleavage of S8 rings and polymerization into 
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long chains. Molten sulfur exhibits the lowest viscosity around 155 °C before the beginning of 

polymerization.7 The sulfur cathode was first reported by Herbert and Ulam in 1962.8 A Li-S cell 

consists of a lithium metal anode, a separator, organic electrolyte, and a sulfur cathode (Figure 

1.2c). The electrochemical reactions of a Li-S cell are shown below:  

Half reaction in the cathode: 

S8 + 16Li+ + 16e− ⇌ 8Li2S 

Half reaction in the anode: 

16Li ⇌ 16Li+ + 16e− 

Overall reaction (discharging: from left to right, charging: from right to left): 

16Li + S8 ⇌ 8Li2S 

 

 

 

 

 

 

 

Figure 1.2 Sulfur production, crystal structure, and the configuration of Li-S cell. (a) Sulfur 

produced as a by-product in the natural gas processing and oil refining industry.5 (b) The 

“crankshaft” structure of orthorhombic α-sulfur with the unit cell marked in the outlined square. 

Reproduced with permission from Ref. 7. (c) Schematic of a Li-S cell and corresponding 

electrochemical reactions. Reproduced with permission from Ref. 9-10. 

The average discharge voltage of the sulfur cathode (2.2 V vs. Li+/Li) is about 3/5 of those 

of intercalation cathodes, but the theoretical specific capacity of the sulfur cathode (1672 mA h g-

1) is six times of the latter. With the use of a lithium metal anode, the theoretical gravimetric and 

volumetric energy densities of Li-S batteries can reach 2500 Wh kg-1 and 2800 Wh L-1, 

(b) (a) 

(c) 
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respectively, which are the second highest among all the cathodes reported so far. The natural 

abundance and environmental friendliness of sulfur together with the high specific energy of Li-S 

battery make Li-S battery a promising candidate for the next-generation rechargeable batteries for 

EVs and grid-scale energy storage. 

1.1.1 Redox mechanism of sulfur cathode 

Figure 1.3 shows the typical charge/discharge curves of the sulfur cathode. During 

discharge, sulfur reduction is a multistep electrochemical process that involves many lithium 

polysulfide intermediates with the general formula of Li2Sn, n = 2~8. It is generally accepted that 

long chain polysulfides such as Li2S8 and Li2S6 are produced first, and then the chain lengths of 

polysulfides are shortened with the formation of Li2Sn (n = 1~4) as the discharge continues. At the 

end of the discharge, lithium sulfide (Li2S) is formed. Kawase et al. suggested that the 

electrochemical reduction of sulfur can be divided into four stages (Figure 1.3). The 1st stage is 

from point (1) to (3-1), the 2nd stage is from point (2-1) to (3-3), the 3rd stage is from point (3-1) to 

(4), and 4th stage is from point (3-4) to (5).11 

 

 

 

 

 

 

 

Figure 1.3 Different regions for the discharge/charge processes of sulfur cathode. Reproduced 

with permission from Ref. 11. 

The electrochemical reactions in the 1st stage are:11 

S8 + 2e− → S8
2− 

S8 + 4e− → S7
2− + S2− 
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S8 + 4e− → S6
2− + S2

2− 

S8 + 4e− → S5
2− + S3

2− 

S8 + 4e− → 2S4
2− 

The electrochemical reactions in the 2nd stage are:11  

S8
2− + 2e− → S6

2− + S2
2− 

S8
2− + 2e− → S5

2− + S3
2− 

3S8
2− + 2e− → 4S6

2− 

S8
2− + 2e− → 2S4

2− 

S7
2− + 2e− → S4

2− + S3
2− 

2S6
2− + 2e− → 3S4

2− 

S6
2− + 2e− → 2S3

2− 

S5
2− + 2e− → S3

2− + S2
2− 

S4
2− + 2e− → 2S2

2− 

 The electrochemical reaction in the 3rd stage is:11 

S3
2− + 2e− → S2

2− + S2− 

 The electrochemical reaction in the 4th stage is:11  

S2
2− + 2e− → 2S2− 

In addition to electrochemical reactions shown above, chemical reactions 

(disproportionation) shown below can also occur in the discharge process of sulfur cathode:12 

S8 ↔ S6
2− +

1

4
S8 

S8 ↔ S5
2− +

3

8
S8 
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S8 ↔ S4
2− +

1

2
S8 

2S4
2− ↔ S5

2− + S3
2− 

2S3
2− ↔ S4

2− + S2
2− 

S6
2− ↔ 2S3

•− 

Despite a few decades of research, the exact reaction mechanism for sulfur cathode is still 

under debate. The intrinsic complexity of the electrochemical and chemical reactions of sulfur 

cathode, the difficulties in the separation and identification of pure polysulfide intermediates 

including S8
2−, S7

2−, S6
2−, S5

2−, S4
2−, S3

2−, S3
•− and S2

2- make the elucidation of the reaction 

mechanism rather difficult. Nonetheless, a number of in and ex-situ characterization techniques 

including high-performance liquid chromatography-mass spectrometry (HPLC-MS),11–13 electron 

spin resonance spectroscopy (ESR),12 Inductively coupled plasma-optical emission spectrometer 

(ICP-OES),13 proton and lithium nuclear magnetic resonance spectroscopy (1H and 7Li-

NMR),11,14,15 Operando UV-vis absorption spectroscopy,16–18 X-ray absorption spectroscopy 

(XAS),14 X-ray photoelectron spectroscopy (XPS),19,20 and X-ray diffraction (XRD)14 have been 

developed to probe the electrochemical reactions in Li-S batteries. Although the results revealed 

by different characterization techniques are drastically different from or even contradictory to each 

other, more fundamental and in-depth study on the reaction mechanism is needed to further 

improve the electrochemical performance of sulfur cathode for practical applications.  

1.1.2 Challenges of sulfur cathode and corresponding strategies 

Despite its great promise for future energy storage, the commercialization of sulfur cathode 

is hindered by several challenges which are discussed below: 

1.1.2.1 The low electronic and ionic conductivity of sulfur 

Sulfur is a poor conductor for electrons and Li+ ions, which results in the low utilization of 

sulfur active material and slow electrochemical reaction kinetics when sulfur is used as an 

electrode material. To solve this challenge, Sulfur/Mesoporous Carbon (S/CMK-3) (Figure 

1.4A)21, Sulfur/reduced Graphene Oxide (S/rGO)22, and Sulfur/Carbon Nanotubes (S/CNTs)23 

nanocomposites have been prepared. Benefiting from high surface areas and excellent electrical 
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conductivities of carbon nanomaterials, and small size of sulfur particles, these nanocomposites 

showed significantly enhanced utilization (≥ 80%) of sulfur active material. 

1.1.2.2 The large volume expansion during sulfur to Li2S conversion 

The densities of octa-sulfur and Li2S are 2.07 and 1.66 g cm-3, respectively, therefore a 

large volume expansion of ~80% is expected during the conversion of sulfur to Li2S. The 

mechanical stress caused by such large volume change weakens the physical contact among sulfur, 

carbon additive and aluminum current collector, resulting in the pulverization of sulfur cathode 

and consequently rapid capacity decay. To solve this challenge, simple poly(ethylene glycol) (PEG) 

coating on sulfur particles24, S-polyaniline (PANI) (Figure 1.4B)25 and S-TiO2
26 yolk−shell 

structures have been reported. Compared with the core-shell counterpart, the innovative yolk−shell 

structure with internal void space well accommodated the volume expansion of sulfur during 

discharge. As a result, a small capacity decay of 0.033% per cycle over 1,000 cycles was obtained. 

1.1.2.3 The use of lithium metal anode in Li-S batteries 

Lithium metal anode is a promising candidate for high energy density batteries because of 

its ultrahigh specific capacity (3860 mA h g-1) and low reduction potential (−3.04 V vs. standard 

hydrogen electrode).27 However, the use of lithium metal as the electrode poses a number of 

challenges: i) the formation of lithium dendrites can puncture the separator and cause internal 

short-circuit; ii) the repetitive Li stripping/plating during the electrochemical cycling causes cracks 

and pulverization of the lithium anode, deteriorating its cycling stability; iii) lithium metal is highly 

reactive and can cause fire/explosion once exposed to air accidentally. To deal with this challenge, 

electrolyte additives such as LiNO3,
28 La(NO3)3 (Figure 1.4C),29 and LiF30 were found to promote 

the formation of stable protective solid electrolyte interphase (SEI) films on the surface of Li anode, 

artificial coating layers including Li3N,31 Al2O3,
32 and nanocarbon33 were found to not only prevent 

Li metal from contacting lithium polysulfides to avoid side reactions, but also effectively suppress 

the growth of lithium dendrites. Composite Li metal anode such as Li-rGO composite (Figure 1.4D) 

prepared by the infusion of molten Li metal into the nanoscale interlayers of a rGO film were 

capable of mitigating the volume change during Li stripping/plating, promoting uniform Li 

deposition, and providing an electrochemically and mechanically stable artificial interface to 

stabilize the as-formed SEI.34 
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Figure 1.4 S/CMK-3 nanocomposite, S-PANI yolk-shell structure, La(NO3)3 additive for SEI 

formation on the Li anode, and layered Li–rGO composite film. (A) Schematic diagram of the 

S/CMK-3 nanocomposite, sulfur (yellow) is confined in the interconnected channel structures of 

mesoporous carbon, CMK-3 (black). Reproduced with permission from Ref. 21. (B) Schematic 

showing the S-PANI yolk-shell structure with internal void space. Reproduced with permission 

from Ref. 25. (C) Schematic showing the SEI formation on the surface of Li anode. The La2S3 

contained in the SEI film is originated from the reactions among La(NO3)3 additive, lithium 

polysulfides and Li metal. Reproduced with permission from Ref. 29. (D) Fabrication of a layered 

Li–rGO composite film. (a) Schematic of the synthetic procedures. (b-d) Corresponding digital 

images. (b) GO film, (c) rGO film, and (d) Li-rGO film. Reproduced with permission from Ref. 

34. 

(D) 

(A) (B) (C) 



10 

 

1.1.3 Strategies to improve the cycling stability of sulfur cathode 

Improving the cycling performance is one of the focuses of this thesis, so the related 

strategies are discussed in detail, as shown below. Sulfur cathode is plagued with drastic capacity 

decay due to the dissolution and diffusion of lithium polysulfide intermediates in the electrolyte. 

A capacity retention far below 80% over 1000 cycles with sulfur cathode is often obtained due to 

this challenge. Lithium polysulfides (Li2Sn, n=3~8) are highly soluble in the electrolyte leading to 

a number of problems: i) driven by the concentration gradient force, during discharging the 

dissolved long-chain polysulfides diffuse from the sulfur cathode to the lithium anode where they 

are electrochemically reduced to soluble short-chain polysulfides remaining in the electrolyte and 

insoluble Li2S2/Li2S deposited on the surface of lithium anode, resulting in the loss of sulfur active 

material; ii) driven by the electric field, during recharging the soluble short-chain polysulfides 

migrate back to the sulfur cathode from the lithium anode causing the infamous “shuttle effect”, 

which decreases the columbic efficiency; iii) the repetitive dissolution and redeposition of 

polysulfides in the cathode leads to the formation of large isolated sulfur and Li2S2/Li2S aggregates 

which do not participate in the electrochemical reactions any more due to the loss of electrical 

contact with conductive carbons; iv) the polysulfides migrated to the lithium anode can react with 

lithium metal forming cracks and pores on the surface of lithium metal, which destroys its 

structural integrity and worsens its cycling stability.10 

This challenge is the focus of this thesis, and the various strategies to tackle this challenge 

will be discussed in detail below.  

1.1.3.1 Physical confinement by hierarchically structured carbon hosts 

Due to its excellent electrical conductivity and high surface area, a S/C composite prepared 

using a hierarchically structured carbon host can maximize the electrical contact between sulfur 

and carbon, therefore improving the electrical conductivity of the sulfur cathode on the whole and 

leading to enhanced utilization of sulfur. Moreover, the hierarchical structures including nanopores 

and nanochannels can function as physical confinement to contain polysulfides and prevent them 

from diffusion/dissolution into the electrolyte. Schuster et al. reported spherical ordered 

mesoporous carbon nanoparticles with bimodal pores of 3.1 and 6.0 nm and an ultra high surface 

area of 2445 m2 g-1 (Figure 1.5a) as the host for sulfur.35 The resultant S/C composite showed a 

high initial charge capacity of 1200 mA h g-1 and a capacity retention of 60.8% over 100 cycles at 
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1 C for the charge capacity. Li et al. systematically studied mesoporous carbons with tunable pore 

sizes from 3 to 22 nm as hosts for sulfur, and found that partial sulfur filling of the pores led to 

improved initial discharge capacity and cycle stability.36 The mesoporous carbon host with the 

larger pore volume of 22 nm at the sulfur loading of 50 wt% and an additional surface coating with 

PEDOT:PSS afforded an initial capacity of 1390 mA h g-1 and a capacity retention of 60.4% over 

100 cycles at 0.1 C. A self-weaving multi-wall carbon nanotube (MWCNT) film was developed 

as the host for sulfur by Su et al.37 The nanopores of the MWCNT film can absorb the electrolyte 

and localize the soluble polysulfides, thereby suppressing their migration. Without the use of any 

binder or current collector, the free-standing S/MWCNT cathode film exhibited superior rate 

performance (capacities of 1352 mA h g-1 at 1 C and 1012 mA h g-1 at 4 C) and cycling 

performance (a capacity retention of 67.7% over 100 cycles at 1 C).  

 

 

 

 

 

Figure 1.5 Mesoporous carbon nanoparticles and intertwined MWCNT film. (a) TEM image of 

spherical ordered mesoporous carbon nanoparticles showing the 2D-hexagonal structure. The pore 

size is bimodal, 3.1 and 6.0 nm. Reproduced with permission from Ref. 35. (b) SEM image of 

mesoporous carbon nanoparticles with tunable pore sizes in the range of 3 to 22 nm. Reproduced 

with permission from Ref. 36. (c) SEM image of an intertwined MWCNT film. Reproduced with 

permission from Ref. 37. 

1.1.3.2 Solid electrolytes 

Solid electrolytes are superior to liquid electrolytes in mitigating the dissolution of 

polysulfides, preventing lithium dendrite formation, and avoiding electrolyte leakage. However, 

solid electrolytes generally have low ionic conductivity and high interfacial contact resistance, 

resulting in low utilization of sulfur and unsatisfactory rate performance. The matrix of solid 

electrolytes can be either polymers or inorganic ceramics. Marmorstein et al. compared the 

(a) (b) (c) 
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electrochemical performance of sulfur cathode with three solid polymer electrolytes, including 

poly(ethylene oxide) (PEO), poly(ethylene-methylene oxide) (PEMO) and poly(ethylene-glycol) 

dimethyl ether (PEGDME).38 They found that the cell with PEGDME electrolyte showed a much 

lower capacity fade rate than the cells with the other two electrolytes. Hassoun et al. reported a 

specially designed solid polymer electrolyte, a hot-pressed PEO-lithium triflate (PEO-LiCF3SO3) 

membrane with finely dispersed nano-sized zirconia (ZrO2) and lithium sulfide (Li2S).39 The ZrO2 

filler can improve the ionic conductivity of the polymer electrolyte and stabilize the lithium metal 

anode/electrolyte interface, while Li2S can enhance the ionic conductivity and prevent the 

polysulfide dissolution. Fu et al. reported a bilayer solid electrolyte, a thin dense layer (20 µm) 

mechanically supported by a thick porous layer (50~100 µm), as shown in Figure 1.6a.40 The thick 

porous layer provides continuous Li+/electron pathways for the sulfur cathode, while the thin dense 

layer blocks polysulfide diffusion and prevents Li dendrite formation. With this solid electrolyte 

design, the sulfur cathode can reach a high sulfur loading (> 7 mg cm-2) and a high average 

coulombic efficiency (> 99%). Yao et al. reported an all-solid-state Li-S cell which consists of a 

rGO@S-Li10GeP2S12-acetylene black (AB) composite cathode, a bilayer solid electrolyte of 

Li10GeP2S12 and 75% Li2S-24% P2S5-1% P2O5, and a lithium metal anode, as shown in Figure 

1.6b.41 At 60 °C, the as-designed all-solid-state cell delivers a high initial discharge capacity of 

1629 mA h g−1 at 0.05 C, and maintains a high capacity of 830 mA g-1 after 750 cycles at 1 C.  

  

 

 

 

 

 

Figure 1.6 Solid electrolyte for Li-S batteries. (a) Schematic of the bilayer solid electrolyte. 

Reproduced with permission from Ref. 40. (b) Schematic of the all-solid-state Li-S cell. 

Reproduced with permission from Ref. 41. 

(a) 

(b) 
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1.1.3.3 Polysulfide adsorbers 

Using adsorbers/trappers which have strong binding energies toward polysulfides to trap 

and confine them in the cathode is another effective strategy to impede the polysulfide shuttle. The 

adsorbers include polymers and metal oxides/sulfides.  

Conductive polymers (Figure 1.7) have attracted great interest for applications with Li-S 

batteries as they can only enhance the electrical conductivity of the sulfur cathode, but also trap 

polysulfides to reduce the polysulfide shuttle due to the strong interaction between the hetero 

atoms (O, N, S) of conductive polymers and the lithium atoms of polysulfides.  

 

 

 

 

Figure 1.7 Chemical structures of PEDOT, PPY, and PANI. m and n indicate the doped and 

undoped parts in these polymers, and X- indicates the counterion in the doped part. Reproduced 

with permission from Ref. 42. 

Yang et al. employed PEDOT:PSS coating on the exterior surface of CMK-3/S particles to 

improve its electrochemical performance (Figure 1.8A).43 It was found that the PEDOT:PSS 

coating led to the enhancement of the capacity retention from ∼70% to ∼80% over 100 cycles and 

10% increase in the discharge capacity due to the effective trapping of polysulfides by 

PEDOT:PSS. By systematically studying the electrochemical performance of sulfur cathodes 

made from PEDOT-, PPY-, and PANI-coated hollow sulfur nanospheres (Figure 1.8B), Li et al. 

found that the capability of these polymers in improving the cycling stability and rate performance 

of sulfur cathode decreased in the order of PEDOT > PPY > PANI.42 Ab initio simulations showed 

that PEDOT had a much stronger binding affinity with the LixS (0 < x ≤ 2) species than PPY and 

PANI. The strong binding of conductive polymers with polysulfides effectively reduced the 

polysulfide diffusion and thus contributed to the stable cycling performance.  
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Figure 1.8 Conductive polymers for sulfur cathode. (A) Schematic of PEDOT:PSS-coated CMK-

3/S composite for improving the electrochemical performance. Reproduced with permission from 

Ref. 43. (B) Schematic for the fabrication of conductive polymer-coated hollow sulfur nanospheres. 

Reproduced with permission from Ref. 42. 

Non-conductive polymers which have strong absorption capability toward polysulfides 

have also been intensively studied. Some representative examples are given in Figure 1.9. The 

polar functional groups including hydroxyl (-OH), ether (-C-O-C-), carbonyl (-C=O), carboxylic 

(-COOH) and amine (-NH2) in these polymers can bind with polysulfides strongly, as revealed by 

theoretical calculations.18,44 Most of these polymers were used as binders in Li-S batteries to 

replace the conventional poly(vinylidene fluoride) (PVDF) binder as PVDF fails to trap 

polysulfides. It is worth noting that stable cycling performance with a capacity retention of 85.6% 

over 200 cycles at 0.5 C was achieved with the poly(ethylenimine-hexamethylene diisocyanate) 

(PEI-HDI) binder.18 In addition to trapping polysulfides strongly, the excellent mechanical 

properties of some of these polymers such as gum arabic (GA),45 PEI-HDI,18 and generation 3 

polyamidoamine 4-carbomethoxy pyrrolidone dendrimer (G3CMP)46 enable them to minimize the 

mechanical stress caused by the volume change of sulfur particles during charge/discharge and 

maintain the electrode integrity, which also contributes to the enhanced cycling performance. 

 

(A) 

(B) 
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Figure 1.9 Representative nonconductive polymers for polysulfide trapping. 

Metal oxides/sulfides including conductive ones (Ti4O7, Ni3S2, FeS, CoS2),
47–49 semi-

conductive ones (VS2, TiS2)
48 and non-conductive ones (MnO2, CeO2, Al2O3, La2O3, MgO, 

CaO)20,50,51 have been explored as effective additives for improving the performance of Li-S 

batteries. Pang et al. reported that conductive Ti4O7 cannot only enhance the electrical conductivity 

of sulfur cathode, but also strongly adsorb polysulfides to retard their diffusion in the electrolyte.47 

The Ti4O7/S electrode shows a doubled capacity retention compared to a typical conductive carbon 

electrode. Tao et al. studied the effects of a series of non-conductive metal oxides including CeO2, 

Al2O3, La2O3, MgO and CaO on the performance of Li-S batteries, and found that MgO, CeO2 and 

La2O3 resulted in higher capacity and better cycling stability over others (Figure 1.10c).50 

Polysulfide adsorption test, microstructure analysis and density functional theory (DFT) 

calculations revealed that the adsorption and the diffusion of polysulfides on the surface of non-

conductive metal oxides needed to be balanced. Due to the poor conductivity of non-conductive 

metal oxides, the adsorbed polysulfides need to be transferred from the surface of metal oxide to 

the surface of conductive carbon for the electrochemical reactions to occur. Therefore, the 

diffusion of polysulfides on metal oxides is also important. In addition to effectively trapping 

polysulfides, some metal sulfides were found to exhibit electrocatalytic effects on polysulfide 

redox reactions.48,49 Zhou et al. compared the effects of a series of metal sulfides including Ni3S2, 
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FeS, CoS2, VS2 and TiS2 on the battery performance of sulfur cathodes.48 They found that VS2, 

TiS2 and CoS2 showed higher binding energies with polysulfides and lower energy barriers for 

Li2S oxidation, resulting in improved capacind cycling stability (Figure 1.10d).  

 

 

 

 

 

 

 

 

Figure 1.10 Metal oxides and sulfides for polysulfide trapping. (a) Digital images of Li2S8 (0.005 

M) adsorption by metal oxides in DOL/DME (1:1, v:v) solution. Reproduced with permission from 

Ref. 50. (b) Cycling performance and coulombic efficiency of sulfur cathodes with metal oxides 

at 0.5 C. Reproduced with permission from Ref. 50. (c) Digital images of Li2S6 (0.005 M) 

adsorption by carbon and metal sulfides in DOL/DME solution. Reproduced with permission from 

Ref. 48. (d) Cycling performance and coulombic efficiency of sulfur cathodes with carbon and 

metal sulfides at 0.5 C. Reproduced with permission from Ref. 48. 

1.2 Organic electrodes 

Recently organic electrodes have attracted great research interest due to their high capacity 

(such as cyclohexanehexone52 with a theoretical capacity of 957 mA h g-1, para-dinitrobenzene53 

with a theoretical capacity of 638 mA h g-1), structural versatility (structural modification using 

various synthesis methods in organic chemistry), environmental benignity (organic electrodes only 

contain C, H, O, N, S, free of transition metals), renewability (organic electrodes can be produced 

from existing organic materials such as plants in nature), low cost (mass production of organic 

electrodes from existing organics through chemical or biochemical processes), mechanical 

flexibility (many organic electrodes can be easily processed into foldable films), and versatility 

(a) (c) 

(b) (d) 
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(applications of organic electrodes in various metal-ion batteries including lithium-ion, sodium-

ion, potassium-ion, zinc-ion, magnesium-ion, calcium-ion and aluminum-ion).54 

1.2.1 Redox mechanisms of organic electrodes 

Based on the redox mechanisms, organic electrodes can be categorized into three types: n-

type, p-type and bipolar-type (Figure 1.11).54 For n-type electrodes, they undergo reduction first, 

during which they gain electrons to become negatively charged and positive lithium ions are 

associated with them to render them electroneutral. n-Type electrodes include carbonyl, imine or 

phenazine, nitrile, organosulfide, azo, anhydride and phenoxyl/galvinoxyl radical. For p-type 

electrodes, they undergo oxidation first, during which they lose electrons to become positively 

charged and the anions from the electrolyte are associated with them to render them electroneutral. 

p-type electrodes include conjugated thiophene and N-heterocycle. For bipolar-type electrodes, 

they undergo the reactions experienced by both n- and p-type electrodes. Bipolar-type electrodes 

include polyaniline, nitroxide radical such as 2,2,6,6-tetramethylpiperidinyl-N-oxyl (TEMPO) 

derived nitroxide, 2,2,5,5-tetramethylpyrrolidin-N-oxyl (PROXYL) derived nitroxide and nitronyl 

nitroxide. Generally, p-type electrodes exhibit higher redox potentials (> 3 V vs. Li+/Li) than n-

type electrodes (redox potential 0~3 V vs. Li+/Li). Therefore, p-type electrodes are often used as 

the cathodes. N-type electrodes can be used as either cathodes or anodes depending on their redox 

potentials. Those with the redox potentials in the range of 1.5~3 V vs. Li+/Li are used as the 

cathodes, while the others with the redox potentials in the range of 0~1.5 V vs. Li+/Li are used as 

the anodes. 
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Figure 1.11 Redox mechanisms of different types of organic electrodes. Reproduced with 

permission from Ref. 54. 

1.2.2 Challenges of organic cathodes and corresponding strategies 

Organic cathodes generally have lower energy densities compared with sulfur and 

inorganic intercalation cathodes.  

Energy density (E, unit: Wh kg-1) of an electrode material can be calculated with Equation 

1.1: 

𝐸 = 𝑄 × 𝑉    (Equation 1.1) 
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where Q is the specific capacity (unit: mA h g-1), V is the output voltage (unit: V). 

Challenges have been encountered in achieving high Q and high V for organic batteries.  

1.2.2.1 Achieving high specific capacity (Q) 

As shown in Equation 1-1, achieving high specific capacity is essential for enhancing 

energy density. The specific capacity of an electrode material can be calculated, as shown below: 

𝑄 =
𝑛·𝐹

3.6·𝑀
=

26801·𝑛

𝑀
    (Equation 1.2) 

where Q is the specific capacity (unit: mA h g-1), n is the number of electrons transferred per one 

molecule of the electrode material, F is the Faraday constant (96485 C mol-1), 𝑀 is the molecular 

weight of the electrode material (unit: g mol-1). Based on Equation (1.2), 𝑄 is proportional to 
𝑛

𝑀
. It 

is imperative to increase 𝑛 while keeping 𝑀 as low as possible. Recently, the aromatic nitro group 

(-NO2) with an n value of two has been demonstrated as a reversible electroactive group for organic 

electrodes.53 For the carbonyl group (-C=O), n equals one. Since 𝑛 is a fixed number for a specific 

type of electroactive group, the challenge is to keep 𝑀 as low as possible for achieving high 

capacity. 1,4-Benzoquinone (BQ) is quite soluble in the liquid electrolyte (usually 1:1 DOL/DME 

based, v:v) to the extent that it immediately dissolves in the electrolyte when it contacts the 

electrolyte solvents. Therefore, BQ cathode suffers from low utilization of the active material and 

fast capacity decay. It has been reported that the formation of macrostructures such as 

dibenzo[b,i]thianthrene-5,7,12,14-tetraone (DTT),55 quinone-based polymers such as 

poly(benzoquinonyl sulfide) (PBQS),56 lithium salt of poly(2,5-dihydroxy-p-benzoquinonyl 

sulfide) (Li2PDHBQS)57 and poly(anthraquinonyl sulfide) (PAQS)58 can suppress the dissolution 

issue (Figure 1.12). However, these approaches inevitably introduce inactive structures into the 

BQ structure, which increases 𝑀 while 𝑛 is unchanged. As a result, the specific capacities of these 

quinones are much lower than that of BQ (Figure 1.12). Modification of the BQ structure with 

electro-donating such as 2,5-dimethoxy-1,4-benzoquinone (CH3O-BQ),59 or electron-withdrawing 

groups such as 2,5-bis(trifuoromethyl)-1,4-benzoquinone (CF3-BQ)60 and tetrachloro-1,4-

benzoquinone (Cl-BQ)61 has been reported to tune the charge/discharge voltage of BQ (Figure 

1.12). This approach also increases 𝑀  while 𝑛  stays the same, resulting in decreased specific 

capacities.  
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In summary, to achieve high specific capacity, special attention should be paid to keep the 

molecular weights ( 𝑀 ) of organic electrode materials as low as possible when structural 

modification is applied to organic molecules.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12 Chemical structures of para-dinitrobenzene and quinones with different molecular 

weights and specific capacities. 

