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ABSTRACT 

Rechargeable lithium ion batteries (LIBs) are playing a dominant role in 

powering enormous numbers of portable electronic products and modernizing our 

everyday life. In the past decade, intense investment, research and development have 

been devoted to improving the major components of LIBs such as active materials, 

separators and electrolytes to further the application of LIBs for high energy 

consumption devices. The currently available LIBs however, cannot meet all 

requirements primarily because of low electronic/ion conductivity of electrodes. 

Furthermore, cost, safety, and environmental issues continue to impede further 

development of LIBs. In particular, the traditional electrode fabrication process 

commonly involves the consumption of toxic organic solvents such us NMP. 

To address all these issues, this thesis attempts to develop green electrode 

fabrication technologies for low cost and high performance LIBs by selection and 

modification of low cost and sustainable natural binders and removing the adoption of 

the toxic organic solvents. 

To convert the traditional LIB electrode production process from an organic 

solvent-based process into a green and water-based production technology, the water-

soluble polymer Eastman AQTM 55S (EAQ) was chosen as a binder for graphite 

anodes in LIBs. The chemical bonds between the carboxyl groups on the oxidized 

graphite surface and the hydroxyl groups on the EAQ polymer surface offer strong 

binding force and provide excellent Li ion conductivity, enhancing cell performances. 

The EAQ-based electrode can withstand 1.6 pound peel force, which is nearly twice 

the force applied to conventional PVDF-based electrode. The resultant EAQ-based 
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electrode delivered a capacity of ca. 360 mAh/g compared to 250 mAh/g for PVDF-

based electrodes. 

Another water-based electrode fabrication system was developed for Si anode 

materials. This was challenging as Si nanoparticles possess the largest specific 

capacity (4200 mAh/g) but experience substantial volume expansion (ca. 300%) 

during lithiation/delithiation. The two main benefits of the gum arabic (GA) binder 

involve performance enhancement: hydroxyl groups in polysaccharide increase the 

binding force and glycoproteins improve the mechanical properties as seen in Fibre-

Reinforced Concrete (FRC) to prevent cracks resulting from the volume expansion of 

lithiated Si electrodes. A stable cycling performance was demonstrated at various C 

rates using the GA binder while a promising long-term performance of 1000 cycles 

was observed when limiting the specific capacity to 1000 mAh/g at 1 C. 

To expand applicability, this GA binder has been applied to Lithium-Sulfur 

(S) batteries which are one of the most promising and challenging energy storage 

systems. The resulting S@GA electrode demonstrates significantly better 

electrochemical performance compared to the S@PVDF and S@Gelatin electrodes. 

The S@GA electrode delivered an initial capacity of 1386 mAh/g at C/5, and 843 

mAh/g at C/5 and 504 mAh/g at 1 C throughout 500 cycles when sulfur loading was 

55 wt% in sulfur/carbon composites. To the best of our knowledge, the GA binder in 

this work has a better cycling performance than previous used bio-derived and non-

bio-derived binders in Li-S batteries. 

To produce high areal loading Si anodes and high volumetric capacity for the 

LIBs, the GA is modified via a simple in situ esterification with polyacrylic acid 

(PAA) at 150 oC under vacuum to establish a cross-linking binding network. The 

esterification reaction between hydroxyl groups in GA and carboxylic acid groups in 
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PAA reinforced mechanical strength and lithium ion diffusion coefficient. 

Furthermore, the micron-sized pores formed during the process prevented the crack 

formation and propagation by relieving the stress on the electrode due to the dramatic 

volume change of Si particles during charge/discharge processes. The crack-blocking 

effect helped the GA-PAA composite binder-based Si electrode achieve high 

volumetric capacity of ca. 2898 Ah/L, which is nearly five times that of graphite 

electrode (ca. 600 Ah/L). 

Sodium alginate (SA) and 3,4-propylenedioxythiophene-2,5-dicarboxylic acid 

(ProDOT) were used to synthesized multi-functional polymer binder SA-ProDOT 

using a cyclohexane/DBSA/water micro-emulsion system. The tailored electronic 

structure of the SA-ProDOT facilitated n-type lithium doping under the battery 

environment. A long-term cycle with specific capacity of ca. 120 mAh/g at 1 C for 

more than 400 cycles was achieved without conductive additives when SA-ProDOT 

was applied as the binder for LiFePO4 cathodes. The optimized performances 

compared with SA, SA plus carbon black (CB) and PVDF plus CB were due to the 

improved mechanical property, Li-ion conduction, diffusion coefficient and lower 

electro-chemical impedance. The synthesized SA-ProDOT is promising for universal 

application in low cost and environmentally benign manufacturing of LIBs. 
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1.1  General background 

Today the world faces energy challenges on two main fronts: moving 

electricity production from fossil fuels to sustainable energy sources, and shifting 

ground transportation towards electrical power sources, i.e. using electric vehicles 

(EVs) instead of vehicles driven by internal combustion engines (ICEs).1-3 The 

power level of sustainable energy fluctuates with time, hence the use of sustainable 

energy for electricity production requires the availability of suitable technology for 

energy storage, i.e. batteries. Significant progress have been made in recent years in 

the development of technology for sustainable energy, e.g. photo-thermal receivers, 

better wind turbines and photovoltaic cells, the development of storage devices still 

lags far behind. The research on batteries which can store up long stability 

sustainable power, prolonged cycle life and meet environmental restrictions is an 

important challenge for modern electrochemistry.4-9 

Another essential demand of modern society is to reduce the use of oil for 

transportation as soon as possible due to non-regenerable resources. Hence, there is 

general agreement among leading economics, politicians, major car manufacturers 

and the scientific technological community that we have to move towards more wide 

spread use of EVs. The highest energy density (ca. 800 Wh/kg) is found in by fuel 

cells (FCs). However, it seems that FC technology is not advanced enough for 

practical EV application due to problems related to catalysis in direct FCs, and serious 

issues in hydrogen storage.10-14  

To date, all commercialized EVs are powered by lithium ion batteries (LIBs) 

packs. Hence, LIBs are the most promising candidate for application and development 

in EVs. The US Environmental Protection Agency (EPA) has estimated the energy 
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cost for commercialized EVs, hybrid electric vehicles (HEV) and gasoline vehicles. 

The EVs can significantly decrease the cost from ca. $2300 to $500 annually (Table 

1.1). The range and recharging time is however, still an issue. EVs, e.g. the Tesla 

Roadster, can travel 245 miles per charge, more than double that of prototypes. The 

Roadster can be fully recharged in ca. 3.5 hours from a 200 V, 70 amp from a home 

installed outlet. Except the drive range and recharging time, it is not clear whether the 

cost saving on gasoline in EVs over their lifetime will offset their higher purchase 

prices. Hence, the cost of the EVs is urgently to be reduced, especially the battery 

packs. Moreover, assuming that battery costs will decrease and gasoline prices 

increase, the EVs will dominate the vehicles market in the near future.15-19  

Table 1.1 Comparison of fuel efficiency and costs for all the electric cars rated by the 

EPA for the U.S. market as of January 2015.20-24
 

Electric 
Vehicles 

Vehicle Model 
year 

EPA rated combined fuel 
economy 

Annual 
energy 

cost  

BMW i3 2014 124 mpg(1)-e(27 kWh /100 
mile) $500(2) 

Scion iQ EV 2013 121 mpg-e(28 kWh /100 mile) $500 

Chevrolet 
Spark EV 2014 119 mpg-e(28 kWh /100 mile) $500 

Honda Fit EV 2013 118 mpg-e(29 kWh /100 mile) $500 

Fiat 500e 2013/14 116 mpg-e(29 kWh /100 mile) $500 

Nissan Leaf 2013 115 mpg-e(29 kWh /100 mile) $500 

Volkswagen e-
Golf 2015 116 mpg-e(29 kWh /100 mile) $550 

Nissan Leaf 2014/15 114 mpg-e(30 kWh /100 mile) $550 

Mitsubishi i 2012/13 112 mpg-e(30 kWh /100 mile) $550 

Smart electric 2013 107 mpg-e(32 kWh /100 mile) $600 
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drive 

Kia Soul EV 2015 105 mpg-e(32 kWh /100mile) $600 

Ford Focus 
Electric 2012/13 105 mpg-e(32 kWh /100 mile) $600 

BMW Active E 2011 102 mpg-e(33 kWh /100 mile) $600 

Tesla Model S 
AWD -85D 2015 100 mpg-e(34 kWh/100 mile) $600 

Nissan Leaf 2011/12 99 mpg-e(34 kWh/100 mile) $600 

Tesla Model S 2013/14 95 mpg-e(35 kWh/100 mile) $650 

Tesla Model S 
AWD -P85D 2015 93 mpg-e(36 kWh/100 mile) $650 

Tesla Model S 2012/15 89 mpg-e(38 kWh/100 mile) $700 

Tesla Model S 
AWD 2014 89 mpge-(38 kWh/100 mile) $700 

Mercedes-Benz 
B-Class 

Electric Drive 
2014 84 mpg-e(40 kWh/100 mile) $700 

Toyota RAV4 
EV 2012/13 76 mpg-e(44 kWh/100 mile) $850 

Hybrid 
Electric 
Vehicles 

Toyota Prius 
(HEV) 2010/13 50 mpg $1050 

Internal 
Combustio
n Engine 

Ford Taurus 
FWDFFV 
(gasoline 

only) 

2013/14 23 mpg $2300 

Notes: (1) Mile per gallon (mpg) 

  (2) All estimated fuel costs based on 15,000 miles annual driving and regular 
gasoline price of US$3.49 per gallon. 
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1.2  Lithium-ion batteries 

1.2.1  Working mechanism 

Lithium ion battery pack is constituted of several electrochemical cells that are 

connected in series and/or in parallel to provide the required voltage and capacity, 

respectively. Each cell consists of a positive and a negative electrode separated by 

electrolyte solution containing dissociated lithium salts. Polymer binder, as a network 

producer, is one of the major components in an electrode. Since the binder is used to 

conjugate active materials and conducting particles together onto the current collector, 

the coating morphology is formed on the active materials and current collector. The 

properties of polymer binders therefore are critical in the electrochemical 

performance of the electrodes, especially for conductivity and long-term cycle 

stability. Rechargeable LIBs involves a reversible insertion/extraction of lithium ions 

into/from a host matrix, i.e. the lithium insertion compound, during the 

lithiation/delithiation processes. The lithium lithiation/delithiation process takes place 

with ions through the electrolyte and binder and is accompanied by a 

reduction/oxidation reaction of the host matrix. When the cells are connected 

externally, the lithium ions transfer to the cathode, thereby delivering electrons and 

enabling the current to be collected by the user. (Figure 1.1). 
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Figure 1.1 Schematic representation of the operation for lithium ion batteries. 

 

1.2.2  Basic concepts 

1.2.2.1  Potential 

The open-circuit voltage Voc of a lithium ion battery is related to the gap in the 

lithium chemical potential between the cathode (µLi(c)) and anode (µLi(a)) as: 

𝑉𝑉𝑜𝑜𝑜𝑜 = 𝜇𝜇𝐿𝐿𝐿𝐿(𝑐𝑐)−𝜇𝜇𝐿𝐿𝐿𝐿(𝑎𝑎)

𝐹𝐹
      (1) 

where F is the Faraday constant. Figure 1.2 is a schematic of the relative electron 

energies in the electrodes and the electrolyte of a thermodynamically stable battery 

cell with an aqueous electrolyte. The electrolyte window is the energy separation Eg 

of the lowest unoccupied molecular orbital (LUMO) and the highest occupied 

molecular orbital (HOMO) of the electrolyte. As shown in Figure 1.2, 

Thermodynamic stability considerations require the redox energies of the cathode and 

anode to stay within the band gap Eg of the electrolyte. 

6 
 



 

 
 

Figure 1.2 Schematic open-circuit energy diagram of a lithium cell. HOMO and 

LUMO refer to the highest occupied molecular orbital and lowest unoccupied 

molecular orbital in the electrolyte, respectively. 

When the µA is above the LUMO of the electrolyte, a reduction will takes place 

at anode unless a passivation layer creates a barrier to electron transfer. Also, a 

cathode with a µc below the HOMO will cause the oxidation. Therefore, it’s critical to 

limit the potentials µA and µc to be within the electrolyte window, i.e. the open circuit 

voltage Voc. 

𝑒𝑒𝑉𝑉𝑜𝑜𝑜𝑜 = 𝜇𝜇𝐴𝐴 − 𝜇𝜇𝐶𝐶 ≤ 𝐸𝐸𝑔𝑔    (2) 

Where e is the magnitude of the electron charged.  

For rechargeable lithium ion batteries, cathodes and anodes are defined as the 

higher potential and lower potential electrode, respectively. Generally, the 

electrochemistry performance can be investigated through a half-cell with lithium 

metal as reference electrodes. Hence, the active materials are always working as 
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cathode materials in the half-cell. Normally, the cathode materials in half cells show a 

potential higher than 2 V, while the anode materials show a potential vs. Li+/Li lower 

than 2 V in contrast to Li+/Li. 

The theoretical specific capacity (Q) of active materials can be calculated by the 

follow Equation 3: 

𝑄𝑄 =  𝑛𝑛𝐹𝐹
𝑀𝑀

      (3) 

Where n is the number of moles of electrons transferred in the electrochemical 

reaction, and M is the molecular weight of the active materials. 

1.2.2.2  Energy density 

Specific energy (SE, Wh/kg)/energy density (ED, Wh/L) are used to represent 

the amount of energy stored in a specific device per unit mass/ volume, respectively. 

The details are as the following equations: 

𝑆𝑆𝐸𝐸 = 𝐸𝐸 × 𝑄𝑄
1000

     (4) 

𝐸𝐸𝐸𝐸 =  𝐸𝐸×𝑄𝑄×𝑚𝑚
1000×𝑉𝑉

     (5) 

Where E is the voltage (V) of the cell, Q is specific capacity (mAh/kg), m is the 

weight of the cell (kg) and V is the volume of the cell (L). 

1.2.2.3  Power density 

Specific power (SP, W/kg)/ power density (PD, W/L) are used to represent the 

abilities of the cell to deliver power per unit mass/volume, respectively.  

𝑆𝑆𝑆𝑆 = 𝑆𝑆𝐸𝐸 
𝑡𝑡

      (6) 
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𝑆𝑆𝐸𝐸 = 𝐸𝐸𝐸𝐸
𝑡𝑡

      (7) 

Where t refers to the discharge time (h) 

1.2.2.4  Rate capability 

The C rate generally describes battery loads or battery charging current. 

Normally, a medium high rate is between 2 and 10. While C rate higher than 10 C, it 

is referred as a high rate. For instance, 1 C means a current allowing a full 

lithiation/delithiation in 60 minutes. 

1.2.2.5  Irreversible capacity 

Irreversible capacity refers to how much capacity lost after cycle, which can 

describe the cycling stability of batteries. The details are as follows. 

Irreversible capacity = nth Charge – nth Discharge   (8) 

Irreversible capacity loss = 𝑛𝑛
𝑡𝑡ℎ𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎−𝑛𝑛𝑡𝑡ℎ𝐸𝐸𝐷𝐷𝐷𝐷𝑜𝑜ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎

𝑛𝑛𝑡𝑡ℎ𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎
× 100%  (9) 

1.2.2.6  Coulombic efficiency 

Coulombic efficiency (η) equals to the ratio of discharge capacity to charge capacity. 

