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The current thesis entitled “Mixed Matrix Membranes of Polybenzimidazoles as Proton and 

Anion Exchange Membranes” has been divided into eight chapters. Chapter 1 is the 

introductory chapter which discusses the working principle of the PEMFC, AAEMFC, alkaline 

water electrolysis, various fabrication techniques of PBI based blends and nanocomposite 

membranes and a brief discussion about the surface initiated RAFT polymerization techniques. 

Chapter 2 explains the detailed characterization methods of the various types of samples and 

fabricated membranes (both AEMs and PEMs) included in the thesis. In the Chapter 3, post 

synthetically modified (PSM) UiO-66-NH2 MOFs (PSM1 & PSM2) were incorporated into the 

OPBI matrix in order to fabricate efficient Polymer-MOF nanocomposite MMMs, their super 

proton conductivity and various other membrane based properties improvements were 

discussed thoroughly. In the Chapter 4, phosphoric acid impregnated melamine based Schiff 

base network type covalent organic framework (COF) materials have been incorporated in the 

PBI matrix in order to develop super proton conducting Polymer-COF nanocomposite PEMs. 

In the Chapter 5, SI-RAFT initiated polymer-g-GO materials have been incorporated into the 

OPBI matrix in order to fabricated OPBI@GOP nanocomposite membranes with remarkably 

high proton conductivity and mechanical durability for their utilization in the PEMFC. 

Chapter 6 demonstrates the synthesis and characterizations of ionically crosslinked (ICL) non 

porous and porous blended AAEMs for their potential application in the alkaline water 

electrolysis treatment. In the Chapter 7, SI-RAFT initiated polymer-g-GOPILs have been 

incorporated into the alkylated PyPBI-BuI-OBA matrix in order to develop mechanically 

robust nanocomposite mixed matrix anion exchange membranes with high OH- conductivity 

for their potential utilization in the AAEMFC. Chapter 8 summaries all the important findings 

of the current thesis work with a concluding remarks and demonstrates the future scopes of 

various scientific findings associated with this thesis.   
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Fuel cell 

 

Fuel cell is an energy conversion device discovered by Sir William Grove who is known 

as the father of fuel cell as he was the first to put forward the concept of fuel cell. Christian 

Friedrich Schonbein first published research article in the philosophical magazine in January 

1839. Another name associated with this concept of fuel cell is Francis Thomas Bacon. He 

experimented with alkaline electrolytes instead of acid based electrolytes and found that the 

potassium hydroxide electrolytes worked as good as acid based electrolytes.  

Fuel cells are electrochemical energy conversion devices that convert chemical energy 

of hydrogen directly into the electrical energy via a chemical reaction.1–3 Fuel cell (FC) 

composed of three main components: anode, cathode and electrolyte. The oxidant is reduced 

at the cathode and fuel is oxidized at anode. Ions move through the electrolyte and a current is 

produced at the external circuit that is used to power a device. In the operational FC a 

membrane consists of electrolyte sandwiched between cathode and the anode which is known 

as membrane electrode assembly (MEA).4–6 The anode acts as an interface between the 

electrolyte and the fuel (e.g. H2), which catalyses the oxidation reaction and generates free 

electron and H+. The electrons conduct to the load via the external circuit. Whereas, the cathode 

provides an interface region between the electrolytes and the oxygen, which catalyzes reduction 

reaction of oxygen, and provides a path through which the flow of free electrons is conducted 

from the load to the electrode via the external circuit. The electrolyte layer acts as a physical 

barrier developed between the oxygen and the hydrogen, which prevents direct mixing of H2 

and O2 but enable for the conduction of ionic charges between the electrodes (cathode and 

anode) and the complete cell electric circuit. The cell reactions and a fuel cell are schematically 

represented in the Figure 1.1. 

In general, fuel cells are various types according to their operating temperature, 

electrolyte type, efficiency and applications. Fuel cells (FC) can be classified into five types 

based on the choice and types of the electrolytes. These are: 1) Polymer electrolyte fuel cell 

(PEFC), more specifically Proton exchange membrane fuel cell (PEMFC),7 2) Alkaline fuel 

cell (AFC) or Alkaline anion exchange membrane fuel cell (AAEMFC),8 3) Solid oxide fuel 

cell (SOFC),9 4) Molten carbonate fuel cell (MCFC)10 and 5) Phosphoric acid fuel cell 

(PAFC).11 

In this thesis, we have aimed to focus on fabrication of various of polybenzimidazoles 

based mixed matrix membranes (MMMs) for PEMFC and polybenzimidazole MMMs for the 

development of alkaline anion exchange membranes (AEMs). Therefore, in the following 
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section, we will discuss in details the working environment and requirement for the PEMFC 

and AAEMFC fuel cells. 

 

Cell reaction 

At Anode: 2H
2
  → 4H

+
 + 4e− 

At Cathode: O
2
 + 4H

+
 + 4e− → 2H

2
O 

Overall cell: 2H
2
 + O

2
 → 2H

2
O + electrical energy + heat 

 

Figure 1.1. Schematic representation of a fuel cell. (Image adopted from google). 

 

Proton exchange membrane fuel cell (PEMFC) 

 

Proton exchange membrane or polymer electrolyte membrane fuel cells (PEMFCs) are 

considered to be promising candidates and more attractive fuel cell technology among various 

types of FCs due to their simplicity in use in automobile, portable power and stationary 

applications.12–15 The PEMFC was first developed for utilization in the Gemini space vehicle. 

The important features of the PEMFCs are: pollution free operation, and all-solid construction 

and therefore less corrosion. The PEMFC is highly cost effective more efficient with respect 

to all other types of FCs. Depending upon the nature of polymer electrolytes, PEMFCs can 

operate ranges from lower to elevated temperature (30 to 180 °C) and generates high power 

density in comparison to other type of fuel cells.15,16 
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Desired properties of efficient PEM 

Generally, a superior PEM working under operational fuel cell should consists (1) 

efficient proton conduction with zero electronic conductivity, (2) low permeation of oxygen 

and fuel, (3) good oxidative and hydrolytic stability, (4) excellent mechanical robustness in 

both dry and hydrated states, (5) cost effective synthesis, and (6) membrane durability for the 

membrane electrode assembly (MEA) fabrication and testing.12 In the modern years, significant 

efforts have been made by the researchers worldwide to develop efficient PEM and alternatives 

to replace costly Nafion based membrane which operates up to 180 ⁰C without humidification. 

Phosphoric acid (PA) doped polybenzimidazoles as PEM 

In general, perfluorinated membrane Nafion has been widely utilized in literature to develop 

efficient PEM.17 Nafion membranes displays thermal and chemical stability hence can be 

utilized safely as efficient membrane for PEMFC use18 and that is the reason for the wide use 

of the perfluorinated based membrane as PEM in the last one-two decade. But the 

perfluorinated based polymers are consisting of significantly lower glass transition temperature 

(Tg) around 120 °C.19 which causes deterioration of mechanical stability beyond 120 °C,19 

Perfluorinated membranes are highly costly and can conducts protons efficiently only up to 80 

°C under 100% humidification. Temperature beyond 100 °C and less humidification, Nafion 

or any other perfluorinated types membranes are unable to conduct. There are additional 

drawbacks also like high methanol crossover which decays membranes performances.20,21 In 

order to mitigate these problems associated with Nafion, extensive research have been 

performed by synthesizing non-perfluorinated based polymers structure.15 Phosphoric acid 

(PA) doped PEM has emerged as a most efficient membrane towards this. The first ever 

synthesis of polybenzimidazole (PBI) structure was developed by Marvel and co-workers 

which was mechanically strong even at elevated temperature with good chemical stability.22,23 

PBI membranes were also used by the U.S. Air force due to its extraordinary properties like 

thermal, chemical and mechanical durability etc.24 The PA doped PBI based membranes are 

currently being evolved and popular in literature as efficient PEM, as it conducts proton at 

elevated temperature (150 ⁰C – 200 ⁰C) without any humidification.25–27 PBI is an amorphous 

aromatic heterocyclic polymer where the polymeric repeat unit consists of both the proton 

donor (-NH-) and proton acceptor (-N=) H-bonding sites through which PBI structure generates 

specific interactions with both the polar protic and aprotic solvents.28 Most of the PBI based 

polymers are separated from reaction mixture as noodles or strong threads having good film 

forming proiperties.29–31 Savinell et al32 have first ever introduced acid doped PBI to improve 
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the qualities of PEM. This work has been the path breaking development for the fabrication of 

cost effective PBI membrane with high performances. Several authors reported that PA loaded 

PBI membrane exhibits very high proton conductivity, low gas permeability/crossover, decent 

thermal and oxidative stability and lower water drag coefficient. PA doped PBI membrane 

produces low vapour pressure even at high temperature because of the development of 3D 

networking of phosphoric acid molecules.33  

 

Synthesis of polybenzimidazoles 

 

In the late 20th century, many research groups have started synthesized PBI for diverse 

applications. The PBI structure developed by Marvel et al22,23 has exhibited high temperature 

and chemical resistance. Various synthetic methodology has been evolved in literature which 

consists of utilization of different tetramine monomers and dicarboxylic acids to synthesize 

various structural variation of PBI (Table 1.1). PBI can be synthesized by polycondensation 

reaction of tetraamines (TAB) and di-acids (Scheme 1.1). Literature reports consists various 

types of polycondensations: 1) melt condensation polymerization34 2) solution condensation 

polymerization35 3) catalytic condensation polymerization.36 

 

Scheme 1.1. Synthesis of polybenzimidazole (PBI) by polycondensation using polyphosphoric 

acid (PPA) medium. 
 

For solution induced polycondensation, effects of several solvents have been 

investigated. Various high boiling solvents such as N, N-dimethylformamide (DMF), N, N-

dimethyl acetamide (DMAc) have been utilized.37,38 But the drawback associated with these 

solvents are the generation of polymers with very low molecular weight. This draw back was 

resolved by Iwakura et al.39 in which all compounds [equimolar mixture of dicarboxylic acids 

and tetramine monomers were taken into polyphosphoric acid (PPA) medium] were taken in a 
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three neck round bottom flask connected to N2 flow for 24 h -26 h reaction at 180-210 °C. Here 

PPA acted as catalyst cum solvent. Various tetra ammine and di-acid monomers were 

synthesized and varied to developed alternative types of polybenzimidazoles (Table 1.1).  

 

Table 1.1. Different types of aromatic tetraamines and dicarboxylic acid monomers for 

polybenzimidazole (PBI) synthesis. 
 

 

 

Since 1961, after the synthesis of PBI by Marvell et al, several research groups have 

been exploring and modifying the structure of PBI for employing them in a wide variety of 

areas and advanced fields. PBI possesses very unique properties as well as some restraints, so 
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in order to improve their properties as per the requirements; researchers have synthesized 

different varieties of PBI. The varieties of PBI include poly[2,2ʹ-(1,4-phenylene)-5,5ʹ-

benzimidazole] (known as p-PBI),40 poly(4,4ʹ-diphenylether-5,5ʹ-bibenzimidazole) (OPBI),41 

poly(2,5- benzimidazole) (AB-PBI),42 pyridine based PBI (Py-PBI),43,44 sulfonated PBI,45 

crosslinked and hyperbranched PBI,46,47 naphthalene based PBI,48 fluorinated PBI,49 N-

substituted PBI (N-PBI),50 meta-para random PBI copolymer,51 PBI with sulfone or sulfonic 

acid groups in the backbone52 and many others (Scheme 1.2).  

 

Scheme 1.2. Various types of PBI structure reported in the literature. 

 

PBI possesses strong intermolecular and intra-molecular chain hydrogen bonding and 

also a highly rigid rod structure that results in poor solubility in common organic solvents. The 

incorporation of the hetero atoms53 in the polymer main chain or by N-substitution post 

polymerization with sulfonic or the aliphatic groups have been found by the researchers to 
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improve the solubility, acid uptake capability and thereby increasing the acid doping level for 

application in fuel cells. Flexibility was increased by modifying the main chain or side chain 

with the incorporation of flexor groups like para linkage monomer or aliphatic group or bulky 

group containing hetero atom. The presence of sulfonated acid groups in PBI increases its water 

and acid uptake capacity. Likewise, various other modification strategies have been developed 

to improve the quality of the membranes. Recently, our group also has implemented certain 

modifications with side and the main chain of PBI which increases solubility, flexibility and 

acid doping capability.  

 

Various casting methods for PBI based membranes 

By analysing the nature and the types of PBI based polymers, various types of 

membrane casting strategies have been evolved in the literature. Three main casting methods 

have been utilized extensively for preparation of efficient PEMs. Benicewiz et al have first ever 

reported the sol-gel method for development of PBI membranes.54 In this process, after 

completion of the polycondensation polymerization reaction in presence of polyphosphoric 

acid (PPA) medium, the viscous solution was directly casted onto a glass petri dishes. Hence 

the resulted membranes will exhibit a sol-gel transformation or transition through surrounding 

moisture absorption. These membranes displayed high proton conducting behaviours in nature, 

in addition to their efficient thermal and mechanical durability. Another method was developed 

by Savinell et al55 is the imbibing process using DMAC and LiCl solutions, where the LiCl acts 

as a stabilizer. After evaporation of the DMAC solvent, the PBI membrane was peeled out from 

the glass petri dishes followed by washing with water to remove trace amount of LiCl and 

DMAc as the DMAc solvent is poisonous to platinum catalyst which is used in MEA. In this 

process the PA holding level of PBI were 5 to 16 moles per repeating unit.56 In addition, 

utilization of porogen also evolved in literature in order to fabricated porous PBI based PEMs. 

In this approach, after porogen treatment during membrane casting, the low molecular weight 

porogen were removed by dipping those membranes in suitable solvents (MeOH, hydrazine 

and water) (Figure 1.2).57 The generation of pores all over the membranes interfaces resulted 

superior PA uptake in the membranes followed by improved proton conductivity.57–59 
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Figure 1.2. Method development for porous structure in the PBI membrane. (Taken from 

reference 57). 

 

U.S. Pat. No. 5,525,436 described a strategy of doping the PBI film in presence of a 

strong acid (ex. phosphoric acid or sulfuric acid) to develop a single phase system.60 In another 

U.S. Pat. No. 5,945,233 Onorato et al. mentioned that PBI based paste or gel can be formed 

by mixing PBI polymer with a suitable acid solution, which allows to generate a gel-like or 

paste-like consistency at room temperature.61 Sannigrahi et al. have reported the 

thermoreversible gelation of PBI in phosphoric acid by studying the gel morphology, 

thermodynamics of the gelation, and gelation kinetics utilizing test tube tilting and UV-Vis 

spectroscopy techniques.62 Also several synthetic strategies have been utilized in literature to 

develop super quality PEM by applying modification in the polymer backbone and in the 

polymeric side chains.51,63,64 The major problem is to develop a membrane by maintaining the 

high PA doping level along with decent mechanical stability. Sometime, the acid content 

present in the membrane found to be too high to process the membrane due to its very poor 

mechanical stability.30 Also, the PA doped membrane should have superior thermal stability to 

avoid the leaching out of the free PA molecules from the membrane above 160ºC, to achieve 

promising proton conductivity during fuel cell operation.65 Hence, it is important to maintain 

a balance between the acid uptake level and the mechanical robustness of the membranes to 

obtain a PEM with improved quality. 
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Polymer nanocomposite mixed matrix membranes as PEM 

 

Several nanofillers can play a vital role in order to improve the quality of the membranes 

by their incorporation into the membrane matrix during solution casting blending. The 

nanofillers are basically inorganic solid nanoparticles comprise of inorganic materials which 

differs from the polymer matrix in terms of structure and composition. The impregnation of 

suitable nanoparticles as nanofillers into the PBI matrix can develop mixed matrix PEM with 

improved PA doping level, proton conductivity and mechanical durability.66,67 As the name 

suggests, polymer nanocomposite comprises of a mixture of two main components: the 

nanofiller and the polymer matrix in which the nanofiller is embedded. Emergence of 

nanocomposites opened a huge area of research as they provide a wide range of applications in 

industrial as well as daily life applications.68–71 Up to now, a variety of nanofiller have emerged 

like carbon nanotube,72 graphene,71 chemically modified silica particles,73–77 clay,78–80 

fullarene.81 etc. Among all, carbon nanotube, graphene and chemically modified silica which 

provide high performance of the resulting nanocomposites is the major attraction. 

Incorporation of hydrophilic post synthetically modified metal organic framework as 

nanofillers into PBI matrix can develop superior quality PEM.67,82,83 The addition of even a 

small amount of nanomaterials brings about a huge change in the polymer properties without 

disturbing the polymer backbone and processability of the polymer. The change is observed in 

the polymer properties particularly decreased gas permeability and flammability, increased 

mechanical strength and heat resistance, enhanced biodegradability of the biodegradable 

polymers, mechanical robustness, increase thermal and oxidative stability and acid loading 

capacity as well as the proton conductivity. The nanofillers have this much impact on the 

polymer properties as a result of its unique properties such as: (i) low percolation threshold, 

(ii) arising a low volume fraction due to particle-particle correlation (orientation and position), 

(iii) extensive interfacial area (communication between matrix and filler) per volume of 

particles, (iv) short distances between the particles and (v) comparable size scales among the 

rigid nanoparticles inclusion. Nanofillers can be mainly classified into three groups, on the 

basis of dimensions, that is, (i) one dimension (e.g., clay)84 (ii) two dimension (e.g., carbon 

nanotube, graphene, MOFs, COFs)85–87 and (iii) three dimension (e.g., silica, MOFs, 

COFs).88,89 In the recent times, various modifications have been developed on PBI using 

different types of nano fillers.90–93 The phosphoric acid doping level as well as the proton 

conductivity and the mechanical stability can be improved using MOF materials as potential 

nanofillers. Recently, a post synthetically modified MIL based flexible MOFs (53-S and 88B-
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S) have been incorporated into the PBI matrix to generate MOF loaded MMMs (Figure 1.3).94 

Carbon nanotube and surface modified GO are also capable of increasing the several properties 

of the PBI.93,95 Shao et.al. synthesized the multiwall carbon nanotubes (MWNTs) containing 

0.1-1 wt% nanofillers in OPBI nanocomposites.93 Mukherjee et al have developed SI-RAFT 

initiated block-co-polymers grafted on the surface of MWCNT in order to utilize those 

materials as potential nanofillers with OPBI (Figure 1.4).96 In recent times, our group has 

synthesized the ammine modified silica particle73 and the montmorillonite clay to influence the 

properties of the OPBI (Figure 1.5, Figure 1.6).80,97 Sulfonated PS (SPS) and reduced GO based 

nanocomposite materials have been employed by Hazarika et al.98 Maity et al.77 have developed 

ionic liquid modified silica/OPBI MMMs with high proton conductivity and less PA leaching 

(Figure 1.5). Singha et al.73 have synthesized long chain amine modified SiNP and utilized 

them to fabricate OPBI matrix supported MMMs for PEMFC applications. Recently, 

Kutcherlapati et al.76 have reported the synthesis of poly (N-vinylimidazole) grafted SiNP as 

nanofillers with OPBI to fabricate efficient mixed matrix PEMs. Mukherjee et al have 

developed block co-polymer grafted on SiNP (pNVI-b-pNVT-g-SiNP, pNVT-b-pNVI-g-

SiNP) for their potential utilization as nanofillers into OPBI matrix (Figure 1.7).74 To solve the 

PA leaching problem of PEMs our research group have also developed organically modified 

cloisite clay impregnated OPBI as super proton conducting PEMs (Figure 1.6).80,99 

 

 

Figure 1.3. Schematic representation of the fabrication of 53-S@OPBI and 88B-S@OPBI 

MMMs.94 
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Figure 1.4. Schematic diagram of preparation of SI-RAFT initiated surface polymer grafted 

MWCNT loaded PGNT@OPBI nanocomposite membrane.96 

 

 

 

Figure 1.5. Schematic diagram of preparation of OPBI/ILMS nanocomposite membrane.77 
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Figure 1.6. Schematic diagram of preparation of SI-RAFT modified surface polymer grafted 

cloisite nanoclay loaded OPBI nanocomposite membrane.99 

 

 

 

Figure 1.7. Schematic diagram of preparation of pNVI-b-pNVT-g-SiNP and pNVT-b-pNVI-

g-SiNP loaded OPBI nanocomposite membrane.74 
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Alkaline fuel cell (AFC) 

 

In 1950s, the AFC technology has been introduced by NASA Apollo space program 

which is still utilized for today’s shuttle missions. Researchers around the globe started 

focusing on AFCs for various other applications. In the 1970s Kordesch,100 built a car, which 

works under AFC when combined with a lead-acid battery. The AFC was the first ever 

introduced fuel cell technology to be developed towards practical application in the 20th 

century. In AFC, aqueous potassium hydroxide (KOH) used as an electrolyte in which 

hydroxide ions in an alkaline electrolyte solution passes from cathode to anode (Figure 1.8), 

which is entirely reverse directional when compared to PEMFCs. The operational condition of 

AFC is relatively low temperature varying from 20 °C to 80 °C which offers less thermal and 

chemical degradation.101–104
 The anode and cathode cell reactions and AFC diagram are 

presented in the Figure 1.8. 

Cell reaction 

At Anode: 2H2 + 4OH− → 4H2O + 4e− 

At Cathode: O2 + 2H2O + 4e− → 4OH− 

Overall cell: 2H2 + O2 → 2H2O + electrical energy + heat 

 

 

Figure 1.8. Schematic representation of the general fuel cell diagram. (Image adopted from 

google) 

 

Drawbacks of AFC 

In AFC, the liquid solution of electrolyte (aqueous KOH) has been the major cause of 

concerns. Generally, in AFC highly concentrated alkaline solution (6 M KOH) used as 
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electrolyte which has more affinity towards CO2 from the air and hence resulted in the 

generation of carbonates or bicarbonate ions under the carbonate process as shown below.105,106 

CO2 + 2OH- → CO3 
2- + H2O 

CO2 + OH- → HCO3
- 

Hence, the number of hydroxide ions availability decreases and CO3
2- or HCO3

- ions are 

increases at the electrode. The mobility of CO3
2- or HCO3

- ions is slower than OH- ions which 

results in the decrease in conductivity of OH- ion thus reducing the fuel cell performance. 

Furthermore, carbonate deposition can result in a precipitate that resulted blocking of micro 

pores of the electrodes which results further decrement in the AFC performance.107,108 

Management of corrosion problem under operational FC is also quite challenging as the KOH 

electrolyte is prone to degrade most of the materials. Therefore, all the necessary materials 

needed for the electrolyte fabrication needs to be highly stable which can introduce higher cost 

for the operation. The performance of AFC also depends upon the amount of added 

electrolytes, less amount of liquid electrolytes can dry the electrode, while the excess flow of 

liquid electrolyte may cause flooding of the electrode. 

 

Anion exchange membrane fuel cell (AEMFC) 

In order to address the above mentioned drawbacks, the researchers have started 

developing the anion exchange membrane fuel cell (AEMFC) by introducing anion conducting 

solid polymer electrolytes or membrane materials to replace the KOH solution as liquid 

electrolyte. In this design, the solid polymer electrolyte membrane (ion conducting membranes) 

acts as separator materials between the anode and cathode. In this design membrane is 

sandwiched between the two electrodes which include the gas diffusion layer along with the 

catalyst layer. The reaction scheme associated with the solid electrolyte fuel cell is quite similar 

to the liquid fuel cell. The oxygen reduction and hydrogen oxidation can take place at the 

cathode and the anode, respectively.101,103 

In the working principle (Figure 1.9), the functioning of AAEMFC occurs using H2 as 

fuel and O2 as oxidant. In the AEMFC, during the electrochemical oxygen reduction, 

generation of hydroxide ions occurs at the cathode. The transportation of OH- ions from 

cathode to anode through the anion conducting polymer electrolyte where in the OH- ions 

remains combined with H2 to form water molecules. The generation of electrons during the 

hydrogen oxidation passes through the external circuit to the cathode where the process of the 
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electrochemical reduction of oxygen to form hydroxyl ions occurs through the electrons 

participations. 

 

Figure 1.9. Schematic representation of the anion exchange membrane fuel cell (AEMFC) 

diagram. (Adapted from Hadis Zarrin thesis from University of Waterloo) 

 

Advantages of AEMFC over PEMFC 

 Use non precious metal catalyst ex, Co, Ni.109 

 Cost effective and very easy to handle. 

 The operational temperature is relatively low (60 °C – 80 °C).109 

 Higher reaction kinetics at the electrodes than that of PEMFC. 

 Higher cell voltage. 

 Low gas crossover. 

Disadvantages of AEMFC compare to PEMFC 

 The OH- ions conducted in the AEMFC is larger size compared to a proton H+ 

conducting PEMFC resulting in lower mobility of the former one.110 

 The hydroxide ionic conductivity highly depends on humidified condition, without 

humidification OH- ions are unable to conduct, which limits their wide applications.111 

 AEM shows low ionic conductivity and instability than PEM. 