1.2.2.2 Achieving high output voltage (V) 

Based on Equation 1.1, increasing the output voltage is also necessary for improving 

energy density. The output voltage is the difference between the cathode and the anode working 

potentials. It has been reported that the discharge potentials of organic cathode materials are 

closely related with their lowest unoccupied molecular orbital (LUMO) energy levels which can 

BQ 

M: 108.1 g mol-1 

Q: 496 mA h g-1 

DTT 

M: 376.4 g mol-1 

Q: 142 mA h g-1 

PBQS 

M: 138.1 g mol-1 

Q: 388 mA h g-1 

Li2PDHBQS 

M: 182 g mol-1 

Q: 295 mA h g-1 

PAQS 

M: 238.3 g mol-1 

Q: 225 mA h g-1 

CH3O-BQ 

M: 168.2 g mol-1 

Q: 319 mA h g-1 

CF3-BQ 

M: 244.1 g mol-1 

Q: 220 mA h g-1 

Cl-BQ 

M: 245.9 g mol-1 

Q: 218 mA h g-1 

p-DNB 

M: 168.1 g mol-1 

Q: 638 mA h g-1 



21 

 

be adjusted by the introduction of electron-withdrawing or -donating groups into their molecular 

structures.55,60–63 For the absolute vacuum scale (AVS), the Li+/Li redox potential is -1.4 V 

corresponding to -1.4 eV for the one-electron-transferred reaction while the LUMO levels of 

organic cathode materials are much lower than -1.4 eV, indicating that the organic cathode 

materials gain electrons and are reduced during the discharge process. Therefore, the lower the 

LUMO levels of the organic cathode materials, the higher the discharge potentials. Liang et al. 

designed three AQ-based molecules with different electron-withdrawing aromatic heteroatoms (S, 

O and N), benzo[1,2-b:4,5-bʹ]dithiophene-4,8-dione (BDTD), benzofuro[5,6-b]furan-4,8-dione 

(BFFD) and pyrido[3,4-g]isoquinoline-5,10-dione (PID), as shown in Figure 1.13A.63 From the 

differential capacity curves (Figure 1.13B), it can be seen that the first-stage discharge potentials 

increase in the order of AQ (2.27 V) < BDTD (2.52 V) < BFFD (2.61 V) < PID (2.71 V), which 

follows the same trend of the absolute values of LUMO levels (Figure 1.13D).63 The results also 

imply that there is a linear relationship between the first-stage discharge potentials and LUMO 

levels of organic cathode materials with analogous structures. For BQ based organic electrode 

materials, it has been reported that introduction of electron-withdrawing groups such as -CF3, -CN, 

-F and -Cl increased the average discharge potentials by 0.3-0.6 V vs. Li+/Li, while electron-

donating groups such as -CH3, -OCH3, -Ph and -OLi lowered the average discharge potentials by 

0.1-0.9 V vs. Li+/Li.64 It should be noted that the structural modification of organic cathode 

materials with electro-withdrawing groups aiming at increasing the discharge potentials (V) and 

energy densities (E) inevitably increases their molecular weights (M) which results in lowered 

specific capacities (Q) and energy densities. Therefore, smart design of organic electrode materials 

is needed to ensure that the gain in energy densities resulted from increased discharge potentials 

can compensate for the loss in energy densities resulted from decreased specific capacities.  
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Figure 1.13 Chemical structures, charge/discharge curves, differential capacity curves, and the 

relationship between the first discharge potentials and the LUMO energy levels of AQ, BDTD, 

BFFD and PID. (A) Structures. (B) Charge/discharge profiles. (C) Differential capacity profiles 

derived from the curves shown in (B). (D) The relationship between the first discharge (reduction) 

potentials and the calculated LUMO levels. Figures 1.13(A-D) are reproduced with permission 

from Ref. 63.  

1.2.3 Strategies to improve the cycling stability of organic cathodes  

Improving the cycling performance of sulfur and organic cathodes is one of the focuses of 

this thesis, so the related strategies are discussed in detail. Similar to sulfur cathode, the cycling 

stability of organic cathodes is generally poor due to the high solubilities of organic cathode 

materials and their charge/discharge intermediates in the liquid electrolyte. Several strategies have 

been developed to solve the dissolution issue, including polymerization/formation of extended 

structures, formation of organic salt, hybridization with carbon and solid electrolyte, which will 

be discussed in detail in the following sections.  

1.2.3.1 Polymerization or formation of macromolecular structures 

Polymerization or formation of macromolecular structures has proven to be an effective 

strategy to improving the cycling stability of organic cathodes. Compared with small molecules, 

polymers or macromolecules with extended structures are less soluble in the liquid electrolyte. 

Song et al. synthesized two new polyanthraquinones, namely poly(1,4-anthraquinone) (P14AQ) 

and poly(1,5-anthraquinone) (P15AQ), and compared their cycling performances with those of a 

small molecule-1,4-anthraquinone (AQ) and another polymer-poly(anthraquinonyl sulfide) 

(PAQS).65 As shown in Figure 1.14a, the discharged product of AQ is soluble in the liquid 

electrolyte where the discharged products of PAQS and P14AQ are insoluble, demonstrating the 
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effectiveness of polymerization in overcoming the dissolution issue. The capacity retentions of the 

polymers PAQS, P14AQ and P15AQ after 100 cycles at 0.2 C are 98.4, 98.3 and 67.6%, 

respectively, which are much higher than that (17.8%) of the small molecule AQ (Figure 1.14a). 

Long-term cycling test shows that P14AQ exhibits superior cycling stability with capacity 

retentions of 98.1 and 99.4% after 1000 cycles at 1 and 2 C, respectively. In addition to 

polymerization, formation of extended structures such as pillar[5]quinone (P5Q)66 and Vat Green 

8 (VG 8)67, shown in Figure 1.14b-c, is another method to reduce the solubilities of the materials 

in the liquid electrolyte. Improved cycling stabilities were obtained with these macromolecules of 

extended structures. Recently, covalent organic frameworks (COFs), a special class of polymers 

with periodic skeletons and ordered nanopores, have attracted considerable research interest for 

their potential application in rechargeable batteries. As battery electrode materials, COFs have 

several advantages including tunable electronic properties, ability to accommodate ions such as 

Li+ and Na+ in the nanopores without prominent volume change, and facilitated transport of ions 

in the nanopores. Shi et al. reported the design and battery application of a COF with 

triquinoxalinylene and benzoquinone units (TQBQ) in the skeletons (TQBQ-COF), as shown in 

Figure 1.14d.68 In addition to high-rate capability of 134.3 mA h g−1 (26.1% of the theoretical 

capacity) at 10.0 A g−1 (19.4 C) resulted from enhanced electronic and ionic conduction, the as-

designed TQBQ-COF electrode exhibits excellent cycling stability with a capacity retention of 96% 

after 1000 cycles at 1.0 A g−1 (1.9 C) in sodium-ion batteries.68 

 

 

 

 

 

 

 

 

 



24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.14 Chemical structures of polymers and macromolecular structures synthesized from 

small organic molecules. (a) Structures of AQ, PAQS, P14AQ and P15AQ. Photographs showing 

the dissolution behaviors of the materials and their discharged products in the liquid electrolyte. 

Cycling performance of the materials at 0.2 C. Reproduced with permission from Ref. 65. 

Structures of (b) P5Q, (c) VG 8, and (d) TQBQ-COF (reproduced with permission from Ref. 68). 

1.2.3.2 Formation of organic salts 

Formation of organic salt is another effective strategy to reduce the solubilities of organic 

cathode materials in the liquid electrolyte. The most common liquid electrolyte for organic 

cathodes uses aprotic solvents, normally DOL/DME (1:1, v:v). The introduced salt groups are 

highly polar (ionic bond) and have poor solubilities in aprotic solvents. The salt groups reported 

so far include -OM, -COOM, and -SO3M (M represents Li or Na). The disodium salt of 2,5-

(b) (c) 
(d) 

(a) 
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dihydroxy-1,4-benzoquinone (Na2DHBQ) showed excellent cycling stability with a capacity 

retention of 76.7% after 300 cycles at 1 C.69 Similarly, enhanced cycling stabilities with capacity 

retentions of 90% after 50 cycles at 0.05 C and 95% after 50 cycles at 0.1 C were seen with the 

tetralithium salt of 2,3,5,6-tetrahydroxy-1,4-benzoquinone (Li4THBQ)70,71 and the dilithium salt 

of 1,5-dihydroxyanthraquinone (Li2DHAQ)72, respectively. It is worth noting that for the 

compounds containing lithium enolate groups (-OLi), coordination bonding (O···Li···O) may 

exist resulting in the formation of coordination polymers with periodic frameworks, as suggested 

by Xiang et al.73 Recently, azo compounds (-N=N-) were identified as a new type of organic 

electrode materials for alkali-ion batteries by Luo et al.74,75 They found that the cycling stabilities 

of azo compounds increases on increasing the number of carboxylate groups (-COOM). The 

azobenzene (AB) electrode lost more than 50% of the capacity after the first cycle due to the high 

solubility of AB in the electrolyte. On adding two carboxylate groups to the structure of AB, the 

resultant azobenzene-4,4ʹ-dicarboxylic acid sodium salt (ADASS) electrode exhibited exceptional 

cycling stability with a capacity retention of 86.6% after 2000 cycles at 20 C due to the 

substantially reduced solubility in the electrolyte.74 Sulfonate group (-SO3Na) was also reported to 

enhance the cycling stability of organic electrode materials.76,77 Compared with indigo, indigo 

carmine (5,5ʹ-indigodisulfonic acid sodium salt) showed improved cycling stability with a capacity 

retention of more than 90% after 40 cycles at 0.09 C in both Li-ion and Na-ion batteries.76 

 

 

 

 

 

 

 

 

Figure 1.15 Representative organic salts with enhanced cycling stabilities. 
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1.2.3.3 Nanocomposite formation with insoluble materials  

Similar to the sulfur cathode, nanocomposite formation between organic electrode 

materials and insoluble materials such as graphene, CNTs, porous carbon and metal oxides has 

proven effective in alleviating the dissolution issue. The capacity retention of P5Q electrode in 

Na-ion batteries was increased from 27% after 100 cycles at 0.1 C to 69% after 300 cycles at 0.1 

C by the encapsulation of P5Q with mesoporous conductive carbon (CMK-3) at the P5Q loading 

of 33.3%.78 The capacity retention of 2,2ʹ-bis(3-hydroxy-1,4-naphthoquinone) (H2BHNQ) 

electrode in Li-ion batteries was improved from 26.3% to 65.7% after 50 cycles at 0.1 C by the 

encapsulation of H2BHNQ with CMK-3 at the H2BHNQ loading of 50% (Figure 1.16a).79 In 

addition to the encapsulation of organic electrode materials in the pores of porous carbons by 

physisorption78–80 and nanocomposite formation with graphene/CNTs via π-π interaction81, 

chemically grafting organic electrode materials onto functionalized carbons was also reported.82 

By chemically grafting 2,3-diamino-1,4-naphthoquinone (DANQ) molecules onto the surfaces of 

carboxylate group (-COOH) functionalized carbon fibers via peptide bond formation, as shown in 

Figure 1.16b, the capacity retention of DANQ electrode in Li-ion batteries was improved from 34% 

after 50 cycles at 98% after 100 cycles at 0.2 C.82 It is worth mentioning that the rate performance 

of the materials is also enhanced when conductive materials are used for preparing the 

nanocomposite. Nanocomposite formation with metal oxides was also reported. Yang et al. 

reported an elaborately designed 1,4-benzoquinone@TiO2 structure to mitigate the dissolution 

issue.83 Enhanced capacity retention of 80.7% after 100 cycles at 0.1 C was obtained. 

 

 

 

 

 

Figure 1.16 Nanocomposite formation between small organic molecules and porous carbon. (a) 

Schematic of the encapsulation of H2BHNQ molecules in the nanopores of CMK-3 by the wet 

impregnation method. Reproduced with permission from Ref. 79. (b) Chemically grafting DANQ 

molecules onto functionalized carbon fibers. Reproduced with permission from Ref. 82. 

(a) (b) 
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1.2.3.4 Use of solid electrolytes 

For organic electrodes, the dissolution of organic molecules in the liquid electrolyte can be 

substantially suppressed by using solid electrolyte. With a quasi-solid gel polymer electrolyte, 

poly(methacrylate) (PMA)/poly(ethylene glycol) (PEG)-LiClO4-DMSO (Figure 1.17), the 

calix[4]quinone (C4Q) cathode showed enhanced cycling performance with a capacity retention 

of 89.8% after 100 cycles at 0.2 C and room temperature.84 Later on, the same group developed a 

PMA/PEG based solid electrolyte, namely PMA/PEG-LiClO4-3 wt% SiO2. Using the as-

developed solid electrolyte, the P5Q cathode exhibited stable cycling performance with a capacity 

retention of 94.7% after 50 cycles at 0.2 C and room temperature.85 By contrast, the P5Q cathode 

showed rapid capacity decay with the loss of ~45% of the initial capacity after only three cycles 

when the liquid electrolyte of 1 M LiPF6 in 1:1 (v:v) ethylene carbonate (EC)/diethyl carbonate 

(DEC) was used, which demonstrated the advantages of solid electrolyte over liquid electrolyte in 

improving the cycling stability of organic electrodes.       

 

 

 

 

 

 

Figure 1.17 The structure of PMA/PEG based electrolyte. Reproduced with permission from Ref. 

84. 

 

1.3 Research objectives 

An overview of the different approaches for solving the dissolution issue is shown in Table 

1.2.  
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Table 1.2 An overview of the different strategies for solving the dissolution issue. 

 

The main objective of this thesis is to improve the battery performance (mainly the cycling 

stability) of sulfur and organic cathodes by using polymers.  

 Advantages Disadvantages 

Nanocomposite formation with porous 

carbons 

i) Can trap the soluble species in 

the nanopores 

ii) Can improve the electrical 

conductivity of electrode due 

the high conductivity of porous 

carbon 

i) Cannot completely solve the 

dissolution issue and the soluble 

species still diffuse out of electrode 

ii) The weight ratio of active 

material to porous carbon cannot 

exceed ~70% to make this approach 

effective, which lowers the energy 

density of electrode  

Polymerization (conventional 

polymers, macrostructures, 

coordination polymers, COFs, MOFs) 

Completely solve the 

dissolution issue 

i) Not applicable to the sulfur 

cathode  

ii) May introduce non-electroactive 

units into the structures of organic 

electrodes 

iii) Instabilities of some MOFs after 

Li insertion 

Adding adsorbers (metal oxides, 

sulfides, polymer binders) for trapping 

soluble species 

Can effectively trap the soluble 

species 

May need to use a large amount of 

adsorbers to make this approach 

effective, which lowers the energy 

density of the electrode 

Formation of organic salts 

Can substantially reduce the 

solubilities of organic electrodes 

in the liquid electrolytes 

i) Not applicable to the sulfur 

cathode  

ii) Not as effective as the 

polymerization approach 

Using solid electrolyte  
Completely solve the 

dissolution issue 

i) Low ionic conductivity of solid 

electrolyte and may require high 

temperature to make the battery 

work  

ii) Compatibility of solid electrolyte 

with organic electrode and Li anode 
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• The trapping ability toward soluble polysulfides and the mechanical strength of separated 

or lightly interacted polymer chains are limited. By using a robustly crosslinked 

PEDOT:PSS binder, these two aspects are expected to be strengthened, which can result in 

improved cycling stability for the sulfur cathode.  

• Physical mixing of commercial PEDOT binder with other electrode components such as 

Super P and sulfur particles cannot afford a tight contact among these electrode 

components. And whether the conductivity of conductive polymers stays unchanged 

during the electrochemical cycling of Li-S batteries is known. An in-cell (or in-situ) 

electrochemical polymerization method is expected to generate a tight contact among the 

different electrode components, which can result in improved trapping effect toward 

polysulfides and facilitated electron transport. Revealing potential dependence of the 

conductivity for conductive polymers is of upmost importance while using these materials 

to improve the electrical conductivity of the electrodes. 

• Formation of coordination polymers or metal organic frameworks by using transition metal 

ions and small organic molecules is an established area. But whether these compounds 

including both the metal and the ligand are electroactive or not is unknown. How to 

improve the cycling stability of organic electrodes using the afore-mentioned approaches 

is also very important.  

• Conjugated polymer electrodes are a special organic electrode with the merits of solution 

processability, mechanical flexibility and high-rate capability. The discharge voltages and 

capacities of conjugated polymer electrodes reported so far are very low. How to improve 

these two aspects for conjugated polymer electrodes are crucial. 

1.4 The structure of the thesis  

This thesis consists of seven chapters. Chapter 1 introduces the general backgrounds and 

recent progress in sulfur and organic cathodes, and motivation of the thesis. Chapter 2 presents a 

summary of the theoretical principles and instrumentation of the various characterization 

techniques which have been used in the thesis. In Chapter 3, a crosslinked PEDOT:PSS-Mg2+ 

binder is developed to improve the cycling stability and rate performance of sulfur cathode. In 

Chapter 4, a novel in-cell electro-polymerization method is developed to incorporate a conductive 

polymer (PEDOT) into the sulfur cathode and discusses the conductivity changes of conductive 
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polymers during battery cycling. The electrochemical performances of a series of coordination 

polymers are compared in Chapter 5. The polymers were synthesized with divalent metal ions 

(Ni2+, Co2+, Mn2+, Zn2+, and Cu2+) and 2,5-dihydroxy-1,4-benzoquinone (DHBQ). The results 

indicate that these polymers improve the performance of DHBQ electrode. Moreover, stable 

cycling for the Cu-DHBQ cathode is achieved by binder optimization. Two diketopyrrolopyrrole 

(DPP) based conjugated polymer cathodes are developed in Chapter 6. These polymers are 

diketopyrrolopyrrole-quaterthiophene copolymer (PDQT) and diketopyrrolopyrrole-bithiophene 

polymer (PDBT), which show p-type and bipolar-type charge storage mechanisms, respectively. 

A summary of the main findings of the thesis is provided in Chapter 7, where future research 

directions are suggested. 
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Chapter 2. Characterization Techniques 

In this chapter, the basic principles and the instrumentation for the main characterization 

techniques adopted to characterize the physicochemical properties of electrode materials and 

evaluate their electrochemical performance are described. 

2.1 Physical characterization 

2.1.1 X-ray diffraction (XRD) 

When an X-ray is shined on a crystal, it diffracts in a unique pattern characteristic of the 

structure of the crystal. The diffraction pattern originates from the powders of a material in powder 

XRD while it is from the individual crystal of a material in single crystal XRD. X-rays are partially 

scattered by the atoms when they strike the surface of a crystal. The part of the X-ray that is not 

scattered will pass through to the next layer of atoms, where again part of the X-ray is scattered 

and part of the X-ray passes through to the next layer. This causes an overall diffraction pattern, 

similar to how a grating diffracts a beam of light. The sample must be crystalline and the spacing 

(d) between atomic layers must be close to the radiation wavelength for an X-ray to diffract. If the 

beams diffracted by the two different atomic layers are in phase, constructive interference occurs 

and the diffraction pattern shows a peak, while destructive interference occurs and there is no peak 

if they are out of phase. Diffraction peaks appear only when sinθ =
nλ

2d
 (Bragg’s Law), where θ is 

the angle of incidence of the X-ray, n is an integer, λ is the wavelength of the X-ray, and d is the 

spacing between atomic layers. A highly ordered structure is needed for the diffraction to occur, 

therefore only crystalline materials show diffraction patterns while amorphous materials do not. 

Since the diffraction patterns are unique, the samples can be identified by referring to databases of 

diffraction patterns such as International Centre for Diffraction Data (ICDD) and Joint Committee 

for Powder Diffraction Standards (JCPDS). The purity of a sample can be determined from its 

diffraction pattern since the contaminants would show additional peaks if there are any. The 

particle size of the powder can be determined using the Scherrer formula, t =
Kλ

βcosθ
, where t is the 

mean size of the ordered (crystalline) domains and may be different from the grain size, K is a 

dimensionless shape factor with a value close to unity (K has a typical value of ~0.9 and varies 

with the shape of the crystallite, λ is the wavelength of the X-ray, β is the line broadening 

corresponding to the full width at half maximum (FWHM) after subtracting the instrumental line 
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broadening and sometimes denoted as Δ(2θ), and θ is the Bragg angle. The instrumentation of an 

X-ray diffractometer86 is shown in Figure 2.1a, an example of the XRD data73 is shown in Figure 

2.1b. 

 

 

 

 

 

 

 

Figure 2.1 Instrumentation for XRD and an example of XRD data. (a) Instrumentation of an X-

ray diffractometer. Reproduced with permission from Ref. 86. (b) XRD patterns of compounds 1 

[Li2(C6H2O4)] and 2 [Li2(C6H2O4)·2H2O]. Reproduced with permission from Ref. 73.  

2.1.2 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a thermal analytical technique where the mass 

change of a sample as a function of time or temperature is monitored while the sample is being 

treated with a controlled temperature program in a controlled gas atmosphere.87 The temperature 

program includes heating at a constant heating rate (e.g. 10 °C min-1), an isothermal regime for a 

certain period of time, and a non-linear temperature change.87 The gas atmosphere includes inert 

(e.g. N2, Ar) and reactive gases (e.g. air, O2, 8-10% H2 in N2).
88 The TGA experiment is conducted 

with a thermalgravimetric analyser which is equipped with a high-precision thermobalance. There 

are three different designs for the thermobalance, top loading, bottom loading or hang down, side 

loading, as shown in Figure 2.2a-c.89 The balance and the thermocouple can accurately measure 

mass and temperature, respectively. A protective tube is used to isolate both heating element and 

cooling coil from the sample pan. TGA can provide information on phase transition, 

thermal/oxidative stability, composition of a mixture, and product lifetime. The TGA data (known 

as thermogram) is normally represented as percent weight versus temperature. The first derivative  

(a) (b) 



33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Instrumentation for the thermobalance of TGA, and examples DTG, DDTG and TGA 

data. Three different designs of thermobalance: (a) top loading, (b) bottom loading or hang down, 

and (c) side loading. Reproduced with permission from Ref. 89. (d) Thermogram (TG curve, 

green), first derivative of thermogram (DTG curve, red), second derivative of thermogram (DDTG 

curve, blue) of Mn(CH3COO)2·4H2O heated up to 900 °C in air. Reproduced with permission from 

Ref. 89. (e) TGA curves of the mesoporous carbon/sulfur (MC/S) composite, MC and sulfur. 

Reproduced with permission from Ref. 90. 

 

of a TGA thermogram, known as DTG, can be used to identify the onset decomposition 

temperature, inflection point, and end decomposition temperature.89,91 An example showing the 

Top loading  

(a) 
(b) 

(c) 

Bottom loading or 

hang down 

Side loading  

(d) 
(e) 
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TGA and DTG curves is given in Figure 2.2d.89 By equipping TGA with evolved gas analysis 

(EGA) such as mass spectroscopy (MS) and Fourier transform infrared spectroscopy (FTIR), it is 

possible to identify the chemical nature of the evolved gas and correlate the results with the 

observed mass change.88,92 In addition to characterizing the thermal stabilities of electrode 

materials, TGA can also be used to determine the sulfur content of a S/C composite.90 

 

2.1.3 Ultraviolet-visible-near-infrared spectroscopy (UV-Vis-NIR) 

Ultraviolet-visible-near-infrared (UV-Vis-NIR) spectroscopy, performed in the 

wavelength range of 200-3300 nm, is a powerful analytical technique to probe the optical and 

electronic properties of liquids and solids (thin films and powders). Figure 2.3a is a summary of 

the phenomena that can occur when a sample is illuminated or irradiated (infrared range).93 When 

luminescence, scattering and reflection are negligible or eliminated by the control experiment,93 

the Lambert–Beer law can be applied: A = log10
Io

I
= εcL, where A is the absorbance, Io is the 

power (intensity) of the incident light, I is the power of the transmitted light, L is the path length 

of light through the sample in cm, c is the analyte concentration in mol L-1, ε is the molar 

absorptivity or extinction coefficient in L mol-1 cm-1. UV-Vis-NIR spectroscopy includes two 

modes, transmittance and reflectance. A UV-Vis-NIR experiment is conducted with a 

spectrophotometer. Three common instrumental designs for spectrophotometers are shown in 

Figure 2.3b-d.94 In a single-beam instrument (Figure 2.3b), the radiation passed through the filter 

enters either the reference or the sample cell before striking the photodetector. In a double-beam-

in-space instrument (Figure 2.3c), the radiation passed through the filter is split into two beams 

that simultaneously pass through the reference and the sample cells before striking two matched 

photodetectors. In a double-beam-in-time instrument (Figure 2.3d), the radiation passed through 

the filter alternately enters the reference and the sample cells before striking a single 

photodetector.94 An example of UV-Vis data is shown in Figure 2.3e, which is the UV-Vis 

spectrum of lithium polysulfide (Li2S6).
95 
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Figure 2.3 Theoretical principles and instrumentation for UV-Vis-NIR, and an example of UV-

Vis data. (a) Schematic illustrating the interaction of light with matter. Reproduced with 

permission from Ref. 93. Three instrumental designs for spectrophotometers: (b) single beam, (c) 

double beam in space, (d) double beam in time. Reproduced with permission from Ref. 94. (e) 

UV-Vis spectra of blank Li2S6 solution, and Li2S6 solutions with three-dimensional graphene foam 

(3DGF) and Co9S8-3DGF. Reproduced with permission from Ref. 95. 

 

2.1.4 Fourier transform infrared spectroscopy (FTIR) 

Infrared spectroscopy (IR) is a technique used to identify the structures of molecules or 

quantify the amounts of molecules based on the characteristic absorption spectra of molecules 

under IR radiation. The IR region includes near-infrared (12800~4000 cm-1), mid-infrared 

(b) 

(c) 

(d) 

(e) 

(a) 
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(4000~200 cm-1), and far-infrared (200~10 cm-1). The most used region in IR spectroscopy is the 

mid-infrared region (4000~670 cm-1).94 The spectrum in IR spectroscopy is caused by molecular 

vibrations or rotations whereas that in UV-Vis spectroscopy is caused by electronic transitions. 

The absorption of IR radiation causes a molecule to undergo a net change in dipole moment as it 

vibrates or rotates. Vibrations of molecules can be categorized into stretching and bending. There 

are three types of IR spectrometers, dispersive type with a grating monochromator, non-dispersive 

type with a filter or an absorbing gas for the analysis of atmospheric gases, and Fourier transform 

(FT) type with an interferometer.94 Compared with the other two types, the FT-type has the 

advantages of fast speed, reliability, high signal-to-noise ratio, and convenience. The main 

difficulty with the dispersive IR is the slow scanning process. By using an interferometer, the FITR 

can measure all the infrared frequencies simultaneously rather than individually on the order of 

one second or so. The as-measured interferogram was decoded to give the plot of intensity at each 

individual frequency using the well-known mathematical technique (fast Fourier transformation, 

FFT) with a computer. The layout of a FTIR spectrometer is shown in Figure 2.4a, and the 

schematic of the sample analysis process using a FTIR spectrometer is shown in Figure 2.4b.96 An 

example of FTIR spectra is shown in Figure 2.4c.97    
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Figure 2.4 Instrumentation for FTIR and an example of FTIR data. (a) The layout of a FTIR 

spectrometer. Reproduced with permission from Ref. 96. (b) Schematic of the sample analysis 

process with a FTIR spectrometer. Reproduced with permission from Ref. 96. (c) FTIR spectra of 

the 5,7,12,14-tetraaza-6,13-pentacenequinone (TAPQ) electrodes in three states: as-prepared, 

discharged, recharged. Reproduced with permission from Ref. 97.  

 

2.1.5 Peel test 

Peel test is a commonly used method to measure the adhesive strength of an adhesive 

material. The adhesive strength, sometimes referred to as the “stickiness”, describes the ability of 

an adhesive to stick to a surface and bond two surfaces together. The adhesive strength (unit: N 

mm-1) is defined as the average load per unit width of bond line required to gradually separate a 

flexible member from a rigid member over adhered surfaces. A schematic for the peel test is shown 

(a) 

(b) 

(c) 
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in Figure 2.5a.98 Standard methods for peel test include T-peel (Figure 2.5b)99, 90° peel, 180° peel 

(Figure 2.5c)99, roller, and climbing drum.98 In the battery research area, the peel test can be used 

to evaluate the binding properties of polymer binders.100–103 As shown in Figure 2.5d, by 

performing a 180° peel test on an electrode film, the adhesive strength of a polymer binder can be 

measured.103 A typical plot of peel force versus distance obtained from the peel test is shown in 

Figure 2.5e.103 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Schematic for the peel test, and an example of peel force vs. distance curve obtained 

from the peel test. (a) Schematic for the peel test. Reproduced with permission from Ref. 98. (b) 

T-peel test. Reproduced with permission from Ref. 99. (c) 180° peel test. Reproduced with 

permission from Ref. 99. (d) Schematic of the 180° peel test on an electrode film. Reproduced 

with permission from Ref. 103. (e) A typical plot of peel force versus distance obtained from the 

peel test. Reproduced with permission from Ref. 103. 
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2.2 Electrochemical characterization 

2.2.1 Coin cell fabrication 

The structure of a coin cell is shown in Figure 2.6. A coin cell consists of (from bottom to 

top) a bottom cap, a cathode (sulfur or organic materials), a separator (polypropylene membrane), 

electrolyte (e.g. 1 M LiTFSI in 1:1 DOL/DME), an anode (lithium metal), a spacer, a spring, and 

a top cap. CR2016, 2025 and 2032 are three commonly used coin cell types for lab-scale testing. 

CR2032 means the diameter and the thickness of the cell are 20 and 3.2 mm, respectively. For 

preparing the cathode films, the active material (sulfur or organic materials), conductive carbon 

and polyvinylidene fluoride (PVDF) binder (at a weight ratio of 5:4:1 or 6:3:1) are mixed in N-

methyl-2-pyrrolidone (NMP) solvent to produce a homogeneous slurry. The solid content of the 

slurry is carefully controlled to ensure the viscosity of the slurry is suitable for coating. Then the 

slurry is spread uniformly on a carbon-coated aluminum foil by a doctor blade. The coating 

thickness or wet film thickness is controlled to get the desired areal loading of the active material 

(1~3 mg cm-2) after drying. After coating, the electrode film is dried in an oven at 50 °C overnight. 

The circular electrode disc with a diameter of 12 mm is punched out from the dried electrode. Then 

the different coin cell parts are aligned properly (Figure 2.6) and sealed with a battery crimper. 

The coin cell assembly process is conducted in an argon-filled glovebox with O2 and H2O contents 

below 0.1 ppm. 

 

 

 

 

 

 

 

Figure 2.6 Schematic of the structure of a coin cell. Reproduced with permission from Ref. 104. 

