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ABSTRACT 

KEYWORDS: Nanoparticles, Crystal structure, X-ray diffraction, Anion-exchange 

membranes, Ion exchange Capacity, Ionic Conductivity, AC impedance analysis, 

galvanostatic charge-discharge, redox flow batteries. 

 

In response to the needs of modern society and emerging ecological concerns, 

efficient, environmental friendly and economically viable energy conversion and storage 

systems are to be developed. Nowadays, modern electro-chemical energy 

conversion/storage technologies, such as fuel cells and redox flow batteries are capable 

of fulfilling these requirements. Over the past decade, the development of ion-exchange 

membranes has attracted great attention due to their increasing industrial applications. 

Ion-exchange membranes are the key component in batteries and fuel cells, as well as in 

many other electrochemical devices. The function of a membrane is to prevent cross 

mixing of the positive and negative electrolytes, while still allowing the transport of ions 

to complete the circuit during the passage of current. The membranes must have good 

ionic conductivity, chemically stability and mechanical strength to avoid damage during 

long term operations. Materials fulfilling these criteria involve complex reaction routes 

and are very expensive. 

 

The work described in this thesis consists of synthesis and characterization of 

inorganic and organic anion-exchange materials and the development of heterogeneous 

and homogeneous anion exchange membranes. The composition of the ion-exchange 

material was optimized for best electrochemical performances. The electrochemical 

performance of the membranes prepared in this work was tested by studying the 

galvanostatic charge-discharge cycles of an all-iron redox flow cell. 

 

Chapter 1 gives an overview of the importance of ion-exchange membranes in 

the electrochemical applications. This chapter also includes a brief description of the 

development of ion-exchange membrane technology, classification of ion-exchange 

membranes, transport mechanisms in anion-exchange membranes, chemical stability of 

anion-exchange membranes, strategies for improving the chemical stability of AEMs, 

AEM fabrication methods and the applications of anion-exchange membranes in 

electrochemical devices like flow batteries and fuel cells.  
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Chapter 2 deals with experimental techniques that are employed for the 

characterization of the anion-exchange materials and membranes developed in the 

present work. These techniques include FI-IR, SEM, TEM, XRD, EDAX, TGA, and TS 

measurements. The procedures for the measurement of ion-exchange capacity, water 

uptake, alkaline stability, oxidative stability methanol permeability, ionic conductivity of 

the membranes by AC impedance measurements are also described. The study of 

electrochemical performance of an all-iron flow battery during the galvanostatic charge-

discharge cycles using the anion-exchange membranes developed in the present work as 

separators are also described.  

 

 Chapter 3 presents synthesis and characterization of calcium titanate (perovskite) 

nanopowder as anion-exchange material by precipitation from a solution of potassium 

titanyl oxalate and calcium chloride in ammoniacal medium followed by filtration, 

drying and calcination. The XRD pattern showed the formation of phase pure 

orthorhombic calcium titanate. The crystalline nature of the particles was also exhibited 

by HRTEM image. Selected area electron diffraction (SAED) pattern shows the 

crystalline nature of the material. Morphological features investigated with SEM, reveals 

that the CaTiO3 nanoparticles are having spherical shape. 

 

Chapter 4 describes the preparation of calcium titanate incorporated polyvinyl 

alcohol nanocomposite anion-exchange membranes. The CaTiO3 was synthesized by a 

new co-precipitation method as described in chapter 3. The PVA/CaTiO3 nanocomposite 

membranes were fabricated by solution casting method from a well dispersed suspension 

of CaTiO3 in PVA and characterized by techniques like FT-IR, TGA, SEM, AC 

impedance analysis and tensile strength measurements. The membranes possess ionic 

conductivity of 66 mS cm-1 at room temperature. The electrochemical performance of an 

all-iron redox flow cell was studied using galvanostatic charge-discharge tests using the 

above nanocomposite membrane as separator and a coulombic efficiency of 75% and 

more were observed during repeated charge-discharge cycles.  

 

Chapter 5 presents the fabrication and characterization of of a stable anion 

exchange membrane by chemical modification of polyvinyl alcohol by oxidation of PVA 

to polyvinyl ketone with KMnO4 followed by guanidination reaction and cross-linking 
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with glutraldehyde. Through this approach chemically stable, mechanically robust 

membranes with good ionic conductivity were developed. The characterization of the 

membrane was done using ATR FT-IR spectroscopy, SEM, TGA, AC impedance 

analysis, and tensile strength measurements. The physical properties of the membranes 

like water up-take, ion exchange capacity, methanol permeability and chemical stability 

were also measured. It was found that the membranes possess high ionic conductivity of 

approximately 71mS cm-1 at room temperature.  

 

Chapter 6 deals with development and characterization of anion-exchange 

membranes for electrochemical devices by chemical functionalization of phenol-

formaldehyde resins. The anion-exchange material was synthesized by polycondensation 

of phenol, formaldehyde and guanidine. The anion-exchange membranes were prepared 

by effectively incorporating the anion-exchange material into the matrix of PVC 

polymer. FT-IR spectroscopy was used to characterize the chemical structure of the 

synthesized anion-exchange material and the membranes. The characterization of the 

membranes were done using TGA, SEM, AC impedance, IEC, water uptake, methanol 

permeability test and alkaline stability tests. The membranes possess ionic conductivity 

of the order of 70 mS cm-1 at room temperature. The electrochemical performance of an 

all-iron redox flow cell was studied using galvanostatic charge-discharge tests using the 

above membrane as separator and the system exhibited a columbic efficiency of 80%  

and more were observed during the repeated charge-discharge cycles. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Green energy resources: Need and prospects  

 

Over the last decade, a growing demand on the deployment of efficient and cost 

effective renewable energy resources has been observed as a result of several factors. 

One of them is global environmental issues due to the emission of green house gases 

(GHGs). A second factor is the limited availability of fossil fuels including coal and oil 

[1]. Energy is directly related to the key global challenges such as poverty alleviation, 

climate change, global environmental issues and food security [2,3].  

 

In 1988, two UN bodies—UNEP (United Nations Environment Programme) and 

the World Meteorological Organization (WMO)—came together to establish the 

Intergovernmental Panel on Climate Change (IPCC). The Panel consisting of thousands 

of leading scientists and experts contributing on a voluntary basis, reviews scientific 

research on the issue, with a view to find solution for issues associated with energy and 

environment. In recognition of its work, the Panel was awarded the 2007 Nobel Peace 

Prize, together with former United States Vice President Albert Arnold Gore, Jr. [4]. A 

transition to renewable and low-carbon forms of energy is being widely debated as a 

means of securing a sustainable future for the development of the society. Global 

demand for energy is rising fast as the population increases, especially in countries such 

as China and India. The International Energy Agency (IEA) says the world’s energy 

needs could be 50% higher in 2030 than they are today [5].  

 

In 1997, in Kyoto, Japan, more than 150 industrialized nations agreed to reduce 

their greenhouse gas emissions, as part of an international agreement on climate change 

called the Kyoto Protocol. Based on the protocol and the report of the IPCC on carbon 

capture and storage, there is an emerging need to reduce the emission of CO2 to the 

atmosphere [2,6].  
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The most used sources of renewable energy include biofuels, photovoltaics, wind, 

ocean currents, geothermal, tidal and hydroelectric power [7]. Among these resources 

most abundant and sustainable energy sources are considered to be solar and wind 

power. To be competitive with existing energy resources, renewable energy needs to be 

cost effective and reliable. However, successful incorporation of these resources into the 

existing infrastructure is difficult due to the lack of an efficient means for energy storage 

[8]. In response to the needs of modern society and emerging ecological concerns, 

efficient, environmental friendly and economically viable energy conversion and storage 

systems are to be developed. Nowadays, modern electro-chemical energy 

conversion/storage technologies, such as fuel cells and redox flow batteries are believed 

to be capable of fulfilling these requirements [9,10]. 

 

1.2. Ion exchange membranes 

 

Ion-exchange membranes (IEMs) have potential applications in various fields to 

overcome the problems related to energy crisis and environmental pollution. IEMs are 

found to be a key component in electrochemical technologies such as polymer electrolyte 

membrane fuel cells [11,12], redox flow batteries [10,13], hydrogen production through 

water electrolysis [14], water treatment [15,16] and  gas purification [17]. The function 

of a membrane is to prevent cross-mixing of the positive and negative electrolytes, while 

still allowing the transport of ions to complete the circuit during the passage of current  

[18,19].  

 

1.3. Development of membrane technology  

 

The study of semipermeable membranes by Ostwald in 1890 lead to the 

development of ion-exchange membrane based process and found that a membrane can 

be impermeable to any electrolyte only if it is impermeable either for its cation or its 

anion [20,21]. The basic studies related to IEMs were started by Michaelis and Fujita in 

1925 by using homogeneous, weak acid collodium membranes [22]. Amphoteric 

membrane containing both negatively and positively charged ion exchange groups were 

presented by S¨ollner in 1930 [23]. Around 1940, ion-exchange membranes based on 

phenol-formaldehyde resins were developed for industrial purposes from  phenol 

sulfonic acid and formaldehyde solution [24]. Meyer and Strauss developed an 
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electrodialysis process in which anion-exchange and cation exchange membranes were 

arranged in alternating series to form many parallel solution compartments between two 

electrodes [25]. Electrodialysis based on IEMs became an industrial process for 

demineralization and concentration of electrolyte solutions. In 1960s, Asahi Co. 

developed methods for salt production from sea water with ion-exchange membranes 

[26]. In 1970s, Dupont successfully developed a chemically stable cation exchange 

membrane Nafion, based on sulfonated polytetra-fluoroethylene, which finds application 

in the chloralkali production industry and energy storage and conversion system [27,28]. 

The basic chemical structure of ion-exchange membrane consists of hydrophobic 

substrates, immobilized ion-functionalized groups, and movable counter-ions. The ion-

functionalized groups attached onto the polymer backbone will release cations or anions 

in aqueous medium depending on the functional groups attached [29]. 

 

1.4 Classification of Ion-exchange membranes 

 

Classification of ion-exchange membranes are based on  

1. Ion-exchange groups attached 

2. Materials constituting the membranes 

3. Microstructure of the membranes  

 

1.4.1 Classification based on the ion-exchange groups attached  

 

Ion-exchange membranes are classified into anion-exchange membranes and 

cation-exchange membranes depending on the nature of ion-exchange groups attached to 

the polymer backbone [29,30].  

 

1. Cation-exchange membranes:  

 

These types of membranes have cation-exchange groups (anionic charged 

groups) such as sulfonic acid, carboxylic acid, phosphoric acid, hydroxyl groups of 

phenol, thiol, perfluorotertiary alcohol groups etc., fixed to the polymer backbone of the 

membrane that provide a negative fixed charge in aqueous or mixed water and organic 

solvent solutions and allows only cations to selectively permeate through the membrane.  
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2. Anion-exchange membranes: 

 

  These type of membranes have anion-exchange groups (cationic charged groups), 

like quarternary ammonium, guanidium, phosphonium, sulfonium etc. fixed to the 

polymer backbone of the membrane that provide a positive fixed charge in aqueous or 

mixed water and organic solvent solutions and allows only anions to selectively 

permeate through the membrane.    

 

Fig. 1 Chemical structures of cation-exchange membranes  [31] 

 

 

 

 

 

 

 

 

 

 

 

                       Fig. 2 Chemical structure of anion-exchange membranes  [9] 

 

3. Amphoteric ion-exchange membranes, in which both cation and anion-exchange 

groups exist at random throughout the membranes. 
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1.4.2 Classification based on the materials 

 

Materials used for IEMs are generally classified into different membrane systems 

as follows [32]  

 

1. Perfluorinated and partially fluorinated polymer backbones. 

 

Fluorine-containing polymers are commonly used due to their chemical stability, 

thermal stability and easily tunable properties using radiation grafting method. The 

fluoropolymer backbones used as membrane materials for fuel cells can be divided into 

two categories [33]. 

 

(1)  perfluorinated polymers  

(2)  partially fluorinated polymers   

 

A perfluorinated compound is an organo-fluorine compound containing only C-F 

and C-C bonds and no C-H bonds but contains other hetero atoms. Currently used 

polymer membranes in portable fuel cell applications have perfluorinated structures 

with attached sulfonic acid groups. The perfluorinated polymer, Nafion, is most 

extensively used and produced by DuPont. Similar polymers are Flemion by Asahi 

Glass and Aciplex-S produced by Asahi  Chemical. Poly(tetrafluoro ethylene -co- 

hexafluoro propylene), poly(tetrafluoro ethylene-co-perfluoro propyl vinyl ether) 

(PFA), and poly(tetrafluoro ethylene) (PTFE) are the other commonly used 

perfluorinated polymers. 

 

Partially fluorinated polymers include poly(vinylidene fluoride-co-hexafluoro 

propylene) (PVDF-co-HFP), poly(vinyl fluoride) (PVF), poly(vinylidene fluoride) 

(PVDF),  poly(ethylene-alt-tetrafluoro ethylene)  (ETFE), and poly(chlorotri-fluoro 

ethylene) (PCTFE). 
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              Fig. 3  Chemical structure of Nafion membrane 

 

 

 

 

 

 

 

 

 

 

               Fig. 4  Chemical structure of ethylene tetrafluoroethylene (ETFE) 
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                        Fig. 5  Chemical structure of poly(vinylidene fluoride) 

 

3. Non-fluorinated membranes with aromatic backbone  

 

Aromatic hydrocarbons can be modified with suitable functional groups to render 

them suitable for conduction of ions. This type of membranes include sulfonated poly 

ether ketones (SPEEK) consisting of polyarylenes linked through varying sequences of 

ether (E) and ketone (K) units to give ether rich SPEEK. Poly(phenylene sulfide) (PPS) 

and poly(phenylene oxide) (PPO) can be sulfonated in concentrated sulfuric acid  to get  

SPPS and  SPPO [34]. Low cost ion-exchange membranes can be produced from 

sulfonated polystyrene. This material is composed of sulfonated styrene copolymers, 

obtained by sulfonating styrene-(ethylene-butylene)-styrene (SEBS) copolymer [35]. 

 

 

 

 

 

 

                       

                              Fig. 6  Chemical structure of Poly(phenylene sulfide) 
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                    Fig. 7  Chemical structure of Sulfonated poly(phenylene oxide) 

 

 

 

 

 

 

 

 

 

                       Fig. 8  Basic structure of chemically modified polystyrene  

 

4. Non-fluorinated hydrocarbons 

 

The most promising alternative materials that are capable of producing low cost 

membranes are non-fluorinated hydrocarbons. These include polymer films of 

polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC).  

 

5. Acid–base blends.  

 

Acid–base blends used as membrane materials are prepared by incorporating an 

acid component into an alkaline polymer base to promote ionic conduction. Acid–base 

blends can maintain high conductivity at elevated temperatures without suffering from 

dehydration effects of Nafion. For example polybenzimidazole doped with phosphoric 



9 
 

acid (PBI/H3PO4), polybenzimidazole doped with sulphuric acid (PBI/H2SO4), 

sulfonated polyether ether ketone (SPEEK)/PBI can be used as membrane materials. 

 

 

 

 

 

 

 

 

                    

                              Fig. 9  Chemical structure of polybenzimidazole 

 

 

 

 

 

 

 

 

                      Fig. 10  Chemical structure of sulfonated polyether ether ketone   
                                    (SPEEK) 
 
 

1.4.3 Classification based on the microstructure: 

 

 Based on the microstructure, ion-exchange membranes are classified into two 

categories 

        1.  Heterogeneous membranes  

        2.  Homogeneous membranes 

   

In heterogeneous membranes the ion-exchange groups are distributed throughout 

a polymer matrix which provides a mechanical support. Membranes based 

on polyethylene oxide (PEO) polymers with oxyethylene chains, containing KOH is one 

of the most extensively studied heterogeneous anion-exchange membrane [9].  
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              Fig. 11 Chemical structure of polyethylene oxide (PEO) polymers doped 
                            with KOH 

 

In homogeneous membrane, the ion-exchange groups are covalently bound to the 

polymer backbone forming a one-phase system. These membranes contain ionic sites 

such as quaternary ammonium groups grafted on the skeleton of the polymer chain. A 

mobile counter ion is associated with each ionic function in order to preserve the electro-

neutrality of the polymer. These types of membranes are fabricated by following 

methods [36]. 

 

1. Preparation of membranes by polycondensation reaction 

 

Under this category, at least one of the monomers must contain a moiety that can 

be made cationic or anionic. The first membrane made by polycondensation of monomer 

followed by cross-linking with formaldehyde was of phenolsulfonic acid. The 

preparation scheme is presented in Fig.12. 

 

  Fig. 12  Reaction of phenolsulfonic acid with formaldehyde [37] 

 

 

 



 

 2. Introduction of cationic characters on a preformed film using radiation grafting 

methods.  

 

The synthesis of an anion

film of ETFE is irradiated with an electron beam and the irradiated film is immerse

vinyl benzyl chloride solution. The resulting grafted poly(vinyl benzyl chloride) 

copolymer film is soaked in trimethylamine solution to obtain quaternary ammonium 

groups. Then an alkaline exchange process is done by dipping the membrane into KOH 

solution. 

 

Fig. 13 The synthesis of a radiation

 

3. Chemical modification of a polymer film. 

 

The membranes based on chloro

starting materials. The membrane is 

chloromethylation  and quaternary amination.

        Fig. 14 Chemical structu
                      exchange membrane
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2. Introduction of cationic characters on a preformed film using radiation grafting 

The synthesis of an anion-exchange membrane based on ETFE is as follows. The 

film of ETFE is irradiated with an electron beam and the irradiated film is immerse

vinyl benzyl chloride solution. The resulting grafted poly(vinyl benzyl chloride) 

copolymer film is soaked in trimethylamine solution to obtain quaternary ammonium 

groups. Then an alkaline exchange process is done by dipping the membrane into KOH 

The synthesis of a radiation-grafted ETFE AEM [37] 

3. Chemical modification of a polymer film.  

The membranes based on chloro-methyl styrene and divinyl benzene 

starting materials. The membrane is prepared in three steps: copolymerization, 

quaternary amination. 

structure of chloromethyl styrene-divinyl benzene
exchange membrane 

2. Introduction of cationic characters on a preformed film using radiation grafting 

exchange membrane based on ETFE is as follows. The 

film of ETFE is irradiated with an electron beam and the irradiated film is immersed in 

vinyl benzyl chloride solution. The resulting grafted poly(vinyl benzyl chloride) 

copolymer film is soaked in trimethylamine solution to obtain quaternary ammonium 

groups. Then an alkaline exchange process is done by dipping the membrane into KOH 

methyl styrene and divinyl benzene are used as 

in three steps: copolymerization, 

divinyl benzene anion- 
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1.5 Desired properties of the anion-exchange membranes  

 

In recent years, much effort has been made to develop AEMs for energy storage 

applications. The membranes are required not only to conduct anions, but also to serve as 

a barrier for the fuel and electrolytes. The AEM is one of the core components which 

determines the performance of electrochemical devices like flow batteries and fuel cells 

[9]. A successful commercial AEM must possess high anion conductivity, good chemical 

stability, better mechanical strength and cheap. The ionic conductivity of the membranes 

must be high enough to support a large current. This can be improved by increasing the 

amount of cationic groups in the membrane; however it causes a loss of the mechanical 

properties by promoting excessive water uptake. Therefore, optimization of the 

membrane composition is required to improve the mechanical properties [9]. In 

summary, the primary requirements of AEMs for practical application are the following: 

 

•  Good mechanical and thermal stability  

•  High anionic conductivity 

•  High electrical resistance to the flow of electrons 

•  Low thickness (50–80 µm) in order to reduce the resistance to the flow of 

electrons 

•  Low cost. 