Desired properties of anion exchange membrane (AEM) 

The efficiency of AAEMFC can be affected by several factors. AEM is considered as 

the core component of AAEMFC. An efficient AAEM should have these listed qualities: 
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 The AEM should tethered at least one cationic site or anion exchange site for hydroxide 

conduction. Various types of cationic sites are reported in the literature. They are 1) 

quaternary ammonium groups (QA),112 & N-Spirocyclic QAs113,114 2) imidazolium or 

benzimidazolium based systems,109,115,116 3) pyridinium,117 4) guanidinium,118 5) 

phosphonium119 6) sulfonium120 types and 7) metal-based systems. 

 The membrane must retain their thermal and chemical stability under harsh alkaline 

conditions at elevated temperature. 

 Polymer backbones and cationic sites should be mechanically stable in order to prepare 

mechanically durable membranes for operational AEMFC. 

 AEM should produce high hydroxide ionic conductivity. 

 The AEM electrolyte ion conductivity must be high under variant temperature along 

with altered humidity. 

 The AEM should act as electronic insulators and also should acts as a barrier to prevent 

fuel cross over along the membrane. 

 The fabrication strategy of the membranes should be cost effective. 

 

Different cationic functional groups (anion exchange sites) and polymer backbones 

have been utilized and established in literature as efficient AAEMs.101,102,107,108 The structure 

of these cationic sites are shown in Scheme 1.3. 

 

 

Scheme 1.3. Structures of cationic groups used as anion exchange sites in AAEM. (Ref 101, 102, 

107, 108 

 

AAEM based on quaternary ammonium (QA) cation 

In order to develop QA based AAEM polymer backbones functionalization with QA 

groups is the widely utilized feasible strategy to introduce any tethered cationic functionalities. 
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Initially, it was considered that the QA groups containing AAEM are chemically more stable 

than the other cationic groups. Unfortunately, QA groups are degraded by hydroxide ion (OH-

) nucleophilic attack and showed severe drawbacks The degradation in quaternary ammonium 

cation has been seen by nucleophilic substitution of hydroxide ion, Hofmann elimination and 

chloromethylation (Scheme 1.4).121–123 

 

Scheme 1.4. Schematic representation of the various issues associated with QA based AAEM. 
122,123 

A comparative study of tethered cycloaliphatic ring containing nitrogen atom on 

polyphenylene oxide was studied by Jannasch and co-workers, from which it has been found 
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that the alkaline stability is affected by the factors like ring size as well their positions (Scheme 

1.5). In addition, it was concluded that rings possessing low strain like piperidinium, 

pyrrolidine do not suffer degradation while large membered ring like azepanium degraded 

under alkaline conditions which was confirmed by 1HNMR.124 

 

Scheme 1.5. Structures of various cycloaliphatic QA cationic groups of different ring sizes 

used as anion exchange sites in polyphenylene oxide based AAEM.124 

 

Pyridinium and Imidazolium based AAEMs 

Huang’s and Xiuhua’s groups have shown that the pyridinium based AAEMs may not be very 

suitable because these membranes show low ionic conductivity and are not stable in alkaline 

medium because of the irreversible formation of pyridone from pyridinium group in the 

presence of oxygen at high temperature (Scheme 1.6).125,126 Later, Kallitisis and co-workers 

suggested that degradation in pyridinium moiety can be reduced by using 2,6-substituted 

pyridine based monomers.117  
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Scheme 1.6. Degradation of pyridinium site to pyridone.125 

AAEM containing imidazolium groups also undergo degradation via nucleophilic attack 

of hydroxide ion on C2 position. To improve alkaline stability and better efficiency, Fang’ and 

co-workers synthesized the imidazolium containing AAEMs which resulted good thermal and 

chemical stability in comparison to that of quaternary ammonium based AAEM.127 AAEM 

containing PBI has been showed good ion conductivity but low ion exchange capacity was the 

obstacle in it. Later on, Henkensmeier and co-workers suggested that the alkaline stability can 

be improved further and studied the degradation mechanism.128 Recently, our group have 

developed the AAEM by creating twin hydroxide conducting sites which includes imidazolium 

and pyridinium into the same polymer backbone which does not suffer the pyridone formation 

and proved to achieve moderate hydroxide conductivity and alkaline stability (Scheme 1.7).116 

 

Scheme 1.7. Synthesis of PMPBI membrane and degradation of imidazolium site by 

nucleophilic attack of OH- ion at C2 position.116 
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Imidazolium cation degrades via different pathways like ring-opening reaction, 

heterocyclic deprotonations, substituents deprotonation, nucleophilic substitution. To prevent 

this degradation, scientists came up with the idea of substituting the C2-position of the 

imidazolium cationic sites with several moieties like methyl, ethyl, aryl etc. Among these aryl 

group having bulkier size will give utmost stability by hindering the proximity for attacking 

nucleophile.129 Coates et al. have reported stable cationic moieties under harsh alkaline 

condition as a critical component AAEM for their application in alkaline fuel cells (AFCs); 

though, the commonly employed organic cations are prone to exhibit limited alkaline stability. 

In order to mitigate this problem, they have synthesized and checked the stability of the 

synthesized imidazolium cations in 1, 2, or 5 M KOH/CD3OH at 80 °C (Scheme 1.8) in order 

to evaluate the effect of substituted alkylated moieties in the imidazolium backbone to enhance 

the alkaline stability of the imidazolium cationic functionalities.130 The substituent identity at 

each position of the imidazolium ring has a dramatic effect on the overall cation stability. They 

have reported exceptionally stable imidazolium cations with superior alkaline stabilities (>99% 

cation remaining after 30 days in 5 M KOH/CD3OH at 80 °C).130 Another idea has been 

impregnated to block the imidazolium C2-position with bulky mesitylene group. The aliphatic 

methyl groups completely hinder the approach the nucleophile.129 

 

Scheme 1.8. Schematic strategy for prevention of imidazolium cation degradation.130 

Our group recently reported, the effect of different alkyl group structure on the various 

properties improvement especially the hydroxide conductivity and alkaline stability of the 

AAEM with dual anion exchange sites consisting of imidazolium and pyridinium. Three 

different types of polymers namely PBI, PyPBI and tBut-PyPBI were converted to their iodide 

forms following base induced alkylation treatment of the imidazole ring by reacting with 

different kinds of alkyl iodides such as the methyl iodide (MeI), butyl iodide (BuI) and isobutyl 

iodide (IbuI). After that, all the iodide (I-) forms polybenzimidazolium based membranes were 
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converted into OH- form membranes in order to develop OH- ion conducting AAEMs by 

immersing them in 1 M KOH solution (Scheme 1.9).115  

 

Scheme 1.9. Synthetic pathway of PyPBI-RI and PyPBI-ROH.115 

The important observation noted from this study are: 

 Among the alkylated polymer structures, PyPBI-BuI membrane showed the highest 

IEC 3.37 meq/g (at 1 M KOH) with maximum hydroxide conductivity of 128.6 mS/cm 

at 80 °C. 

 Development of twin hydroxide conducting cationic sights by introducing pyridinium 

and imidazolium in a same AAEM backbone, and the electrophilic centres (2, 4 and 6 

positions) surrounded the pyridinium groups prevents the natural pyridone formation 

due to the induced steric and electronic factors. 

 All the PBI based polymer backbone structure when alkylated with butyl and isobutyl 

chain exhibited exceptional alkaline stability even in 5 M KOH aqueous solution at 

elevated temperature (60 °C), for prolong treatment period of 21 days without any 

noticeable degradation (˂1%). The bulky nature of the alkylated side chains responsible 

for increasing steric factors, which prevents the OH- attacks on both the imidazolium 

and pyridinium groups.  

  DFT & molecular simulation studies also confirmed, structural and geometrical aspects 

along with electronically induced factors are the significantly responsible factors for 

such exceptional alkaline stability in case of butyl, isobutyl alkylated chains particularly 

in case of PyPBI and tBut-PyPBI. 
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AAEM for water electrolysis 

AAEM can also be utilized in alkaline water electrolysis to produce green hydrogen. 

Alkaline water electrolysis (AEL) is a well-known proven for green hydrogen production, in 

this technique water splits into the formation of hydrogen and oxygen using electrical 

renewable energy.103,104,131,132 The purpose associated with the membrane based AEL treatment 

is to separate the cathode loop (catholyte) from the anode loop (anolyte) in presence of 

electrolyte solution or a fluid, by avoiding any secondary unwanted reaction, so as to combine 

the electrode reaction with a separation step or to isolate separately the products formed on the 

electrode. The chemical reactions of AEM based electrolysis are represented in the cell reaction 

portrayed here. At the cathode side, the water molecules are get reduced by the electrons to 

generate H2 and negatively charged OH- ions. While, in the anode electrode, OH- ions gets 

oxidized to form O2 and water molecules while releasing electrons. Overall, a water molecule 

reacts to H2 and O2 in the ratio of 2:1 (Figure 1.10).133 

 

The developed designs and models of the AEL stacks depends on the manufacturer; 

however, it contains some general similarities. Earlier models of alkaline water electrolyzers 

generally used a conventional assembled system with a defined distance between both 

electrodes. Later, this concept was replaced and developed by fabrication of the zero-gap 

assembly in the AEL stack, where the electrodes are directly pressed onto the separator to 

minimize ohmic loss associated with the electrolyte. Porous materials like Zirfon™ Perl UTP 

500, dense AAEMs, cross-linked porous AAEMs can be used as the separator.104,133 

 

Figure 1.10. Membrane based Alkaline water electrolysis for H2 generation (adapted from 

google). 
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RAFT Polymerization 

In the modern world, 50% of the commercial polymerization are performed by free 

radical polymerization (FRP) method, and this process have been utilized extensively in the 

academics and industrial sectors.134 But due to the high reactivity associated with the 

propagating radicals, bimolecular transitions, and other additional side reactions resulted 

higher molecular weight polymers, and hence the FRP technique kept restrained for various 

applications. Now, if we consider about Living anionic polymerization (LAP) technique, in 

this process the targeted molecular weight of the polymers is achievable with high degree 

accuracy with well controlled molar mass and distribution, but the high sensitivity towards 

formation of impurities results quick chain termination, which restricts this process utility than 

that of radical process polymerization.135 In fact, due to the generation of overall low yield, 

difficult operational set up, long term reaction duration related issues associated with the ring 

opening polymerization (ROP) technique is also not much feasible polymerization 

technique.136 Researchers have tirelessly worked in the process to develop efficient 

polymerization techniques over the years where these present issues can be mitigated. In this 

regard, controlled radical polymerization (CRP) technique is a versatile polymerization 

strategy. CRP technique allows the researchers to develop various architecture and 

functionalities induced polymers with well obtained molar mass and narrow polydispersity 

index (PDI). Nitroxide mediated polymerization (NMP), 21 Atom transfer radical 

polymerization (ATRP),137,138 and reversible addition fragmentation chain transfer (RAFT) 

polymerization,139,140 these are the three most widely utilized CRP techniques by researchers 

across the globe. Because of presence of vast number of advantages associated with the RAFT 

technique over the other methods, RAFT has emerged as a most useful strategy in modern era 

for the development of simple structures to variety of complex structures like star, graft, 

gradient, block, multiblock, comb copolymers, hyperbranched etc. (Figure.1.11).141 

 

Figure 1.11. Different macromolecular structures developed from RAFT polymerization.141 
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Aim of the thesis. 

The current thesis elaborates the detailed fabrication techniques and detailed characterization 

procedures of the PBI-MOF, PBI-COF, PBI-GO nanocomposite mixed matrix membranes 

(MMMs) for their utilization as efficient PEMs for the PEMFC. In addition, the thesis 

demonstrates the synthesis of ionically crosslinked blends and nanocomposite AAEMs for their 

efficient utilization in the AAEMFC, alkaline water electrolysis and various other 

electrochemical devices. Chapter 1 is the introductory chapter, which demonstrates the 

working principle of the PEMFC, AAEMFC, alkaline water electrolysis, various fabrication 

techniques of PBI based blends and nanocomposite membranes and a brief discussion about 

the surface initiated RAFT polymerization techniques. Chapter 2 explains the detailed 

characterization methods of the various types of samples and fabricated membranes (both 

AEMs and PEMs) included in the thesis. In the Chapter 3, post synthetically modified (PSM) 

UiO-66-NH2 MOFs (PSM1 & PSM2) were incorporated into the OPBI matrix in order to 

fabricate efficient PBI-MOF nanocomposite MMMs, their super proton conductivity and 

various other membrane based properties improvements were discussed thoroughly. In the 

Chapter 4, phosphoric acid impregnated melamine based Schiff base network type covalent 

organic framework (COF) materials have been incorporated in the PBI matrix in order to 

develop super proton conducting PBI-COF nanocomposite PEMs. In the Chapter 5, SI-RAFT 

initiated polymer-g-GO materials have been incorporated into the OPBI matrix in order to 

fabricated OPBI@GOP nanocomposite membranes with remarkably high proton conductivity 

and mechanical durability for their utilization in the PEMFC. Chapter 6 demonstrates the 

synthesis and characterizations of ionically crosslinked (ICL) non porous and porous blended 

AAEMs for their potential application in the alkaline water electrolysis treatment. In the 

Chapter 7, SI-RAFT initiated polymer-g-GOPILs have been incorporated into the alkylated 

PyPBI-BuI matrix in order to develop mechanically robust nanocomposite mixed matrix anion 

exchange membranes with high OH- conductivity for their utilization in the AAEMFC. 

Chapter 8 summaries all the important findings of the current thesis work with a concluding 

remarks and demonstrates the future scopes of various scientific findings associated with this 

thesis.  The more detailed objectives of each working chapter is included in the introductory 

part of each individual chapters. 
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techniques and the details of the instruments used in working Chapters 3 to 7. 
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Source of materials 

3,3',4,4'-tetraaminobiphenyl (TAB), 1,3-Benzenedicarboxilic acid (IPA), 4,4'-

Oxybis(benzoic acid) (OBA) polyphosphoric acid (115%) (PPA), 2-Aminoteripthalic acid 

(99%), 1,3-Propane Sultone (98%), 1,3-Butane Sultone (98%), Melamine (>98%), 

terephthalaldeyde (>98%), Benzyl bromide (97%), 3-mercaptopropionic acid (3-MPA) (≥99%) 

and carbon disulfide (CS2) (≥99%), 4-dimethylamino pyridine (DMAP), acrylamide (AAM) 

(99%), 2-acrylamido-2-methylpropane sulfonic acid (AMPS) (99%), 3-sulfopropyl acrylate 

potassium salt (SPAK) (≥99%), ethylene diamine (EDA), Durene (98%, Aldrich), N-

bromosuccinimide (NBS, 99%, Acros), N-ethyldiisopropylamine (DIPEA, 99%, Sigma-

Aldrich), 4,4’-trimethylenedipiperidine (97%, Aldrich), 1,3-dicyclohexyl carbodiimide 

(DCC), Vinyl benzyl chloride (VBC), 2-Methylimidazole (99%), [2-

(Methacryloyloxy)ethyl]trimethylammonium chloride (99%), Butyl Iodide (BuI) (≥99%), 1-

Vinylimidazole (≥99%),  were purchased from Sigma Aldrich, India. 2,2′-Azobis(2-

methylpropionitrile) (AIBN, 98%) from Sigma-Aldrich was freshly recrystallized from 

distilled methanol and kept under nitrogen till its use. NMR solvent dimethyl sulfoxide 

(DMSO-d6), CDCl3 and D2O were procured from Sigma-Aldrich. Formic acid (99%), ortho 

phosphoric acid (85%), N-hydroxysuccinimide (NHS) (99.8%) and N, N'-dimethylformamide 

(HPLC grade), Graphite powder, potassium permanganate (KMnO4), hydrogen peroxide 

(H2O2), were purchased from Merck, India. ZrCl4 was purchased from Fischer Scientific. N-

hexylamine, Sulphuric acid (98%), Hydrochloric acid (HCl), N, N- water for GPC (HPLC 

grade), Dimethylformamide (DMF), Anhydrous Dimethyl acetamide (DMAc), Dimethyl 

Sulfoxide (DMSO), Chloroform, Dichloromethane (DCM), Sodium bicarbonate (NaHCO3), 

FeSO4, Potassium hydroxide (KOH), Acetone, Tetrahydrofuran (THF), Ethanol, Methanol, 

were purchased from Finar Chemicals. [Fenton’s reagent was prepared in the laboratory from 

Hydrogen peroxide (H2O2) and FeSO4(3% H2O2 containing 2 ppm FeSO4)]. 2, 6-bis(3ʹ, 4ʹ 

diaminophenyl)-4-phenylpyridine (Py-TAB) monomer was synthesized using our previously 

reported procedure.1 DDI water was used throughout the project. 
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Synthesis of poly [2,2′-(m-phenylene)-5,5′-benzimidazole] (m-PBI) 

Following the modified literature reported procedure,2 equimolar amounts of 3,3'-

diaminobenzidine (TAB),1,3-Benzenedicarboxilic acid (IPA) along with the required amount 

of polyphosphoric acid (PPA) were placed in a three-necked RB. The reaction mixture was 

stirred at 60 rpm constant rotation with the help of a mechanical stirrer while a slow stream of 

nitrogen gas was purged into the reaction mixture to maintain the inert atmosphere. The 

polymerisation reaction was carried out at 190–210 °C for about 24 h-26 h. After that the 

reaction mixture was poured into distilled water to obtain the yellowish-brown colour product. 

The polymeric substance was then neutralized over sodium bicarbonate, washed thoroughly 

with distilled water and finally dried in a vacuum oven at 100 °C for 24 h to obtain dry m-PBI 

powder (see Figure 2.1 for schematic synthetic procedure and 1H-NMR spectra of m-PBI). The 

inherent viscosity (I.V.) of the poly 2,2′-(m-phenylene)-5,5′-benzimidazole (m-PBI) polymer 

was measured at 30 °C in water bath with the help of Cannon (model F725) capillary dilution 

viscometer and the I.V. values are calculated from the flow time data. A solution of m-PBI in 

H2SO4 was used for the viscosity measurement. The concentration of the m-PBI solution in 

H2SO4 is 0.2 g/dL. The obtained I.V. value of the synthesised m-PBI is 1.02 dL/g. 

 

 

Figure 2.1. General synthetic procedure and 1H-NMR spectra of m-PBI polymer in DMSO-

d6 solvent. 
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Synthesis of poly (4,4ʹ-diphenylether-5,5ʹ-bibenzimidazole) (OPBI) 

According to literature reported procedure,3 equimolar amounts of 3,3'-

diaminobenzidine and 4,4'-oxybis(benzoic acid) (OBA) along with the required amount of 

polyphosphoric acid (PPA) were placed in a three-necked RB. The reaction mixture was 

subjected to mechanical stirring with an overhead stirrer while a slow stream of nitrogen gas 

was purged to maintain inert atmosphere. The polymerisation reaction was carried out at 190–

220 °C for about 26 h. After that the reaction mixture was poured into distilled water where the 

polymer melt gets isolated as brown fibrous mass. This was then pulverized, neutralized with 

sodium bicarbonate, washed thoroughly with distilled water and finally dried in a vacuum oven 

at 100 °C for 24 h to obtain dry OPBI powder. The obtained I.V. value of the synthesised 

OPBI is 2.5 dL/g. 

 

Synthesis of Pyridine Bridge Polybenzimidazole (PyOPBI)  

Equal moles of 4,4′-oxybis(benzoic acid) (OBA), a dicarboxylic acid (DCA) and Py-

TAB monomer were taken into a three-neck flask with polyphosphoric acid (PPA) for the 

synthesis of pyridine bridge PBI (PyPBI) polymer.1 Monomers were taken along with 

polyphosphoric acid (PPA) in a 300 mL three-neck mercury sealed flask equipped with 

mechanical stirrer and nitrogen atmosphere. The reactions were carried in 100 mL PPA for 24 

h at 210 °C. During reaction, the reaction time and temperature (which is often in the range of 

temperature 50-210 °C with appropriate ramp and soak times) were optimized. After the 

complete polymerization, the viscous polymer solutions were slowly poured into the deionized 

water and neutralized with sodium bicarbonate. The resulting polymer was filtered and washed 

with deionized water several times and dried in a vacuum oven for 24 h at 100 °C to remove 

the water completely. The reaction scheme for the synthesis is shown in Scheme 2.1. The 1H-

NMR spectra with peak assignments is shown in Figure 2.2. 
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Scheme 2.1. Synthesis of PyPBI polymer. 

 

 

 

Figure 2.2. 1H NMR spectra of PyPBI taken in a Bruker AV 500 MHz NMR using DMSO-d6 

solvent. 

 

Preparation of PSM 1, PSM 2 MOFs, MCOF, P@MCOF, polymer-g-GOs (GOPs), spiro 

ionene polymer (SP), polymeric ionic liquid grafted GO (GOPIL) and other samples are 

discussed in the irrespective Chapters and its Appendix. 
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Details of experimental methods: 

13C CPMAS solid state NMR study 

Solid-state 13C CPMAS NMR spectra (in the Chapters 4) of the MCOF sample was obtained 

at ambient temperature with Bruker AV 500 MHz NMR spectrometer operating at 500 MHz 

at a spinning rate of 5 kHz and a contact time of 2 ms. 

1H NMR study 

The proton NMR spectra of various starting materials, monomers, RAFT agents, and PBI, 

PyPBI based polymers (carried out for Chapters 5-7) were recorded by using Bruker AV 500 

MHz NMR spectrometer at room temperature using CDCl3 and DMSO-d6 as NMR solvent.  

Fourier transformed - infrared (FT-IR) spectra of the MOFs, COFs, polymer-g-GO 

samples, starting materials, monomers, RAFT agents, different types of polymers and various 

membranes (PEMs and AAEMs) (Chapter 3 – 7) were recorded on an iD7 ATR Thermo Fisher 

Scientific-Nicolet iS5 instrument. The powder samples were directly put on the sample holder 

without any modification. The membrane samples were also directly put on the sample holder 

to record the spectra. 

Thermogravimetric analysis (TGA) of the MOFs, COFs, polymer-g-GO samples, starting 

materials, monomers, RAFT agents, different types of polymers and various membranes 

(PEMs and AAEMs) (Chapter 3 – 7) were carried out on TGA (TGA Q500, TA Instruments, 

USA) instrument operated in a temperature range from 35 °C to 700 °C with a scanning rate of 

10°C / min under nitrogen gas flow. All the samples kept in isothermal condition at 80 °C for 

30 minutes prior to analysis. (TGA) of undoped OPBI, m-PBI and its composite membranes 

and its PA doped membranes, and all the AAEM membranes were carried out on a TGA (TGA 

Q500, TA Instruments, USA) instrument operated in a temperature range from 35 °C to 700 °C 

with a scanning rate of 10°C / min under nitrogen gas flow.3 All the membranes were kept 

isothermally at 100 °C for 30 minutes before measurement to evaporate the absorbed moisture 

from the membranes. After that, the samples were brought back to RT to start the experiment. 

Field emission Scanning Electron Microscope (FE-SEM) imaging and EDX analysis of the 

MOFs, COFs, polymer-g-GO samples were carried out on a Carl Zeiss model Ultra 55 

microscope. Samples were gold coated before imaging in FESEM. The surface and cross-

sectional morphology of the pure OPBI, m-PBI, and all the composite membrane and different 

types of AAEMs were evaluated by using a field emission scanning electron microscope 

(FESEM) (Model: Zeiss Merlin Compact). The FESEM cross section morphology of the 
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membrane samples were done by breaking the membranes in liquid nitrogen medium. Samples 

were gold coated before imaging in FESEM.4 

Transmission electron microscopy (TEM) studies were conducted on JEOL (JEM Model 

No. F200) TEM machine at an accelerating voltage of 200 kV. The samples were prepared by 

placing a drop of ethanol dispersed MOFs, COFs, polymer-g-GO sample solution on carbon 

coated copper (200 mesh) grids. Transmission electron microscopy (TEM) studies of the 

polymer nanocomposite membranes and anion exchange membranes were conducted on JEOL 

(JEM Model No. F200) TEM machine at an accelerating voltage of 200 kV. The samples were 

prepared by placing a drop of formic acid, DMSO or DMAc dispersed 1% membrane solution 

on carbon coated copper (200 mesh) grids. 

Atomic Force Microscope (AFM) 

Surface AFM analysis, height profiles, 3D topology and surface roughness of the membranes 

were recorded (in the chapter 5 and 7) were carried out on NT-MDT-Solve-Probe & Oxford 

Asylum machine All calculations and image processing were carried out by using NOVA 

1.0.26.1443 software provided by the manufacturer. The images were recorded in in tapping 

mode using a super sharp silicon cantilever (NSG 10-DLC) with a diamond-like carbon tip 

(NT-MDT, Moscow).  