(lithium) 

(sulfur or organic materials) 
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2.2.2 Cyclic voltammetry (CV) 

Cyclic voltammetry is a potentiodynamic electrochemical technique in which the current 

at the working electrode is plotted against the potential at the working electrode (the applied 

voltage) to give the cyclic voltammogram trace. The schematic of an electrochemical cell for the 

CV experiment is shown in Figure 2.7a.105 In a CV experiment, the electrode potential measured 

between the working and reference electrodes ramps linearly versus time in a cyclic manner 

(Figure 2.7b). The rate of potential change versus time is termed as scan rate (unit: V s-1). The 

current is measured between the working and counter electrodes. During the forward scan from A 

to D, a linearly increasing potential is applied. Once the oxidation potential of the analyte is 

reached, the analyte starts to be oxidized causing an anodic current (corresponding to the segment 

A→C in Figure 2.7c). Upon increasing the applied potential, the anodic current is decreasing due 

to the depletion of the analyte leading to decreased concentration (corresponding to the segment 

C→D in Figure 2.7c). If the redox couple is reversible, during the reverse scan from D to G, the 

oxidized analyte is reduced generating a cathodic current (corresponding to the segment D→G in 

Figure 2.7c). The more reversible the redox couple is, the more similar in shape the oxidation peak 

is compared with the reduction peak. 

In the battery research area, the CV data can provide rich information on onset potential, 

peak potential, peak shape, and peak area, which is helpful for the mechanistic understanding of 

the electrochemical processes. By varying the scan rate during a CV measurement, the Li+ 

diffusion coefficient (DLi+) of the sulfur or organic cathode can be calculated using the Randles–

Sevcik equation: Ip = 268600n
3

2A𝐷
𝐿𝑖

1

2 CLiν
1

2, where Ip is the current maximum in A, n is the number 

of electrons transferred in the redox process, A is the electrode area in cm2, DLi is the diffusion 

coefficient of Li+ in cm2 s-1, CLi is the bulk concentration of Li+ in mol cm-3, v is the scan rate in 

V s-1. An example showing the features of CV curves under different scan rates is given in Figure 

2.7d.106 
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Figure 2.7 Schematic and the potential vs. time curve for the CV testing, an example of the CV 

data, and an example showing the measurement of DLi+ from CV curves. (a) Schematic of an 

electrochemical cell for CV experiment. (b) Applied potential vs. time for CV experiment. (c) 

Cyclic voltammogram for the redox couple (Fc+/Fc) at the concentration of 1 mM and scan rate of 

100 mV s−1. Figures (a-c) are reproduced with permission from Ref. 105. (d) CV curves of the 

S−VS2@G/CNT electrode at various scan rates. Reproduced with permission from Ref. 106. 

 

2.2.3 Electrochemical impedance spectroscopy (EIS) 

The term impedance refers to the frequency dependent resistance to current flow of a circuit 

element, e.g. resistor, capacitor, inductor. Impedance Zw =
Ew

Iw
. The information that an alternating 

current (AC) technique can provide is much richer than a direct current (DC) or single frequency 

technique. EIS is able to distinguish between two or more electrochemical processes, identify 

(c) 

(b) 

 

(d) 
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diffusion-limited processes, and provide the information on the capacitive behaviors of the system. 

During EIS measurement, a small sinusoidal perturbation (potential or current) of a fixed 

frequency is applied, then the response is measured and the impedance at each frequency is 

computed. The measurement is repeated for a wide range of frequencies, and then the data is 

plotted and analyzed. The impedance Z is often written as a complex quantity, Ztotal = Zreal +

Zimaginary. EIS data can be represented as a Bode plot or Complex Plan (Nyquist) plot. In the 

Nyquist plot, the imaginary part (Zimaginary or -Zʹʹ) of the impedance versus the real part (Zreal or Zʹ) 

of the impedance is plotted. Electrochemical cells can be modeled using an equivalent circuit of a 

number of electrical circuit elements. The EIS response of an equivalent circuit can be compared 

with the actual EIS data of an electrochemical cell (curve fitting). For an electrochemical cell, 

double layer capacitance (Cdl), electron or charge transfer resistance (Rct), electrolyte resistance 

(Re), and Warburg diffusion impedance (Wo) are typically added into the equivalent circuit. 

Constant phase element (CPE) is used to replace capacitor to model the non-ideal electrode due to 

the porosity and roughness of the electrode. For cycled sulfur cathode, due to the formation of a 

solid electrolyte interphase (SEI) and insoluble Li2S2/Li2S layer on the cathode surface, Rsurf (or 

Rinterf) is often included in the equivalent circuit to depict the surface (or interfacial) resistance for 

the diffusion of Li+ through the SEI and the Li2S2/Li2S layer. An example showing the EIS data 

and corresponding equivalent circuit is given in Figure 2.8.107 
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Figure 2.8 An example of the EIS data and the corresponding equivalent circuit models for fitting 

the EIS data. EIS data of Li–S batteries with NPS/SP/PVDF and NPS/SP/PEDOT:PSS-Mg2+ 

electrodes measured in the charge state: (a) fresh cell and (b) after 10 cycles. The inserts are the 

equivalent circuits. Reproduced with permission from Ref. 107. 

 

2.2.4 Galvanostatic charge/discharge 

Galvanostatic charge/discharge is the most common method to evaluate the 

electrochemical performance of electrode materials. In this mode, a voltage window is defined 

(e.g. 1.7~2.8 V for the sulfur cathode) for the test, and then the battery is discharged/charged at a 

constant current within this voltage window. Three types of plots are typically obtained from 

galvanostatic charge/discharge. The first one is the plot of voltage versus specific capacity, termed 

as voltage profile, which can give the information on the different electrochemical processes. Take 

the sulfur cathode as an example, the plateau at ~2.3 V in the discharge curve corresponds to the 

conversion of S8→Li2S4 while the plateau at ~2.1 V in the discharge curve corresponds to the 

conversion of Li2S4→Li2S2/Li2S. The second one is the plot of specific capacity versus cycle 

number, which can give the information on the cycling stability of an electrode. The third one is 

the plot of specific capacity versus cycle number at different cycling rates. This plot is obtained 

by testing the cell at different rates (e.g. 0.1, 0.2, 0.5, 1, 2, 5, 10 C) but with an equal number of 

cycles. From this plot, the rate performance of a material can be evaluated, which is important for 
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screening new materials with fast charging/discharging property for commercial applications. An 

example of these three typical plots is shown in Figure 2.9.107 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 An example showing the galvanostatic cycling test. Electrochemical performance of 

NPS/SP/PVDF and NPS/SP/PEDOT:PSS-Mg2+ electrodes: (a) discharge–charge voltage vs. 

specific capacity profile, (b) cycling performance at 0.5 C, (c) rate performance from 0.1 to 2 C. 

Reproduced with permission from Ref. 107. 
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Chapter 3. Ionically Cross-Linked PEDOT:PSS as a Multifunctional 

Conductive Binder for High-Performance Lithium–Sulfur Batteries 

3.1 Introduction 

The very high theoretical specific capacity of the sulfur cathode (1675 mA h g-1) allows 

lithium–sulfur (Li–S) batteries to reach a theoretical energy density of 2600 W h kg-1, which is 6 

times that of lithium-ion batteries (LIBs) based on intercalation compounds such as LiCoO2 and 

LiFePO4.
108–110 In addition, sulfur is inexpensive, environmentally benign and abundant, making 

it one of the most promising candidate cathode materials for next-generation high performance 

batteries. 

A typical Li–S battery cathode consists of four components: sulfur, conductive carbon 

additive, binder, and current collector. The binder is an important ingredient, which binds sulfur 

and conductive carbon together with the current collector to maintain the structural integrity of the 

cathode. Compared with other cathode components, the binder has been paid much less attention 

for the improvement of Li–S battery performance. Poly(vinylidene fluoride) (PVDF) and 

poly(ethylene oxide) (PEO) are the most commonly used binders for Li–S battery cathodes.111 

However, these binders are suboptimal for achieving high cycling stability and high capacity of 

Li–S batteries because (i) they have linear polymer chains and weaker interchain interaction and 

cannot cushion the large volume change during discharge/charge cycling to retain the structural 

integrity of the cathode; (ii) they have relatively weak affinity to polysulfides and cannot 

effectively prevent the shuttling of polysulfides; (iii) they are electrical insulators and make no 

contribution to the electron transfer. In particular, for high sulfur loading cathode composites (S% 

≥ 70 wt%), which are mandatory for high energy density Li–S batteries,112,113 the combined amount 

of the conductive component and binder used would be 20 wt% or less. Therefore, a high-

performance binder with high binding strength as well as high electrical conductivity would be 

ideal. Recently, some efforts have been made to develop new binders to replace PVDF and PEO. 

For example, Li et al.45 used gum arabic (GA) polymer as the binder to improve the capacity and 

stability. Bhattacharya et al.46 reported a polyamidoamine (PAMAM) dendrimer-based binder, 

which can encapsulate sulfur more effectively. Chen et al.18 designed a multifunctional cross-

linked binder of PEI-HDI with a 3D network structure for stable Li–S batteries. Although these 

new binders showed better performance than PVDF and PEO, they are electrical insulators and do 
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not contribute to the improvement of the electrical conductivity of the cathode composite. A few 

electrically conductive binders such as (reduced) graphene oxide-poly(acrylic acid) (GOPAA),114 

PEDOT:PSS,115 PEDOT:PSS-PAA,116 and poly(9,9-dioctylfluorene-co-fluorenone-co-

methylbenzoic ester) (PFM)117 have been reported to improve the cathode performance of Li–S 

batteries. However, Li–S batteries with these conductive binders have not demonstrated both high 

capacity and high cycling stability for high sulfur loading (S ≥ 70 wt%) Li–S batteries. 

PDEOT:PSS is the most studied and widely used conductive polymer as the electrode for 

various electronic and electrical devices such as organic thin film transistors, organic photovoltaics, 

and batteries because it is solution-processable and both electrically (with electrical conductivity 

of up to 4600 S cm-1 and higher)118,119 and ionically (with the mobility of K+ ions of up to 2.2×10-

3 cm2 V-1 s-1)120 highly conductive. In addition, it has been reported that the oxygen atoms in 

PEDOT:PSS can strongly bond polysulfides,42 which would be beneficial for the improvement of 

the cathode cycling stability. Despite these advantages, previous studies showed that when 

PEDOT:PSS alone was used as a binder, very limited improvements in the cathode capacity and 

cycling stability were obtained.115 A combination of PEDOT:PSS and poly(acrylic acid) (PAA) 

could improve both the capacity and cycling stability of the cathode.116 It was suggested that 

PEDOT:PSS facilitated electron transfer and prevented lithium polysulfide dissolution, while PAA 

improved the swelling properties of the cathode, leading to better lithium ion conduction. An 

impressive initial specific capacity of 1121 mA h g-1 was achieved, but the specific capacity still 

dropped rather rapidly to 834 mA h g-1 (74% of the initial capacity) after 80 cycles. 

In this work, we used a very convenient approach to crosslinking PEDOT:PSS to improve 

the structural stability of the PEDOT:PSS network formed in the Li–S battery cathode. Specifically, 

we used the divalent Mg2+ ion as a cross-linker for PSS in PEDOT:PSS to form a 3-D network 

binder, PEDOT:PSS-Mg2+, for the Li–S battery cathode. The Li–S batteries using this 

PEDOT:PSS-Mg2+ binder achieved a high initial capacity of 1097 mA h g-1 and significantly 

improved cycling stability with capacity retention of 74% after 250 cycles at 0.5C. Moreover, 

water was used as the solvent for preparing the cathode, making the fabrication process 

environmentally friendly. 
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3.2 Experimental section 

3.2.1 Materials and instrumentation 

PEDOT:PSS (Clevios PH 1000, 1.2 wt%, with a PEDOT:PSS weight ratio of 1 : 2.5) was obtained 

from Heraeus, Germany. Magnesium nitrate (Mg(NO3)2, 99%) was supplied by EM Science, 

Germany. Carbon paper (CP) (TGP-H-090; 0.28 mm) was obtained from Toray, Japan. Super P 

(SP; 99%) conductive carbon powder was obtained from Timical, Switzerland. All the chemicals 

were used without further purification. UV-vis spectra were measured with a Shimadzu UV-

2501PC spectrometer. The conductivity measurements of PEDOT:PSS and PEODT:PSS-Mg2+ 

films on glass substrates were conducted using a four-point probe technique with a Signatone Pro-

4 and Keithley 2400 source meter. 

3.2.2 Detailed experimental procedures 

Synthesis of NPS: Nano-particulate sulfur (NPS) was synthesized by a previously reported 

method.44 Aqueous solutions of 80 mM Na2S2O3 (50 mL) and 0.4 M PVP (the concentration was 

based on the repeat unit of PVP) (50 mL) were mixed at room temperature. Then, concentrated 

hydrochloric acid (0.4 mL, 37%) was added under stirring. After 2 h, the obtained reaction mixture 

was centrifuged at 4000 rpm for 15 min to isolate the precipitated particles, which were washed 

with deionized water 5 times and dried in air and then under vacuum at room temperature to give 

the NPS product. The sulfur content of the NPS is ~99% as determined by thermogravimetric 

analysis (TGA). The average diameter of the NPS is ~110 nm as estimated from the SEM image. 

Preparation of PEDOT:PSS and PEDOT:PSS-Mg2+ films: PEDOT:PSS film was prepared by 

spin coating PEDOT:PSS aqueous solution (1.2 wt%) on glass substrates and dried at 120 °C in a 

vacuum oven. PEDOT:PSS-Mg2+ film was prepared by adding a few drops of Mg(NO3)2 solution 

(11 mM) onto PEDOT:PSS film, waiting for 1 min, then spin-coating, and then drying at 120 °C 

in a vacuum oven. 

Preparation of cathodes: NPS (0.21 g) was uniformly dispersed in 1.2 wt% PEDOT:PSS aqueous 

solution (2.3 mL containing ~27.6 mg of PEDOT:PSS) in an ultrasonic bath for 30 min. Then SP 

(0.06 g) was added and the mixture was homogenized in an ultrasonic bath for an additional 40 

min. Subsequently, 0.5 M Mg(NO3)2 solution (50 mL containing 3.7 mg of Mg(NO3)2) was added 

and the mixture was sonicated for another 30 min. The obtained slurry was blade coated on a CP 

current collector and dried briefly in air before being transferred to a vacuum oven and heated at 
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50 °C for 12 h to form the NPS/SP/PEDOT:PSS-Mg2+ (NPS/SP/PEDOT:PSS-Mg2+ = 70 : 20 : 10 

by weight) cathode. The NPS/SP/PVDF cathode using PVDF as the binder was prepared similarly 

by blade coating a slurry made by mixing NPS, SP, and PVDF at weight ratios of 70 : 20 : 10 in 

N-methylpyrrolidone (NMP). The cathodes were cut into circular disks with a diameter of 12 mm 

for the battery assembly. All the cathodes have an areal sulfur loading of 1~1.2 mg cm-2.  

Battery assembly and electrochemical measurements: CR2025 coin cells were assembled in an 

argon-filled glove box using a CP coated with either the NPS/SP/PEDOT:PSS-Mg2+ or 

NPS/SP/PVDF composite described above as the cathode. Lithium foil, a Celgard 2500 film, and 

1 M LiTFSI (LiN(SO2CF3)2) in a 1 : 1 volume of DOL/DME solvent with 2 wt% LiNO3 (50 µL 

per cell) were used as the anode, separator, and electrolyte, respectively. Discharge–charge 

measurements were carried out in a voltage window of 1.7–2.8 V at different current densities at 

room temperature with a LAND battery tester. The capacities were calculated based on the mass 

of sulfur in the cathode materials. Electrochemical impedance spectroscopy (EIS) of fresh and 

cycled (for 10 cycles) batteries in the charged state was conducted on an SP-300 electrochemical 

workstation (Bio-Logic Science Instrument). 

Li2S6 adsorption testing of SP, SP/PVDF, SP/PEDOT:PSS, and SP/PEDOT:PSS-Mg2+: Li2S6 

was synthesized by reacting elemental sulfur with Li2S in a stoichiometric ratio of 5 : 1 in 

DOL/DME (v/v, 1/1) in a sealed vessel at 80 °C.121 SP/PVDF, SP/PEDOT:PSS and 

SP/PEDOT:PSSMg2+ composite slurries were prepared as described above for the fabrication of 

the cathode composites, where the SP/polymer weight ratio was kept at 2 : 1. The slurries were 

dried in air and then under vacuum at 50 °C for 12 h. After drying, the composites were ground 

into fine powders in an agate mortar. Next, SP/PVDF composite (10 mg SP + 5 mg PVDF), 

SP/PEDOT:PSS (10 mg SP + 5 mg PEDOT:PSS), and SP/PEDOT:PSS-Mg2+ composite (10 mg 

SP + 5 mg PEDOT:PSS-Mg2+) were added to 3.5 mL of 0.5 mM Li2S6 solution, respectively. The 

mixtures were well mixed by shaking the vials. After being kept for 24 h at room temperature, the 

clear supernatants were taken for the UV-vis absorption measurements. As a comparison, the Li2S6 

adsorption of a same amount of SP (10 mg) was also tested. 

3.3 Results and discussion 

PEDOT:PSS is a commercially available water-soluble polymer, whose chemical structure 

is shown in Figure 3.1a. A PEDOT:PSS aqueous dispersion consists of PEDOT nanoparticles 
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wrapped by PSS (polystyrenesulfonic acid), which was added when PEDOT:PSS was synthesized, 

in order to solubilize PEDOT.118,120 PSS is also a dopant, giving away some of its protons to 

PEDOT to form the PEDOT:PSS complex, which is highly conductive in the solid state. The 

PEDOT:PSS dispersion, Clevios PH 1000, used in this study can provide films with high electrical 

conductivity of up to 1000 S cm-1. The PSS:PEDOT weight ratio in this dispersion is 2.5 : 1, 

indicating that the sulfonic acid –SO2OH groups in PSS is in a large excess. Therefore, we may 

utilize the extra –SO2OH groups to crosslink the PSS polymer chains. Since PSS molecules 

strongly interact with PEDOT molecules, cross-linking of PSS could fasten the PEDOT chains to 

form a robust conductive PEDOT:PSS 3D network. To crosslink the PSS, we chose the divalent 

cation, Mg2+, as the crosslinker (Figure 3.1). To prepare the cathode material, nano-particulate 

sulfur (NPS) with an average diameter of ~110 nm (Figure 3.2) was used as the active cathode 

material. At room temperature, NPS and a conductive carbon, Super P (SP), were uniformly 

dispersed in a PEDOT:PSS aqueous solution (1.2 wt%) by ultrasonication and then a small amount 

of Mg(NO3)2 was added. The mixture was further sonicated to obtain a stable, uniform dispersion 

with NPS/SP/PEDOT:PSS/Mg(NO3)2 weight ratio of 70 : 20 : 9 : 1. During mixing, Mg(NO3)2 

would react with the –SO2OH groups of PSS, producing the –SO2O–Mg–O–SO2– linkages 

resulting in an immediate increase in viscosity. A trace amount of by-product HNO3 would form, 

which could be evaporated during drying. Therefore, in the dried film only the Mg2+ ion of 

Mg(NO3)2 would remain, which takes up only 2 wt% of the binder or merely 0.2 wt% of the total 

cathode material. Even with such a small amount of Mg2+, the Mg2+/PSS repeat unit molar ratio 

would be ~4.3, which would be sufficient to achieve a high cross-linking density. The as-prepared 

slurry was blade-coated on Al foil and then dried in a vacuum oven at 50 °C for 12 h. The formed 

NPS/SP/PEDOT:PSS-Mg2+ layer was peeled off and subjected to Soxhlet extraction with CS2, 

which is a good solvent for elemental sulfur, to evaluate the sulfur retention ability of this new  
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Figure 3.1 Schematic representation of the PEDOT:PSS-Mg2+ binder structure and NPS/SP/ 

PEDOT:PSS-Mg2+ electrode. The coordination of Mg2+ by the SO3
- is the main process in the gel 

formation and polymer–metal framework stabilization.  

 

 

 

 

 

 

 

 

Figure 3.2 (a) TGA, and (b) SEM of nano-particulate sulfur (NPS). 

 

(b) (a) 
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cathode binder. As comparative references, NPS/SP/PVDF and NPS/SP/PEDOT:PSS (without 

addition of Mg(NO3)2) samples were also prepared and tested. After extensive extraction for 5 h 

with boiling CS2, the NPS/SP/PEDOT:PSS-Mg2+ sample retained 14% of the initially loaded 

sulfur (Table 3.1). On the other hand, sulfur in the NPS/SP/PVDF or the NPS/SP/PEDOT:PSS 

sample was completely lost after extraction for 5 h. The improved solvent resistance of the 

NPS/SP/PEDOT:PSS-Mg2+ sample against sulfur loss indicates that the PEDOT:PSS-Mg2+ binder 

has a stronger ability to retain elemental sulfur, as a result of the cross-linked binder network. The 

slurry of NPS + SP + PEDOT:PSS-Mg(NO3)2 or NPS + SP + PVDF cathode material was then 

coated on a carbon paper (CP) current collector substrate. The coated substrate was dried in a 

vacuum oven at 50 °C for 12 h, cut into discs, and assembled into CR2025 coin cells to evaluate 

the electrochemical performance. As aforementioned, with addition of Mg(NO3)2 the viscosity of 

the NPS + SP + PEDOT:PSS + Mg(NO3)2 slurry increased notably probably due to the electrostatic 

interaction of Mg2+ cations with the pendent –SO2O
- anions of neighboring PSS chains. The 

appropriately increased viscosity makes this aqueous slurry stable and facilitates its coating on the 

CP current collector substrate to form a smooth and uniform cathode composite film. In contrast, 

the slurry of NPS + SP + PEDOT:PSS without the addition of Mg(NO3)2 could not form a stable 

slurry, rapidly forming precipitates as soon as agitation was stopped. This posed a challenge to 

coat the slurry on the CP current collector and no properly working battery with the 

NPS/SP/PEDOT:PSS cathode was obtained in this study. To examine whether the Mg2+-

crosslinking affects the conductivity of PEDOT:PSS or not, PEDOT:PSS and cross-linked 

PEDOT:PSS-Mg2+ films (thickness ~80 nm) were prepared and their conductivities were 

evaluated using a four-point probe method. The average conductivity of PEDOT:PSS films was 

measured to be 833 S cm-1. After cross-linking by Mg2+, the average conductivity dropped to 668 

S cm-1 which corresponds to a ~20% decrease. Therefore, the cross-linked PEDOT:PSS-Mg2+ 

films remained highly conductive. 
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Table 3.1 Sulfur weight losses of cathode materials after Soxhlet extraction with CS2. 

 

 

 

Figure 3.3a presents the cathode capacity versus voltage profiles during the second 

discharge/charge cycle of batteries with NPS/SP/PEDOT:PSS-Mg2+ and NPS/SP/PVDF cathodes. 

The NPS/SP/PVDF cathode shows a specific capacity of 1079 mA h g-1 at a discharge rate of 0.1C. 

Its discharge curve exhibits a typical two-step reduction process with the formation of long lithium 

polysulfide species (Li2Sx, x= ~3–8) in the first plateau at ~2.3 V and lithium disulfide (Li2S2) and 

lithium sulfide (Li2S) in the second plateau at ~2.1 V.10,122–125 During the charging process, Li2S 

was oxidized to form Li2S2 at ~2.2–2.3 V, Li2S3–8 at ~2.3 V and then the final product sulfur (S8) 

at ~2.4 V. The NPS/SP/PEDOT:PSS-Mg2+ cathode shows a significantly increased specific 

capacity of 1219 mA h g-1. It also appears that the NPS/SP/PEDOT:PSS-Mg2+ cathode exhibits a 

higher specific capacity (~270 mA h g-1) than the NPS/SP/PVDF electrode (~220 mA h g-1) at the 

end of the first discharge plateau (Figure 3.3a). This result indicates that the reduction reactions to 

form the soluble polysulfides (Li2S3–8) were facilitated by the PEDOT:PSS-Mg2+ binder, which 

might be due to the improved electrical conductivity due to the presence of the conductive 

PEDOT:PSS-Mg2+ binder as well as the stronger interaction of this new binder with soluble 

polysulfides (to be discussed below). The second discharge plateau at ~2.1 V to form Li2S2 and 

Li2S is also much longer for the NPS/SP/PEDOT:PSS-Mg2+ cathode, indicating that a larger 

amount of soluble polysulfides were involved in this reduction step. This may be contributed by 

(1) improved charge transfer by the presence of this conductive binder, (2) the suppressed diffusion 

of soluble polysulfides (Li2Sx, where x > 2) due to the 3D network structure and the strong 

polysulfide-adsorbing ability of the PEDOT:PSS-Mg2+ binder. It is noteworthy that a smaller 

voltage hysteresis (ΔE) was observed for the NPS/SP/PEDOT:PSS-Mg2+ cathode, which also 

suggests that introduction of this conductive binder into the Li–S cathode can promote the 

reduction of the intermediate polysulfides to Li2S2/Li2S.126 

Sample 

Weight 
Total 

weight 

loss 

Sulfur 

weight 

loss 

Before 

Soxhlet 

extraction 

After 5 h 

Soxhlet 

extraction 

70% NPS/20% SP/10% PVDF 1.0000 g 0.2980 g 70% 100% 

70% NPS/20% SP/10% PEDOT:PSS 1.0004 g 0.2998 g 70% 100% 

70% NPS/20% SP/10% PEDOT:PSS-Mg2+ 1.0010 g 0.3984 g 60% 86% 
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The cycling stabilities of cathodes with the PVDF binder and PEDOT:PSS-Mg2+ binder at 

a discharge–charge current rate of 0.5C are shown in Figure 3.3b. The cathode with the PVDF 

binder shows an initial specific capacity of 973 mA h g-1 and a rapid decrease in capacity to 795 

mA h g-1 after only 10 cycles. The capacity further dropped to 495 mA h g-1 after 250 cycles, 

corresponding to a capacity retention of 51%. On the other hand, the cathode with the 

PEDOT:PSS-Mg2+ binder shows a significantly improved initial specific capacity of 1097 mA h 

g-1, which is 13% higher than that of the cathode with the PVDF binder. The discharge capacity is 

maintained at a high value of 807 mA h g-1 after 250 cycles, corresponding to a capacity retention 

of 74%. As discussed previously, the higher sulfur utilization and better capacity retention of the 

cathode using the PEDOT:PSS-Mg2+ binder compared to the PVDF binder are most likely due to 

the highly conductive, crosslinked 3-D network structure and strong polysulfide-adsorbing ability 

of the PEDOT:PSS-Mg2+ binder. Moreover, the coulombic efficiency of the 

NPS/SP/PEDOT:PSS-Mg2+ electrode is maintained at > 98% after 250 cycles. The capacities at 

various C-rates of 0.1C, 0.2C, 0.5C, 1C and 2C of the NPS/SP/PEDOT:PSS-Mg2+ and 

NPS/SP/PVDF cathodes were measured and the results are shown in Figure 3.3c. A highly 

reversible capacity of 1033 mA h g-1 after 60 cycles was obtained when the C-rate was set back to 

0.1C for the cathode with the PEDOT:PSS-Mg2+ binder. Highly reversible capacities of ~790 mA 

h g-1 at 1C and 576 mA h g-1 at 2C were also achieved. As a comparison, the electrode with the 

PVDF binder exhibits a capacity of 846 mA h g-1 after 60 cycles when the C-rate was set back to 

0.1C. At higher C-rates, the capacities decreased to ~550 mA h g-1 at 1C and ~410 mA h g-1 at 2C. 

Clearly the battery based on the NPS/SP/PEDOT:PSS-Mg2+ cathode demonstrated higher specific 

capacities at all the tested current densities, which results from the improved conductivity and 

structural stability of the cathode composite due to the use of the PEDOT:PSS-Mg2+ binder. 

Furthermore, the lithium polysulfide-adsorbing ability of the PEDOT:PSS-Mg2+ binder 

was studied by using UV-vis spectroscopy. Li2S6 was chosen as a representative long chain lithium 

polysulfide, which was synthesized by the reaction of sulfur with Li2S in a stoichiometric ratio in 

a mixture solvent of 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (v/v, 1/1).121 Specifically, 

an SP/PEDOT:PSS-Mg2+ composite with a carbon/polymer weight ratio of 2 : 1 was added to the 

Li2S6 solution and kept for 24 h at room temperature before the clear supernatant was taken out 

for the UV-vis absorption measurement. For comparison, SP, SP/PVDF composite, and 

SP/PEDOT:PSS composite were also tested similarly. As shown in Figure 3.3d, the blank Li2S6  
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Figure 3.3 Discharge–charge performance of NPS/SP/PVDF and NPS/SP/PEDOT:PSS-Mg2+ 

electrodes. (a) typical discharge–charge voltage vs. capacity profile; (b) cycling performance at 

0.5C; (c) rate performance from 0.1C to 2C. (d) UV-vis absorption spectra and photos of the Li2S6 

solutions in 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (v/v, 1/1) before (blank) and after 

addition of SP, SP/PVDF, SP/PEDOT:PSS, and SP/PEDOT:PSS-Mg2+.   

 

solution showed a shoulder peak at ~400 nm, which is in agreement with that reported in the 

literature.18,121,125 The solution mixed with SP showed a lighter color and its UV-vis spectrum also 

displayed a decrease in the absorption intensity, indicating that SP has some effect on the 

adsorption of Li2S6. For the sample mixed with SP/PVDF, a further slight drop in the absorption 

intensity was observed. On the other hand, the solutions mixed with SP/PEDOT:PSS and 

SP/PEDOT:PSS-Mg2+ showed much lighter colors and their UV-vis spectra exhibited a complete 
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disappearance of absorption at ~400 nm, indicating that almost all the Li2S6 species were adsorbed. 

These results strongly support that the SP/PEDOT:PSS and SP/PEDOT:PSS-Mg2+ composites 

have excellent Li2S6 (and probably other lithium polysulfides) adsorption ability, which agrees 

with the theoretical calculation results that the oxygen atoms in PEDOT can strongly bind lithium 

polysulfides.42 The results also confirmed that the presence of the crosslinking Mg2+ ions in 

SP/PEDOT:PSS-Mg2+ does not negatively affect its ability for adsorbing the lithium polysulfides 

compared to SP/PEDOT:PSS. Therefore, the above UV-vis absorption results further 

demonstrated that the observed better cycling stability of the NPS/SP/PEDOT:PSS-Mg2+ cathode 

compared to the NPS/SP/PVDF cathode is attributed in part to the stronger lithium polysulfide 

adsorption ability of the PEDOT:PSS-Mg2+ binder than PVDF. 