𝜂𝜂 =  𝑛𝑛
𝑡𝑡ℎ𝐸𝐸𝐷𝐷𝐷𝐷𝑜𝑜ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎
𝑛𝑛𝑡𝑡ℎ𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎

 × 100%    (10) 
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1.2.3. Status and remaining challengers 

Primary lithium batteries were commercialized during the 1970s. In their early 

stages, it turned out to be failure to develop rechargeable Li batteries with Li-metal as 

anodes. These included Li-TiS2, Li-MoS2 and Li-LixMnO2 systems. These systems 

did not succeed due to safety problems and the prolonged charging time. The LIBs 

technology emerged since the introduction of graphite as the anode material in 

substitute of Li metal. 

During the early stages of LIBs, it was demonstrated that transition metal 

oxides and sulphides could work as excellent reversible cathode materials for LIBs. 

Initially, the application of layered LiNiO2 is a cathode due to its qualified specific 

capacity. However, requirements were not met for safety reasons due to the collapsed 

delithiated LixNiO2 structure. Afterwards, the LixCoO2 was tested to be more stable 

than LixNiO2 cathode. For safety reasons, delithiation for commercial applications has 

been controlled below 0.5 for LixCoO2 to avoid structure collapse.25,26 Ascribed to a 

strong edge-shared Mn2O4 octahedral framework, the spinel LixMn2O4 exhibits good 

structural stability during the lithiation/delithiation process. Nevertheless, the ca. 80% 

reversible Li ion at ca. 4 V versus Li/Li+ limits the capacity to ca. 120 mAh/g. Also, 

due to the Jahn-Teller distortion in ca. 3V region, the additional capacity at 3 V 

cannot be used in practical cells.27,28 Polyanion (XO4 
y-: X = P, S, Si, As, Mo, W) have 

been extensively studied as cathode materials in lithium ion batteries since the 

introduction of LiFePO4 by Goodenough et al. Iron and manganese-based polyanion 

compounds are particularly promising candidates ascribed to their advantages of 

being environmentally benign, abundant, and inexpensive, etc. However, these 

polyanion materials have the crucial disadvantage of having poor electronic and ionic 

conductivities.29,30 
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For anode materials, graphite is one of the most widely used anodes due to the 

following features, e.g. low cost and long cycle life and flat&low voltage plateau,. 

Besides the modification of graphite, many efforts have been devoted to non-carbon 

materials for high capacity anodes. These include: carbon nanotubes (1100 mAh/g)31, 

carbon nanofibres (450 mAh/g),32,33 graphene (960 mAh/g),34,35 tin (993 mAh/g),36 

transition metal oxides (500-1000 mAh/g),37 SiO (1600 mAh/g),38 and silicon (Si) 

(4200 mAh/g).39 Poor electron transport, high volume change, and capacity fading are 

the main limitations of these materials that must be overcome before 

commercialization. 

When examining LIBs technologies that are suitable today for EV 

applications, it seems that the best system is silicon-LiFePO4, due to its high specific 

capacity and good safety features. Lithium iron phosphate (LFP) has been 

considered a promising cathode material that could dominate large scale EV 

markets due to its low cost, safely and high theoretical capacity (170 mAh/g). 

However, the low ion conductivity and electronic conductivity inhibit its 

further commercialization.40-48 In the last decade, Si has been researched 

intensively as promising LIB anode material for LIBs in the last decade due to its ten 

times higher theoretical gravimetric specific capacity of current commercialized 

graphite, low lithiation/delithiation potential, the natural abundance of elemental Si, 

safety and environmental benignity. However, Si-based anodes also experience, ca. 

300% volume expansions, during lithiation/delithiation processes, which commonly 

pulverize, crack and break electrical contact between the Si particles with conductive 

additive and the current collector, resulting in rapid capacity loss.39,49-57  

The power density of these active materials with bulk sizes is generally low 

due to high level of polarization at high charge/discharge rates. This high polarization 
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is believed to result from slow lithium diffusion or low electric conductivity in the 

active material. Compared with complicated and costly nano-manipulation processes, 

the engineering of polymer binder is the most promising and practical approach as it 

can fine-tune the mechanical and electronic characteristics of the electrodes. To date, 

polymers with tailored electronic properties, binding strength, wettability, flexibility 

and even self-healing abilities have been proposed to replace conventional 

polyvinylidene difluoride (PVDF) binder.5,58 
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1.3  The properties of binders 

The binder is one of the major elements in LIBs. A qualified polymer binder 

should fill the following requirements: 1) it acts as both dispersing agent and as a 

thickener in the dispersion process; 2) for the mechanical properties, it connect the 

particles together and with the current collector; 3) it’s critical to keep electronic 

conductivity since the coating on the surface of the active materials; 4) in the ionic 

conductivity, the ions is only allowed to migrate to the active materials through the 

binder polymer; and 5) chemical and physical stabilities. These properties are 

significantly dependent on the thin layer generated by the polymer chains at the 

surface of the AM and conducting agent particles. It is in this area that research 

efforts should focus to better understand and further optimize electrode performance 

through tailoring of the binder properties.59 

To date, the trend of developing new binders developed includes (1) seeking 

new electronic conductive binder with high adhesion force to accommodate the large 

volume expansion and shrinkage of active materials during lithiation/delithiation 

processes, (2) replacing the environmentally hazardous volatile organic solvents for 

the electrode manufacturing, and (3) enhancing the adhesion strength between the 

binder and other components of the electrode. Table 1.2 shows a number of excellent 

binders developed to date. The binder properties including the molecular structure and 

the glass transition temperature are presented. Besides binding capability, various 

functions can be achieved through the burgeoning binding systems. The water-based 

polymers (e.g. CMC, PAA, PEO, PVA, SBR, gum arabic, alginate) were proven to 

form more uniform distribution and present better dispersion properties than organic-

based binder system. Meanwhile, the diversified active groups (e.g. carboxyl, 

hydroxyl, ester, nitrile groups) can facilitate chemical bonding with active materials 
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and the current collector which result in improved mechanical integrity of the 

electrodes. Furthermore, based on the active groups, functionalization of the backbone 

of the binders can achieve multiple-functions, i.e. high lithium ion diffusion 

coefficient and electronic conductivities.60 

Table 1.2 The binders developed to date for LIBs. 

Category Binder Molecular structure 
Glass transition 
temperatrure 

(Tg/oC) 

Chemical 
products 

Polyvinylidene 
fluoride (PVDF) 

 

-35 

Poly(tetrafluoroet
hylene) (PTFE) 

 
115 

Polyethylene 
glycol (PEG)  

-53 to -45 

Polyacrylic acid 
(PAA) 

 
106 

Polyvinyl alcohol 
(PVA) 

 
85 

Polyacrylonitrile 
(PAN) 

 
95 

Polyamide (PA) 
 

47-60 

Poly methyl 
methacrylate 

(PMMA) 
 

105 

Styrene butadiene 
rubber (SBR) 

 
-65 

Natural 
products CMC 

 

N/A 
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Alginate 
 

N/A 

Gum arabic 

 

N/A 

Chitosan 

 

N/A 

Xanthan 

 

N/A 

 

1.3.1  Mechanical properties 

Research on the function of the binder in maintaining the mechanical integrity 

of electrodes is critical to the prospective LIB progress.61,62 In a traditional conductive 

additives-filled binder system, the filler particles could improve the mechanical 

strength of the composite within limits. As the conductive additive content is 

increased past the threshold, the mechanical properties of the polymer binder system 

based electrodes will collapse. Gao’s group claimed that as the conductive additive 

content increases in the electrode composite, the conductivity increased until a weight 

ratio of up to ca. 0.9. The conductivity decreased when the weight ratio increased to 1. 

Hence, there is an optimized ratio for this conventional binder system to produce the 

highest and most efficient binding performance.63  
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Figure 1.3 FTIR spectrum of the slurries as a function of the wave number.64 

 

The long-term stability of the PVDF binding system has also been evaluated 

by Cho et al. As presented in Figure 1.3, due to the C=C stretching vibrations 

resulting from CH=CF- of the PVDF binder, the FTIR spectroscopy for the slurry 

after 7 days has the peak wave number between 1645 and 1650 cm-1. The formation 

of double bonds was predicted after broken of C-F bonds and it is presumed that the 

binder polymer degrades over time. Therefore, the stability of the binder is critical in 

maintaining the performance of LIBs.64  

The higher crystallinity of PVDF was also proven to contribute to the 

mechanical strength of the electrode. According to the research by Yoo et al., PVDF 

preferentially adsorbs onto the crystalline edges of the graphite anode. The highly 

crystalized graphite surface will result in prominent exposure of graphite crystalline 

edges. An increase in the number of nucleation sites for PVDF will be generated at 

the interface between graphite particles and polymer, leading to increased binding 

strength.65 The PVDF binder’s performance at elevated temperatures was studied by 

Markevich et al. They reported on the effect of the PVDF binder on the stability of 

composite LiCoO2 electrodes at elevated temperatures in 1 M LiPF6 EC/EMC 
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solutions. At the contact points between the active mass and the binder. the formation 

of surface Co3O4 and the dissolution of Co ions at elevated temperatures are 

accelerated (Figure 1.4). The presence of water (and/or HF) is the cause for the 

accelerated dissolution of Co ions. Hence, the LiCoO2 cathode could oxidizes the 

solvents at elevated temperatures thus forming CO2.66 

 

Figure 1.4 Raman spectra of LiCoO2 electrodes with/without PVDF binder after 

being stored for 2 weeks at 60 oC in standard electrolyte solutions, 1 M LiPF6 in 

EC/EMC.66 

 

1.3.2  Lithium ion conduction 

 Some of the key performance metrics, e.g. the charge/discharge rate, practical 

capacity and cycling stability are determined by the diffusion properties of LIBs. The 

governing equation which describes the diffusion process is the Fick’s law (Eq. 1 in 

Table 1.3). The proportionality factor D is the diffusivity or diffusion coefficient. (Eq. 

3-5 in Table 1.3) Diffusion is governed by random jumps of atoms or ions in both 

liquids and solids, leading to position exchange with their neighbours. The kinetics of 

this process follows an Arrhenius relationship and is temperature dependant. (Eq. 2 in 
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Table 1.3). In liquids, the temperature dependence of the diffusion is much lower than 

in solids. 

 

Diffusion mechanisms for solids can be sorted into two categories: 

vacancy/defects-mediated mechanisms, and non-vancancy/non-defect-mediated 

mechanisms. Much larger activation energies are needed than for non-vancancy 

mediated mechanisms. They are corresponding to-Schottky pairs and Frenkel pairs in 

crystals, respectively. Because ionic transport occurs from the motion of vacancies, 

ionic solids with Schottky defects (corresponding to the defect-mediated diffusion in 

Table 1.3) have lower ionic conductivities and higher activation enthalpies. Ionic 

crystals with Frenkel disorder (corresponding to the interstitial mechanism in Table 

1.3) show higher ionic conductivities and lower activation enthalpies because ionic 

Table 1.3 Governing equations for diffusion and diffusion coefficients.60 

No. Title Equation 

1 Fick’s law 
𝑗𝑗𝐷𝐷 = −𝐸𝐸𝐷𝐷𝛻𝛻𝑐𝑐𝐷𝐷

𝜕𝜕𝑐𝑐𝐷𝐷
𝜕𝜕𝜕𝜕

= 𝛻𝛻 ∙ ( 𝐸𝐸𝛻𝛻𝑐𝑐𝐷𝐷) 

2 Arrhenius 
equation 𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒 ≈ 𝑒𝑒𝑒𝑒𝑒𝑒 (−

∆𝐺𝐺
𝑘𝑘𝐵𝐵𝑇𝑇

) 

3 Diffusivity in 
Liquid 𝐸𝐸𝐷𝐷 =

𝑘𝑘𝐵𝐵𝑇𝑇
6𝜋𝜋𝜇𝜇𝑅𝑅0

 

4 Diffusivity in 
solid 𝐸𝐸𝐷𝐷 = 𝑟𝑟𝑙𝑙2𝛤𝛤:𝑟𝑟𝑙𝑙𝑖𝑖𝑖𝑖 the jump length, Γ = ʋ0𝑒𝑒𝑒𝑒𝑒𝑒 (−

∆𝐺𝐺
𝑘𝑘𝐵𝐵𝑇𝑇

) 

5 Temperature 
dependence 
of diffusivity 
in solid 

𝐸𝐸𝐷𝐷 = 𝐸𝐸0exp (− 𝐻𝐻𝑀𝑀

𝑘𝑘𝐵𝐵𝑇𝑇
)  describes non-defect mediated interstitial 

diffusion 

6 Temperature 
dependence of 
diffusivity in 
solid 

𝐸𝐸𝐷𝐷 = 𝐸𝐸0 exp �−𝐻𝐻𝐹𝐹+𝐻𝐻𝑀𝑀

𝑘𝑘𝐵𝐵𝑇𝑇
� describes vacancy mediated diffusion 
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transport occurs primarily from the motion of interstitial species. The diffusion is 

mainly through an interstitial mechanism due to the small radius of Li-ions (5.9×10-11 

m). When compared to electrons (radius of an electron: 10-22 m), Li-ion is still 

relatively large. The radius of a Li-ion is ten orders of magnitude. The potential 

generated by the neighbouring ions would also strongly hinder the motion of Li ions. 

Diffusion should be the rate-determining process compared to electronic conduction 

in a lithiation/delithiation process. 

 

The structure is well defined and diffusivity can be modelled with a first-

principles calculation in crystalline solids. (Eq. 4 in Table 1.3) Bonding potentials and 

defects in a crystal strongly affects the diffusion properties. The effects are expressed 

as enthalpy (H) and a pre-factor Do (Eqs. 5 and 6 in Table 1.3). Bond types and 

potentials of the typical materials applied in LIBs are summarized in Table 1.4. Ionic 

and covalent bonds are the two strongest chemical bonds. Ionic atoms are created 

through electron-transfer between two species. Despite the van der Walls interaction 

showing a longer interaction range, the Lennard-Jones potential is relatively weak. 

For graphite anode, a Li-ion can easily diffuse parallel to the graphene layers during 

intercalation rather than perpendicular. The values of Li-ion diffusivity in different 

materials are summarized in Table 1.5. 

Table 1.4 Bonding potentials in LIBs.60 

Cell Component Bond type Bond length (Å) Bond strength 
(kJ/mol) 

Anode (graphite, in-plane) Covalent 1.46 374 

Anode (graphite, inter-plane) Van der 
Waals 3.55 5.9 

Cathode (spinel, LiMn2O4) Ionic 1.96 (Li-O) 426.48 (Li-O) 
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A cross-linked comb-copolymer, consisting of ethylene oxide (EO), 2-(2-

methoxyethoxy) ethyl glycidyl ether (MEEGE), and allyl glycidyl ether (AGE), 

(Figure 1.5) was comparatively studied to demonstrate morphology effect. It’s 

believed that the introduction of MEEGE to PEO appreciably enhances the ionic 

conductivity due to the contribution of the fast side chain motion of the MEEGE 

structure as well as the decrease in the crystallinity of the PEO sequence. The increase 

of MEEGE composition in the binder copolymers resulted in decrease of interfacial 

resistances. Consequently, the discharge capacity of the LPB also enhanced with 

increasing the MEEGE composition. The introduction of the branched-side-chains of 

the polymer backbone to the binder polymers in composite cathodes could facilitate 

interfacial charge transport processes and enhances ionic conductivity.67 

 

 

Figure 1.5 Chemical structure of P(EO/MEEGE/AGE) and P(EO/MEEGE).67 

Table 1.5 Diffusivity of Li ions in the active materials at room temperature.60 

Active material DLi (cm2/s) 
LiCoO2 10-10 to 10-8 
LiMn2O4 10-11 to 10-9 
LiFePO4 10-14 to 10-15 
Natural graphite 10-9 to 10-10 
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 The electrolyte uptake effect was evaluated by styrene-butadiene (ST-BD) and 2-

ethylhexyl acrylate-acrylonitrile (2EHA-AN) copolymer in a typical electrolyte 

solution (EC/DEC = 1/2, 1 M LiPF6). The Lithium ion conductivity of the ST-BD 

copolymer is 9.45×10−8 S·cm−1.
 The lithium ion conductivity of the 2EHA-AN 

copolymer is 1.25×10−5 S·cm−1 (Table 1.6). The polymer structure of the binders is 

one of the determine factor to the lithium ion conduction after swollen by electrolyte. 