Powder X-ray diffraction (PXRD) patterns of the MOFs, COFs, polymer-g-GO samples, 

were recorded on D8 Advance Bruker diffractometer in the 2range (5⁰-60⁰). The diffraction 

patterns were analyzed using Bruker DIFFRAC plus EVA software. The powder x-ray 

diffraction patterns of OPBI, its dry composite membranes, PA loaded membranes, different 

types of AAEMs were collected in a Bruker D8 Advance powder diffraction apparatus. The 

samples were placed on a glass slide, and the diffractograms were recorded with Cu Kα 

radiation (λ = 1.5406 Å) operated at 40 kV and 30 mA current in the angular range (2θ) of 2-

60° at a scanning rate of 1°/1.2 minutes.  

N2 gas sorption analysis of the powder samples (MOFs, COFs, polymer-g-GO) and ICL-

AAEMs was carried out on the Quantachrome Autosorb IQ2 instrument (Chapter 3 – 6). All 

the samples were activated at 120 ℃ under vacuum for 18 hours, prior to N2 sorption analysis. 

The temperature was maintained at 77 K during the experiment by a liquid nitrogen bath.  

Inductively coupled plasma - optical emission spectrometry (ICP-OES) was performed in 

a ICP-OES Varian 720-ES instrument. All samples were activated at 140 °C for 12 hours prior 

to the experiments. 
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Zeta potential analysis of the surface functionalized GO samples and polymers (Chapter 5, 7) 

were measured utilizing Horiba Scientific nano partica nanoparticle analyser SZ-100. All the 

samples were dispersed in DDI water and sonicated for 5 min prior to experiment. 

Dynamic vapour sorption (DVS) analysis of all the Polymer-g-GO samples (Chapter 5, 7) 

was performed on a TA Q5000 SA instrument at a temperature of 25 ⁰C and under N2 

atmosphere. All the samples were activated at 120 ℃ for 12 hours prior to the measurement. 

The inherent viscosity (I.V.) values of the poly (4,4'-diphenyl-5,5'-bibenzimidazole) (OPBI) 

polymer, pyridine bridged polybenzimidazoles (PyPBIs) and [2,2′-(m-phenylene)-5,5′-

benzimidazole] or m-PBI were measured at 30 °C in water bath with the help of Cannon (model 

F725) Ubbelohde capillary dilution viscometer and the I.V. values were calculated from the 

flow time data. A solution of polymers in H2SO4 was used for the viscosity measurement. The 

concentration of the polymer solution in H2SO4 was 0.2 g/dL.1,2  

Thermo-mechanical properties of pristine polymers and various types of mixed matrix PEMs 

and AAEMs (Chapter 3 – 7) were studied by using a Dynamic Mechanical Analyser (DMA, 

model TA-Q-800). The membranes dimensions were 30 mm × 7 mm × 0.02 mm (L × W × T) 

and clamped on the films tension clamp of the pre-calibrated instrument. The samples were 

annealed at 400 °C for 15 minutes and then scanned from 100 °C to 400 °C with heating rate 

4 °C/min. The storage modulus (E'), loss modulus (E″) and tan δ values were measured at a 

constant linear frequency 10 Hz with constant preload force of 0.01N.5,6  

The tensile strength measurements (stress-strain profile) of all the water loaded AAEMs 

and PA doped mixed matrix PEMs of different wt% (Chapter 3 – 7) are performed in a 

universal testing machine (UTM, INSTRON-5965). Films of [50 mm × 10 mm × (thickness) 

mm] size were used for this experiment. For each sample, at least three times measurements 

were performed to check the reproducibility.  

Phosphoric acid (PA) doping level, swelling ratio and water uptake and phosphoric acid 

doping level studies: Three similar size pieces of the OPBI, m-PBI and its nanocomposite 

membranes made from formic acid and DMAc (Chapter 3-5) were immersed in phosphoric 

acid (PA) for 5 days. The length, thickness and width of the dried membranes were measured 

before dipping in PA. After 5 days, the membranes were removed from PA container and 

quickly wiped to remove surface PA from the membranes and dried them in a vacuum oven at 

100 °C for 24h followed by measuring again the length, thickness and width of the wet 

membranes. The phosphoric acid content was calculated as the number of PA moles per PBI 

repeat unit.3,4,7  
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Where, MWPA and MWPBI are the molecular weights of PA and PBI, respectively. FPBI is the 

weight fraction of PBI present in the blend composition. Wacid and Wd are the weight of the 

acid loaded and dry membrane, respectively. 

The PA doping level of the membranes also measured through back titration method. 

The PA doped membranes were taken out from the PA bath, wiped with filter paper, and 

transferred into 50 ml of water. It was titrated against 0.1 N sodium hydroxide (NaOH) by 

using an Autotitrator (Model Metrohm702). The phosphoric acid content was calculated as the 

number of PA moles per PBI repeat unit. 

     Swelling ratio of the membranes were calculated from the following equation.                                                                                                                         

                                                                                                                     (2)                                                                                             

Where, Lw, and Ld are the length of the wet membranes and dry membranes, respectively. 

Similarly, the swelling ratio and water uptake of PBI and its composite membranes 

were obtained by immersing the membranes in water for 5 days. The length, thickness and 

width of the dried membranes were measured before dipping in water. After 5 days, the 

membranes were removed from water bath and quickly wiped to remove surface water from 

the membranes and again the length, thickness and width of the wet membranes were 

measured. Water uptake was calculated from the following equation.                                                                                                             

                                                                                                                      (3)                      

Where, Ww is wet membrane weight and Wd, is dry membrane weight. Similarly swelling ratio 

in water were calculated using equivalent equation like equation (2).  

KOH uptake 

 

Three similar size AAEMs (Chapter 6, 7) were dipped in 1 M KOH for 24 h. Then KOH 

treated membranes were removed from the KOH solution and wiped using a tissue paper to 

remove surface liquid. The weight of the KOH impregnated membrane (WKOH) was measured 

and Eq. (4) was used to calculate the KOH uptake.5  

 

%Swelling Ratio = %100


d

dw

L
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%Water Uptake = %100
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Where, Ww-KOH is weight of hydrated KOH loaded membrane & Wd-KOH is weight of dried 

hydroxide form membrane. 

 

Ion exchange capacity (IEC) 

Ion exchange capacity (IEC) of the all the synthesized AAEMs (Chapter 6, 7) were determined 

by back titration method. The membranes were soaked in 35 mL of 0.01 M aqueous HCl 

solution for 48 h followed by back titration with 0.01 M aqueous KOH solution and using 

phenolphthalein as an indicator.5 The IEC was calculated by the equation 5.   

𝐼𝐸𝐶 (𝑚𝑒𝑞 𝑔⁄ ) =
𝑉𝑥,𝐾𝑂𝐻× 𝐶𝐾𝑂𝐻− 𝑉0,𝐾𝑂𝐻× 𝐶𝐾𝑂𝐻

𝑊𝑑𝑟𝑦
          (5) 

Where Vo, KOH and Vx, KOH are the volume of the KOH used in the titration without and with 

membrane, respectively. CKOH is the molar concentration of the KOH which was titrated by the 

standard oxalic acid solution, and Wdry is the weight of the dried membrane.  

Proton conductivity and OH- conductivity measurement 

Proton conductivity was carried out by four probe impedance analyser by using Auto lab 

Impedance analyser (PGSTAT302N) over a frequency range from 1 Hz to 100 KHz. The 

phosphoric acid doped OPBI@MOF, m-PBI@COF, OPBI@Polymer-g-GO composite 

membranes (Chapter 3-5) were cut in rectangular shape and then kept sandwiched between two 

Teflon plates with four platinum electrodes. Two outer electrodes (1.5 cm apart) supply current 

to the cell, while the two inner electrodes 0.5 cm apart on opposite sides of the membrane 

measure the potential drop. The whole conductivity cell set up was kept in an oven to measure 

the temperature dependence of proton conductivity. The conductivity cell was placed in an 

oven at 100 °C for 2h to avoid the conduction due to the presence of water molecules. The 

conductivity cell was cooled to room temperature in a vacuum oven and then before going to 

conductivity measurement, the cell was taken out to keep the sample dry. The conductivities 

of the membranes were measured from room temperature to 180 °C at intervals of 20 °C. At 

every temperature jump, the sample was kept for 30 minutes to attain isothermal equilibrium 

and then measurements were recorded.  

Hydroxide (OH-) form membranes (Chapter 6, 7) were cut into rectangular shape pieces 

and sandwiched between two Teflon plates with four platinum electrodes. The two outer 

electrodes (1.5 cm apart) supply the current to the cell, while the other two inner electrodes 

(0.5 cm apart) on the opposite sides of the membranes measure the potential drop. This whole 



[Materials & Methods]                                                        Chapter 2 

 

Anupam Das, University of Hyderabad, 2023    41 

conductivity cell set up was placed in deionized water to maintain 100% relative humidity. The 

ionic conductivities of the membranes were measured at an interval of 10 °C raised from room 

temperature to 90 °C. At each temperature of the measurement, the sample was kept for 30 

minutes to attain isothermal equilibrium. The conductivities of the membranes were calculated 

using Eq. 6. 

The conductivities of the membranes were calculated from the following equation: 

𝜎 =
𝐷

𝑅𝐵𝐿
             (6) 

where, D is the distance between the electrodes (here it is 0.5 cm), B is the thickness of the 

membrane, L is the width of the membrane and R is the bulk resistance obtained from the 

Nyquist plot.4,5,7 

Isothermal proton conductivity/durability of proton conduction 

The OPBI@MOF, m-PBI@COF, OPBI@Polymer-g-GO mixed matrix membranes (Chapter 

3-5) were isothermally kept at 160 °C for 36 h. Under this condition, the conductivity the 

various nanocomposite PEMs and pristine membranes were measured for every 2 h up to 36 h. 

We exclude night time measurement (8 h gap) and kept the cell in equilibrium for overnight at 

isothermal condition (160 °C). Further measurement of proton conductivity was performed 

next morning up-to 36 h. 

Oxidative stability 

The oxidative stability of the OPBI@MOF, m-PBI@COF, OPBI@Polymer-g-GO membranes 

(used in Chapter 3-5) were investigated by immersing the membranes into Fenton’s reagent 

(3% H2O2 aqueous solution containing 4 ppm ammonium iron (II) sulfate, or Mohr's Salt) at 

70 °C. Three similar sized pieces of the membranes were taken for Fenton’s test. The oxidative 

stability was measured for time variation up to 100 hours. The membranes were taken out at 

certain time intervals, dried in vacuum oven at 100 °C for 24 hours, and again weights were 

recorded. The oxidative stabilities of all the membranes were calculated as a weight remained 

after taking out the membranes from the Fenton’s reagent.8 

Alkaline stability   

All the anion exchange membranes, and various other fabricated AAEMs (Chapter 7, 8) were 

immersed in 1 M, 2 M and 5 M aqueous KOH solution at room temperature and at RT, 60 °C 

and 80 °C for a longer period of time (500 h – 1000 h).5,9 The alkaline stability of all the anion 

exchange membranes in basic condition was studied with the time by measuring the weight 
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loss (%) through thermogravimetric analysis (TGA) before and after alkaline stability test and 

gravimetric analysis by taking the membrane weight before and after alkaline treatment, IEC 

& hydroxide ion conductivity measurement after 500 h alkaline treatment and comparing with 

the freshly alkali treated samples were also checked. Also FT-IR analysis before and after 

alkaline stability test were performed to check the alkaline stability. 

 Acid retention test (PA holding capacity measurement) 

 The acid leaching test was performed for OPBI and all the PA doped OPBI@MOF, m-

PBI@COF, OPBI@Polymer-g-GO MMMs according to the previous reports.4,7 The doped 

membranes were taken out from the phosphoric acid bath medium and excess phosphoric acid 

was removed by wiping with a tissue paper. The membranes were then placed under the vapour 

condition at 100 °C for a period of three hours and the weight of the membrane (Wt) after every 

one hour was recorded after removing the leached acid from the membrane. The weight loss 

ratio of acid in the membranes was calculated by using the following formula: 

                                                R = 
𝑊𝑜− 𝑊𝑡

𝑊𝑎
 x 100 %               (7)   

 

Where Wo is weight of the PA doped membranes at the initial time of zero hour, Wt is the 

weight of the PA membrane after leaching at different times (t) and Wa is the original weight 

of PA present in the membranes calculated from the PA doping level of the membranes. 
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Abstract.  

Metal organic frameworks (MOFs) have received considerable importance as proton 

conducting materials in recent times. However, most of the MOFs lack the ability to form film, 

which limits their application. In the present work, polybenzimidazole (PBI) composite 

membranes have been prepared by loading post synthetically modified (PSM) UiO-66-NH2 

MOFs, denoted as PSM 1 and PSM 2 into the arylether-type polybenzimidazole (OPBI) 

polymer. The pristine OPBI, and MOF nanofiller loaded membranes were doped with 

phosphoric acid (PA) to prepare proton exchange membranes (PEMs). Use of thermally stable, 

hydrophilic MOFs resulted into enhanced proton conductivity, higher PA retention capacity 

and increased stability against oxidative degradation for the composite membrane than the 

pristine OPBI polymer. Interestingly, the order of proton conductivity of the PA doped MOF 

containing polymer membranes were exactly opposite to that of the used MOFs as such. The 

proton conductivities of the composite membranes (0.29 Scm-1 for PSM 1-10% and 0.308 Scm-

1 for PSM 2-10% membranes at 160˚C, anhydrous environment) were notably higher than the 

conductivities of the constituents and also higher than most of the MOF based polymer 

supported membranes. Extensive interfacial H-bonding plays the most crucial role behind the 

enhanced proton conductivities of the PA doped MOF containing polymer membranes reported 

here. This work clearly demonstrates the benefits of using rationally designed PSM 1 and PSM 

2 MOFs as nanofiller to prepare OPBI supported membranes that perform excellent proton 

conduction in a wide temperature range spanning up to 160 °C. This provides a generalized 

approach towards achieving an efficient proton conducting membrane for the fuel cell. 

Introduction 

Heavy vehicles or automobiles are one of the major reasons behind high consumption of fossil 

fuels and environmental pollution. Replacement of such conventional engines by fuel cells can 

produce the best environment friendly solution to this existing problem. Fuel cell is an 

electrochemical energy conversion device which can convert chemical energy directly into 

electrical energy.1–3 In fuel cell, hydrogen/ fuel gets oxidized in the anode while oxygen gets 

reduced in the cathode. Protons travel through the proton exchange membrane (PEM) from 

cathode to anode while electrical energy is obtained in the outer circuit. The efficiency of a fuel 

cell largely depends on the efficiency of proton conduction through the PEM.2,4-6 Therefore, 

proton-conducting materials and proton transport phenomenon are very important for applied 

research in modern era.7-10 In this context, polymers have been extensively studied in literature 
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for PEMFC (proton exchange membrane fuel cell).5  Perfluorosulfonated  (Nafion) membranes 

have been evolved extensively as  PEMs due to their promising conductivity, chemical and 

mechanical strength and long-term durability.11,12 Recently,  metal−organic framework (MOF) 

and other framework containing conducting compounds have been emerged as potential 

materials for scientific research which generates bridges between inorganic cluster-containing 

compounds and organic polymers in terms of availability of detailed crystal structure and their 

efficiency of proton conduction.13-20 These MOFs are the coordination analogues of the 

conventional polymers and consist of organic molecules and metal ions.  

Shimizu and co-workers developed two MOFs, namely, PCMOF21/2 (Pz) and 

PCMOF21/2 (Tz) (Pz = 1H-pyrazole and Tz = 1H-1,2,4-triazole) with promising proton 

conductivity under high relative humidity.21 Lan and co-workers reported the synthesis of a 

sulfonic acid doped MIL-101 MOF (MIL-101- SO3H) which displayed an excellent proton 

conductivity of 1.82 Scm−1 at 70 ⁰C and 90% RH (relative humidity) due to the presence of the 

sulfonic acid groups.22 Elahi et al. reported polycarboxylate-templated coordination polymers 

(CPs) and achieved proton conductivity of 1.49 × 10-1 Scm-1 under 80 ⁰C and 98% RH.23 Yang 

et al. reported a sulfonic acid rich flexible MOF and achieved super-protonic-conductivity of 

1.27 × 10−1 Scm−1 (at 80 ⁰C under 100% RH).24  

UiO-66, a subclass of MOFs, has also evolved as an efficient platform to design 

efficient MOF based proton conductors.14,17,25-28 In an earlier report, we have synthesized two 

different kinds of post synthetically modified (PSM) MOFs named as PSM 1 and PSM 2.29 

High stability and high proton conductivity were achieved with low ‘−SO3H’ content for these 

two MOFs. PSM 1 is found to possess the undoped MOF based highest proton conductivity of 

(0.16 Scm-1 at 80 ⁰C) till date; while the proton conductivity of PSM 2, was almost 50 times 

lower than PSM 1. This profound variation of proton conduction was a direct consequence of 

the variation of length of side arm containing the -SO3H group.  

But MOFs have certain drawbacks, (a) most of the MOFs reported in literature produce 

relatively less proton conductivity compared to polymeric PEM, (b) their thermal stability is 

not always very promising and the most prominent drawback of MOFs is (c) the lack of ability 

to form a membrane. Generally, very thin PEM is used for proton conduction in a fuel cell.11,30-

32 Thus, the probability of using any material to perform proton conduction in fuel cell, largely 

depends on its processability into a membrane. Like most other MOFs, PSM 1 and PSM 2 also 

lack the ability to form a membrane. Thus, they are not suitable to design PEM as such. In 
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recent years, several research groups have reported development of PEM from the composite 

membranes using Nafion as the polymer support and MOFs as the fillers.33-37 

But, Nafion membranes have several limitations owing to their high cost and decrease 

in conductivity over 80 ⁰C.38-40 Sulfonated poly(ether ether ketone) (SPEEK) based blends and 

composites with MOFs are also reported to form proton conducting membranes.41,42 

Polybenzimidazole (PBI), a rigid polymer  with  high thermal stability, mechanical robustness 

and chemical stability, membrane has been found to show high  proton conductivity in a fully 

anhydrous condition when loaded with phosphoric acid (PA); therefore it is considered to be a 

promising membrane material for  PEMFC.43-46 However, the PBI based membranes also suffer 

from less PA doping level, higher acid leaching at elevated temperature, and low oxidative 

stability. Due to excessive swelling, PA doped membranes also suffer from less mechanical 

strength. In this situation, nanofillers can play a vital role to improve these membrane 

properties. The nanofillers are basically solid nano-particles, which differ from the polymer 

matrix in terms of composition and structure. They generally comprise of inorganic materials. 

The incorporation of a suitable nanofiller component to PBI may give the composite 

membranes, the potential to overcome the excessive leaching of PA from the doped PBI 

membrane, and may also increase the mechanical strength and durability of the membranes.47-

49 Incorporation of MOFs as nanofillers into PBI matrix can produce high performing 

polymeric membranes superior for PEMFC.50, 51  

Thus, in this work, our aim is to fabricate nanocomposite membranes utilizing solution 

blending method by mixing different amount of PSM 1 and PSM 2 as nanofillers with OPBI 

polymer. The structural properties of the OPBI matrix and the fillers suggest a high probability 

of H-bonded interfacial interactions between the fillers and OPBI matrix. Interaction between 

the ‘N-H’ groups of polymer and uncoordinated functional groups of PSM nanofillers are 

highly expected for such composite. We aim to achieve higher PA doping level followed by 

high proton conductivity and lower acid leaching in our composite membranes. Furthermore, 

the effect of membrane formation with OPBI matrix, in the order of the proton conductivity of 

the two PSM MOFs, may provide fundamental interesting information.  
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Scheme 3.1. Schematic representation of preparations of PSM 1/PSM 2 nanocomposite 

membranes. Notably, the composite membrane shows the “University of Hyderabad logo” 

inscribed on it. 

 

Four different concentrations of PSM 1 composite membranes and two different concentrations 

of PSM 2 composite membranes are synthesized. The proton conductivity, acid holding 

capacity, oxidative stability, high temperature stability etc. are measured for all of these 

composite membranes. In this work, we could achieve exceptional PA doping level, high 

proton conductivity, thermal and mechanical robustness along with exceptional chemical 

stability and acid retention properties for all the composite membranes. At higher filler 

concentration for both PSM 1 and PSM 2 composites, further improvements in membrane 

properties are observed. We achieved proton conductivity values of 0.290 Scm-1 and 0.308 

Scm-1 for PSM 1-10% and PSM 2-10% composite membranes, respectively at 160 ⁰C which 

are superior than most of the proton conductivity values, reported in literature till date.  

Experimental Section 

Synthesis of (4,4ʹ-diphenylether-5,5ʹ-bibenzimidazole) (OPBI) polymer was adapted 

from literature (detailed synthetic procedure given in Chapter 2).52,53 The syntheses of UiO-

66-NH2, PSM 1 and PSM 2 have been adapted from our earlier report29 and mentioned in 

details in the Appendix 1.  
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Fabrication of PSM-OPBI composite Membranes 

Homogenous nanocomposite membranes were prepared by solution casting blending 

method by adding 3, 5, 7, and 10 wt % (with respect to polymer concentration) PSM 1 and, 7 

and 10 wt% of PSM 2 dispersion in formic acid to 2 wt % OPBI solution in formic acid. The 

final OPBI concentration in solution was 1 wt %. Then the solution was stirred vigorously at 

room temperature for 24 h to form a homogeneous mixture after which it was poured on to a 

glass Petri dish and the solvent was evaporated at 60 °C slowly. The formed membranes were 

then peeled out and were dried in vacuum at 100 °C to remove the trace of solvent molecules. 

Composite membranes with 10% of unmodified parent MOF (UiO-66-NH2) was also prepared 

following the same protocol. The synthesis protocols of PSM-OPBI nanocomposite 

membranes are shown in schematically in Scheme 3.1. 

Phosphoric Acid (PA) Doping of Nanocomposite Membranes 

The thoroughly vacuum-dried OPBI and the composite membranes were immersed in 

PA solution (85%) for 5 days to obtained PA doped films. After 5 days, the membranes were 

taken out from phosphoric acid (PA) bath, quickly wiped out the membrane-surface-adsorbed 

PA, and then stored in zip-lock air tight covers for further analysis.  

Characterization Methods 

All the prepared nanocomposite membranes were characterized by Fourier-transform 

infrared spectroscopy (FT-IR), structural analysis by powder X-ray diffraction (PXRD), Field 

emission scanning electron microscopy (FESEM) and transmission electron microscopy 

(TEM), thermogravimetric analysis (TGA), thermomechanical studies by dynamic mechanical 

analyser (DMA) and tensile stress-strain profile by universal testing machine (UTM). The 

experimental details are given in the Chapter 2. The detailed experimental procedure for PA 

loading, water uptake, swelling ratio studies, proton conductivity, acid leaching study are also 

included in the Chapter 2.  

Results and discussion 

X-ray study. The powder X-ray diffraction of OPBI, PSM 1 and PSM 2 composite 

membranes are presented in Figure 3.1.  PSM 1 and PSM 2 were reported earlier and also 

confirmed here to have similar pattern as that of UiO-66 framework. On the other hand, the 

OPBI usually exhibits broad halo in the 2 range of 20⁰ to 30⁰, which is attributed to amorphous 



Chapter 3 

 

Anupam Das, University of Hyderabad, 2023    49 

nature of the polymer.54-56 Similar kind of broad halo was not observed in case of PSM 1 and 

PSM 2 composite membranes, instead PSM 1 and PSM 2 composite membranes are observed 

to exhibit crystalline patterns, which are not identical with PSM 1 and PSM 2 MOF PXRD 

pattern. In the PXRD spectra of the PSM 1 or PSM 2 containing membranes, positional shifts 

of peaks could be observed when compared with the parent MOF (Figure 1). Moreover, extra 

peaks (marked with * in the Figure 1) could be observed indicating generation of new 

crystalline planes. This generation of new crystalline planes is a result of extensive H-bonding 

between OPBI and the nano fillers i.e., PSM 1 or PSM 2. The high peak intensity (counts) of 

the newly generated peaks (particularly between 2 range 25⁰ - 30⁰) provides strong argument 

in support of strong interfacial interaction between the OPBI and the PSM 1 or PSM 2. 