To further examine the contributions of the PEDOT:PSS-Mg2+ binder to the enhancement 

of the battery performance, electrochemical impedance spectroscopy (EIS) measurements were 

performed on the fresh and cycled batteries with PEDOT:PSS-Mg2+ and PVDF binders in the 

charged state (Figure 3.4). The Nyquist plot of each fresh battery exhibits a semicircle in the high 

frequency region and an inclined line in the low frequency region (Figure 3.4a), which can be 

deconvoluted into an equivalent Randles circuit127 shown in the inset of Figure 3.4a. The intercept 

of the semicircle with the Zreal (the real part of impedance) axis in the high frequency region 

corresponds to the resistance of the electrolyte solution (Re). The semicircle is ascribed to the 

charge-transfer resistance (Rct, the diameter of the semicircle) and related capacitance (CPE, 

constant phase element) at the cathode. The inclined line in the low frequency region is associated 

with the Li+ diffusion, namely, the Warburg impedance (Wo). As shown in Table 3.2, the fresh 

battery with the NPS/SP/PEDOT:PSS-Mg2+ cathode exhibits a much lower Rct (43.1 Ω) compared 

to that with the NPS/SP/PVDF cathode (78.0 Ω), indicating that the charge transfer resistance 

decreased significantly when the conductive PEDOT:PSS-Mg2+ binder was used. Since Rct is 

related to the electronic conduction of the conductive network of the cathode as well as the faradaic 

charge transfer at the interface of the conductive network and the electrolyte,128,129 the results 

strongly indicate that the use of the conductive PEDOT:PSS-Mg2+ binder is very effective to 

reduce the Rct. After cycling, both batteries showed two semicircles (Figure 3.4b), where the 

semicircle in the high-to-middle frequency region (right) is due to the charge-transfer resistance 

(Rct) and capacitance (CPE2) of the cathode, while the semicircle in the high frequency region (left) 

can be ascribed to the interfacial contact resistance (Rint)/capacitance (CPE1) between the 
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electrolyte and the cathode.127,129,130 The semicircle that newly appeared in the high frequency 

region is mainly due to the formation of an insulating layer (sulfur and some non-oxidized 

insoluble Li2S2/Li2S after charging) on the surface of the cathode current collector (CP). The 

absence of this semicircle in the Nyquist plots for the fresh batteries is probably due to the fact that 

part of the CP surface was not covered by the active cathode composite and was able to be in direct 

contact with the electrolyte solution. The battery with the NPS/SP/PEDOT:PSS-Mg2+ cathode 

showed a lower Rint of 13.4 Ω than that of the battery with the NPS/SP/PVDF cathode (17.3 Ω), 

indicating that the PEDOT:PSS-Mg2+ binder in the newly formed layer on the CP surface after 

cycling can effectively reduce the resistance of this interlayer. Another possible contribution for 

the appearance of the high-frequency semicircle after cycling might be the deposition of insoluble 

Li2S2/Li2S on the anode (Li) surface as a result of the diffusion of polysulfides from the cathode, 

followed by reduction by Li. Therefore, the lower Rint observed for the battery with the 

NPS/SP/PEDOT:PSS-Mg2+ cathode might also partially result from the stronger ability of the 

PEDOT:PSS-Mg2+ binder to trap soluble polysulfides within the cathode. For both batteries, the 

Rct decreased notably, revealing that the surface electrochemical activity is initiated during the 

discharge–charge processes.127 As observed for their fresh batteries, the Rct of the cycled battery 

with the NPS/SP/PEDOT:PSS-Mg2+ cathode (12.4 Ω) is still much lower than that of the battery 

with the NPS/SP/PVDF cathode (24.7 Ω), which again manifests the enhanced charge transfer by 

the conductive PEDOT:PSS-Mg2+ binder. It is also noticed that the Re of the battery with the 

NPS/SP/PVDF cathode obviously increased from 3.6 Ω to 8.4 Ω after cycling, which might be 

caused by the increased viscosity of the electrolyte solution and thus lowered ion mobility due to 

the presence of unreacted polysulfides in the electrolyte.127 For the battery with the 

NPS/SP/PEDOT:PSS-Mg2+ cathode, the Re remained almost the same (from 3.3 Ω to 3.5 Ω) after 

cycling, which can be accounted for by the presence of much less unreacted polysulfides in the 

electrolyte as supported by the UV-vis absorption spectroscopy experiments (Figure 3.4d). Overall, 

the impedance of the NPS/SP/PEDOT:PSS-Mg2+ cathode is significantly decreased owing to the 

application of the conductive cross-linked PEDOT:PSS-Mg2+ binder, which supports the improved 

discharge–charge performance as shown in Figure 3.3. 
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Figure 3.4 EIS data of Li–S batteries with NPS/SP/PVDF and NPS/SP/PEDOT:PSS-Mg2+ 

electrodes measured in the charge state. (a) fresh cells and (b) after 10 cycles. 

 

Table 3.2 Electrode resistance (EIS) obtained from the equivalent circuit fitting of experimental 

data. 

 

3.4 Conclusions 

In summary, a multi-functional PEDOT:PSS-Mg2+ binder formed by cross-linking 

PEDOT:PSS with Mg2+ was developed for the sulfur cathode in Li–S batteries. This new binder 

has high electrical conductivity, a robust 3-D network structure achieved by the cross-linking of 

PSS with Mg2+ ions, and a strong binding ability toward lithium polysulfides due to the strong 

interaction between the oxygen atoms in PEDOT and lithium polysulfides. These functionalities 

can increase the conduction and charge transfer reactions, cushion the drastic volume change 

during discharge/charge cycling, and trap the soluble lithium polysulfides in the cathode. The Li–

Cathode Cycle Re (Ω) Rct (Ω) Rint (Ω) 

NPS/SP/PVDF 
Fresh cell 3.6 78.0 — 

10th 8.4 24.7 17.3 

NPS/SP/PEDOT:PSS-Mg2+ 
Fresh cell 3.3 43.1 — 

10th 3.5 12.4 13.4 
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S battery with a cathode using this new binder exhibited an initial capacity of 1097 mA h g-1 and 

capacity retention of 74% over 250 cycles at 0.5C, which are significant improvements compared 

with the Li–S battery using a conventional PVDF binder. Moreover, the preparation of the cathode 

slurry and the subsequent cathode fabrication using the PEDOT:PSS-Mg2+ binder uses water 

present in the PEDOT:PSS dispersion as the only dispersing solvent, which eliminates the use of 

any organic solvent, making the fabrication of Li–S batteries more environmentally friendly. 

Therefore, this study demonstrated that the cross-linked PEDOT:PSS-Mg2+ is a very promising 

new binder for high-performance Li–S batteries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 

 

Chapter 4. Electropolymerized PEDOT for Enhancing the 

Performances of Sulfur and Lithium Iron Phosphate Cathodes 

4.1 Introduction 

Sulfur cathode is a promising candidate to replace the conventional cathodes based on 

intercalation compounds such as LiCoO2 and LiNixCoyMnzO2 and LiFePO4. Nanocomposite 

formation with inorganic conductors, such as CMK-3,21 CNTs,37 graphene,131 and Mxene,132 has 

significantly improved the performance of sulfur cathode. Organic conductors or conductive 

polymers (CPs), such as poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPy), and 

polyaniline (PANI), have also attracted considerable attention for enhancing the performance of 

sulfur cathode. CPs have numerous advantages including mild synthesis and processing conditions, 

chemical and structural diversity, high conductivity (up to ~102–103 S cm-1), and excellent 

mechanical properties.133,134 Moreover, some CPs such as PEDOT and PPy possess abundant polar 

heteroatoms (oxygen and nitrogen, respectively), which have better polysulfide absorption 

capabilities compared to non-polar carbon-based conductors.135 CPs have been employed in Li–S 

batteries as cathode binders,116,136,137 and conductive coatings on sulfur particles,138 sulfur/carbon 

composites,139,140 the top surface of sulfur cathodes,141,142 current collectors143 and separators.143,144 

Improved stability and in some cases enhanced rate performance of the sulfur cathode have been 

achieved due to the incorporation of CPs. 

Electropolymerization (e-polymerization) has been a widely adopted method to produce 

various CPs due to its simplicity and ease of implementation. A rechargeable battery, which is 

essentially an electrochemical device, may be used as a reactor for the in-situ polymerization of a 

monomer to form a CP inside the battery. This ‘‘in-cell’’ (inside a battery) polymerization method 

would greatly simplify the incorporation of a CP into a battery and result in more tightly integrated 

interfaces with other components of the battery. Recently, in-cell ring-opening polymerization of 

a liquid electrolyte solvent to form a solid or gel polymer electrolyte was reported, which 

significantly lowered the interfacial resistances and promoted uniform lithium deposition.145–148 

However, the utilization of in-cell e-polymerization to form a CP inside a battery has not been 

reported yet.145–148 
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In this chapter, the in-cell e-polymerization of 3,4-ethylenedioxythiophene (EDOT) to 

form a CP, ePEDOT, as a binder at the cathode inside a Li–S battery was demonstrated. The battery 

with ePEDOT:PSS (poly(styrene sulfonate)) showed enhanced specific capacity and cycling 

stability in comparison to the battery with the commercial PEDOT:PSS (cPEDOT:PSS) binder, 

which is attributed to the tightly integrated interfaces of ePEDOT:PSS with other components in 

the sulfur cathode. Our study demonstrated the feasibility of using in-cell e-polymerization to 

produce CPs in rechargeable batteries to boost the battery performance.  

Moreover, our study revealed that the initially doped conductive PEDOT is de-doped to 

become less conductive during the battery discharging process and could not be fully re-doped 

during the following charging process within the typical potential window of 1.7–2.8 V for Li–S 

batteries. Our finding has provided new insights into the role of CPs during battery cycling, where 

the CPs may not contribute to the improvement of the electrical conductivity of the cathode as 

significantly as expected previously. 

Lastly, the electropolymerized PEDOT was applied in the lithium iron phosphate (LiFePO4, 

LFP) cathode. Reduced polarization and improved specific capacity were obtained at the high rate 

of 1 C after the ePEDOT modification.  

4.2 Experimental section 

4.2.1 Materials and instrumentation 

Sublimed sulfur (Fluka), Super P (TIMCAL), carbon paper (Toray, TGP-H-060), 

transparent and conductive indium-doped tin oxide (ITO) coated glass substrates (Delta 

Technologies), poly(4-styrenesulfonic acid) (H-PSS, Sigma-Aldrich, Mw ~75000, 18 wt% in 

H2O), 3,4-ethylenedioxythiophene (EDOT, Sigma-Aldrich), high conductivity commercial 

PEDOT:PSS (cPEDOT:PSS) (PH 1000, 1.1 wt% dispersion in H2O, Ossila), and the battery 

electrolyte, 1 M LiTFSI in 1 : 1 (v : v) 1,3-dioxolane(DOL)/1,2-dimethoxyethane (DME) with 2 

wt% LiNO3 was purchased from Suzhou Fosai and used as received. Poly(4-styrenesulfonate) 

lithium salt (Li-PSS) was prepared by neutralizing H-PSS with lithium hydroxide. EDOT was 

dissolved in the electrolyte (1 M LiTFSI in 1 : 1 (v : v) DOL/DME with 2 wt% LiNO3) to prepare 

a 60 mM EDOT-containing electrolyte solution. Cyclic voltammetry (CV) and 

chronoamperometry (CA) measurements were performed using a CHI 604E electrochemical 

workstation or a VMP3 Bio-Logic potentiostat. The electrochemical impedance spectroscopy (EIS) 
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measurement was carried out using a VMP3 Bio-Logic potentiostat with a 5 mV amplitude in the 

frequency range from 100 kHz to 100 mHz. The EIS data were fitted using the ZView software. 

The ultraviolet–visible–near infrared (UV–Vis–NIR) spectra were recorded using an Agilent Cary 

7000 spectrophotometer. Galvanostatic cycling of batteries was performed using a LAND 

CT2001A battery tester. The peel test was performed using a Universal Macro-Tribometer 

(UNMT-2MT, Centre for Tribology Inc.) equipped with a 1 kg load cell. 

4.2.2 Detailed experimental procedures 

General procedures for fabricating coin cells. CR2032 coin cells composed of the 

cathode (on ITO, carbon paper, or carbon-coated Al substrate), Celgard 2500 separator, electrolyte, 

and lithium foil anode were assembled inside an argon (Ar)-filled glovebox with both O2 and H2O 

levels below 0.1 ppm. Characterization and e-polymerization of the cells were carried out outside 

the glove box under ambient conditions. Some of the cells were disassembled inside the Ar-filled 

glovebox for further experiments. 

Electrolyte stability studies using linear sweep voltammetry (LSV). A coin cell 

composed of carbon paper, a lithium foil, and 40 mL of the electrolyte (1 M LiTFSI in 1 : 1 (v : v) 

DOL/DME with 2 wt% LiNO3) was assembled inside an Ar-filled glovebox. The cell was scanned 

in the LSV mode from the open circuit potential (OCP) to 5 V vs. Li/Li+ at a scan rate of 1 mV s-

1.  

In-cell e-polymerization of EDOT on the ITO electrode via CV and characterization 

of the as-prepared ePEDOT using UV–Vis–NIR spectroscopy. An ITO-coated glass substrate 

was paired with a lithium foil to construct a coin cell, which was filled with 20 mL of 60 mM 

EDOT-containing (or EDOT-free for comparison) electrolyte. The edges of the ITO substrate were 

wrapped with a small piece of an Al foil to make the electrical contact with the cathode case. The 

cell was scanned in the CV mode in a potential range of 3–4.2 V vs. Li/Li+ at a scan rate of 20 mV 

s-1 for ten cycles to carry out e-polymerization. The EIS spectrum of the cell was measured 

immediately after each CV cycle. The cell was disassembled, and the ITO substrate onto which 

ePEDOT was deposited was taken out, washed with DME and isopropanol, and dried with N2 gas, 

followed by the UV–Vis–NIR spectroscopy measurement. The as-prepared ePEDOT was dedoped 

by covering the film with ethylenediamine and heating it at 90 °C on a hot plate for 20 min. The 

film was washed with DI water, dried under a nitrogen flow, and measured using UV–Vis–NIR 
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spectroscopy again. For comparison, the cPEDOT:PSS film on the ITO substrate was prepared by 

drop-casting using the commercial PEDOT:PSS solution. The cPEDOT:PSS film was dedoped in 

the same way as ePEDOT.  

e-Polymerization on the carbon paper electrode by CA. A carbon paper substrate was 

paired with a lithium foil to construct a coin cell, which was filled with 40 mL of 60 mM EDOT-

containing electrolyte. A constant potential chosen in the range from 3.8 to 4.4 V vs. Li/Li+ was 

applied to the cell for 800 s to carry out e-polymerization. 

E-Polymerization on the carbon-coated Al electrode by CA and determination of the 

yield for the e-polymerization. A mixture of Super P and H-PSS in a weight ratio of 4 : 1 was 

ground in a water/ethanol (w : w = 9 : 1) mixture to form a uniform slurry, which was coated on a 

carbon-coated Al foil by doctor blading. The substrate was dried at 50 °C overnight and then cut 

into disks (~12 mm in diameter), which were used to assemble coin cells with Celgard 2500, a 

lithium foil, and 20 mL of 60 mM EDOT-containing electrolyte for each cell. The cells were 

subjected to e-polymerization using the CA method at 4.1 V for 800 s. After e-polymerization, the 

cell was disassembled, and all the cell parts were soaked in 3 mL of DME. Then, a known amount 

of the supernatant was evacuated using a Rotovap to remove the majority of the DME solvent. The 

residue was diluted with 3 mL of deionized water, which was subjected to the UV–vis absorption 

measurement. The amount of unreacted EDOT in the cell after polymerization was then calculated 

using the pre-determined molar absorptivity of EDOT. 

To collect the CV data, the cell containing the e-polymerized ePEDOT:H-PSS was 

measured directly without being disassembled in the potential range of 1.7–3.9 V vs. Li/Li+ at a 

scan rate of 1 mV s-1. For comparison, a Super P/cPEDOT:PSS (weight ratio of 4 : 1) substrate 

was also fabricated by coating the slurry on a carbon-coated Al foil to assemble a coin cell with 

the EDOT-free electrolyte. The cell was tested using the same potential range and scan rate. 

Preparation and characterization of Li–S batteries. A S/Super P composite was 

prepared by mixing sublimed sulfur with Super P in a weight ratio of 65 : 35 in an agate mortar, 

followed by heating at 155 °C for 17 h in a sealed Teflon-lined stainless steel container. The 

S/Super P composite, additional Super P, and Li-PSS or H-PSS binder in a weight ratio of 77 : 13 : 

10 were ground in a water/ethanol (w : w = 9 : 1) mixture to form a uniform slurry, which was 

coated on a carbon-coated Al foil by doctor blading. For comparison, a sulfur cathode containing 
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10 wt% cPEDOT:PSS as the binder was also prepared using the same method. The electrode films 

were then dried at 50 °C overnight and cut into disks with a diameter of B12 mm. The weight ratio 

of sulfur : Super P : binder in the cathode was 5 : 4 : 1. The areal sulfur loading in the electrode 

was 0.9–1.1 mg cm-2. Coin cells were then assembled using the above cathode, 20 mL of the 

electrolyte (with or without EDOT) for each cell, and the lithium foil anode. The e-polymerization 

of EDOT inside the cell was performed using the CA method at 4.10 V vs. Li/Li+ for 800 s. The 

EIS data of the cell were acquired before and immediately after e-polymerization. The CV data of 

sulfur cathodes were measured in the potential range of 1.7–2.8 V at a scan rate of 0.1 mV s-1. 

Galvanostatic cycling of Li–S cells was performed in the potential range of 1.7–2.8 V at room 

temperature.  

180° peel tests on ePEDOT:H-PSS and cPEDOT:PSS binders. Sulfur cathodes using 

the ePEDOT:H-PSS or cPEDOT:PSS binder were prepared as described above. The cathode film 

disk (diameter: 12 mm) was attached to a glass slide using a double-sided tape. Then, a one-sided 

tape (width: 8 mm) was firmly attached to the cathode film. Then, the tape was pulled at an angle 

of 180° with a constant speed of 100 µm s-1 using a mechanical tester. The middle square part (8 

mm × 8 mm) of the cathode film was used to obtain the load force vs. displacement curve. Before 

and after the peel test, optical images of the cathode film and the tape were taken using a 

microscope for comparison. 

Study of the conductivity–potential dependence of ePEDOT using combined CV and 

EIS. An ITO substrate was paired with a lithium foil to fabricate a coin cell, which was filled with 

20 mL of 60 mM EDOT-containing electrolyte. e-Polymerization was performed using the CA 

method at 4.10 V vs. Li/Li+ for 800 s. Then, the cell was subjected to CV cycling between 1.7 and 

3.36 V vs. Li/Li+ for 20 cycles until the CV diagram was stabilized. Afterwards, four more CV 

cycles were applied to the same cell. During each cycle, the cell was switched from the CV testing 

mode to the EIS testing mode at potentials of 1.7 and 3.36 V, respectively. Finally, such testing 

was conducted for an additional CV cycle by switching from the CV to the EIS mode at more 

potential points of 1.7, 2.34, 2.43, 2.8, and 3.36 V during the oxidation process and 2.8, 2.28, 1.93, 

and 1.7 V during the reverse reduction process. All the obtained EIS spectra were fitted to obtain 

the Rct values using ZView. The CV and EIS measurements and automatic switching from CV to 

EIS were performed using a VMP3 Bio-Logic potentiostat. 
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E-polymerization of EDOT on the surface of lithium iron phosphate (LFP) cathode. 

LFP cathode film was prepared by a slurry coating process using LFP, Super P and PVDF in a 

weight ratio of 8:1:1. The areal loading of LFP was 2.7 mg cm-2. The e-polymerization was 

conducted in a similar way as that on the sulfur cathode except that the electrolyte was replaced 

with 1 M LiPF6 in 1:1:1 (volume ratio) ethylene carbonate (EC)/ethyl methyl carbonate 

(EMC)/dimethyl carbonate (DMC), which is a standard electrolyte for LFP cathode.  

 

4.3 Results and discussion 

4.3.1 e-Polymerization of EDOT via cyclic voltammetry 

Cyclic voltammetry (CV) and chronoamperometry (CA)149,150 are two commonly used 

electrochemical methods for the preparation of PEDOT and other CPs. First, the CV method was 

employed in this study. Prior to e-polymerization, the electrochemical stability of the electrolyte 

(1 M LiTFSI in 1 : 1 (v : v) DOL/DME with 2 wt% LiNO3) was examined using the linear sweep 

voltammetry (LSV) method using a coin cell with carbon paper and a lithium foil as electrodes in 

the potential range from the open circuit potential to 5 V vs. Li+/Li. As shown in Figure 4.1, the 

current starts to increase abruptly at 4.56 V due to electrolyte decomposition, which signifies the 

upper potential limit for e-polymerization.  
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Figure 4.1 Linear sweep voltammetry (LSV) curves of the electrolyte, 1 M LiTFSI in 1:1 (v/v) 

DOL/DME with 2 wt% LiNO3. Carbon paper was used as the working electrode. Three tests were 

performed.  

Next, a conductive ITO-coated glass substrate was paired with a lithium foil in a coin cell 

for e-polymerization of EDOT, in which the transparent ITO substrate would allow the UV–vis 

measurement of the formed polymer, ePEDOT. A 60 mM EDOT solution was prepared by adding 

EDOT to 1 M LiTFSI in 1 : 1 (v : v) DOL/DME with 2 wt% LiNO3. The coin cell loaded with the 

EDOT-containing electrolyte was scanned in a potential window between the open circuit voltage 

(~3 V) and 4.2 V vs. Li+/Li in the CV mode at a scan rate of 20 mV s-1 for up to 10 cycles. For 

comparison, another coin cell loaded with the EDOT-free electrolyte was tested under the same 

conditions. The cyclic voltammograms for the 1st cycles of the two cells are shown in Figure 4.2a. 

A notable oxidation process is observed for the cell using the EDOT-containing electrolyte, in 

stark contrast to the irresponsive flat line obtained for the cell containing the EDOT-free electrolyte. 

For the cell with the EDOT-containing electrolyte, the current starts to increase sharply when the 

potential is above ~4.1 V, indicating the start of the oxidation (e-polymerization) of EDOT. It is 

noteworthy that the current is higher during the early reverse scan than that during the forward 

scan, leading to a crossover at 3.99 V. This phenomenon indicates that the deposition of the 

polymer proceeds through a nucleation-and-growth mechanism, which has been observed in e-

polymerizations for preparing various CPs.151,152 The electrochemical impedance spectroscopy 

(EIS) spectra of the electrode after different numbers of CV cycles are shown in Figure 4.2b. 

Before e-polymerization, Warburg diffusion behaviour (an oblique line) dominates in the EIS 
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spectrum. Once the deposition of PEDOT begins, a semicircle together with an oblique tail shows 

up. By fitting the EIS spectra using the equivalent circuit model shown in Figure 4.2c, Rs, Rct, Wo 

and CPE, which represent the solution resistance, charge transfer resistance, Warburg diffusion 

impedance and constant phase element, respectively, can be obtained.153,154 The Rct values after 

different numbers of CV cycles are plotted in Figure 4.2c. As Rct is strongly related to the 

conductivity of the electrode, the change in Rct can be related to the deposition of the PEDOT layer 

on the ITO substrate. As the number of CV cycles is increased from 1 to 5, the Rct continuously 

drops from 244 to 61 Ω, i.e., the conductivity increases. This can be explained by the gradual 

growth of PEDOT from the initially formed isolated PEDOT nuclei to the final continuous PEDOT 

film on the ITO substrate, leading to a gradual increase in conductivity with increasing the number 

of CV cycles.155 The Rct of the electrode at the 10th CV cycle is similar to that measured at the 5th 

CV cycle, which indicates that the polymerization is almost completed after 5 CV cycles to form 

the polymer ePEDOT. The ePEDOT-bearing ITO substrate after 10 CV cycles was taken out of 

the coin cell, washed with DME and isopropanol, dried with N2 gas, and subjected to the UV–Vis–

NIR spectroscopy measurement. As shown in Figure 4.2d, the as-prepared ePEDOT shows a 

strong, flat absorption profile starting from 540 nm and extending into the near-IR region, 

indicating the formation of doped PEDOT on the ITO substrate. The broad bands centered at 970 

nm and from 1360 to 2000 nm are attributed to the polaron (radical cation) and bipolaron (dication) 

charge carriers, respectively.156–158 Next, the as-prepared ePEDOT on the ITO substrate was 

dedoped by treatment with ethylenediamine. The dedoped ePEDOT shows a distinct peak at 572 

nm, which can be ascribed to the characteristic p–p* electronic transition of the neutral PEDOT,158 

as well as decreased polaron and bipolaron absorption bands. For comparison, the UV–Vis–NIR 

spectra of the doped (as-coated) and dedoped cPEDOT:PSS were also measured (Figure 4.2d). 

The as-coated cPEDOT:PSS on the ITO substrate exhibits a sloping absorption curve from 350 to 

2000 nm, indicating that bipolarons are the main charge carriers. The difference in the distribution 

of polarons and dipolarons between the as-prepared ePEDOT and the coated cPEDOT:PSS may 

be due to the difference in counterion (TFSI- vs. PSS-) and polymer molecular weight. The dedoped 

cPEDOT showed a p–p* electronic transition peak at 615 nm, an intensified polaron absorption 

band centered at 982 nm, and a weakened bipolaron band from 1360 to 2000 nm, which is 

consistent with the literature.156,157 The aforementioned UV–Vis–NIR data confirm the formation 

of doped PEDOT, ePEDOT, after e-polymerization. 
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Figure 4.2 CV and EIS data for the e-polymerization, and the characterization of as-prepared 

ePEDOT and commercial cPEDOT by UV-Vis-NIR. (a) CV curves of the two-electrode coin cells 

with the EDOT-containing or EDOT-free (blank) electrolyte for the 1st cycle scanned between 3 

and 4.2 V at a scan rate of 20 mV s-1. The arrows indicate the scan direction. An ITO-coated glass 

substrate was used. (b) EIS spectra of the same coin cell shown in (a) with the EDOT-containing 

electrolyte before and after CV scanning for different numbers of cycles. (c) The change of Rct 

with increasing the number of CV cycles. The inset shows the equivalent circuit for the fitting of 

EIS data shown in (b). (d) UV–Vis–NIR spectra of the as-prepared and dedoped ePEDOT, and the 

as-coated and dedoped cPEDOT:PSS on ITO-coated glass substrates, where the ePEDOT was e-

polymerized by the CV method (between 3 and 4.2 V for 10 cycles with a scan rate of 20 mV s-1). 
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3.3.2 Optimization of e-polymerization of EDOT via chronoamperometry 

Scheme 4.1 shows the oxidation of EDOT and the doping of PEDOT via e-polymerization. 

It should be noted that in real cases the oxidation of monomer and the doping of polymer occur 

simultaneously. The portion of the repeat units which are oxidized during the p-doping is known 

as the doping level (x). 

 

 

 

 

 

Scheme 4.1 Schematic showing the oxidation of EDOT and the doping of PEDOT via e-

polymerization.  

As shown in Figure 4.3, the ePEDOT prepared by the CV and CA methods are very similar 

as the UV–Vis–NIR spectra of the ePEDOT prepared by these two methods are almost identical. 

 

 

 

 

 

 

 

Figure 4.3 Comparison of the UV–Vis–NIR spectra of the ePEDOT prepared by the CV and CA 

methods. The conditions for the CV and CA methods are 3~4.2 V for 10 cycles with a scan rate of 

20 mV s-1 and 4.1 V for 800 s, respectively. 
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To have better control over the e-polymerization process, the chronoamperometry (CA) 

technique was adopted since the amount of charge injected into the cell for polymerization can be 

precisely controlled by the applied potential and time. A carbon paper substrate, which has a 

porous structure for growing a larger amount of ePEDOT, was used to replace the ITO-coated 

glass substrate. A constant potential of 3.80, 3.90, 4.00, 4.05, 4.10, 4.15, 4.20, 4.30, or 4.40 V was 

applied to coin cells containing 60 mM EDOT in the electrolyte for 800 s. The current vs. time 

responses at different potentials (chronoamperograms) are shown in Figure 4.4a. The current 

remains low at a potential below 3.90 V, indicating that the applied potentials are inadequate to 

initiate the polymerization. At a potential of 4.00 V, the curve starts to show a very broad peak 

between 200 s and 400 s. The peak becomes sharper and earlier with further increasing the 

potential to 4.10 V, which agrees with the CV data (Figure 4.2a). As the potential exceeds 4.15 V, 

two peaks start to appear with both becoming sharper and earlier with increasing potentials. The 

features of these CA curves are similar to those observed in the electrosynthesis of PEDOT158 and 

poly(anthraquinone) derivatives159 reported previously. The area under the current vs. time curve 

is used to obtain the amount of charge injected into the cell during the e-polymerization (Table 

4.1). The charge vs. potential plot is shown in Figure 4.4b. As 40 mL of the EDOT-containing 

electrolyte was used for each cell, the maximum charge required for the polymerization (oxidation) 

of all the monomers and the p-doping of the resultant polymers at a doping level of 0.4 is 0.55 C. 