According to the impedance profiles for each binder electrolyte, the 2EHA-AN-based 

polymer electrolyte exhibited the room temperature conductivity in the range of 10-4-

10-5 S cm-1, which was 3-4 times higher than that of the ST-BD copolymer-based 

electrolyte. Therefore, the two conceivable ion transport mechanisms can be 

concluded as follows: (1) ion migrates through the cavity among binder polymers, 

and/or (2) ion migrates through the polymer coating via interaction with the polymer 

chains (Figure 1.6)68. The factors controlling electrolyte uptake have also been 

investigated by Gao’s group. The enhanced polarity of the polymer binder was 

believed to improve the electrolyte uptake. The better swelling in the electrolyte is 

due to the increased polarity of the polymer, which is evidenced by the water contact 

angle measurements.69 
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Table 1.6 The ionic conductivity at 30 oC and Arrheius parameters of ionic 

conduction for (a) electrolyte (EC/DEC = 1/2, 1M LiPF6), (b) ST-BD copolymer and 

(c) 2EHA-AN = 85/15 wt%).68 

 
Molecular 
structure 

Li 
concentration 

(µg/g) 
σ (S/cm) 

(a) Electrolyte   7.90E-03 

(b) ST-BD copolymer  
 

810 9.40E-08 

(c) 2EHA-AN copolymer  
 

3,300 1.20E-05 

 

 

Figure 1.6 The Li ion transport mechanism in the binder film (1) ion transfer through 

the electrolyte, (2) ion transfer by the bulk structure of binder particle, and (3) ion 

transfer as a condenser.68 
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1.3.3  Electronic conduction 

 The electron transfer mechanism is one of the most critical properties of a 

battery system. According to quantum mechanics, the differences in electrical 

properties of materials derive from the different band structures. Generally, an 

insulator has a completely filled valence band and an empty conduction band with a 

large band gap. In contrast, conductors have a partially filled valence band (metal) or 

overlapped bands, which allow electrons transport in the crystal when an external 

electrical connection is applied. The band gap and conductivity at room temperature of 

various battery materials used for LIBs are summarized in Table 1.7. Materials having 

a non-zero band gap usually have low conductivity. Considering the ion conductivity, 

the overall conduction can be considered as the sum of ion and electron transport. 

Hence, ionic conduction is also important for semiconductors and insulators in lithium 

ion batteries.60 The electrical conductivity of the binder is critical in ensuring the 

battery performance because of the active materials in the electrodes are always coated 

or surrounded by the polymer binders. 

 

 Since swelling of PVDF in the electrolyte can increase the space between the 

conductive carbon particles, the electrical conductivity will decrease when the 

Table 1.7 Room temperature electronic conductivity for various LIBs 
components.60 

Cell component Materials Band gap 
(eV) 

Electronic 
conductivity (S/cm) 

Current collector (anode) Copper 0 5.8×105 
Current collector (cathode) Aluminum 0 3.4×105 
Anode Graphite 0 (2-1)×103 

Cathode 
LiCoO2 0.5-2.7 ~10-4 
LiMn2O4 0.28-2.2 ~10-6 
LiFePO4 0.3-1 ~10-9 
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electrode is immersed in the electrolyte. To increase cycling performance in LIBs, 

most researchers generally focus on optimization of active materials. However, the 

following factors should also be valued including the homogeneous and efficient 

carbon black (CB) distribution and optimized ratios of binder and CB.70 The electronic 

conductivity of the traditional CB/PVDF binder system has been studied with varying 

weight ratios of CB/PVDF using a four-point probe direct current method. Before the 

network is completely formed at ca. 0.2:1 CB:PVDF, the conductivity improves 

rapidly. The fully formed CB network appears with a plateau between an CB:PVDF 

ratio of 0.2:1 and 0.8:1. When further increasing the ratio, the conductivity decreases 

due to insufficient binding capability to maintain the CB network structure. Hence, it 

can be concluded that the addition of CB could increase the conductivity while 

simultaneously weakening the conductive network.71 In contrast to the conventional 

organic solvent binder-based electrode, water-based binder systems have more 

uniformly distributions. Low electric resistance is one of the benefits derived from the 

uniform distribution of the electrodes. Considering the morphology effect, the 

introduction of the branched-side-chains to the polymer backbone of the binder 

polymers for the composite cathodes was investigate to be beneficial to the interfacial 

charge transport processes.67 

 Besides the traditional binder system, conjugated polymers such as poly(3-

hexylthiophene) (P3HT) and poly(thiophene)s was investigated in various devices, e.g. 

field-effect transistors, solar cells, and light-emitting diodes. P-doped 

poly(thiophene)s have been verified to possess improved electronic conductivity. The 

modification of poly(thiophene)s has been conducted by attaching oliggo ethylene. 

The side chain is also proven beneficial for the lithium ion diffusion coefficient. 

However, the electronic conductivity dropped by an order of magnitude compared to 
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the polymers with longer side-chains.72,73 Recently, A multi-functional PFFOMB 

polymer binder with tailored electronic structure which composed of conjugated 

structure and carbonyl groups has also been successfully applied to high specific 

capacity silicon anode materials.62  

1.4. Application of binders for cathodes 

1.4.1.  Layered LiMO2 (M = Co, Ni, Mn) 

PVDF is a commercialized polymer binder which still attracts research 

attentions due to its stability and universality. Through a study of the PVDF binder 

system on LiCoO2, a detrimental impact of the contact between PVDF and LiCoO2 on 

the stability was revealed. At the contact points between the active material and the 

binder, the formation of surface Co3O4 and the dissolution of Co ions is accelerated.66 

LiNi0.8Co0.15Al0.05O2 was chosen as a promising cathode material because of its high 

specific energy/power density. To improve the cycle performance, the cooperation 

between LiNi0.8Co0.15Al0.05O2, PVDF and acetylene black (AB) was investigated. The 

PVDF to AB ratio and the total amount of inactive material make a significant impact 

on the specific capacity, porosity, Coulombic efficiency, and rate capability. In 

contrast, the electronic conductivity of the laminate does not impact the rate 

performance of the electrode as much as generally believed.60 71 Figure 1.7 shows the 

variations of the electronic conductivity of the electrode versus total inactive material 

content at different PVDF/AB ratios. When the PVDF/AB ratio is 5:1, it is observed 

that an increasing in the electronic conductivity with increasing total inactive material 

content from 3% to 10%. Then a conductivity plateau appears due to the conductivity 

limitations of the PVDF/AB ratio at 5:1 ratio. A continuous increase in the electronic 

conductivity with the total inactive material content is detected for the electrode with 

25 
 



other PVDF/AB ratios. The electronic conductivity starts to decline at a PVDF/AB 

ratio of 5:5, which is believed to arise from the poor connectivity between particles as 

a result of binder shortage.74 

 

Figure 1.7 Variations in electronic conductivity of the LiNi0.8Co0.15Al0.05O2 composite 

electrodes with inactive material content at different PVDF/AB ratios.74 

 

 Moreover, water-based binders have been examined in terms of their binding 

strength, conductivity, distribution and dispersion properties. Through mathematical 

analysis, the distribution of binders in dried water-based and organic-based LiCoO2 

electrode sheet was evaluated. The migration of the binder to the top surface of an 

electrode sheet is primarily caused by the flow of solvent during drying according to 

migration-controlled drying kinetics. Because of the lower evaporation rate of NMP, 

the distribution of the water-based SBR-CMC is much uniform than PVDF-based 

electrode (Figure 1.8). Distribution and dispersion effects on the LiCoO2 electrode 

were investigated using water-based styrene butadiene rubber (SBR) and sodium 
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carboxymethyl cellulose (CMC). Concluded from dispersion analyses, CMC is 

efficient in dispersing LiCoO2, and the dispersion improves when the fraction of SBR 

in the binder is reduced. Nevertheless, the electrode is more uniform with more SBR, 

which results in improved adhesion strength and decreased surface resistance of the 

electrode sheets.75 Meanwhile, other water-based polymer binders, e.g. poly(butyl 

acrylate)-based (PBA), polyacrylonitrile-based (PA) and poly(ethylene glycol) (PEG), 

were evaluated on LiCoO2 and have improved rate capabilities and cycle stability in 

contrast to organic-based PVDF binder.76 It is worth noting that the wate-based PEG 

polymer binder can maintain over 30 mg/cm2 active material loading, which deliver 

4.53 mAh/cm2 at C/2 rate.77 

 

Figure 1.8 The total weight and drying rate as a function of time for the water-based 

and organic-based LiCoO2 electrode sheets.75 

27 
 



 The effect of binders on electrochemical properties in LIBs was also evaluated 

on layered LiNi1/3Mn1/3Co1/3O2 (NMC) cathode material between water and organic-

based polymers. The performance of the NMC electrodes with CMC, PVDF, and 

alginate from brown algae binding system was comparatively studied. As a result, the 

CMC-based NMC electrodes have the best performance, followed by that of alginate 

and PVDF binders, respectively. One of the advantages of CMC is the lower charge 

transfer resistance and lower activation energy evidenced by electrochemical 

impedance spectroscopy (EIS). The activation energy values for CMC, alginate, and 

PVDF-based electrodes were calculated to be 27.4 kJ mol-1, 33.7 kJ mol-1, and 36 kJ 

mol-1, respectively.(Figure 1.9)78 The CMC binder system were also applied in 

LiNi0.4Mn1.6O4 cathode material. Compared with electrodes using PVDF, CMC-based 

electrodes display better discharge capacities at all rates. Furthermore, CMC binders 

could achieve stable electro-chemical performance even when the voltage is as high as 

5 V. To investigate the electrochemical stability of CMC at high voltage during the 

cycling, electrodes of CMC (CMC:CB = 3:1) and PVDF (PVDF:CB = 3:1) were 

tested on charge to 5 V without the existence of active materials. Note that no floating 

step was used at 3 V. The corresponding profiles indicate that CMC electrodes show 

less electrochemical activity than PVDF electrodes which is a sign of a higher stability 

at 5 V.79  
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Figure 1.9 Arrhenius plots of Log io versus 1/T for NMC electrodes with CMC, 

alginate and PVDF as binders at the discharge state of 3.7 V. The lines are the linear 

fitting results.78 

 

 Based on a urethane acrylate binder, electrodes of NMC were prepared via a 

thermally initiated free-radical polymerization process. Interestingly, the electrode 

with urethane acylate-based binder experienced a slightly higher charging voltage (ca. 

0.05V) in the first cycle compared with the PVDF binder. However, this difference 

turns out to be negligible since the second cycle. It can be concluded that although 

higher energy is required for the electrolyte to initially permeate the cross-linked poly 

urethane acylate binder, it has a minimal impact on the electrochemical properties of 

the electrodes. Also, EIS profiles of the NMC/Li cell in the fully discharged state 

show that the interfacial impedance is slightly higher in the urethane acylate-based 

binder case. Based on the cycling results discussed above, the higher interfacial 

impedance observed for the acylate-based binder will not greatly affect the cell 

performance.80 
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1.4.2. Olivine LiFePO4 

Organic soluble PVDF has been modified to achieve higher electrochemical 

performance for LiFePO4 cathode. The electrochemical performance of the 

LiFePO4/C electrodes with poly(-methyl methacrylate) (PMMA), poly(vinylidene 

fluoride) (PVDF) and poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-HFP) 

as binders were compared. The structure is demonstrated in Figure 1.10. 

Galvanostatic lithiation/delithiation profile showed that the PVDF-HFP binder had the 

highest rate capability and cyclic performance. The better rate performance and 

cycling stability of the LiFePO4/C electrode containing PVDF-HFP binder could be 

ascribed to the higher lithium ions diffusion coefficient due to lower glass transition 

temperature(Tg).81 

 

Figure 1.10 Molecular structure of PMMA, PVDF and PVDF-HEP.81 

 

 Guerfi et al. developed a water-soluble elastomer-based polyer binder for LiFePO4 

cathodes. In contrast to PVDF, they speculated that the elastomer polymer have a 

different way of binding as illustrated in Figure 1.11. The elastomer showed high 

flexibility and good adhesion capability. The cycle performance was also investigated 

and compared to PVDF-based cathodes at 25 and 60 oC. A lower irreversible capacity 

loss was achieved for the elastomer-based cathode. The elastomer-based LiFePO4 

reached 120 mAh/g at 10 C at 60 oC.82  
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Figure 1.11 Schematic images of binding structure between: (a) elastomer and (b) 

PVDF.82 

 

 The water soluble polyacrylic acid (PAA) with carboxyl groups was also 

investigated on LiFePO4 electrodes. In contrast to organic-based PVDF binder, the 

better dispersion and distribution properties in aqueous solution bestowed lower 

resistance and better charge transfer capability during lithiation/delithiation. Better 

reversibility was also evidenced by cyclic voltammetry (CV) tests. As shown in Figure 

1.12, the electrode prepared in aqueous solvent showed a smaller difference than that 

in NMP (0.53V) between the oxidation peak and reduction peak potential, i.e. 0.19V. 