Intensity of the * marked peaks were also found to be enhanced with enhancement of PSM 1 

and PSM 2 loading in the composites. This is a result of the increase of the amount of the 

interfacial interactions between the MOF nanoparticles and OPBI matrix. As the amount of 

the non-coordinated ‘−SO3H’ groups and ‘−NH2’ groups of the MOF nanoparticles increase in 

the membrane (due to higher loading of MOF), the extent of H-bonding increases. Similar 

inference could also be drawn from the TEM analysis. A self–assembled network like structure 

was obtained for the PSM loaded composite membranes. The self–assembled network like 

structures (generated as a result of the interfacial interactions between OPBI and PSM 1/ PSM 

2), obtained from TEM analysis, becomes prominent at higher loading of the nano-fillers. Self-

assembly generates structural ordering which forms new crystalline planes in the composite 

matrix with respect to pristine amorphous polymer.49,55,57  

 

Figure 3.1. PXRD patterns of OPBI, PSM 1, PSM 2 and nanocomposite membranes 

compared with the simulated PXRD pattern of UiO-66.58 
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Spectroscopy 

The argument of extensive H-bonding in PSM 1–OPBI and PSM 2–OPBI composite 

is also further supported by FT-IR analysis of the membranes, as discussed below. 

The intensity of the peak of the non-hydrogen bonded ‘N-H’ group of the OPBI in the 

FT-IR spectra of the nanofillers loaded OPBI membranes decrease with increasing loading of 

the PSM 1/ PSM 2. Especially for higher loaded membranes (7 and 10 % of PSM 1/ PSM 2), 

the ‘N-H’ peak disappears completely indicating the complete participation of the free N-H 

groups in OPBI molecule to form interfacial H-bonding. Also, due to the interaction between 

polymer ‘N-H’ with the dangling ‘−SO3H’ groups of PSM 1/ PSM 2, few positional shifts of 

peaks in the FT-IR spectra are observed in case of both the PSM 1 and PSM 2 composite 

membranes [Figure 3.2(a and b) and Figure A1.2(a and b) of Appendix 1]. Spectral 

broadening obtained for PSM 1-7% and PSM 1-10% at 1216 cm-1 and for PSM 2-7% and 

PSM 2-10% at 1208 cm-1 due to presence of interfacial interactions between OPBI and the 

fillers. Thus, from FT-IR spectra, it can be inferred that, the nanofillers in PSM 1 and PSM 2 

composite membranes perform extensive H-bonding interactions with OPBI. At higher 

loading of fillers, aliphatic C–H stretching peak becomes prominent at 2851 and 2921 cm-1 in 

the composites, which indicates the presence of aliphatic alkyl chains in the composites as a 

direct consequence of loading PSM 1/ PSM 2. 

 

Figure 3.2. FT-IR spectra of (a) OPBI and PSM 1 composite membranes (b) OPBI and PSM 

2 composite membranes at their indicated wt%. 
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Thus, the crystallinity, observed from the PXRD analysis of the undoped membrane along with 

the systematic analysis of the FT-IR spectral shifts of the composite membranes (both in 

position and intensity), indicate towards the H-bonding interactions and support the inference 

drawn from each other.  

Morphology study 

FESEM. The cross-section morphologies obtained by FESEM analysis of all six composite 

membranes appear to be different from the pristine OPBI. In both the cases of PSM 1 and 

PSM 2 composite membranes, thick fibre like network morphology is observed unlike pristine 

OPBI [Figure 3.3(a-c) & Figure A1.3(a-d) of Appendix 1]. The morphological variation is a 

result of interfacial interactions between OPBI and PSM 1/ PSM 2 nanofiller (vide supra) and 

varies with variation of the amount of the nanofiller in the composite membranes. As the 

percentage of nanofiller is increased, the number of fibrils as well as the thickness of fibrils 

also increase, which makes the morphology of the composite membrane increasingly porous. 

This fibre like network and porous structure are more prominent all over the membrane matrix 

in case of 7% and 10% of PSM 1 and PSM 2 composite membranes than the ones with lower 

loading of PSM.  

TEM. From TEM images, the self-assembly of the PSM 1 and PSM 2 nano particles into 

OPBI matrix could be confirmed for both the nanofiller loaded OPBI composite membranes. 

In higher loading composite membranes, fillers have formed self-assembled network among 

themselves, as well as with the OPBI matrix. PSM 2 nanofillers are observed to be scattered 

all over the OPBI matrix, which generates net-like clusters spreading throughout the composite 

membranes and further leads to structural anisotropy [Figure 3.3(e and f)]. Similar observation 

was recorded by us for a ILMS (ionic liquid modified silica) grafted composite membrane 

matrix.57 Though the dispersion pattern of the fillers followed by net-like cluster formation is 

more prominent for PSM 2-10% composite over PSM 1-10%, where the PSM 1 nanofillers 

undergo flower like self-aggregation in different portions of the OPBI matrix leading to self-

assembled morphology [Figure 3.3(d)]. When the percentage of filler loading is high, two 

factors come into action, (a) Interfacial H-bonding interactions among the functional groups of 

PSM 1 and PSM 2, which result into self-aggregation of fillers in the polymer matrix. (b) Also, 

the functional groups, present in the MOFs possess the affinity to undergo interfacial 

interactions with the polymeric ‘N‒H’ through hydrogen bonding interactions. By maintaining 

the balance between these two factors, self-assembled network is formed in the composite 
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network.49 This anisotropic self-assembled structure of nanofillers causes generation of new 

crystalline planes, as observed in PXRD patterns of composite membranes between 2 range 

25⁰ ‒30⁰ (vide supra), which are absent in both OPBI and PSM MOFs.  

 

Figure 3.3 (a) FE-SEM cross-sectional image of pristine OPBI, (b) PSM 1-10% and (c) PSM 

2-10% composite membranes. Nanofillers are scattered into the cross-section of composite 

membranes marked with red circle. (d) TEM images of PSM 1-10%, (e and f) TEM images 

of PSM 2-10% composite.  

To prove this further, analysis of high resolution TEM image was carried out [Figure 

A1.4 (a and b) of Appendix 1]. The obtained d values are in the range between 0.31-0.34 nm 

(d value was calculated from reduced FFT generated by Digital Micrograph software) for both 

PSM 1 and PSM 2 composite membranes. These values are found to be in good agreement 

with the d values obtained from three different intense peaks between 2 range 25⁰ ‒30⁰, 

obtained from PXRD analysis. This proves the fact that interfacial interactions lead to structural 

anisotropy, causing generation of new crystalline planes in the composite matrix. This kind of 

strong interactions between PSM 1 and PSM 2 nano-fillers and polymer can provide 

mechanical reinforcement, higher stability and higher acid retention capacity.  

Thermal Stability 

TGA (Figure 3.4) of OPBI, PSM 1 and PSM 2 and their composite membranes (for details, 

see Appendix 1) show that, the weight loss starts after 200 ⁰C and with increase in loading of 

the nanofillers the weight loss percent also increases due to oxidation of alkyl chains and 
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degradation of ‘–SO3H’ groups of PSM 1 and PSM 2 in case of both the PSM 1 and PSM 2 

composite membranes. And for all the composite membranes as well as the pristine OPBI, 

degradation of polymeric backbone occurs after 550 ⁰C. PSM 1 composite membrane exhibits 

slightly higher thermal stability over PSM 2 composite membranes. All the membranes exhibit 

thermal stability higher than the pristine PSM 1 and PSM 2 due to the high thermal stability 

of the OPBI, which is very useful for application in HT-PEMFC.  

TGA of the PA doped OPBI, along with 7% and 10% composite membranes of PSM 

1 and PSM 2 are represented in (Figure A1.5 of Appendix 1). In between 100 -200 ⁰C, the 

weight loss has been observed for the PA doped membranes due to evaporation of water 

molecules.55,59,60 This is followed by a continuous weight loss up to 550 ⁰C, either because of 

the degradation of corresponding composite or due to the self-condensation of phosphoric acid 

molecules. Beyond 550 ⁰C, all the composites show sharp degradation of the polymer 

backbone. Two important observations can be obtained by comparing the TGA of the undoped 

and PA doped membranes (Figure 3.4 and Figure A1.5 in Appendix 1): (1) Unlike the 

undoped membranes, the thermal stability of PA loaded composite membranes are higher than 

the PA loaded pristine OPBI membrane. Similar observation was reported earlier by us for 

acidic surfactant like molecules (ASM) grafted composite membranes.54 (2) Thermal stability 

is more or less similar for PA doped PSM 1 and PSM 2 composite membranes. This is because 

the composites form strong H-bonds with the PA molecules through the ‘–SO3H’ groups, 

primary and secondary amines of the PSM nanofillers and imidazole ‘–NH’ group of the OPBI 

polymer.  

 

Figure 3.4. TGA plots of OPBI, PSM 1, PSM 2 and nanocomposite membranes at their 

indicated wt%.  
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Mechanical study 

The dispersion pattern of PSM MOFs possesses great influence over the thermo-mechanical 

properties of OPBI. Figure 3.5 shows the temperature dependent storage modulus (Eʹ) plots 

(obtained from the DMA study) of all the composite membranes along with the pristine OPBI. 

The storage moduli of the composite membranes at 100 ⁰C and 400 ⁰C are tabulated (Table 

3.1). Figure 3.5 and Table 3.1 data unambiguously prove that the storage modulus of the 

nanocomposites is higher than the pristine OPBI. As shown in Figure 3.5, the storage modulus 

increases with increasing loading of the nanofiller in the membrane. Storage moduli of all the 

composite membranes are found to be higher than that of the pristine OPBI. The widely 

different morphology, associated with ionic crosslinking and fibrillar network of the composite 

membranes play a crucial role behind it. In other words, presence of nanoparticle clusters in 

the OPBI matrix creates a large amount of robust interfacial region, where the interfacial 

interactions (between OPBI chains and PSM MOF nanofillers) reduces the segmental mobility 

of the polymer chains and thereby make them more rigid and stiffer compared to the pristine 

OPBI.  

 

Figure 3.5. Storage modulus plots of OPBI nanocomposites, obtained from DMA analysis. 

PSM 1-7% and 1-10% composites are observed to have storage modulus higher than 

PSM 2-7% and 2-10% composites. Since storage modulus has been analysed with respect to 

temperature, slightly higher thermal stability of undoped PSM 1 composites over undoped 

PSM 2 composites may have contributed to higher storage modulus of the former one.  
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Table 3.1. Temperature dependent storage modulus of PSM based OPBI nanocomposites 

obtained from DMA. 

Sample E’ (MPa) 

at 100⁰ C 

% of 

increase 

E’ (MPa) at 

400⁰ C 

% of 

increase 

OPBI 

PSM 1-3% 

PSM 1-5% 

PSM 1-7% 

PSM 1-10% 

PSM 2-7% 

PSM 2-10% 

2082 

2508 

2821 

3550 

3624 

2905 

3045 

 

20.4 

35.4 

70.5 

74 

39.5 

46.25 

1105 

1168 

1412 

1649 

1705 

1614 

1573 

 

5.70 

27.7 

49.2 

54.2 

46 

42.3 

 

The loss modulus (E″) and tan  plots against temperature (Figure A1.6, a-b in Appendix 1) 

exhibit only single relaxation peak for all the samples and the temperature corresponding to the 

peak is denoted as the glass transition temperature (Tg) of the OPBI and its composite 

membranes. The Tg values, obtained from loss modulus (E″) and tan  plots of all the composite 

membranes, are summarized in Table 3.2. The Tg values, obtained for OPBI from loss 

modulus (E″) and tan  are respectively 280 ⁰C and 296 ⁰C. In the case for PSM 1 composites, 

Tg values are slightly less than those of OPBI and decreases with increase in the nanofiller 

loading from 3% to 10%. In a reverse trend, the Tg values, obtained in case for PSM 2 

composites, are slightly higher than those of pristine OPBI and increased with increase in the 

composite loading from 7% to 10% (Table 3.2). The reason behind the different trends of Tg 

of the PSM 1 and PSM 2 loaded composite membranes can be the difference in the nature of 

H-bonding interactions and complex structure formation between PSM 1 and OPBI matrix 

when compared to PSM 2 and OPBI matrix. From the TEM images, small differences in 

morphology can be observed between high loading PSM 1 and PSM 2 composite membranes. 

PSM 2-10% composite exhibits more prominent net like cluster morphology, attributed to 

prominent structural anisotropy over PSM 1-10% composite. This kind of morphology 

decreases the free volume fraction of the polymer and hence higher temperature is required to 

affect the segmental mobility of the polymer chains.55 Thus, DMA studies of our 

nanocomposite membranes suggest the fact that post-synthetic installation of dangling side arm 

of different length, in the UiO-66 modified MOF nano-fillers, govern the dispersion pattern of 

PSM MOFs in the OPBI matrix which in turn dictates the structure and property of OPBI 

nanocomposites.  
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Table 3.2. Temperature dependent glass transition temperature (Tg) of PSM based OPBI 

composites obtained from Loss modulus and tan  plot against temperature from the DMA 

study. 

 

Sample Tg (⁰ C) obtained from 

E” 

Tg (⁰ C) obtained from 

Tan 

OPBI 

PSM 1-3% 

PSM 1-5% 

PSM 1-7% 

PSM 1-10% 

PSM 2-7% 

PSM 2-10% 

280 

278 

269 

262 

259 

282 

285 

296 

289 

284 

280 

271 

297 

298 

 

Oxidative stability 

In order to analyse the effect of peroxide radical attack, membranes were immersed into 

Fenton’s reagent (3% H2O2 containing 2 ppm FeSO4) at 70 ⁰C for a particular period of time. 

The oxidative stability as a function of time has been plotted and shown in Figure 3.6. All the 

nanocomposite membranes exhibit excellent chemical stability with respect to pristine OPBI. 

The stability increases with increase in concentration of PSM 1 and PSM 2 in the OPBI matrix 

providing evidence that the MOF nanofillers protect the polar groups of OPBI from HO• and 

HOO• radicals attack. The enhanced oxidative stability may be attributed to the formation of 

H-bonds between the PSM MOFs and the OPBI chains. At higher filler content, there are more 

ionic interactions and hence better shielding of polymer chains. This result into improvement 

of the durability of the composite membranes under an oxidative environment makes these 

nanocomposite membranes suitable for PEM applications. The slightly higher oxidative 

stability of PSM 2 membranes over PSM 1 membranes can be attributed to the net-like cluster 

morphology and better structural anisotropy of PSM 2 composites at high concentration, over 

PSM 1 composites. As, it was mentioned earlier that the slight difference in morphology is a 

direct consequence of the higher chain length of side arm of PSM 2 than PSM 1 and also the 

marginal higher loading of ‘−SO3H’ containing side arms. The presence of slightly more 

‘−SO3H’ groups in PSM 2 composite membrane over PSM 1 composite membrane produce 

more ionic interaction causing more oxidative stability in PSM 2 composites.  
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Figure 3.6. Oxidative stability of OPBI nanocomposite membranes with different percentage 

loading of PSM 1 and PSM 2. 

 

Water uptake, swelling ratio and phosphoric acid (PA) loading 

The water uptake, swelling ratio and PA doping level of all the composite membranes 

along with pristine OPBI are tabulated in Table 3.3. PBI based polymers are hygroscopic in 

nature and can absorb moisture from the atmosphere due to the tendency of ‘−N=’ atom moiety 

to form H-bonds with water molecules.55,57 In our earlier work, PSM 1 and PSM 2 MOFs were 

observed to exhibit highly hydrophilicity.29 Thus, it is obvious that water uptake capacity of 

the composite membranes will be more than pristine OPBI (water uptake 11.66 wt%). Table 3 

denotes that water uptake gradually increases with increasing the loading of the PSM 1 and 

PSM 2 in the polymer network. Of note, water uptake of PSM 2-7% (18.97 wt%) and 10% 

(20.88 wt%) membranes are slightly higher than PSM 1-7% (18.88 wt%) and 10% (19.75 

wt%) membranes. This can be directly correlated with the slightly higher water sorption 

capacity of PSM 2 than PSM 1.29  

OPBI undergoes dimensional changes due to absorption of moisture and acid, which 

cause excessive swelling of the membrane. This serious demerit lowers the potential of pristine 

OPBI to be used as proton conducting membrane.  

Table 3.3 exhibits that, swelling ratio decreases with increasing wt% of PSM 1 and 

PSM 2 in the composite membranes. The swelling ratio of PSM 1-10% in water and PA are 
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respectively 2.62 wt% and 4.81 wt%. For PSM 2-10% membrane, also it is in quite comparable 

range and exhibits 2.56 wt% and 4.57 wt% in water and PA, respectively. The swelling ratio 

of both PSM 1-10% and PSM 2-10% OPBI composite membranes are significantly lower 

than swelling ratio of pristine OPBI in water (4.34 wt%) and PA (6.25 wt%). With the help of 

PXRD analysis and FT-IR analysis, it is proven that MOFs are involved in strong H-bonding 

interactions with the OPBI matrix. In case of the PSM MOF modified composite membranes, 

water and PA molecules are unable to penetrate in between the polymer chains to cause 

excessive swelling due to the presence of interfacial interactions into the ionically crosslinked 

composite membrane matrix.  

PA loading is a very important parameter that dictates the proton conductivity of a PA 

doped membrane. The observed proton conductivity of a composite membrane is directly 

proportional with the PA loading level. Higher is the PA loading inside a membrane, higher is 

the number of labile protons and higher is the expected proton conductivity of the membrane. 

PA doping levels of all the composite membranes along with pristine OPBI are mentioned in 

Table 3.3. The PA doping level of OPBI is 16.48 mol/repeat unit. Addition of MOFs into 

OPBI matrix gradually increase the capacity of PA loading in composite membranes, and PA 

doping level increases with increase in filler concentration in both the cases of PSM 1 and 

PSM 2 composites. For PSM 1-10% and PSM 2-10% composites, the highest PA loading 

level of 29.09 mol/repeat unit and 31.35 mol/repeat unit are obtained respectively. The reason 

behind the higher PA loading of the composite membranes than the pristine OPBI can be a 

cumulative effect of several factors. Firstly, both PSM 1 and PSM 2 consist of hydrophilic 

‘−SO3H’ groups, and with the increase in the loading of PSM 1 and PSM 2 in the composites 

network, more ‘−SO3H’ groups are able to undergo H-bonding interactions with PA molecules 

as shown in Scheme 2. Secondly, the sulfonic acid groups interact with nitrogen in the 

imidazole ring of OPBI to produce a more regular structure (a certain order of crystallinity has 

been observed in the PXRD analysis) and a bigger space between the chains that can easily 

accommodate a larger amount of absorbed PA.61 PA doping disturbs the original crystalline 

ordering62 and decreases the peak intensities of * marked peaks between 2 range 25⁰ ‒30⁰  for 

PA doped samples [see Figure A1.1(a and b) in Appendix 1]. This change in the crystallinity 

is accompanied with partial disruption of the pre-existing H-bonded structure and development 

of new H-bonds involving the newly absorbed PA molecules and the ‘−SO3H’ groups and ‘N-

H’ groups already present in the membrane. This results in the formation of ion pairs or H-

bonds of the type: NH+-H2PO4 or N+··H··H2PO4-. Similar interactions are also possible 
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between MOFs primary and secondary amines and PA molecules which help in uptake more 

PA. And thirdly, with increase in filler concentration, the development of highly porous 

fibrillar morphology may also be helpful towards increased PA uptake. It is important to 

mention that all these phenomena are facilitated by the increase in loading of PSM-MOF 

nanofillers in the OPBI matrix. Thus, the PA loading of the composite membranes are found 

to be much higher than the pristine OPBI membrane.  

 

Scheme 3.2. Proposed interaction pattern of PA molecules with PSM composite membrane 

matrix. 

 

The PA loading of PSM 2-10% is slightly more than PSM 1-10%, which can be 

attributed to the slightly higher amount of ‘−SO3H’ groups presence in PSM 2 over PSM 1.29 

Composite membrane containing pristine UiO-66-NH2, in 10 wt% lacks the presence of 

‘−SO3H’ groups, which results in much lower PA loading compare to PSM composites. This 

explains the crucial role of the ‘−SO3H’ group containing side arm of the PSM 1 and PSM 2 

behind the high PA loading of the composite membranes. 
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Table 3.3. Water uptake, swelling ratio, PA loading level data of OPBI and PSM-OPBI 

composite membranes a 

Sample name Water uptake 

(wt%) 

Swelling ratio in 

water (%) 

Swelling ratio in 

PA (%) 

PA loading (no. 

of mol/OPBI r.u) 

OPBI 11.66 (1.52) 4.34 (1.1) 6.25 (1.21) 16.48 (1.72) 

PSM 1-3% 13.28 (1.15) 4.27 (0.45) 5.80 (0.65) 22.31 (1.32) 

PSM 1-5% 16.05 (2.12) 3.62 (0.56) 5.41 (0.51) 24.15 (2.04) 

PSM 1-7% 18.88 (0.75) 2.91 (0.38) 5.05 (0.16) 26.30 (2.88) 

PSM 1-10% 19.75 (0.67) 2.62 (0.23) 4.81 (0.32) 29.09 (1.78) 

PSM 2-7%   18.97 (1.08) 2.67 (0.41) 5.06 (0.42) 28.85 (2.56) 

PSM 2-10% 20.88 (0.59) 2.56 (0.27) 4.57 (0.85) 31.35 (1.56) 

UiO-66-NH2 10%  − − − 21.10 (1.44) 

a The number in the parentheses represents standard deviation value obtained from measurements. 

Proton conductivity 

Proton conductivity analysis has been carried out for all the composite membranes, pristine 

OPBI membrane and also UiO-66-NH2 (10 wt%) loaded OPBI membrane, by performing 

impedance spectroscopic analysis using a four-electrode set up. All the composite membranes 

were doped with PA for 5 days before the measurement. The membranes were placed between 

two Teflon plates of the conductivity cell. The proton conductivities of all the composite 

membranes were measured within the temperature range of 30 ⁰C to 160 ⁰C. The proton 

conductivities of the pristine OPBI membrane and that of the OPBI composite membranes 

were determined from the corresponding Nyquist plots [Figure A1.8 (a and b) in Appendix 1] 

by fitting with the most relevant equivalent circuit (for details, see Appendix 1).  For both the 

PSM 1 and PSM 2 containing composites, proton conductivity increases with increase in the 

loading of the PSM 1/ PSM 2 MOF nanoparticles in the composites and are observed to be 

significantly higher than that of the pristine OPBI as shown in Figure 3.7. This result is in 

accordance with PA doping level (Table 3.3) of the composites. The composite membranes 

with high PA doping show better proton conductivity performance.  

Unlike our previous work, where the PSM 2 MOF was reported to perform proton 

conduction with almost 50 times lower efficiency than the PSM 1, the proton conductivities of 

PSM 2-7% and PSM 2-10% membranes are observed here to be slightly higher than those of 

PSM 1-7% and PSM 1-10% membranes (Figure 3.7 and Table A1.1-A1.3 in the Appendix 

1). This reversal of trend of proton conduction between the only MOF particles, and the MOF 
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containing polymer supported membranes, is a striking observation. The key factors behind 

this reversal of proton conductivity are two-folds: (a) participation of the dangling ‘−SO3H’ 

group in the interfacial H-bonding interactions with the OPBI matrix, which affects the internal 

H-bonding interactions, reported previously for the only MOF system and (b) PA acts as the 

main source of the labile protons in the PA doped composite membranes unlike the ‘−SO3H’ 

protons in the only MOFs.29 Thus, it can be said that, the interfacial H-bond formation in the 

undoped composite membranes and also the H-bond formation involving absorbed PA 

molecule in case of the PA doped composite membranes have the capacity to completely 

change the H-bonding scheme, present in the MOF only system. This change in the H-bonding 

schemes from “the only PSM 1 and PSM 2 MOFs” to the “nanofillers doped composite 

polymer membranes” results in the reversal of the observed proton conductivity order in the 

present work.  

The slightly higher PA loading of PSM 2 containing composite membrane than PSM 

1 containing composite membrane may play a crucial role behind the enhanced proton 

conductivity of the former than the later. In addition, the presence of ‘−SO3H’ groups, primary 

amines and secondary amines in the composites facilitate the proton conduction by inducing 

additional H-bonding with PA and hence forming proton conduction path as described earlier. 

Hydrophilic ‘−SO3H’ groups help in the formation of proton conduction channel by H-bonding 

interaction with PA.63,64 Thus more ‘−SO3H’ groups in the composite causes more hydrophilic 

ion channel formation and helps in higher amount of PA loading, which in turn facilitates the 

proton conduction. The slightly more grafting of ‘−SO3H’ in PSM 2 over PSM 1 helps in the 

increased PA loading, hence, more proton conduction.  