The typical doping level for electropolymerized CPs is between 0.25 and 0.4.160 From Figure 4.4b, 

the effective charge injected into the cell for e-polymerization at 4.10 V is 0.56 C, which is close 

to the calculated value. A larger amount of charge injected at a higher potential (> 4.10 V) may 

over-oxidize or over-dope the polymer, which possibly leads to the appearance of the 2nd peak in 

the corresponding chronoamperograms (Figure 4.4a). The optical images of a series of carbon 

papers with ePEDOT deposited at different potentials (Figure 4.4c) clearly show that a potential 

higher than 4.10 V would result in non-uniform deposition of the polymers (large polymer 

aggregates). Based on the aforementioned results, a potential of 4.10 V vs. Li/Li+ and a reaction 

time of 800 s are chosen as the optimal conditions for the e-polymerization of EDOT using the CA 

method. 
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Figure 4.4 Optimization of the e-polymerization by the chronoamperometry method. (a) 

Chronoamperograms for the e-polymerization of EDOT at different potentials from 3.8 to 4.4 V. 

Carbon paper substrates were paired with lithium foils to construct two-electrode coin cells. (b) 

Total charges injected into the coin cells at different potentials for 800 s. (c) Photos of carbon 

papers with e-PEDOT synthesized at different potentials. 

 

Table 4.1 Charges injected into the cells at different potentials during the e-polymerization. 

 

Potential  

(V vs. Li+/Li) 
3.80 3.90 4.00 4.05 4.10 4.15 4.20 4.30 4.40 

Total charge  

(C) 
0.16 0.16 0.42 0.54 0.72 2.32 3.68 5.12 4.82 

Effective charge 

(C) 
0 0 0.26 0.38 0.56 2.16 3.52 4.96 4.66 
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4.3.3 Fabrication and characterization of Li–S batteries with the ePEDOT binder 

prepared via in-cell e-polymerization 

A schematic illustrating the formation of ePEDOT on the sulfur cathode via the in-cell e-

polymerization method is shown in Scheme 4.2. 

 

 

 

 

 

 

 

Scheme 4.2 Schematic illustrating the formation of ePEDOT in the sulfur cathode inside a Li-S 

cell by the in-cell e-polymerization. 

The yield of e-polymerization by the CA method was determined with UV–Vis microscopy, 

as shown in Figure 4.5. At first, a sulfur-free Super P/H-PSS (weight ratio of 4 : 1) substrate was 

prepared by coating the slurry on a carbon-coated Al foil, which has similar structure and 

composition to those of the sulfur cathode. The substrate was assembled into a coin cell by pairing 

with a lithium foil and using 20 mL of 60 mM EDOT-containing electrolyte. e-Polymerization was 

performed in the CA mode at 4.10 V vs. Li/Li+ for 800 s. The cell was disassembled and all the 

parts were washed with DME to dissolve the unreacted EDOT for the UV–Vis measurement. The 

EDOT monomer shows an absorption peak at 255 nm (Figure 4.5a). The molar absorptivity of 

EDOT was determined as 8458 L mol-1 cm-1. The average EDOT monomer conversion was 86%.  
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Figure 4.5 Determination of the conversion for the e-polymerization by UV-Vis spectroscopy. (a) 

UV–Vis spectra of a series of EDOT aqueous solutions with different concentrations. (b) Linear 

plot of the absorbance (at 255 nm) of EDOT at different concentrations. (c) UV–Vis spectra of the 

diluted electrolyte solutions after e-polymerization at 4.10 V vs. Li/Li+ for 800 s using the CA 

method with the electrodes having Super P/H-PSS (weight ratio of 4:1) on carbon-coated Al 

substrates. Three tests were performed to obtain an average EDOT monomer conversion. 

 Next, poly(4-styrenesulfonic acid) (H-PSS) or poly(lithium 4-styrenesulfonate) (Li-PSS) 

is used as a pre-binder in the sulfur cathode, which is expected to form a doped ePEDOT:PSS that 

is similar to the commercial one, cPEDOT:PSS, in the cathode. The Li–S batteries with the 60 mM 

EDOT-containing electrolyte were assembled and in-cell e-polymerized using the CA method at 

4.10 V for 800 s. As shown in Figure 4.6, the chronoamperograms of the sulfur cathodes are similar 
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to those obtained using carbon paper (without sulfur) as the substrate since sulfur is inert under the 

e-polymerization (4.1 V vs. Li/Li+) conditions, suggesting the successful formation of ePEDOT at 

the sulfur cathode.  

 

 

 

 

 

 

 

Figure 4.6 Chronoamperograms for the sulfur cathodes with Li-PSS or H-PSS binder. The Li-S 

cells were held at 4.10 V vs. Li/Li+ for 800 s. 

As a comparison, Li-S batteries using the EDOT-free electrolyte were also fabricated. The 

CV curves of the sulfur cathodes using H-PSS or Li-PSS binder with and without ePEDOT, and 

cPEDOT:PSS binder are shown in Figure 4.7a–e. Comparing the two cells with only H-PSS and 

Li-PSS binders (Figure 4.7a and b), the former shows a very weak and delayed 2nd reduction peak, 

which corresponds to the conversion of lithium polysulfides to Li2S2 and Li2S2 to Li2S, in the 1st 

and 2nd cycles. In the subsequent cycles, this peak becomes stronger, but the peak position shifts 

to a much lower potential compared to the Li-PSS based cell. This indicates that the sulfonic acid 

(–SO3H) groups in H-PSS may strongly interact with lithium polysulfides and impede their further 

reduction (a delayed second reduction peak). In other words, this suggests that the –SO3H groups 

may have a better trapping capability than the lithium sulfonate (–SO3Li) groups in Li-PSS. After 

e-polymerization, the cell with the resultant ePEDOT:H-PSS (Figure 4.7c) shows similar CV 

profiles with delayed second reduction peaks compared to the cell with the H-PSS binder. 

Interestingly, after e-polymerization, the cell with the ePEDOT:Li-PSS binder (Figure 4.7d) also 

displays delayed second reduction peaks, resembling closely those of the cells with H-PSS and 

ePEDOT:H-PSS binders (Figure 4.7a and c). This may be attributed to the generation of protons 

(during the e-polymerization of EDOT) that convert some of the –SO3Li groups into –SO3H groups  
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Figure 4.7 Cyclic voltammograms of sulfur cathodes using different types of binders at a scan rate 

of 0.1 mV s-1. (a) H-PSS, (b) Li-PSS, (c) ePEDOT:H-PSS, (d) ePEDOT:Li-PSS, and (e) 

cPEDOT:PSS. 
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that have a stronger trapping effect on lithium polysulfides. Delayed second reduction peaks in the 

1st and 2nd cycles are also observed for the commercial cPEDOT:PSS binder (Figure 4.7e) since 

cPEDOT:PSS is acidic (pH ~2 for the 1.1 wt% aqueous dispersion). 

 The 3rd and 100th charge/discharge profiles of the sulfur cathodes at 0.2 C are compared in 

Figure 4.8a. The galvanostatic cycling performance of sulfur cathodes using different binders is 

shown in Figure 4.8b. The initial capacities of sulfur cathodes with the ePEDOT:H-PSS and 

ePEDOT:Li-PSS binders are very close, i.e. 1142 and 1147 mA h g-1, respectively. These values 

are almost identical to those of the cathodes with the H-PSS (1141 mA h g-1) and Li-PSS (1145 

mA h g-1) binders, respectively. However, the cell with the Li-PSS binder shows an abrupt decay 

in capacity in the first few cycles compared to the cell with the H-PSS binder. This might be 

explained by the weaker trapping capability of the Li-PSS binder to lithium polysulfides than the 

H-PPS binder as discussed previously. After the 3rd cycle, the cell with H-PSS decays at a faster 

rate than the cell with Li-PSS, while both cells show exactly the same specific capacity of 596 mA 

h g-1 at the 100th cycle. The faster decay of the cell with H-PSS between the 3rd cycle and the 100th 

cycle might be due to the fact that even though H-PSS has a stronger affinity to lithium polysulfides, 

the latter can still gradually escape from the cathode to the bulk electrolyte, resulting in a reduction 

in sulfur utilization. Consequently, the capacity retentions of the H-PSS and Li-PSS based cells 

after 100 cycles with respect to their initial specific capacities are very similar, i.e. 52% and 51%, 

respectively. On the other hand, the cells with the ePEDOT:H-PSS and ePEDOT:Li-PSS binders 

show much improved cycling stability with capacity retentions of 62% and 56%, respectively. The 

results demonstrate that ePEDOT has an additional benefit to the suppression of the polysulfide 

shuttle effect due to its strong polysulfide absorption capability.42 The sulfur cathode using the 

commercial cPEDOT:PSS binder shows an initial capacity of 1059 mA h g-1 and a capacity 

retention of 53% after 100 cycles, both of which are lower than those of the batteries with the 

ePEDOT:H-PSS and ePEDOT:Li-PSS binders, indicating that ePEDOT formed via in-cell e-

polymerization leads to an improved initial specific capacity and better cycling stability. Moreover, 

the cell with the ePEDOT:H-PSS binder also results in improved rate performance compared to 

that with the cPEDOT:PSS binder (Figure 4.8c). Especially at 0.5 C, the cell with the ePEDOT:H-

PSS binder delivers a capacity of 733 mA h g-1, which is much higher than that (579 mA h g-1) 

with the cPEDOT:PSS binder. The improved specific capacity, cycling stability, and rate 

performance of the cells with the ePEDOT:H-PSS and ePEDOT:Li-PSS binders might originate 
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from the tightly integrated interfaces between ePEDOT and Super P (the conductive sites where 

e-polymerization occurs), where the trapped lithium polysulfides are in close proximity to Super 

P for more efficient charge transfer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Cycling test of sulfur cathodes with and without ePEDOT, and rate performance of 

sulfur cathodes with ePEDOT:H-PSS or cPEDOT:PSS binder. (a) Charge/discharge profiles of 

sulfur cathodes using ePEDOT:H-PSS or cPEDOT:PSS binder at 0.2 C. (b) Cycling performance 

of sulfur cathodes using ePEDOT:H-PSS, ePEDOT:Li-PSS, H-PSS, Li-PSS, and cPEDOT:PSS 

binders. The batteries were activated at 0.1 C for 2 cycles and cycled at 0.2 C afterwards. (c) Rate 

performance of sulfur cathodes using ePEDOT:H-PSS and cPEDOT:PSS binders. 

To further confirm the trapping capability of PEDOT toward lithium polysulfides, the cells 

using the sulfur cathodes with different binders were disassembled after 100 cycles in the charged 

state, and all the cell components were soaked in 5 mL of DOL/DME. Then, the UV–Vis spectra 

of the supernatants were recorded, as shown in Figure 4.9. Compared with the sulfur cathode using 
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the H-PSS binder, those using ePEDOT:PSS and cPEDOT:H-PSS binders show a notable 

reduction in the absorbance of lithium polysulfides (260, 280 and 310 nm for Li2S6,
95 420 nm for 

Li2S4
161), suggesting that both ePEDOT and cPEDOT have excellent polysulfide trapping abilities. 

Considering the ease of fabrication and the enhanced cell performance, the in-cell e-polymerized 

ePEDOT:H-PSS and ePEDOT:Li-PSS binders are advantageous over the cPEDOT:PSS binder. 

 

 

 

 

 

 

 

Figure 4.9 Comparison of lithium polysulfide dissolution in the electrolyte for the sulfur cathodes 

with different binders. The inset shows the photos of supernatants (polysulfide solutions) in the 

cuvettes.  

4.3.4 Adhesion evaluation of ePEDOT:PSS by the 180° peel test 

As a glue for bonding conductive carbon particles and sulfur particles and for bonding the 

entire cathode film to the Al current collector underneath, the binder is an important component of 

Li–S batteries. The adhesion strengths of cPEDOT:PSS and ePEDOT:H-PSS binders were 

evaluated by the 180° peel test using a mechanical tester (Figure 4.10a). The load force vs. 

displacement curves are shown in Figure 4.10b and c. The adhesion strengths (calculated by 

dividing the load force with the width of the tape) of ePEDOT:H-PSS and cPEDOT:PSS binders 

are 0.039 ± 0.008 and 0.028 ± 0.003 N mm-1, respectively, indicating that the ePEDOT:H-PSS 

binder has better adhesion compared to the cPEDOT:PSS binder. The optical images of the cathode 

film and the tape before and after the peel test were also compared. As shown in Figure 4.11, 

before the peel test, the sulfur cathode film using the cPEDOT:PSS or ePEDOT:H-PSS adhesive 

is completely covered on the carbon-coated aluminum foil. After the peel test, large pieces were 

peeled off from the sulfur cathode with the cPEDOT:PSS binder, while only small pieces were 
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peeled off from the one with the ePEDOT:H-PSS binder, which further confirmed that the 

adhesion of the ePEDOT:PSS binder is superior to that of the cPEDOT:H-PSS binder. The better 

adhesion strength of the ePEDOT:H-PSS binder can also explain its better battery performance 

than the cPEDOT:PSS binder.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Peel test on the sulfur cathode films using cPEDOT:PSS or ePEDOT:H-PSS binder. 

(a) Photos of the mechanical tester for peel test. Load force vs. displacement curves for sulfur 

cathode films using (b) cPEDOT:PSS binder and (c) ePEDOT:H-PSS binder. 
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Figure 4.11 Optical images of sulfur cathode films before and after peel test, and tapes after peel 

test. Sulfur cathode film with the cPEDOT:PSS binder (a) before peel test, (c) after peel test, and 

(e) tape after peel test. Sulfur cathode film with the ePEDOT:H-PSS binder (b) before peel test, 

(d) after peel test, and (f) tape after peel test. 

4.3.5 Investigation of doping/dedoping of PEDOT by CV and EIS 

CPs are conductive in the doped state, while they are semiconducting or insulating in the 

undoped (or dedoped) state. When CPs are used in rechargeable lithium batteries, the enhanced 

battery performance has been often linked to the high conductivity of CPs in the literature. 

However, the initially doped and conductive CPs may be electrochemically dedoped and become 

less conductive or even insulating during the battery cycling process. This potential issue has not 
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been discussed and investigated in previous studies. On the other hand, the CV data of CPs reported 

in the literature, which can reveal the doping and dedoping behaviours at different potentials, have 

been reported with reference electrodes such as the SCE and Ag/AgCl that are different from Li+/Li 

and in electrolytes that are different from conventional battery electrolytes, which makes it rather 

difficult to gauge the doping and dedoping behaviours of CPs when CPs are employed in lithium 

batteries. Here we investigated the aforementioned issue that might be associated with ePEDOT:H-

PSS during the discharge/charge processes of Li–S batteries via CV and EIS measurements. A 

sulfur cathode was prepared using Li-PSS as the binder in order to rule out the influence of the 

binder (H-PSS) on the CV profiles as discussed earlier, while an electrode with Super 

P/ePEDOT:H-PSS (sulfur-free) on the carbon-coated Al substrate was prepared in order to obtain 

the intrinsic redox characteristics of ePEDOT:H-PSS. The CV curves of both electrodes were 

measured using Li+/Li as the reference electrode in the same LiTFSI-based electrolyte for a direct 

comparison (Figure 4.12a). The electrochemical reaction associated with each peak is shown in 

Figure 4.12b. For the sulfur cathode, the two reduction (discharge) peaks at 2.28 and 1.93 V are 

attributed to the conversion of S8 to lithium polysulfides (Li2Sn, n = 4–8) and lithium polysulfides 

to Li2S2/Li2S, respectively. The two oxidation (charge) peaks at 2.34 and 2.43 V are attributed to 

the conversions of Li2S2/Li2S to lithium polysulfides and lithium polysulfides to S8, respectively. 

For ePEDOT:H-PSS, the broad reduction peak at 2.53 V and the oxidation peak at 3.01 V 

correspond to the dedoping and doping processes, respectively (Figure 4.12b). The peak at 3.54 V 

is due to the oxidation of lithium nitrite (LiNO2) that is generated by the reaction of lithium nitrate 

with lithium metal,162,163 which disappeared when a LiNO3-free electrolyte was used (Figure 4.13). 

From the CV curve of ePEDOT:H-PSS (Figure 4.12a), it can be seen that doping starts at 2.42 V, 

reaches a peak at 3.01 V, and finishes at 3.36 V, while dedoping starts at 2.86 V, reaches a peak at 

2.53 V, and finishes at 1.95 V. This suggests that the dedoping of ePEDOT:H-PSS occurs 

simultaneously with the discharge of the sulfur cathode and that ePEDOT:H-PSS becomes mostly 

dedoped after the sulfur cathode is discharged to 1.7 V. After recharging the sulfur cathode to 2.8 

V, the doping level of ePEDOT:H-PSS can only be partially restored with respect to its original 

state. Therefore, ePEDOT:H-PSS may only be highly conductive and contribute to the 

improvement of the conductivity of the sulfur cathode during the 1st discharging process of the 

sulfur cathode. In the subsequent 1st charging process in the typical voltage range of 1.7–2.8 V, 

ePEDOT:H-PSS cannot be fully doped. Therefore, ePEDOT:H-PSS would make smaller 
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contributions to the improvement of the conductivity of the cathode in the subsequent 

discharge/charge cycles. Since cPEDOT:PSS shows similar reduction/oxidation profiles compared 

to ePEDOT:H-PSS (Figure 4.13), the dedoping of cPEDOT:PSS is also likely to occur when it is 

used in the sulfur cathode during the discharging/charging processes. 

 

 

 

 

 

 

 

Figure 4.12 CV curves of sulfur cathode and ePEDOT:H-PSS. The sulfur cathode was made using 

Li-PSS as the binder, while ePEDOT:H-PSS was formed on the Super P/H-PSS substrate via in-

cell e-polymerization using the CA method at 4.10 V for 800 s. The potential ranges for sulfur 

cathode and ePEDOT:H-PSS are 1.7-2.8 and 1.7-3.9 V, respectively. 

 

 

 

 

 

 

Figure 4.13 Comparison of the CV curves of ePEDOT:H-PSS and cPEDOT:PSS in the 

electrolytes with and without LiNO3. The ePEDOT was deposited on a lab-made Super P/H-PSS 

substrate via the chronoamperometry method, while the cPEDOT:PSS was blended with Super P 

and coated on a Al foil via the slurry coating method. 
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It should be mentioned that other cathode materials having higher cycling potential 

windows, e.g. 3–4.2 V for lithium cobalt/manganese oxide and 2–4.2 V for lithium iron phosphate, 

PEDOT would be more heavily doped during the cell operation. In this regard, it is expected that 

PEDOT would contribute more to improving the conductivity of the cathode when it is used for 

these high voltage batteries. On the other hand, the doping/dedoping windows of different CPs 

vary. The cathode conductivity and performance of Li–S batteries may be further improved if an 

appropriate monomer is selected to make a CP that has lower oxidation and reduction potentials 

compared to the sulfur cathode. The dependence of the conductivity of ePEDOT on the cell 

potential was further studied by combined CV and EIS measurements. To eliminate the 

interference of carbon materials (Super P and carbon paper) with the EIS results, a bare ITO-coated 

glass substrate was used to grow ePEDOT by the CA method at 4.10 V vs. Li+/Li for 800 s. After 

in-cell e-polymerization, the cell was scanned using CV for 20 cycles to obtain a stabilized CV 

diagram (Figure 4.14a) and then subjected immediately to the EIS measurement at 1.7 or 3.36 V 

for four consecutive CV cycles (Figure 4.14b and c). The obtained EIS spectra were fitted using 

the equivalent circuit shown in Figure 4.2c to obtain the Rct values, which are plotted in Figure 

4.14d. The average Rct at 3.36 V vs. Li+/Li (ePEDOT in the doped state) is 2.22 × 103 Ω, which is 

much smaller than the value of 4.92 × 103 Ω at 1.7 V vs. Li+/Li (ePEDOT in the dedoped state). 

Similar Rct values are maintained at 1.7 and 3.36 V, respectively, for different cycles, 

demonstrating the reversible switching between the doped and the dedoped states of ePEDOT 

during the cell cycling process. More data points were collected during one CV cycle at additional 

potential points which are critical for Li–S batteries (Figure 4.15). The results show a more detailed 

resistance-potential dependence of ePEDOT, where the Rct decreases with increasing cell potential 

during the oxidation (doping) process and increases with decreasing cell potential during the 

reverse reduction (dedoping) process.  
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Figure 4.14 Investigation of the conductivity difference of ePEDOT in the doped state (3.36 V) 

and dedoped state (1.7 V). (a) The stabilized CV curve of a cell having ePEDOT grown on an ITO-

coated glass substrate. The ePEDOT-containing cell was prepared by e-polymerization of EDOT 

using the CA method at 4.10 V vs. Li/Li+ for 800 s in a two-electrode coin cell with ITO and Li as 

electrodes. The 60 mM EDOT-containing electrolyte was used. (b) Combined CV (or LSV) 

segments (oxidation and reduction processes) for four consecutive cycles using the same cell in 

(a). The cell was switched between CV testing and EIS testing automatically using a VMP3 Bio-

Logic potentiostat at both 1.7 and 3.36 V. (c) EIS spectra of the cell measured at 1.7 or 3.36 V vs. 

Li/Li+ for four consecutive CV cycles. (d) Rct values for ePEDOT deposited on an ITO-coated 

glass substrate at high (3.36 V vs. Li+/Li) and low (1.7 V vs. Li+/Li) potentials.  
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Figure 4.15 Investigation of the conductivity difference of ePEDOT at different potentials during 

the oxidation (doping) and reduction (dedoping) processes. (a) Combined CV segments during one 

CV cycle. The cell was switched between CV testing and EIS testing sequentially at 1.7, 2.34, 

2.43, 2.8, and 3.36 V for the oxidation process, and 2.8, 2.28, 1.93, and 1.7 V for the following 

reduction process. (b) EIS spectra of the cell collected at the potential points shown in (a) during 

one CV cycle of oxidation (doping) and reduction (dedoping) processes. (c) Rct values at different 

potential points derived from the EIS spectra in (b).  
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(EC)/ethyl methyl carbonate (EMC)/dimethyl carbonate (DMC) electrolyte as the latter electrolyte 

can withstand higher potentials and is the standard electrolyte for the LFP cathode. To verify 

whether e-polymerization can still occur with this electrolyte, the afore-mentioned CV method was 

employed. As shown in Figure 4.16a, the CV curve for the 1st cycle is similar to that obtained 

using the LiTFSI in DOL/DME electrolyte (Figure 4.2a), indicating e-polymerization occurs in 

the LiPF6 electrolyte. Subsequent CV cycles show a gradual intensification of the oxidation peak 

at 3.25 V and two reduction peaks at 2.04 V and 3.13 V (Figure 4.16b), indicating the growth of 

ePEDOT.164  

 

 

 

 

 

 

 

Figure 4.16 Cyclic voltammograms for a cell loaded with a 60 mM EDOT in 1:1:1 EC/EMC/DMC 

based electrolyte. (a) First cycle in the potential range from 3.16 V (open circuit voltage) to 3.9 V. 

(b) 15 consecutive cycles in the potential range of 1.8~3.9 V. The scan rate was 5 mV s-1.   

The CA method was chosen to better control the charge injected into the cell during the e-

polymerization. The polymerization conditions were optimized using different concentrations of 

EDOT in the electrolyte. As shown in Figure 4.17a-c, the general characteristics of these 

chronoamperograms are similar to those obtained using the LiTFSI in DOL/DME electrolyte. As 

the potential increases from 3.70 to 4.20 V, the main peak becomes sharper and appears earlier. 

Assuming a doping level of 0.4 for the as-prepared e-PEDOT, the calculated charges for monomer 

oxidation and polymer doping in the electrolytes with 10, 20, and 60 mM EDOT are 0.093, 0.19, 

and 0.56 C, respectively. The experimentally obtained charges are close to the calculated values 

in the potential range of 4.00~4.05, 4.05~4.10, and 4.10~4.20 V for the electrolytes containing 10, 

20, and 60 mM EDOT, respectively (circles in Figure 4.17d).  
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Figure 4.17 Optimization for the e-polymerization of EDOT on the carbon paper substrate by the 

CA method. Chronoamperograms at different potentials using the EDOT-containing electrolytes 

of different concentrations, (a) 10 mM, (b) 20 mM, and (c) 60 mM. (d) The charge injected into 

the coin cell at different potentials using the EDOT-containing electrolytes of different 

concentrations. The circles in each curve indicate the potentials at which the experimental charges 

are close to the calculated ones. 

Figure 4.18 shows the carbon paper substrates modified with ePEDOT prepared using the 

electrolytes with different EDOT concentrations. The colors of the carbon paper substrates with 

ePEDOT obtained using the 10 and 20 mM EDOT electrolytes are much lighter than those 

obtained using the 60 mM EDOT electrolyte at the potentials of >3.90 V, indicating that the 

ePEDOT films in the former samples are much thinner than the latter ones. 
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Figure 4.18 Photos of ePEDOT on carbon paper obtained by the CA method using the EDOT-

containing electrolytes of different concentrations. (a) 10 mM, (b) 20 mM, and (c) 60 mM.  

 To ensure the formation of a thin ePEDOT film on the LFP cathode, the concentration of 

20 mM was chosen. Figure 4.19a shows the chronoamperogram for the e-polymerization of EDOT 

on the LFP cathode by the CA method at 4.10 V for 800 s. The CA curve shows a similar feature 

to that obtained using a carbon paper substrate. The cycling performance of unmodified and 

ePEDOT modified LFP cathodes were then evaluated by galvanostatic cycling (Figure 4.19c). 

Compared with the unmodified LFP cathode, the ePEDOT modified one shows smaller 

polarizations at both 0.1 and 1 C (Table 4.2). The potential difference (ΔE) at 70 mA h g-1 and 1 

C was calculated to be 81 mV for the modified cathode, which is much smaller than that of the 

unmodified one (141 mV), indicating ePEDOT can effectively reduce the polarization. The 

specific capacities at 0.1 C (1st cycle in Figure 4.19c) for the modified and unmodified cathodes 

are close (160.4 vs. 160.2 mA h g-1), but at the capacity 1 C (4th cycle in Figure 4.19c) for the 

modified (141.2 mA h g-1) is much higher than that of the unmodified (132.4 mA h g-1). The 

smaller polarization and the improved capacity at 1 C for the ePEDOT modified cathode can be 

attributed to the increased conductivity of the cathode by ePEDOT. As discussed earlier in this 

chapter, the potential range of 2–4.2 V can keep ePEDOT doped and conductive during  
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Figure 4.19 Application of ePEDOT in the LFP cathode. (a) Chronoamperogram for the e-

polymerization of EDOT on the LFP cathode by the CA method at 4.10 V for 800 s. (b) 

Charge/discharge curves at different rates for unmodified and ePEDOT modified LFP cathodes. 

The voltage range is 2~4.2 V. (c) Cycling performances of unmodified and ePEDOT modified 

LFP cathodes at 1 C. The first three cycles were conducted at 0.1 C as an activation process. 

 

electrochemical cycling, thereby enhancing conductivity of the LFP cathode. Furthermore, the in-

situ synthesis method ensures good contact among ePEDOT, Super P particles and LFP particles, 

which also contributes to the improved electronic conduction. After 200 cycles, the unmodified 

cathode had a capacity of 123.7 mA h g-1, corresponding to capacity retention of 93.4% (with 

respect to the 4th cycle), while the modified cathode maintained a capacity of 129.4 mA h g-1, 

0 200 400 600 800
0

5

10

15

 

 

C
u

rr
e

n
t 

(m
A

)

Time (s)

(a)

0 50 100 150 200
0

50

100

150

 Unmodified LFP

 ePEDOT modified LFP

D
is

c
h

a
rg

e
 c

a
p

a
c
it
y
 (

m
A

 h
 g

-1
)

Cycle number

1 C

(c)

0 20 40 60 80 100 120 140 160 180

2.0

2.5

3.0

3.5

4.0

V
o

lt
a

g
e

 (
V

 v
s
. 
L

i+
/L

i)

Specific capacity (mA h g-1)

 0.1 C (Unmodified LFP)

 0.1 C (ePEDOT modified LFP)

 1 C (Unmodified LFP)

 1 C (ePEDOT modified LFP)

DE

(b)



89 

 

corresponding to a capacity retention of 91.6%. The specific capacity of the modified cathode is 

still higher than the unmodified one, indicating that the positive effects of ePEDOT remained after 

long cycling. On the other hand, the ePEDOT modification did not improve the cycling stability 

of the LFP cathode, since the causes for the capacity fading of these LFP cathodes may be related 

to mechanisms that cannot be addressed by ePEDOT,165,166 such as side reactions between the 

electrolyte and electrode,167,168 detrimental impurities such as traces of water,169 and dendrite 

formation in the Li anode.170 

 

Table 4.2 Features of unmodified and ePEDOT modified LFP cathodes. 

 

4.4 Conclusions 

In-cell e-polymerization of EDOT to produce a conductive polymer ePEDOT as a binder 

in the cathode of a Li–S battery is explored as a simple approach to improve the battery 

performance. It was found that the e-polymerization of an EDOT-containing electrolyte at a 

potential of 4.10 V vs. Li+/Li for 800 s using chronoamperometry could form an ePEDOT:H-PSS 

or ePEDOT:Li-PSS binder in the sulfur cathode in the presence of an H-PSS or Li-PSS pre-binder. 

The Li–S batteries with the ePEDOT:H-PSS or ePEDOT:Li-PSS binder prepared by in-cell e-

polymerization showed notably improved specific capacity, cycling stability, and rate performance 

compared to the cell prepared using the analogous commercial cPEDOT:PSS binder. The 

enhanced performance is attributed to the tightly integrated interfaces between the ePEDOT and 
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Unmodified 

LFP cathode 
43 mV 141 mV 160.2 132.4 123.7 93.4% 

ePEDOT 

modified 

LFP cathode 

38 mV 81 mV 160.4 141.2 129.4 91.6% 
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other components including Super P in the cathode, where the trapped lithium polysulfides by 

ePEDOT might be in close proximity to Super P for efficient charge transfer. 