The current appearing before the peak in the aqueous based electrode increased more 

quickly than that in NMP, which indicated that the electrode prepared in the aqueous 

solvent has better reversibility.83 Zhang et al. also proven that PAA could provide high 

adhesion strength to ensure good electrical connection between active materials and 

current collector. Compared to the PVDF binder, meanwhile, PAA could suppress 

swelling of LiFePO4 cathodes after immerse in electrolyte solution. Figure 1.13 shows 

that the value of Rct with PAA binder based battery is smaller than the that prepared 

based on PVDF.84  
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Figure 1.12 Cyclic voltammograms of LFP electrodes at 0.1 mV/s. The electrode was 

prepared in NMP by using (a) PVDF and (b) PAA as binders.83 

 

 Based on LFP, The neutralized derivatives polyacrylic acid (PAAX) (X = Li, Na, and 

K) was comparatively studied in contrast to conventional PVDF binder. The 

electrochemistry performance showed that the application of PAAX binders can 

significantly improve the initial Coulombic efficiency, reversible capacity, and 

cyclability of LiFePO4 cathodes compared to electrodes based on PVDF binder. Based 

on PAALi binder system, graphite/LFP full cells cycled 847 cycles with 70% capacity 

retention, which was a significant improvement over the electrodes with PVDF (223 

cycles). This study demonstrated the promising application of neutralized PAA as 

binder for LFP/graphite full cell, instead of environmentally hazardous organic 

solvents, i.e. NMP.85 
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Figure 1.13 Nyquist plots of the LFP/Li half cell (a) made with PAA. (b) made with 

PVDF after different cycle numbers.84 

 

 Lux et al. innovatively investigated the performance of PVDF and CMC binder on 

LFP cathode through voltage profiles as performed in Figure 1.14. Concluded from 

the PVDF-based profile, the increase of the ohmic drop and the short of the voltage 

plateau during cycling resulted in a sharp decrease in the discharge capacity. In 

contrast, based on the CMC binder, the discharge current increase shortened the 

voltage plateau rather than increased the initial ohmic drop. The dry temperature at 

elevated 170 oC was also believed to be benefit for the long term stability for the LFP 

electrode.86 It was showed that LFP prefers to interact with SBR compared to other 

binders such as CMC based on the analyses of zeta potential, sedimentation, and 

rheology. The order of the addition of binder is critical to the dispersion property. It is 
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suggested that it is better to mix CMC with LFP prior to the addition of SBR. For the 

electrode prepared via the above suggested process, improved cycle performance is 

achieved.87 According to the work by Oh et al., perfluorosulfonate ionomer as a binder 

could compensate for electrolyte decomposition from the electrode porous space as 

lithium ions are intercalated into lithium-deficient LFP particles, especially during 

rapid discharge.88  

 

Figure 1.14 Rate performance and discharge voltage profiles of LFP electrodes using 

(a,b) PVDF binder and (c,d) CMC binder.86 

 

1.4.3. Spinel LiMn2O4  

For binder research of spinel LiMn2O4 cathode material, work has mainly 

focused on comparisons between organic and water-based binders. The surface 

distribution effects of highly oriented pyrolytic graphite (HOPG) were studied by 

using three different binders: gelatin, CMC and PVDF as shown in Figure 1.15. The 

entire substrate was coated by gelatin to form a nanometre-thick homogeneous film. 
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By contrast, the CMC formed thread-like patterns rather than a homogeneous film. 

The threads seemed to be interconnected and rather fragile. The structure of PVDF 

seemed much stronger than that of CMC. In an attempt to optimize gelatin properties 

as a binder, the properties were also measured with different pH value. The binding 

ability is the best when the pH value is fixed at 9. However, the surface modifying 

effect is better when the pH value is 12.89  

 

Figure 1.15 AFM images of different binders on the surface of a highly oriented 

pyrolytic graphite (HOPG): (a) HOPG dipped into gelatin solution at pH 12 for 1 h, (b) 

HOPG dipped into 1 wt% of CMC solution, and (c) HOPG was dipped into 1wt% of 

PVDF solution in NMP.89 
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 Zhang et al. investigated the physical and chemical properties of PVDF, CMC 

and PAA binders in terms of crystallinity, functional group analysis and thermal 

properties. The crystallinities of the binder were examined by XRD (Figure 1.16a). It 

is worth noting that the PVDF has a better crystallinity than PAA and CMC because it 

is a semicrystalline polymer with a polymorphism. According the SEM images, 

PVDF is composed of small spherical particles which gathered together like roe 

(Figure 1.16b). This regular shape implies that PVDF have the features of crystal. 

According to Figure 1.16c and d, irregular shape particles were observed for PAA and 

CMC, which indicate that PAA and CMC are amorphous substances.90  

 

Figure 1.16 (a) X-ray diffraction patterns of the three binders: PAA, PVDF and CMC; 

SEM images for (b) PVDF, (c) PAA and (d) CMC pristine solid powders.90 

 

 The differences in as-formed crystallinity may strongly influence the 

morphologies of polymer films after dissolving the binders in solvent and then drying. 

The main chains of PVDF partially aggregated together to form the crystallite region 

during drying. Hence, the effective amount of the polymer which is effectively 
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applied to bind the electrode materials is decreased. In contrast, the application PAA 

binder can cover the LiMn2O4 active materials uniformly and thus improving the 

cycle performances due to the decrease in electrolyte decomposition. 

 

Figure 1.17 Thermal expansion rate curves of PAA, PVDF and CMC binders at the 

temperature range from 20 oC to 80 oC.90 

 

 The thermal expansion rate of the polymers was also evaluated. Figure 1.17 

showed the thermal expansion rate curves of the three binders between 20 oC and 80 

oC, which is the normal operation temperature range of LIBs. PVDF binders have a 

larger thermal expansion rate dL/L0 (dL for the length of the sample at a given 

temperature, L0 for the original length of the sample) than CMC and PAA binders. 

Since PAA and CMC polymers involves not only van der Waals force but also 

hydrogen bonds, the intermolecular force of PVDF polymer is weaker with only van 
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der Walls force. When the temperature increased, the PVDF binder had the largest 

volume expansion, which tends to trigger safety problems. Thermal diffusivity of the 

polymers was also tested to indicate the impact on safety performance. The PAA 

binders had the largest thermal diffusivity of 3.1×10-3 cm2/s, which is ca. three times 

larger than that of the CMC and PVDF binders.90  

 LiMn2O4 cathodes with four different binder systems, i.e. PAA binders/NMP 

solvent, PVDF binders/NMP solvent, PAA binders/H2O solvent and CMC 

binders/H2O solvent, were prepared, and their adhesion strengths, swelling properties, 

morphologies and electrochemical properties were studied. It was concluded that the 

LiMn2O4 cathode with PAA/NMP system had the best cycle performances at both 25 

oC and 55 oC. The better capacity retention of the LiMn2O4 cathode with the 

PAA/NMP system could be ascribed to strong binding ability, appropriate swelling 

property and homogeneous distribution of particles inside the electrode.  
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1.4.4.  Other cathodes 

 

Figure 1.18 Schematic drawing summarizing the different kinds of CB dispersion 

state: (a) the initial CB powder, (b) dispersion and polymer adsorption of the 

aggregate in the solution. After solvent evaporation, (c) dispersion in plastified blends 

and (d) dispersion in non-plastified blends.91 

 

 During the past two decades, Li1.2V3O8 was investigated as a promising 

positive electrode material due to its high theoretical capacity of 360 mAh/g. 

However, the experimental capacity generally remains much lower, i.e.180 mAh/g, 

than the theoretical value. Li1.2V3O8 is thus a good material to be optimized through 

the binder on composite electrode capacity. Hence, a new polymeric binder was 

designed based on pre-plastified PEO with electrolyte solvent, and an optimized 

PEO/CB ratio. The more homogeneous and efficient CB distribution resulted in better 

CB/Li1.2V3O8 interfaces and collection of active material grains. This is mainly 

ascribed to PEO/CB interactions, optimized plasticized PEO and PEO/CB ratios. As a 

result, the optimized composite electrode reached a specific capacity of 280 mAh/g 
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instead of 180 mAh/g at RT.70 Besides, different types of CB dispersion states have 

been examined and schematically summarized in Figure 1.18.91 

1.5.  Application of binders for anodes 

1.5.1. Carbonaceous materials  

 Firstly, a classification of carbonaceous materials is inevitable due to the variety of 

available carbons anodes in LIBs. Most carbonaceous materials can be classified as 

graphite and non-graphite. Graphite is composed of a stack of hexagonally bonded 

sheets of carbon connected by van der Walls forces. The lithium occupies an 

interstitial site between two planes of graphite. Hence, lithium ions can only combine 

on every second carbon hexagon in the graphite sheet which limits the amount of 

lithium ions to 1 for every 6 carbon atoms. This results in a limited theoretical 

capacity. The different structural features of non-graphite carbon, i.e. soft and hard 

carbon, result in different lithium storage mechanisms. The adhesion strength of the 

PVDF-based carbonaceous anodes could be tailored at the molecular level.65 

 Water-based CMC was firstly investigated by Drofenik et al. to demonstrate 

the different binding mechanism with gelatin. It seems that CMC tends to form 

networks. Gelatin bind the neighbouring particles through the “bridge” mechanism.92 

Due to the hydroxyl groups, the CMC binder could take part in the formation of the 

surface film. This should be beneficial to the formation of SEI film93 The 

modification of CMC was conducted through the attachment of lithium ion. LiCMC 

was successfully synthesized by Courtel et al. as an aqueous binder for MCMB anode. 

However, when considering the cycle performance achieved at C/12 after 100 cycles, 

the order of performance for the Li/MCMB cells fabricated based on different binders 

is: xanthan>PVDF>PEDOT>NaCMC>LiCMC. It’s worth noting that the electrode 
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based on the conjugated polymer poly (3,4-ethylendioxythiophene) PEDOT could not 

deliver a high specific capacity despite the electronic conductivity contribution to the 

electrode.94.95 96 
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Figure 1.19 Schematic illustration of polymer chain conformation of (a) PAAH and 

(b) sodium polyacrylate dissolved in water.97  

 

Electrodes containing spherical natural graphite and LFP fabricated with 

PVDF, water soluble polyacrylic acid (PAAH) and PAA (Li, Na, and K) were 

evaluated for LIBs performance. The electrochemical performance showed that PAA 

(H, Li, Na and K) binders could significantly improve the first cycle irreversible and 

reversible capacities except the rate capability. Among the PAAX series binders, 

PAALi and PAANa offered better cell performance, which could be attributed to a 

more favourable polymer distribution in composite. Also, the application of SBR 

could alleviate the cracks derived from the brittle PAAX based electrodes.85 The 

advantages include improvement of capacity retention and the initial cycling 

efficiency of PAA based natural graphite electrodes which has also been verified by 

Ui et al.98 Polyacrylates were applied as a binder for graphite electrodes in a LIB cell 

to modify the interface. Compared to PVDF, the efficiency of the initial cycle was 

improved by the polyacrylates in an ethylene carbonate based electrolyte. The 
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different confirmations of polyacrylates and PAA are demonstrated in Figure 1.19. 

Generally, carboxyl groups of PAAH show weak acidity and electrolytic dissociation, 

which is almost suppressed in a PAAH aqueous solution. The PAAH molecules are 

prone to aggregate through hydrogen bonding between two carboxyl groups. 

Electrolytic dissociation of PAANa and PAALi is induced in aqueous solutions which 

are weakly basic due to hydrolysis of the alkali salts occurs in their aqueous solution. 

Due to the differences in polymer conformation, i.e. the stretched polyacrylate 

increases the flowage resistance of the aqueous solution, the alkali polyacrylate 

solution was more viscosity than the PAAH solution.99 

 EPDM is a saturated amorphous elastomer with a glass-transition at ca. 50 oC. 

Through the CV tests in the cathodic region (3.0-5.5), oxidation reactions between 

non-fluorinated binder (EPDM), CB and LiPF6 were demonstrated. These side 

reactions could be avoided through changing the electrolyte to LiBF6.100  

 According to the work conducted by Zhang et al., poly(acrylonitrile-methyl 

methacrylate) (AMMA) is a promising binder candidate for graphite anodes in LIBs. 

AMMA was believed to have a similar bonding ability as the PVDF binder, e.g. low 

solubility in the liquid electrolyte and resistance to reactions with highly reactive 

lithiated graphite.101 Based on the AMMA binder, a poly(acrylamide-co-

diallyldimethylammonium chloride) (AMAC) binder was synthesized as a water-

based binder for graphite anodes with better dispersion and distribution properties.102 
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Figure 1.20 Molecular structure of polyimides used as binders in LIBs.103 

 

 To investigate the relationship between the amount of oxygen atoms in binders 

and the reversible capacity, a series of aromatic polyimides were synthesized from 

tetracarboxylic dianhydrides and aromatic diamines through dehydration of the 

intermediate polyamic acid by either a thermal or chemical method. These include 

3,3’-4,4’-biphenyltetracarboxlic dianhydride (BPDA) as an acid and p-

phenylenediamine (PDA), 4,4’-oxydianiline (ODA) and 1,4-bis (4-aminophenoxy) 

benzene (APB) as diamines (Figure 1.20). Since the aromatic polyimides are 

electrochemically active compared to the inert PVDF binder, there is additional 

capacity of the anodes based on the polyimides binder. It could be concluded that the 

active sites in polyimides are the carbonyl oxygen atoms in the diimide ring. 103 

 Due to the strong hydrogen bonds between hydroxyl groups in PVA and 

active materials as well as the current collector, high molecular weight polyvinyl 

alcohol (PVA) was proved to be a promising binder for graphite.104 
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1.5.2. Silicon 

 Silicon (Si) has been researched intensively as an alternative anode material 

for LIBs in the last decade due to its high theoretical gravimetric specific capacity of 

4200 mAh/g (Li4.4Si), low lithiation/delithiation potential, its natural abundance, 

safety, environmental benignity and its small initial irreversible capacity compared 

with other metal- or alloy-based anode materials.105,106 However, Si-based anodes also 

face grand challenges due to ca. 300% volume expansion during lithiation/delithiation 

processes, which commonly pulverizes, cracks and breaks electrical contact between 

the Si particles with conductive additive and the current collector, resulting in rapid 

capacity loss.39,107,108 Recently, significant progress has been made through the 

synthesis of various Si nanostructures such as nanocrystals,49 nanowires,57 core-shell 

nano-fibres,54,109 nano-tubes,110 nano-spheres, nano-porous materials and Si/carbon 

nano-composites.111-113 Although remarkable improvements in the electrochemical 

performance of Si-based anodes have been achieved, deformation of electrodes due to 

drastic volume changes persists. This is especially true for high Si loading electrodes. 

Annealed PVDF-based Si electrodes were tested by Xu et al. The thermal 

treatment at 230 oC for 3h under argon gas was believed to improve the binding 

capacity of the PVDF-based electrode therefore the cycle performance.114  
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Figure 1.21 Results of AFM stiffness measurements for films made from PAA, CMC 

and PVDF. Results are normalized to stiffness of PVDF in dry states.115 

 

Magasinki et al. demonstrated that pure PAA could be an attractive binder for 

Si-based anodes due to its abundant carboxylic groups. Swelling tests of the polymer 

films in DEC vapour were conducted to evaluate the interaction between 

PAA/CMC/PVDF and carbonates. Compared to PVDF, PAA and CMC have less 

swelling capability which indicates lower interaction with the electrolyte. As shown 

in Figure 1.21, the value of the Young’s modulus for PVDF decreased rapidly after 

contact with DEC. However, the value of PAA and CMC are nearly constant after 

immerse in the electrolyte.115 A better cycle performance for PAA compared to CMC 

was found by Komba et al. Since CMC and PAA have similar chemical structures and 

physical properties, further evidence of the advantages should be clarified. Based on 

the characterization using XRD and XPS, a different binding mechanism was 

proposed as shown in Figure 1.22. The chemical interaction inside PAA facilitated a 

film-like coating on the SiO surface, which could supress volume expansion and 

maintain the physical connection of the conductive additives during the 
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lithiation/delithiation processes.116 Based on the promising performance of PAA, a 

polycarbodiimide (PCD) modified PAA binder was applied to Si/graphite composite 

anode materials. The cross-linked PAA-PCD composite binder could effectively 

modulates the rheological property of PAA slurry, thus achieving uniform dispersion 

and strong adhesion of the active materials.117  

 

Figure 1.22 Schematic illustrations of the proposed mechanism for the improved 

cyclability for the SiO powder composite electrodes; (a) PVDF and (PAA) binders.116 

 

Through thermal treatment of PAA and CMC, Koo et al. cross-linked these 

two polymers through a condensation reaction. Since the condensation between the 

free carboxylic acid groups of PAA-CMC and the OH groups of the silicon 

nanoparticles, the electrochemical performance of Si anodes based on the synthesized 

PAA-CMC composite binder was greatly improved.118 Park et al. proposed a photo-

cross linkable PAA-BP composite binder for Si-based anodes. Under UV irradiation, 

the PAA-BP binders formed an irreversible cross-linked structure through the 
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formation of a new three dimension C-C bond network between the benzophenone 

moiety and the PAA backbone (Figure 1.23).119 

 

Figure 1.23 Schematic illustration of the irreversible cross-linked structure of the 

PAA-BP binder to accommodate volume expansion of the Si anode during charging-

discharging cycles.119 

 

Acrylic adhesive was investigated as a binder for silicon/carbon composite 

materials. The capacity retention after 50 cycles increases from 67% for PVDF-based 

electrodes to 79% and 90% for electrodes bound by acrylic adhesive and modified 

acrylic adhesive, respectively. CMC was believed to increase the adhesion strength of 

acrylic adhesive by 20%. Also, CMC was proved to be beneficial to prevent particle 

agglomeration and increase uniform distribution.120 Liu et al. also reported that the 

addition of CMC to SBR could enhance the cycling life of Si-based electrodes. 