 

1.6. Transport mechanisms in anion-exchange membranes  

 

The mechanism of hydroxide ion transport through AEMs include Grotthuss 

mechanism, diffusion, convection and surface site hopping [9]. The majority of 

hydroxide ions are transported through AEMs by the Grotthuss mechanism in aqueous 

solutions [38]. According to Grotthuss mechanism, hydroxide ions diffuse through the 

hydrogen-bonded network of water molecules through the formation and cleavage of 

covalent bonds. Hydroxyl ion transport in diffusive mechanism occurs in the presence of 

a concentration gradient or electrical potential gradient. In convection mechanism 

hydroxyl ion transport takes place when it moves through the membrane, dragging water 

molecules with them. Surface site hopping of hydroxyl anions in the presence of 

quaternary ammonium groups is considered as a secondary transport across the 
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membrane where the water present in the system acts as a permanent dipole and interacts 

with the fixed charges of the membrane [9].  

 

 

 

 

 

 

 

 

 

 

 

 

       Fig. 15  Transport mechanism for hydroxide ions in the anion-exchange  
                     membrane [9] 
 

1.7. Chemical stability of anion-exchange membranes 

 

A major challenge in the development of AEMs is their chemical stability. The 

degradation of the polymer backbone and the cationic groups of the membrane occurs at 

high pH and highly oxidative environments [11,39,40]. Degradation of the polymer 

backbone is mainly due to the hydroxyl attack or by strong oxidative environments. 

AEMs based on polyvinylidene fluoride (PVDF) and vinylidene fluoride (VDF) 

copolymers undergoes degradation in high pH and oxidative environments [41]. Due to 

fast degradation, the membranes get darkened and exhibits poor mechanical strength 

during operating conditions. VDF and PVDF are therefore not recommended as starting 

materials for AEMs. Polysulfones [42] and fluorocarbon [33] based AEMs developed by 

radiation-induced grafting of cationic moieties show better chemical stability for 

polymer backbone. 
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               Fig. 16 Degradation of PVDF in alkaline media 

 

1.7.1 Mechanism of degradation of cationic groups 

 

Cationic groups such as ammonium, phosphonium, sulfonium, pyridinium, 

guanidinium, and imidazolium groups are used as anion-exchange sites in the AEMs  

[29,37,40]. The mechanism of degradation includes either elimination or substitution 

processes. The cleavage of the quaternary ammonium by OH− attack followed by 

elimination is called Hoffmann degradation or E2 elimination (Fig.18). The hydroxyl 

ions attack a beta-hydrogen of the ammonium leading to the formation of an alkene, an 

amine and a water molecule [43].  

 

          Fig. 17  Cationic groups used as anion-exchange sites 
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          Fig. 18 Degradation of the ammonium groups in alkaline media by E2 elimination  

 

When bulky groups are present on the quarternary ammonium group, E1 

elimination occurs. This elimination occurs on the carbon located in the alpha or the beta 

position of the ammonium group [44]. Here the hydroxyl ions attack the hydrogen of the 

methyl group belonging to the ammonium followed by a rearrangement leading to the 

formation of an alkene and an amine Fig. 19.  

 

               

       Fig. 19  Degradation of the ammonium groups in alkaline media by E1 

              elimination [44]  
 

 

The degradation mechanism by nucleophilic substitution (SN2) results from the 

hydroxyl attack on alpha-hydrogen of the quaternary ammonium group (Fig. 20). 

Alcohol and amine are formed. The unstable cationic group causes considerable 

reduction of ionic conductivity, limiting the AEM’s durability and hence its application 

in electrochemical devices [45].  
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Fig. 20 Degradation of the ammonium groups in alkaline media by (SN2) nucleophilic 
substitution [45]  

 

 

1.7.2 Strategies for improving the chemical stability of AEMs 

 

Quaternary ammonium is the most widely used cationic groups for AEMs despite 

its decomposition issue. To improve alkaline stability of the AEMs Tomoi et al. 

introduced a spacer chain longer than three carbon atoms between the quaternary 

nitrogen atom and the benzene ring of the main chain [46]. Hibbs et al. introduced 

hexamethylene trimethyl ammonium group in the poly(phenylene) AEMs and 

membranes showed better stability than the membranes containing benzyl 

trimethylammonium [47]. Modified membranes exhibited only a 5% conductivity loss 

after immersion in 4 M KOH at 90°C for 14 days instead of a 33% loss of conductivity 

in the benzyl trimethylammonium group containing membrane. The improved alkaline 

stability of membranes by the introduction of a long alkyl chain between the quaternary 

nitrogen atom and the benzene ring of the main chain can be explained based on 

computation chemistry and simulation studies besides the sterric effect produced by long 

alkyl group. As the spacer length is equivalent to a long side chain, it may alter the 

hydration state of the cations and thus influence their interaction with hydroxide [31]. 

 

 

 

 

 

 

                            Fig. 21 AAEM materials functionalized with hexamethylene- 
                                         trimethylammonium cation [30] 
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Imidazolium cations and their modifications 

 

As an alternative to quaternary ammonium, imidazolium group was recently 

introduced and found to be stable due to its resonance structures, where the positive 

charge is delocalized over the ring and its interaction with hydroxide ion can be 

weakened [48]. For further improvement of imidazolium stability, C2-substituted 

imidazolium model compounds and corresponding AEMs were synthesized and analyzed 

[49]. The alkali induced degradation of imidazolium cations is mainly due to the 

nucleophilic OH- attack on the imidazole ring at the C2 position. Price et al. improved the 

imidazolium stability by methyl substitution on the C2 position, and the ring-opening 

decomposition of imidazolium was avoided [50]. These membranes exhibited good 

chemical stability and its conductivity degraded only 15.82 % after immersing in 4M 

KOH solution at 80°C for 240 h.  

 

 

 

 

 

 

                               
 
                              
 
 
                            

    Fig. 22 Chemical structure of AEMs with N1, C2 and N3  
                                         Substituted imidazolium cations [30]  
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       Fig. 23 Chemical structure of quaternary phosphonium functionalized 
                    polyether sulfone 

 

AEMs with other novel cation groups 

 

In the past few years AEMs containing novel cations like quaternary 

phosphonium, and guanidinium have also introduced. Among these novel cation groups, 

guanidinium is found to be most stable one due to resonance stabilization. The high 

alkalinity of guanidines yields high concentration of mobile hydroxide ions and thus 

makes the membrane highly conductive [51,52]. Therefore, many researchers designed 

and synthesized guanidinium functionalized polymers for alkaline AEM fabrication, 

these membranes showed a promising conductivity of 23-36 mS cm-1 after immersing in 

0.5M NaOH for 38 h and excellent chemical stability [11,53]. 

 

 

 

 

 

 

 

                   Fig. 24 Chemical structure of biguanidium-bridged silsesquioxane  
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One more novel cation for AEM is quaternary phosphonium. Yan et al. [38] 

reported a polysulfone ionomer containing this cation (Fig. 23). The stability is 

associated with the special phosphomium cation structure, consisting of three bulky 

trimethoxyphenyl groups surrounding the phosphorous atom protect the cation from 

hydroxide attack and increase the free volume of polymer chains, leading to good 

stability, high conductivity and alkaline stability. Yan and co-workers made a conclusion 

that both electron donating groups attached to the cation and steric hindrance of the 

substituted groups are effective in improving the AEM durability under alkaline 

conditions [54]. The phosphonium modified membranes showed a conductivity of 27     

mS cm-1 at 20°C, and good alkaline stability. The membranes made of this ionomer 

maintained their ionic conductivity and mechanical properties even after immersion in 

10M KOH solution at room temperature for 48 h and there is no decrease of ionic 

conductivity after immersion in 1M KOH for 30 days at 60°C. 

 

Effect of cross-linking  

 

Cross-linking can improve the chemical stability of AEMs [55]. Cross-linked 

macromolecules form a network, reducing the free volume between the main chains, and 

thus the attack of hydroxide ions on the cations become more difficult [56]. Na et al. 

synthesized novel self-cross-linked poly(ethersulfone) AEMs which showed high 

dimensional stability and good alkaline stability [46]. The resulting cross-linked 

copolymer membranes exhibited a negligible decrease in ionic-conductivity under a wide 

temperature range of 20-80°C after immersion in 1M NaOH for 30 days. Yan et al 

synthesized cross-linked AEMs based on the alkaline imidazolium type ionic liquids via 

in situ cross-linking of 1-vinyl-3-methylimidazolium iodide with styrene and 

acrylonitrile, and followed by anion-exchange with hydroxide ions [57]. The 

conductivity of the membrane was 83 mS cm-1 with an ion-exchange capacity of 2.19    

m mol g-1. But the mechanical properties of the membranes were insufficient for fuel cell 

applications. 
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Composite polymer membrane 

 

Another interesting option is metal-ion intercalation method. Yang and co-

workers fabricated PVA/TiO2 composite polymer membrane by solution casting method 

and the composite polymer membrane exhibited enhanced chemical, thermal and 

mechanical stabilities. [55]. Zeng et al. synthesized cross-linked poly(vinyl alcohol) 

(PVA)/LDH composite membranes by intercalating PVA polymer into layered structures 

of Mg-Al layered double hydroxides (LDHs) uniformly, the membranes exhibited only a 

slight conductivity decrease from 23.9 to 22.7 mS cm-1 when used in a direct ethanol fuel 

cell for more than 80 h at 80°C [58] .  

 

Recently, Cuiyan Tong et al. reported a new type of nano composite membrane 

by incorporating quaternized graphene into the matrix of chloromethylated polysulfone 

(CMPSU) [59]. The nanocomposite membrane exhibited excellent hydroxide 

conductivity  85 mS cm-1 at 65°C and good chemical stability in a boiling solution of      

6M KOH for 21 days and a peak power density of 86.68 mW cm-2 when the 

nanocomposite membrane was used in alkaline fuel cell. This membrane is different 

from most of conventional anion-exchange membranes, which contain pure organic 

cations. Its excellent conductivity and alkaline stability makes it a very promising 

membrane for alkaline fuel cell applications.  With these advances and further 

innovations in the cation structure, backbone structure, membrane architecture, it is 

anticipated that AEMs with further improved alkaline stability can be developed and put 

into practical application in fuel cells and batteries. 

 

1.8. AEM fabrication methods 

 

Important methods for AEMs fabrication are paste method, block polymerization, 

copolymerization, solution casting, sol-gel technique, grafting, plasma polymerization, 

pore-filling method and supported composite AEMs [60].  

 

1.8.1 AEMs prepared by the paste method  

 

The paste method [61] is widely used for the preparation of commercial AEMs 

such as Neosepta. Here, a paste consisting of mono vinyl monomers such as styrene, 
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chloro methyl styrenes and vinyl pyridines,  divinyl monomers such as divinyl benezene, 

dimethacrylate, initiators of polymerization, and a plasticizer along with the reinforcing 

polymer (PVC) was prepared, and continuously coated on a backing fabric and covered 

on both sides with PVA/PTFE separating films. The composite was heated to 

copolymerize the monomers into a film, while the reinforcing polymer PVC was melted 

and fused to form a continuous film. An alternative method consists of polymerizing a 

mixture of vinyl monomers, peroxide, additives and linear polymers on a reinforcing 

fabric between two glass plates or between plastic films. 

 

Fig.25  Schematic diagram of paste method. (I) Reserve roll of reinforcing fabric  

            (2) reserve roll of separating film (3) receiving roll (4) paste(mixture 

             of vinyl monomers, inert polymers, initiator, additives, etc.) reservoir  

             (5) expand roll (6) press roll (7) guide roll. 

 

1.8.2 AEMs prepared by the polymerization of monomers 

 

Fabrication of AEMs by co-polymerization of monomers is feasible where at 

least one of the monomers contains a functional group which can be converted into 

cations [60]. For example a copolymer consisting of VBC or 4-vinyl pyridine and divinyl 

benzene, and inert polymers to improve the mechanical strength of the membrane can be 

casted directly on glass plates. This can be further quaternized either by a tertiary amine 

or an alkyl halide. These membranes exhibit high ion exchange capacity and low 
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electrical resistance, but poor mechanical properties and hence cannot be used as such 

without a proper support material. The mechanical strength of these styrene-

divinlybenzene-based membranes can be improved by the addition of linear polymers 

like polyvinylchloride and polyethylene styrene butadiene rubber, and by using a fabric 

backing such as net covered on both sides with a glass plate. Recently, a solvent free 

method was introduced by Wu et al. The process began with the dissolution of the 

bromomethylated poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO)  polymer in the 

monomers followed by in situ polymerization and quaternization using trimethylamine 

[29] . 

  

Polymerisation of monomers without functional groups results in a block, which 

can be sliced into thin films. For example, styrene with DVB was polymerized into a 

block in the presence of benzoyl peroxide [30]. The resultant membranes were subjected 

to chloromethylation and quaternization, for imparting anion-exchange functionality. 

Instead of styrene, the addition of vinylpyridine, yielded an AEM directly when 

quaternized with an alkyl halide. Homogeneous structure of membranes contributed 

excellent electrochemical properties for the AEMs. However, slicing a large block of 

polymer requires high precision instruments. Therefore, this method is not feasible for 

laboratory scale membrane preparation.  

 

1.8.3 AEMs prepared by the solution casting method  

 

The solution casting is a simple method and applicable in the case of soluble 

polymers, their blends, or copolymers. This method consists of dissolution of the 

polymer, functional group introduction by chloromethylation, film casting, and 

quaternization [60]. Hwang et al. prepared an AEM by synthesizing a block copolymer 

of polystyrene and poly phenylene sulfide sulfone, followed by chloromethylation and 

quaternization, using solution casting method [62]. To avoid the use of carcinogenic 

reagents bromination and 4-bromomethylation were adopted for the synthesis of AEMs, 

using N-Bromosuccinimide (NBS) in chlorinated solvents such as tetrachloroethane or 

dichloroethane. Bromination was considered to be a safe procedure, where the degree of 

bromination can be controlled by the amount of NBS and the bromomethylated polymers 

were casted as thin films, followed by quaternization [63].  
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In the case of composite membrane, polymer electrolyte films were fabricated by 

simple casting procedure. Following steps were involved in this method: (a) Dispersion 

of ceramic fillers in suitable solvents (b) Addition of a specified amount of the 

homogeneous polymer solution to the mixture (c) Mixing by means of stirrer or 

ultrasonic equipment (d) Casting the mixture homogeneously on a substrate (e) Finally 

the cast membrane was dried in vacuum or in an inert atmosphere [64].  

 

1.8.4 AEMs prepared by the grafting method 

 

The main advantage of radiation grafting method is its versatility. One can easily 

modify the membrane composition by adjusting the reaction conditions [33]. In graft 

copolymerization a branched copolymer was obtained by covalently attaching the side 

chain grafts to the main chain of the polymer backbone. The degree of grafting was 

estimated from the increase in the polymer weight. Radiation-induced graft 

copolymerization is simple and cost effective, and polymerization can be initiated in a 

wide range of polymers that are incompatible with monomers. Energy sources 

commonly employed in radiation grafting of monomers onto polymer skeletons are UV, 

plasma, γ-rays (from Co-60) and electron beams (EB). In radiation grafting process 

monomer is covalently attached to a preformed membrane, so the nature of the polymer 

backbone plays an important role [33]. 

 

To develop AEMs by the radiation grafting vinyl monomers such as VBC, vinyl 

pyridines, and glycidyl methacrylates were grafted onto different polymer films. Non-

fluorinated polymer substrates such as polyethylene (PE) and polypropylene (PP), 

partially fluorinated polymers such as polyvinylidene fluoride (PVDF) and ethylene 

tetrafluoroethylene (ETFE), and polymers such as fluorinated ethylene propylene (FEP) 

and polytetrafluoro ethylene (PTFE)  were used for grafting the monomers by direct 

irradiation methods using UV or plasma radiation [33,65]. Subsequent amination and 

ion-exchange yielded anion-exchange membranes [26].  

 

1.8.5 Plasma polymerization 

 

Plasma polymerization is a chemical vapor deposition technique which can be 

obtained through slow discharge, as the case of ionizing radiation [66]. Plasma grafting 
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consists of three steps: electron-induced excitation, ionization, and dissociation. In a 

plasma grafting process, exciting species such as electrons, ions, and neutral particles 

within the plasma, bombard the polymer surface creating active sites to form bonds with 

functional groups. Thus, the active species induce cleavage of the original chemical 

bonds in the polymer matrix to form macromolecular radicals to initiate graft 

copolymerization.  

 

Huet al. introduced benzyl-trimethyl ammonium cationic groups in a polyvinyl 

chloride matrix by plasma polymerization technique The plasma-grafted alkaline anion-

exchange membrane exhibited an ionic exchange capacity of 1.01mmol g − 1, good 

thermal stability, mechanical properties, ionic conductivity of the order of 14.5 mS cm−1 

and methanol permeability 9.59×10−12 m2 s−1, showing a great potential for application 

in direct alcohol fuel cells. Alkaline ethanol fuel cell using plasma-grafted alkaline 

anion-exchange membrane shows an open circuit voltage of 0.796V with 1M EtOH 

solution at ambient temperature. [67].  

 

Zhang et al. used plasma polymerization for the preparation of alkaline 

membranes with large amounts of functional groups. The excellent properties of the 

pulsed plasma-polymerized anion-exchange membranes include good adhesion to the 

substrate, chemical stability, and thermal stability, high ion-exchange capacity of 1.42 

mmol g − 1 and water uptake of 59.73 wt%. The membrane  exhibited an  ionic 

conductivity of  20.5 mS cm−1 in deionized water at 20°C and ethanol permeability of 

3.37×10−11 m2 s−1 shows the great potential of this membrane for direct alcohol fuel cell 

application [68].  
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                        Fig. 26 ETFE-g-CMS radiation-grafted membrane 

 

1.8.6 Pore filling  

 

 The pore-filling method was introduced by Yamaguchi in 1991 to develop IEMs 

with low swelling and high selectivity for liquid separation applications [69]. To prepare 

IEMs using pore filling method a chemically inert and mechanically stable porous 

substrate is required, which will restrict the expansion of soft electrolyte polymers in 

pores. Polyacrylonitrile (PAN), high-density polyethylene (PE), polypropylene (PP) and 

inorganic materials, such as porous alumina are some of the available porous substrates. 

For retaining the ionomers inside pores, concentrated solutions of ionomers having 

sufficient viscosity are retained on the surface of the porous membranes [70]. In this 
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method, porous PE was filled with VBC monomers, followed by polymerization and 

quaternization with amines. The membranes prepared by using trimethylamine showed a 

conductivity of 38.1 mS cm-1 at room temperature. These membranes exhibited 

improved electrochemical properties and low swelling properties. Pore-filled composite 

membranes have also been developed and characterized for use in alkaline fuel cells and 

non-aqueous vanadium redox flow batteries. The dense structure of pore-filled 

membranes reduces the permeability of liquid fuels and ions in fuel cells and redox flow 

batteries. Physical reinforcement with inert polymers and quaternization with long 

carbon chain amines improves the chemical stability of the membranes in alkaline 

solutions. But, their chemical stability in redox systems is to be improved [60,71]. 

 

 

 

 

 

 

 

                 Fig. 27 Schematic diagram for the preparation of anion-exchange 
                              membrane by pore-filling method [60] 
 

The composite organic-inorganic membranes were also developed by pore-filling 

method. For example, PAN (polyacrylonitrile) ultrafiltration membrane was hydrolyzed 

by immersing in 2M sodium hydroxide aqueous solution and the membranes were 

loaded in a filtration cell. PVA-GO (graphene oxide) suspension was poured into the 

loaded filtration cell, and filtration was carried out under a certain pressure. Then, the 

membranes were removed and dried in an oven to prepare a “pore filling” composite 

membrane. The results of the swelling experiment showed that the pore-filling structure 

could effectively reduce swelling of the nanohybrid membranes. Assembly of the 

nanohybrid membranes by molecular level dispersion of GO in PVA improved the 

affinity of the membrane to aromatic compounds and this increased the performance of 

the membrane in the pervaporation of toluene/n-heptane mixtures. The separation 

performance of the membrane could be easily controlled by adjusting the pressure, 

filtration time, polymer, and GO concentration [72].  