Through a comparison of the redox profiles of the sulfur cathode and ePEDOT:H-PSS 

under identical conditions, it was found that ePEDOT might be dedoped within the typical Li–S 

battery cycling potential window of 1.7–2.8 V vs. Li+/Li. The EIS measurements of ePEDOT 

further confirmed that the conductivity decreases with decreasing potential in the range of 1.7–2.8 

V vs. Li+/Li. These results indicate that PEDOT (ePEDOT or cPEDOT) and most other CPs may 

not contribute as much to the enhancement of the electrical conductivity of the cathode as 

previously expected in Li–S batteries. However, this issue may be alleviated in batteries with 

higher charge/discharge potentials or a conductive polymer with relatively low oxidation (doping) 

and reduction (dedoping) potentials. Nonetheless, this study offered a novel, facile, and low-cost 

in-cell e-polymerization method to produce a conductive polymer binder to boost the performance 

of Li–S batteries and potentially other types of rechargeable batteries. 

 Finally, the in-situ e-polymerization method has been applied in the LFP cathode. Smaller 

polarization and improved capacity at high rate are achieved with the ePEDOT modification. The 

ePEDOT can be electrochemically doped and become conductive during the cycling of the LFP 

cathode, which facilitates the electron transport.  
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Chapter 5. A Stable 2,5-Dihydroxy-1,4-benzoquinone (DHBQ) Based 

Organic Cathode Enabled by Coordination Polymer Formation and 

Binder Optimization 

5.1 Introduction 

With the merits of low cost, sustainability, environmental benignity, structural 

designability, and versatility in metal-ion batteries (Li-ion, Na-ion, K-ion, Zn-ion, Mg-ion), 

organic cathode materials have stimulated considerable research interest for the past few 

decades.54,171 Among the various electroactive functional groups, quinone group has been studied 

intensively due to its excellent electrochemical reversibility, high specific capacity, and high 

working potential.172 The biggest challenge to hinder the application of quinone cathodes is their 

high solubility in liquid electrolytes which results in low utilization of the quinone groups and fast 

capacity decay. A variety of strategies have been proposed to solve this challenge, including 

polymerization,57,65 formation of macrostructures,85,173 formation of metal complexes 

(coordination polymers),174,175 formation of covalent organic frameworks (COFs),68,153 salification 

(formation of organic salts),74,171 nanocomposite formation with mesoporous carbons,78,79 the use 

of solid electrolytes,85 and binder/electrolyte optimization.55,176,177 

Recently, coordination polymers (CPs) and metal organic frameworks (MOFs) have 

emerged as new promising candidates for electrochemical energy storage.178,179 Among various 

CPs and MOFs, those containing the 2,5-dihydroxy-1,4-benzoquinone (DHBQ) ligand show 

interesting electrical and magnetic properties in addition to the electrochemical properties for 

energy storage.180,181 The formation of one-dimensional (linear) coordination polymers using 

divalent metal ions and the DHBQ ligand was reported as early as  the 1950s,182,183 while their 

crystal structures were identified much later in 2009.184,185 Surprisingly, the electrochemical 

properties of these compounds have not been systematically studied yet. On the other hand, a 

coordination polymer can also be formed between the monovalent ion (Li+) and the DHBQ ligand, 

but the specific capacity of this compound is low and decays rapidly (163 mA h g-1 in the initial 

cycle and 137 mA h g-1 in the 10th cycle).186 

In this paper, a series of one-dimensional coordination polymers were prepared using the 

first row of the transition metals (Ni, Co, Mn, Zn, and Cu) and the DHBQ ligand. The 
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electrochemical properties of these compounds were systematically investigated. We demonstrate 

that the formation of coordination polymer is a highly effective strategy to reduce the solubilities 

of small organic molecules in the electrolyte. Moreover, it has been found that the coordination 

polymers M-DHBQ·2H2O (M=Ni, Co, Mn, and Zn) exhibit the redox activities of both metal and 

ligand in the potential range around 0.5~3 V, while the coordination polymer Cu-DHBQ exhibits 

the redox activity of the ligand only in the same potential range. In the potential range around 

1.3~3 V where only the ligand is redox active, Cu-DHBQ exhibits the highest capacity among the 

as-synthesized coordination polymers. Furthermore, the UV-Vis results show that the capacity 

decay of Cu-DHBQ cathode is caused by the dissolution of discharged product or intermediate in 

the electrolyte. By using alginate binder (with the content of 25 wt% in the cathode) which can 

strongly bond the electrode film and effectively trap the soluble species, Cu-DHBQ cathode 

exhibits a high initial capacity of 212 mA h g-1 (80% of the theoretical capacity) at the current rate 

of 100 mA g-1, and can maintain a capacity of 194 mA h g-1 after 200 cycles at 100 mA g-1 with a 

capacity retention of 91.5%. Finally, our approach for coordination polymer synthesis is very 

versatile and can be extended to the synthesis of other structurally similar coordination polymers 

by varying the organic ligand, such as DHBQ-Cl which has a higher discharge voltage than that 

of DHBQ. Our results show the promise of coordination polymers as emerging organic electrode 

materials for energy storage.  

5.2 Experimental section 

5.2.1 Preparation of coordination polymers 

2,5-dihydoxy-1,4-benzoquinone (DHBQ), nickel acetate tetrahydrate (Ni(OAc)2·4H2O), 

cobalt acetate tetrahydrate(Co(OAc)2·4H2O), manganese acetate tetrahydrate (Mn(OAc)2·4H2O), 

zinc acetate tetrahydrate (Zn(OAc)2·4H2O), anhydrous copper chloride (CuCl2), sodium alginate 

from brown algae (Product No. A2033, medium viscosity), and sodium carboxymethyl cellulose 

(CMC, Mw ~700,000) were all purchased from Sigma Aldrich and used as received. 

Polyvinylidene fluoride (PVDF, Kynar HSV 900, Mw ~1 million) was purchased from Arkema. 

 Preparation of M-DHBQ·2H2O (M=Ni, Co, Mn, and Zn) and Cu-DHBQ: DHBQ (1 g, 7.14 

mmol) was added to 400 mL of DI H2O in an open Erlenmeyer flask, and heated with vigorous 

stirring at 90 °C for half an hour. Then another pre-warmed (at 50 °C) solution containing the 

metal salt (Ni(OAc)2·4H2O (4 g, 16.08 mmol), Co(OAc)2·4H2O (4 g, 16.06 mmol), 
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Mn(OAc)2·4H2O (4 g, 16.32 mmol), Zn(OAc)2·2H2O (4 g, 18.22 mmol), and anhydrous CuCl2 (4 

g, 29.74 mmol)) in 50 mL DI H2O was added slowly into the DHBQ solution. After that the 

mixture continued to be heated at 90 °C for 1 h with strong stirring. Then the mixture was cooled 

to room temperature naturally. The solid was recovered by centrifugation, washed with DI water 

and ethanol, then dried at 60 °C. Yield: Ni-DHBQ·2H2O (90%), Co-DHBQ·2H2O (93%), Mn-

DHBQ·2H2O (78%), Zn-DHBQ·2H2O (80%), Cu-DHBQ (88%). 

5.2.2 Material characterizations and electrochemical measurements 

X-ray diffraction (XRD) measurement was conducted on a Bruker D8 Discover X-ray 

diffractometer. Thermogravimetric analysis (TGA) was performed using a TA Instruments Q500 

analyzer under N2 atmosphere with a heating rate of 10 °C min-1. Fourier-transform infrared 

spectrum (FTIR) was collected with a PerkinElmer Spectrum 100 FTIR spectrometer. UV-Vis 

spectrum was obtained with a Cary 7000 Universal Measurement Spectrophotometer (UMS). Peel 

test was performed using a Universal Macro-Tribometer (UNMT-2MT, Centre for Tribology Inc.) 

equipped with a 1 kg load cell.  

The electrode films were prepared by the doctor blading method. For the preparation of 

electrode films with 10 wt%, 15 wt%, 20 wt%, 25 wt%, 40 wt% binder, the weight ratios of active 

material : Super P : binder = 6 : 3 : 1, 5.5 : 3 : 1.5, 5 : 3 : 2, 4.5 : 3 : 2.5, 3 : 3 : 4 were used, 

respectively. For the preparation of slurries, 1-Methyl-2-Pyrrolidone (NMP) was used as the 

dispersing solvent for PVDF binder, and water was used for alginate and CMC binders. The slurry 

was ground in a mortar with a pestle manually. The areal loading of the active material in the 

cathode film is 0.9~1.1 mg cm-2. The assembly of CR2032 coin cells was conducted in an Ar-filled 

glovebox with O2 and H2O levels below 0.1 ppm. 25 µL of the electrolyte, 1 M LiTFSI in 1:1 (v:v) 

1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME), was added to each cell. The CV and EIS 

measurements were recorded on a VMP3 Bio-Logic potentiostat. Galvanostatic cycling of the cells 

was performed with LAND CT2001A battery testers at room temperature. 

UV-Vis measurement on a cycled cell: after cycling, the cell was disassembled in a 

glovebox, all the cell components including cell cases, cathode film, Li anode film and separator 

were soaked in 3 mL of stabilizer-free DME, gently shook, and then the supernatant was taken out 

for UV-Vis measurement.  
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5.3 Results and discussion 

5.3.1 Synthetic route and material characterizations 

The M-DHBQ·2H2O (M=Ni, Co, Mn, and Zn) or M-DHBQ (M=Cu) coordination 

polymers were synthesized according to Bottei and Fangman’s method,183 as shown Scheme 5.1. 

 

 

Scheme 5.1 Schematic for the synthesis of M-DHBQ (M=Ni, Co, Mn, Zn, and Zn) coordination 

polymers. 

The FTIR spectra of DHBQ and the as-synthesized coordination polymers are shown in 

Figure 5.1a, which are similar to those reported by other groups.183,187 The detailed assignment of 

the peaks is shown in Table 5.1. In brief, DHBQ shows O-H stretching from hydroxyl group at 

3296 cm-1, C=O stretching at 1709 cm-1, C=C stretching at 1608 cm-1, O-H in plane bending at 

1375 cm-1, C-O stretching from 1101 to 1303 cm-1, O-H out-of-plane bending from 650 to 771 cm-

1. By contrast, the M-DHBQ·2H2O (M=Ni, Co, Mn, and Zn) coordination polymers show O-H 

stretching from coordinated water molecules at ~3300 cm-1, C=O stretching at 1650 cm-1, C=C 

stretching at ~1520 cm-1, O-H in plane bending at ~1380 cm-1, C-O stretching at ~1260 cm-1, O-H 

out-of-plane bending at ~770 cm-1. The coordination polymers show additional peaks from 450 to 

520 cm-1, which are ascribed to the M-O (M=Ni, Co, Mn, Zn) stretching and bending 

vibrations.188,189 Compared with other coordination polymers (Ni, Co, Mn, Zn), the Cu 

coordination polymer (Cu-DHBQ) shows C=O stretching, C=C stretching, O-H in plane bending, 

C-O stretching, O-H out-of-plane bending, and M-O stretching and bending vibrations at similar 
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positions. However, the Cu coordination polymer does not show O-H stretching at ~3300 cm-1, 

indicating it does not contain any coordinated water molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 FTIR, TGA, and XRD data of as-prepared coordination polymers. (a) FTIR spectra, (b) 

TGA data with N2 atmosphere and a heating rate of 10 °C min-1, and (c) XRD data. 

In the TGA data (Figure 5.1b), the 1st stage weight losses, due to the removal of 

coordinated water molecules, for the coordination polymers (Ni, Co, Mn, Zn) are 15.64%, 15.70%, 

15.45%, 15.34%, respectively, which agrees well with the theoretical water contents of these 

compounds (Table 5.2). By contrast, the 1st stage weight loss for the Cu coordination polymer is 

only 2.02%, which may be caused the removal of moisture contained in the compound. This 

implies that the Cu-coordination polymer does not contain any coordinated water molecule, which 

is consistent with the FTIR data. DHBQ starts to decompose at 110 °C, while the anhydrous 
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coordination polymers (after the removal of coordinated water), Ni, Co, Mn, Zn, and Cu, start to 

decompose at 218, 300, 235, 318, and 210 °C, respectively, suggesting the formation of 

coordination polymers dramatically enhances the thermal stability of DHBQ. 

The XRD data (Figure 5.1c) of Ni, Co, Mn, Zn coordination polymers are similar to those 

reported by other groups,184,185,190 confirming the formation of one-dimensional coordination 

polymers. 

 

Table 5.1 The assignment of the peaks in the FTIR spectra of as-synthesized coordination 

polymers. 
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M-O stretching & 

bending (M=Ni, Co, 

Mn, Zn, and Cu) / 

cm-1 

Ni-

DHBQ·2H2O 

3325 (from 

water) 
2937 1663, 1519 1382 1263 815 771 526, 453 

Co-

DHBQ·2H2O 

3304 (from 

water) 
2928 1648, 1516 1379 1259 815 769 514, 453 

Mn-

DHBQ·2H2O 

3298 (from 

water) 
2928 1639, 1525 1375 1259 813 765 493, 453 

Zn-

DHBQ·2H2O 

3327 (from 

water) 
2942 1648, 1527 1381 1263 817 769 514, 455 

Cu-DHBQ absence 3079, 2919 1667, 1458 1346 1249 856, 833 788, 773 538, 459 

DHBQ 
3296 (from 

hydroxyl) 
3093 1709, 1608 1375 

1303, 1190, 

1101 
866, 821 771, 650 absent 
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Table 5.2 Molecular formula, molecular weight, theoretical and experimental water content, and 

the features about the TGA data of as-prepared coordination polymers. 

  

 

5.3.2 Electrochemical performance of as-synthesized coordination polymers 

CV is used to investigate the electrochemical properties of the as-synthesized coordination 

polymers first. Alginate is used as the binder to prepare the cathode films as it has been reported 

to enhance the electrochemical performance of organic cathodes.177 A wide potential range of 

0.5~3.5 V is chosen for the CV testing to probe any possible electrochemical reactions. The spikes 

(noises) in Figure 5.2a is caused by experimental error. As shown in Figure 5.2, the 

electrochemical activity of these compounds in the potential range around 0.5~1.4 V can be 

attributed to the redox reactions of the metals, while the activity in the range around 1.4~3.5 V can 

be attributed to the redox reactions of the DHBQ ligand.186,191–194 Interestingly, it can be seen that 

Cu-DHBQ shows the activity of only the ligand while the other coordination polymers show the 

activities of both the ligand and the metal. This might be attributed to the different crystal structures 

between Cu-DHBQ and other coordination polymers (M-DHBQ·2H2O, M=Ni, Co, Mn, Zn) 

(Figure 5.1c). The absence of coordinated water molecules in Cu-DHBQ may influence the 

packing of polymer chains and consequently the electronic structure of Cu-DHBQ, making it 

difficult/impossible for CuII to gain electrons to be reduced to Cu0 in the potential range of 0.5~1.4 

V.  

 

 
Molecular 
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weight loss 

(°C) 

Water content 

corresponding to 

the 1st stage weight 

loss (%) 

Onset 

decomposition 

temperature after 

the removal of 

coordinated water 

(°C) 

Ni-DHBQ·2H2O NiC6H6O6 232.8 15.5 60~218 15.64 218 

Co-DHBQ·2H2O CoC6H6O6 233.0 15.5 80~178 15.70 300 

Mn-DHBQ·2H2O MnC6H6O6 229.1 15.7 80~122 15.45 235 

Zn-DHBQ·2H2O ZnC6H6O6 239.5 15.0 70~158 15.34 318 

Cu-DHBQ CuC6H2O4 201.6 0 58~170 2.02 210 

DHBQ C6H4O4 140.1 0   110 
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Figure 5.2 CV testing of as-prepared coordination polymers. CV curves of as-synthesized 

coordination polymers in the potential range of 0.5~3.5 V with a scan rate of 0.05 mV s-1: (a) Ni-

DHBQ·2H2O, (b) Co-DHBQ·2H2O, (c) Mn-DHBQ·2H2O, and (d) Cu-DHBQ. (e) The 3rd cycle 

of the CV curve. The dashed lines separate the potential range into two regions, 0.5~1.4 V and 

1.4~3.5 V. The cathode compositions for the CV testing are active material : Super P : alginate 

binder=6:3:1.  
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The theoretical capacities of as-synthesized coordination polymers are shown in Table 5.3. 

Firstly, the galvanostatic cycling performances of these compounds are evaluated in the potential 

range where the redox activities of both metal and ligand are involved. While the upper potential 

limit is fixed at 3 V, the lower potential limit is varied to avoid undesired side reactions. 

Specifically, the potential ranges for Ni-DHBQ·2H2O, Co-DHBQ·2H2O, and Mn-DHBQ·2H2O 

are 0.88~3, 0.68~3, and 0.68~3 V, respectively. Cu-DHBQ is also cycled in a similar potential 

range (0.8~3 V) for comparison, although the metal Cu does not participate in the electrochemical 

reactions, as indicated by the CV testing. In the voltage profiles of Ni-DHBQ·2H2O, Co-

DHBQ·2H2O, and Mn-DHBQ·2H2O (Figures 5.3a-c), the plateaus at 0.68 (or 0.88)~1.4 V and 

1.4~3 V are assigned to the redox reactions of metal and DHBQ ligand, respectively, which agrees 

well with the respective CV curves. In the voltage profile of Cu-DHBQ (Figure 5.3d), two plateaus 

are observed, one at 1.4~2 V, and the other at 2~3 V, which is consistent with the CV curve of Cu-

DHBQ. However, these two plateaus are assigned to the stepwise redox reactions of DHBQ ligand 

(one DHBQ molecule contains two carbonyl groups). The experimentally obtained 1st discharge 

capacities and theoretical capacities of as-synthesized coordination polymers are shown in Table 

5.3. Except for Mn-DHBQ·2H2O, the 1st discharge capacities of the other three compounds are all 

much larger than the theoretical values. This phenomenon is common for organic cathodes, which 

can be explained by the formation of solid electrolyte interface (SEI),69,192,195 large volume 

expansion during the first lithiation.69 All the electrodes show drastic capacity decays in the first 

few cycles, partly due to the change in the current rate from 20 mA g-1 to 100 mA g-1 in the 3rd 

cycle, and the other due to the intrinsic properties of the materials. Starting from the 4th cycle for 

Ni-DHBQ·2H2O, the 6th cycle for Co-DHBQ·2H2O, the 4th cycle for Mn-DHBQ·2H2O, and the 

2nd cycle for Cu-DHBQ, the capacity change after each cycle is much smaller and nearly constant. 

And the capacities at these cycle numbers are 414.2 mA h g-1 for Ni-DHBQ·2H2O, 424.7 mA h g-

1 for Co-DHBQ·2H2O, 68.8 mA h g-1 for Mn-DHBQ·2H2O, and 280.3 mA h g-1 for Cu-DHBQ. 

The capacities at these cycle numbers are more reversible than those at previous cycles and can be 

considered as the true capacities of these materials. The higher capacities of Ni-DHBQ·2H2O and 

Co-DHBQ·2H2O than that of Cu-DHBQ is consistent with their respective charge storage 

mechanisms, four electrons transferred for the former while two electrons transferred for the latter. 

After 60 cycles, the capacities for Ni-DHBQ·2H2O, Co-DHBQ·2H2O, Mn-DHBQ·2H2O, and Cu-

DHBQ are 268.3, 264.4, 81.2, and 135.2 mA h g-1, respectively. Somehow the Mn-DHBQ·2H2O 
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electrode shows a slow but steady increase in the capacity after the 4th cycle, indicating a slow 

activation process, which is similar to the phthalocyanine-based covalent organic framework 

electrode196 and might be caused by the slow diffusion of Li+ ions into the pores of the material to 

reach the active sites of the material.  

 

Table 5.3 Molecular formula, molecular weight, and theoretical capacities of as-prepared 

coordination polymers. 

 

 

 

 

 

 

a The valence of metal in the as-prepared coordination polymers is assumed to be +2, and the redox 

reaction of metal is metal(II) ⇌ metal(0). 

 

 

 

 

 

 

 

 

 

 
Molecular 

formula 

Molecular 

weight 

(g mol-1) 

Theoretical 

capacity for the 

redox reaction of 

metal (mA h g-1)a 

Theoretical 

capacity for the 

redox reaction of 

ligand (mA h g-1) 

Total 

theoretical 

capacity 

(mA h g-1) 

1st discharge 

capacity 

(mA h g-1) 

Ni-DHBQ·2H2O NiC6H6O6 232.8 230.2 230.2 460.4 751.0 

Co-DHBQ·2H2O CoC6H6O6 233.0 230.1 230.1 460.2 1085.5 

Mn-DHBQ·2H2O MnC6H6O6 229.1 234.0 234.0 468 207.7 

Zn-DHBQ·2H2O ZnC6H6O6 239.5 223.8 223.8 447.6 — 

Cu-DHBQ CuC6H2O4 201.6 0 265.9 265.9 547.8 
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Figure 5.3 Battery performance of as-synthesized coordination polymers involving the redox 

reactions of both metal and ligand. Charge/discharge curves of (a) Ni-DHBQ·2H2O, (b) Co-

DHBQ·2H2O, (c) Mn-DHBQ·2H2O, and (d) Cu-DHBQ. The first two cycles were tested at 20 mA 

g-1, and the rest at 100 mA g-1. (e) Cycling performances of as-synthesized coordination polymers 

at 100 mA g-1. The electrodes were activated at 20 mA g-1 for two cycles and cycled at 100 mA g-

1 afterwards. The potential ranges for Ni-DHBQ·2H2O, Co-DHBQ·2H2O, Mn-DHBQ·2H2O, and 

Cu-DHBQ are 0.88~3 V, 0.68~3 V, 0.68~3 V, and 0.8~3 V, respectively. The cathode 

compositions are active material : Super P : alginate binder=6:3:1. 
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Secondly, the galvanostatic cycling performances of as-synthesized coordination polymers 

are compared in the potential range where the redox activity of the ligand only is involved (Figure 

5.4). Starting from the 4th cycle for all the compounds, the capacity change after each cycle is much 

smaller compared with the first three cycles. And the capacities at these cycle numbers are 55.7 

mA h g-1 for Ni-DHBQ·2H2O, 58.5 mA h g-1 for Co-DHBQ·2H2O, 29.9 mA h g-1 for Mn-

DHBQ·2H2O, and 221.8 mA h g-1 for Cu-DHBQ. These reversible capacities are used to obtain 

the initial utilizations of the carbonyl groups, which is calculated by dividing the reversible 

capacity with the theoretical capacity. The utilizations follow the order of Cu-DHBQ (83.4%) > 

Co-DHBQ·2H2O (25.4%) ≈ Ni-DHBQ·2H2O (24.2%) > Mn-DHBQ·2H2O (12.8%), indicating 

Cu-DHBQ has the highest utilization. With the average discharge voltage of ~2 V vs. Li+/Li and 

the experimental capacity of 221.8 mA h g-1, Cu-DHBQ has the potential to be used as a high 

energy cathode material. After 35 cycles, the capacities for Ni-DHBQ·2H2O, Co-DHBQ·2H2O, 

Mn-DHBQ·2H2O, and Cu-DHBQ are 52.1, 72.7, 38.2, and 170.2 mA h g-1, respectively. The Ni-

DHBQ·2H2O, Co-DHBQ·2H2O, and Mn-DHBQ·2H2O electrodes show a slow increasing in the 

capacity after the 4th cycle, indicating a slow activation process for these electrodes. By contrast, 

the Cu-DHBQ electrode shows a gradual capacity decay after the 4th cycle, with a capacity 

retention of 76.7% after 35 cycles.  
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Figure 5.4 Battey performance of as-synthesized coordination polymers involving the redox 

reaction of the ligand only. Charge/discharge curves (a) Ni-DHBQ·2H2O, (b) Co-DHBQ·2H2O, 

(c) Mn-DHBQ·2H2O, and (d) Cu-DHBQ. The first two cycles were tested at 20 mA g-1, and the 

rest at 100 mA g-1. (e) Cycling performances of as-synthesized coordination polymers at 100 mA 

g-1. The electrodes were activated at 20 mA g-1 for two cycles and cycled at 100 mA g-1 afterwards. 

The potential ranges for the cycling test of Ni-DHBQ·2H2O, Co-DHBQ·2H2O, Mn-DHBQ·2H2O, 

and Cu-DHBQ are 1.5~3 V, 1.5~3 V, 1.3~3 V, and 1.4~2.8 V, respectively. The cathode 

compositions are active material : Super P : alginate binder=6:3:1.  
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5.3.3 Optimization on the electrochemical performance of Cu-DHBQ cathode 

 The most common cause for the capacity decay of organic electrodes is the dissolution of 

the electrode materials, including the starting material and the discharged intermediates or products, 

in the electrolyte.54,64 To verify this, the solubilities of DHBQ and the as-prepared coordination 

polymers were measured by UV-Vis spectroscopy first. The DHBQ saturated solution was 

prepared by dissolving DHBQ in the electrolyte, 1 M LiTFSI in 1:1 (v:v) DOL/DME. Then the 

saturated solution was diluted by inhibitor-free DME for different times to prepare a set of standard 

solutions. The saturated solutions of as-synthesized coordination polymers were prepared by 

dissolving the compounds in the electrolyte. To investigate how different solvents (electrolyte, 

DOL/DME (v:v=1:1), or DME) influence the solubilities of the coordination polymers, 

DOL/DME and DME were also used to prepare the saturated solutions for Ni-DHBQ·2H2O and 

Cu-DHBQ. All the solutions were prepared at room temperature. As shown in Figure 5.5a, DHBQ 

shows shoulder peaks at 280 and 286 nm, which is attributed to the π → π* transition of the -

C=C- bond in the benzene ring.197 The molar absorptivity (ɛ) for the peak at 280 nm for DHBQ 

determined from the fitting is 19539 L·mol-1·cm-1 (Figure 5.5b), and the solubility of DHBQ in 

the electrolyte is 9.6 g L-1. By contrast, the coordination polymers show a strong single peak at 

240 nm, and a broad weak peak at 285-343 nm (Figure 5.5c), which might be attributed to the 

absorption of the DHBQ ligand in the middle and at the edges of the polymer chain, 

respectively.197,198 By assuming the molar absorptivity for the peak at 240 nm for the coordination 

polymers is the same as that for the peak at 280 nm for DHBQ, the solubilities of the coordination 

polymers in the electrolyte are: Ni-DHBQ·2H2O (0.0064 g L-1), Co-DHBQ·2H2O (0.0067 g L-1), 

Mn-DHBQ·2H2O (0.0108 g L-1), Zn-DHBQ·2H2O (0.0078 g L-1), and Cu-DHBQ (0.0063 g L-1). 

Therefore, the solubilities of the coordination polymers are more than ~1000 times lower than that 

of DHBQ. By comparison, 2,5-diamino-1,4-benzoquinone (DABQ) shows a solubility of 0.084 g 

L-1 in the same electrolyte,199 indicating the strategy of coordination polymer formation is more 

effective than hydrogen-bond stabilization in reducing the solubilities of small organic molecules 

in the electrolyte. It should be noted that the intensity of the peak at 240 nm for Ni-DHBQ·2H2O 

or Cu-DHBQ using the electrolyte as the solvent is slightly higher that using DOL/DME or DME 

as the solvent, suggesting the coordination polymers have slightly higher solubilities in the 

electrolyte than DOL/DME or DME (Figure 5.5d and e). 
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Figure 5.5 Determination of the solubilities of DHBQ and Ni-, Co-, Mn-, Zn-, and Cu- 

coordination polymers in the electrolyte by UV-Vis spectroscopy. (a) UV-Vis spectra of a set of 

lab-prepared DHBQ standard solutions and a saturated DHBQ solution diluted by 1684 times. The 

solvent is inhibitor-free DME. (b) Calibration curve for the as-prepared DHBQ standard solutions. 

The data point of a saturated DHBQ solution diluted by 1684 times is also shown. (c) UV-Vis 

spectra of a saturated Cu-DHBQ solution. 
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The calculation for the solubility of DHBQ using the Beer-Lambert Law is shown below: 

The saturated DHBQ solution was prepared first, then it was diluted by (
3073

73
) × (

1000

25
) =

1684 times for measuring the UV-Vis. 

Concentration of the saturated DHBQ solution diluted by 1684 times: 

𝑐 =
𝐴

𝜀 ∙ 𝑙
=

0.795

 19539 𝐿 · 𝑚𝑜𝑙−1 · 𝑐𝑚−1 ·  1 𝑐𝑚 
= 4.07 × 10−5 𝑚𝑜𝑙 𝐿−1 

Concentration of the as-prepared (undiluted) saturated DHBQ solution: 

 4.07 × 10−5𝑚𝑜𝑙 𝐿−1 × 1684 = 0.0685 𝑚𝑜𝑙 𝐿−1 

Solubility of DHBQ (molecular weight of DHBQ is 140.1 g mol-1):  

 0.0685 𝑚𝑜𝑙 𝐿−1 ×  140.1 𝑔 𝑚𝑜𝑙−1 = 9.6 𝑔 𝐿−1 

 

The calculation of the solubility of Ni-DHBQ·2H2O is shown below: 

Concentration of the saturated Ni-DHBQ·2H2O solution:  

𝑐 =
𝐴

𝜀 ∙ 𝑙
=

0.5325

 19539 𝐿 · 𝑚𝑜𝑙−1 · 𝑐𝑚−1 ·  1 𝑐𝑚 
= 2.73 × 10−5 𝑚𝑜𝑙 𝐿−1 

Solubility of Ni-DHBQ·2H2O (molecular weight of Ni-DHBQ·2H2O is 232.8 g mol-1):  

 2.73 × 10−5 𝑚𝑜𝑙 𝐿−1 ×  232.8 𝑔 𝑚𝑜𝑙−1 = 0.0064 𝑔 𝐿−1 

 

Since the solubility of the starting material Cu-DHBQ in the electrolyte is extremely low, 

the capacity fading may be caused by two reasons, one is the dissolution of its discharged 

intermediate or product in the electrolyte, and the other is the damage of the Cu-DHBQ particles 

after cycling leading to cracked particles which can fall off the cathode film due to loosened contact 

with the polymer binder. It was reported that the alginate binder can strongly interact with the 

carbonyl groups via hydrogen-bonding thereby preserving the structural integrity of the active 

material particle and enhancing the cycling performance.177 The carboxymethylcellulose sodium 
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salt (CMC) binder also possesses abundant hydroxyl groups and should have similar hydrogen-

bonding effect as alginate binder, while the PVDF binder is not expected to have such an effect. 