Compared to the conventional PVDF binder system, SBR could increase the binding 

strength and improve dispersion properties.121 
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Figure 1.24 Stress vs strain for CMC, CMC-SBR and PVDF films. The X at the end 

of each curve indicates the breaking point.122 

 

 Lestriez et al. reported that the improved performance of CMC on Si-based 

materials is mainly attributed to an efficient CB-CMC-Si network and its extended 

conformation in solution.123 According to Figure 1.24, CMC films are quite stiff and 

can only be extended by ca. 5-8% before breaking. Although SBR-CMC and PVDF 

are not elastomers, they are still less brittle than CMC. The cell performance of CMC 

binder-based Si anodes is superior to that of SBR-CMC and PVDF binders.122 A self-

healing process of the strong Si-CMC hydrogen binding was revealed by Bridel et al. 

where the chemical bonding between binder and Si could accommodate textural 

stresses.124 Based on further understanding of the function of CMC on Si anodes, a 

CMC porous scaffold was obtained using the slurry spray technique as a binder for Si 

anodes (Figure 1.25). The slurry was sprayed onto the heated copper foil. Afterwards, 

the water evaporated instantly upon contact with the copper foil. As a result, a porous 

scaffold electrode was formed. According to the cycle performance, the scaffold 

structure could accommodate the volume change during lithiation/delithiation.125  
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Figure 1.25 3D scaffold binder structure: silicon particles are bound in the porous 

polymer binder scaffold. The scaffold structure is able to accommodate volume 

expansion without demolishing the structure.125 

 

Polyamide imide (PAI) had been applied in the Si electrode fabrication by 

Choi et al. Although PAI binder react with Li ions and electrons during the first cycle, 

the cycle performance is remarkably improved due to its strong binding force which 

can afford the volume expansion after lithiation.126 

 High molecular weight polyvinyl alcohol (PVA) was synthesized by two step 

polymerizations and employed as a binder for Si electrodes. The strong hydrogen 

bonding of hydroxyl groups in PVA contribute to the high binding capability. These 

hydroxyl groups form hydrogen bonds with active materials and the current collector. 

In contrast, the fluorine atoms in PVDF can only form weak hydrogen bonds.104  

 Cui et al. reported a novel method using amorphous silicon as an inorganic 

glue replacing conventional polymer binders The inorganic glue was prepared by 

addition of 10 wt% polyacrylonitrile (PAN) in dimethylformamide (DME) solvent. 

This inorganic glue can keep the contact in conventional silicon particle anodes and 

enables successful cycling of various sizes of silicon particles. The electrode was 

carbonized at 700 oC under an argon atmosphere. After carbonization, a layer of 
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boron doped Si was deposited onto the surface through CVD method. The mechanism 

of this novel binding is schematically illustrated in Figure 1.26.127 

 

Figure 1.26 Schematic illustration of the morphology change of Si particle films 

before and after charge-discharge cycling. (a) Si particle films prepared with 

conventional binder systems. After cycling, the Si particles lose electrical contact with 

surrounding particles. (b) Si particles fused together and bonded by a-Si inorganic 

glue, where blue rings indicate a-Si coating. After cycling, the particle film still 

maintains an all-connecting porous structure, where no loss of electrical contact 

occurs.127 

 

 Komaba et al. demonstrated that the PAANa polymer was an efficient binder 

to enhance the electrode performance of Si-graphite composite negative electrodes. 

After the cycling, the PAANa composite electrode is firmly attached to the current 

collector. The PAANa polymer could cover the Si particles, which would reduce 

electrolyte decomposition and thus suppresses electrical isolation in the composite 

electrode.128  

 Bae et al. introduced polyethyleneimine (PEI) as a binder for silicon-CNT 

composite anodes due to the reaction between PEI and CNT. The larger surface area 

of CNT could accelerate the formation of SEI film which results in a low initial 
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Coulombic efficiency. Accordingly, half-cell tests demonstrated more improved 

capacity retention behaviour in the sample with PEI than that of PVDF binder.129 

 Polyimide binder (PI) was evaluated as a binder for modified Si anodes by 

Kim et al. The PI polymer binder supressed the side-reaction between the electrolyte 

and the modified high surface area Si anode materials.130  
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1.5.3. Other anodes 

 Spinel lithium titanate, Li4Ti5O12, has attracted great interest as an anode 

material for rechargeable LIBs because it can offer a great safety improvement due to 

its high and flat Li insertion voltage at ca. 1.55 V versus Li/Li+. Based on this 

promising anode candidate, binder effects tests were conducted using CMC, poly 

ethylene glycol, polyacrylonitrile and Acryl S020.  

 

Figure 1.27 Cyclic voltammograms of Li4Ti5O12 microsphere electrodes using (a) 

PVDF and (b) CMC as binders at different scan rates from 0.1 to 5 mV/s at 26 oC 

after charge and discharge for 80 cycles.131 

 

 Through the cyclic voltammograms (CVs) test of Li4Ti5O12 electrodes using 

PVDF and CMC as binders (Figure 1.27), both profiles indicated the good 

reversibility of lithium intercalation into and delithiation from Li4Ti5O12 at a scan rate 

of 0.1 mV/s. At an increased scan rate (5 mV/s), the CMC based electrode could 

maintains the symmetrical shape of the cathodic peaks and the anodic peaks in its CV 

profiles. However, the shapes of the cathodic peaks and the anodic peaks change 

greatly for the PVDF binder based electrode. This indicated good reversibility and 

good rate capability for CMC based electrodes. The activation energies, charge 
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transfer resistance and diffusion coefficient of the microsphere electrodes were 

calculated from EIS to further investigate the electrode kinetics. Comparatively, the 

CMC based electrode showed lower charge transfer resistance, activation energy and 

higher lithium ion diffusion coefficient.131 Based on the promising performance of 

CMC on Li4Ti5O12, a synergistic effect was also demonstrated when it was applied in 

electrolytic solutions based on ionic liquids. The application of ionic liquids provides 

a promising solution for the development of greener and safer batteries.132 The effect 

of molecular weight (MW) and degree of substation (DS) of CMC binder have also 

been investigated. The LTO electrode showed excellent cycle performance when 

based on low MW and high DS CMC binder.133 

 Another type of aqueous fabrication of more than 200 micro-metre thick LTO 

electrodes using a novel poly (PEGMA-co-MMA-co-IBVE) copolymer binder has 

been demonstrated. High active material loading up to 28 mg/cm2 and 4.2 mAh/cm2 at 

C/2 rate were achieved after 10 tons/cm2. The PEG based copolymer is a 

multifunctional material that plays critical roles, i.e. the effective dispersion of 

electrode slurries, ensuring cohesion of electrode materials and maintaining ionic 

conduction pathways throughout the electrode.134  

 According to study by Gong et al., the highly polar polyacrylonitrile (PAN) is a 

promising binder for LTO material. The excellent performance can be attributed to 

high polarity, resulting in strong adhesion and low irreversible capacity. Additionally, 

PAN-containing electrodes have shown good electrolyte wettability and low charge 

transfer resistance.135 

 Materials based on tin oxide have been proposed as promising alternative 

anode materials for LIBs owing to their high theoretical capacity (790 mAh/g). CMC 

was applied as an aqueous fabrication process for SnO2 based LIBs to improve the 
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performance of SnO2. Through the work by Liu et al.136 and Chou et al.137,138, the 

initial capacity and the cyclic retention of SnO2 anodes using CMC as binders are 

better than those using PVDF as binders. 

 

Figure 1.28 Nyquist plots of the TiO2/PVDF and TiO2/CMC electrodes. E = 1.78 V, 

T = 20 oC.139 
 

 The electrochemical performance of nanocrystalline anatase TiO2 electrodes 

fabricated through sodium CMC binder and optimized with SBR has been 

investigated. The performance was compared with electrodes manufactured using 

traditional PVDF and its copolymer with hexafluoropropylene (PVDF-HFP). CMC 

and CMC/SBR based electrodes possess higher specific capacity, rate capability, and 

cycling stability than those prepared using PVDF or PVDF-HFP as binder. The CMC-

based TiO2 electrodes could achieve a total energy density of more than 120 Wh kg-

1.140, EIS have been applied to investigate the interfacial kinetics of the two types of 

composite electrodes. The CMC based electrodes exhibit significant lower impedance 

than the PVDF based electrodes.139,141(Figure 1.28)  
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1.6. Application of binders for Li-S battery 

 Lithium-sulfur batteries deliver the theoretical energy density 5 times higher 

than that of current commercialized LIBs (ca. 2,500 vs. ca. 500 Wh/kg). However, Li-

S batteries suffer from a few frustrating problems, including the insulating properties 

of sulfur and its discharge products, ca. 76% volume expansion cycling from sulfur 

(S) to lithium sulfide (Li2S), and polysulfide shuttle that transport sulfur species back 

and forth between electrodes. These lead to the destruction of sulfur cathode and the 

corrosion of lithium anode with short battery life. Binders have been proven to be 

effective in improving the tolerance of volume expansion and stop the polysulfide 

shuttle through chemical bonding. Thereby, application of binders in Lithium-sulfur 

batteries attracted more and more attention. Since divinyloxyhydroxyolysulfides were 

first developed as an alternative binder for Li-sulfur batteries,142 polymers including 

gelatin, PEO, PAA, CMC, SBR and carbonyl-β-cyclodextrin have also been identified 

as promising binders. Gelatin could enhance the redox reversibility of sulfur cathodes 

through slowing down the reduction reaction of elemental sulfur during the 

discharging process and reforming S8 after the delithiation process.143 Gelatin is more 

electrochemically stable and possesses a higher adhesion force in contrast to PEO 

polymer binder.144 The distribution property of gelatin-based electrodes has been 

investigated by Wang et al. At the beginning of the discharge for the gelatin based 

electrode, the porous sulfur cathode exhibited a homogenous distribution of sulfur, 

carbon and pores. As the extent of the discharge increased, the sulfur particles and 

pores gradually disappeared. The porous structure and elemental sulfur reappeared 

even after 50 charging cycles. The good distribution and reversibility of the gelatin-

based electrode is the key factor to improve the cycle performance of Li-sulfur 

batteries.145 
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 The influence of the pH on the gelatin solution on the cycle performance of 

the sulfur cathode for lithium-sulfur batteries was studied by Zhang et al. Scanning 

electron microscopy observations revealed that the cathode prepared with a pH 10.0 

gelatin solution as a binder showed the most uniform distribution. An initial capacity 

of ca. 1130 mAh/g and a reversible capacity of ca. 650 mAh/g after 30 cycles were 

achieved, which were higher than those of the cathodes prepared at pH 5 and 8. When 

the pH value is 10, the dispersion is more uniform, which could result in higher initial 

discharge capacity of and better long-term performance than pH 5 and 8.146 

 The electrochemical properties of sulfur cathodes based on commercially 

available sulfur powder and water-soluble binders have been investigated. A mixture 

of SBR and CMC was used as the binder. Compared with conventional PVDF binders, 

the SBR/CMC binder significantly improved cycling performance of the sulfur 

cathode with a high specific capacity of 580 mAh/g after 60 cycles. The better 

performance could not only be ascribed to the high adhesion but also excellent 

dispersion property, which favours uniform distribution and good electrical contact, 

leading to high sulfur utilization. 147 

 The low electronic resistance of the Li-sulfur electrode in aqueous binding 

system was also proven by PAA polymer binder. Ascribed to the better distribution 

property, the better kinetics characteristics were evidenced by the CV and EIS tests. 

148  
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Figure 1.29 Schematic reaction of β-CD with H2O2.149 

 

 Through carbonylation reaction, the β-cyclodextrin (β-CD) was identified as a 

promising water soluble binder for sulfur composite cathodes. The carbonyl-β-

cyclodextrin (C-β-CD) was achieved through partial oxidation in H2O2 solution. The 

carbonyl-β-cyclodextrin (C-β-CD) exhibit a water solubility ca. 100 times than that of 

β-CD at room temperature. (Figure 1.29) Sulfur composite cathodes based on C-β-CD 

binder demonstrate a high reversible capacity of 694.2 mAh/gsulfur and 1542.7 

mAh/gcomposite, with a sulfur utilization approaching 92.2%. The discharge capacity 

remains at 1456 mAh/gsulfur after 50 cycles, which is much higher than that of the 

cathode with unmodified β-CD as binder. The strong bonding strength and wide 

electrochemical windows also promote the total performance through confining 

polysulfide shuttle. Consider the low cost and environmental benignity, C-β-CD is 

also a promising binder for sulfur cathodes in rechargeable lithium batteries with high 

cycle performance.149 
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1.7.  Trend of binder development 

1.7.1. Adoption of sustainable binders 

 
 

Figure 1.30 Schematic illustration of three different polysaccharides and their 

structural formulae: (a) amylose, (b) amylopectin, and (c) glycogen.150 

 

A wide variety of natural derived sustainable polymers have been developed 

to improve the LIBs performance. Crop-derived polysaccharides were employed as 

binder for high capacity silicon-graphite based electrodes due to its natural abundant 

functional groups. (Figure 1.30) The advantage of the polysaccharides can be 

summarized as follows: (1) effectively reduced electrolyte decomposition in the initial 

cycle; (2) improved mechanical strength to cope with volume expansion; (3) excellent 

capacity retention.150 Chitosan is a polysaccharide composed mainly of β-(1,4)-linked 

2-deoxy-2-amino-D-glucopyranose units. Compared to using PVDF binder, the 

chitosan based graphite anode exhibited enhanced cycle performances, i.e. rate 

capability and first Columbic efficiency. The first Columbic efficiency of the chitosan 

based anode is 95.4%, which is 89.3% for the PVDF-based anode. After 200 
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lithiation/delithiation cycles at 0.5C, the capacity retention of the chitosan based 

electrode is significantly higher than that of the PVDF based electrode.151  

 

Figure 1.31 Alginate origin and characterization. (A) Giant kelp forest in the Pacific 

Ocean, photographed near the coast of California, USA. The insets show the chemical 

structure of alginate. (B) 1H NMR spectrum of sodium alginate. The numbers above 

the peaks marked as (a), (b) and (c) correspond to their integrated intensities. Ppm, 

parts per million; a.u., arbitrary units. (C to F) comparison between Young’s modulus 

of sodium alginate and PVDF and in dry and wet state.152 

 

Furthermore, a high-modulus natural polysaccharide was extracted from 

brown algae, yields a significant Si anode performance.152 In contrast to the 

polysaccharides found in terrestrial plants, alginate is extracted from marine botany. It 

contains hydroxyl and carboxyl groups in each of the polymer’s monomeric units. 
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(Figure 1.31a) The larger number of binder-Si bonds are mainly attributed to the 

increased content of carboxyl groups in the alginate, which resulted in better Si 

electrode stability. Besides, as showed in Figure 1.31C to F, sodium alginate present 

ca. 6.7 times higher stiffness than dry film of PVDF, which improves the tolerance of 

volume expansion of Si anode after volume change. At a current density of 1200 

mA/g, with Li insertion capacity limited to 1200 mAh/g, the alginate-based Si anode 

operated safely for more than 1300 cycles. 