 



 

 

 

 

 

 

 

 

 

                  
              Fig. 28 Schematic diagram for the preparation of
                          anion-exchange membrane by pore
 
 

1.8.7 AEMs prepared by the Sol

 

The sol-gel process is an efficient method to synthesize organic

membranes, since it allows a broad variation in compositions 

inorganic materials in the polymer matrix enhances the chemical and mechanical 

properties of the resulting membranes. Composite membranes fabricated by the sol

method consist of chemical bonds 

organic domains contribute the electrochemical properties, and the inorganic domains 

impart mechanical strength to the membranes. This technique offers a low temperature 

procedure and very good compatibility

inorganic phases. Dispersions of colloidal particles in the solvent are sols and polymer 

chains interconnected by hydrogen bonding are gels. Sol

of two steps: 1) hydrolysis of 

2) polycondensation of the hydroxyl groups to form a three
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Schematic diagram for the preparation of PVA-GO nano
exchange membrane by pore-filling method 

1.8.7 AEMs prepared by the Sol-gel process 

gel process is an efficient method to synthesize organic

membranes, since it allows a broad variation in compositions [60]. The incorporation of 

inorganic materials in the polymer matrix enhances the chemical and mechanical 

properties of the resulting membranes. Composite membranes fabricated by the sol

method consist of chemical bonds between the inorganic and organic molecules. The 
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poly(2-methyl-2-oxazoline), poly(vinyl pyridines), poly(methylmethacrylate), poly(vinyl 

acetate), polyamides, and polymeric perfluoro alkylsulfonates (Nafion). In this method, 

alkoxysilane or quaternary amino groups are introduced as anion-exchange domains. 

Anion-exchange hybrid membranes based on the copolymerization of VBC and γ- 

methacryloxypropyl  trimethoxysilane (γ-MPS) are prepared through quaternization and 

sol-gel reaction with monophenyl triethoxysilane. To provide mechanical strength and 

control the water uptake polyethylene terephthalate (PET) fabric is used. The 

reinforcement by polyethylene terephthalate fabric reduced the ionic-conductivity of the 

membrane to the range of 0.227-0.433 mS cm-1. Inspite of high ion-exchange capacity 

values of 1.70-2.20 meq g-1such membranes showed too low ionic conductivity so that 

such membranes cannot be used in fuel cells. Wu et al. synthesized AEMs from 

silica/poly (2, 6-dimethyl-1, 4-phenylene oxide) using the sol-gel method. The effect of 

heat treatment showed that it caused functional group degradation, whereas an increase 

in the silica content improved the ion-exchange capacity values and swelling resistance. 

Silica chains may act as a physical barrier for the penetration of vanadium ions across the 

membranes [74]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  Fig. 29 Schematic presentation of sol-gel reaction route for metal 
                               alkoxide [74] 
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1.9. Applications 

1.9.1. Fuel cells  

 

Fuel cells are considered as highly efficient, environmentally friendly energy 

conversion device for the 21st century. It is capable of converting chemical energy stored 

in the fuel and oxidant directly into DC electricity with water and heat as the only 

byproducts [75]. Fuel cells are not limited by thermodynamic limitations of the Carnot 

efficiency, since the intermediate steps of producing heat and mechanical work of most 

conventional power generation methods are avoided. As combustion is avoided, fuel 

cells can produce power without the generation of harmful greenhouse gases like SOx, 

NOx, CO2 and CO. Unlike batteries, the reductant and oxidant in fuel cells must be 

continuously replenished to allow continuous operation [76]. Sir William Robert Grove 

in 1839 first introduced Fuel Cells [12]. The costly component materials, problems of 

hydrogen storage, long-term durability and performance of the system still remain to be 

solved to enable large-scale commercialization [77,78]. Significant work on fuel cells 

began in 1930s, by Francis Bacon. In 1950s, the first practical alkaline fuel cell was 

developed which used molten KOH as the electrolyte. NASA used alkaline fuel cells in 

the 1960s to power Apollo space missions [79]. Electrochemical reactions of an alkaline 

fuel cell are as follows: 

 

  Anode reaction: 2H2 + 4OH- → 4H2O + 4 e- 

 Cathode reaction: O2 + 4e- + 2H2O → 4OH- 

                       Overall reaction: 2H2 (gas) + O2 (gas)         2H2O + energy 

 

The basic physical structure of a fuel cell 

 

Basically a fuel cell consists of an electrolyte in contact with an anode and a 

cathode. Fuel is fed to the anode and an oxidant to the cathode. As a result of 

electrochemical reactions, electricity is produced where the only byproduct is water. 

Schematic representation of a unit cell is shown in Fig.30.  

The technology however suffers problems such as the use of liquid electrolytes, 

in particular the inevitable shunt currents and poisoning by carbon dioxide, which leads 

to the formation of carbonate precipitates in the liquid electrolyte. 
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                          Fig. 30 Schematic representation of a fuel cell unit 

 

 

The chemistry behind the carbonate precipitation problem is presented below [80]. 

 

CO2 + 2OH- → CO3 
2- + H2O 

CO2 + OH- → HCO3
- 

HCO3
- ↔ CO3

2- + H+ 

CO3
2- + 2K+ ↔ K2CO3(s) 

 

The strongly alkaline electrolytes absorb even the smallest amount of CO2, which 

in turn reduces the conductivity of the electrolyte. Consequently, pure hydrogen and 

highly purified oxygen must be used as the fuel and oxidant feeds. The use of such high 

purity oxygen, in particular, increases significantly the cost of generating electricity with 

a liquid electrolyte alkaline fuel cell. 
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1.9.2 Fuel Cell Classifications 

 

 Fuel cells are classified based on the type of electrolyte and fuel, which 

determine the electrode reactions and the ions that carry the current across the 

electrolyte. Fuel cells are classified as (1) polymer electrolyte fuel cell (PEFC) (2) 

alkaline fuel cell (AFC) (3) phosphoric acid fuel cell (PAFC) (4) molten carbonate fuel 

cell (MCFC) and (5) solid oxide fuel cell (SOFC). The choice of electrolyte determines 

the operating temperature range of the fuel cell and the physicochemical and thermo-

mechanical properties of materials used [9]. Aqueous electrolytes are limited to 

temperature of about 200°C or lower because of their high vapor pressure and rapid 

degradation at higher temperatures [76]. 

 

Polymer Electrolyte Membrane Fuel Cell (PEMFC) 

 

Among the different types of fuel cell systems, proton exchange membrane fuel 

cells (PEMFC) are the most developed for portable and automotive applications due to 

their high power density, high energy-conversion efficiencies, lower starting 

temperature, and ease of handling.  

 

In 1960 DuPont Company developed a cation-exchange membrane called Nafion, 

which has a poly tetrafluoro ethylene backbone and  perfluorinated vinyl ether pendant 

side chains terminated by sulfonate ionic groups [81]. The widespread commercialization 

of PEMFCs, however, remains a challenge due to the drawbacks of Nafion membrane 

such as high cost, poor durability, carbon monoxide poisoning of noble-metal catalysts at 

low temperatures, fuel cross-over and collapse of proton conductivity at higher operating 

temperatures [49,57,79]. The electrochemical reactions at the anode and cathode for 

power generation in a PEMFC are as follows: 

 

       Anode: 2H2 → 4H+ + 4e- 

      Cathode: O2 + 4e- + 4H+ → 2H2O 

                                                Cell reaction: 2H2 + O2→ 2H2O 

 

The hydrogen ions move from anode to cathode through the polymer electrolyte 

membrane while restricting the flow of electrons and fuel through the membrane. 
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                    Fig. 31  Polymer electrolyte membrane fuel cells (PEMFCs) 

 

 

Anion-exchange membrane fuel cells (AEMFCs) have attracted attention during 

the past decades which uses AEM as the polymer electrolyte, where the charge carriers 

are hydroxide ions (or other anions) instead of protons. Both fuel oxidation and the 

oxygen reduction reaction kinetics are more facile in alkaline medium than in acidic 

medium. Non-noble metals such as Co and Ni can be used as catalysts, making the fuel 

cell more cost effective and have long lifetime due to low corrosion properties under 

alkaline conditions. Furthermore, AEMFCs also offer fuel flexibility, reduced fuel 

crossover, and high fuel cell efficiencies [57,82,83] 
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The associated fuel cell reactions both for a traditional AFC and also for an 

AMFC are: 

  Anode: 2H2+ 4OH- → 4H2O+4e – 

     Cathode: O2 + 2H2O + 4e- → 4OH- 

                                              Overall: 2H2 + O2 → 2H2O 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                    Fig. 32  Schematic diagram of AEMFC 

 

A major issue with traditional AFCs is that of the electrolyte and electrode 

degradation caused by the formation of carbonate/bicarbonate (CO3
2-/HCO3

-) on the 

reaction of OH- ions with CO2 contamination in the oxidant gas stream blocking pores of 

the electrodes, mechanically disrupting and destroying active layers. The use of an AEM 

as a solid electrolyte including no metal cations prevent precipitation of 

carbonate/bicarbonate salts because the electrolyte containing the cationic groups is 

already a solid [84]. 
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1.10 Redox flow batteries  

 

Solar and wind power are the most widely used alternative energy sources. 

However, because of their intermittent nature, the potential of these two energy sources 

can be fully exploited only if efficient, safe, and reliable electrical energy storage (EES) 

systems are introduced [85]. Among energy storage technologies, battery energy storage 

technology is considered to be the most viable. In particular, a redox flow battery is 

suitable for large scale energy storage. Redox flow battery (RFB) was introduced in the 

1970s [60]. Unlike other batteries, in redox flow batteries, electricity is stored as 

chemical energy in flowing electrolytes. The electrolytes are stored in tanks outside the 

active battery area and pumped through the battery system during its working. Here two 

electrolyte solutions undergo redox reactions in the respective half-cells of the battery 

during charge and discharge of the system. Electrical energy is stored during charging 

cycle and energy is released during discharging cycle. The concentration and volume of 

the liquid electrolytes determine the energy storage capacity of the battery. The power of 

the redox flow battery, on the other hand, is determined by the size of the electrodes and 

the number of individual cells. This ability to tune the storage capacity and power of 

redox flow batteries make these devices useful for large-scale applications such as 

balancing grid loads.  

 

1.10.1 Types of redox flow cells  

 

Currently existing flow battery systems include, All vanadium redox flow battery 

[13, 86], All iron flow battery [87] and  All copper redox flow battery. It is also possible 

to operate a flow battery in a hybrid configuration. Hybrid flow batteries, such as 

bromine/polysulphide redox system, vanadium-bromine redox system [88], Fe–Cr redox 

system [89], Zinc/bromine redox system and Zinc/cerium redox system are also existing. 

Charging and discharging of these batteries involves plating/stripping of metal deposits 

at the negative electrode. The energy capacity is directly related to the amount of metal 

that can be plated.  

 

  The membrane is a key component of redox flow batteries as it determines the 

performance as well as the economic viability of the batteries. The functions of the 

membrane in a redox flow cell is to prevent the cross-mixing of the positive and negative 
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half-cell electrolytes, prevents short circuiting of the two half-cell electrodes and 

simultaneously allow the transport of ions to complete the circuit during the passage of 

current. Another important function of the membrane is to prevent the preferential 

transfer of water from one half-cell to the other. The preferential transfer of water is a 

problem in redox flow cells as one half-cell is flooded and diluted, while the other 

becomes more concentrated, adversely affecting the overall operation of the cell. The 

performance of the most membranes deteriorated with long-term exposure to the 

vanadium solutions. During the charge/discharge cycles, the redox couples undergo 

electrochemical redox reactions and the IEM allows the transport of ions to maintain 

electroneutrality. 

 

Fig. 33 Schematic representation of an All-vanadium redox flow battery 

 

Among the various RFBs, vanadium redox flow batteries (VRFBs) have gained 

attention due to the presence of the same metal cation in the catholyte and the anolyte 

solutions [90]. The crossover of the vanadium ions through the membrane is a reversible 

regeneration process, which provides a long life to the electrolyte solution. VRFBs 

assembled with CEMs exhibit low coulombic efficiency. AEMs will degrade in strong 

oxidizing VO2
+ solutions during the continuous charge/discharge cycles [90]. So the 
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development of chemically stable membrane in strong oxidizing environment is a great 

challenge. 

 

The abundant earth resources of iron and chloride, low cost of the reactants and 

the use of a single species as the reactant make iron-chloride redox flow battery highly 

attractive for large-scale applications. The operating principle of an iron-chloride redox 

flow battery is based on the iron (II) chloride/iron (III) chloride couple at the cathode and 

the iron (II) chloride/metallic iron couple at the anode. The reactions that take place 

during the charging and discharging of an iron-chloride redox flow battery are shown in 

Fig. 33. During discharge of the battery, iron (III) chloride is reduced to iron (II) chloride 

at the cathode. At the anode, metallic iron dissolves into the electrolyte as iron (II) 

chloride; these processes are reversed during battery charging. The open-circuit voltage 

of the iron-chloride redox flow battery is about 1.21 V 

 

Positive electrode: 2FeCl3 + 2e− → 2FeCl2 + 2Cl−  Eo = 0.77V 

                      Negative electrode: Fe + 2Cl− → FeCl2+ 2e−           Eo = −0.44V 

                      Overall cell reaction: Fe + 2FeCl3 → 3FeCl2           E
o cell = 1.21V 

 

Aswin K. Manohar and et al. have reported an all-iron redox flow battery with a 

high charging efficiency of 97% by keeping the pH of the negative electrolyte at a value 

of 2 and by using indium chloride as an additive in electrolyte. The high charging 

efficiency of the negative electrode was found to be stable during at least 50 repeated 

cycles. They have showed that by using a graphite felt electrode, the over-potential 

losses were reduced at the positive and negative electrodes and the electrodes were 

operated at current densities as high as 100 mA cm-2. These results show that, the iron-

chloride redox flow battery will be an efficient solution for large-scale energy storage 

[87]. 
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Fig. 34 Schematic representation of an All-iron flow battery 

 

 

1.11. Conclusions 

 

Development of AEM materials has been a subject of extensive research in the 

last decade due to its potential applications in the field of energy conversion and storage 

technologies. Still there are severe challenges regarding the aspects of materials. For 

example, ionic conductivity, chemical stability and mechanical properties of the 

membranes should be improved further to ensure the viability for commercialization. 

Much works are reported in the literature on the development of various anion-exchange 

membranes. The objectives of the work presented in this thesis are to develop AEMs 

with better performance in electrochemical devices.  
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Objectives of the present work     

  

 To fabricate heterogeneous and homogeneous anion-exchange polymer membrane 

having high conductivity and stability.  

 Characterization of membranes using FT-IR, SEM, TGA, EIS techniques and 

properties of membranes such as IEC, TS, ionic conductivity, water uptake, alkaline 

stability, oxidative stability, and methanol permeability tests. 

 To study the performance of flow battery using the developed membrane as 

separator. 
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CHAPTER 2 

 

EXPERIMENTAL TECHNIQUES 

 

2.1. FT-IR 

 

The chemical structures of the anion-exchange materials and anion-exchange 

membranes were characterized by Fourier transform infrared spectroscopy (FT-IR) using 

Perkin Elmer spectrum Two instrument (Model L160000A) in the range of 4000-400   

cm-1. The measurements were performed using an attenuated total reflectance (ATR) 

attachment. Dry and clean samples were pressed onto the crystal, without any further 

sample preparation. 

 

2.2. X-ray powder diffraction 

 

The synthesized powders were characterized by X-ray powder diffraction (XRD). 

XRD patterns were recorded with a SHIMADZU, XRD 700 powder diffractometer 

operated at 35 kV voltage and 30 mA current using CoKα radiation. Data were scanned 

in the angular range 20-80° (2θ), with a step size of 0.0196°/s. Diffraction patterns of the 

samples were correlated with standard JCPDS data for its identification. 

 

2.3. TEM 

 

The microstructure of the particles was investigated by means of Transmission 

electron microscopy (TEM). The TEM images of the nanoparticles were recorded using 

a JEOL 4000EX High Resolution Transmission Electron Microscope (HRTEM) operated 

at 400 kV. The TEM images reveal the particle morphology and size of the nanopowder.  

 

2.4. SEM 

 

Scanning electron microscopy was used to investigate the surface morphology of 

the samples. SEM images of the samples were acquired with a scanning electron 

microscope (JSM-5600, JEOL Co., Japan). Samples were kept in a vacuum oven at      
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30°C overnight and were coated with a thin layer of gold by ion sputtering prior to 

microscopic examination. The energy dispersive analyzer was used for the elemental 

detection of the samples. 

 

2.5. Ion exchange capacity 

 

The ion exchange capacity (IEC) of the membranes, which is the amount of 

charged groups in the membrane, was measured using a titration method [1]. The ion 

exchange capacities (IECs) of the composite membranes were determined by double 

titration method. Samples were accurately weighed and were immersed in 25 ml of 

0.05M HCl solution for 48 h and the HCl solution was back titrated by 0.05M NaOH 

solution using phenolphthalein as indicator. IECs of the samples were calculated using 

the equation: 

 

                     IEC = 
భିమ

ெೝ
 

  

 Where n1 and n2 are the concentrations of (m mol) hydrochloric acid required 

before and after equilibrium respectively, and Mdry is the mass in g of the dried sample. 

The average value of the three samples calculated from the above equation is the IEC 

value of the membrane. 

 

2.6. Thermo Gravimetric Analysis (TGA)  

 

 TGA thermograms of the membranes were recorded on a Shimadzu TGA-50H 

analyzer by heating the samples from room temperature to 850°C under nitrogen 

atmosphere at a heating rate of 10°C/min. This technique gives an indication of the short-

term thermal properties and stabilities of the polymers. 

 

2.7. Water uptake 

 

 Water uptake of the composite membranes was determined by weighing the 

membranes under wet conditions after being equilibrated in distilled water for 24 h at 

room temperature. The surfaces of the membranes were then carefully wiped with filter 
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paper and the membranes were weighed immediately. The samples were vacuum dried 

for two days and weighed again. The water uptake was calculated as follows [2]. 

 

 

 

Where Wwet is the mass of the water swollen membrane, and Wdry is the mass of the dry 

membrane. 

 

2.8. Alkaline stability 

 

 The stability of the membranes in alkaline solution was examined by immersing 

the membrane samples in N2 saturated 2M aq. NaOH at room temperature [3]. For this 

purpose, the membrane sample with a size of 3cm x 3cm was immersed in 2M aq. NaOH 

at room temperature for 2 weeks. They were taken out, washed with D.I. water, wiped 

with tissue paper, and then studied using FT-IR technique to detect any degradation or 

changes in chemical structures. Weight loss of the membrane is also recorded to detect 

their stability. 

 

2.9. Oxidative stability 

 

 The oxidative stability of the membranes was tested by immersing the 

membranes in Fenton’s reagent (4 ppm FeSO4 in 3% H2O2) for period of 24 h at room 

temperature. The membranes were intermittently taken out of the solution and weighed 

after wiping off the excess surface water. During this test membranes are subjected to 

free radical attack by OH. and OOH. formed by H2O2 in the presence of Fe2+ and this 

may cause membrane degradation. Weight loss of the membranes was recorded to detect 

their stability [4,5]. 

 

2.10. Measurements of methanol permeability through membranes  

 The methanol permeability of the membranes was measured by Gasa’s method 

[6]. 20ml glass vials were filled with 10ml pure methanol. The membranes were clamped 

between the mouth of the vial and the cap. The cap had a 2cm x 2cm size hole so that the 

  %100% 
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methanol could escape only through the hole. The mass of the methanol inside the cell 

was measured as a function of time at room temperature. The methanol permeability (P) 

was calculated using the equation

 

                                                 

  

 where N is the number of moles of methanol lost (moles), l is the thickness of  

the membrane (cm), P is the saturated vapor pr

small hole on the cap (cm

 

      Fig. 35 Cell for methanol permeability measurements

 

2.11 Electrochemical impedance spectroscopy (EIS) techniques

 

 Electrochemical impedance describes the response of a circuit to an alternating 

current or voltage as a function of frequency 

flow of current which is defined by Ohm's Law: E = I R. where E, I and R are 

current and ohmic resistance respectively. While in an AC circuit, two other circuit 

elements, capacitors and inductors, impede the flow of electrons given by the analogous 

equation E = I Z, where E, I and Z are 

Impedance values are also measured in 
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methanol could escape only through the hole. The mass of the methanol inside the cell 

was measured as a function of time at room temperature. The methanol permeability (P) 

using the equation 

                                                 P = 
ே×

..×  × ௧
                                         

where N is the number of moles of methanol lost (moles), l is the thickness of  

the membrane (cm), P is the saturated vapor pressure of methanol, A is the area of the 

p (cm2), and t is the time (days). 