The proton conductivity of pristine OPBI membrane is found to be 0.067 Scm-1 at 160 

⁰C. Proton conductivity of PSM 1-10% is found to be the highest (0.290 Scm-1 at 160 ⁰C) 

among PSM 1 composites. On the other hand, the proton conductivity of 0.308 Scm-1 at 160 

⁰C is obtained for PSM 2-10% membrane, which is the highest among all the PSM 1 and PSM 

2 containing composites membranes. Proton conductivity of 0.138 Scm-1 has been obtained for 

UiO-66-NH2 10%, membrane at 160 ⁰C, which is even significantly lower than the proton 

conductivity of PSM 1-3% composite membrane (0.202 Scm-1) at the same temperature. This 

tremendously low proton conduction can be directly correlated with the absence of ‘−SO3H’ 

groups in UiO-66-NH2. Proton conductivity of PSM 1-12.5% and PSM 2-12.5% membranes 

are 0.261 Scm-1 and 0.283 Scm-1, respectively at 160 ⁰C which are lower than that of PSM 1-

10% and PSM 2-10% (Figure A1.8(c) in Appendix 1). This observation can be explained by 
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considering the probable agglomeration of PSM fillers in the membrane in case of higher filler 

loading (> 10%), which can obstruct the proton conduction pathway resulting in decreased 

proton conductivity.50 Further, decrease in mechanical strength of the membranes is observed 

with increasing filler loading more than 10% as seen from the storage modulus vs. temperature 

plots of PSM -10% and PSM-12.5% [Figure A1.6(c-d) in Appendix 1]. 

 

Figure 3.7. Proton conductivity values of OPBI, PSM composite membranes along with UiO-

66-NH2 10% membrane. 

According to the work of Jana and co-worker, the presence of crystalline planes in the 

polymer matrix improves conductivity of PA acid doped PBI membranes.55,56 Crystallinity 

induces more accessible proton conducting channels. Both undoped and PA doped composite 

membranes exhibit crystallinity unlike amorphous pristine OPBI. This helps in the increased 

proton conductivity of the composite membranes. In addition, the porous morphology obtained 

from FESEM [Figure 3.3(a-c) and Figure A1.3(a-d) in Appendix 1] is helpful towards more 

amount of PA molecules uptake into the pores, which further facilitates increased proton 

conductivity of composite membranes.  

The Figure A1.9 of Appendix 1 represents the isothermal proton conductivities of 7% 

and 10% PSM MOF composites and pristine OPBI plotted against time. The membranes were 

isothermally kept at 160 ⁰C for 24 h. Under this condition, the conductivity of each composite 

membranes and pristine OPBI membrane were measured for every 2 h up to 24 h. From the 

Figure A1.9 (Appendix 1), it can be observed that, within the first 2–4 h, there is an initial 
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decrease in observed proton conductivity values for each material. After the initial period, the 

observed proton conductivities are stable up to 24 h. The PA doped PSM 1 and PSM 2 

containing composite membranes exhibit much less decrease in conductivity compared to the 

PA doped pristine OPBI. This is due to the presence of the PSM MOF nanofillers in the 

composite membranes. The extensive interfacial H-bonding interactions between the PSM 1 / 

PSM 2 MOF and OPBI matrix provide the composite membranes with the enhanced stability 

that help them to retain their proton conductivity under long-term isothermal measurement at 

elevated temperature. This proves the enhancement of stability of the composite membranes 

due to the presence of the PSM MOF nanofillers. 

For hopping-like temperature dependent proton conduction mechanism, conductivity 

follow Arrhenius equation,65 

 

where σ is the proton conductivity of the membrane (Scm−1), σo is the pre-exponential factor 

(SK−1 cm−1), Ea is the proton conducting activation energy (kJ mol−1), R is the ideal gas constant 

(J mol−1K−1) and T is the temperature (K). Ea, which is the minimum energy required for proton 

conduction, is obtained from the slope of linear fit of (eq.1).  

The Arrhenius plots of acid doped pristine OPBI and all the nanocomposite membranes 

are illustrated in Figure 3.8. From the Arrhenius plot, activation energy (Ea) values have been 

calculated based on the proton conductivity values obtained within the temperature range of 30 

⁰C- 160 ⁰C. Ea values, obtained from OPBI, PSM 1-10% and PSM 2-10% membranes are 

14.56 kJ/mol (0.15eV), 14.76 kJ/mol (0.152 eV) and 14.30 kJ/mol (0.148 eV) respectively, 

which implies that the proton conduction in all these materials follow Grotthuss proton 

transport mechanism. This occurs as a result of proton hopping between PA molecules, OPBI 

and uncoordinated functional groups of the PSM MOF nanofillers through continuous 

construction and destruction of H-bonding network. Under the application of bias, the pre-

existing proton conduction channel possessing extensive H-bonding facilitates this proton 

hopping.66,67 Also, in the case of composites membranes, some irregularities from linear shape 

of the plots are observed, and this might suggest that proton conduction is partly contributed 

by vehicular mechanism as well. Self-assembly of PSM fillers causes self-diffusion of protons 

through the proton conducting channels created by the former, or a vehicle mechanism could 

operate through transfer of the protons from the surface of the PSM nano-filler to the next PSM 
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nano-filler via PA network as proton carriers. The Ea value to the composite membranes found 

to be slightly higher than that of pristine OPBI, because nanofillers act as carrier bridge for 

proton conduction, and this process requires more energy.50,55,57,67 

 

Figure 3.8. Arrhenius activation energy plot of OPBI and nanocomposite membranes at 

indicated loadings. 

Stress-strain studies 

In order to use any membrane in PEM fuel cell, dimensional stability of the PA doped 

membrane has always been a matter of discussion. The various mechanical properties, like, 

tensile strength, elongation at break values depend on the amount of the PSM MOF nanofillers 

loading as shown in Table 3.4. As shown in the Figure 3.9(a and b), huge increase in tensile 

strength observed in case of PA loaded nanocomposites as compared with PA loaded pristine 

OPBI. The presence of interfacial interactions between OPBI and MOFs, owing to the 

formation of fibrillar morphology and self-assembled structural anisotropy of the 

nanocomposites, causes mechanical and tensile reinforcement of the composites with respect 

to the pristine OPBI. As the loading level of the nanofillers increases i.e., moving from PSM 

1-5% to PSM 1-10%, and from PSM 2-7% to PSM 2-10% composite membrane, tensile 

strength value of the composites decreases with huge increase in elongation at break value. 

This is due to the fact that, the acid-base interactions between imidazole of OPBI and sulfonic 

acid groups of PSM 1 and PSM 2 are affected (observed from decreased peak intensity in 

PXRD) by the PA molecules after PA doping. This phenomenon was also reported in various 
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PA doped membranes62,68,69 and can be explained by considering the fact that PA molecules 

exert plasticizing effect on polymer membranes and therefore loosen the compact packing of 

polymer backbones. This makes the chain movement much flexible.69 Increase in filler loading 

causes more PA loading, which makes the membranes more flexible and that results into 

decrease in tensile stress and significantly improve in their elongation at break. Tensile strength 

values of PSM 2-7% and PSM 2-10% membranes are slightly lower than those of PSM 1-

7% and PSM 1-10% membranes. This may be attributed to the lower storage modulus value, 

obtained from PSM 2 composites over PSM 1. But, PSM 2-7% and PSM 2-10% composites 

elongation values at break are quite comparable with PSM 1 higher loading composites.  

 

Figure 3.9. Stress-strain profile of phosphoric acid loaded OPBI nanocomposite (a) PSM 1 

and (b) PSM 2 membranes.  

 

Table 3.4. Tensile stress and elongation at break values of OPBI and PSM-OPBI composite 

membranes. 

Sample Tensile stress (MPa) Elongation at break 

(%) 

Young Modulus 

OPBI 0.50 81.6 0.07 

PSM 1-3% 0.76 134 0.087 

PSM 1-5% 1.55 176.1 0.095 

PSM 1-7% 1.51 285.2 0.080 

PSM 1-10% 1.31 360.2 0.076 

PSM 2-7% 1.45 274.3 0.078 

PSM 2-10% 1.18 350 0.068 
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Acid leaching study 

While performing proton conduction in the fuel cell, under actual operational condition (at 

elevated temperatures, under high humidity etc.), very often the PEM suffers from acid 

leaching from the PA doped membranes and lose its capacity to function as proton exchange 

membrane. Thus, acid leaching test has been performed with PA doped OPBI composite 

membranes as shown in Figure 3.10(a) (see also Figure A1.10 in Appendix 1). The PA doped 

membranes were dried, weighed, and kept under saturated water vapour using a home-made 

set-up to check PA leaching via water condensation at 100 ⁰C for a period of 3 h. The protocol 

has adapted from previous studies of PA leaching.49,70  

After every one hour, the weight of the acid leached membrane was measured carefully. 

The weight loss ratio of PA present in the membrane is calculated and the results are shown in 

Figure 3.10(a). In the case of OPBI itself, the weight loss occurs to 45% after first hour of 

leaching analysis, further decrease was observed in the 2nd and 3rd hour to 66% and 71%. Thus, 

OPBI is found to be unable to hold most of the doped acid molecules under operational 

condition within its matrix. On the other hand, the leaching experiment for the PSM MOF 

nanofiller containing composite membranes result in low acid leaching. Acid leaching 

decreases with increase in loading of the PSM 1 and PSM 2 nanofillers in the composites. 

PSM 1-3% exhibits weight loss of 31%, while PSM 1-10% losses 21.5 % of its initial weight 

after 3 hours of analysis. PSM 2-10% membrane leaches least amount of acid and the weight 

loss is only 18.8% after three hours of leaching study. Thus, PSM 2 containing composite-

membranes can be accounted as the most efficient one, in terms of acid retention capacity. The 

reason for this low acid leaching of the PSM 1 and PSM 2 containing composites are attributed 

to the presence of sulfonic acid groups in them, along with the presence of primary and 

secondary amines, causing all together strong H-bonding interactions with PA molecules. More 

loading of PSM 1 and PSM 2 nanofiller into the composite causes more uphold of PA through 

extensive H- bonding, which results in more PA loading and less leaching. Also, the porous 

morphology and a certain order of crystallinity help composites in retaining the PA inside the 

matrix. The slightly lower acid leaching by PSM 2-10% composite than PSM 1-10% 

composite can be explained by considering the slightly higher amount of sulfonic acid groups  

in PSM 2 than in PSM 1. Acid uptake capacity of UiO-66-NH2 modified OPBI membrane 

was similar to the pristine OPBI membrane, due to lack of hydrophilic sulfonic acid group in 
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the UiO-66-NH2 nanofiller containing composite leaches 44% of PA within three hours of 

analysis.  

 

Figure 3.10. (a) Time dependent acid leaching study of OPBI and PSM composite membranes 

along with UiO-66-NH2 10%. (b) Proton conductivity of OPBI composite membranes before 

and after acid leaching study (* AL means after leaching). 

 

The acid leaching ability has further been confirmed by measuring the proton 

conductivity of the composite membranes after acid leaching analysis for 3h. After the 

completion of acid leaching test, the moisture and acid were wiped from the membrane, and 

the conductivity was measured from 80 ⁰C to 160 ⁰C (fuel cell operating temperature). Figure 

3.10(b) depicts the plots of proton conductivity of freshly acid doped membranes with acid 

leached pristine OPBI membrane, PSM 1 and PSM 2 composite membranes. The leached 

PSM 1-7%, PSM 1-10%, PSM 2-7%, and PSM 2-10%, composite membranes exhibit proton 

conductivity of 0.143, 0.162, 0.149 and 0.171 S/cm, respectively at 160 ⁰C which is very high 

compared to the proton conductivity of 0.02 Scm-1 observed for acid leached OPBI at this 

temperature. It must be noted that the lowering of conductivity after leaching is more prominent 

in case of pristine OPBI, whereas it is relatively less in case of the PSM MOF nano-fillers 

containing composites. Thus, the role of porous UiO-66 type of MOF containing uncoordinated 

‘−SO3H’ groups and ‘−NH2’ groups, in retaining acid and in elevating conductivity of the 

composite membranes are clearly understood.  
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Conclusion 

 Our current work ensembles preparation of OPBI nanocomposite membranes with different 

weight percent loadings of PSM 1 and PSM 2 MOFs by solution casting blending method and 

studied thoroughly with an objective to develop PEMs (proton exchange membranes) with 

enhanced or better properties for fuel cell application. We have demonstrated, in this work, a 

unique strategy to develop a superior PEM, by employing a super proton conductor MOF as 

nanofiller into a versatile polymer membrane PA doped OPBI via extensive interfacial H-

bonding interactions. The highest proton conductivity of the fuel cell’s PEM is not the only 

criterion for a superior PEM of an efficient fuel cell. Besides its super proton conductivity, the 

PEM should qualify many more crucial benchmarks, for example, high capacity of acid 

loading, high acid retention capacity, very good thermo-mechanical and tensile properties, 

excellent oxidative stability and high proton conductivity at the wide temperature range. PSM 

1-OPBI and PSM 2-OPBI nano-composites not only exhibits super proton conduction but also 

new crystalline planes, self-assembled anisotropic net-like morphology, high capacity of PA 

loading, high acid retention capacity, excellent thermo-mechanical and tensile properties, 

excellent oxidative stability, and notably high proton conductivity. More specifically, the 

dangling uncoordinated ‘−SO3H’ groups along with primary and secondary ‘−NH2’ groups of 

the nanofiller (a super proton conductor MOF in the present case) are found to participate in 

interfacial H-bonding interactions during the formation of the membrane. It also helps in the 

high PA loading as well as retention of PA molecules. During the membrane formation and 

during the PA loading, these uncoordinated groups form extensive H-bonds with the (host) 

OPBI molecules and the PA molecules, respectively. In case of the PA loaded nano-composite 

membranes, the proton conductivity is dictated mainly by the amount of the PA loading and 

the number of ‘−SO3H’ groups present in the moiety. Thus, the proton conductivity of the PSM 

1 and PSM 2 composite membranes (present work) are observed to be similar. Strictly 

speaking, the proton conductivity of PSM 2 composite membrane is marginally higher than 

PSM 1 composite membrane. This is a direct consequence of its slightly higher loading of 

‘−SO3H’ functionality and thus higher loading of PA. The proton conductivity obtained by us 

for PSM 1-10% and PSM 2-10% composite membranes at 160 ⁰C are among the highest 

proton conductivity reported in literature so far on MOF based proton conducting composite 

membranes. The parent UiO-66-NH2 composite exhibits lower PA loading and lower proton 

conductivity than PSM 1 and PSM 2 modified composites due to absence of the dangling 

‘−SO3H’ containing side arm. Thus, the PSM of the parent MOF plays a vital role in the PSM-
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OPBI nanocomposites membranes and made them potential candidates for use in high 

temperature proton exchange fuel cells. 
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Abstract 

Fabrication and design of efficient proton conduction nanochannels within the solid electrolyte 

materials is pivotal and challenging to develop energy-efficient devices like proton exchange 

membrane fuel cells (PEMFCs). In this work, we have synthesized melamine-based Schiff base 

network type porous covalent organic framework (MCOF) and impregnated phosphoric acid 

(H3PO4) as electrolyte into the pores of the MCOF via vacuum assisted method. Unfortunately, 

stable film/membrane did not form from H3PO4 loaded MCOF (P@MCOF) and hence in order 

to resolve this, mixed matrix membranes were fabricated for the first time with the P@MCOF 

and [2,2′-(m-phenylene)-5,5′-benzimidazole] or m-PBI. Formation of acid base pair occurred 

in m-PBI-P@MCOF composite membrane between the P@MCOF and m-PBI driven by H-

bonding interfacial interaction. Also, the acidic−PO3H2 functionalities in the pores of 

P@MCOF provides abundant sites for labile proton transport, which enables uninterrupted 

proton conduction ion channels with low energy barrier in the composite membranes. 

Furthermore, all the composite membranes were immersed and loaded with phosphoric acid 

(PA) to obtain proton exchange membranes (PEMs). Use of H3PO4 impregnated P@MCOF 

framework structures as nanofillers into the m-PBI membrane matrix resulted into superior 

proton conductivity, excellent thermal, thermo-mechanical and tensile stress-strain profile, 

improved acid (PA) holding efficiency and improved chemical stability of the m-PBI-

P@MCOF membranes in comparison with the pristine m-PBI. The resulted proton 

conductivity of m-PBI-P@MCOF-10% membrane at 180°C is 0.309 S cm-1, a five-fold 

increment with respect to pristine m-PBI proton conductivity (0.061 S cm-1) under the identical 

experimental condition. This work clearly illustrates the nature of H-bonded interfacial 

interaction between the P@MCOF nanofillers with the m-PBI, which can efficiently execute 

proton conduction. This will be the first report of COF as nanofillers into the PBI matrix for 

generation of superior proton conducting membranes. 

 

Introduction 

In the modern world, consumption of fossils fuel has been increased significantly over 

the years due to extensive urbanization causing severe environmental pollution and resulted 

global warming. Also, the increased demand of limited source of fossil fuel is a warning to the 

society for its unavailability in near future. In the present scenario, fuel cell (FC) has 

considerable attraction to the entire scientific community as an alternative source of energy to 

mitigate the above shortcomings.1-3 Technically, fuel cell is an efficient electrochemical device, 
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which facilitates conversion of chemical energy into electrical energy with generation of heat 

and H2O.4–6 Proton exchange membrane fuel cell (PEMFCs) remains the most prominent 

energy conversion device among the fuel cells in which the efficiency of the FC is largely 

dependent upon ability of proton conduction of the PEM.7–10 Nafion membrane as PEM has 

gained significant attention among the researchers for their promising proton conductivity 

along with chemical and mechanical stability, however Nafion membrane suffers from severe 

loss in proton conduction beyond 80 °C and relative humidity (RH) less than 50%.11–13 A 

replacement to the conventional Nafion membranes, polybenzimidazole (PBI) based polymers 

evolve into literature as efficient PEM materials with reasonable proton conductivity when 

treated with phosphoric acid (PA), under anhydrous environment at elevated temperature 

(160°C-200°C) along with high thermal, thermomechanical stability, tensile properties, and 

promising oxidative stability in presence of harsh oxidative environment.14–16 Though, PBI 

based PEMs also suffers from low PA doping level, severe PA leaching at elevated 

temperature, which causes loss in proton conductivity. Also under PA doped condition PBI 

membranes results excessive swelling followed by poor mechanical robustness which renders 

to achieve best fuel cell efficiency.17–19  

Nanofillers can have a crucial contribution to resolve issues listed above and can 

improve PEM properties to make them superior materials for PEMFC application.20 Nanofillers 

are basically inorganic, organic or hybrid nanoparticles/nanosheets, different from the polymer 

on basis of their structure and composition. Several research groups have utilized titania, silica, 

nanoclay, graphene oxide, carbon nanotubes (CNTs) etc. as nanofillers to prepare PBI based 

nanocomposite membranes with improved properties.21–27  

In recent years, a new class of porous materials like metal-organic frameworks (MOFs), 

porous organic polymers (POPs) and covalent-organic frameworks (COFs) have developed as 

potential proton conductors.28–35 The tailored mediated functional groups (carboxyl groups, 

sulfonate groups, phosphonate groups etc.) into the porous matrix contributes significantly in 

proton conduction due to their hydrophilic nature.28,30 Furthermore, the porous network of 

MOFs and COFs allows them to impregnate guest molecules, which generates extensive proton 

conduction channel for proton transport into the porous network.2,31,36 MOF materials have 

been utilized extensively in literature to fabricate hybrid proton exchange membranes.37,38. In 

our previous work, we have incorporated post synthetically modified UiO-66-NH2 MOFs 

(PSM 1 & PSM 2) into OPBI matrix, which resulted superior proton conductivity of 0.308 

S/cm at 160 °C.29 Very recently we have reported mixed matrix OPBI supported membranes 
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developed from utilization of synthetically modified MIL-53 and MIL-88B MOFs (53-S and 

88B-S) as nanofillers, which exhibits proton conductivity 0.304 S/cm at 160°C under 

anhydrous environment.38 Unlike MOFs, COFs are intrinsically constructed by strong covalent 

bonding interaction.39 The covalently linked organic building blocks of moderate gravimetric 

weight ensure excellent thermal stability to the COF materials, and their exceptional 

compatibility with the polymer matrix.  

Literature report reveals that, –PO3H2 groups conduct protons with superiority over –

SO3H groups. Each amphoteric –PO3H2 group contains two proton-donor site and one proton-

acceptor site, hence lower energy (37.2 kJ/mol) is required while conducting protons with 

respect to –SO3H groups (69.9 kJ/mol).40 Banerjee et al. have developed phosphoric acid 

loaded azo ( − N=N − ) based (Tp-Azo) COFs which resulted proton conductivity of 6.7×10-5 

S cm-1 at 340 K under anhydrous environment.32 Mirica et al. developed 2D-Aza-Fused COFs 

acidified with H3PO4, with a resulted proton conductivity in 10-3 order at 323 K and 97% RH.41 

Zhang et al. reported (H3PO4@NKCOF-1) with an extraordinary proton conductivity of 

1.13×10-1 at 353 K at 98 % RH.42 Jiang et al. reported proton conductivity of 0.191 S cm-1 for 

H3PO4@TPB-DMeTP-COF at 160 °C in presence of anhydrous atmosphere.2 In the recent 

years, great effort has been made by scientists all over the globe to fabricate PEMs based on –

PO3H2 groups grafted filler materials as alternate proton conductors.27,31,43 Development of 

proton transfer domains with amphoteric -PO3H2 groups enables continuous H-bonded network 

formation, hence predicted to be good choice to develop substantial proton conduction channels 

within the polymer supported PEM matrix. But so far all reported COF based proton conductors 

did not produce mechanically stable film and hence cannot be used as PEM in the PEMFC. In 

addition, there is no report of H3PO4 impregnated COF grafted PBI based PEMs in literature 

till date. 

In this present work, we aim to synthesize melamine-based Schiff base network type 

microporous covalent organic framework (COF) following a modified synthetic procedure 

reported by Yin et al.,31 followed by incorporation of phosphoric acid (H3PO4) molecules inside 

the porous region of COFs via vacuum assisted method (VAM). Then the COF based mixed 

matrix membranes (MMMs) were developed from the impregnated COFs (P@MCOF) in a 

[2,2′-(m-phenylene)-5,5′-benzimidazole] (m-PBI) polymer supported matrix for the first time. 

Acidic −PO3H2 groups incorporated in the pores of P@MCOF provide abundant sites for labile 

proton transfer into the composite matrix, causing efficient proton conduction. Also, acid-base 

pairs could generate between the P@MCOF frameworks and m-PBI polymer due to the 
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presence of extensive H-bonding interfacial interaction between the polymer and the filler 

particles. We aim to give a keen and detailed observation to establish the interaction pattern in 

the composite matrix, leading to formation of MMMs with altered morphology responsible for 

mechanical and tensile reinforcement, high PA uptake followed by superior proton conduction. 

 

Experimental Section 

All the source of reagents and chemicals are given in Chapter 2. Synthesis of [2,2′-(m-

phenylene)-5,5′-benzimidazole] (abbreviated as m-PBI) polymer was performed following a 

modified literature reported method.44-46 (see Chapter 2 for synthetic details).  

 

Synthesis of MCOF 
 

Melamine based Schiff base network type COF (MCOF) was synthesized by a literature 

reported procedure31,47 A mixture of melamine (1.88 g, 14.92 mmol), terephthalaldeyde (3.00 

g, 22.36 mmol) and DMSO (100 mL) were taken in a reflux condenser fitted with three-necked 

round bottomed flask. The mixture was kept for heating at 180 °C for 72 h in presence argon 

atmosphere. After reaction competition, the reaction mixture was subjected to cooling down to 

room temperature followed by separation of precipitated powder from the reaction mixture 

through filtration. The synthesized product was washed repeatedly with DMF and THF, 

followed by purification using Soxhlet extraction method with methanol, THF and methanol 

repeatedly. Finally, the MCOF powder was kept for drying inside vacuum oven at 120 °C 

overnight to get white fluffy powder [Scheme 4.1(A)]. 

 

Impregnation of H3PO4 into the MCOF structure to get P@MCOF 

 

Following a literature reported procedure, H3PO4 was impregnated into the MCOF 

network through vacuum assisted method (VAM).31 Firstly, MCOF powder was treated with 

CH2Cl2 for 24 h in refluxing condition for the replacement of high boiling point solvent by low 

boiling point solvent. After that, the MCOF was kept in a vacuum containing Schlenk flask at 

120°C for 24 h to remove the residual CH2Cl2, absorbed moisture and trapped air present in 

the pores. In the next step, the Schlenk flask was cool down at 80 °C followed by addition of 

H3PO4 aqueous solution (25 wt%, 25 mL) into the Schlenk flask. Then the entire reaction 

mixture was kept under vacuum for 12 h, after that the vacuum was removed and the mixture 

was continued to stir for another 12 h. During this process, H3PO4 molecules were incorporated 

inside the cavities of MCOF due to the resulted pressure difference between the cavities and 
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the outside atmosphere. Finally, the product was centrifuged, followed by washing with water 

until the supernatant liquid becomes pH neutral.  Then the product was kept for drying at 60°C 

in a vacuum oven to obtain the H3PO4 impregnated MCOF (abbreviated as P@MCOF) 

[Scheme 4.1(B)]. 