Next, the effect of these binders on the electrochemical performance of the Cu-DHBQ cathode is 

investigated. 

The CV curves of Cu-DHBQ cathodes with different binders at the binder content of 10 

wt% are compared (Figure 5.6). Regardless of the binder being used, the Cu-DHBQ cathode shows 

a reduction peak at 2.67 V in the 1st reduction process, which disappears after the 1st cycle. This 

irreversible peak may be attributed to the reduction of moisture trapped in the material.200 The 

comparison of the 3rd CV cycle is shown in Figure 5.6d. Compared with the cathode using PVDF 

binder, the peaks are much sharper and the areas under the curves (which represent capacities) are 

larger for the cathodes with alginate and CMC binders. For the 2nd redox process, the PVDF binder 

shows single peaks (C2 and A2), whereas the alginate and CMC binders show split peaks (C2,a, C2,b, 

A2,a, A2,b). The peak position of C1 for different binders follows the order of alginate (2.19 V) ≈ 

CMC (2.18 V) > PVDF (2.10 V), indicating the cathodes with alginate and CMC binders can be 

more easily reduced than that with the PVDF binder (Figure 5.6e). By contrast, the peak position 

of A1 for the cathodes with different binders are close, alginate (2.32 V), CMC (2.33 V), and PVDF 

(2.30 V), indicating that the energy barriers of the oxidation process for the cathodes with different 

binders are similar (Figure 5.6e). The peak separations between C1 and A1 (Figure 5.6f), namely 

polarizations, for the cathodes with different binders follows the order of alginate (129 mV) < 

CMC (144 mV) < PVDF (202 mV), suggesting the cathodes with alginate and CMC binders have 

better kinetics than that with PVDF binder. 
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Figure 5.6 CV curves of Cu-DHBQ cathodes with different binders at the binder content of 10 

wt%. (a) alginate, (b) CMC, and (c) PVDF. The potential range is 1.4~2.8 V and the scan rate is 

0.05 mV s-1. (d) Comparison of the CV curves in the 3rd cycle for different binders. (e) Peak 

positions of C1 and A1, and (f) peak separations between C1 and A1 in Figure (d). 
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Next, the galvanostatic cycling performances of Cu-DHBQ cathodes with different binders 

at the binder content of 10 wt% were tested. The EIS spectra of fresh and cycled (after 200 cycles 

at 100 mA g-1 in the charged state) cells were measured and simulated using the respective 

equivalent circuits (Figure 5.7a and b). Rs, Rct, Rsurf, Wo, and CPE represent electrolyte resistance, 

charge transfer resistance, surface/interfacial resistance due to the solid electrolyte interphase (SEI) 

formation, Warburg diffusion impedance, and constant phase element to replace capacitor, 

respectively. For fresh cells, Rct follows the order of alginate (74 Ω) < CMC (90 Ω) < PVDF (120 

Ω). For cycled cells, Rct follows the order of CMC (10 Ω) < alginate (13 Ω) < PVDF (70 Ω) while 

Rsurf follows the order of alginate (8 Ω) < CMC (10 Ω) < PVDF (17 Ω). The results indicate that 

the resistance in the cathode with the alginate or CMC binder is smaller than that with the PVDF 

binder. 

The charge/discharge curves of Cu-DHBQ cathodes with different binders (at the binder 

content of 10 wt%) are shown in Figure 5.7c-e, and the cycling performance is shown in Figure 

5.7f. The discharge capacities of Cu-DHBQ cathodes using different binders in the 4th cycle (at 

the current rate of 100 mA g-1) follow the order of alginate (236.6 mA h g-1) > CMC (222.5 mA h 

g-1) > PVDF (123.1 mA h g-1), indicating alginate and CMC binders result in a higher utilization 

of the carbonyl groups compared with PVDF binder. After 200 cycles at 100 mA g-1, the cathodes 

using alginate, CMC, and PVDF binders retain the capacities of 81, 60, and 52 mA h g-1, 

respectively. The larger capacities with alginate and CMC binders than that with PVDF binder is 

attributed to the better bonding and trapping capabilities of alginate and CMC binders than those 

of PVDF binder, which will be discussed below.  
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Figure 5.7 EIS data, charge/discharge curves, and cycling performance of Cu-DHBQ cathodes 

with different types of binders at the binder content of 10 wt%. All the cathode compositions are 

Cu-DHBQ : Super P : binder=6:3:1 (weight ratio). EIS data of (a) fresh and (b) cycled (after 200 

cycles at 100 mA g-1 in the charged state) Cu-DHBQ cathodes. The respective equivalent circuits 

are also shown. Charge/discharge curves of Cu-DHBQ cathodes: (c) alginate, (d) CMC, (e) PVDF. 

The first two cycles were tested at 20 mA g-1 and the rest at 100 mA g-1. (f) Cycling performance 

of Cu-DHBQ cathodes at 100 mA g-1 in the potential range of 1.4~2.8 V. The cells were activated 

at 20 mA g-1 for two cycles and cycled at 100 mA g-1 afterwards.  
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To investigate the bonding or adhesive properties of different binders, peel test was 

performed, as shown in Figure 5.8. The peel strengths for different binders follow the order of 

CMC (0.142 ± 0.009 N mm-1) > alginate (0.131 ± 0.012 N mm-1) > PVDF (0.032 ± 0.003 N mm-

1). The better adhesive properties of CMC and alginate binders than that of PVDF binder contribute 

to the improved contact among active material particles, Super P particles and current collector, 

leading to facilitated electron transport and higher capacity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Peel test on Cu-DHBQ cathode films with different types of binders. Peel force versus 

displacement curves for (a) 10 wt% alginate binder, (b) 10 wt% CMC binder, and (c) 10 wt% 

PVDF binder. Five tests were performed for each binder. (d) Comparison of the peel strength for 

different binders. The compositions of the cathode films are Cu-DHBQ : Super P : binder=6:3:1. 
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To investigate the solubilities of discharged intermediate or product in the electrolyte, UV-

Vis on cycled cells (after 200 cycles in the charged state) using different types of binders was 

performed, as shown in Figure 5.9. Cycled Cu-DHBQ cathodes with different binders show a 

strong peak at 230 nm which is assigned to the absorption of charged Cu-DHBQ, and shoulder 

peaks at 311 and 318 nm which are assigned to the absorption of discharged intermediate or 

product. For charged Cu-DHBQ, the shift from 240 nm in the fresh state to 230 nm in the cycled 

state may be caused by the change in the crystallinity of Cu-DHBQ before and after cycling (Li+ 

ion insertion/desertion). Cu-DHBQ in the fresh state (before cycling) is more crystalline than that 

after cycling. The intensities of the shoulder peaks at 311 and 318 nm for cycled cathodes follow 

the order of PVDF > CMC > alginate, indicating alginate and CMC binders can better preserve 

the structural integrity of Cu-DHBQ preventing it from dissolving into the electrolyte.  

 

 

 

 

 

 

 

Figure 5.9 UV-Vis spectra of cycled Cu-DHBQ cathodes in the charged state after 200 cycles at 

100 mA g-1. The compositions of the cathodes are Cu-DHBQ : Super P : binder=6:3:1.  

Since alginate binder can strongly interact with Cu-DHBQ via hydrogen bonding, 

increasing its content in the cathode film may strengthen such an effect and lead to a stable cycling 

performance. Next, an optimization on the content of alginate binder from 10 to 40 wt% is 

performed, as shown in Figure 5.10a. The cycling stability of Cu-DHBQ cathode increases on 

increasing the binder content from 10 to 25 wt%, with the capacity retentions after 200 cycles at 

100 mA g-1 (calculated by diving the discharge capacity at the 200th cycle with that at the 4th cycle) 

increase from 35.4 to 91.5%. The charge/discharge curves of Cu-DHBQ cathode with 25 wt%  
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Figure 5.10 Electrochemical performance of Cu-DHBQ cathode with different contents of 

alginate binder. (a) cycling performance, (b) charge/discharge curves at the binder content of 25 

wt%, (c) comparison of the charge/discharge curves for different binder contents, and (d) EIS data 

of fresh Cu-DHBQ cathodes with different binder contents. The compositions for the cathodes 

with 10 wt%, 15 wt%, 25 wt%, and 40 wt% alginate binder are Cu-DHBQ : Super P : alginate 

binder (weight ratio)=6:3:1, 5.5:3:1.5, 4.5:3:2.5, and 3:3:4, respectively. The cells were tested at 

20 mA g-1 for two cycles as an activation process and then cycled at 100 mA g-1. 
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binder at different cycles are shown in Figure 5.10b. The curves at the 100th cycle almost overlap 

those at the 200th cycle, implying the superior reversibility of the cathode. For the Cu-DHBQ 

cathode with 25 wt% binder, the capacity retention of 91.5% and the capacity of 194 mA h g-1 

after 200 cycles at 100 mA g-1 render it a promising candidate for future energy storage. It must 

be pointed out that the capacity at the 4th cycle (before the capacity degradation begins) decreases 

with increasing the binder content. Figure 5.10c shows that the polarization of Cu-DHBQ cathode 

with different binder contents follows the order of 10 wt% ≈ 15 wt% < 25 wt% < 40 wt%. As 

shown in Figure 5.10d, the Rct values of fresh cathodes, obtained by simulating the EIS data with 

the afore-mentioned equivalent circuits, increase from 63 to 173 Ω on increasing the binder content 

from 10 to 40 wt%, implying the reduction in the electrical conductivity. This is expected as 

alginate binder is nonconductive. The Cu-DHBQ cathode with 40 wt% alginate binder exhibits a 

much-lowered capacity (20 mA h g-1) in the 4th cycle and a decreased coulombic efficiency of 97%, 

compared with those (a capacity of 212.3 mA h g-1 in the 4th cycle and a coulombic efficiency of 

~100%) of the cathode with 25 wt% binder. 

To further verify the dissolution of the cathode materials during the electrochemical 

cycling, the cells after 200 cycles at 100 mA g-1 were disassembled, and the photos of the separator 

and the Li anode chip were taken. As shown in Figure 5.11, when 10 wt% PVDF binder is used, a 

lot of the soluble species are adsorbed in the pores of the separator, and almost the entire surface 

of the Li anode chip is covered with coloured materials which are produced by the corrosion 

reaction between the soluble species and the Li metal. Also, a rough surface with lots of concave 

spots for the Li anode is observed. In contrast, the coloured materials adsorbed in the separator 

and deposited on the Li anode surface are less when 10 wt% CMC binder or 10 wt% alginate 

binder is used, which is attributed to the trapping effect of these binders. When 25 wt% alginate 

binder is used, the amount of coloured materials adsorbed in the separator is the smallest, and the 

Li anode surface is smooth with no observable concave spots. These results demonstrate that the 

trapping of soluble species is the most effective when 25 wt% alginate binder is used. It should be 

noted that some coloured materials are also present in the middle of Li anode when 25 wt% alginate 

binder is used, which is similar to those in the other three cases. This may be explained by that the 

as-prepared Cu-DHBQ sample contains some short-chain coordination polymers which are 

dissolved in the electrolyte, diffuse to the Li anode side and react with Li metal during the 1st 

discharge process. Apart from the SEI formation mentioned in the literature,69,192,195 the loss of 
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these active materials may also cause the capacity loss during the 1st discharge process of the 

cycling performance test.  

 

 

 

 

 

 

 

Figure 5.11 Photos showing the Li anode (top) and the separator (bottom) from disassembled 

cycled cells (after 200 cycles at 100 mA g-1 in the charged state). 

The rate performance testing of the Cu-DHBQ cathode with 25 wt% alginate binder is 

shown in Figure 5.12, and the charge/discharge curves at different rates are shown in Figure 5.12a. 

The Cu-DHBQ cathode exhibits a reversible capacity of 235.4 mA h g-1 at the current rate of 20 

mA g-1 (~0.075 C), and can maintain a capacity of 191.7 mA h g-1 at 400 mA g-1 (~1.5 C).   

 

 

 

 

 

 

 

Figure 5.12 Rate performance testing of Cu-DHBQ cathode with 25 wt% alginate binder. (a) 

Voltage profiles and (b) discharge capacities at different current rates. 
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5.3.4 Study of the electrochemical reaction kinetics  

For an electrode material, the charge storage mechanism can be classified into three types, 

namely electrical double-layer charge storage, the pseudocapacitive charge storage, and the 

battery-type charge storage.201 The electrical double-layer charge storage is a non-faradaic process 

arising from the electrical double-layer effect. The pseudocapacitive charge storage is a faradaic 

process arising from the charge transfer with surface/subsurface atoms. The battery-type charge 

storage is a faradaic and diffusion-controlled process arising from Li+ ion insertion, conversion 

and alloying reactions.202,203 In the CV data, the current response (i) and the scan rate (ν) obey a 

power law relationship: 

𝑖 = 𝑎 · 𝜈𝑏                                                      (Equation 5.1) 

or    log 𝑖 = log 𝑎 + 𝑏 · log  𝜈                                   (Equation 5.2) 

where 𝑎 and 𝑏 are adjustable parameters.  

When b=0.5, i.e. current (i) is proportional to ν1/2, the above equation can be written in a 

more detailed way:204 

𝑖 = 𝑛𝐹𝐴𝐶∗𝐷
1

2𝜈
1

2 
𝛼𝑛𝐹

𝑅𝑇
 
1

2𝜋
1

2𝜒 𝑏𝑡                               (Equation 5.3) 

where n is the number of electrons transferred, F is the Faraday constant, A is the surface area of 

the electrode material, C* is the surface concentration of the electrode material, D is the diffusion 

coefficient of Li+ ion, ν is the scan rate, α is the transfer coefficient, R is the molar gas constant, T 

is the temperature, and χ(bt) is the normalized current for a totally irreversible system as indicated 

by the CV curve. Equation (5.3) indicates that the current response is diffusion controlled. 

When b=1, i.e. current (i) is proportional to ν, Equation (5.1) can be written in a more 

detailed way:204 

𝑖 = ν𝐶𝑑𝐴                                                                         (Equation 5.4) 

where Cd is the capacitance.  

The CV curves at different scan rates are shown in Figure 5.13a. The b values for the C1, 

A1, C2, A2,a, and A2,b peaks are determined from the log (|current|) vs. log (scan rate) plot (Figure 

5.13b). The b values can be categorized into two groups, C1 and A1 are one group with a b value 
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of 0.76, C2, A2,a, and A2,b are another group with a b value of 0.87~0.91. As all the b values are 

between 0.5 and 1, both capacitive (𝑘1𝜈) and diffusion-controlled (𝑘2𝜈
1

2) processes are involved. 

The contribution of each component to the current can be quantified using the Dunn’s method.204 

The current at a fixed potential can be written as: 

𝑖 𝑉 𝑡𝑜𝑡𝑎𝑙 = 𝑖𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑖𝑣𝑒 + 𝑖𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 𝑘1𝜈 + 𝑘2𝜈
1

2             (Equation 5.5) 

or          
𝑖 𝑉 𝑡𝑜𝑡𝑎𝑙

𝜈
1
2

= 𝑘1𝜈
1

2 + 𝑘2                                              (Equation 5.6) 

 

The contribution ratio of icapacitive is calculated below:  

𝑖𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑖𝑣𝑒

𝑖𝑡𝑜𝑡𝑎𝑙
=

𝑘1𝜈

𝑘1𝜈+𝑘2𝜈
1
2

=
1

1+
𝑘2
𝑘1

·𝜈
−
1
2

                              (Equation 5.7) 

According to Equation 5.6, by making a plot of i/ν1/2 vs. ν1/2, k1 and k2 can be determined 

from the slope and the intercept, respectively. Then the contributions of icapacitive and idiffusion to the 

current at a specific potential can be calculated. Some examples for the plots of i/ν1/2 vs. ν1/2 in the 

potential range of 2~2.4 V for the anodic data are shown in Figure 5.13c, and the k1 and k2 values 

determined from these plots are shown in Table 5.4. At the scan rate of 0.05 mV s-1, the charge 

stored due to the capacitive effect is shown in Figure 5.13d. It must be pointed out that k2 values 

at some potentials (e.g. 2.2 and 2.4 V, Table 5.4) are negative, meaning the currents due to the 

diffusion-controlled process (𝑖𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛, 𝑘2𝜈
1

2) at those potentials are negative while the currents 

due to the capacitive effect (𝑖𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑖𝑣𝑒 , 𝑘1𝜈) are larger than the actual measured currents (𝑖𝑡𝑜𝑡𝑎𝑙), 

as shown in Figure 5.13d. Such a phenomenon is also seen in other reports,205–207 which might be 

explained by the imperfection of the theoretical model. The contribution ratios of the charge due 

to the capacitive effect to the total stored charge at different scan rates are all very high (Figure 

5.13e), 84.9%~93%, indicating the major charge storage process for Cu-DHBQ cathode is 

pseudocapacitive, which is beneficial for fast reaction kinetics.208 On increasing the scan rate, the 

contribution ratio of the charge due to the capacitive effect increases, which is expected as  

icapacitive / itotal follows the relationship shown in Equation 5.7. 
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Figure 5.13 Study of the electrochemical reaction kinetics by CV for the Cu-DHBQ cathode with 

25 wt% alginate binder. (a) CV curves with varied scan rates from 0.02 to 0.11 mV s-1. (b) Log 

(|current|) vs. log (scan rate) plot. (c) i/ν1/2 vs. ν1/2 plot. (d) CV curve at the scan rate of 0.05 mV s-

1 (black curve) and the charge being stored due to the capacitive process (blue region). (e) 

Contribution ratio of capacitive process at different scan rates. 
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Table 5.4 k1 and k2 values for the anodic current in the potential range of 2~2.4 V. 

 

5.3.5 Preparation of other structurally similar coordination polymers using different 

ligands 

The above sections demonstrate that a number of coordination polymers can be prepared 

by varying the divalent metal ions (Ni, Co, Mn, Zn, and Cu) while using the same DHBQ ligand. 

Next, we demonstrate that other structurally similar coordination polymers can be prepared by 

varying the ligand. It is of particular interest to prepare a cathode material with a higher output 

voltage as the specific energy of a material is proportional to its output voltage, and it has been 

reported that electron-withdrawing groups is beneficial for increasing the output voltage.54,64 As 

shown in Figure 5.14, density functional theory (DFT) calculation shows that the LUMO level of 

2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone (denoted as DHBQ-Cl) is -3.79 eV, which is 0.53 

eV lower than that of DHBQ (-3.26 eV) due to the influence of the electron withdrawing groups 

(two chlorine atoms). A lower LUMO level can result in a higher discharge voltage.63 Thus 

DHBQ-Cl is expected to have a higher discharge voltage compared with DHBQ. Next, the DHBQ 

ligand is replaced with the DHBQ-Cl ligand while still using copper salt as the metal centre, and 

the resulted coordination polymer is denoted as Cu-DHBQ-Cl. The characterizations (FTIR, TGA 

and XRD data) of Cu-DHBQ-Cl are shown in Figure 5.15. In the FTIR spectrum, the absence of -

OH stretching at ~3300 cm-1 implies Cu-DHBQ-Cl does not contain any coordinated water 

molecules. The TGA data shows no noticeable weight loss before 322 °C, which also indicates the 

as-synthesized compound dos not contain coordinated water, consistent with the FTIR data. 

 

 

 

 

 

 2 V 2.1 V 2.2 V 2.3 V 2.4 V 

k1 0.854 1.649 1.033 0.640 0.864 

k2 0.176 0.062 -0.004 0.304 -0.093 
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Figure 5.14 Structures and energy levels of DHBQ and DHBQ-Cl. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 Characterizations of the Cu-DHBQ-Cl coordination polymer. (a) FTIR, (b) TGA, and 

(c) XRD.  
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The electrochemical performance of Cu-DHBQ-Cl is shown in Figure 5.16. An abrupt 

capacity fading is observed with the Cu-DHBQ-Cl cathode. Under the same testing condition, the 

Cu-DHBQ-Cl cathode maintains a capacity of only 18 mA h g-1 (9.1% of its theoretical capacity) 

at the 3rd cycle, while the Cu-DHBQ cathode shows a capacity of 233 mA h g-1 (87.6% of its 

theoretical capacity) at the 3rd cycle. To reveal the cause of the drastic capacity decay for the Cu-

DHBQ-Cl cathode, the Cu-DHBQ-Cl cell and the Cu-DHBQ cell after the 1st discharge process 

were disassembled, all the cell components were soaked in 3 mL of DME, then the supernatant 

was subjected to UV-Vis measurement. In the UV-Vis spectra, shown in Figure 5.17, the 

discharged Cu-DHBQ-Cl shows shoulder peaks at 318 and 328 nm with the absorbance of 2.73 

and 2.88, respectively, while the discharged Cu-DHBQ shows a single peak at 324 nm with an 

absorbance of 0.02. This implies that the concentration of soluble species in the electrolyte for the 

discharged Cu-DHBQ-Cl cathode is considerably higher than that for the discharged Cu-DHBQ 

cathode, which accounts for the poor cycling performance of Cu-DHBQ-Cl cathode. The much 

higher concentration of soluble species in the electrolyte for the discharged Cu-DHBQ-Cl may be 

caused by that the crystal structure of Cu-DHBQ-Cl collapses after the insertion of Li+ ions, which 

has been reported for some MOF-based electrode materials.179 
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Figure 5.16 Comparison for the electrochemical performance of Cu-DHBQ and Cu-DHBQ-Cl. 

CV curves of (a) Cu-DHBQ cathode, and (b) Cu-DHBQ-Cl cathode. The scan rate was 0.05 mV 

s-1. Voltage profiles of (c) Cu-DHBQ cathode, and (d) Cu-DHBQ-Cl cathode for the first two 

cycles at 20 mA g-1. (e) Cycling performance of Cu-DHBQ and Cu-DHBQ-Cl cathodes. The first 

two cycles were tested at 20 mA g-1 and the rest of cycling at 100 mA g-1. The cathode 

compositions are active material (Cu-DHBQ or Cu-DHBQ-Cl) : Super P : alginate binder=6:3:1. 
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Figure 5.17 UV-Vis spectra of Cu-DHBQ-Cl and Cu-DHBQ cells after the 1st discharge process. 

The inset is the enlarged UV-Vis spectrum of the Cu-DHBQ cell after the 1st discharge. 

 

5.3.6 Stabilization of organic cathode by acid-base interaction with polymer binder 

The structures of 1,5-diaminoanthraquinone and 2,6-diaminoanthraquinone which contain 

basic amine groups are shown in Figure 5.18a and b. From the respective CV curves (Figure 5.18), 

the peak separations (ΔP), potential difference between the cathodic and anodic peaks, of 1,5-

diaminoanthraquinone and 2,6-diaminoanthraquinone at the 2nd cycle are 41.6 and 51.2 mV, 

respectively, implying 1,5-diaminoanthraquinone has better redox kinetics. Therefore, 1,5-

diaminoanthraquinone was chosen as an example to explore the effect of acid-base attraction on 

the cycling stability.   
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Figure 5.18 CV curves of (a) 1,5-diaminoanthraquinone, and (b) 2,6-diaminoanthraquinone with 

a scan rate of 0.2 mV s-1. Peak separations (ΔP) for the 2nd cycle are labeled on the graphs. The 

cathode composition is active material : Super P : poly(acrylic acid) (PAA) binder=6:3:1.  

The cycling performance of 1,5-diaminoanthraquinone cathode with different types of 

binders, including alginic acid (H-alginate), sodium alginate (Na-alginate), poly(4-styrenesulfonic 

acid) (H-PSS) and poly(styrene sulfonic acid) sodium salt (Na-PSS), was compared. As shown in 

Figure 5.19, for either alginate or PSS based binder, the acid-type binder (H-alginate or H-PSS) 

results in slower capacity decay than the respective salt-type one (Na-alginate or Na-PSS), which 

can be attributed to that the acid-base interaction (attraction) between the acid group (-H) in the 

acid-type binder and the amino group (-NH2) in 1,5-diaminoanthraquinone helps to adsorb the 

active material in the electrode. The cycling performance of 1,5-diaminoanthraquinone cathode 

with the PVDF binder, which does not have such acid-base attraction, was also obtained for 

comparison. It can be seen that the improvement in the capacity retention resulted from such acid-

base attraction is rather limited. The capacity retention after 60 cycles for the H-alginate binder 

which shows the best cycling stability is 19.3%. This is only slightly higher than that (15.5%) for 

the PVDF binder. The limited improvement in the cycling stability by the binder approach is 
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attributed to the insufficient amount of binder. Considering a 1:1 molar ratio between the amino 

group in 1,5-diaminoanthraquinone and the acid group in the H-alginate binder, the weight ratio 

of 1,5-diaminoanthraquinone/H-alginate would be 1.35 : 1. However, if such a large amount of 

binder is added to the electrode, the energy density of the electrode would be greatly compromised. 

Therefore, the binder approach for improving the cycling stability is only an auxiliary approach, 

while the polymerization approach including the formation of polymers, macrostructures, COFs 

and MOFs should be considered as the primary approach.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19 Chemical structures of binders containing acidic and neutral groups and the influence 

of these binders on the cycling performance of 1,5-diaminoanthraquinone cathode. Left: Structures 

of H-alginate, Na-alginate, H-PSS and Na-PSS binders. Right: Cycling performance of 1,5-

diaminoanthraquinone cathode with different types of binders at the current rate of 20 mA g-1. The 

cathode composition is 1,5-diaminoanthraquinone : Super P : binder=6:3:1. 
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5.4 Conclusions 

A series of one-dimensional coordination polymers using DHBQ and divalent metal ions 

(Ni, Co, Mn, Zn, and Cu) have been synthesized and their electrochemical properties have been 

investigated. We have demonstrated that the formation of coordination polymers is a highly 

effective strategy to reduce the solubilities of small organic molecules in the electrolyte. Moreover, 

it has been found that the coordination polymers M-DHBQ·2H2O (M=Ni, Co, and Mn) exhibit the 

redox activities of both metal and ligand in the potential range around 0.5~3 V, while the 

coordination polymer Cu-DHBQ exhibits the redox activity of the ligand only in the same potential 

range. In the potential range around 1.3~3 V where only the ligand is redox active, Cu-DHBQ 

exhibits the highest capacity among the as-synthesized coordination polymers. Furthermore, the 

UV-Vis results show that the capacity decay of Cu-DHBQ cathode is caused by the dissolution of 

discharged product or intermediate in the electrolyte. By using alginate binder (with the content of 

25 wt% in the cathode) which can strongly bond the electrode film and effectively trap the soluble 

species, Cu-DHBQ cathode exhibits a high initial capacity of 212 mA h g-1 (80% of the theoretical 

capacity) at the current rate of 100 mA g-1, and can maintain a capacity of 194 mA h g-1 after 200 

cycles at 100 mA g-1 with a capacity retention of 91.5%. Finally, our approach for coordination 

polymer synthesis is very versatile and can be extended to the synthesis of other structurally similar 

coordination polymers by varying the organic ligand, such as DHBQ-Cl which has a higher 

discharge voltage than that of DHBQ. Our results show the promise of coordination polymers as 

emerging organic electrode materials for energy storage.  

Furthermore, the stabilization of organic cathode through the acid-base interaction with 

polymer binder has also been explored. It was found that the binder optimization strategy for 

improving the cycling stability of organic cathode is only an auxiliary approach, whereas the 

polymerization strategy, which includes the formation of polymers, macrostructures, COFs and 

MOFs, should be considered as the primary approach.  
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Chapter 6. Conjugated Diketopyrrolopyrrole (DPP) Polymer Based 

P-type and Bipolar-type Organic Cathodes 

6.1 Introduction 

 Organic cathodes possess the advantages of high capacity, structural diversity and 

designability, sustainability, low cost, and environmental friendliness, and thus have been studied 

intensively in recent years.54 Organic cathodes based on small molecules are plagued with drastic 

capacity fading due to their high solubilities in the electrolyte. To solve this problem, a variety of 

polymers from the polymerization of small molecules have been reported. These polymers can be 

categorized into three types according to the position of the redox active group and the conjugation 

of the polymer. The first type is that the redox active group is located in the side position while the 

backbone is either conjugated or non-conjugated, e.g. TEMPO radical attached polymethacrylate 

(PTMA),209–211 thianthrene-substituted polynorbornene,212 and poly(3-vinyl-N-

methylphenothiazine) (PVMPT).213 The second type is that the redox active group is located in the 

non-conjugated backbone, e.g. poly(benzoquinonyl sulfide) (PBQS),56 poly(1,4-anthraquinone) 

(P14AQ),65 and polyquinoneimine (PQI).214 The third type is that the redox active group is located 

in the π-conjugated backbone, e.g. n-type naphthalenediimide (NDI)-bithiophene copolymer 

P(NDI2ODT2),215 p-type phenothiazine-bithiophene copolymer,216 and n-type 

diketopyrrolopyrrole (DPP) based polymer (2DPP-OD-HEX).217 

The third type polymers (conjugated polymers) have found applications in organic thin 

film transistors (OTFTs), organic photovoltaics (OPVs) and organic solar cells (OSCs),218–220 

while their application in the energy storage area have just started.221 Their solution processability, 

excellent film-forming and mechanical properties have enabled the fabrication of flexible electrode 

films, and their intrinsic conducting/semiconducting properties have resulted in significantly 

enhanced rate capability.215–217 The charge storage mechanism of conjugated polymers can be 

categorized as n-doping, p-doping, and bipolar (both n- and p-) doping. The doping levels of p-

type conjugated polymers (polypyrrole and polythiophene) are generally between 0.25 and 0.4, 

with an optimum value of 0.33, representing every third heterocycle is charged. It is challenging 

to achieve a p-doping level higher than 0.4 due to the strong coulombic repulsion between the 

charged heterocycles. On the other hand, the ambipolar properties of conjugated polymers with 

the transport of both holes and electrons have been reported in OTFTs,222 but their application in 
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rechargeable batteries has rarely been reported. The bipolar charge storage can enhance the specific 

capacity and ultimately the energy density of conjugated polymers when they are used as electrode 

materials in rechargeable batteries. 