Cell for methanol permeability measurements 

Electrochemical impedance spectroscopy (EIS) techniques 

Electrochemical impedance describes the response of a circuit to an alternating 

current or voltage as a function of frequency [7]. In DC circuit, only resistors resist the 

flow of current which is defined by Ohm's Law: E = I R. where E, I and R are 

and ohmic resistance respectively. While in an AC circuit, two other circuit 

elements, capacitors and inductors, impede the flow of electrons given by the analogous 

equation E = I Z, where E, I and Z are potential, current and impedance respectively. 

dance values are also measured in ohms. Impedance can be expressed as a complex 

methanol could escape only through the hole. The mass of the methanol inside the cell 

was measured as a function of time at room temperature. The methanol permeability (P) 

where N is the number of moles of methanol lost (moles), l is the thickness of  

A is the area of the 

Electrochemical impedance describes the response of a circuit to an alternating 

. In DC circuit, only resistors resist the 

flow of current which is defined by Ohm's Law: E = I R. where E, I and R are potential, 

and ohmic resistance respectively. While in an AC circuit, two other circuit 

elements, capacitors and inductors, impede the flow of electrons given by the analogous 

and impedance respectively. 

Impedance can be expressed as a complex 
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number, where the resistance is the real component and the combined capacitance and 

inductance is the imaginary component. 

 

Modeling of equivalent circuit   

 

An electrochemical cell has electrical double layers in the phase boundaries 

between interfaces of electrodes and electrolytes. This double layer has two opposite 

electric charges in the phase boundaries, which can be considered as a capacitor when we 

apply a low AC voltage [8].  

 

 

 

 

 

 

 

 

 

 

 

        Fig. 36 The interface concept between the electrodes and the electrolyte [8]  

 

 

 

 

 

 

 

          Fig. 37 The equivalent circuit for measuring the membrane resistance [8]  
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 An electrical circuit equivalent to this electrochemical system can be represented 

as above, where Rsol, Rct, and Cdl are the resistance of the solution, the charge transfer 

resistance, and the double layer capacitance. The charge transfer resistance is due to the 

difficulty of charge transfer on the surface of electrode. The double layer capacitance is 

the capacitance at the electrode surface. On applying an AC voltage V, to the capacitor 

 

V = V0 exp (j2πft) 

 

  Where j is an imaginary unit, f is frequency of the applied voltage, and t time by 

second.  The current i, can be written as  

 

I = 
ௗொ

ௗ௧
 = Cdl 

ௗ

ௗ௧
 = (j2π f Cdl ) E0 exp( j 2π f t) = ( j 2π f Cdl ) V 

 

  Where Q stands for the total electrical charge passed. The impedance of the double   

layer Z is 

 

Z = 


ூ
 = 

ଵ

୨ ( ଶగ  େୢ୪ )
 

  

 The above equation shows that the impedance of an electrochemical system 

varies with applied frequency. For a circuit as in Fig. 37 the impedance is  

 

Z = Rsol. + 
ோ௧

ଵା୨ ( ଶగ   ୖୡ୲ େୢ୪ )
 = ( Rsol + 

ோ௧

ଵା  ( ଶగ   ୖୡ୲ େୢ୪)మ 
) -- j

 ଶగ    ୖౙ౪
మେୢ୪

ଵା ( ଶగ   ୖୡ୲ େୢ୪)మ
 

  

 Above equation shows that imaginary part of impedance varies with the applied 

frequency. When the frequency increases toward infinity (f→∞), the impedance 

approximates the solution resistance (Rsol). When the frequency increases toward zero 

(f→0), the impedance approximates the sum of the solution resistant and the charge 

transfer resistance [8]. 
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The Nyquist Plot 

 

 The EIS experiment involves applying a small sinusoidal voltage of about 10 mV 

and measuring the resulting current along with the phase angle [7]. Using this data, the 

real impedance component (Z') and imaginary impedance components (Z”) are 

calculated and plotted against each other for varying frequencies in the Nyquist spectra 

[9]. The real impedance value (Z') at the highest frequency measurement in the Nyquist 

plot was taken as the resistance of the membrane. 

 

 Ionic conductivity of the membranes was evaluated using AUTOLAB 50519 

PGSTAT instrument. Impedance measurements of the membranes were performed in a 

two electrode setup where the membranes were clamped between two platinum 

electrodes and the cell was thermostated at 25±0.1°C for at least 20 minutes to ensure 

thermal equilibrium [10]. Impedance measurements were performed in the frequency 

range 100 Hz-1000 kHz using an alternating potential of amplitude 10 mV.  Fully 

hydrated membranes were placed in the conductivity cell and it was filled with 1M 

NaOH. The real impedance value at the highest frequency measurement in the Nyquist 

plot was taken as the resistance of the membrane. This was then used to calculate the 

membrane conductivity. The resistance of the membrane and solution was measured 

(Rtotal) [8]. The resistance of the solution was measured without the membrane (Rsolution). 

Membrane resistance (Rmem) was obtained from the difference of the measured 

resistances (Rmem = Rtotal – Rsolution) [11]. The thickness of the membrane was measured 

with a digital micrometer by placing the membrane between two glass slides to ensure 

both a planar surface and limited compression. The conductivity of the membrane was 

calculated as follows σ = L/RA mS cm-1, Where σ is the hydroxide conductivity in      

mS cm-1, R is the ohmic resistance of the membrane (Ω), L is the thickness of the 

membrane (in cm), A is the cross sectional area of membrane samples (cm2). 
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             Fig. 38 AUTOLAB 50519 PGSTAT instrument used for impedance  
                          measurements 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  Fig. 39 Conductivity cell used for the impedance measurements 
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2.12 Tensile strength measurements 

 

 Tensile testing is the most common methodology for the measurement of the 

tensile/mechanical strength of a material. The membrane samples were evaluated under a 

controlled strain rate until failure. The mechanical properties of the composite 

membranes were measured with universal testing machine (UTM) (Zwick, Model 1446-

60, Germany). For this test the samples were prepared according to ASTM-D882 

standard. The films were then placed between the grips of the testing machine. The grip 

length was 5cm and speed of testing was set at the rate of 10 mm min-1.  

 

2.13 Performance of membranes as separator in all-iron flow battery 

 

 All-iron flow battery experiments were performed in the 36 cm2 flow cell 

hardware with electrolyte flowing across two electrodes, separated by the membrane 

prepared [12]. All experiments were performed with electrolyte flow rates of                 

25 ml   min-1. Electrolyte for both positive and negative electrodes consisted of 1M FeCl2 

and 1.5 M NH4Cl. The electrodes were made from densified graphite with a cross-

sectional area of 16 cm2. The charging efficiency of the all-iron redox flow cell was 

determined by Charging the cell at 100 mA cm-2 for 100 s followed by discharging  at   

50 mA cm-2 using AUTOLAB 50519 PGSTAT instrument. The cell performance is 

normally determined by its coulombic efficiency (CE). CE is the ratio of a cell’s 

discharge capacity (Q dis) to its charge capacity (Q ch).  
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                       Fig. 40 All-iron flow battery Schematic diagram 
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CHAPTER 3 

 

SYNTHESIS AND CHARACTERIZATION OF CALCIUM 

TITANATE (PEROVSKITE) NANOPOWDER AS ANION-

EXCHANGE MATERIAL BY CO-PRECIPITATION FROM SIMPLE 

PRECURSORS 

 

 

3.1. Introduction 

 

Currently, researchers in the field of material science are interested in the 

synthesis of variety of nanosized ceramic materials. Among different types of ceramics, 

perovskite belongs to a novel class of material with a variety of potential technological 

applications [1,2]. The general chemical formula of perovskite is ABX3, where A 

represents large divalent and B is a small tetravalent cation. X can be anions like O-2 

which is bonded to both cations. Calcium titanate can exist in three polymorphic phases, 

including cubic, tetragonal and orthorhombic [3]. CaTiO3 based perovskites show 

exceptionally high dielectric properties, which makes them potentially useful resonator 

materials in wireless communication systems [4,5]. Wang et al. reported that CaTiO3 

coated Ti electrodes modified with a thin hydrophobic layer are having better corrosion 

resistance. Platinum doped CaTiO3, Zr4+ doped CaTiO3 and CoO doped CaTiO3 powders 

exhibit high catalytic efficiency in water splitting, for hydrogen production [1,6]. Since 

calcium titanate based ceramics form a number of solid solutions with lanthanides and 

actinides, they find applications in the storage and treatment of nuclear wastes [7,8]. In 

medicine, calcium titanate is highly useful due to its bio-compatibility and finds 

applications in fabricating materials for bone and joint repair [1,9].   

 

Titanium alloys are widely used as metallic implantable materials and calcium 

titanate coating is an effective method to enhance biocompatibility of titanium surfaces 

[10]. 
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                 Fig. 41 Chemical structure of perovskite 

 

Calcium titanate, when treated with bases in wet condition is converted to 

calcium titanate hydroxide (eqn.1) and it is reported to be an efficient anion-exchange 

material containing exchangeable hydroxyl groups [11]. 

 

CaTiO3 + NaOH → HCaTiO3OH    ---------- (1) 

 

   Various methods have been reported for the synthesis of nano sized calcium 

titanate particles, including solid state synthesis [12,13], sol-gel methods [14,15], 

hydrothermal methods [13], co-precipitation methods [16], mechanical alloying methods 

[17], solvo-thermal methods [18,19] etc. The co-precipitation method is widely used to 

synthesize ceramic materials since this method is simple and the mixing of the reagents 

occurs on an atomic level rather than a particulate level. Y.K. Sharma et al. attempted to 

synthesize transition metal titanates (MTiO3), (M = Mn, Fe, Co, Ni and Cd) using co-

precipitation of mixed metal oxalates by adding transition metal chlorides to potassium 

titanyl oxalate solution followed by calcination [20]. The XRD pattern showed that the 

MTiO3 was not phase pure and contained significant amounts of transition metal oxides 

and other impurities [19]. 

  Here we report the synthesis of calcium titanate nanopowder by a novel co-
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precipitation method in ammoniacal medium using a simple precursor potassium titanyl 

oxalate followed by calcination. The structure and morphology of the synthesized 

nanopowder were studied by XRD, FT- IR, HRTEM, SEM and EDX techniques.   

     

3.2. Experimental  

3.2.1. Synthesis of calcium titanate nanopowder  

 

20 g potassium titanyl oxalate (Sigma Aldrich) and 6 g calcium chloride (Sigma 

Aldrich) were separately dissolved in 250 ml D. I. water. The above two solutions were 

mixed, and slowly treated with 250 ml 0.2M ammonium oxalate solution. The solution 

was maintained at a pH of 9 by adding 25% ammonia solution and stirred for 2 h on a 

magnetic stirrer. The resulting white slurry was kept overnight for ageing at room 

temperature. It was then filtered, washed with D. I. water and dried at 80°C for two days. 

The dried precipitate was ground to fine powder and was calcined at 900°C for 2 h to 

obtain pure calcium titanate.  

 

The synthesis procedure is shown in equation (1). 
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3.2.2. Characterization Techniques 

 

X-ray powder diffraction data of the synthesized nanopowder was collected at 

room temperature with a SHIMADZU, XRD700 powder diffractometer using Co-

Kα radiation. Data were scanned over the angular range 20-80° (2θ) with a step size of 

0.0196° (2θ). FT-IR spectrum of the sample was recorded in the range of 400-4000 cm-1 

using Perkin Elmer instrument (Model L160000A). Calcium titanate was treated with     

2M NaOH for 24 h at room temperature for hydroxylation reaction. It was washed with 

water and then dried. FT-IR spectrum of the sample was recorded. Transmission electron 

microscopy (TEM) images of the obtained nanoparticles have been recorded using a 

JEOL 4000EX High Resolution Transmission Electron Microscope (HRTEM) operated 

at 400 kV. SEM images of the samples were acquired with a scanning electron 

microscope (JSM-5600, JEOL Co., Japan). The samples were coated with a thin layer of 
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gold by ion sputtering prior to microscopic examination. The energy dispersive analyzer 

was used for the elemental detection of the samples. 

 

3.3. Results and discussion  

3.3.1. X-ray diffraction analysis 

 

The XRD pattern of CaTiO3 obtained after calcination at 900°C is shown in Fig. 

42. Diffraction patterns of calcium titanate powder well correlates with standard (JCPDS 

No. 22-153) [21] and dominant peaks are obtained at 2θ = 32.7, 47.1, 58.9, and 69, 

which corresponds to diffraction from (121), (202), (123), (242) planes [15,19]. In our 

study the XRD pattern clearly shows that the powder obtained by the thermal 

decomposition of (CaTi(OH)x(C2O4)y) at 900°C consists of pure orthorhombic perovskite 

nanopowder (CaTiO3) without oxides or any other impurities. The crystallite size of the 

material was calculated using Debye-Scherrer formula  [22] as given in equation (2).  

 

 2
cos

9.0





d
 

 

Where d is the crystallite size, λ is the X-ray wavelength, β is the full width at 

half maxima and θ is the Bragg’s angle. From this equation, the average crystallite size 

of the synthesized material was found to be approximately 200 nm. 
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                       Fig. 42  XRD pattern of CaTiO3 powder 

 

3.3.2 Structural analysis 

 

FT-IR spectra of the sample before and after calcination are presented in Fig. 43 

(a-b).  Fig. 43 (a) shows a characteristic peak at 1615 cm-1 which is assigned to the 

antisymmetric O-C-O stretching vibrations of the oxalate group in the sample. The 

absorption band at 1315 cm-1 is attributed to symmetric O-C-O stretching vibrations and 

the band at 780 cm-1 is assigned to the in plane O-C-O deformation vibrations, indicating 

the presence of oxalate group in the sample [23]. The spectrum 43(b) shows the absence 

of characteristic bands of oxalate group, indicating the complete elimination of oxalate 

after calcination at 900°C for 2 h. The absorption band at 540 cm-1 corresponds to 

specific stretching vibrations of Ti-O bonds [22,24] and the band at 450 cm-1 is a 

characteristic feature of Ca-Ti-O bending vibrations of calcium titanate [18]. The 

absence of characteristic vibrations of oxalate after calcination at 900°C reveals the 

formation of pure CaTiO3. 
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Fig. 43  FT-IR spectrum of mixed oxalate and hydroxide of calcium and Titanium  
(a)  before calcination (b) after calcination 
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    Fig. 44  FT-IR spectrum of calcium titanate (a) before hydroxylation  
             (b) after hydroxylation   
 

 

 FT-IR spectrum of calcium titanate before and after hydroxylation is presented in 

Fig. 44 (a-b). Fig. 44(a) shows two characteristic peaks at 540 cm-1, 450 cm-1 in the 

spectrum of CaTiO3 which correspond to the stretching vibrations of Ti-O bonds [22] 

and Ca-Ti-O bending vibrations [18] respectively.  As seen in Fig. 44(b) the band in the 

region 3400-3200 cm-1, is attributed to stretching vibrations of –OH groups of calcium 

titanate hydroxide (HCaTiO3OH) due to the hydroxylation of calcium titanate in alkaline 

environment. 
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3.3.3 TEM analysis 

 

 The microstructure of the particles was investigated by means of TEM. Fig. 45 

(a, b) shows the TEM image of CaTiO3 and reveals the particle morphology and size of 

the nanopowder. It is seen from TEM images that CaTiO3 powders consist of clusters of 

nanoparticles. The nanoparticles are found to be spherical in shape with an average size 

of 200 nm.  

 

    HRTEM images Fig. 45(c) reveals the formation of nano-crystals with d 

spacing of 0.32 nm. The corresponding selected area electron diffraction (SAED) pattern 

is given in Fig. 45(d) which reveals the crystalline nature and the rings in the SAED 

pattern corresponds to crystal planes of calcium titanate. 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 45 (a, b) TEM images of calcium titanate at different magnifications 

             (c)HRTEM image of calcium titanate nanocrystals 

             (d) SAED pattern of calcium titanate 
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3.3.4. SEM analysis 

 

The SEM images of calcium titanate are shown in Fig 46. The SEM image shows 

the microstructure of the particles. The images revealed the information about grain size, 

shape and powder agglomeration. The particles are found to be spherical in shape and are 

highly agglomerated. The average size of the particles was in 200 nm range.  

 

Fig. 46 (a, b) SEM images of calcium titanate with different 
             magnifications 
 

3.3.5 EDX analysis 

 
 EDX spectrum of calcium titanate shown in Fig. 47 indicates the presence of Ca, 

Ti and O atoms in accurate proportion in the prepared material. This further confirmed 

the formation of pure calcium titanate. 

 

 

 

 

 

 

 

                                               

              

     Fig. 47 The EDX spectrum of calcium titanate 
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3.4. Conclusions    

 

 A novel co-precipitation method has been developed to synthesize phase pure 

calcium titanate (perovskite) nanopowder by precipitating mixed oxalate hydroxide of 

calcium and titanium [CaTi (OH)x(C2O4)y] from a solution of potassium titanyl oxalate 

and calcium chloride in ammoniacal medium followed by calcination. The XRD pattern 

revealed the formation of phase pure orthorhombic calcium titanate. FT-IR spectrum 

indicated the characteristic vibrations of calcium titanate. The TEM image reveals the 

spherical shape of particles. The crystalline nature of the particles was also revealed by 

HRTEM image, and particles are found to be spherical shape, with an average size of 

200 nm. Selected area electron diffraction (SAED) pattern reveals the crystalline nature 

of the material and the rings in the SAED pattern corresponds to the crystal planes of 

calcium titanate. Morphological features investigated with SEM, reveals that the CaTiO3 

particles are having a spherical shape with a diameter of approximately 200 nm. 
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CHAPTER 4 

 

CALCIUM TITANATE INCORPORATED POLYVINYL ALCOHOL 

NANOCOMPOSITE ANION-EXCHANGE MEMBRANES FOR 

RECHARGEABLE BATTERIES 

 

 

4.1 Introduction 

 

The ion-exchange membrane is a critical component of many electrochemical 

devices such as fuel cells [1], rechargeable batteries [2], electrodialysis devices [3], water 

electrolysers and desalination of sea water [4] as it determines the performance as well as 

the economic viability of these devices. The membrane allows selective transport of 

either cation or anion to complete the circuit during the passage of current [5, 6–10]. 

Recently, in fuel cell technology anion-exchange membranes (AEMs) are gaining more 

attention as they promise to overcome the disadvantages such as low CO tolerance, high 

electrokinetic over potentials for oxygen reduction and high catalyst cost  of Proton 

Exchange Membrane Fuel Cells (PEMFCs) [11–13]. The cost of popular proton 

exchange membrane Nafion is roughly $400 per m2 [13]. However the currently used 

commercial AEMs suffers from severe draw backs, which includes low ionic 

conductivity, electrolyte crossover, poor chemical and mechanical stability besides high 

cost of the membranes [14–18]. Various kinds of AEMs have been developed in the past 

few decades and most of them employed quaternary ammonium group as anion 

exchange cites [19, 20]. These quaternary ammonium group based membranes degrade 

rapidly in highly alkaline solutions and hence limits the performance of these membranes 

in alkaline environment [13, 17]. So the developments of low cost AEMs with superior 

chemical stability and good ionic conductivity have been focus of research of many 

groups worldwide. 

 

 Organic–inorganic hybrid membranes found to be promising materials for 

potential applications due to their better electrochemical properties, improved 

mechanical, chemical and thermal properties [21]. Yang synthesized PVA/TiO2 

composite polymer membrane [18] and quaternized poly(vinyl alcohol)/alumina 
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composite polymer membranes [22] for alkaline direct methanol fuel cells, which 

exhibited excellent electrochemical performances. The incorporation of ceramic fillers 

such as Al2O3 [22], SiO2 [23] and bentonite [24] into the polymer matrix has 

significantly enhanced the ionic conductivity and thermal stability of the ion-exchange 

membranes.   