 

Scheme 4.1. (A) Reaction scheme for the synthesis of melamine-based Schiff base network 

type COF abbreviated as MCOF. (B) Incorporation of H3PO4 into the pores of MCOF, the 

H3PO4 impregnated MCOF is abbreviated as P@MCOF. 

 

MCOF characterizations were performed using Solid state 13C CP-MAS NMR spectra, 

FT-IR, FESEM, TEM & Brunauere-Emmete-Teller (BET) N2 sorption profile analysis. 

P@MCOF materials were characterized through FT-IR, BET, FESEM and EDX with 

elemental mapping & TEM. ICP-OES were also performed for P@MCOF to get the total P 

content after H3PO4 incorporation and represented in the Appendix 2. 

 

Preparation of m-PBI-P@MCOF composite MMMs 

m-PBI-P@MCOF composite MMMs were obtained through a solution blending 

technique by addition of various loading wt% of P@MCOF powders (3, 5, 7, and 10 wt %) 

with respect to m-PBI as fillers dispersion in DMAc to a 2 wt % m-PBI solution in DMAc. The 

final m-PBI concentration in DMAC was maintained as 1 wt %. Then the mixture solution was 

kept under vigorous stirring at 30 °C for 24 h – 36 h, until formation of a homogeneous mixture, 
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which was then poured on to a glass Petri dish followed by a gradual solvent evaporation in a 

heating oven at 80 °C for 12 h. The fabricated MMMs were then peeled out from the petri dish 

and kept for drying in a vacuum oven at 100 °C to remove the traces of absorbed solvent 

molecules and moisture. The synthesis protocols of m-PBI-P@MCOF MMMs are represented 

schematically in the Figure 4.1. m-PBI-MCOF-10% membrane also fabricated utilizing the 

same strategy for comparison purpose. 

 

Figure 4.1. Schematic representation for the fabrication of m-PBI-P@MCOF nanocomposite 

MMMs by solution casting blend method.  

 

PA doping of the m-PBI-P@MCOF MMMs 

After keeping all the membranes at 100 °C under vacuum for 24 h, membranes were 

taken out from the oven and were treated with 85 wt% PA solution for prolong 5 days to obtain 

PA doped PEMs. After that, the PA doped MMMs were taken out from the PA container and 

the surface PA molecules were swabbed using tissue paper/filter paper. Finally, the membranes 

were stored in air tight zip-lock covers for further characterizations.  

 

All the prepared m-PBI-P@MCOF nanocomposite membranes were characterized by 

Fourier-transform infrared spectroscopy (FT-IR), powder X-ray diffraction (PXRD), Field 

emission scanning electron microscopy (FESEM) and transmission electron microscopy 

(TEM), thermogravimetric analysis (TGA), thermomechanical studies by dynamic mechanical 

analyser (DMA) and tensile strength analysis by universal testing machine (UTM). The 
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detailed experimental procedure for PA loading level, water uptake, swelling ratio studies, 

proton conductivity, isothermal proton conductivity, PA retention analysis was also performed 

and all these experimental details are given in the Chapter 2. 

 

Results and discussion 

Preparation of P@MCOF 

The chemical structure of synthesized MCOF is verified by recording 13C solid-state 

NMR spectra (Figure A2.1 of Appendix 2). The NMR spectrum of MCOF exhibits three 

characteristics resonance signal at 167, 127 and 55 ppm. The resonance at 167 ppm is due to 

the carbon atoms in the triazine ring of melamine, the signal at 127 ppm corresponds to the 

aromatic carbons of benzene moiety, whereas the resonance at 55 ppm generates from the 

tertiary carbon atoms in aminal structures.31 The generation of the Schiff base network type 

MCOF compound is also confirmed by FT-IR spectra (Figure A2.2 of Appendix 2). The 

distinct bands at 3413-3415 cm-1 is attributed to the N-H stretching frequency and the band at 

1545 and 1475 cm-1 are appeared due to the stretching of triazine in the MCOF framework.31 

The band at ~1192 cm-1 is generated due to the C-N bonds stretching frequency, which 

confirms the Schiff base network formation. The successful impregnation of H3PO4 into MCOF 

is confirmed by the FT-IR spectra of the P@MCOF (Figure A2.2). The new band emerged at 

1145 cm-1 is ascribed to the P=O stretching vibration, which proves successful H3PO4 

incorporation.31 The FESEM morphology of MCOF remains unchanged after H3PO4 

incorporation into the MCOF matrix by vacuum assisted method to obtain P@MCOF. Both 

MCOF & P@MCOF have shown identical morphology from FESEM though after H3PO4 

impregnation MCOF particles displayed a bit more self-assembled morphology [Figure 

A2.3(A, B) of Appendix 2] and they are obtained as small particles with a diameter of 20-50 

nm. Figure A2.4 of Appendix 2 displays the FESEM EDX elemental mapping of P@MCOF 

where P molecules is uniformly dispersed all over the P@MCOF framework. In addition, ICP-

OES analysis also have been performed to evaluate the P content present in the mesoporous 

P@MCOF framework (see Table A2.1 of Appendix 2), and the P content is 3.97 % by mass. 

Identical morphology obtained from TEM study for both MCOF and P@MCOF [Figure 

A2.5(A, B) of Appendix 2], and each individual particles are of ~20-50 nm in size. In case of 

P@MCOF a bit of self-assembled particles with formation of patches are observed which could 

be due to the impregnation of H3PO4 molecules. The porous structure of MCOF and P@MCOF 

is analysed by N2 sorption analysis. As shown in Figure A2.6 of Appendix 2, the adsorption 
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isotherms sorption profile of the samples displayed Type I isotherm, which is typical 

characteristics for microporous materials.31 The Brunauere-Emmete-Teller (BET) surface area 

obtained from MCOF and P@MCOF is 490.05 m2/g and 379.21 m2/g and the total pore 

volumes of these materials are 2.32 cm3/g 1.13 cm3/g, respectively. Impregnation of H3PO4 

molecules resulted slight decrement in the surface area and pore volume, which proves 

successful impregnation. 

m-PBI-P@MCOF MMM as PEM: 

Despite of having the presence of porous framework structure, melamine, amine 

functionalities and H3PO4 impregnation into the mesoporous region of the P@MCOF, this 

material cannot be directly utilise as PEM due to their non-processability of membrane. Hence, 

we have loaded P@MCOF into the m-PBI membrane in an aim to develop PEM with 

exceptional proton conductivity and improved mechanical robustness. The fabrication 

technique of the MMMs is described in the experimental section and represented in the Figure 

4.1. After membrane preparation, we have performed several structural and physical 

characterizations to evaluate the MMMs quality and performances for their potential utilization 

as PEM in HT-PEMFC. 

Structural characterization: 

The powder X-ray diffraction pattern (PXRD) of m-PBI-P@MCOF composite MMMs 

along with pristine m-PBI are plotted in the Figure 4.2A. MCOF and P@MCOF materials are 

amorphous in nature as evident from the presence of a broad signal in the 2 value between 

15° - 30°. In case of P@MCOF, slight d value shift could be observed towards the higher 

region may be because of the H3PO4 impregnation into the MCOF network, owing to 

reduction of the framework inter planner spacing. P based polymer also exhibits a broad 

XRD signal in the 2 value between 20° - 30°, associated with the amorphous nature of the 

PBI structure.38,44,48 In the m-PBI-P@MCOF membranes, the presence of identical broad signal 

could be observed with slight shift in the 2 value, and with the increase in the P@MCOF 

loading from 5-10 %, the shifting of broad halo could be observed towards the slight higher 2 

value. Also, the higher filler loaded m-PBI-P@MCOF-(5-10) % exhibits two less intense peak 

(marked with *) and a sharp crystalline peak in between 2 range 14°- 15° (marked with #), 

which are not identical with PXRD pattern obtained from either MCOF materials or the 

polymer (Figure 4.2A). The intensity of the # marked sharp crystalline peak also increases in 
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proportionality with the P@MCOF loading. Shifting of the broad signal in the composite 

MMMs along with formation of sharp crystalline peak indicates that the extensive H-bonding 

interfacial interaction operating between the P@MCOF and m-PBI resulting new crystalline 

plane. 

 

Figure 4.2. (A) PXRD patterns of m-PBI, MCOF, P@MCOF along with m-PBI-P@MCOF 

composite membranes of indicated loadings. (B) FT-IR plots of the m-PBI, MCOF, P@MCOF 

and m-PBI-P@MCOF MMMs at their indicated wt%. 

 

The formation of extensive H-bonding interfacial interaction into the m-PBI-P@MCOF 

composite network was also further analysed by FT-IR. The FT-IR spectra of MMMs are given 

in the Figure 4.2B and Figure A2.7 of Appendix 2. Three peaks present at 3415, 3143 and 

3060 cm-1 in m-PBI are due to free ‘N-H’ groups, hydrogen bonded ‘N-H’ groups and aromatic 

C-H stretching, respectively.48-50 A broad ‘N-H’ stretching frequency signal seen at 3415 cm-1 

for MCOF and P@MCOF which overlaps with the 3415 cm-1 peak of m-PBI and appears as 

broad ‘N-H’ stretching in the case of m-PBI-P@MCOF composites. The ‘N-H’ stretching peak 

at 3143 cm-1 appears as a negligible broad peak in the composite membranes. Also, the peak 

corresponds to the aromatic C-H stretching at 3060 cm-1 and aliphatic C-H stretching at (2860-

2920) cm-1 appeared in all the m-PBI-P@MCOF membranes. A broad band at 3625 cm-

1appears for m-PBI and its composites membranes due to ‘O-H’ of absorbed moisture.51 The 

peak of m-PBI corresponds to the C=C/C=N stretching undergoes spectral broadening in the 

7% and 10% P@MCOF loaded MMMs (Figure 4.2B). Also we have observed appearance of 

spectral broadening at 1403 cm-1, 1263 cm-1, and 1017 cm-1 for the higher filler loaded MMMs. 
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The characteristics picks of P@MCOF (Figure A2.2 & Figure A2.7 of Appendix 2) merges 

with the m-PBI peaks with some positional shifts. All these peak shifting and broadening are 

due to the presence of strong interfacial interaction between polymeric ‘N-H’ with the 

functional group of P@MCOF 

Hence, the presence of crystallinity obtained from the PXRD analysis, and spectral 

shifts along with broadening obtained from the FT-IR analysis for the P@MCOF loaded 

MMMs clearly signify the interfacial interactions between the P@MCOF filler and polymer.  

Morphology study 

Figure 4.3(A, B) and Figure A2.8(A-C) of Appendix 2 represents the FESEM 

morphology of the composite membrane surface where nice homogeneous dispersion of 

P@MCOF fillers can be observed all over the surface. Cross-section FESEM morphology of 

the samples suggests interesting observation. Unlike bare m-PBI, fibrillar network type cross-

sectional morphology with generation of triangular and rectangular porous cavity along with 

uniformly ordered dispersion of P@MCOF are seen in case of the composite MMMs [Figure 

4.3(C, D) and Figure A2.8(D-F) of Appendix 2] This morphological features are expected 

outcome of extensive H-bonding between the organic functionalities (‘-NH’, ‘-PO3H2’) of the 

P@MCOF fillers and the imidazole ‘–N=’ and ‘N-H’ functionalities of the m-PBI polymers. 

Homogeneous dispersion pattern of fillers into the porous fibrillar network type cross-sectional 

interface become more distinguishable throughout the matrix in case of 7% and 10% of 

P@MCOF loaded MMMs than that of the lower (wt%) filler loaded samples.  

P@MCOF nanofillers have formed structural self-assembly and framework type 

morphology into the composite matrix as seen from the TEM images shown in [Figure 4.3 (E, 

F)]. In higher filler loaded MMMs, P@MCOF materials are prone to form self-assembled 

framework structure among themselves as well as with the m-PBI matrix. The homogeneous 

dispersion pattern of P@MCOF material all over the polymer matrix generates self-assembled 

P@MCOF framework into dense the polymeric network which results network like self-

assembled structure. Similar observation was reported by us earlier for post synthetically 

modified (PSM 1 and PSM 2) MOF grafted PEMs.29 The dispersion pattern of the filler 

materials in 10% sample is more prominent followed by network like clusters formation over 

m-PBI-P@MCOF-7% membrane. At high filler loaded MMMs, two factors contribute 

significantly, these are: (a) presence of substantial H-bonding which contributes effectively 

towards the self-aggregation of fillers into the polymer network with uniformed dispersion and 

(b) Also, the acid-base type H-bonding between the donor and acceptor groups of m-PBI 
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polymer and P@MCOF filler materials leads to formation of self-assembled network like 

morphology with structural anisotropy.23,29 Self-assembly generates new crystalline planes as 

observed from the sharp PXRD peak intensity between 2 range 14°‒15° for the higher filler 

loaded MMMs which are absent in both parent m-PBI and P@MCOF XRD patterns also 

support this observation. 

 

Figure 4.3. (A) FESEM surface morphology of pristine m-PBI-P@MCOF-7% and (B) m-PBI-

P@MCOF-10% composite membranes. (C) FESEM cross-sectional morphology of m-PBI-

P@MCOF-7% and (D) m-PBI-P@MCOF-10% composite membranes. (E) TEM morphology 

of m-PBI-P@MCOF-7% membrane. (F) TEM morphology of m-PBI-P@MCOF-10% 

membrane. 

 

Thermal stability of the P@MCOF loaded MMMs 

TGA thermogramms of the MCOF, P@MCOF and the composite membranes are 

plotted in Figure 4.4(A). P@MCOF exhibits less thermal stability compared to MCOF and 

resulted thermal degradation in the temperature range of 300 – 400 °C due to the evaporation 

or condensation of impregnated H3PO4 molecules. Pristine m-PBI and composite MMMs show 

weight loss ˃200 °C and the weight loss % increases with the increase in P@MCOF loading 

in the MMMs due to polycondensation and evaporation of more H3PO4 functionality present 

in the pores of P@COF materials and also due to the degradation of more organic functionality 

from the P@MCOF. The degradation of polymeric backbone is observed after 550°C in all the 

samples.44,46,52 All the membranes exhibit superior thermal stability compared to pure MCOF 

& P@MCOF owing to the much better thermal stability of the m-PBI.  
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Figure 4.4. (A) TGA data of the composite MMMs along with pristine m-PBI, MCOF and 

P@MCOF (The zoomed TGA plot of the MMMs between 450 oC-700°C is given in the Figure 

A2.9 of Appendix 2. (B) TGA of PA doped composite MMMs along with PA doped m-PBI.  

 

The TGA diagram of PA loaded m-PBI along with 7% and 10% m-PBI-P@MCOF 

composite PEMs are plotted at Figure 4.4(B). The first weight loss is seen in between the 

temperature range of 100-200°C which corresponds to the evaporation of moisture and H-

bonded H2O molecules.46,52,53 After that, gradual weight loss up to 550 °C is noticed either due 

to the degradation of polymer composite network or due to the polycondensation and 

evaporation of PA molecules.38 Beyond 550 °C, a sharp degradation of the polymer backbone 

is observed.54 A comparison between the TGA of undoped MMMs and PA doped MMMs 

indicates that the thermal stability of the PA doped m-PBI-P@MCOF-10% composite MMMs 

is better than that of the PA loaded pristine m-PBI, which is a reverse observation from the dry 

membranes TGA. This is due to the fact that the hydrophilic –PO3H2 groups of the P@COF 

filler materials present in the composite matrix can form intermolecular H-bonding with the 

PA molecules. Also, the imidazole ‘N-H’, ‘-N=’ group of the m-PBI and the heteroatom 

functionalities (‘N-H’, ‘-PO3H2’) present in the P@MCOF undergo formation of H-bonding 

interaction with PA molecules to uphold more PA followed by increase in the composite 

backbone thermal stability. Similar observation was reported earlier by us for post synthetically 

modified (53-S and 88B-S) MOF loaded MMMs.38  
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Mechanical properties of the MMMs 

The dispersion of P@MCOF filler materials all over the m-PBI-P@MCOF membrane 

network plays a vital role for their mechanical reinforcement. The temperature responsive 

storage modulus (Eʹ) plots [obtained from dynamic mechanical analysis (DMA)] of all the 

P@MCOF loaded MMMs along with the pristine m-PBI membrane are represented in Figure 

4.5 and the corresponding storage moduli values at 100 °C, 250 °C and 400 °C are tabulated in 

the Table 4.1. It can be inferred that the composite membranes introduce significant increment 

in storage modulus with respect to bare m-PBI, also the storage modulus found to be increasing 

with the increase in P@MCOF loading % in the composite membranes. For example, the 

storage modulus of m-PBI at 100 °C, 250 °C and 400 °C are 1844 MPa, 1594 MPa and 921 

MPa, respectively, whereas, for m-PBI-P@MCOF-10% membrane storage moduli values are 

3866 MPa, 3245 MPa and 1679 MPa at 100 °C, 250 °C and 400 °C, respectively. The widely 

different morphology associated with self-assembly of fillers into the polymeric network along 

with the homogeneous dispersion of P@COF particles into the surface and dense porous 

fibrillar network type cross-sectional region of the polymer composite are the driving forces 

behind this mechanical reinforcement. The presence of P@MCOF nanofillers network like 

dispersion and self-assembly generates a vast robust interfacial region into the composite 

matrix where the strong H-bonding interfacial interactions between the m-PBI functional 

groups with the P@MCOF functionalities make the MMM matrix rigid by decreasing the 

segmental mobility of the polymer chains and in turn responsible for significant mechanical 

reinforcement. 

 

Figure 4.5. Storage modulus plots of m-PBI-P@MCOF nanocomposites obtained from DMA. 
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Table 4.1. Storage modulus values the m-PBI-P@MCOF nanocomposite MMMs at 100°C, 

250°C, and 400°C obtained from DMA storage modulus plot. 

 

Sample E’ (MPa) 

at 100 °C 

% of 

increase 

E’ (MPa) 

at 250 °C 

% of 

increase 

E’ (MPa) at 

400 °C 

% of 

increase 

m-PBI 

 

m-PBI-P@MCOF-3% 

 

m-PBI-P@MCOF-5% 

 

m-PBI-P@MCOF-7% 

 

m-PBI-P@MCOF-10% 

1844 

      2439 

3226 

      3645 

      3866 

 

    32.26 

74.94 

97.66 

109.65 

1594 

2017 

2691 

3043 

3245 

 

26.53 

68.82 

90.90 

103.57 

921 

1188 

1592 

1458 

1679 

 

29.0 

72.85 

58.30 

82.30 

 

The glass transition temperature (Tg) of the samples are obtained from the loss modulus 

(E″) and tan plots [Figure A2.10 (A, B) of Appendix 2] and the corresponding values are 

summarised in Table 4.2. Due to the formation of miscible blend membranes, loss modulus 

(E″) and tan plot exhibit only single relaxation peak for m-PBI-P@MCOF composite 

MMMs, and the temperature associated with that peak is considered as the glass transition 

temperature (Tg).
55-57 The Tg value of m-PBI is 320 °C (loss modulus plot) and 340 °C (tan 

plot), respectively. The incorporation of P@MCOF fillers results slight decrement in the Tg 

values, and with increase in the P@MCOF loading gradual decrement in Tg value is observed 

(Table 4.2), which might be due to the polymer-COF interaction present in the composite 

membrane matrix. 

 

Table 4.2. Glass transition temperature (Tg) of the m-PBI-P@MCOF composite MMMs 

obtained from Loss modulus and tan plot. 

 

Sample Tg (°C) obtained from 

E” 

Tg (°C) obtained from  

Tan  

m-PBI 

m-PBI-P@MCOF-3% 

m-PBI-P@MCOF-5% 

m-PBI-P@MCOF-7% 

m-PBI-P@MCOF-10% 

320 

316 

308 

308 

308 

340 

332 

331 

324 

324 
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Oxidative stability of MMMs 

Fuel cell operation generates hydrogen peroxide (H2O2) which can produce HO• and 

HOO• radicals in the electrodes sides and are responsible for chemical degradation of the 

PEMs.48,58 Hence, determination of the chemical stability of MMMs are very crucial for the 

use as PEMs. Therefore, to analyse the effect of HO• and HOO• radical attack on P@MCOF 

loaded MMMs, membranes were immersed into Fenton’s reagent (which is a 3% H2O2 

containing solution in 2 ppm of FeSO4) at 70°C for a certain time period (100 h) and the weights 

corresponds to the membranes before and after treatment with Fenton's reagent were noted to 

evaluate the degradation percentage of the MMMs. The chemical stability (in presence of 

oxidative environment) of the MMMs with respect to time (h) is plotted in the Figure 4.6. 

Composite MMMs are found to exhibit significantly improved chemical stability compared to 

m-PBI and the stability is boosted with increasing P@MCOF filler loading in the m-PBI. 

Figure 4.6 shows that after 100 h of Fenton’s reagent treatment m-PBI contains 54.5 % of its 

initial weight, while the remaining weight associated with m-PBI-P@MCOF membranes are 

55.24%, 70.45%, 74.59% and 77.15%, for 3, 5, 7 and 10% membranes respectively, and hence 

indicating significant improvement in the composite membranes stability. The P@MCOF 

materials dispersed uniformly throughout the polymer matrix and generate a self-assembled 

network through involvement in H-bonding interfacial interaction with the m-PBI chains which 

protect the polar functional groups of the m-PBI from the HO• and HOO• radicals attack. With 

increasing P@MCOF loading, the presence of more donor-acceptor interfacial interaction 

provides better shielding of polymer chains, causes significant increment in the chemical 

stability of the MMMs under harsh oxidative environment. 

 

Figure 4.6. Oxidative durability study of m-PBI-P@MCOF composite membranes with 

different filler loading. 
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Water uptake (WU), Swelling ratio (SWR) and phosphoric acid (PA) loading of the 

MMMs 

The water uptake (WU), swelling ratio (SWR) in (water and PA), and PA doping level 

of m-PBI and all the P@MCOF loaded membranes are given in Table 4.3. Due to the 

hygroscopic nature of the PBI based polymers, they prone to absorb atmospheric moisture 

through involvement of ‘−N=’ of PBI to generate H-bonding with H2O molecules.54,59 Water 

uptake capacity of m-PBI-P@MCOF composites increases in comparison with pristine m-PBI 

and the increment is proportional with the P@MCOF loading percentage. The resulting water 

uptake of m-PBI is 10.32%, which is in well accordance with the literature reported value.45 

which increased to 13.10%, 15.62%, 16.66% and 18.34 % for 3, 5, 7 and 10 %   respectively. 

As the P@MCOF filler materials contains hydrophilic –PO3H2 groups into the pores, those can 

form extensive H-bonding with water molecule, hence with the increase in the filler loading 

from 3-10%, tendency of filler materials to form H-bonding with water molecules also increase 

which results enhanced WU proportional with the P@MCOF loading. Due to absorption of 

excess moisture and PA, PBI based membranes display dimensional changes which is 

responsible for excessive swelling and is the reason for mechanical weakness of the membrane.  

Swelling ratio both in water and PA tends to decrease quite significantly with increasing 

P@MCOF loading in the composite membranes (Table 4.3). These results clearly suggest that 

these PEMs obtained from composite MMMs will have better dimensional and mechanical 

stability than the PEM obtained from PA loaded bare m-PBI. 