 

Figure 1.32 Schematics of the concept to address volume change issue in battery 

materials. GA with dual functionality could have both the strong chemical bonding 

and the ductile properties necessary to tolerate the expansion during 

lithiation/delithiation processes.153 

 

Naturally abundant gum arabic (GA), composed of polysaccharides and 

glycoproteins, was applied as a dual-function binder to address the volume expansion 

issue of Si anodes. Firstly, the hydroxyl groups of the polysaccharide in GA are 

crucial in ensuring strong binding to Si. Secondly, similar to the function of fibre in 
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fibre-reinforced concrete (FRC), the long glycoproteins chain provide further 

mechanical tolerance to dramatic volume expansion by Si nanoparticles. (Figure 1.32) 

The resultant Si anodes present an outstanding capacity of ca. 2000 mAh/g at a 1 C 

rate and 1000 mAh/g at a 2 C rate, throughout 500 cycles. Excellent long-term 

stability is achieved by the maintenance of 1000 mAh/g specific capacity at a 1 C rate 

for over 1000 cycles. This low cost, naturally abundant and environmentally benign 

polymer is a promising binder for future LIBs.153 

1.7.2. Enhancement of mechanical property 

 

 

Figure 1.33 The chemical structure and interactions between cross-linked PAA-PVA 

and silicon particles.154 

 

As illustrated above, the glycoproteins reinforced polysaccharides polymer 

have been demonstrated to enhance the tolerance of crack derived from the expansion 

of lithiated Si. Moreover, the crosslinking structure of the binder was believed to be 

benefit to the mechanical stability of the electrode. A facile in situ thermal-
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crosslinking technique was developed by Wang et al. through combination of PAA 

and polyvinyl alcohol (PVA). (Figure 1.33) This designed binder can effectively 

accommodate the large volume change of silicon anodes upon lithiation/delithiation 

due to the deformable polymer network and strong binding between Si and the binder. 

As a result, high-areal-capacity of 4.3 mAh/cm2 with good cycling stability was 

demonstrated at based on the PAA-PVA binder.154 

 

Figure 1.34 Catechol conjugated polymer binders and Si anode structure. a) Mussel, 

the inset shows the chemical structure of dopamine inspired by mussel foot proteins. 

(b) Structural formula of alginate-catechol and polyacrylic acid-catechol alongside a 

simplified structure of a conjugated polymer binder; the solid black line represents the 

polymer backbone with carboxylic acid functional groups attached and red circles 

represent catechol moieties conjugated to the backbone. (c) A graphical illustration of 

the Si NP anode structure.155 

 

Inspired by the wetness-resistant adhesion feature of mussels, alginate and 

PAA were modified by the catechol, which is a determine factor in the distinguished 

wetness-resistant adhesion. The synthesis and binding mechanism is illustrated in 

Figure 1.34. The mussel-inspired binders with extraordinary wetness-resistant 

adhesion capability can significantly improve the capacities and cycle life of Si nano-
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particles based anodes while remaining mechanical stability at wet organic 

environment. The cathechol-conjugated alginate (Alg-C) binder are demonstrated to 

achieve ca. 2 mg/cm2 mass loading, which is equivalent to ca. 8.4 mAh/cm2.In 

addition to the cathechol contribution to the energy density, the Alg-C based electrode 

exhibited superior capacity retention (84.5%) after 150 cycles.155 

 

Figure 1.35 Design and structure of the self-healing electrode. (a) Scheme 1: 

schematic illustration of the design and behaviour of a conventional silicon electrode 

that shows failure of the electrode because of particles and polymer binder cracking, 

which results in loss of electrical contact. Scheme 2: schematic illustration of the 

design and behaviour of stretchable self-healing electrode that maintains electrical 

contact between the broken particles with no cracks in the polymer binder due to the 
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stretchability and incorporation of self-healing chemistry. (b) Chemical structure of 

the SHP. Magenta lines, polymer backbones; light-blue and dark-blue boxes, 

hydrogen-bonding sites.156 

 

 

Figure 1.36 Left: cracks in the polymer layer in the lithiated state; right: after five 

hours the smaller cracks were healed, indicated by the arrows on the images.156 

 

Actually, nature has offered other options to solve the mechanical fracture of 

electrodes, such as skin, have the ability to self-healing when damaged. Based on this 

natural phenomenon, Cui et al. applied the self-healing polymers (SHP) as binders to 

optimize the mechanical properties of Si based electrodes in LIBs.156 (Figure 1.35) On 

deep galvanostatic cycling between 0.01 and 1 V, the delithiation capacity reached 

2617 mAh/g for the first cycle at 0.1C. Also, the delithiation capacity retention was 

100%, 95% and 80% after 20, 50 and 90 cycles, respectively. The improved cycling 

stability of the electrode can be attributed to two major features, i.e. stretchability and 

spontaneous self-healing capabilities. The SHP/CB coating can better withstand the 

large volumetric changes due to its superior mechanical stretchability as well as its 

strong interactions with the silicon surface. It could self-heal when the SHP/CB 

composite coating fractures. To provide further evidence, the morphologies of the 

electrodes with cycling were presented using SEM as seen Figure 1.36. 
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1.7.3. Optimization of ion conductivity 

 

Figure 1.37 The molecular structure of AN, BA and P(AN-BA).157 

 

 The rate determining step in the electrodes of lithium ion batteries is supposed 

to be the lithium ion diffusion coefficient. The diffusion in binder is critical due to the 

coating of binders on the surface of active materials. The faster kinetics was achieved 

through modification of polyacrylonitrile and gum arabic. Polyacrylonitrile (PAN) is 

a good choice for a binder due to its high polarity, electrochemical stability and ability 

to facilitate Li ion transport. Unfortunately, PAN is a semicrystalline polymer with a 

high glass transition temperature (Tg) of 96.5 °C. Hence, butylacrylate (BA) was 

chosen to address this issue due to its low Tg of -45 °C. The molecular structure of 

AN, BA and P(AN-BA) is shown in Figure 1.37. The adhesion strength, electrical and 

electrochemical properties of electrodes can be improved through he 

copolymerization of acrylonitrile (AN) with BA. The advantages are mainly 

contribute by an increase in the diffusion coefficient and a decrease in the impedance 

of the graphite electrodes.157 
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Figure 1.38 Schematic diagram of the polymeric reaction: the generation of water 

and formation of crack-blocking GA-PAA composite binder.158 

 

 The higher electrolyte uptake of the binder has been evidenced to be beneficial 

to the lithium ion transport. To improve the ion transport capability in GA, PAA is 

crosslinked through an in situ esterification reaction. Esterification reactions between 

GA and PAA established a flexible network resulting in improved lithium ion 

conductivity, reinforced mechanical strength and enhanced coherent strength. (Figure 

1.38) The improved lithium ion coefficient is mainly ascribed to the enhanced polarity 

and generated micron-sized pores, which improve the electrolyte uptake. Besides, the 

generated pores can stop the crack propagation caused by the expansion of lithiated Si 

electrode. As a result of the crack-blocking effect, the resultant Si anodes had a 

superior volumetric capacity of 2890 Ah/L. In addition, charge/discharge cycling for 

more than 1000 cycles was achieved with Li insertion capacity limited to 1000 mAh/g 

at 1 C rate.61 
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1.7.4. Tailoring of electronic conductivity 

 

 

Figure 1.39 Schematics of the technical approaches to address volume change issue 

in battery materials. (a) Traditional approaches use acetylene black (AB) as the 

conductive additive and PVDF polymer as the mechanical binder. (b) Conductive 

polymer with dual functionality, as a conductor and binder, could maintain both 

electrical and mechanical integrity of the electrode during the battery cycles. (c) The 

molecular structure of the PF-type conductive polymers, with two key function 

groups in PFFOMB, carbonyl and methylbenoic ester, for tailoring the conduction 

band and improving the mechanical binding force, respectively.62 

 

Liu et al. synthesized a multi-functional polymer binder based on polyfluorene 

(PF) type polymers. To achieve a properly tailored electronic structure, two key 

functional groups, carbonyl C=O and methylbenzoic ester -PhCOOCH3 (MB) were 

introduced to the PF backbone as shown in Figure 1.39c. It was demonstrated by 

synchrotron-based soft X-ray absorption spectroscopy (XAS) that the carbonyl groups 

in PFFO and PFFOMB generated a new LUMO state at 284.7 eV. The as-synthesized 
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PFFOMB featured much improved electric conductivity and robust mechanical 

binding force, which simultaneously maintained electric connectivity and 

accommodated the Si volume change simultaneously.62 

  

69 
 



1.8. Scope of the thesis 

The overall aim of this work is to develop green electrode fabrication 

technologies for low cost and high performance lithium ion batteries. Inevitably, this 

is a multidisciplinary effort, with various practical requirements. These requirements 

include adoption of various polymers, modification of the binding systems and design 

of electrode fabrication technologies. The detailed strategies are demonstrated in the 

following chapters. 

Chapter 2 describes a commercialized aqueous Eastman AQTM55S (EAQ) 

polymer binder applied in the current commercialized graphite anode. EAQ is a water 

soluble polymer with abundant structured hydroxyl groups, in contrast, the 

conventional PVDF binder which is an organic-based polymer with an inert chemical 

structure. The specific objectives for this part of the work were: 

I. To investigate the dispersion and distribution properties of the aqueous and 

organic based electrodes. 

II. To demonstrate the advantages of functional groups among the binders and 

oxidized graphite. 

 Considering the benefits of the functional groups in the aqueous binding 

system above, Chapter 3 demonstrates a dual-functional gum arabic (GA) polymer 

binder system for Si anodes. Si is particularly attractive because of its highest known 

theoretical capacity of 4200 mAh/g. However, silicon anode materials suffer from 

substantial volume change (300 vol%) during lithiation/delithiation. This causes poor 

electrical contact of Si particles with the conducting matrix and severe pulverization 

of the Si. Besides the hydroxyl and carboxyl groups in GA, the other component, i.e. 

glycoprotein, can establish a fibre reinforced structure to enhance mechanical strength, 

leading to a high tolerance of volume expansion after lithiation.  
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 Chapter 4 demonstrates the important role of binders based on both their 

physical and chemical properties in Li-S batteries. Lithium-sulfur (Li-S) batteries 

supply a theoretical energy density five times higher than that of current 

commercialized LIBs (2,500 vs. 500 Wh/kg). Nevertheless, Li-S batteries have 

critical flaws, including (i) the insulating properties of sulfur and its discharge 

products, (ii) ca. 76% volume change cycling from sulfur (S) to lithium sulfide (Li2S), 

and (iii) polysulfide shuttles that transport sulfur species back and forth between 

electrodes. These lead to the destruction of sulfur cathodes and the corrosion of 

lithium anodes producing short battery life. The GA binder system is designed to 

endow sulfur electrodes with high binding strength and good ductility to buffer 

volume change, while its functional groups chemically immobilize sulfur species 

within the cathode to inhabit the polysulfide shuttle.  

 To make the Si electrode more attractive for practical application, high mass 

loading is necessary for the high areal capacity needed to advance the energy density 

of LIBs. Chapter 5 illustrates a three dimensional cross-linking structure via an in situ 

esterification process through water-based GA and polyarylic acid (PAA) polymers. 

The esterification reaction between hydroxyl groups in GA and carboxyl groups in 

PAA can provide reinforced mechanical strength and flexibility. Moreover, the 

micon-sized pores formed during the esterification process are proposed to block 

crack formation and propagation by relieving the stress of the dramatic volume 

expansion. 

 A multi-functinonal polymer binder system is developed for current 

commercialized LiFePO4 (LFP) cathodes in Chapter 6. LFP has been considered a 

promising cathode material that could dominate large scale EV markets due to its low 

cost, high safety and high theoretical capacity (170 mAh/g). However, the low 
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electronic and ion conductivities have been an issue since its inception. The multi-

functional polymer binder SA-ProDOT was synthesized from sodium alginate (SA) 

and 3,4-propylenedioxythiophene-2,5-dicarboxylic acid (ProDOT) using a 

cyclohexane/DBSA/water micro-emulsion system. The tailored electronic structure of 

the SA-ProDOT facilitates n-type lithium doping under the battery environment. The 

SA-ProDOT demonstrates significantly better binding capability, mechanical property, 

electrolyte uptake and lithium ion diffusion coefficients than other conventional 

binders. 
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4.1. Introduction 

Lithium-ion batteries (LIBs) have been successfully commercialized and widely 

used in portable electronics.1,2 The demands for high energy density with low cost, 

however, prohibits their large-scale applications in the rapidly expanding market of 

electric vehicles.3 Lithium-sulfur (Li-S) batteries, which have a theoretical energy 

density five times higher than that of Li-ion batteries (2,500 vs. 500 Wh/kg), could 

meet these needs while significantly reducing battery cost. For this reason, the 

combination of lithium and sulfur has been considered as one of the most promising 

battery chemistries for the full electrification of vehicles.4-6 Li-S batteries however, 

also have critical flaws, including the insulating properties of sulfur and its discharge 

products, a ca. 76% volume change cycling from sulfur (S) to lithium sulfide (Li2S), 

and polysulfide shuttles that transport sulfur species back and forth between 

electrodes. These lead to the destruction of sulfur cathodes and the corrosion of 

lithium anodes resulting in short battery life. 

In traditional Li-S cells, a typical sulfur electrode consists of three components, 

i.e. the electrochemically active sulfur material, the conductive carbon additive, and 

the polymeric binder.7,8 Through the syntheses of nano-architectured carbon additives, 

the electrochemical performance and cycle life of Li-S batteries have been 

successfully improved.9-13 These nano-carbon additives improve the insulating 

properties of the sulfur electrode as well as physically and/or chemically secure sulfur 

species in the cathode. Though effective, to date most research activities have focused 

on the synthesis of nanostructured carbon/sulfur composites; while less attention has 

been devoted to the electrically inactive components of the sulfur electrode, such as 

the binder. Recent studies however, show that important characteristics of the Si 

anode in Li-ion batteries, such as high initial reversible capacity and excellent 
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cyclability, are greatly dependent on the binder’s ability to buffer up to 300% volume 

change and maintain electrode integrity.14-17 In comparison, the sulfur electrode in Li-

S batteries exhibits its own characteristic volume change during cycling with two 

opposing volume change during cycling, i.e. ca. 76% volume expansion during 

cycling of S to Li2S and volume shrinkage of the polysulfide dissolution into liquid 

electrolyte. Moreover, the dissolved polysulfides migrate from the sulfur cathode to 

the lithium anode, where the sulfur electrochemically reacts with the metallic Li 

anode subsequently leading to poor cyclability. Overall, binders play a critically 

important role in maintaining electrode integrity and retaining sulfur species during 

Li-S battery cycling. 