 

The AEMs based on PVA have received considerable attention in the recent 

years due to its non toxicity, good film forming ability, low cost, good mechanical 

strength and chemical stability, high hydrophilic behavior and low methanol 

permeability [18, 25, 26]. The incorporation of nanofiller into the polymer matrix of 

cross linked PVA have been shown to reduce the crystalline nature of the matrix and 

improve their performance in solid alkaline fuel cells and other electrochemical devices 

[18, 25–27]. 

 

A perovskite is any material with the same type of crystal structure as calcium 

titanate (CaTiO3). The general chemical formula of perovskite is ABX3, where A 

represents large divalent and B is small tetravalent cation. X can be anions like O2- which 

is bonded to both cations. Synthesis of calcium titanate nanocrystals have gained great 

interest in recent years due to their exceptionally high dielectric properties which makes 

them potentially useful resonator materials in wireless communication systems [28,29]. 

Calcium titanate can exist in three polymorphic phases including cubic, tetragonal and 

orthorhombic [30]. Zr4+ doped CaTiO3 and CoO doped CaTiO3 powders exhibit high 

catalytic efficiency in water splitting for hydrogen production [31]. Due to inherent 

biocompatibility, calcium titanate is highly beneficial for biomedical applications, 

especially for bone and joint repair [32].  

 

Several methods have been reported for the synthesis of calcium titanate 

nanoparticles such as solid state synthesis, sol-gel methods, hydrothermal methods, co-

precipitation methods, mechanical alloying methods, solvo-thermal methods [31–33]. 

The limitations associated with these processes are heterogeneous products, 

contamination of impurities, performing the process at high temperature (above 1300°C) 

and existence of coarse particles with different size [33]. Calcium titanate, when treated 

with bases in wet condition is converted to calcium titanate hydroxide (eqn.1) and it is 
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reported to be an efficient anion-exchange material containing exchangeable hydroxyl 

groups [34]. 

 

CaTiO3 + NaOH → HCaTiO3OH    ---------- (1) 

 

In this work calcium titanate nanoparticles were synthesized by a new method 

from a solution containing two simple precursors, viz potassium titanyl oxalate and 

calcium chloride using ammonium oxalate as precipitating agent. The powder was 

calcined at 900C and characterized by XRD, TEM, SEM, and EDX analysis.  

 

  The AEMs were fabricated by incorporating calcium titanate nanocrystals to 

PVA matrix followed by cross-linking with glutaraldehyde. The membranes were 

characterized by FT-IR, TGA, SEM, and AC impedance analysis. The membrane 

properties such as the alkaline stability, water uptake, ion-exchange capacity and 

mechanical strength were also measured.  

 

4.2. Experimental  

4.2.1 Materials    

 

PVA used in this study was analytical grade and was purchased from Merck (Mw 

89,000-98,000, 99 + % hydrolysed PVA), glutaraldehyde (25 wt% solution in water of 

analytical grade), calcium chloride, potassium titanyl oxalate, and ammonia solution 

were also purchased from Merck. 

 

4.2.2 Preparation of calcium titanate nanopowder 

 

        The method of preparation of calcium titanate nanopowder is described in chapter 3 

 

4.2.3 Fabrication of PVA/calcium titanate nanocomposite membranes 

 

 5 wt% PVA solution was prepared by dissolving 5 g PVA in 100 ml D. I. water at 

80°C and it was stirred continuously till a homogeneous solution was obtained. Then a 

weighed amount of calcium titanate was ultrasonicated for 6 h and stirred with PVA 
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solution for another 6 h. Then glutaraldehyde solution (5 wt%) as the crosslinker was 

added drop wise (2.5 wt% of PVA) into the mixture [8] followed by several drops of 1 M 

HCl as catalyst. After stirring for 3 h the mixture was degassed in vacuum for 15 min. 

The viscous solution was cast onto a clean glass plate using a film applicator. The 

composite membranes were peeled from the glass plate after drying in vacuum oven at 

50°C for 48 h. PVA/xCaTiO3 composite membranes (x stands for the wt% of CaTiO3) 

were prepared at PVA/CaTiO3 weight ratios (95: 5, 90: 10, 85: 15, 80: 20, and 70: 30) 

and the corresponding membranes are denoted as PVA5, PVA10, PVA15, PVA20 and 

PVA30. The thickness of the resulting membranes was 120±10µm. All the membranes 

were immersed in 2M NaOH solution for 24 h for converting calcium titanate to calcium 

titanate hydroxide which is an efficient anion exchange material containing 

exchangeable hydroxyl groups [34].                                           

 

4.2.4. Characterization 

 

X-ray powder diffraction data of the synthesized nanopowder were collected at 

room temperature with a SHIMADZU, XRD700 powder diffractometer using 

CoKα radiation. Data were scanned over the angular range 20-80° (2θ) with a step size of 

0.0196° (2θ). Transmission electron microscopy (TEM) images of the obtained 

nanoparticles have been recorded using a JEOL 4000EX High Resolution Transmission 

Electron Microscope (HRTEM) operated at 400 kV. FT-IR spectra were recorded on a 

Perkin Elmer instrument (Model L160000A) over a range of 4000-400 cm-1. SEM 

images of the samples were acquired with a scanning electron microscope (JSM-5600, 

JEOL Co., Japan). The samples were coated with a thin layer of gold by ion sputtering 

prior to microscopic examination. The energy dispersive analyzer was used for the 

elemental detection of the samples. All the characterization techniques used are as 

described in chapter 3.  

 

TGA thermograms of the composite membranes were recorded on a Shimadzu 

TGA-50H analyzer by heating the samples from room temperature to 850°C under 

nitrogen atmosphere at a heating rate of 10 °C/min.  

 

Water uptake of the composite membranes was determined by weighing the 

membranes under wet conditions after being equilibrated in distilled water for 24 h at 
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room temperature. The surfaces of the membranes were then carefully wiped with filter 

paper and the membranes were weighed immediately. The samples were vacuum dried 

for two days and weighed again. The water uptake was calculated as follows. 

 

 

Where Wwet is the mass of the water swollen membrane, and Wdry is the mass of 

the dry membrane. 

 

  The ion exchange capacities (IECs) of the composite membranes were 

determined by double titration method. Samples were accurately weighed and immersed 

in 25 ml of 0.05M HCl solution for 48 h and the HCl solution was back titrated by 

0.05M NaOH .IECs of the samples were calculated using the equation: 

 

                                         IEC = 
భିమ

ெೝ
 

 Where n1 and n2 are the concentrations of (mmol) hydrochloric acid required 

before and after equilibrium respectively, and Mdry is the mass in g of the dried sample. 

The average value of the three samples calculated from the above equation is the IEC 

value of the membrane. 

 

 Electrochemical impedance spectroscopy (EIS) was used to evaluate ionic 

conductivity of the membranes, using AUTOLAB 50519 PGSTAT instrument. 

Impedance of the membranes were performed in a two electrode setup where the 

membranes were clamped between two platinum electrodes and the cell was 

thermostated at 25 ± 0.1°C for at least 20 minutes to ensure thermal equilibrium. 

Impedance measurements were performed in the frequency range 100 Hz-1000 kHz 

using an alternating potential of amplitude 10 mV. Fully hydrated membrane was placed 

in the conductivity cell and it was filled with 2M NaOH. The resistance of the membrane 

and solution (Rtotal) was measured. The resistance of the solution (Rsolution) was measured 

without the membrane. Membrane resistance (Rmem) was obtained from the difference of 

the measured resistances (Rmem = Rtotal – Rsolution). The thickness of the membrane was 

measured with a digital micrometer by placing the membrane between two glass slides to 

   3%100% 
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ensure both a planar surface and limited compression. The conductivity of the membrane 

was calculated as follows σ = L/RA mS cm-1, Where σ is the hydroxide conductivity in 

mS cm-1, R is the ohmic resistance of the membrane (Ω), L is the thickness of the 

membrane (in cm), A is the cross sectional area of membrane samples (cm2). 

 

The tensile strength of the composite membranes was measured with universal 

testing machine (UTM) (Zwick, Model 1446-60, Germany). For this test the samples 

were prepared according to ASTM-D882 standard. The films were then placed between 

the grips of the testing machine. The grip length was 5 cm and speed of testing was set at 

the rate of 10 mm min-1. The alkaline stability of the membrane was measured by 

immersing the composite membrane sample with a size of   3cm x 3cm in 2M NaOH at 

room temperature for 2 weeks. It was taken out, washed with D. I. water, wiped with 

tissue paper, and then studied using FT-IR technique to detect any degradation or 

changes in chemical structures. Loss of weight of the membrane was also measured. The 

oxidative stability of membrane was determined by immersing the samples 3cm x 3cm 

into Fenton’s reagent (30 ppm FeSO4 in 30 % H2O2) at 25°C, for 24 h and measured the 

weight of the membrane with time. 

 

Performance of CaTiO3 / PVA membrane as separator in all-iron flow battery 

 

 All-iron flow battery experiments were performed in the 36 cm2 flow cell 

hardware with electrolyte flowing across two electrodes, separated by the membrane 

prepared [35]. All experiments were performed with electrolyte flow rates of 25 ml    

min-1. Electrolyte for both positive and negative electrodes consisted of 1M FeCl2 and 

1.5 M NH4Cl. The electrodes were made from densified graphite with a cross-sectional 

area of 16 cm2. The charging efficiency of the all-iron redox flow cell was determined by 

charging the cell at 100 mA cm-2 for 100 s followed by discharging at 50 mA cm-2 using 

AUTOLAB 50519 PGSTAT instrument. The cell performance is normally determined 

by its coulombic efficiency (CE). CE is the ratio of discharge capacity (Qdis) to charge 

capacity (Qch) of a cell.  
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4.3. Results and discussion  

 

 Fig.42 shows the XRD pattern of CaTiO3 obtained after calcination at 900°C. 

The XRD pattern clearly shows that the powder obtained by the thermal decomposition 

of (CaTi(OH)x(C2O4)y) at 900°C consists of pure perovskite nanopowder (CaTiO3) 

without the presence of oxides or any other impurity [30]. The microstructure of the 

particles was also investigated by means of TEM. Fig. 45 shows the TEM image of 

CaTiO3 and reveals the particle morphology and size of the nanopowder. It is seen from 

TEM images that CaTiO3 powders consist of clusters of nanoparticles and they are found 

to be spherical in shape with an average size of 200 nm. HRTEM image of calcium 

titanate Fig. 45 (c) reveals the formation of nano-crystals with d spacing of 0.32 nm. The 

selected area electron diffraction (SAED) pattern given in Fig. 45 (d) reveals the 

crystalline nature and the rings in the SAED pattern corresponds to crystal planes of 

calcium titanate. 

 

4.3.1. Structural analysis 

 

 FT-IR spectra of CaTiO3, PVA, PVA10, PVA20 and PVA30 nanocomposite 

membranes are presented in Fig 48 (a-e). Fig. 48 (a) shows two characteristic peaks at 

540 cm-1, 450 cm-1 in the spectrum of CaTiO3 which correspond to the stretching 

vibrations of Ti-O bonds [36] and Ca-Ti-O bending vibrations [37] respectively. Fig. 48 

(b) shows the characteristic peaks of pure PVA in the region 3400-3100 cm-1 due to –OH 

stretching, band at 2920 cm-1 due to -CH stretching vibrations of polymer back bone and 

band at 1420 cm-1 is attributed to bending vibrations of -CH2 group as reported in 

literature [38,39]. Fig. 48 (c-e) of PVA10, PVA20 and PVA30 nanocomposite 

membranes show broad peak at 3400–3100 cm-1 indicates stretching vibrations of the 

hydroxyl groups of polyvinyl alcohol. The band at 2924 cm-1 is assigned to the stretching 

vibrations of -CH groups of polymer back bone and bands at 1420 cm-1 is attributed to 

bending vibrations of -CH2 group [40]. The bands at 1250-1200 cm−1 were attributed to 

the ether bonds (C-O-C), formed during cross-linking with glutaraldehyde [39]. In the 

composite membrane, the peaks at 540 cm-1 and 450 cm-1 is attributed to the 

characteristic vibrations of Ti-O bonds and Ca-Ti-O bonds of calcium titanate [37]. The 

results show that successful incorporation of calcium titanate nanoparticles into the PVA 

matrix has been achieved.  
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          Fig. 48 FT- IR spectra of (a) CaTiO3, (b) PVA, (c) PVA10, (d)  PVA20  
                       and (e)  PVA30 nanocomposite membranes 
 

 

4.3.2. SEM analysis 

 

The SEM images of calcium titanate powder are shown in Fig. 46. The SEM 

image shows the microstructure of the particles. The particles were found to be spherical 

in shape. The average size of the particles was in 200 nm range. The EDX spectrum of 

calcium titanate in Fig. 47 indicates the presence of Ca, Ti and O atoms in accurate 

proportion in the prepared material, further confirmed the formation of pure calcium 

titanate. Fig. 49 (a-d) present the SEM images of surface and cross-section of 

PVA/CaTiO3 nanocomposite membranes. There is no evidence of phase separation; 

crack or holes on membrane surface indicated its dense nature, which was further 

confirmed by cross-section image of the membrane. The surface of the membrane found 

to be smooth and uniform. Filler particles are found to be well embedded in the polymer 



 

matrix, establishing strong connectivity of the particles. Size of the fille

embedded in the PVA matrix is found to be less than 1µm and some degree of 

aggregation of particles are observed. The particle distribution and particle

matrix reinforcement play vital roles in the improvement of the mechanical properti

the composite membranes. The distribution of particles is uniform and homogenous 

when the weight percent of nano CaTiO

content is beyond a limit, aggregates of filler particles makes the membrane more brit

[5]. Cross-sectional SEM image

membrane is about 120 ±10 µm.

 

Fig. 49   SEM surface images of membranes; (a) PVA (b) PVA10 (c) PVA30 

               (d) SEM cross-sect

 

4.3.3. Water uptake 

 

 Water uptake is considered as one of the essential properties of anion

membranes for practical applications 

nature of the polymer and the ion exchange groups, the counter ions, the charge density 
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matrix, establishing strong connectivity of the particles. Size of the fille

embedded in the PVA matrix is found to be less than 1µm and some degree of 

aggregation of particles are observed. The particle distribution and particle

matrix reinforcement play vital roles in the improvement of the mechanical properti

the composite membranes. The distribution of particles is uniform and homogenous 

when the weight percent of nano CaTiO3 filler is less than 20 wt%. When the filler 

content is beyond a limit, aggregates of filler particles makes the membrane more brit

sectional SEM image of PVA30 membrane shows that the thickness of the 

membrane is about 120 ±10 µm. 

SEM surface images of membranes; (a) PVA (b) PVA10 (c) PVA30 

sectional image of   PVA30 membrane 

Water uptake is considered as one of the essential properties of anion

membranes for practical applications which depend on several parameters such as the 

nature of the polymer and the ion exchange groups, the counter ions, the charge density 

matrix, establishing strong connectivity of the particles. Size of the filler particles 

embedded in the PVA matrix is found to be less than 1µm and some degree of 

aggregation of particles are observed. The particle distribution and particle-polymer 

matrix reinforcement play vital roles in the improvement of the mechanical properties of 

the composite membranes. The distribution of particles is uniform and homogenous 

filler is less than 20 wt%. When the filler 

content is beyond a limit, aggregates of filler particles makes the membrane more brittle 

of PVA30 membrane shows that the thickness of the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SEM surface images of membranes; (a) PVA (b) PVA10 (c) PVA30  

Water uptake is considered as one of the essential properties of anion-exchange 

on several parameters such as the 

nature of the polymer and the ion exchange groups, the counter ions, the charge density 
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and the cross-linking density of the membrane. The presence of water is necessary to 

obtain an efficient conductivity by enhancing the mobility of the ions. It is found that 

water uptake decrease with increase in calcium titanate content as shown in Fig.50. This 

can be explained in terms of the changes in the membrane structure. Cross-linking 

effects due to the inorganic network reduce polymer chain mobility thereby reducing the 

free volume where absorbed water could be accommodated. Here, the cross-linking 

effect due to the inorganic network is more prominent than the hygroscopic effect of 

CaTiO3, and hence the total water content decreases with increasing CaTiO3 content [18, 

40, 41]. The decrease in water uptake with increase in calcium titanate content also 

indicates the dimensional stability of composite membranes. 

  

 

 

 

 

 

 

 

 

 

 

 

                 Fig. 50 Water uptake of membranes with varying CaTiO3 content 
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Table.1 The physical properties of PVA/CaTiO3 nanocomposite polymer 

             membranes at 25°C 

 

Types of 

membranes 

Water 

Uptake (%) 

IEC 

meq g-1 

Tensile 

strength 

(M Pa) 

Ionic 

conductivity 

mS cm-1 

PVA0 116 0.38 13.6 8.2 

PVA5 98 0.42 20 14 

PVA10 92 0.56 25 25 

PVA15 90 0.58 40 32 

PVA20 88 0.64 46 39 

PVA30 83 0.78 25 66 

 

 

4.3.4. Ion exchange capacity (IEC)  

 

The IEC is a key parameter for the  haracterization of ion exchange membrane 

and it has an intensive effect on the water uptake as well as ionic conductivity of the 

membranes [21, 42]. IEC provides an indication of amount of exchangeable groups in 

the membrane [3]. Fig. 51 shows ion exchange capacity of membranes with varying 

CaTiO3 content. It is found that ion exchange capacities increased gradually with 

increasing CaTiO3 content in the composite membrane. The Ion exchange capacity 

values of the membranes were in the range of 0.4-0.7 meq g-1. With the increasing 

amount of hydrophilic groups in the membrane, that regions become more inter-

connected, leading to more ionic transport channels [43]. Compounds like calcium 

titanate when treated with bases results in the formation of calcium titanate hydroxide 

which is an efficient anion exchange material containing exchangeable hydroxyl groups 

[34]. Calcium titanate can provide a positive surface charge in the membrane which will 

increase affinity for anions and improve IEC values [44].  
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Fig. 51 Ion exchange capacity of membranes with varying CaTiO3 content 
 

4.3.5. Electrical properties 

 

 The high ionic conductivity of the anion exchange membrane is an essential 

property for applications in electrochemical devices. The ionic conductivities were 

examined by electrochemical impedance spectra (EIS) recorded in the frequency range 

of 100 Hz-1000 kHz and with signal amplitude of 10 mV. Typical Nyquist plots for the 

composite membranes are presented in Fig. 52 (a-e). The membrane resistance was 

obtained from the intercept on the Z' axis in the high frequency region. The ionic 

conductivities of the hydrated PVA/CaTiO3 nanocomposite membranes calculated using 

the resistance values obtained from the Nyquist plots are shown in Fig. 52. The ionic 

conductivity is increased from 10.6 mS cm-1 for PVA0 to 66 mS cm-1 for PVA30 

membranes as shown in Fig.53. The ionic conductivity of the membranes largely 

depends on the nature of inorganic fillers and hydrophilicity of the polymer matrix. High 
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ionic conductivity of PVA/CaTiO3 nanocomposite anion-exchange membranes can be 

attributed to positive surface charges on CaTiO3 nanoparticles which act as anion 

exchange sites and enable the exchange of hydroxide ions [44]. The mechanism of anion 

transport is schematically represented in Fig.54 The increase in ionic conductivity of the 

membrane with increasing CaTiO3 content can be attributed to the increase in the 

positive surface charge of the membrane [34].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               Fig. 52 Nyquist plots from AC impedance spectroscopy measurements of  

                           (a) 2 M NaOH (b) PVA30 (c) PVA20 (d) PVA10 composite membranes 

                           (e) PVA membrane  
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Fig. 53 Ionic conductivity of membranes with varying CaTiO3 content 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

       Fig. 54 Schematic representation of PVA/CaTiO

                   exchange membrane 

                  enable high ionic conductivity by providing positive surface

 

 

4.3.6. Thermo-gravimetric analysis

 

           Thermal stability is an important parameter 

temperature electrochemical applications. The samples were heated i

range from 30°C to 750°C at 

Fig.55 shows TGA curves for pure PVA film, PVA10 and 

membranes, respectively. The TGA curve of pure PVA film shows t

loss regions. The first region at a temperature of 80

weakly adsorbed water and the weight loss of the membrane is 
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Schematic representation of PVA/CaTiO3 nanocomposite anion

exchange membrane with CaTiO3 anion-exchange sites that 

enable high ionic conductivity by providing positive surface

gravimetric analysis 

Thermal stability is an important parameter for the use of membranes in high 

temperature electrochemical applications. The samples were heated i

°C at a constant rate of 10°C min-1 under nitrogen atmosphere.