Diketopyrrolopyrrole (DPP)-containing conjugated polymers have been reported to exhibit 

both high electron and hole mobilities in OTFTs, which can result in high electrical conductivities 

when they are used as electrode materials in rechargeable batteries. High electrical conductivity is 

crucial for electrode materials as it can reduce the amount of additional conductive carbon, leading 

to enhanced energy density. This is particularly important for organic materials which generally 

have low electrical conductivities compared with conventional electrode materials based on 

intercalation compounds. A DPP-containing conjugated polymer, 2DPP-OD-HEX, was reported 

to show a reversible one-electron n-doping in the DPP unit, with the potential range of 1.6~2.8 V 

vs. Li+/Li and the average discharge voltage of ~2.15 V vs. Li+/Li. In this chapter, two DPP based 

polymers, namely diketopyrrolopyrrole (DPP)-quaterthiophene copolymer (PDQT) and 

diketopyrrolopyrrole-bithiophene polymer (PDBT), have been explored as p-type and bipolar-type 

cathode materials, respectively. The PDQT electrode shows a high doping level of ~0.5, which is 

rare among p-type conjugated polymers. And the p-doping reaction is relatively reversible, 

potentially due to the stabilization effect of the DPP unit. Another advantage of the PDQT cathode 

is its high discharge voltage of ~3.8 V, one of the highest among the conjugated polymer cathodes. 

In contrast, the PDBT cathode shows a bipolar charge storage mechanism, resulting in a doubled 

theoretical capacity compared with the PDQT cathode. The experimentally obtained capacity for 

the PDBT cathode is low, probably due to its large particle size leading to ineffective electron and 

ion transports.  71 

6.2 Experimental section 

6.2.1 Material synthesis 

 PDQT223 and PDBT222 were synthesized according to the methods reported previously. 

6.2.2 Electrochemical measurements 

PDQT or PDBT was dissolved in chloroform with the aid of heating at 40 °C. The 

concentrations of PDQT and PDBT in chloroform were controlled at 30 and 15 mg mL-1, 

respectively, as PDBT is less soluble than PDQT. A carbon paper disk (Toray TGP-H060) with a 

diameter of 12 mm was immersed into the as-prepared solution for dip coating (no additional 
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binder was used). After coating, the electrode was dried at 60 °C. The areal loadings of PDQT and 

PDBT in the electrode films were 1.2 and 0.6 mg cm-2, respectively. The assembly of CR2032 

coin cells was conducted in an Ar-filled glovebox with O2 and H2O levels below 0.1 ppm. 35 µL 

of the electrolyte, 1 M LiPF6 in  ethylene carbonate (EC)/ethyl methyl carbonate (EMC)/dimethyl 

carbonate (DMC) (1:1:1 volume ratios), was added to each cell. The CV testing was conducted on 

a VMP3 Bio-Logic potentiostat. The galvanostatic cycling of the cells was performed with LAND 

CT2001A battery testers at room temperature. 

6.3 Results and discussion 

6.3.1 Electrochemical performance of PDQT  

PDQT was synthesized according to Scheme 6.1, following a previous paper from our 

group.223 

 

 

 

 

 

 

 

 

 

Scheme 6.1 Synthetic route to PDQT.a 

 

 

 

PDQT 

DBT-H DBT-20 Monomer-20 

a The synthesis of PDQT was conducted by a previous group member (Dr. Wei Hong). 
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A non-porous ITO or a porous carbon paper substrate was used for the CV testing of PDQT. 

The peak positions and peak shapes for the CV curves of PDQT on different substrates are similar 

with the potential range of 3~4.6 V and the scan rate of 10 mV s-1 (Figure 6.1a and b). However, 

when the scan rate is reduced to 0.1 mV s-1, the current at the potential of 4.5 V for the carbon 

paper substrate is much higher (~11 times higher) than that for the ITO substrate, which is 

attributed to the decomposition of the LiPF6 electrolyte, 1 M LiPF6 in 1:1:1 (volume ratio) 

EC/EMC/DMC, as the electrolyte is known to be unstable and subject to oxidation under high 

voltage condition.224 The difference in the current at the potential of 4.5 V for different substrates 

can be explained by two reasons. One reason is that the carbon paper substrate is porous and can 

contain the electrolyte in the pores, leading to a larger amount of electrolyte between the cathode 

and anode compared to the non-porous ITO substrate. Consequently, the larger amount of 

electrolyte results in larger current. Another reason is that the porosity of the carbon paper substrate 

affords a larger surface area. Since the decomposition reaction of the electrolyte occurs on the 

conductive surfaces, the larger surface area leads to higher current. To experimentally determine 

the electrolyte stability, a linear sweep voltammetry (LSV) testing was conducted, as shown in 

Figure 6.1e. The notable decomposition of the electrolyte occurs at the potential of ~5.3 V. 

However, when zoomed in, it can be seen that the minor decomposition of the electrolyte starts at 

a potential as low as 4.5 V. The current response at the potential of 4.5~5 V due to the electrolyte 

decomposition is comparable to that caused by the redox reaction of the polymer. Therefore, the 

CV testing of the polymer should be kept below 4.5 V. The observation of the upper potential limit 

(4.5 V) for the EC/EMC/DMC electrolyte solvent is consistent with that (2~4.5 V for EC/DMC) 

reported in the literature.224 
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Figure 6.1 Optimization of the experimental condition for the CV testing of PDQT in 1 M LiPF6 

in 1:1:1 EC/EMC/DMC (volume ratio) electrolyte. ITO substrate in the potential range of 3~4.6 

V with a scan rate of (a) 10 mV s-1 and (b) 0.1 mV s-1. Carbon paper substrate in the potential range 

of 3~4.6 V with a scan rate of (c) 10 mV s-1 and (d) 0.1 mV s-1. (e) LSV curve of the LiPF6 

electrolyte with a scan rate of 0.1 mV s-1 in the potential range from 3.14 V (open circuit potential 

for the cell after fabrication) to 6 V, measured using a carbon paper substrate. The inset is the 

magnified data.    

 

2.8 3.2 3.6 4.0 4.4 4.8
-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

C
u

rr
e
n

t 
(m

A
)

Potential (V vs. Li+Li)

 Cycle 1

 Cycle 2

 Cycle 3

Carbon paper substrate

(c)

3.83 V

3.56 V
3.96 V

4.21 V

3~4.6 V

10 mV s-1

2.8 3.2 3.6 4.0 4.4 4.8

0.00

0.02

0.04

0.06

0.08

0.1 mV s-1

Carbon paper substrate

C
u

rr
e

n
t 

(m
A

)

Potential (V vs. Li+Li)

 Cycle 1

 Cycle 2

 Cycle 3

4.3 V

4.5 V

4.4 V

3~4.6 V

(d)

3.0 3.5 4.0 4.5 5.0 5.5 6.0

0

20

40

60

80

100

120

C
u

rr
e

n
t 

(m
A

)

Potential (V vs. Li+/Li)

 Test #1

 Test #2

LiPF6 electrolyte

(e)

3.0 3.5 4.0 4.5 5.0 5.5

0.0

0.1

0.2

0.3

C
u

rr
e
n

t 
(m

A
)

Potential (V vs. Li+/Li)

Carbon paper substrate

2.8 3.2 3.6 4.0 4.4 4.8
-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

C
u

rr
e

n
t 

(m
A

)

Potential (V vs. Li+Li)

 Cycle 1

 Cycle 2

 Cycle 3

ITO substrate

(a)
4.22 V

3.57 V

3.92 V

3.81 V

3~4.6 V

10 mV s-1

2.8 3.2 3.6 4.0 4.4 4.8

-0.002

0.000

0.002

0.004

0.006

0.1 mV s-1

ITO substrate

C
u

rr
e

n
t 

(m
A

)

Potential (V vs. Li+Li)

 Cycle 1

 Cycle 2

 Cycle 3 4.3 V

4.5 V

3~4.6 V

(b)

4.4 V



132 

 

The CV curves of PDQT using the carbon paper substrate with the scan rate of 0.1 mV s-1 

and the potential ranges of 3~4.2 V, 3~4.3 V, 3~4.4 V, and 3~4.5 V are shown in Figure 6.2. The 

CV curves at the 2nd and 3rd cycles overlap each other for the potential range of 3~4.3 V to 3~4.5 

V, indicating the electrochemical reaction is reversible under these potential ranges.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 CV curves of PDQT using the carbon paper substrate with different potential ranges. 

(a) 3~4.2 V, (b) 3~4.3 V, (c) 3~4.4 V, and (d) 3~4.5 V. The scan rate is 0.1 mV s-1. 

 

Similar to the p-doping reaction of polythiophene,134 PDQT can undergo the 
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is dependant on the nature of the polymer and the experimental conditions. For example, 

poly(thiophene) has been reported to have a doping level of 20% when LiClO4 was used as the 

electrolyte salt at an applied potential of 4.05 V vs. Li+/Li. For battery materials, the actual doping 

level can be calculated from the measured charge (capacity) divided by the capacity at the 100% 

doping level.  

 The capacity of the p-doping reaction, at a doping level of 100%, for the PDQT cathode 

is: 

𝐶𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  𝑝−𝑑𝑜𝑝𝑖𝑛𝑔 =
𝑛×26801

𝑀
=

4×26801  𝑚𝐴 ℎ 𝑚𝑜𝑙−1 

1023.7  𝑔 𝑚𝑜𝑙−1 
= 104.8 𝑚𝐴 ℎ 𝑔−1, 

where n is the number of electrons transferred (one at each thiophene unit) and M is the molecular 

weight of the repeat unit of PDQT. 

The electrochemical performance of PDQT cathode is shown in Figure 6.3. The average 

discharge voltage of PDQT (~3.8 V) is much higher than that of the quinones (~2 V) which belong 

to the n-type cathode material. As mentioned in Chapter One, one of the advantages of the p-type 

cathode material is their high discharge voltage. The discharge voltage can be calculated by the 

energy gap (ΔE, unit: eV) between the energy level of the cathode material and the energy of the 

Li+/Li electrode divided by the number of electrons transferred. The ΔE for a p-type cathode 

material is the energy difference between the HOMO level of the cathode material and the energy 

of the Li+/Li electrode, while the ΔE for a n-type cathode material is the energy difference between 

the LUMO level of the cathode material and the energy of the Li+/Li electrode. The lower energy 

of the HOMO level than the LUMO level indicates a larger ΔE for the p-type cathode material and 

therefore a higher discharge voltage. The PDQT cathode shows a high capacity of 46.9 mA h g-1 

at the current rate of 10 mA g-1 and a capacity of 44.4 mA h g-1 at the current rate of 50 mA g-1, 

corresponding to the p-doping levels of x=46.9/104.8=45% and x=44.4/104.8=42%, respectively. 

The doping level of 42%~45% for the PDQT cathode is higher than that (20%, LiClO4 as the 

electrolyte salt at the potential of 4.05 V vs. Li+/Li) for the electrochemical doping of 

poly(thiophene), and that (20%, I2 as the dopant) for the chemical doping of poly(thiophene-2,5-

diyl) and poly(3-alkylthiophene-2,5-diyl). The much higher doping level of the PDQT cathode 

may suggest that the presence of DPP unit in a Donor-Acceptor (D-A) polymer is beneficial for 

achieving a high doping level. The reason is still unclear, but it may be related to the smaller 
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bandgap of PDQT, which may generate more stable mid-gaps to accommodate polaron or 

bipolarons. The PDQT cathode can maintain a capacity of 35 mA h g-1 after 250 cycles at 50 mA 

g-1 corresponding to a capacity retention of 79.5%.   

 

 

 

 

 

 

 

 

 

 

Scheme 6.2 Electrochemical reaction schemes for the PDQT cathode. Top: schematic of the p-

doping reaction for the PDQT cathode. x represents the doping level. Bottom: restricted n-doping 

reaction for the PDQT cathode. The only place where the n-doping can occur is highlighted in blue. 
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Figure 6.3 Galvanostatic cycling performance of PDQT cathode in the potential range of 3~4.3 V. 

(a) Voltage profiles, and (b) cycling performance. The cell was activated at 10 mA g-1 for 3 cycles 

and cycled at 50 mA g-1 afterwards. The PDQT electrode was prepared by dip coating using a 

carbon paper substrate. The areal loading of PDQT in the electrode is 1.2 mg cm-2.  

It was reported that another structure-similar conductive polymer, 2DPP-OD-TEG, which 

backbone (-T-DPP-T-) has a DPP unit linked by a thiophene unit (T) on each side, can undergo 

the n-doping reaction in the potential range of 1~2.8 V vs. Li+/Li.225 The PDQT cathode may also 

undergo such a n-doping reaction. To verify this, the CV data of PDQT cathode was measured in 

both the potential ranges of 1~3 V and 1~4.3 V (Figure 6.4). The areas under the curve for the n-

doping region and the p-doping region are 0.0074 and 0.03629, respectively, corresponding to a 

ratio of n-doping/p-doping=0.2. The implies that the n-doping process for PDQT is largely 

restricted (Scheme 6.2).134 
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Figure 6.4 CV curves of PDQT cathode in both the n-doping and p-doping potential ranges. (a) 

1~3 V, (b) 1~4.3 V, and (c) the 3rd CV cycle in (b). The areas under the curve for the n-doping and 

the p-doping regions are labeled. The scan rate is 0.1 mV s-1. 

 

6.3.2 Electrochemical performance of PDBT  

To enable the possible bipolar charge storage mechanism so that the specific energy of the 

material is maximized, an ambipolar polymer with the -T-DPP-T- repeat unit, namely 

diketopyrrolopyrrole-bithiophene polymer (PDBT), was prepared according to Scheme 6.3, 

following a previous paper from our group.222 The CV testing of PDBT was conducted first, and 

the results are shown in Figure 6.5. Unlike PDQT, PDBT shows notable redox activities in both 

the n-doping region (1~3 V) and the p-doping region (3~4.3 V). The areas under the curve for the 

n-doping region and the p-doping region are 0.01207 and 0.01305, respectively, corresponding to 

a ratio of n-doping/p-doping=0.92, which is 4.6 times of that of PDQT cathode (0.2). 
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Scheme 6.3 Synthetic route to PDBT.b 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 CV curves of PDBT cathode in both the n-doping and p-doping potential ranges. (a) 

1.63~3 V, (b) 3~4.4 V, (c) 1~4.3 V, and (d) the 1st CV cycle in (c). The areas under the curve for 

the n-doping and the p-doping regions are labeled. The scan rate is 0.1 mV s-1. 

  

b The synthesis of PDBT was conducted by a previous group member (Dr. Jenner H. L. Ngai). 
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Scheme 6.4 Electrochemical reaction schemes for the PDBT cathode. (a) p-doping, and (b) n-

doping. 

The theoretical capacity of the p-doping reaction for the PDBT cathode, at a doping level 

of 100%, is:  

Ct eoretical  p−doping =
n × 26801

M
=

2 × 26801  𝑚𝐴 ℎ 𝑚𝑜𝑙−1 

859.4  𝑔 𝑚𝑜𝑙−1 
= 62.4  A h g−1 

The theoretical capacity of the n-doping reaction: 

Ct eoretical  n−doping =
n × 26801

M
=

2 × 26801  𝑚𝐴 ℎ 𝑚𝑜𝑙−1 

859.4  𝑔 𝑚𝑜𝑙−1 
= 62.4  A h g−1 

 Therefore, the total theoretical capacity for PDBT is: 62.4 + 62.4 = 124.8 mA h g-1.  

(a) 

(b) 
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The galvanostatic cycling performances of the PDBT cathode in the p-doping and the n-

doping regions were measured separately, as shown in Figure 6.6. In the p-doping region with the 

current rate of 50 mA g-1, the PDBT cathode delivers an initial capacity of 17.1 mA h g-1 

(corresponding to the p-doping level of x=17.1/62.4=27%), then gradually decreases to 6.8 mA h 

g-1 after 250 cycles. The lower doping level of PDBT than PDQT (27.4% vs. 42~45%) may be 

caused by the ineffective electron and ion transfers as a result of the large size of the PDBT 

particles. The aforementioned PDQT can be well dispersed in chloroform, thus it can form thin 

films which are uniformly coated on the surface of carbon paper after the dip coating process, 

facilitating the electron transport from the carbon paper to the PDQT solid and the ion transport 

from the electrolyte to PDQT. By contrast, PDBT can hardly be dispersed in chloroform or 1,1,2,2-

tetrachloroethane even after heating. As a result, it remains large particles on the surface of carbon 

paper after dip coating, making it rather difficult for electrons and ions to be transported to the 

cores of particles. In the n-doping region with the current rate of 50 mA g-1, the capacity of the 

PDBT cathode is even lower than expected, with an initial capacity of 3.6 mA h g-1 and a capacity 

of 2.7 mA h g-1 after 250 cycles. Such low capacities in the n-doping region may also be caused 

by the large particle size issue.  

Apart from the solubility issue of PDBT, the much higher areal loading of the active 

material in my experiment (0.7~1 mg cm-2) than those (0.1~0.4 mg cm-2) reported for the 

conjugated polymer electrodes216,217,226 may also result in the unsatisfactory performance in my 

case, indicating further optimization on the experimental condition is needed.  

 

 

 

 

 

 

 

 



140 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Galvanostatic cycling performance of the PDBT cathode in the p-doping or n-doping 

region. (a) Cycling performance in the p-doping (3~4.4 V) or n-doping (1.6~3 V) region. In the p-

doping region, the cell was activated at 10 mA g-1 for 5 cycles and cycled at 50 mA g-1 afterwards. 

In the n-doping region, the cell was activated at 10 mA g-1 for 2 cycles and cycled at 50 mA g-1 

afterwards. Voltage profiles with the current rate of 50 mA g-1 at different cycle numbers for (b) 

the p-doping region, and (c) the n-doping region.  

 

A comparison of the electrochemical performances of PDQT and PDBT cathodes with 

other solution processable conjugated polymer-based cathodes reported in the literature is shown 

in Table 6.1. It can be seen that the average discharge voltages of PDQT and PDBT are much 

higher than others. The experimentally obtained capacity of 44.4 mA h g-1 for the PDQT cathode 

0 50 100 150 200 250
0

5

10

15

20

25

30

35

40
D

is
c

h
a

rg
e

 c
a

p
a

c
it

y
 (

m
A

 h
 g

-1
)

Cycle number

(a)

 p-doping (3~4.4 V)

 n-doping (1.6~3 V)

0 1 2 3 4

1.6

2.0

2.4

2.8

3.2

 3rd cycle

 80th cycle

 150th cycle

 250th cycle

V
o

lt
a
g

e
 (

V
 v

s
. 
L

i+
/L

i)

Specific capacity (mA h g-1)

(c)

n-doping

 1.6~3 V

0 5 10 15 20 25
2.8

3.2

3.6

4.0

4.4

V
o

lt
a
g

e
 (

V
 v

s
. 
L

i+
/L

i)

Specific capacity (mA h g-1)

 6th cycle

 80th cycle

 150th cycle

 250th cycle

(b)

p-doping

 3~4.4 V



141 

 

is comparable to the best one in the table (P(NDI2OD-T2), 54.2 mA h g-1). The PDBT cathode has 

the highest theoretical capacity among the cathodes listed in the table due to its unique bipolar-

type charge storage mechanism. The experimentally obtained capacity for the PDBT cathode is 

only 17.1 mA h g-1, which may be caused by the large particle size issue.   

 

Table 6.1 Comparison of our work with other solution-processable conjugated polymer based 

cathodes.  

 
Charge 

storage 

mechanism 

Theoretical 

capacity 

(mA h g-1) 

Experimental 

reversible 

capacity 

(mA h g-1) 

Average 

discharge 

voltage 

(V vs. 

Li+/Li) 

References 

 

n 54.2 54.2 ~2.4 215 

 

n 40.1 40 ~2.15 217 

 

n 48.6 39.8 ~2.45 226 
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p 

 

36.4 34 ~3.55 216 

 

p 104.8 44.4 ~3.8 Our work 

 

bipolar 124.8 17.1 ~2.95 Our work 
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6.3.3 Theoretical calculations  

 

 

 

 

 

 

 

 

 

 

Figure 6.7 Energy levels of PDQT and PDBT. 

The energy levels of PDQT and PDBT are obtained by density functional theory (DFT) 

calculations. As shown in Figure 6.7, the HOMO and LUMO levels of PDQT are -4.84 and -2.60 

eV, respectively, which corresponds to a band gap (Eg) of 2.24 eV, whereas they are -4.99 and -

2.48 eV, respectively, for PDBT, which corresponds to a band gap of 2.51 eV. The smaller band 

gap of PDQT is indicative of a higher conductivity.  

6.4 Conclusions 

 Two DPP-based conjugated polymers, PDQT and PDBT have been developed as the 

cathode materials for Li-ion storage. The PDQT cathode shows a p-type charge storage mechanism 

with a theoretical capacity of 124.8 mA h g-1 and an experimental capacity of 44.4 mA h g-1 

(corresponding to a doping level of 42%) while the PDBT cathode shows a bipolar charge storage 

mechanism with a theoretical capacity of 124.8 mA h g-1 and an experimental capacity of 17.1 mA 

h g-1. The experimental average discharge voltages for the PDQT and PDBT cathodes are ~3.8 and 

~2.95 V, respectively, which are much higher than other conjugated polymer cathodes. Further 
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optimization of the testing condition (e.g. nanocomposite formation between the organic material 

and porous carbon) is needed to increase the experimental capacity of the PDBT cathode. 
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Chapter 7. Conclusions and Future Outlook 

7.1 Conclusions 

In this thesis, different strategies, including the use of PEDOT adsorber for polysulfides 

(chapter 3 and Chapter 4), in-cell polymerization (Chapter 4), coordination polymer formation and 

binder optimization (Chapter 5) and conventional polymerization (chapter 6), have been designed 

to improve the specific capacity and cycling stability of sulfur and organic cathodes. These 

strategies are designed with the aims of maximizing the energy densities and cycling stabilities of 

the electrodes. By using various characterization techniques, the conductivity change of 

conductive polymers during battery cycling, the relationship between molecular structure and 

battery performance, the capacity fading mechanism, and the charge storage mechanism have been 

revealed.  

In Chapter 3, a multi-functional PEDOT:PSS-Mg2+ binder formed by cross-linking 

PEDOT:PSS with Mg2+ was developed for the sulfur cathode in Li–S batteries. This new binder 

has high electrical conductivity, a robust 3-D network structure achieved by the cross-linking of 

PSS with Mg2+ ions, and a strong binding ability toward lithium polysulfides due to the strong 

interaction between the oxygen atoms in PEDOT and lithium polysulfides. These functionalities 

can increase the conduction and charge transfer reactions, cushion the drastic volume change 

during discharge/charge cycling, and trap the soluble lithium polysulfides in the cathode. The Li–

S battery with a cathode using this new binder exhibited an initial capacity of 1097 mA h g-1 and 

capacity retention of 74% over 250 cycles at 0.5C, which are significant improvements compared 

with the Li–S battery using a conventional PVDF binder. Moreover, the preparation of the cathode 

slurry and the subsequent cathode fabrication using the PEDOT:PSS-Mg2+ binder uses water 

present in the PEDOT:PSS dispersion as the only dispersing solvent, which eliminates the use of 

any organic solvent, making the fabrication of Li–S batteries more environmentally friendly. 

Therefore, this study demonstrated that the cross-linked PEDOT:PSS-Mg2+ is a very promising 

new binder for high-performance Li–S batteries. 

In Chapter 4, a facile and innovative in-cell e-polymerization approach has been developed 

to incorporate a conductive polymer (PEDOT) into the sulfur cathode. Such an approach affords 

intimate contact between PEDOT and other components in the cathode, which leads to enhanced 

electron transport and effective trapping of soluble polysulfides. As a result, the sulfur cathode 
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with the in-cell formed PEDOT shows substantially improved capacity, cycling stability, and rate 

performance compared with that using commercial PEDOT. Additionally, it has been found that 

the conductivities of conductive polymers change upon electrochemical doping and dedoping 

during the battery cycling process, and PEDOT would be more conductive for the cathode with a 

higher upper potential limit than sulfur cathode. Finally, the in-situ synthesis of PEDOT has been 

applied in LiFO4 cathode, and a notable improvement in the specific capacity has been observed, 

which is in line with our expectation.  

In Chapter 5, a series of one-dimensional coordination polymers using DHBQ and divalent 

metal ions (Ni2+, Co2+, Mn2+, Zn2+, and Cu2+) have been synthesized and their electrochemical 

properties have been compared. It has been found that the coordination polymers using Ni, Co, 

Mn, and Zn (M-DHBQ·2H2O) exhibit the redox activities of both the metal and the DHBQ ligand 

in the potential range of 0.5~3 V, while the coordination polymer using Cu (Cu-DHBQ) exhibits 

the redox activity of only the DHBQ ligand in the same potential range. In the potential range of 

1.3~3 V where only the DHBQ ligand is redox active, Cu-DHBQ exhibits the highest utilization 

of the quinone groups among all the as-synthesized coordination polymers. Moreover, the capacity 

fading mechanism of the Cu-DHBQ cathode is identified as the dissolution of the discharged 

product in the electrolyte, which is corroborated by UV-Vis analysis. By using the alginate binder 

(25 wt% in the cathode), which can strongly bond the electrode film and effectively trap the soluble 

species, the Cu-DHBQ cathode exhibits a high initial capacity of 261 mA h g-1 at 20 mA g-1 

corresponding to a high utilization of 98.1% for the quinone groups, and can maintain a capacity 

of 194 mA h g-1 after 200 cycles at 100 mA g-1 with a capacity retention of 91.5%. Furthermore, 

our coordination approach is very versatile and can be extended to other ligand such as DHBQ-Cl 

which has a higher discharge voltage than that of DHBQ. Although no promising results have been 

obtained up to now for Cu-DHBQ-Cl, our approach opens up a new avenue for the applications of 

coordination polymers in energy storage. Additionally, the stabilization of organic cathode through 

acid-base interaction with the polymer binder has also been explored. It has been found that the 

binder optimization approach for improving the cycling stability of organic cathodes is only an 

auxiliary approach, whereas the polymerization approach, which includes the formation of 

polymers, macrostructures, COFs and MOFs, should be considered as the primary approach.  
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In Chapter 6, two DPP-based conjugated polymers, PDQT and PDBT have been developed 

as the cathode materials for Li-ion storage. The PDQT cathode shows a p-type charge storage 

mechanism with a theoretical capacity of 104.8 mA h g-1 and an experimental value of 44.4 mA h 

g-1, while the PDBT cathode shows a bipolar charge storage mechanism with a theoretical capacity 

of 124.8 mA h g-1 and an experimental value of 17.1 mA h g-1. The experimental average discharge 

voltages of the PDQT and PDBT cathodes are ~3.8 and ~2.95 V, respectively, which are much 

higher than other conjugated polymer cathodes. Further optimization of the testing condition (e.g. 

nanocomposite formation between the organic material and the porous carbon) is needed to 

increase the experimental capacity of PDBT. The bipolar charge storage substantially increases 

the theoretical capacity of conjugated polymer cathodes, and may also find applications in 

symmetric Li-ion cells. 

7.2 Future outlook 

Surface modification of conventional intercalation cathodes including LiCoO2 (LCO) and 

LiNixCoyMn1−x−yO2 (NCM) to enhance the specific capacity, rate performance, and cycling 

stability of these materials under high voltage condition (> 4.2 V) is of paramount importance.227–

230 Conductive polymers, with intrinsic conductivities upon doping, excellent stabilities under high 

voltage condition, are promising candidates to modify the intercalation cathodes.231–234 However, 

it is challenging to form a thin and uniform layer of conductive polymer on the cathode particles. 

Atomic layer deposition (ALD)235 and oxidative chemical vapor deposition (oCVD)231 have been 

reported to do so, but these methods are quite expensive and inconvenient. The in-situ electro-

polymerization method developed in Chapter 4 is low-cost and facile. Future aspects lie in utilizing 

this method to modify the intercalation cathodes with a variety of conductive polymers and 

investigating their influences on the battery performance. 

Coordination polymers (CPs) and metal organic frameworks (MOFs) are a well-established 

research area where a plethora of related compounds have been reported.236,237 The coordination 

polymer approach demonstrated in Chapter 4 is an effective approach to suppress the dissolution 

issue of organic cathode materials. It is undesirable that the Cu metal in the Cu-DHBQ cathode be 

electrochemically inactive, resulting in a relatively low capacity. Future aspects lie in exploring 

other CPs and MOFs in which both metal and ligand are electroactive. It is also important to search 

for CPs and MOFs with intrinsic electrical conductivities181,238–240 as the electronic conduction is 
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a limiting factor for organic cathodes. Moreover, with so many metals and ligands to choose from, 

it is crucial to design electroactive CPs and MOFs with high discharge voltage (> 3.5 V) so that 

their energy densities are comparable to those of commercial intercalation compounds.   

 Conjugated polymer cathodes are a unique type of organic cathodes which enables 

mechanically flexible electrode films, superior cycling and rate performance for energy storage. 

The side chains in these materials render them solution processable, but greatly decrease their 

specific capacities for energy storage as the side chains are non-electroactive and they take up ~55% 

of the molecular weight of the repeat unit. The specific capacities of conjugated polymers would 

be doubled if the side chains can be removed. Future aspects lie in using thermally cleavable side 

chains during the syntheses of conjugated polymers and removing the side chains by thermal 

treatment after the electrode preparation.  
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