 

Table 4.3. Water uptake (WU), swelling ratio (SWR) in water and PA & PA doping level of m-

PBI and m-PBI-P@MCOF composite MMMs along with m-PBI-MCOF-10% membrane a 

 

Sample name Water uptake 

(wt%) 

Swelling ratio in 

water (%) 

Swelling ratio in 

PA (%) 

PA loading 

(no.of mol/m-PBI 

r.u) 

m-PBI 10.32 (1.16) 9.73 (0.72) 25.40 (1.35) 10.39 (1.72) 

m-PBI-P@MCOF-3% 13.10 (1.02) 6.69 (0.85) 23.54 (0.75) 16.20 (1.44) 

m-PBI-P@MCOF-5% 15.62 (1.65) 6.25 (0.42) 21.86 (0.71) 18.36 (1.81) 

m-PBI-P@MCOF-7% 16.66 (0.98) 5.88 (0.68) 18.35 (0.48) 19.30 (2.08) 

m-PBI-P@MCOF-10% 18.34 (0.56) 5.40 (0.53) 17.95 (0.37) 22.15 (1.78) 

m-PBI-MCOF-10%   16.55 (1.08) 15.41 (2.02) 

a The number given in the brackets attributed to the standard deviations obtained from the 

analysis. 
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The proton conductivity of the PA doped PEMs is directly proportional with the PA 

doping level of the PBI based membrane. Hence, PA loading level determination is a vital 

parameter to be checked to see the stability of membrane as PEM. Higher PA doping level 

generates significant number of labile proton transfer sights inside the membrane matrix, which 

amplify the proton hopping efficiently resulting superior proton conduction.60 PA doping levels 

of pristine m-PBI and composite membranes are summarized in Table 4.3. The PA doping level 

of m-PBI is 10.39 mol/repeat units, which is in accordance with the literature reported value.44 

A gradual increase in the PA loading of the composite membranes with increasing P@MCOF 

content in the membrane is observed. The PA doping levels of m-PBI-P@MCOF membranes 

are respectively 16.20, 18.36, 19.30 and 22.15 mol/repeat unit for 3, 5, 7 and 10 % loading, 

respectively. The remarkable PA loading enhancement in the MMMs is associated with several 

cumulative factors and these are: Firstly, P@MCOF filler material contains hydrophilic –

PO3H2 groups into its porous region due to the impregnation of H3PO4 by VAM. Now, more 

the loading percentage in the composite membranes, formation of more intermolecular H-

bonding results between the –PO3H2 groups with PA molecules, and hence increased PA doping 

level. Secondly, PA molecules penetrates into the interfacial region of the polymer composite 

backbone and exerts plasticizing effect to make the polymer rubbery in nature with partial 

disruption of the original crystalline packing.38,61 Therefore, the H-bonding interfacial 

interaction between the m-PBI polymer and P@MCOF functional groups disrupts partially 

with generation of new H-bonding consisting the functional groups of polymer and P@MCOF 

materials with PA molecules. Hence, PA doping level increases proportionally with filler 

loading. Thirdly, composite MMMs exhibits formation of porous cavities in a fibrillar network 

type morphology with homogeneous dispersion of hydrophilic P@MCOF materials all over 

the matrix also responsible for generation of proton conducting nanochannels in the MMMs 

along with superior PA loading. In addition, the completely altered morphology of the 

composites allows incorporation of significant amount of PA inside composite matrix which 

can undergo intermolecular H-bonding interaction among themselves to uphold more PA 

(Scheme 4.2). All these factors are facilitated with increased hydrophilic P@MCOF materials 

loading into the polymer matrix. On the other hand, m-PBI-MCOF-10% membrane lacks the 

ability to reach high PA doping level due to the absence of hydrophilic –PO3H2 groups and 

results lower PA doping level (15.41 mol/repeat unit of m-PBI) with respect to P@MCOF 

grafted PEMs. 
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Scheme 4.2. Proposed mechanism of the interaction patterns between PA molecules with 

composite membrane. 

Proton conductivity of the PA loaded MMMs. 

Proton conductivity measurement was performed for PA loaded membranes between 

30 °C - 180 °C and the proton conductivity values were calculated from the Nyquist plots 

[Figure A2.11 (A and B) of Appendix 2] using relevant equivalent circuit fitting (see Chapter 

2 for circuit fitting details). Incorporation of P@MCOF filler into the composite matrix results 

significant improvement in proton conductivity with respect to pristine m-PBI under the same 

operational condition as shown in Figure 4.7(A). Also, the proton conductivity follows 

proportionality with the increasing P@MCOF loading. In addition, the trend of proton 

conduction values of all the MMMs maintains a good correlation with the PA doping level 

(Table 4.3) of the membrane. 

The proton conductivity for pristine m-PBI membrane at 180 °C is 0.061 S cm-1, 

whereas this increases to 0.14 S cm-1, 0.186 S cm-1, 0.233 S cm-1 and 0.309 S cm-1 at 180 ⁰C, 

for 3, 5, 7 and 10% P@MCOF loading in m-PBI respectively (see Table A2.2 of Appendix 2). 

This results can be attributed to the cumulative effect of several factors: which include, the H-

bonding interfacial interaction between the donor and acceptor heteroatoms of P@MCOF and 

m-PBI generates more proton conducting channels for proton transport. Secondly, the 

hydrophilic –PO3H2 groups present in the porous filler materials can significantly contributes 
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to uphold more PA by forming H-bonding interaction with PA molecules. Therefore, higher 

filler loaded membranes (7-10) % can cause more PA loading, and as PA loading is proportional 

to proton conduction, thus proton conductivity values increase with filler loading. Thirdly, for 

higher filler loaded membranes, the fibrillar porous cavity formation along with development 

of network type morphology with homogeneous dispersion of hydrophilic P@MCOFs all over 

the composite matrix and the nanofillers self-assembled framework into the dense polymeric 

network responsible for effective uphold of PA, hence efficient PA loading followed by superior 

proton conduction. On the other hand, m-PBI-MCOF-10% membrane dose not contains 

hydrophilic –PO3H2 functionalities which resulted significantly lower proton conductivity 

value of 0.115 S cm-1 at 180 °C, which is even inferior than the value obtained for m-PBI-

P@MCOF-3% membrane. Hence, this describes the importance associated with the 

impregnation of H3PO4 by VAM to fabricate superior COF based fillers for PEMs. 

 

Figure 4.7. (A) Proton conductivity values of m-PBI and m-PBI-P@MCOF composite 

membranes of different filler loading percentage along with m-PBI-MCOF 10% membrane. 

(B) Arrhenius plot of conductivity vs temperature data to determine the activation energy for 

proton conduction. 

 

Figure 4.7(B) shows the Arrhenius plot of m-PBI and composite MMMs. The 

calculation of activation energy (Ea) values from the Arrhenius plot was performed from the 

proton conductivity between 30 °C - 180 °C. Ea value for pristine m-PBI membrane is 12.30 

KJ/mol (0.127 eV) and the Ea obtained from m-PBI-P@MCOF membranes are 11.63 kJ/mol 

(0.120 eV), 10.55 kJ/mol (0.109 eV), 12.96 kJ/mol (0.134 eV) and 13.96 kJ/mol (0.144 eV) 

for 3, 5, 7 and 10 wt%, respectively. For m-PBI-MCOF-10% membranes Ea appears to be 11.72 

KJ/mol (0.121 eV). Ea obtained from the composite membranes implies that the proton 
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conduction occurs through Grotthuss & vehicles mechanism, where the previous one 

predominates,62 which is due to the proton hopping between the PA molecules with m-PBI and 

the functional groups of the fillers through continuous generation and destruction of H-bonding 

network (see Scheme 4.2).38,60,63 In the case of P@MCOF loaded MMMs, some deviation of 

activation energy plot from linearity can be observed.38,55 This is due to the involvement of 

partial vehicular mechanism, which can occur through proton hopping between one P@MCOF 

filler surface to another P@MCOF filler through PA network as proton carriers, or a vehicular 

mechanism could operate through self-assembly of fillers into the composite network which 

causes self-diffusion of protons.64  

Isothermal proton conductivity analysis of the P@MCOF loaded membranes were also 

performed at 160 °C for 24 h to check the long term proton conductivity retention (Figure 

A2.12 of Appendix 2). In the first 2–4 h of analysis, the membranes show slight decrease in 

proton conductivity value and that proton conductivity values remain unaltered for 24 h. The 

PA doped MMMs results much less decrease in proton conductivity in comparison to the PA 

doped pristine m-PBI due to the presence of hydrophilic P@MCOF framework into the 

composite. The presence of acidic –PO3H2 groups into the pores of P@MCOF filler materials 

can hold significant amount of PA through formation of H-bonding with PA molecules into the 

interfacial region of composites causing retention of proton conductivity under elevated 

temperature. Also, the presence of extensive H-bonding network, structural self-assembly, and 

generation of entirely altered porous morphology can enhance the stability of the MMMs under 

prolong treatment in elevated temperature.  

 

Mechanical strength analysis of the PA doped MMMs. 

Dimensional stability of the PA doped membranes is a key factor for their utilization in 

PEMFC. The dimensional stability of membranes (tensile strength, elongation at break, young 

modulus) values relies on the loading percentage of P@MCOF nanofillers as evidenced from 

the data shown in Table 4.4. 

Stress strain profiles of PA doped m-PBI-P@MCOF composite MMMs display much 

improved mechanical reinforcement compared to PA doped m-PBI (Figure 4.8 and Table 4.4). 

Presence of H-bonding interfacial interaction between the functional groups of P@MCOF 

particles and m-PBI polymer matrix is responsible for completely altered morphology which 

contributes effectively in the thermomechanical and tensile reinforcement of the MMMs. The 

tensile strength, elongation at break (%), and young modulus value increase significantly with 
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the increase in the P@MCOF loading in the composite matrix due to the above-mentioned 

factors. But, m-PBI-P@MCOF-10% membrane shows increase in elongation at break value 

with respect to 7% filler loaded membrane but display decrease in tensile strength (Figure 4.8 

& Table 4.4). At higher filler loading, PA doping level increased significantly which causes 

partial disruption in the H-bonding interaction between the P@MCOF functional groups and 

m-PBI imidazole ‘N-H’ groups with the formation of new H-bonding of those functional 

groups with PA molecules and hence disrupts the organized closed packing. This phenomenon 

is reported in literature for various PA doped membranes 61,65 and can be explained by the 

plasticizing effect of PA resulting at higher filler loaded polymer composites.65  

 

Figure 4.8.  Stress-strain profile of PA loaded m-PBI and m-PBI-P@MCOF composite 

membranes of indicated P@MCOF loading. 

 

Table 4.4. Tensile stress (MPa), elongation at break (%) & young modulus values of PA loaded 

m-PBI and m-PBI-P@MCOF-(3-10) % composite MMMs. 

 

Sample Tensile strength 

(MPa) 

Elongation at break 

(%) 

Young Modulus 

(MPa) 

m-PBI 3.36 45.98 0.436 

m-PBI-P@MCOF-3% 4.26 59.20 0.461 

m-PBI-P@MCOF-5% 4.86 62.38 0.575 

m-PBI-P@MCOF-7% 6.97 78.96 0.672 

m-PBI-P@MCOF-10% 5.64 85.11 0.635 
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Acid retention studies of PA loaded MMMs. 

During the fuel cell operation membrane suffers from the PA leaching out problem 

which in turn results deteriorating PEM performance. Thus, this problem has to be addressed 

via an effective way so that membranes can retain sufficient amount of PA.66 To understand 

this, acid retention analysis has been performed with PA loaded composite MMMs Figure 

4.9(A). The PA doped MMMs were kept hanging over boiling water to check the PA leaching 

from the membranes in presence of saturated water vapour at 100 °C, over a certain time period 

of 3 h.23,24 During every one-hour interval, weight loss at the PA leached membranes were 

analysed and from the weight loss difference the PA leaching from the MMMs was calculated 

and plotted in Figure 4.9. The resulting weight loss for m-PBI after 3rd hours is 66.32% which 

resembles that pristine m-PBI is no longer able to hold significant amount of PA molecules. 

But, on contrary m-PBI-P@MCOF composite membranes show much better acid retention 

capacity and PA leaching decreases with increasing filler loading. m-PBI-P@MCOF-3% 

membrane exhibits 39.46% weight loss of initial weight percentage after 3 h of leaching 

analysis. While, the weight loss in case of m-PBI-P@MCOF-5%, m-PBI-P@MCOF-7% and 

m-PBI-P@MCOF-10% membranes are 34.6%, 34.1% and 32.16%, respectively, after 3h of PA 

leaching analysis. The high PA retention ability of the composite MMMs is because of the 

several interactions which have been described in the previous sections. 

 

Figure 4.9. (A) Time dependent acid leaching study or PA retention test of PA loaded m-PBI 

and m-PBI-P@MCOF MMMs of indicated filler loadings. (B) Comparison of proton 

conductivity of the PA loaded m-PBI and m-PBI-P@MCOF-7% & 10% MMMs before and 

after the PA retention test (* AL indicate after leaching) 

The excellent acid retention capacity of the composite membranes was further checked 

by proton conductivity measurement of post acid leached samples. Proton conductivity of 
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freshly PA doped m-PBI along with m-PBI-P@MCOF (7% & 10%) composite membranes 

were compared with the post acid leached membranes of similar composition [Figure 4.9(B)]. 

PA leached m-PBI-P@MCOF-7% AL and m-PBI-P@MCOF-10% AL (AL mean after 

leaching) membranes proton conductivity values are 0.118 Scm-1 and 0.158 Scm-1, respectively 

at 180 °C which is remarkably high in comparison with the PA leached m-PBI AL (0.015 S 

cm-1) at 180 °C. A significant loss in proton conductivity can be observed for pristine m-PBI 

after post PA leached treatment whereas, P@MCOF composites still produce excellent proton 

conduction. This is due to the all possible interactions which have been discussed in earlier 

sections. The results clearly indicate the superiority of the composite MMMs in comparison to 

pristine m-PBI. 

Conclusion 

The current work demonstrates synthesis of melamine-based Schiff base network type 

covalent organic framework (MCOF) followed by impregnation of phosphoric acid (H3PO4) 

into the microporous region of MCOF via vacuum assisted method (VAM) to prepare 

P@MCOF. Then, a series of P@MCOF based hybrid mixed matrix composite (MMC) 

membranes with different filler loading have been developed for the very first time with [2,2′-

(m-phenylene)-5,5′-benzimidazole] (m-PBI). Furthermore, the m-PBI-P@MCOF composites 

MMMs are characterized by FT-IR, PXRD, FESEM, TEM, TGA, DMA, UTM analysis. All 

these analyses confirmed the presence of H-bonding interfacial interaction between imidazole 

‘N-H’ and ‘-N=’ groups of m-PBI with the functional groups of P@MCOF. The m-PBI-

P@MCOF composite MMMs results formation of acid-base pairs between the filler 

(P@MCOF) and polymer (m-PBI) matrix which is governed by formation of H-bonding 

interfacial interaction. Proton conductivity analysis of all the PA loaded MMMs were 

performed, the acidic ‘−PO3H2’ functional groups into the pores of P@MCOF develops 

abundant proton carrier sights which generates proton transfer nanochannels with low energy 

barrier. The self-assembled network morphology of m-PBI-P@MCOF composite and the 

fibrillar porous cavity type morphology with dispersion of hydrophilic fillers all over the 

polymer also contributes significantly to uphold more PA followed by superior proton 

conduction. Proton conductivity of the m-PBI-P@MCOF MMMs found to be increasing in 

proportionality with the loading of P@MCOF in the m-PBI matrix. The incorporation of 

P@MCOF also protects the m-PBI polymeric interfacial region from harsh chemical 

environment and hence the m-PBI-P@MCOF nanocomposites exhibits high thermal and 

oxidative stability under oxidative environment with respect to pristine m-PBI. The self-
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assembled framework structure of the P@MCOF fillers in the polymeric interfacial region 

increased the rigidity of the polymer composite backbone which results significant increase in 

storage modulus values of the composite MMMs. The acid retention analysis demonstrates that 

due to the altered morphology and presence of hydrophilic functional groups m-PBI-P@MCOF 

membranes are very much effective in terms of PA retention, and exhibits efficient proton 

conduction even after PA leaching treatment. To the best of our knowledge, this work will be 

the first report on COF based proton conduction into the PBI network to develop highly 

efficient PEMs for PEMFC. 
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Abstract 

 In this study, we have functionalized graphene oxide (GO) by growing polymer chains 

on the and then utilized polymer-g-GO as nanofiller with oxypolybenzimidazole (OPBI) to 

make highly efficient nanocomposite-based proton exchange membrane (PEM). Three 

different monomers, namely acrylamide (AAM), 2-acrylamido-2-methyl-1-propanesulfonic 

acid (AMPS) and 3-sulfopropyl acrylate potassium salt (SPAK) were polymerized on the 

activated GO surface via surface initiated reversible addition fragmentation chain transfer 

(RAFT) polymerization to obtain three different types of polymer-g-GO namely pAAM-g-GO, 

pAMPS-g-GO and pSPAK-g-GO. Furthermore, chain length of grafted polymers in each case 

were altered in order to study the effects of grafted polymer structure and chain length on the 

properties of nanocomposite PEM. The exfoliation of GO nanosheets after polymer grafting 

was confirmed by studying the surface morphology using various microscopic techniques. 

GPC and TGA analysis helped in measuring the chain length of grafted polymers and grafting 

density on the GO surface. Further, we have impregnated polymer-g-GO as nanofillers by 

varying loading wt% into the OPBI to fabricate mixed matrix membrane (MMM) which upon 

doping with phosphoric acid (PA) converted into mixed matrix PEM. Prepared nanocomposite 

PEM displayed exceptionally good thermal stability, significantly improved tensile properties, 

improved PA loading followed by superior proton conductivity and remarkable PA retention 

when exposed to saturated water vapour. When the 2.5 wt% pSPAK-g-GO (where pSPAK 

chain length is 19.6 kDa) mixed with OPBI, the resulting PEM showed remarkably high proton 

conductivity value of 0.327 S cm-1 at 160 °C, a significant 5-fold increment compared to 

pristine OPBI membrane (0.067 S cm-1 at 160°C). To the best of our knowledge, this will be 

the first report on utilization of polymer-g-GO in a polybenzimidazole supported matrix for 

high temperature PEM application. 

Introduction 

In recent years, graphene oxide/polymer composite materials have been extensively 

utilized in the electrodes,1 supercapacitors,2,3 biosensors,4 water desalination and waste water 

treatment,5,6 and various other electrochemical devices owing to their superior physical 

properties. The large surface area, high aspect ratio and the presence of hydrophilic 

functionalities generate abundant proton transport sights in the graphene oxide (GO) and 

therefore, it has been considered and utilized as an effective organic filler in various types of 

composite based polymer electrolyte membranes (PEMs)7,8 However, aggregation of GO in 
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the membrane occurs owing to the poor dispersion of GO in organic solvents and hence 

significant property improvement of PEMs have often hampered.9 In order to avoid this, 

researchers have grafted various active groups on the GO surface to increase the hydrophilicity 

so that the dispersion ability enhances. Lerf et. al. have functionalized the GO surface to prepare 

various modified GO derivatives and studied their properties.10 Also, several research groups 

reported the incorporation of sulfonated GO (S-GO) into the polymer membrane which resulted 

various physical properties improvement in the PEMs.11–13 Xu et al. have developed SGO-

incorporated polybenzimidazole (S-GO/PBI) membranes and reported proton conductivity 

value of 0.052 S/cm at 175 °C under anhydrous environment, which is found to be 1.9 times 

higher than that of unmodified GO/PBI membranes (0.027 S/cm). Moreover, S-GO samples 

dispersion nature and compatibility with the PBI matrix found to be superior over unmodified 

GO.14 Functionalized GOs possessing acidic and basic groups,15–21 zwitterionic groups22 and 

imidazole groups23–25 have been prepared as nano-additives for PEMs with improved 

properties.  

Furthermore, detailed literature findings suggest that suitable surface functionalization 

of the GO with polymer chains help in significant property improvement of the surface 

modified GO samples.26–28 Surface modification of GO with strategically designed grafted 

polymer chains can be of great advantage as the molecular design and the attached 

functionalities of the grafted polymer structure can easily be tuned as desire to enhance the 

properties significantly. In order to grow polymer chains covalently on the surface of any 

nanomaterials, “grafting to” and “grafting from” are the two major approaches mostly utilized 

in literature. Researchers have utilized both of these strategies to graft polymer chains on the 

GO surface via atom transfer radical polymerization (ATRP) and reversible addition 

fragmentation chain-transfer (RAFT) polymerization techniques.29–32 The grafting from 

method allows the effective in situ generation of nanomaterials surface modified with polymer 

chains,33 and hence surface initiated RAFT (SI-RAFT) technique have been adapted by us in 

this work for the surface functionalization of GO, where we can control over the growth of the 

polymer chains and structure at the molecular level.  

Therefore, in this work, first we have attached a RAFT agent on the GO surface in order 

to make a polymerizable surface. Then, three different types of monomers namely acrylamide 

(AAM), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and 3-sulfopropyl acrylate 

potassium salt (SPAK) were polymerized via SI-RAFT technique to graft polymer chains on 

the GO surface using grafting from approach to obtain three different types of polymers grafted 
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GO namely pAAM-g-GO, pAMPS-g-GO and pSPAK-g-GO. These synthesized polymer-g-

GO materials were thoroughly characterized by FT-IR analysis, thermogravimetric analysis 

(TGA), gel permeable chromatography (GPC), Brunauer-Emmett-Teller (BET) N2 sorption 

analysis, Raman spectroscopy, field emission scanning electron microscopy with energy 

dispersive X-ray spectroscopy (FESEM-EDX), transmission electron microscopy (TEM), 

powder X-ray diffraction (PXRD), dynamic vapor sorption (DVS) and Zeta potential 

measurement. These monomers were chosen so that we can incorporate a large number of 

amine and hydrophilic sulfonic acid functionalities in the polymer-g-GO surface in order to 

improve the hydrophilicity and dispersion nature of the materials in polar solvents and also the 

grafting of amine (both primary and secondary) and –SO3H functionalities in the polymer 

modified GO can possibly contribute significantly towards the generation of hydrophilic ion 

channels for proton conduction into the PEMs interfacial region, which we have aimed to 

develop by blending these nanofillers with PBI. 

We have impregnate these three sets of polymer-g-GO materials as a nanofiller into the 

aryl-ether type oxy-polybenzimidazole (OPBI) membrane to fabricate mixed matrix membrane 

(MMM) in order to evaluate the role of GO surface modification on the improved physical 

properties of the MMM. All these MMMs are converted to PEMs by doping with phosphoric 

acid. Utilization of surface polymer grafted GO samples as efficient nanofiller with any 

polymer membrane supported matrix have never been explored before in the literature. To the 

best of our knowledge this will be the first report on utilization of polymer-g-GO materials to 

develop mixed matrix super proton conducting PEMs. 

Experimental Section 

All the details about the source of reagents, preparation of graphene oxide (Scheme 

A3.1 of Appendix 3) and synthesis of [3-benzylsulfanylthiocarbonylsufanyl-propionic acid] 

(BSPA) RAFT agents are included in the Scheme A3.2 of Appendix 3. Structural 

characterization of BSPA through 1H NMR, 13C NMR and FT-IR spectra with assigned peak 

analysis are given in the Figure A3.1, A3.2 of Appendix 3. The activation of RAFT agent 

(activated BSPA) is also described in details in the Scheme A3.3 of Appendix 3. The synthesis 

of OPBI was adapted from literature following a modified procedure,34,35 and descried in details 

in the Chapter 2. 

Preparation of polymerizable graphene oxide surface. 

In order to do the polymerization on the graphene oxide (GO) surface, at first surface 

was made polymerizable by multiple modification process as discussed below and shown in 
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Scheme A3.4 of Appendix 3. GO powder (1 g) was dispersed in approximately 50 mL of THF 

solution via ultrasonication process (10 min) and ethelenediamine (EDA) (2.5 mL, 37.4 mmol), 

1,3-dicyclohexyl carbodiimide (DCC) (3 g, 15 mmol), and 4-dimethylamino pyridine (DMAP) 

(0.30 g, 2.46 mmol) were added into the reaction mixture and the reaction was continued for 

72 h at 70°C under nitrogen atmosphere. Then the mixture was precipitated in n-hexane (~150 

mL) followed by centrifugation at 10000 rpm. The obtained wet powder was further dispersed 

in THF solution and washed thrice with n-hexane to remove excess EDA and impurities. 

Finally, the obtained product which is EDA modified GO (GO-EDA) was dried in a vacuum 

oven at 50°C overnight. Attachment of [3-benzylsulfanylthiocarbonylsufanyl-propionic acid] 

(BSPA) RAFT agent on the GO-EDA was performed by dispersing 1 g of GO-EDA powder in 

200 mL dry THF under N2 atmosphere, followed by dropwise addition activated BSPA (60 

mg, 0.16 mol) into the dispersion. Then the reaction mixture was allowed to stir under dark 

condition for 18 hours at room temperature. After 18 h reaction, GO-EDA with covalently 

attached activated BSPA (GO-BSPA) was separated from the reaction mixture using centrifuge 

at 14000 rpm for 10 minutes. The obtained black coloured GO-BSPA was further re-dispersed 

in THF for proper washing and removing the free RAFT agent followed by centrifugation to 

separate the pure product (Scheme A3.4 of Appendix 3). This process was repeated thrice to 

separate the unbound RAFT agents. GO-BSPA was allowed to dry under vacuum at 50°C for 

24 hours. 