55 shows TGA curves for pure PVA film, PVA10 and PVA30 nanocomposite 

membranes, respectively. The TGA curve of pure PVA film shows t

The first region at a temperature of 80-160°C was due to

weakly adsorbed water and the weight loss of the membrane is about 12.9

composite anion-  

exchange sites that  

enable high ionic conductivity by providing positive surface charge 

for the use of membranes in high 

temperature electrochemical applications. The samples were heated in the temperature 

under nitrogen atmosphere. 

PVA30 nanocomposite 

membranes, respectively. The TGA curve of pure PVA film shows three major weight 

due to the evaporation of 

12.9 %. 
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                  Fig. 55 TGA curves of membranes with varying CaTiO3 content 

 

The second region at about 250-350°C is associated with the degradation of PVA 

polymer membrane and the weight loss of the membrane at this stage is about 61%. The 

peak of third stage at 450°C is due to the splitting of PVA chains into small segments, 

associated with 87.7 % weight loss of the membrane. The total weight loss at 600°C is 

about 99.1% [18, 25] as listed in table 2.  

 TGA curves of PVA10 and PVA30 nanocomposite polymer membranes also 

exhibit three major weight loss regions. The first region at a temperature of 80-160°C is 

also due to the evaporation of weakly adsorbed water and the weight loss of the 

membranes is about 9.5%. The second region at 260-350°C is due to the decomposition 

of side chain of PVA and glutaraldehyde in the composite membranes, the weight loss of 

the membrane is only about 48.4% for PVA10 and 36.7% for PVA30. The second main 

weight loss for the cross-linked PVA/CaTiO3 composite membranes was reduced when 

compared with that of pure PVA. The peak of third stage at 450°C is due to the 

degradation backbone of cross-linked PVA/ CaTiO3 polymer membrane. The weight loss 
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of PVA10 was 78% and 58.6% for PVA30. At 600°C total weight loss for PVA10 is 

91.5% and 73.8 % for PVA30.  

 

Table. 2 Weight loss% of polymer membranes at different temperatures by TGA 

analysis 

 

 

TGA results as shown in Fig. 55 indicate that at each stage the weight loss of 

PVA membrane is more than that of composite membranes. This suggests that the 

incorporation of CaTiO3 into PVA matrix and its cross-linking with glutaraldehyde 

improved thermal stability of the composite membranes [22, 40].  

 

4.3.7. Mechanical properties  

 

 AEMs must have good mechanical strength for applications in electrochemical 

devices. The mechanical strength of composite membranes depends on the filler content 

[45]. Fig. 56 shows the tensile strength (TS) of membranes with varying CaTiO3 content 

and has the range of 20-46 MPa. Compared to TS of Nafion-117 (34 MPa), the prepared 

composite membranes exhibited better values [42]. As shown in Fig. 56, the TS values 

increase with filler content up to 20 wt% CaTiO3 and then decrease with increasing filler 

content.  

 

 

 

 

 

Temperature °C Wt. loss % of membranes 

PVA PVA10 PVA30 

160 12.9 9.5 9 

350 61 48.4 36.7 

450 87.7 78 58.6 

600 99.1 91.5 73.8 
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                       Fig. 56  Tensile strength of membranes with varying CaTiO3 content 

  

 This shows that appropriate amount of filler content enhances the mechanical 

properties of PVA composite membrane. It may be attributed to the reduction in degree 

of crystallinity of the membrane and strengthened filler–matrix interactions [6]. 

However, an excessive amount of filler content will decrease the mechanical strength of 

the membranes due to the aggregation of filler particles that act as points of crack 

propagations [11]. 

 

4.3.8. Chemical stability 

 

The chemical stability of anion exchange membranes is an important parameter 

that affects the performance of electrochemical devices, especially at high pH and strong 

chemical environments. FT-IR spectrum of the membrane before and after alkaline 

stability test is presented in Fig. 57 (a-b). To meet the requirements of the practical 

applications in strong chemical environments, the prepared AEMs must have good 

chemical stability, especially in the high pH environments. The results exhibit no 

significant change in peak positions even after an exposure of membrane in alkaline 

medium for 2 weeks. The peak in the region 3400-3200 cm-1 is intensified due to 

enhanced hydroxylation of calcium titanate in alkaline environment. In the composite 



 

membrane, after alkaline stability test the characteristic vibrations of calcium titanate 

exhibit no significant change in peak positions. During the alkaline stability test, the 

membranes did not show any loss of weight. Fenton's reagent is used to simulate and 

accelerate the harsh operation environment for 24 h in which the OH

formed from H2O2 can cause the degradation of the AEMs. All the membranes did not 

show any physical deformation or colour change and the membrane exhibited a weight 

loss less than (~3%) after 24 h of

adequate oxidative stability of the synthesized membranes under oxidizing conditions.

 

 

         Fig. 57  FT-IR spectrum of the membrane (a) 

                       (b) after alkaline stability test
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ne stability test the characteristic vibrations of calcium titanate 

exhibit no significant change in peak positions. During the alkaline stability test, the 

membranes did not show any loss of weight. Fenton's reagent is used to simulate and 

harsh operation environment for 24 h in which the OH·

can cause the degradation of the AEMs. All the membranes did not 

show any physical deformation or colour change and the membrane exhibited a weight 

3%) after 24 h of Fenton's test as shown in Fig.58. 

adequate oxidative stability of the synthesized membranes under oxidizing conditions.

IR spectrum of the membrane (a) before alkaline stability test

(b) after alkaline stability test 

ne stability test the characteristic vibrations of calcium titanate 

exhibit no significant change in peak positions. During the alkaline stability test, the 

membranes did not show any loss of weight. Fenton's reagent is used to simulate and 
· and OOH· radicals 

can cause the degradation of the AEMs. All the membranes did not 

show any physical deformation or colour change and the membrane exhibited a weight 

58. This indicates the 

adequate oxidative stability of the synthesized membranes under oxidizing conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

before alkaline stability test 



 

 

                   Fig. 58 Weight of membrane with time during Fenton's test

 

4.3.9. Performance of CaTiO

 

 The cell voltage-time curve measured during the charging and discharging of an 

all-iron redox flow cell using the prepared membrane as separator is shown in 

constant current density of 100 mA cm

was used. Repeated charge

electrolyte at 100 mA cm

be maintained over repeated cycles. Higher coulombic efficiency indic

mixing of ions [46]. These results confirm the viability of the new composite membrane 

as a separator in all-iron redox flow battery.
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Weight of membrane with time during Fenton's test

. Performance of CaTiO3 / PVA membrane as separator in all

time curve measured during the charging and discharging of an 

iron redox flow cell using the prepared membrane as separator is shown in 

constant current density of 100 mA cm−2 for charging and 50 mA cm

was used. Repeated charge-discharge measurement of the cell with high

electrolyte at 100 mA cm-2 demonstrated that high coulombic efficiency (> 75

be maintained over repeated cycles. Higher coulombic efficiency indic

. These results confirm the viability of the new composite membrane 

iron redox flow battery. 

Weight of membrane with time during Fenton's test 

all-iron flow battery 

time curve measured during the charging and discharging of an 

iron redox flow cell using the prepared membrane as separator is shown in Fig. 59. A 

cm−2 for discharging 

discharge measurement of the cell with high-efficiency 

high coulombic efficiency (> 75%) could 

be maintained over repeated cycles. Higher coulombic efficiency indicates low cross-

. These results confirm the viability of the new composite membrane 
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Fig. 59 The cell voltage-time curve of all- iron redox flow cell during  
              galvanostatic charge-discharge experiment 
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4.4. Conclusions 

 

 We have reported a novel method to synthesize phase pure calcium titanate 

nanopowder by co-precipitating mixed oxalate hydroxide of calcium and titanium 

(CaTi(OH)x(C2O4)y) from a solution of potassium titanyl oxalate and calcium chloride 

followed by calcination. The XRD pattern revealed the formation of phase pure 

orthorhombic calcium titanate. The crystalline nature of the particles was also revealed 

by HRTEM image, and particles are found to be spherical shape, with an average size of 

200 nm. The nanocomposite membrane was fabricated by incorporating calcium titanate 

into PVA matrix and exhibited improved thermal stability and excellent mechanical 

properties without compromising ionic conductivity and chemical durability. The results 

showed that the membrane possessed water uptake and ion exchange properties suitable 

for AEMs in various electrochemical devices. The composite membrane with 30 wt% of 

CaTiO3 exhibited maximum conductivity of 66 mS cm-1 at room temperature. The 

galvanostatic charge–discharge tests of all-iron redox flow cell using the PVA/calcium 

titanate composite membrane as separator exhibited a coulombic efficiency of 75% 

during repeated charge-discharge cycles. 
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CHAPTER 5 

 

DEVELOPMENT OF HIGH PERFORMANCE ANION EXCHANGE 

MEMBRANES BY CHEMICAL MODIFICATION OF POLYVINYL 

ALCOHOL FOR ELECTROCHEMICAL DEVICES 

 

 

5.1 Introduction 

 

There is widespread concern over the use of fossil fuels and other non-renewable 

energy resources due to the global environmental problems and also due to the fact that 

these resources are depleting at a fast rate. Hence the development of efficient energy 

storage/conversion devices like rechargeable batteries and fuel cells for the harvesting of 

renewable energy like solar and wind energy have received considerable attention in the 

recent years [1–8]. Ion-exchange membranes (IEMs) serve as a major component of 

these electrochemical devices. High ionic conductivity, excellent chemical stability and 

mechanical strength of the membranes are essential for ensuring sustainable and durable 

operation of these electrochemical devices. Several efforts have been made for the 

development of anion-exchange membranes due to potential advantages that hold over 

currently existing cation-exchange membranes [9]. Currently used anion-exchange 

membranes are based on poly(arylene-ether sulfone) [10], polyphenylene oxide [11], 

polyphenylene [5] polybenzimidazoles [12–14], polyethylene [15], polyvinylidene 

fluoride (PVDF) [16],  ethylene–tetrafluoroethylene (ETFE) [3], polyether ether   

ketone(PEEK) [17], polysulfones [18], poly(arylene ether) and poly(ether imide) 

[10,17,19–22]. Commonly, AEMs are synthesized via chloro-methylation of the 

polymers and subsequent exposure to trimethylamine (TMA) to form the quaternary 

ammonium (QA) head-group [11]. But QA group is prone to Hoffmann degradation 

reaction in strong basic conditions and this reduces the long term performance of these 

membranes.  

 

Recently, interesting works have been focused on non-QA AEMs to overcome 

afore mentioned problems. Investigation of guanidinium moieties as anion-exchange 

sites has given promising results. The high alkalinity of guanidine yields high 
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concentration of mobile hydroxide ions and thus makes the membrane highly conductive 

[10,23–25]. The charge delocalization from the resonance structures of guanidinium ion 

improves the chemical stability of such membranes [23] and avoid Hoffman degradation 

when used as AEMs [25,26]. 

 

Poly(vinyl alcohol) is an environmental friendly biopolymer [27]. AEMs based 

on PVA have potential applications due to its non toxicity, good film forming ability, 

low cost, good mechanical strength, chemical stability, high hydrophilic behavior and 

low methanol permeability. In addition to its uses in fibers, films and coatings, PVA also 

finds applications in modern technologies such as polyelectrolytes, hydrogels and 

biomaterials [28–31]. The chemical modification of polymers is an important method in 

the development of new AEMs with improved properties. Most chemical modifications 

of PVA have been done on the pendent hydroxyl groups because of its high reactivity 

[32]. PVA modification reactions commonly employed are esterification, etherification 

and acetylation of the hydroxyl groups [33,34]. Recently functionalization of PVA 

hydroxyl groups with azide group was reported by Gacal and co-workers [35].  

 

Here, we report an effective and simple method for the synthesis of a novel 

anion-exchange membrane (AEMs) by chemical modification of polyvinyl alcohol to 

polyvinyl ketone using KMnO4 [32,36] followed by guanidination and cross-linking with 

glutaraldehyde [37]. The viscous solution so obtained was used for membrane 

fabrication by solution casting method.   

 

5.2. Experimental 

5.2.1. Materials 

 

Polyvinyl alcohol (PVA) (Mw 89,000-98000), guanidine hydrochloride, glutaraldehyde 

(25 wt% solution in water of analytical grade), potassium permanganate and 

hydrochloric acid were purchased from Merck. 

 

5.2.2. Chemical modification of PVA 

 

A 5 wt% PVA solution was prepared by dissolving 5 g PVA in 100 ml D. I. water 

at 80°C in a 500 ml reaction flask. Then 0.25 g of KMnO4 in 10 ml water was added 
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drop wise and stirred for 1 h followed by 0.02 moles of guanidine hydrochloride and was 

stirred again for another 2 h at 60°C. Then glutaraldehyde solution (5 wt%) was added 

drop wise (2.5 wt% of PVA) into the mixture followed by three drops of 1M HCl as 

catalyst for cross-linking. The compositions of the membranes were varied by using 

different amount of guanidine hydrochloride (0.02moles, 0.01moles and 0.005 moles). 

The corresponding membranes are represented as PVAOG2, PVAOG1 and PVAOG0.5. 

The viscous solution was cast into membranes on a clean glass plate. The membranes 

were peeled from the glass plate after drying in vacuum oven at 50°C for 48 h. The 

membranes were 120±20µm thick. All the membranes were immersed in 1M NaOH 

solution for 1 day prior to testing. The synthetic route for the chemical modification of 

PVA polymer membrane is illustrated in Fig.60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   Fig. 60 Scheme of Chemical modification of PVA  
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5.2.3. Membrane Characterization 

 

  FT-IR spectra of the membrane and starting materials were recorded 

using Perkin Elmer instrument (Model L160000A) over a range of 4000-400 cm-1. The 

morphology of the composite membrane was examined by a scanning electron 

microscope (JSM-5600, JEOL Company, Japan,). TGA thermograms of the composite 

membranes were recorded on a Shimadzu TGA-50H analyzer by heating the samples 

from room temperature to 700°C under a nitrogen atmosphere at a heating rate of    

10°C/min. The water uptake of the membrane was determined by weighing both vacuum 

dried membranes and membranes that were fully equilibrated with water. The 

membranes were weighed under wet conditions after being equilibrated in distilled water 

for 24 h at room temperature. The samples were then dried in vacuum oven for two days. 

The water uptake was calculated as follows. 

 

Water uptake (%) = 
ௐ௪௧ିௐೝ

ௐೝ
× 100% 

 

Where Wwet is the mass of the water swollen membrane, and Wdry is the mass of 

the dry membrane.  

 

 The ion exchange capacities of the membranes were determined by double 

titration method. Membrane samples were accurately weighed and were immersed in 25 

ml of 0.05M HCl solution for 48 h and the HCl solution was back titrated by 0.05M 

NaOH solution using phenolphthalein as indicator.  

 

Ion exchange capacities of the samples were calculated using the equation: 

 

                                              IEC = 
భିమ

ெೝ
    

 

  Where n1 and n2 are the concentrations of (mmol) hydrochloric acid required 

before and after equilibrium respectively, and Mdry is the mass in g of the dried sample. 
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The average value of the three samples calculated from the above equation is the IEC 

value of the measured membrane. 

 

Electrochemical impedance spectroscopy was used to measure the membrane 

conductivity using AUTOLAB 50519 PGSTAT instrument. Conductivity measurements 

were performed in a specially made two compartment cell  using platinum electrodes 

[39,40]. The membrane and solution were held at the experimental temperature for at 

least 20 min prior to experimentation to ensure thermal equilibrium. AC impedance 

measurements were performed using frequency ranges from 100 Hz-1000 kHz and 

alternating potential amplitude of 10 mV. Fully hydrated membranes were placed in the 

conductivity cell and the cell was filled with 1M NaOH. The real impedance value at the 

intercept in the Nyquist plot was taken as the resistance of the membrane. The resistance 

of the membrane and solution (Rtotal) was measured. The resistance of the solution 

(Rsolution) was measured without the membrane. Membrane resistance (Rmem) was 

obtained from the difference of the measured resistances (Rmem = Rtotal – Rsolution). The 

thickness of the membrane was measured with a digital micrometer by placing the 

membrane between two glass slides to ensure both a planar surface and limited 

compression. 

 

       The conductivity of the membrane was calculated as follows σ = L/RA    

Scm-1, Where σ is the hydroxide conductivity in Scm-1, R is the ohmic resistance of the 

membrane (Ω), L is the distance between the electrodes (in cm.), A is the cross sectional 

area of membrane samples (cm2). 

 

The tensile strength of the membranes were investigated with universal testing 

machine (UTM) (Zwick, Model 1446-60, Germany) [39,41]. For this test the samples 

were prepared according to ASTM-D882 standard. The films were then placed between 

the grips of the testing machine. The grip length was 5cm and speed of testing was set at 

the rate of 10 mm/min.  

 

Methanol permeability through the membrane was measured with a homemade 

apparatus. The measurement is based on the Gasa method [42] which employed a 

permeation cell derived from Walker et al. [43]. Definite weight of methanol was sealed 

inside a permeation cell and allowed to diffuse through an opening of area 4cm2 covered 
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by a membrane. Measurements were conducted at room temperature. In fact, permeation 

process involves dissolution and diffusion of ethanol molecules in the membrane 

materials. The mass of methanol inside the vial as a function of time was measured and 

the permeability (P) of the membrane was given by the equation  

 

P = 
ே×

..×  × ௧
 

 

where N is the number of moles of methanol lost (moles), l is thickness of the 

membrane, V.P is saturated vapor pressure of methanol at 25°C, A is the membrane area 

for methanol permeation in (cm2), and t is time (days) 

 

 The chemical stability of anion-exchange membranes is an important parameter 

that affects the performance of electrochemical devices, especially at high pH and strong 

chemical environments. The alkaline stability was measured by immersing the composite 

membrane sample with a size of 3cm x 3cm in 2M NaOH at room temperature for 2 

weeks. They were taken out, washed with D.I. water, wiped with tissue paper, and then 

studied using FT-IR technique to detect any degradation or changes in chemical 

structures. Loss of weight of the membrane was also measured [11,45]. The oxidative 

stability of membrane was determined by immersing the samples 3cm x 3cm into 

Fenton’s reagent for 24 h (30 ppm FeSO4 in 30% H2O2) at 25°C, which was evaluated by 

recording the weight loss of the membrane with time [46]. 

 

Performance of the prepared membrane as separator in all-iron flow battery 

 

 All-iron flow battery experiments were performed in the 36 cm2 flow cell 

hardware with electrolyte flowing across two electrodes, separated by the membrane 

prepared [35]. All experiments were performed with electrolyte flow rates of 25 ml   

min-1. Electrolyte for both positive and negative electrodes consisted of 1M FeCl2 and 

1.5M NH4Cl. The electrodes were made from densified graphite with a cross-sectional 

area of 16 cm2. The charging efficiency of the all-iron redox flow cell was determined by 

charging the cell at 100 mA cm-2 for 100 s followed by discharging at 50 mA cm-2 using 

AUTOLAB 50519 PGSTAT instrument. The cell performance is normally determined 
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by its coulombic efficiency (CE). CE is the ratio of discharge capacity (Qdis) to charge 

capacity (Qch) of a cell.  