Polyvinylidene fluoride (PVDF) is widely used as the binder in state-of-the-art 

LIBs. When introduced from Li-ion to Li-S systems, the electrochemical performance 

of Li-S cells is far from satisfactory due to the relatively poor adhesion strength of 

PVDF.18 Furthermore, the rapid decline of non-regenerable resources has triggered 

the adoption of environmentally friendly, sustainable bio-derived materials for energy 

storage devices.19,20 These bio-derived binders are usually water-soluble and have the 

additional advantages of enhanced safety and low cost. For example, sodium alginates 

(Na-alginates) are a promising bio-derived polymer binder for the Si anode in Li-ion 

batteries.21 Sulfur cathodes with alginate as a binder also exhibit better cyclability 

than those using PVDF binders.22 Other bio-derived polymers, including gelatin,23,24 

sodium carboxyl methyl cellulose (CMC),25 and carbonyl-β-cyclodextrin (CβC),26 

also have promising characteristics as green binders for sulfur cathodes i.e. lower 

electronic and ionic resistance and better mass transport kinetics. 

Despite the aforementioned advantages, bio-derived aqueous polymer binders 

have not been used in Li-S batteries and the relevant mechanisms have not been 
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investigated. Generally these polymers have high functional group content such as 

hydroxyl, carbonyl, and carboxylic groups. In this study we report on a new bio-

derived polymer binder, i.e. gum arabic (GA), for high performance Li-S cells. This 

aqueous polymer binder has excellent binding strength, good ductility, and wide 

electrochemical windows for sulfur cathodes. An outstanding cycling performance, 

i.e. 843 mAh/g at C/5 and 503 mAh/g at 1 C after 500 cycles, is achieved due to the 

bi-functionalities of the GA binder. The good mechanical properties of GA help 

accommodate volume change and preserve electrode integrity during cycling, while 

its functional groups chemically retain sulfur species and inhibit the polysulfide from 

shuttling, thereby improving the longevity of Li-S cells. To the best of our 

knowledge, the GA binder has the best cycling performance when compared with 

previously bio-derived and non-bio-derived aqueous binders in Li-S batteries. More 

importantly, we demonstrate for the first time the important role of the binder, due to 

its physical and chemical properties, in the preparation of high-performance Li-S 

cells. 

4.2. Results and discussion 

GA is a nontoxic natural polymer extracted from Acacia senegal, a deciduous 

legume in Northeast Africa that is widely used in food and medicine as a soluble 

dietary fibre. GA has abundant functional groups, confirmed by XPS and FTIR 

spectroscopy (Figure 4.1). The XPS spectrum in Figure 4.1a shows sharp 1s peaks at 

532 and 286 eV, which provide strong evidence of elemental O and C, respectively.27 

The FTIR spectroscopy supports molecular geometry for the functional groups of GA 

(Figure 4.1b). The broad and strong peaks located at 3,406 and 2,934 cm-1 are 

attributed to the stretching vibrations of O-H and C-H bond. The peak at 1,258 cm-1 is 
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related to the O-C-H deformation of pyranose rings; and the peaks at 1,628, 1,420, 

and 1,072 cm-1 are from the symmetric/asymmetric vibrations of O-C-O bonds. 

Additional weak absorption peaks appearing at the low frequency range of 900-500 

cm-1 are ascribed to C-O and C-O-C symmetric/asymmetric vibrations.28,29 The FTIR 

spectrum exhibits the features of a polysaccharide, which is the main component of 

GA. As a result, the molecular structure of GA can be described as backbone units of 

(1, 3)-linked D-galactopyranose, with side units of d-galactopyranose, D-glucuronic 

acid, and L-arabofuranose (Figure 4.1c).28,30 
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Figure 4.1 Characterization of aqueous polymer GA. (a) XPS and (b) FTIR spectra of 

GA. (c) Proposed chemical structure of GA with the background of Acacia senegal. 

In this work, GA was used as a green binder for sulfur cathode in Li-S batteries. 

Before utilization, the electrochemical stability of GA was evaluated by cyclic 

voltammetry (CV) at 0.1 mV/s within the voltage window of 1.5-3.0 V (vs. Li/Li+). 
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The results in Figure S4.1 confirm its high electrochemical stability for application in 

Li-S cells. In the Li-S cells, the sulfur cathode was fabricated using sulfur powder as 

the active material, super P carbon as the conductive additive, and GA as the binder. 

Figure 4.2a shows the charge/discharge profile of the sulfur electrode with the GA 

binder (S@GA) within the voltage window of 1.8-2.6 V at C/5 (1 C = 1,675 mA/g). 

This sulfur electrode shows a typical two-plateau discharge curve in conventional Li-

S cells, i.e. the formation of soluble long-chain polysulfides (Li2Sx, 4≤x≤8) at ~2.3 V 

and insoluble short-chain Li2S2/Li2S at ~2.1 V. The redox peaks in Figure 4.2b 

conform well to the plateaus in the charge/discharge profile. When scanning forwards, 

the oxidation peak near 2.4 V is caused by the transformation of sulfur species to 

Li2Sx (x>2). When scanning backwards, two clear reduction peaks are found: one is 

ca. 2.3 V representing the transformation of S to higher-order Li2Sx (4 ≤ x ≤ 8), and 

the other at ca. 2.1 V caused by the further reduction of higher-order lithium 

polysulfides to lower-order Li2Sx (x ≤ 4), and to Li2S. 
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Figure 4.2 Electrochemical performances of sulfur electrodes with different binders. 

(a) the charge-discharge profiles of the S@GA electrode at C/5, (b) The cyclic 

voltammograms of the S@GA electrode in the voltage range of 1.8-2.6 V vs. Li/Li+ at 

0.1 mV/s,. (c) the cycling performance of the S@GA, S@PVDF, and S@gelatin 

electrodes and the Coulombic efficiency of the S@GA electrode at C/5, and (d) The 

discharge capacities of the S@GA electrode at various C rates.  

 

The cycling performance of the sulfur electrode with PVDF (S@PVDF) and 

gelatin (S@gelatin) as binders was also tested under the same conditions as shown in 

Figure 4.2c. The S@GA electrode delivered an initial discharge capacity as high as 

1386 mAh/g (normalized to S), which is nearly 82.7% of its theoretical maximum 

(1675 mAh/g). This is much higher than the S@PVDF (984 mAh/g) or S@gelatin 

(921 mAh/g) electrodes. After 50 deep charge/discharges, a reversible discharge 

capacity of 1090 mAh/g was obtained for the S@GA electrode with a fading rate of 

0.2% per cycle after the second cycle. The capacities of the S@PVDF and S@gelatin 

electrodes quickly decrease to ca. 668 mAh/g. The GA binder therefore demonstrates 

higher sulfur utilization and better capacity retention than the conventional binders 

such as PVDF and gelatin. In addition to high capacity, the S@GA cathode 

maintained a high Coulombic efficiency of >95% during the whole cycling. The rate 

capability of the S@GA cathode is shown in Figure 4.2d. A highly reversible capacity 

of 952 mAh/g was obtained at 2 C, while 460 mAh/g could still be achieved when the 

C rate was as high as 10C. The capacity recovered to 1108 mAh/g when the C rate 

was switched back to C/5, indicating excellent electrode integrity and fast reaction 

kinetics in the S@GA electrode.31,32 
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Figure 4.3 The long term cycling performance of the S@GA electrodes with different 

amounts of sulfur loading in sulfur/carbon composites, i.e. 55, 66, 75, and 90 wt%, 

respectively. 

The S@GA cathodes with different sulfur loadings in sulfur/carbon composites 

(i.e. 60, 70, 80, and 90 wt%) were evaluated for long term cycling, as shown in Figure 

4.3. The electrodes were first intentionally cycled at C/5 to have high utilization of 

active materials, and then cycled for 500 cycles at 1 C before cycling back at C/5. 

When the sulfur loading was 55 wt%, the S@GA cathode delivered an initial capacity 

of 996 mAh/g at 1 C rate at the fourth cycle, which is ca. 60% of its theoretical 

maximum. After 500 cycles, the capacity stabilized at 504 mAh/g at 1 C with a 

capacity retention of 50.6%. An obvious increase in capacity to 843 mAh/g after 500 

cycles was observed when decreasing the current rate from 1 C to C/5. With the 

increase in sulfur loading, cycling performances were much more stable albeit at the 

expense of lower sulfur utilization. The S@GA cathodes delivered a reversible 

capacity of 741, 637, and 430 mAh/g at C/5 after 500 charge/discharges when sulfur 

content increased to 66, 75, and 90 wt%, respectively. This result indicates the 

excellent stability of sulfur cathodes with the GA binder for improving the longevity 

of Li-S batteries. Figure S4.2 shows the cycling comparison of sulfur cathodes with 

the GA binder to different bio-derived and non-bio-derived aqueous binders that have 
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been applied in Li-S batteries to date. Since most sulfur electrodes show cycling 

performance within 50 cycles, we focused the comparison on the initial discharge 

capacity and capacity at the fiftieth cycle. The GA binder demonstrated the best 

cycling performance among aqueous binders in Li-S batteries: i) the S@GA electrode 

demonstrated cycling performance after 500 cycles had a capacity of 843 mAh/g and 

capacity retention of 60% at C/5; ii) the high sulfur loading of 90 wt% in 

sulfur/carbon composites with 500 stable cycles was also achieved; and iii) the 

S@GA electrode shows higher capacity than most sulfur electrodes. It is worth noting 

that when normalized to sulfur, the initial capacity of the S@GA electrode is much 

lower than that of Ref. 17 in Figure S4.2a (1386 vs. 1543 mAh/g). However, when 

taking composites into consideration, the capacity of the S@GA electrode is much 

higher than that of Ref. 17 (762 vs. 694 mAh/g). 

Polysulfides (Li2Sx, x>2) have good dissolution in organic electrolytes and 

migrate to the Li anode, where they electrochemically react with metallic Li 

subsequently resulting in poor cyclability and low Coulombic efficiency (always < 

90%). Considering its excellent cycling performance (ca. 60% capacity retention after 

500 cycles) and high Coulombic efficiency (> 95%), we believed that the importance 

of the GA binder stems from its ability to maintain electrode integrity and immobilize 

polysulfides within the cathode. Therefore, we shifted out our attention to the physical 

and chemical properties of GA to study possible mechanisms to improve in cycling 

performance. 
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Figure 4.4 Characterization of GA’s physical properties. (a) In situ 3D nano-scratch 

images of the S@GA electrode by SPM microscopy, (b) friction coefficients of the 

S@GA, S@PVDF, and S@gelatin electrodes obtained by the nano-scratch test, (c) 

Average reduced modulus, and (d) hardness variations of the S@GA, S@PVDF, and 

S@gelatin electrodes obtained by the nano-indentation test. 

Nano-scratch and nano-indentation tests were carried out to quantify the 

mechanical properties of resultant sulfur cathodes with different binders, and 

used SPM microscopy to obtain in situ 3D nano-scratch images of the electrode, as 

shown in Figure 4.4. The scratch force was set to 1000 µN and the scratch 

length was set to 10µm. The scratch track of the S@GA electrode is smooth with 

limited cracks (Figure 4.4a), which is comparable to that of the S@PVDF and 

S@gelatin electrodes (Figures S4.3a and S4.3b). Lateral force was recorded in 

real time for the calculation of the friction coefficient during the scratch test 
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(Figure 4.4b). The friction coefficient of the S@GA electrode remained more 

constant comparing with that of the S@PVDF electrode, while the average 

friction coefficient of the S@GA electrode was much higher than that of the 

S@gelatin electrode. This demonstrates more compliance and greater tolerance to 

volume change by the GA binder than the PVDF and gelatin binder. The nano-

indentation test was done under the force of 2000 µN; and ten individual 

indents were adopted for accurate calculation. The indentation depth (Er) is a 

combined modulus of the indenter and specimen, which is given in Equation 1: 

1
𝐸𝐸𝑟𝑟

= (1−𝑣𝑣2)
𝐸𝐸

+ (1−𝑣𝑣′2)
𝐸𝐸′

                                                       (1) 

Where E and v are the Young’s modulus and Poisson’s ratio of the specimen, and Eʹ 

and vʹ are the elastic modulus and Poisson’s ratio of the indenter. For a standard 

diamond indenter, Eʹ is 1140 GPa and vʹ is 0.07. Meanwhile, the measurement of 

hardness (H) is given in Equation 2: 

𝐻𝐻 = 𝑃𝑃𝑚𝑚𝑎𝑎𝑚𝑚
𝐴𝐴

                                                                             (2) 

Where A is the projected area of contact and Pmax is the maximum load. The averaged 

reduced modulus Er and hardness H varying with indentation depths are shown in 

Figures 4.4c and 4.4d. The lowest modulus and hardness of the S@GA electrode 

demonstrates the superior mechanical properties of GA compared to PVDF and 

gelatin, which is highly beneficial for tolerance of delamination needed for long cycle 

life. 
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Figure 4.5 Characterization of chemical bonding between GA and S. (a) TEY and (b) 

TFY S K-edge XAS spectra for the mixture of GA and S before and after heat-

treatment at 80 oC, and (c) FTIR spectroscopy of the mixture of GA and polysulfides 

(Li2Sx, x = 8) after heat-treatment at 80 oC. 

S K-edge X-ray absorption spectroscopy (XAS) was applied to monitor the S 

atom bonding evolution and study the possible chemical reactions between GA and S. 

We simulated sample preparation processes by mixing GA with S and heat treated 

them at 80 oC for 2 hours. The total-electron-yield (TEY) and total-fluorescence-yield 

(TFY) S K-edge XAS data of the mixtures before and after heat-treatment are 

presented in Figure 4.5. Before annealing, both TEY and TFY spectra show only a 

broad peak located at 2472.37 eV, which is attributed to the typical bonding of 

elemental S.33 After heat-treatment, the peak intensity of the elemental S decreased 

while four new peaks were identified in the TEY spectrum. The new peaks located at 

2473.41, 2478.17, 2480.56, and 2481.97 eV are attributed to the transitions from S 1s 
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to R-S-
C-Sσ*, SO3

2-
O-Sσ*, R-SO3

-
O-Sσ*, and SO4

2-
C-Sσ*, respectively.33,34 These new peaks 

demonstrate the chemical bonding between the functional groups of GA and S. The 

same peaks are further confirmed by the TFY spectrum in Figure 4.5b. As the TFY 

mode is more bulk-sensitive than the TEY mode, the dominant peak at 2481.97 eV 

further confirmed the strong bonding between GA and S.35 We used the FTIR 

spectroscopy to identify chemical bonding between the functional groups of GA and 

polysulfides (Li2Sx, x = 8), as shown in Figure 4.5c. Compared to pure GA in Figure 

4.1b, the spectrum of heat-treated GA-Li2S8 composites reveals an obvious red shift 

of the O-H stretching vibrations peak from 3406 to 3316 cm-1, while two new 

absorption peaks related to S-C stretching and S-S bending vibrations appear at 600 

and 484 cm-1.28,36,37 The chemical reactions between GA and polysulfides help trap 

polysulfides and immobilize sulfur species within the cathode. This hinders the out-

diffusion of polysulfides from the S cathode to the Li anode, leading to the low loss of 

active sulfur species and subsequent excellent long term cycling.  