 

5.3. Results and discussion  

5.3.1. Structural analysis 

 

 Fig. 61(a-e) shows the FT-IR spectra of PVA, Guanidine chloride, and 

synthesized membranes respectively. Fig. 61 (a) shows the characteristic peaks of PVA 

in the region 3400-3100 cm-1 due to -OH stretching, band at 2920 cm-1 due to -CH 

stretching vibrations of polymer back bone and band at 1420 cm-1 is attributed to bending 

vibrations of -CH2 group as reported in literature [47,48]. Fig. 61 (b) shows a strong 

band between 3400-3100 cm-1 which is attributed to the stretching vibrations of N-H 

groups in guanidinium group. The peak at 1654 cm-1 is a coupled vibration having 

contributions from both N-H in plane bending vibrations and symmetric stretching 

vibrations of C-N groups of guanidinium ion as reported in literature [25,49,50]. Fig. 61 

(c-e) of the membranes show a strong band between 3400-3100 cm-1 which is attributed 

to the stretching vibrations of -OH group of bonded water molecules, –OH groups in 

PVA, and N-H stretching vibrations of guanidinium group [50]. The band at 2924 cm-1 is 

due to the stretching vibrations of -CH groups of  PVA polymer back bone and band at 

1420 cm-1 is due to bending vibrations of -CH2 group [51]. The peak at 1654 cm-1 is a 

coupled vibration having contributions from both N-H in plane bending vibrations and 

asymmetric stretching vibrations of C-N groups of guanidinium  ion [24,25,49,50]. The 

result shows that successful incorporation of guanidinium group into the PVA matrix has 

been achieved. 

 

 

 

 

 

 

 

 

 

 



110 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 61 FTIR spectra of the starting materials and membranes (a) PVA 

            (b)Guanidine chloride (c)Membrane PVAOG0.5  

             (d)PVAOG1(e)PVAOG2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Fig. 62 Photograph of the PVAOG2 anion-exchange membrane 

 



111 
 

5.3.2. SEM analysis 

 

Scanning electron microscopy (SEM) is used to investigate the microstructures of 

the membranes. Fig. 63 (a-b) present the SEM images of surface and cross-section of 

PVAGO2 membranes. The surface of the membrane was found to be smooth without 

any cracks or pinholes, indicating the fine quality of the membrane, which was further 

confirmed by cross-section image of the membrane. Cross-sectional SEM image of 

PVAOG2 membrane shows that the thickness of the membrane is about 120 ±20 µm. 

The fabricated PVAOG2 membrane appeared as a transparent film as shown in 

photograph Fig. 62.  

 

 

      Fig.63 (a) SEM surface image (b) SEM cross-sectional image of  

                   PVAOG2 membrane                 

 

 

5.3.3. Water uptake 

 

Water uptake is considered as one of the essential properties of anion-exchange 

membranes for practical applications. Presence of water molecules is considered 

mandatory for facilitated hydroxide (or any anion) transport.  It dependence on the 
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hydrophilicity of the base polymer, the nature of ion exchange group and degree of cross 

linking [39]. Water uptake values of the newly fabricated membranes found to be lower 

than that of PVA membrane as shown in the Fig. 64. This indicates that cross-linked 

polymer matrix form a net work reducing the free volume between the polymer chains 

leading to a decrease in water uptake and improvement in dimensional stability of the 

membrane [26]. However, too high a water uptake can result in the deterioration of 

mechanical and chemical stabilities of the membranes [11,52]. 

 

5.3.4. Ion exchange capacity  

 

  IEC provides an indication of amount of exchangeable groups in the membrane 

[11,20]. As shown in Fig. 65 the IEC values increase with guanidine content up to 

0.01moles and further addition of guanidine shows not much change in IEC value. The 

IEC of the PVAOG2 membrane was found to be 0.61 meq g-1. 

 

                        Fig. 64 Water uptake of membranes with varying guanidine content 
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IEC of the membranes increased from 0.2 meq g-1 for PVAOG0.5 to 0.61 meq g-1 

for PVAOG2, Nafion has IEC 0.91 meq g-1 and conductivity 80–90 mScm-1 at room 

temperature [20]. IEC is also highly dependent on the basicity of ion exchange groups. 

Strong basic groups lead to an augmentation of both the number of dissociated 

hydroxides and high IEC thus improves ionic conductivity of the membrane [25].    

 

5.3.5. Electrical properties 

 

The conductivity of the anion-exchange membrane is an important property for 

applications of membranes in electrochemical devices. Herein, the ionic conductivities 

were examined by electro-chemical impedance spectra (EIS) recorded in the frequency 

range of 100 Hz to 100 kHz and with signal amplitude of 10 mV.  Fig. 66 shows that 

ionic conductivity of the membranes increases from 10 mS cm-1 for PVA upto 71 mS 

cm-1 for PVAOG2 membrane at room temperature with increase in guanidine content. 

The ionic conductivity of the membranes largely depends on the nature of ion-exchange 

group and hydrophilicity of the polymer matrix. The enhanced ionic conductivity of the 

chemically modified membrane compared to a PVA membrane can be attributed to the 

increase in the guanidinium groups of the membrane that interacts with anions in 

solution. Therefore, the higher alkalinity of the guanidinium groups has led to 

improvement in ionic conductivity [11].  The conduction of ions across an ion exchange 

membrane also depends on the water content of membrane matrix. Water content plays a 

decisive role in ionic conduction through increase of the hydrophilic domains, which 

provide larger ion-conductive channels within the membrane. In an ideal ion exchange 

membrane, the water content should be limited and the IEC to be maximized [52].  
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             Fig. 65 IEC of membranes with varying guanidine content 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Fig. 66 Ionic conductivity of membranes with varying guanidine content 
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5.3.6 Thermo Gravimetric Analysis 

 

Thermal stability is an important parameter for the use of membranes in high 

temperature electrochemical applications. Fig.67 shows TGA curves for (a) PVAOG2 

membrane (b) PVA membrane, respectively. The samples were heated in the temperature 

range from 30°C to 750°C at a constant rate of 10°C/min under nitrogen atmosphere. 

The TGA curve of pure PVA film Fig. 67 (b) shows three major weight loss regions 

[53]. The first region at a temperature of 80-160°C was associated with the evaporation 

of weakly adsorbed water and the weight loss of the membrane is about 12.9%. The 

second region at about 250-350°C is due to the degradation of PVA polymer membrane 

and the weight loss of the membrane at this stage is about 61.6%. The peak of third stage 

at 450°C is due to the splitting of PVA chains into small segments associated with 87.7% 

weight loss of the membrane. Fig. 67(a) TGA curve of PVAOG2 membrane also 

exhibits three major weight loss regions. The first region at a temperature of 80-160°C is 

also due to the evaporation of weakly adsorbed water and the weight loss of the 

membranes is about 9.5%. The second region at 250-350°C is due to the decomposition 

of side chain of PVA, guanidine and glutaraldehyde in the membrane, the weight loss of 

the membrane is only about 45.5% for PVAOG2 membrane [11]. The peak of third stage 

at 450°C is due to the splitting of PVA chains into small segments associated with 75.1% 

weight loss of the membrane. TGA results as shown in Fig. 67 indicate that thermal 

degradation pattern of the newly fabricated membrane shifted towards higher 

temperatures compared to a pure PVA sample. This suggests that the chemical 

modification of PVA matrix by guanidination followed by its cross-linking with 

glutaraldehyde improved thermal stability of the newly fabricated membrane. 
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                Fig. 67 The TGA curves of (a) PVAOG2 membrane (b) PVA membrane 

 

5.3.7. Mechanical properties   

 

Adequate mechanical and dimensional stability are required for membranes used 

in electrochemical devices. The membranes act as a carrier for ions and as a barrier to 

provide effective separation between two compartments. So the membranes must be thin 

for better ionic conduction at the same time mechanically robust to avoid damage during 

practical applications [54]. The tensile strength of the membranes was in the range of 32-

37 MPa. Compared to tensile strength of Nafion-117 (34 MPa), the prepared membranes 

exhibited better values [55].  

 

5.3.8. Methanol permeability 

 

Methanol permeability is an important parameter used to evaluate the potential of 

ion exchange membranes for applications in direct methanol fuel cells [24]. The 

methanol permeability values of the synthesized membrane indicate very good methanol 
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barrier properties of this membrane. Fig.68 shows that methanol permeability increased 

with increasing temperature. This is due to the increase in mobility of both methanol and 

polymer chains with increasing temperature [38]. The membrane PVAOG2 possesses 

methanol permeability of 2.05x10-9 mol cm-1 day-1 Pa-1 at room temperature. For a 

comparison Nafion 117 exhibits methanol permeability of 3.5x10-7 mol cm-1 day-1 Pa-1 at 

room temperature [24]. 

 

               Fig. 68 Methanol permeability of PVAOG2 membrane at varying temperatures                           
 

 

5.3.9. Chemical stability  

 

To meet the requirements of the practical applications in strong chemical 

environments, the prepared AEMs must have good chemical stability, especially in high 

pH environments. Here, the membrane exhibited excellent alkaline stability. The FT-IR 

spectrum of the membrane after alkaline stability test is presented in Fig.69. The spectra 

show no significant change in peak positions or their relative intensities even after an 

exposure of membrane in 2M aq. NaOH medium for 2 weeks. During the alkaline 
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stability test, the membranes did not show any loss of weight. Fenton's reagent is used to 

simulate and accelerate the harsh operation environment, in which the OH. and OOH. 

radicals formed from H2O2 can cause the degradation of the AEMs. All the membranes 

did not show any physical deformation, colour change and weight loss as shown in 

Fig.70. The membrane found to be good in chemical stability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 69 FT-IR spectrum of the PVAOG2 membrane (a) before alkaline stability   
 test  (b) after alkaline stability test 
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               Fig. 70 Weight of membrane with time during Fenton's test 

 

5.3.10. Performance of the prepared membrane as separator in all-iron flow battery 

 

The cell voltage-time curve measured during the charging and discharging of an 

all-iron redox flow cell using the prepared membrane as separator is shown in Fig. 71.               

A constant current density of 100 mA cm−2 for charging and 50 mA cm−2 for discharging 

was used. Repeated charge-discharge measurement of the cell with high-efficiency 

electrolyte at 100 mA cm-2 demonstrated that high coulombic efficiency (> 75%) could 

be maintained over repeated cycles. Higher coulombic efficiency indicates low cross-

mixing of ions [54]. These results confirm the viability of the new composite membrane 

as a separator in all-iron redox flow battery. 
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                  Fig. 71 The cell voltage-time curve of all- iron redox flow cell during  
                                galvanostatic charge-discharge experiment 
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5.4. Conclusions    

   

In summary, we have demonstrated a facile and effective method for the 

preparation of AEMs functionalized with highly stable guanidinium ion exchange group. 

The membranes were prepared by chemical modification of polyvinyl alcohol. The 

resultant membranes are flexible and tough enough for potential use as AEM materials. 

The membrane exhibited the ionic conductivity of 71mS/cm at room temperature, 

excellent mechanical properties, thermal stability up to 150°C, this shows that these 

membranes are ideal for applications in that temperature range. These membranes 

exhibited good chemical stability in strong chemical environments. The fabricated 

membrane is a promising alternative to the existing commercial membranes.  
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CHAPTER 6 

 

DEVELOPMENT OF ANION-EXCHANGE MEMBRANES FOR 

ELECTROCHEMICAL DEVICES BY CHEMICAL 

FUNCTIONALIZATION OF PHENOL-FORMALDEHYDE RESINS 

 

6.1 Introduction 

 

Polymer electrolyte membrane fuel cells and rechargeable batteries are 

considered as modern clean energy conversion/storage technologies due to their high 

energy conversion efficiencies, low local pollution levels, low noise and low 

maintenance costs. Anion-exchange membranes as separators in these devices have been 

extensively studied in recent years as they promise to overcome the disadvantages of 

Nafion-based proton exchange membrane fuel cells such as low CO tolerance, high 

electro kinetic over potentials, high fuel permeation and high catalyst cost [1–4]. Among 

the variety of methods used for AEM synthesis, a commonly used method is to modify 

the base polymer matrix, such as poly phenylene oxide [5], polyaryl ether sulfone 

ketones [1] and poly(ether ketone) (PEK) [6].  Usually ion-exchange groups are 

incorporated to the membranes via chloro-methylation of the polymers followed by 

exposure to trimethylamine (TMA) to form the corresponding trimethyl-type quaternary 

ammonium (QA) head-group [6]. But QA group is prone to Hoffmann degradation 

reactions in strong alkaline environments and this reduces the durability of these 

membranes [7]. The AEMs prepared by these methods also exhibit low ionic 

conductivity making them inadequate for practical applications [1]. Hence significant 

research efforts have been done to develop membranes having excellent chemical 

stability, ionic conductivity, and mechanical strength [8,9]. X. Lin et al. and C. Qu et al. 

have prepared a series of AEMs with pendant a guanidinium groups with improved 

alkaline stability and high ionic conductivity [4,10]. These improvements in properties of 

guanidinium functionalized AEMs arise from high basicity and resonance stabilized 

structure of the guanidinium functional groups [4,10]. The pKa of guanidine in aqueous 

medium is 13.6 and this high alkalinity yields high concentration of mobile hydroxide 

ions which is higher than that of trimethylamine [11,12].  
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In 1872 Von Bayer reported the formation of first synthetic resin by 

polycondensation of phenol and formaldehyde [13]. In 1910 Baekeland made the first 

plastic by the polycondensation of phenol and formaldehyde [13,14]. Ion exchange 

property of PF resin was discovered by Adams and Holmes in 1935 [15].  Around 1940, 

synthetic ion-exchange membranes based on phenol-formaldehyde condensation 

products were used in many industrial applications such as electrodialysis, electrodialytic 

concentration of seawater and desalination of saline water [13,14,16–18]. 

Polycondensation of sodium phenol sulfonate, phenol and formaldehyde was carried out 

in the presence of an alkali catalyst for the preparation of ion-exchange resins. Low 

molecular weight prepolymer was coated on a reinforcing fabric such as glass fiber and 

cured to complete the condensation reaction [17,18]. Anion-exchange membranes were 

also prepared by polycondensation of phenylenediamines, phenol and formaldehyde.  

The durability of such membranes, was not sufficient for long-term usage [16,18].  

 

In the last two decades, remarkable progress has been made in the development 

of high performance polymers as matrices for membranes. Due to high mechanical 

strength,  good chemical resistance, solubility in common solvents, and commercial 

availability, PVC polymers are widely used for the preparation of polymer membranes 

[19,20]. PVC based membranes are commercially employed as battery separators, ultra 

filtration membrane and as matrices in proton exchange membranes (PEM) for fuels 

[19,21]. J.W. Qian and et al. reported good performance for pervaporation of 

benzene/cyclohexane mixtures using blend  membranes of PVC and EVA [21]. 

Sulfonated PVC membranes with high permeability and selectivity were developed as 

proton exchange membranes for fuel cells [19]. PVC blend membranes with high 

antifouling properties are fabricated by incorporating a novel zwitter ionic polymer  into 

the PVC matrix [22]. Yongsheng Chen et al. fabricated PVC/Fe2O3 ultra filtration 

membranes with good performance [23]. Y. Jafarzadeh et al. developed PVC/PC blend 

membranes for ultrafiltration [24].  

 

The present work deals with the development of anion-exchange resins by 

chemical functionalization of phenol-formaldehyde resins with guanidinium groups. First 

phenol and formaldehyde was condensed in basic medium and the resins obtained were 

condensed with guanidine hydrochloride in the presence of formaldehyde in basic 

medium resulting in the formation of cross-linked polymers.  The membranes were made 
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by homogenizing ion-exchange resins and a binder polymer such as PVC in an 

appropriate solvent such as tetrahydrofuran (THF) followed by solution casting.  

 

6.2. Experimental 

6.2.1. Materials 

 

Phenol, formaldehyde solution (37%), tetrahydrofuran (THF), guanidine 

hydrochloride, and ammonia solution were purchased from Merck. Commercial-grade 

PVC of high molecular weight was used. 

 

6.2.2. Synthesis of anion–exchange material 

 

Phenol and formaldehyde (40%) in the molar ratio of 1:2 was refluxed in basic 

medium (pH 9) till a yellow resin was separated from the above reaction mixture. It was 

taken out, washed with D. I. water and dried. The resin was finely powdered and 

dispersed in acetone and heated with 1 mole guanidine chloride solution for 2 h at 80°C. 

The final condensation product was separated from the reaction mixture, washed with 

water, filtered and dried. 

 

6.2.3 Preparation of anion–exchange membrane 

 

Heterogeneous anion-exchange membrane was prepared by solution casting 

method. Definite weight of anion–exchange material and PVC powder were stirred in an 

appropriate solvent such as tetrahydrofuran (THF) for about 8h at room temperature. The 

homogeneous suspension was cast onto a clean glass plate using a film applicator. 

Composite membranes were peeled from the glass plate after 48 h. The composite 

membranes were 80 µm thick. All the membranes were immersed in 2M NaOH solution 

for 24 h prior to testing. The compositions of the membranes were varied by using 

different amount of guanidine functionalized anion-exchange material (10 wt%, 20 wt%, 

30 wt% and 40 wt %). The corresponding membranes are represented as P1, P2, P3 and 

P4. 
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6.2. 4 Characterization Techniques 

 

The membranes were characterized by FT- IR spectroscopy using Perkin Elmer 

spectrum Two instrument (Model L160000A) over a range of 4000 - 400 cm-1. 

 

The surface morphologies of the composite membranes were examined by a 

scanning electron microscope (JSM-5600, JEOL Co., Japan). The samples were coated 

with a thin layer of gold by ion sputtering prior to microscopic examination. The SEM 

images of the anion-exchange membranes were transformed to a computer and evaluated   

with an image analysis system. 

 

 Thermal degradation experiments of the composite membranes were 

carried out in Shimadzu TGA-50 thermo gravimetric analyzer. Thermal analyses were 

completed on thin films having an average mass of 15 mg. The samples were heated 

from room temperature to 850°C under nitrogen atmosphere at a heating rate of         

10°C /min [25]. 

 

Water uptake of the composite membranes was determined by weighing the 

membranes under wet conditions after being equilibrated in distilled water for 24 h at 

room temperature. The surfaces of the membranes were then carefully wiped with filter 

paper and the membranes were weighed immediately. The samples were vacuum dried 

for two days and weighed again.  

 

The water uptake was calculated as follows. 

 

               

 

Where Wwet is the mass of the water swollen membrane, and Wdry is the mass of 

the dry membrane. 

 

 The ion exchange capacities (IECs) of the composite membranes were 

determined by double titration method. Samples were accurately weighed and were 

   3%100% 



dry
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immersed in 25 ml of 0.05 M HCl solution for 48 h and the HCl solution was back 

titrated by 0.05M NaOH solution using phenolphthalein as indicator. IECs of the 

samples were calculated using the equation: 

 

                                                     IEC = 
భିమ

ெೝ
 

 

Where n1 and n2 are the amounts of (mmol) hydrochloric acid required before and 

after equilibrium respectively, and Mdry is the mass in g of the dried sample. The average 

value of the three samples calculated from the above equation is the IEC value of the 

membrane. 

 

Electrochemical impedance spectroscopy (EIS) techniques were used to evaluate 

ionic conductivity of the membranes, using AUTOLAB 50519 PGSTAT instrument. 

Impedance measurements of the membranes were performed in a two electrode setup 

where the membranes were clamped between two platinum electrodes and the cell was 

thermostated at 25±0.1°C for at least 20 minutes to ensure thermal equilibrium. 

Impedance measurements were performed in the frequency range 100 Hz-1000 kHz 

using an alternating potential of amplitude 10 mV. Fully hydrated membranes were 

placed in the conductivity cell and it was filled with 1M NaOH. The resistance of the 

membrane and solution was measured (Rtotal). The resistance of the solution was 

measured without the membrane (Rsolution). Membrane resistance (Rmem) was obtained 

from the difference of the measured resistances (Rmem = Rtotal – Rsolution). Thickness of the 

membrane was measured with a digital micrometer by placing the membrane between 

two glass slides to ensure both a planar surface and limited compression. The 

conductivity of the membrane was calculated as follows σ = L/RA mS cm-1, Where σ is 

the hydroxide conductivity in mS cm-1, R is the ohmic resistance of the membrane (Ω), L 

is the thickness of the membrane (in cm), A is the cross sectional area of membrane 

samples (cm2). 

 

Methanol permeability through the membrane was measured with a homemade 

apparatus. The measurement is based on the Gasa method [26] which employed a 

permeation cell derived from Walker et al. [27]. Definite weight of methanol was sealed 

inside a permeation cell and allowed to diffuse through a hole of area 4 cm2 covered by a 
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membrane.  Measurements were conducted at room temperature. In fact, permeation 

process involves dissolution and diffusion of methanol molecules in the membrane 

materials. The mass of methanol inside the vial as a function of time was measured and 

the permeability (P) of the membrane was given by the equation:  

 

P = 
ே×

..×  × ௧
 

 

where N is the number of moles of methanol lost (moles), l is thickness of the 

membrane, V. P. is saturated vapor pressure of methanol  at 25oC, A is the membrane 

area for methanol permeation in (cm2), and t  is time (days).     

  

 The alkaline stability was measured using 2M aq. NaOH at room temperature. 

For this purpose, the composite membrane sample was immersed in 2M NaOH at room 

temperature for 2 weeks. They were taken out, washed with D.I. water, wiped with tissue 

paper, and then studied using FT-IR technique to detect any degradation or changes in 

chemical structures. Loss of weight of the membrane was also measured [4,28]. 

 

The oxidative stability of membrane was determined by immersing the samples 

3cm x 3cm into Fenton’s reagent (30 ppm FeSO4 in 30%  H2O2) for 24 h at 25°C, which 

was evaluated by recording the weight loss of the membrane with time [29]. 

 

All-iron flow battery experiments 

 

All-iron flow battery experiments were performed in a flow cell hardware with 

electrolyte flowing across two electrodes, separated by the membrane prepared [30]. All 

experiments were performed with electrolyte flow rates of 25 ml min-1. Electrolyte for 

both positive and negative electrodes consisted of 1M FeCl2 and 1.5M NH4Cl. The 

electrodes were made from graphite plates with a cross-sectional area of 16 cm2. The 

charging efficiency of the all-iron redox flow cell was determined by Charging the cell at 

100 mA cm-2 for 100 s followed by discharging  at 50 mA cm-2 using AUTOLAB 50519 

PGSTAT instrument. The cell performance is determined by its columbic efficiency 

(CE). CE is the ratio of a cell’s discharge capacity (Qdis) to its charge capacity (Qch). 
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6.3. Results and Discussion 

6.3.1 Structural analysis 

 

Fig. 72(a-e) shows the FT-IR spectra of (a) Guanidinium chloride (b) Anion-

exchange material (c) pvc membrane (d) Membrane P2 (e) MembraneP4 respectively. 

The spectrum (a) of Guanidinium chloride shows broad band in the region 3100-3400 

cm-1, due to the stretching vibration of N-H bonds of guanidinium [31]. The peak at 1654 

cm-1 is attributed to the coupled vibrations of N-H in plane bending vibrations and 

asymmetric stretching vibrations of C-N group of the guanidinium group [32,33]. The 

peak at 1198 cm-1 is assigned to N-H bending vibration of guanidinium group [32,33]. 

The spectrum (b) of anion-exchange material shows band in the region 3100-3400 cm-1 

attributed to the stretching vibrations of    N-H groups and O-H stretching vibrations. 

The absorption peak in the region of 3100-3400 cm-1 of the anion-exchange material is 

weaker, which indicates that the majority of functional groups such as –NH2 offered by 

guanidine and –OH group of phenol were subjected to condensation reaction with 

formaldehyde. The peak at 1654 cm-1 is a coupled vibration having contributions from 

both N-H in plane bending vibrations and asymmetric stretching vibrations of C-N 

groups of guanidinium ion. The absorption peaks at 1504 cm-1 is attributed to the 

vibration of aromatic ring of benzene in phenol [34,35]. The peak at 1078 cm-1is 

assigned to C-O-C ether links formed during condensation reactions with formaldehyde 

[35]. The spectrum (c) of PVC membrane shows strong signals at 1425 cm-1, 1340 cm-1, 

1200 cm-1, 1050 cm-1, 950 cm-1 and at 690 cm-1.These correspond to the C-C, C-H and    

C-Cl vibrations found within the PVC polymer [19,36]. The peak at 1600 cm-1, 1505  

cm-1 is due to C-C aromatic stretching vibrations of phenyl group [35]. The spectra (d), 

(e) correspond to that of the membranes (P2 and P4) with increasing amounts of anion-

exchange material. In the spectra (d,e) of the membranes show peak in the region of 

3000-3400cm-1 are corresponding to the stretching vibrations of N-H groups of guanidine 

and stretching vibrations of O-H groups. The band at 2917 cm-1 could be assigned to 

stretching vibrations of C-H group groups of  polymer back bone and band at 1450 cm-1 

is attributed to bending vibrations of -CH2 group [34]. The peaks at 1600 cm-1 and 1505 

cm-1 are corresponding to C-C aromatic stretching vibrations of phenyl group. The above 

spectral observations suggest the successful incorporation of anion-exchange material 

into the polymer matrix  [34,37]. 
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             Fig. 72 FT-IR spectrum of (a) Guanidinium chloride (b) anion-exchange  
                         material (c) PVC polymer (d) Ion-exchange membrane P2  
                         (e) Ion-exchange membrane P4 
 

 

 

 

 

 

 

 

 

                Fig. 73 Photograph of the prepared Ion-exchange membrane P4 

 



 

6.3.2 SEM analysis 

 

Scanning electron microscopy (SEM) is used to investigate the microstructures of 

the membranes. Fig. 74 (

smooth and defect free surface of the membrane without any cracks or pinholes, 

indicating the fine quality of the membrane. 
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magnifications. Anion exchange materials are found to be uniformly distributed in the 
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          Fig. 74 SEM images of membranes: 
                      membraneP4, using 40% anion exchange
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Scanning electron microscopy (SEM) is used to investigate the microstructures of 

(a) shows the SEM image of PVC membrane which presents a 

smooth and defect free surface of the membrane without any cracks or pinholes, 

indicating the fine quality of the membrane. Fig. 74 (b-c) shows the surface morphology 

of composite membrane P4 using 40% anion exchange material at different 

magnifications. Anion exchange materials are found to be uniformly distributed in the 

polymer matrix, which establishes the connectivity of the composites which enhances 

compatibility between the matrix and the anion-exchange material. However, some 

agglomerates can be observed in the composite membranes. Fig. 74(d) shows the cross

sectional image of membrane P4 and the thickness of the membrane was 120 µm.

exchange membraneP4 found to be flexible as shown in photograph 

SEM images of membranes: (a) PVC membrane (b&c) composite
membraneP4, using 40% anion exchange material at different

nifications and (d) cross-sectional image of membrane P4.

Scanning electron microscopy (SEM) is used to investigate the microstructures of 

a) shows the SEM image of PVC membrane which presents a 

smooth and defect free surface of the membrane without any cracks or pinholes, 

c) shows the surface morphology 

ng 40% anion exchange material at different 

magnifications. Anion exchange materials are found to be uniformly distributed in the 

polymer matrix, which establishes the connectivity of the composites which enhances 

exchange material. However, some 

d) shows the cross-

sectional image of membrane P4 and the thickness of the membrane was 120 µm. The 

P4 found to be flexible as shown in photograph Fig. 73. 

c) composite 
material at different  

sectional image of membrane P4. 
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6.3.3. Water uptake 

 

The water uptake values of the membranes with different contents of anion-

exchange material are shown in Fig.75. water uptake of AEM is a key factor which 

determines the performance of electrochemical devices. Higher water uptake values will 

facilitate hydroxide transport by generating solvated ionic species and broadening ion 

transport channels, to maintain high ionic conductivity of the materials [38]. Water 

uptake primarily depends on the microstructure of the membrane and functional groups 

of ion exchange groups attached to the polymer chains. The water uptake of these 

membranes, increased moderately with increase in the content of ion-exchange material. 

This indicates that the water uptake strongly depends on the amount of ion-exchange 

material. However, excessive water uptake may lead to the deterioration of the AEMs 

mechanical properties. An ideal AEM should exhibit proper water uptake, high 

conductivity, and excellent mechanical properties.  In these membranes the guanidinium 

ion exchange group is also thought to participate in absorbing water due to hydrogen 

bonding capacity.  

 

         

             Fig. 75  Water uptake of membranes with varying anion-exchange 
                                       material content 
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6.3.4 Ion exchange capacity 

 

The IEC values of the membranes with different contents of anion-exchange 

material are shown in Fig. 76. The IEC gives the amount of the exchangeable groups in 

the membrane matrix. The IEC values of membranes increased from 0.51 to 1.23 mmol 

g-1. The IEC value of the membrane found to be increasing with increase in wt% of 

anion-exchange material. The IEC value of Nafion 117 is 0.90 mmol g-1 [10]. High IEC 

is attributed to the strong basicity of the guanidinium cation present in the membrane [4]. 

Higher IEC values facilitate hydroxide ion transport, by generating interconnected ionic 

conductive channels [2,39]. This will contribute to efficient hydroxide ion conduction 

through the membrane matrix [40].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                    Fig. 76 Ion exchange capacity of membranes with varying anion- 
                                 exchange material content 
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6.3.5 Electrical properties 

 

The ionic conductivity of the AEMs is a key factor which determines the 

performance of electrochemical devices. Herein, the ionic conductivities were examined 

by electrochemical impedance spectra (EIS recorded in the frequency range of 100 Hz to 

1000 kHz and with signal amplitude of 10mv). Nyquist plot for the AEM is presented in 

Fig. 77. The membrane resistance was obtained from the intercept on the Z’ axis in the 

high-frequency region of the Nyquist plot. The ionic conductivities of the AEMs are 

shown in Fig. 78. Conductivities of AEMs increased from 11 to 71 mS cm-1 with 

increase in wt% of ion-exchange material from 10 to 40%. 

 

 

 

 

 

 

 

    

          

 

 

 

 

     

Fig. 77 Nyquist plot for the AEM P4 from AC impedance spectroscopy 
                         measurements at room temperature  
 

As shown in Fig.78 the ionic conductivity of the fabricated membranes increases 

with increasing content of ion-exchange material. It can be seen that the appropriate 

amount of ion-exchange material contributes to the improvement of the conductivity of 

the composite membranes. Well-distributed hydrophilic guanidine functionalized ion 

exchange material leads to wider hydrated ion transport channels for the conduction of 

anions in the membrane. The higher alkalinity of the guanidinium groups has led to the 
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improvement in ionic conductivity [31]. These are supported by the fact that the increase 

in ion-exchange material leads to increased water uptake and an increase in ionic 

conductivity. Hydroxide conduction mainly occurs through the Grotthuss mechanism by 

the formation and cleavage of the bonds as it diffuses through the hydrogen-bonded 

network of water molecules [38]. The hydroxyl groups on the solvated guanidinium ion 

exchange groups will lead to a further increase in the formation and cleavage of bonds of 

the diffusing hyper-coordinating water molecule. As shown in Fig.79 the ionic 

conductivity of the fabricated membranes decreases with increase in thickness of the 

membrane. 

 

               Fig. 78 Ionic conductivity of composite membranes Vs anion-exchange  
                            material wt%  
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  Fig. 79 Ionic conductivity of the composite membranes Vs thickness 

 

 

6.3.6 Thermo-gravimetric analysis 

 

The thermal stability of the membranes was evaluated using TGA under a 

nitrogen flow at a heating rate of 10°C min-1 from room temperature to 750°C. Fig. 80 

(a-c) shows TGA curves of (a) pvc membrane, (b) Membrane P2 and (c) Membrane P4. 

In Fig. 80 (a) first weight loss stage of less than 7% occurred from room temperature to 

350°C, which was due to the evaporation of absorbed water from the sample and due to 

the loss of pendant chloride as HCl, leaving residual polyethylene backbone structure. 

The second weight loss stage appeared from 420 to 450°C, could be attributed to the 

thermal degradation of the polymer backbone [19]. In Fig. 80 (b&c) of P2 and P4 

membranes show similar degradation patterns.  The first weight loss stage of less than 

7% occurred from room temperature to 250°C, which was due to the evaporation of 

absorbed water from the sample. The second weight loss stage appeared from 420 to 

450°C, and could be attributed to the thermal degradation of phenyl groups and the 
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decomposition of  guanidinium groups in the membranes [4]. The third weight loss stage 

occurred above 500°C and was caused by the decomposition of the polymer's backbone. 

All the membrane exhibited weight losses of less than 7% below 200°C, indicates the 

good thermal stability of the fabricated membranes, suitable for practical applications. 

All the membrane exhibited weight losses of less than 7% below 200°C, indicates the 

good thermal stability of the fabricated membranes, suitable for practical applications.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   

 

  Fig. 80 TGA curves for (a) PVC membrane (b) Membrane P2 and(c) Membrane P4 

 

6.3.7. Chemical stability  

 

The chemical stability of anion-exchange membranes is an important parameter 

that affects the performance of electrochemical devices, especially at high pH and strong 

chemical environments. All the membranes retained their shape and flexibility during the 

alkaline stability test in 2M aqueous NaOH solution for 2 weeks. The conductivity of the 

membranes do not exhibited any decline after the alkaline stability test. There was no 
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obvious degradation or weight loss has been took place, the membranes maintained 

integrity.  

 

 

      Fig. 81 FT-IR spectrum of the membrane P4 (a) before (b) after alkaline stability test 

 

The comparison of FT-IR results for the membrane before and after alkaline 

stability test in 2M aqueous NaOH provides further evidence supporting its excellent 

alkaline stability. As shown in Fig. 81, there is no obvious variation in intensity of 

absorption bands of C-N and -OH groups  were observed after 2 weeks of testing in 2 M 

aqueous NaOH .  

 

The oxidative stability is always a concern for polymer electrolyte membranes 

which are used in electrochemical devices due to the harsh chemical environments. 

Hence Fenton's reagent is used to simulate and accelerate the harsh operational 

environment, in which the OH. and OOH. radicals formed from H2O2 can cause the 

degradation of the AEMs. All the membranes did not show any physical deformation or 

colour change. These results show good oxidation stability of the membranes. 



146 
 

6.3.8. Methanol permeability 

 

Methanol permeability of membranes at room temperature is shown in Fig. 82. It 

can be seen that the methanol permeability is gradually reduced with increase in the 

content of ion-exchange material in the membrane. However, the methanol permeability 

of the synthesized membranes are much lower than that of the Nafion N117 and 

Tokuyama A201 membrane at room temperature [31]. Hence the fabricated membranes 

have generally good methanol barrier properties 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          

 

                          Fig. 82 Methanol permeability values of different membranes  
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6.3.9. All iron Flow battery studies 

 

The cell voltage-time curve measured during the charging and discharging of an 

all-iron redox flow cell using the prepared membrane as separator is shown in Fig. 83. A 

constant current density of 100 mA cm−2 for charging and 50 mA cm−2 for discharging is 

used. Repeated cycling of the cell with the high-efficiency electrolyte at 100 mA cm-2 

demonstrated that high columbic efficiency (> 75%) could be maintained over repeated 

cycles. Higher columbic efficiency indicates low cross-mixing of ions [41]. These results 

confirm the viability of the new composite membrane as a separator in all-iron redox 

flow battery. 

Fig. 83  The cell voltage-time curve of all- iron redox flow cell during galvanostatic  
             charge-discharge experiment 
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6.4 Conclusions 

 

In summary, we developed a simple and facile method to prepare AEMs with 

high alkaline stability and enhanced ionic conductivity. The facile nature of the 

technique offers an attractive alternative to traditional approaches. This method avoids 

the use of chloromethyl methyl ether, the carcinogenic reagent generally used for AEMs 

preparation.  SEM images of membranes showed a relatively uniform surface for the 

membranes. The increase of ion-exchange material wt% in casting solution led to an 

improvement in water content, Ion exchange capacity, and electrical conductivity. In this 

method the carcinogenic and toxic reagent chloromethyl methyl ether commonly used 

for AEMs preparation is completely avoided. The TGA analysis of the membranes 

revealed thermal stability up to 150°C this shows that these membranes are ideal for 

applications in that temperature range. The composite membranes exhibited enhanced 

chemical stability in strong chemical environments and this can be attributed to the 

resonance stabilized guanidine group as anion-exchange site. By considering the AC 

impedance data, the conductivity measurements showed a marked enhancement in 

conductivity by increasing the content of ion-exchange material. The electrochemical 

performance of an all-iron redox flow cell was studied using galvanostatic charge-

discharge tests using the above membrane as separator and the system exhibited a 

columbic efficiency of 80% during the repeated charge-discharge cycles. The results of 

this study offer an attractive alternative to the traditional approaches for the synthesis of 

AEMs. 
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CHAPTER 7 

 

SUMMARY AND CONCLUSION 

 

The first chapter in this thesis presents a description about the classification of 

ion-exchange membranes, transport mechanisms in anion-exchange membranes, 

chemical stability of anion-exchange membranes, strategies for improving the chemical 

stability of anion-exchange membranes, anion-exchange membrane preparation methods 

and the applications of anion-exchange membranes as separators in electrochemical 

devices like flow batteries and fuel cells.  

 

Chapter 2 of this thesis describes various experimental techniques and methods 

used for the characterization of the anion-exchange materials and prepared membranes. 

Characterizations were done using FT-IR, SEM, TEM, XRD and EDAX techniques. The 

properties of the membranes such as ion-exchange capacity, water uptake, alkaline 

stability, oxidative stability, methanol permeability, tensile strength, impedance and ionic 

conductivity were also measured.  

 

Chapter 3 of this thesis describes the synthesis of  inorganic anion- exchange 

material, calcium titanate (perovskite) nanopowder by precipitating mixed oxalate and 

hydroxide of calcium and titanium    [CaTi(OH)x(C2O4)y] from a solution of potassium 

titanyl oxalate and calcium chloride in ammoniacal medium followed by calcination. The 

XRD pattern revealed the formation of phase pure orthorhombic calcium titanate. The 

crystalline nature of the particles was revealed by HRTEM image, and the shapes of the 

particles were found to be spherical, with an average size of 200 nm. Selected area 

electron diffraction (SAED) pattern revealed the crystalline nature of the material and the 

rings in the SAED pattern corresponds to the crystal planes of calcium titanate. 

Morphological features were investigated with SEM, and the CaTiO3 particles were 

found to be spherical with a diameter of approximately 200 nm. 

 

Chapter 4 of this thesis includes the development of polyvinyl alcohol/calcium 

titanate nanocomposite anion-exchange by incorporating calcium titanate nanoparticles 

(CaTiO3) into polyvinyl alcohol matrix. The PVA/CaTiO3 nanocomposite membranes  
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30 wt% CaTiO3 were found to have an ionic conductivity of 66 mS cm-1 at room 

temperature. The electrochemical performance of an all-iron redox flow cell was studied 

using galvanostatic charge-discharge tests using the above membrane as separator and 

the system exhibited a coulombic efficiency of 75% during the charge-discharge cycles. 

  

Chapter 5 in this thesis describes a novel approach for the synthesis of highly 

stable guanidinium functionalized homogeneous membrane based on PVA prepared by 

the oxidation of PVA to polyvinyl ketone using KMnO4 followed by guanidination and 

cross-linking. The resultant membranes were flexible and tough enough for 

electrochemical applications. The membranes showed ionic conductivity of 70 mS cm-1 

at room temperature, excellent tensile strength, thermal stability and good chemical 

stability in strong chemical environments. The electrochemical performance of an all-

iron redox flow cell were studied using galvanostatic charge-discharge tests using the 

above membrane as separator and the system exhibited columbic efficiency above 75%. 

 

Chapter 6 of this thesis includes the synthesis of anion-exchange material by 

condensation of phenol and formaldehyde in basic medium followed by condensation 

reaction with guanidine chloride. The anion-exchange material was dispersed in PVC 

polymer matrix for membrane preparation. The membranes with 40 wt% ion-exchange 

resin content possess ionic conductivity of 67 mS cm-1 at room temperature. The anion-

exchange membranes exhibited good thermal stability up to 150°C and this shows that 

these membranes are ideal for applications in that temperature range. Membranes 

showed excellent chemical stability and mechanical properties without any loss of ion 

conductivity under alkaline and oxidative conditions. The electrochemical performance 

of an all-iron redox flow cell was studied using galvanostatic charge-discharge tests 

using the above membrane as separator and the system exhibited a columbic efficiency 

of 80% over the repeated charge-discharge cycles. 

 

  