The physical and chemical properties of the GA binder are responsible for the 

integrity of the sulfur electrode and immobilization of sulfur species onto the current 

collector, which can be confirmed by Li-S cells before and after cycling. EIS 

measurements were performed on the cells with GA, PVDF, and gelatin binders 

before and after cycling (Figure S4.4). The EIS data show the smallest semi-circle of 

the S@GA cell both before and after cycling, indicating its lower interfacial 

resistance compared with the PVDF and gelatin cells.38,39 The GA binder provides 

stronger binding strength between S and C as well as electrode mixture and current 

collector, which restricts volume change and preserves electrode integrity during 

cycling. The surface morphology of the S@GA cathode before and after cycling was 

observed using SEM as shown in Figure S4.5. There was no obvious morphology 

148 



change in the S@GA cathode before and after long cycling. However, the re-

deposition of polysulfides on the carbon surface was still observed. Through the 

chemical bonding of GA and sulfur species, the extent of the shuttle effect can be 

substantially controlled. The uniform re-dispersion and immobilization of sulfur 

species also reduce cell resistance as verified by EIS measurements and benefitted 

from the utilization of active sulfur material. All the results provide strong supports 

for the excellent mechanical properties of GA and chemical bonding between GA and 

S, which play a critical role in maintaining the integrity of sulfur electrode as well as 

restraining the polysulfide shuttle to improve the longevity of Li-S batteries. 

4.3. Conclusions 

In summary, the naturally available GA polymer is introduced as a green binder 

for high performance sulfur cathode in Li-S batteries. Using the same preparation 

procedure as in traditional Li-S cells, the resulting S@GA cathode demonstrates 

significantly better electrochemical performance compared to S@PVDF and 

S@gelatin electrodes. The S@GA electrode delivered an initial capacity of 1386 

mAh/g at C/5, and 843 mAh/g at C/5 and 504 mAh/g at 1 C through 500 cycles when 

sulfur loading was 55 wt% in sulfur/carbon composites. The highly reversible 

capacity of 430 mAh/g at C/5 was also obtained after 500 charge/discharges when 

sulfur loading was enhanced to 90 wt%. To the best of our knowledge, the GA binder 

in this work demonstrates a better cycling performance than all previously used bio-

derived and nonbio-derived aqueous binders in Li-S batteries. This result indicates the 

excellent stability of sulfur cathodes with GA binder for the longevity of Li-S 

batteries, which is attributed to the unique physical and chemical properties of GA. 

The excellent mechanical properties of GA endow sulfur electrodes with high binding 
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strength and good ductility to buffer volume change, while its functional groups 

chemically immobilize sulfur species within the cathode to inhibit the polysulfide 

shuttle. In this work, we demonstrate for the first time the important role of binder 

from both its physical and chemical properties in Li-S batteries. We believe this 

discovery will increase interest in the battery research community’s search for natural 

binders to meet the requirements of Li-S cells. 
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Supporting Information 

Acacia Senegal-Inspired Bi-functional Binder for Longevity of Lithium-Sulfur 

Batteries 

Experimental 

Electrode Preparation 

Gum arabic (GA, No. 51198), extruded from Acacia senegal, was obtained from 

Sigma-Aldrich. Elemental sulfur (Aladdin, China) and super P carbon (TIMCAL, 

Switzerland) were used as active material and conductive additive for the sulfur 

electrode. Polyvinylidene fluoride (PVDF, HSV900, Arkema Inc. France) and gelatin 

(Gelatin, Aladdin, China) were also used as binders for comparison. 

To prepare the sulfur electrode, GA was first dissolved in deionized water to 40 

mg/ml as the binder solution. The aqueous slurry, containing defined amount of sulfur 

active material, super P carbon, and polymer binder, was simply mixed and casted on 

1 μm carbon-coated Al foil. Deionized water and N-methyl-2-pyrrolidone (NMP) 

were used as dispersant for gelatin and PVDF, respectively. The working electrodes 

consisted of 80 wt% sulfur/carbon composites and 20 wt% polymer binder. The ratio 

of polymer binder was kept constant at 20 wt% for all electrodes. The sulfur loading 

in the sulfur/carbon composites of 60 wt% (i.e. the sulfur content in the electrode is 

48 wt%) were used with different binders for comparison. The sulfur loadings in 

sulfur/carbon composites of 70, 80, and 90 wt% (i.e. the sulfur content in the 

electrode was increased to 56, 64, and 72 wt%) were also tested for their long term 

cycling. The electrodes were dried in vacuum at 60 °C overnight, and 2 hours at 80 °C 
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under ambient conditions before use. The mass loadings of the electrodes were 1.0-

2.5 mg/cm2. 

Electrochemical evaluation 

Coin cell test. The electrochemical performance of sulfur electrodes were tested 

in CR2025 coin cells under galvanostatic charge/discharge at room temperature using 

LAND battery cycler (China). Cells were assembled in an Ar-filled glove box using 

metallic lithium wafer as counter electrode. The electrolyte contained 1M lithium 

bis(trifluoromethane sulfonyl) imide (LiTFSI) in a binary solvent of 1,3-dioxolane 

(DOL) and dimethoxyethane (DME) (1:1 in volume) with 1 wt% lithium nitrate 

(LiNO3) as additive. Celgard 2400 membrane was used as separator. Current density 

and specific capacity were calculated based on the mass of S active material. 

CV test. Cyclic voltammetry (CV) study of the electrode was recorded by 

CHI660E electrochemical work station (Chinstruments, China) in the voltage range of 

1.8-2.6 V vs. Li/Li+ at a scan rate of 0.1 mV/s1. 

EIS test. Electrochemical impedance spectroscopy (EIS) of the electrode was 

recorded by CHI660E electrochemical work station with amplitude of 5 mV at the 

frequency range of 0.01Hz-100kHz. 

Materials Characterization 

XPS. X-ray photoelectron spectroscopy (XPS) was acquired in an ESCALAB-

250Xi X-ray photoelectron spectrometer (ThermoFisher, UK) operating at an Al Kα 

radiation source, with an energy resolution of 1 eV for the survey and 0.1 eV for 

individual characteristic peaks. 
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FTIR. Fourier transform infrared spectrometry (FTIR) analyses were performed 

using a Tensor 27 (Bruker, Germany). 1 mg sample was mixed with 100 mg KBr and 

pressed into a pellet under pressure of 10 MPa. For each spectrum, the scan was 

collected at a resolution of 4 cm-1 from 4000 to 400 cm-1. For the FTIR test on 

chemical bondage between GA and polysulfides, Li2Sx (x = 8) solution was first 

prepared by proportionally adding S and Li2S into THF solvent and stirring 

vigorously. GA was then added into the solution and continuously stirred for 4 hours. 

The obtained homogeneous suspension was subsequently volatilized and heated at 80 

°C for one more hour until the brown mixture of GA and polysulfides was collected. 

All the above FTIR experiments were carried out in an Ar-filled glove box. 

XAS. GA was mixed with sulfur powder in the glove box, and then heat-treated 

at 80 oC for 2 hours. After cooling down to room temperature, the mixture was 

pressed into In foil and formed some thin films. The thin films were transferred to 

beamline 9.3.1 in Advanced Light Source, Lawrence Berkeley National Laboratory. S 

K-edge X-ray absorption spectroscopy (XAS) data were collected in the beamline. 

Total electrons yield (TEY) signals were detected by monitoring the offset sample 

drain current while total fluorescence yield (TFY) signals were collected using a 

silicon drift detector. 

Indentation test. In nano-scratch tests, a conical indenter (with radius 

approximately 1 µm, 90° cone angle) was used to scratch over the sample surface to 

obtain friction coefficient information. During the scratch process, the normal load 

was kept constant as 1000 µN and the lateral displacement was set as 10 µm. The 

nano-indentation tests were undertaken using a Hysitron TI 950 nano-indentation 

system with Berkovich indenter (three-sided pyramidal tip with radius approximately 

150 nm, 142.3º total included angles). 
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SEM. SEM studies of the sulfur electrodes before and after cycling were carried 

out using an Utral 55 SEM microscope (CorlzeisD, Germany). The in-lens secondary 

electron detector was performed using an accelerating voltage of 5 kV and a working 

distance of ca. 7 mm. After cycling electrodes were washed three times using 

DEM/DOL solution before the SEM study. 
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Figure S4.1 Cyclic voltammetry study of GA in the voltage range of 1.5-3.0 V vs. 

Li/Li+ at the scan rate of 0.1mV/s. 
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Figure S4.2 Comparisons of the GA binder with (a) bio-derived binders, including 

gelatin (Gelatin, Ref. 1-8), carboxy methyl cellulose (CMC, Ref. 9-14), sodium 

alginates (NA, Ref. 15), and β-cyclodextrin (βC, Ref. 16-17);1-17 and (b) nonbio-

derived aqueous binders, including poly(ethylene oxide) (PEO, Ref. 18-26), 

acrylonitrile copolymer (LA132, Ref. 27-32), poly(acrylic acid) (PAA, Ref. 33-34), 

and poly(acrylamide-co-diallyldimethylammonium chloride) (AC Ref. 

35)._ENREF_6_1818-3518-35 The capacities for comparison are from the 1st (denoted as 

) and 50th cycle (denoted as ) at low current rates. 
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Figure S4.3 In situ 3D nano-scratch images of the (a) S@PVDF and (b) S@gelatin 

electrode by the SPM microscopy. 
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Figure S4.4 Electrochemical impedance spectroscopy studies of electrodes with 

different binders (a) before and (b) after 50 cycles. 
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Figure S4.5 SEM images of the S@GA electrode (a) before and (b) after 50 cycles. 
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7.1  General conclusions 

To achieve economical and green lithium ion batteries fabrication technology, 

we developed a series of promising binder systems as a substitute to the conventional 

binder systems. The innovated binder systems, including Eastman AQTM 55S (EAQ), 

gum arabic (GA), gum arabic and polyacrylic composite (GA-PAA) and sodium 

alginate conjugated ProDOT (SA-ProDOT), meet the critical criteria such as binding 

capability, mechanical property, and lithium ion and electronic conductivity. The 

EAQ and SA-ProDOT binders can improve the performance of graphite and lithium 

ion phosphate (LFP) compared to the currently applied active materials in industry. 

With respect to the high energy density batteries, the GA and GA-PAA binder system 

could improve Si anode material chemical bonding and improved conductivity. The 

GA binder system is also proven promising for the application in sulfur batteries. 

The major findings can be summarized as follows: 

1. We demonstrate that the green polymer Eastman AQTM55S (EAQ) has 

potential for use as a LIB binder substitute for conventional LIB binders. The EAQ 

polymer binder is operation-environment friendly because it uses aqueous solvents, 

instead of N-methyl-2-pyrrolidinone (NMP) solvents which are used for PVDF 

binders. Moreover, the EAQ polymer binder has abundant active hydroxyl groups on 

its surface, which is different to the inert PVDF binder. We used oxidized graphite 

with carboxyl groups on its surface as the anode material. The specific capacity of the 

EAQ-based electrode increased by ca. 50% compared to the PVDF-based electrode. 

We demonstrate that the formation of the chemical bonds between the carboxyl 

groups on the oxidized graphite surface and the hydroxyl groups on the EAQ polymer 

surface is the key factor in this improved performance. The water soluble EAQ 
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polymer binder has the potential to convert the traditional LIB production process 

from an organic solvent and binder-based process into a green and water-based 

production technology. 

2. A glycoprotein-reinforced Si electrode with high binding strength and ductility 

was produced based on the gum arabic (GA) natural polymer binder. The concept of 

Fibre-Reinforced Concrete (FRC) was applied to the LIB electrode fabrication 

process. There are two main benefits of GA that enhance performance: hydroxyl 

groups in polysaccharide increase the binding force and glycoproteins improve the 

mechanical properties including the tolerance of volume expansion. The resultant 

anodes, i.e. Si@GA anodes, have excellent adhesion to Si nanoparticles and current 

collector, increased ductility and more importantly, can endure dramatic the volume 

changes (up to 300%) of Si thereby prohibiting physical fracture during 

lithiation/delithiation processes. These outstanding properties stem from the concrete 

tensile structures formed by the abundant functional groups as well as the 

glycoprotein chain. A stable cycling performance was demonstrated at various C rates 

while a promising long-term performance of 1000 cycles was observed when limiting 

the specific capacity to 1000 mAh/g at 1 C. 

3. The naturally available GA polymer was introduced as a green binder for high 

performance sulfur cathodes in Li-S batteries. Using the same preparation procedure 

as in traditional Li-S cells, the resulting S@GA cathode demonstrated significantly 

better electrochemical performance compared with S@PVDF and S@Gelatin 

electrodes. The S@GA electrode delivered an initial capacity of 1386 mAh/g at C/5, 

and 843 mAh/g at C/5 and 504 mAh/g at 1 C through 500 cycles when sulfur loading 

was 55 wt% in sulfur/carbon composites. The highly reversible capacity of 430 

mAh/g at C/5 was also obtained after 500 charge/discharges when sulfur loading was 
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enhanced to 90 wt%. To the best of our knowledge, the GA binder in our work has a 

better cycling performance than all other previously used bio-derived and nonbio-

derived aqueous binders in Li-S batteries. This result indicates the excellent stability 

of sulfur cathodes with GA binder to improve the longevity of Li-S batteries. The 

excellent mechanical properties of GA endow the sulfur electrode with high binding 

strength and good ductility to buffer volume change, while its functional groups 

chemically immobilize sulfur species within the cathode to inhibit the polysulfide 

shuttle. In this work, we demonstrate for the first time the importance of binders in Li-

S batteries due to both their physical and chemical properties. 

4. High areal Si loading anodes with high volumetric capacity for LIBs were 

successfully assembled via a simple in situ esterification process using the water-

based natural polymers GA and PAA at 150 oC under vacuum. The esterification 

reaction between hydroxyl groups in GA and carboxylic acid groups in PAA provides 

reinforced mechanical strength and lithium diffusion capability. The micron-sized 

pores formed during the process block crack formation and propagation by relieving 

the stress of the electrode due to the dramatic volume change of Si particles during 

lithiation/delithiation processes. The excellent thermal, electrochemical and 

mechanical stability of the GA–PAA composite facilitated high volumetric capacity 

and long-term cycle performance that demonstrated promising potential for industrial 

applications. 

5. The multifunctional polymer SA-ProDOT, was synthesized from sodium 

alginate (SA) and 3,4-propylenedioxythiophene-2,5-dicarboxylic acid (ProDOT) 

using a cyclohexane/DBSA/water micro-emulsion system as a conducting polymer 

binder in LiFePO4 (LFP) electrodes. A long-term cycle with high specific capacity of 

ca. 120 mAh/g at 1 C cycle was achieved without the conductive additives when 
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using SA-ProDOT as a binder. The optimized performances compared with SA, SA 

plus carbon black (CB) and PVDF plus CB are due to improved Li-ion conduction, 

diffusion efficiency and lower electro-chemical impedance. The synthesized SA-

ProDOT is very promising for applied universal application in low cost and 

environmentally benign LIB manufacturing. 

7.2  Future work 

The mechanism of the improved binding property will be further studied based on 

the binder systems developed in our lab. Since most of the experiments were 

conducted at the lab scale, the prospect for industrialization of the binder systems still 

needs investigation. I will also expand my research scope to further understand the Li-

ion mass transport and electronic conductivity of the electrode and apply the proposed 

strategies to industrial manufacturing. The details are as follows: 

1. Based on the excellent dispersion and distribution property of gum arabic (GA), 

modification of GA will be conducted to achieve higher energy/power density 

LIBs e.g. lithium ion conductivity, electronic conductivity and glass transmission 

temperature (Tg). 

2.  The relationship between the lithium ion diffusion coefficient and lithium ion 

conductivity will be studied especially with the existence of binder. 

3. The value of lithium ion conductivity and electronic conductivity with various 

binder systems will be calculated to reveal the synergetic relationship. 
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