Polymerization of various monomers via SI-RAFT 

In order to graft polymer chains on the functionalized GO surface through SI-RAFT 

polymerization, 150 mg (17.4 µmol) of GO-BSPA was dispersed in 4 mL of water: ethanol 

(3:1) mixture in a 25 mL Schlenk tube. 4.5 mg (17.4 µmol) of BSPA and 1.5 mg of AIBN (8.7 

µmol) were also added in the reaction medium. Acrylamide (AAM) or 2-acrylamido-2-methyl-

1-propanesulfonic acid (AMPS) or 3-sulfopropyl acrylate potassium salt (SPAK) (calculated 

amount to grow polymer of different chain lengths on the GO surface) were then added into 

the reaction mixture. We have varied three different monomers to grow three different types of 

polymers with different chain length on the GO surface. The Schlenk tube was sealed with a 

rubber septum and subjected to sonication for 5 minutes and stirred for 10 minutes for 

homogeneous dispersion of all the reactants present in the mixture. After that the Schlenk tube 

was subjected to undergo 3 freeze-thaw cycles to ensure complete removal of O2, dissolved air 

and absorbed moisture from the reagent and solvent mixture. Furthermore, the tube was back 

filled with N2 to maintain inert atmosphere and kept under stirring at 75 °C for 18 h. Upon the 
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completion of 18 h, the reaction was quenched using liquid N2 and was exposed to air for 

termination of the growing polymer chains. Liquid N2 helps to freeze the propagating radicals 

present in the reaction mixture and exposure them to air, terminates the reactive radicals 

responsible for propagation of the polymer chain growth. Finally, the obtained polymers were 

precipitated in acetone and the precipitate was filtered and washed with ethanol-water mixture 

followed by re-precipitated in acetone. The polymers grafted GO were then kept at vacuum 

oven at 50 ⁰C overnight for drying. We have chosen three different sets of monomers namely 

AAM, AMPS and SPAK to grow three different types of polymers namely pAAM, pAMPS 

and pSPAK, respectively on the GO surface. Also, we have varied the amount of each monomer 

by keeping all other reagents same to graft different chain length of polymer chains of each 

monomer in the GO surface. All together six different polymer grafted GO samples were 

obtained. GO surface modified with polymers of low molecular weight are named as 

(abbreviated as) pAAM(L)-g-GO (GOP1), pAMPS(L)-g-GO (GOP3) and pSPAK(L)-g-GO 

(GOP5) and the polymers with high molecular weight are named as (abbreviated as) 

pAAM(H)-g-GO (GOP2), pAMPS(H)-g-GO (GOP4) and pSPAK(H)-g-GO (GOP6) (Scheme 

5.1). The polymers grafted to the GO surface were detached from the GO by cleaving process 

as described and shown in the Scheme A3.5 of Appendix 3. The cleaved polymer chains were 

subjected to molecular weight measurement via gel permeable chromatography (GPC).  

Preparation of OPBI/GOP mixed matrix membrane (MMM) 

To find the potential application of the polymer grafted GO materials (GOP), they were 

introduced as filler material into the oxy-polybenzimidazole (OPBI) to cast OPBI/GOP based 

MMM utilizing solution casting blending method (Scheme 5.2). We have varied the content 

of GOP materials loading from 1 wt% to 2.5 wt % with respect to the OPBI weight to prepare 

the MMMs. We have used three types of different polymers with high molecular weight 

polymers grafted on GO surface and these are GOP2, GOP4 and GOP6. In a culture tube GOP 

sample (1 mg and 2.5 mg, calculated with respect to OPBI) was allowed to mix in 5 mL of 

formic acid (FA). In a separate culture tube 100 mg of OPBI polymer are taken in 5 mL of FA 

(2 wt % solution) and kept under stirring for complete dissolution of the polymer in FA. After 

that the GOP dispersed FA solution was mixed with the 2 wt% OPBI solution, which resulted 

the final concentration of OPBI in FA solution as 1 wt%. Finally, the solution mixture was 

allowed to stir for 24 h -36 h at room temperature until formation of a homogeneous dispersion. 

The mixture was then poured on to a glass petri dish followed by gradual evaporation of FA at 

60 °C for 12 h. The formed homogeneous composite MMMs were then peeled off and vacuum 
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dried at 100 °C for 24 h to remove the traces of the solvent and absorbed moisture. The obtained 

mixed matrix membranes are named as GOP2-1% and GOP2-2.5%, GOP4-1% and GOP4-

2.5%, GOP6-1% and GOP6-2.5%. GOP1-2.5%, GOP3-2.5% GOP5-2.5% and GO-EDA-2.5% 

nanocomposite MMMs were also prepared for the purpose of comparison.  

 
Scheme 5.1. Schematic representation of SI-RAFT polymerization to graft various polymer 

chains on the GO surface.  
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Scheme 5.2. Schematic representation for the preparation of OPBI/GOP MMM. 

 

Phosphoric Acid (PA) doping of the obtained Mixed Matrix Membranes 

PA doped polyelectrolyte PEMs were obtained by immersing fully vacuum dried OPBI 

and OPBI/GOP membranes into 85% PA solution for 5 days. After completion of the 5 days 

the PA doped MMMs were taken out of the PA container, quickly wiped the surface adsorbed 

PA and stored in zip-lock air tight covers for further analysis. 

The instrumental details used for the physical characterizations of the GO and GOP 

loaded mixed matrix membranes are given in the Chapter 2. 

 

Results and discussion 

Grafting of polymer chains on GO surface 

The FT-IR spectra of the synthesized GO, GO-EDA, GO-BSPA and the polymer-g-GO 

(GOP) are given in the Appendix 3, Figure A3.3. In case of GO, the peak at 1049 cm-1 appeared 

due to C-O-C stretching vibrations, 1223 cm-1 for C-OH stretching vibrations, 1406 cm-1 due 

to the O-H deformation of the C-OH groups and 1724 cm-1 peak generates due to the –C=O 

stretching vibrations of the –COOH groups.36 The -OH vibrational frequency of GO appeared 

as a broad peak in the 3000-3600 cm-1 region. The C=C stretching vibration of GO is observed 

at 1640 cm-1 and 1575 cm-1.27 After reacting with EDA, several new peaks emerged in the GO-

EDA structure. A new peak at 1072 cm-1 evolved due to the amine groups N-H stretching. 

Medium and low intensity peaks were observed between 1300-1460 cm-1 in the GO-EDA 

structure due to antisymmetric C-N stretching merged with the out-of-plane NH and NH2 

linkage. The intense peak at 2850-2930 cm-1 attributed to the aliphatic C-H stretching of the 

EDA, and the less intense broad peak at 3320 cm-1 appeared due to the N-H stretching 

vibrations.27 All the characteristics peaks of GO-EDA are present in the GO-BSPA with the 
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appearance of few new peaks due to the RAFT agent (BSPA) attachment.37 After surface 

grafted polymerization in the GO-BSPA, all the characteristics peaks of surface functionalized 

GO found to be present in the polymer modified samples with the generation of new peaks due 

to the functional groups present in the grafted polymer chains. The peak at 1660 cm-1 appears 

in the GOP2 sample (pAAM-g-GO) is due to the –C=O stretching of –CONH2 group, and the 

peak at 1442 cm-1 and 1551 cm-1 are due to the bending of acrylamide N-H bonds.38 In the 

GOP4 (pAMPS-g-GO), the peak at 1656 cm-1 attributed to the –C=O stretching of –CONH2 

group and the peak at 1535 cm-1 appeared due to the N-H bending. The peak at 1361 cm-1, 1150 

cm-1 and 1031 cm-1 are related to the asymmetric and symmetric stretching of the -S=O of –

SO3H.38,39 In the GOP6 (pSPAK-g-GO), ester -C=O peak depicted at 1720 cm-1, the band at 

1446 cm-1 is attributed to saturated ester,40,41 and the peaks at 1372 cm-1, 1180 cm-1 and 1038 

cm-1 are attributed to the asymmetric and symmetric stretching of SO3.
42  In all the polymers 

aliphatic C-H stretching frequency are observed at 2860-2930 cm-1 due to the presence of the 

EDA structure in the surface modified GO.  

The TGA data of graphite powder, GO, GO-EDA, GO-BSPA and the GOP samples are 

shown in the Figure 5.1(A, B) display a negligible degradation in thermal stability of the 

graphite powder in the entire temperature range of 35 -700 ⁰C. In the GO and GO-EDA sample, 

a minor mass loss is observed around 100 ⁰C, which is due to the evaporation of the absorbed 

moisture and water molecules from the GO surface.43 The mass loss around 100 ⁰C for GO and 

GO-EDA is 3.03 wt% and 1.12 wt%, respectively. The decreased moisture absorption of GO-

EDA resulted due to the reduction effect of EDA.44 GO nanosheets displays one sharp 

degradation of ~25 wt% in the temperature range 110 ⁰C- 210 ⁰C due to the thermal degradation 

of CO, CO2, H2O molecules from the labile epoxide functionalities present in the GO surface,45 

followed by a gradual degradation of the thermal stability between 210 ⁰C- 700 due to the 

degradation of comparatively stable oxygen functionalities (Figure 5.1A).46 After modification 

with EDA, the first stage thermal degradation shifted from 140 ⁰C- 195 ⁰C with an approximate 

mass loss of ~8 wt%. Also, a sharp degradation is observed after 225 ⁰C which continues with 

a gradual thermal degradation up to 400 ⁰C with a Td, max of 311.7 ⁰C 27 and can be attributed to 

the degradation of ethylene diamine functionalities covalently attached to the surface of GO 

nanosheets. The thermal stability of the RAFT agent BSPA is only up to 200 ⁰C after that it 

shows a sharp degradation (Figure A3.4 of Appendix 3). Therefore, after BSPA attachment, 

the thermal stability of the GO-BSPA decreases. The wt% difference between GO-EDA and 

GO-BSPA materials at 700 ⁰C is used to calculate the grafting density of the covalently attached 
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RAFT on the GO-EDA surface and found to be 30.04 mg/g (see Table 5.1). In the polymer 

grafted samples (GOP1-GOP6), the thermal degradation increases with increasing the grafted 

polymer chains on the GO-BSPA surface or in other words the higher molecular weights 

polymers GOP2, GOP4 and GOP6 show higher degradation than GOP1, GOP3 and GOP5. But 

all the GOP materials are found to be stable up to 250-300 °C [Figure 5.1(B)], and the main 

degradation of the surface grafted polymer chains started after 225 °C followed by gradual 

thermal degradation up to 400 °C. There is also the relatively weak influence of polymer 

structure on the thermal stability [Figure 5.1(B) and Table 5.1]. The calculated grafting density 

of the polymer chains found to be increased with increasing polymer chain lengths. The 

maximum polymer grafting density of 220.42 mg/g of GO was achieved for pSPAK(H)-g-GO 

(GOP6) sample.  

Gel permeation chromatography (GPC) of all the polymer-g-GO samples (GOP1-

GOP6) were performed after chemical treatment of the polymer grafted GO samples with N-

hexylamine in presence of sodium dithionite [see Scheme A3.5 of Appendix 3]. The resulted 

chemical environment produced by these reagents causes breaking of the trithiocarbonate bond, 

linking between the grafted homopolymer chains with the GO surface, and liberates the free 

polymer chains in the solution mixture35,47 The bare polymer chains were then purified and 

then run through a GPC using HPLC water as eluent solvent to measure the molecular weight. 

The GPC chromatograms are shown in Figure 5.1(C) and molecular weights and 

polydispersity index are tabulated in the Table 5.1. The molecular weights of the surface 

grafted polymers acquired from the GPC technique are in good agreement with the targeted 

molecular weight as planned before the reaction. Also, the samples resulted very narrow 

polydispersity index (Đ) which gives a direct proof that the surface polymer grafting resulted 

via RAFT polymerization technique. The degree of polymerization, the number of monomeric 

units in each grafted polymer chain, is calculated using GPC data and shown in Table 5.1 (in 

sample type column) clearly shows that higher molecular weight polymer chain size is greater 

than double compared to its low molecular weight counterpart.  

To further check the successful grafting of polymer chains on the GO surface, we have 

performed the Brunauer–Emmett–Teller (BET) N2 sorption analysis which displayed a well-

defined type-IV isotherm in all the cases (Figure A3.5 of Appendix 3). The obtained surface 

area of the unmodified GO found to be 192.357 m²/g whereas GOP samples show a huge 

decrement in surface area with respect to the unmodified GO. The obtained surface area of 

GOP2, GOP4 and GOP6 are 14.762 m²/g, 16.530 m²/g and 4.212 m²/g, respectively. The huge 
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decrease in the surface area is a direct consequence of the surface grafting of polymer chains 

on the GO surface which is entirely covered by the surface grafted polymers resulting low 

surface area.  

 

Figure 5.1. TGA of graphite powder, GO, GO-EDA and GO-BSPA (A), polymer grafted GO 

(GOP) of altered chain length (B). GPC plots of the polymer chains which are detached from 

the surface of GO after treating the GOP samples with cleaving agent (C). Raman shifts of GO, 

surface functionalized GO and GOP samples (D). 

 

         Raman spectrum of GO displays D band at 1352 cm-1 along with G band at 1590 cm-1 

(Figure 5.1D) and ID/IG value is found to be 1.023 which indicates the decrement in the size of 

the in-plane SP2 domain and formation of defects i.e. SP3 carbon atoms due to the oxidation 

reaction performed in the graphite structure.28 GO-EDA and GO-BSPA show further increment 

in the ID/IG values to 1.13-1.17 attributing the further decrement of in-plane SP2 structure and 

formation of more defect structure due to the EDA reduction reaction performed on the GO 

surface. No notable increment in the ID/IG values are observed for the GOP samples, instead 
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slight decrement in ID/IG values are observed (0.9-1.1), which suggests that the ordered 

structure of the reduced GO is preserved after surface grafting of polymer chain. 

 

Table 5.1. Physical properties of the surface functionalized polymer-g-GO samples. 

The FESEM and TEM images of GO and the polymer-g-GO samples are represented 

in the Figure 5.2(A-F) and Figure A3.6-A3.16 of Appendix 3. The FESEM morphology of 

GO, GO-EDA and GO-BSPA displays almost identical features consisting of layers with 

roughness and wrinkles on the surface which might be due to the presence of epoxide or 

carboxylic acid functionalities (Figure A3.6-A3.8 of Appendix 3). After GO surface 

Sample 

name 

Sample type
a
 Remaining 

weight % 

at 700 °C 

(wt%) 

b
 

Polymer 

content
c
 

𝐌̅n 

d
 

 

 

𝐌̅w 

e
 Ð 

f
 Zeta 

potential 

(mV)
g
 

GO - 53.94 - -  - - -11.2 

GO-EDA -  60.57 - - - - -11.9 

GO-BSPA - 58.75 30.04 - - - -10.4 

GOP1 pAAM(L)128-g-GO 53.13 95.65 9081 9353 1.03 -10.4 

GOP2 pAAM(H)269-g-GO 47.21 196.42 19134 20090 1.05 -13.1 

GOP3 pAMPS(L)43-g-GO  53.86 83.23 8831 9272 1.05 -10.6 

GOP4 pAMPS(H)91-g-GO  48.40 176.17 18841 19594 1.04 -13.5 

GOP5 pSPAK(L)40-g-GO 52.14 112.51 9223 9407 1.02 -15.2 

GOP6 pSPAK(H)84-g-GO 45.80 220.42 19610 20786 1.06 -17 

 a 
sample type describes the polymer chain identity which is grafted on the GO surface and the degree of 

polymerization for each homopolymers are included in the suffix which have been calculated from the 

molecular weight measurements data obtained from the GPC analysis. 
b 

calculated from the data obtained 

from the TGA analysis (at 700 °C) and 
c 
Calculation of the GO surface grafted polymer content from TGA 

data analysis (at 700 °C) in Figure 5.1(B) which is expressed as amount (in mg) of polymer chains /g of 

GO-BSPA, in case of GO-BSPA polymer content represents the amount of covalently attached RAFT agent 

on GO surface. 
d 

,
 e
  and

 f 
are determined by gel permeation chromatography of the detached polymer from 

the Polymer-g-GO, and 
 g 

obtained from Zeta potential analysis. 

 

 



Chapter 5 

 

Anupam Das, University of Hyderabad, 2023    112 

modification with EDA and BSPA, presence of small clusters could be observed in the layered 

surface which indirectly confirms the successful amine modification and RAFT attachment on 

the GO surface. EDX elemental mapping of GO-EDA shows that the nitrogen content increases 

significantly as compared to GO (Figure A3.6-A3.7) which again slightly decreases with 

presence of trace amount of sulfur content in the GO-BSPA sample due to the presence of 

RAFT agent, which gives an additional proof for the successful RAFT attachment (Figure 

A3.8). The polymer-g-GO samples exhibits entirely altered morphology with respect to GO 

and GO-BSPA wherein the grafted polymer chains covered the entire surface of the GO, and 

the sheets become thick and dense with increased surface roughness [Figure 5.2(A-C) and 

Figure A3.9-A3.14], which is a direct proof for the GO surface modification with the grown 

polymer chains. Comparison of FESEM morphology and EDX elemental analysis of GOP1 

and GOP2 clearly show that the GO surface becomes comparatively more thick, dense, rough 

and exfoliated in the higher chain length polymer (GOP2). Also, the nitrogen content of GOP2 

(50.87 wt%) is higher than GOP1 (45.91%) due to the more grafting of polymer chains in the 

former. Similarly, comparison of GOP3 and GOP4 results (Figure 5.2B, Figure A3.11 and 

A3.12) clearly show the increased S content with higher polymer chain length. Further, exactly 

similar conclusion can be drawn from the FESEM and EDX results of GOP5 and GOP6 

(Figure 5.2C, Figure A3.13 and A3.14). 

 

 

Figure 5.2. FESEM images of (A) pAAM-g-GO (GOP2) (B) pAMPS-g-GO (GOP4), (C) 

pSPAK-g-GO (GOP6). TEM images of GOP2 (D), GOP4 (E) and GOP6 (F).  
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TEM analysis of the GO and GOP samples were also performed and represented in the 

Figure 5.2(D-F) and Figure A3.15-A3.16 of Appendix 3. GO exhibits few layered transparent 

planner sheets with wrinkles and folding in the surface, and the sheets are found to be 

overlapped with each other. The SAED pattern consists of hexagonal lattice with sixfold 

symmetry (Figure A3.15).48 The TEM morphology of GO-BSPA is similar along with 

formation of black spots in the layered surface of the GO sheets due to the sulfur deposition 

after RAFT attachment (Figure A3.16). Grafting of the pAAM, pAMPS and pSPAK polymer 

chains on the GO surface resulted entirely altered morphology, all the polymer-g-GO samples 

exhibit less transparent thick plates with dark contrast due to the polymer grafting attributing 

that the surface of the RAFT modified GO sheets have been covered by the polymer chains 

[Figure 5.2(D-F)]. The polymer chains are not only grown on the surface of GO but also grown 

in between the surface of the interlayer sheets which makes the GO sheets thick and exfoliated 

with dark contrast. Also, the associated H-bonding between the intra and interlayered GOP 

nanosheets functional groups resulted partial intercalated structure in the GOP samples. 

Therefore, TEM images clearly demonstrates the formation of partially intercalated and 

exfoliated structure in the polymer attached GO. 

Dynamic vapour sorption (DVS) studies were performed in order to verify the water 

sorption ability of GOP samples. Unmodified GO is found to be not much susceptible for water 

vapour sorption (only 0.04084g of water/g of GO) (see Figure A3.17 of Appendix 3). Whereas, 

the GOP samples show much improved water sorption ability, the values of GOP2, GOP4 and 

GOP6 are 0.1154, 0.2616, 0.3203 g of water/g of samples, respectively. The remarkably higher 

water sorption ability is due to the presence of primary and secondary ammines, and 

hydrophilic sulfonic acid (-SO3H) functionalities present in the polymer structures which can 

form extensive H-bonding interaction with the water molecules. Hence, through the extensive 

H-bonding network in the polymer-g-GO samples, the presence of hydrophilic ion channels 

formation or hydrophilic domains formation into the surface polymer grafted GO nanosheets 

make the materials highly efficient as nanofillers into the proton conducting MMMs as the 

hydrophilic ion channels can generate efficient proton conducing pathway into the MMMs 

interfaces. The Zeta potential values recorded from aqueous dispersion of samples are included 

in Table 5.1, suggests the good dispersion ability of GOP samples in polar solvents which is 

needed for making the composite with any polymer using solution blending process. In 

addition, it is clearly evident that higher chain length polymer modified samples have higher 

Zeta potential suggesting better dispersion ability. 
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Further we have tried to utilize these GO surface functionalized polymer materials as a 

nanofiller to prepare nanocomposite with OPBI to make proton conducting membrane and also 

to evaluate the role of the surface modification in improving polymer membrane properties. 

The fabrication technique of the MMMs is described in the experimental section (Scheme 5.2). 

After fabrication, we have characterized these membranes through various techniques to 

evaluate the utility of these MMMs as PEM which are discussed in the following section. 

 

OPBI/GOP nanocomposites 

GO exhibits a diffraction peak at 2⁰corresponding to the interlayer spacing of 

0.85 nm (Figure 5.3A) which is also analysed from the HRTEM SAED pattern of GO (Figure 

A3.15 of Appendix 3). After BSPA attachment, the diffraction peak shifted to 

2⁰corresponding to the interlayer spacing of 1.16 nm which indicates that RAFT 

attachment have been successfully occurred in the GO surface resulting increment in the 

interlayer spacing.32 In the case of GOP samples, the obtained 2 values are in the range of 

(8.82-9.98) ⁰ with interlayer spacing between 0.89-1.00 nm (Figure 5.3A). The decrement in 

the interlayer spacing after polymer modification in the GO-BSPA surface is a direct 

consequence of H-bonding interaction between the primary amines, secondary amines and 

carboxylic acid moiety present in the GO surface with the –CONH2 functionalities of the 

pAAM , -NH and –SO3H groups of the pAMPS, and –SO3H functionalities present in the 

grafted pSPAK polymers, respectively which has resulted crouched molecular chains of 

polymer-g-GO samples (GOP2, GOP4 and GOP6) and hence the interlayer spacing decreased. 

The PXRD data of OPBI membrane given in the Figure 5.3(B) exhibits a broad amorphous 

signal in the 2degreerange between ⁰Incorporation of GOP2 or GOP4 or GOP6 

polymers as fillers (1 wt% and 2.5 wt%) into the OPBI matrix resulted totally altered PXRD 

patterns with appearance of three unique semi-crystalline peaks in the 2value 10.30⁰, 14.02⁰ 

and 18.70⁰ (marked with # in the Figure 5.3B) which are absent in both the GOP and pristine 

OPBI samples indicating the formation of an ordered structure into the MMM after 

incorporation of polymer modified GO nanosheets. Also, with increasing GOP loading from 1 

wt% to 2.5 wt% in the OPBI, the intensity of the semi-crystalline planes increases. The –

CONH2 functionalities present in the GOP2, -NH and –SO3H groups present in the GOP4, and 

–SO3H functionalities present in the GOP6 polymer surface contributes remarkably towards 

the formation of acid-base and H-bonding interfacial interactions with the imidazole N-H 
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functionalities of the OPBI which are responsible for such unique semi-crystallinity and 

structural ordering into the composite MMMs.  

 

Figure 5.3. (A) PXRD plots of GO, GO-BSPA, GOP2, GOP4 and GOP6 (Inset: zoomed 

portion in the 2 = 7-13°) (B) PXRD plots of OPBI and OPBI/GOP MMMs. (C, D) FT-IR 

spectra of OPBI, GOP and the OPBI/GOP MMMs. 

 

FT-IR spectra of the GOP4 and GOP6 loaded MMMs were recorded and given in the 

Figure 5.3(C, D) and Figure A3.18(A, B) of Appendix 3. Appearance of new FT-IR signals, 

peak shifting, spectral broadening and disappearance of FT-IR signals are analysed to 

understand the various interactions between nanofillers (GOP) and the polymer (OPBI). The 

non-hydrogen bonded N-H vibration of OPBI at 3413 cm-1 shows less peak intensity in the 

composite samples (Figure A3.18) and disappearance in case of GOP4-2.5% and GOP6-2.5% 

membranes, which signifies the strong interaction between nanofillers and OPBI. The 

interactions in the composite samples lead to generate few positional shift, new peak 

appearances, and spectral broadening (Figure 5.3C and D). A new peak appears at 946 cm-1 
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for GOP4-1% and GOP4-2.5% membranes and at 655 cm-1 for GOP6-1% and GOP6-2.5% 

membranes. –SO3H peak shifts is observed for both the GOP4 and GOP6 samples at 1048-

1052 cm-1. Spectral broadening is observed around 1215- 1219 cm-1 and in the 1400-1615 cm-

1 region for both GOP4-2.5% and GOP6-2.5% samples. Also, the OPBI peak at 1169-1173 cm-

1 appeared with increased peak intensity in case of composite membranes. In addition, due to 

the incorporation of GOP nanofillers the OPBI/GOP composites shows increased aliphatic C-

H stretching signals between 2851-2921 cm-1 (Figure A3.18 of Appendix 3). 

 

Morphological study of composite membranes 

The FESEM cross-sectional morphology of the GOP2, GOP4 and GOP6 loaded 

MMMs displayed completely different morphology when compared with pristine OPBI 

(Figure 5.4 and Figure A3.19 of Appendix 3). Unlike OPBI, the MMMs show sponge like 

layered morphology with formation of thin fibrils along with homogeneous dispersion of GOP 

nanosheets throughout the membrane cross-section, and the dispersion pattern is more 

prominent in case of MMMs obtained from GOP6 (see the Figure 5.4C and A3.19C). It is to 

be noted that higher loading of GOP samples in the membranes display crater like cavity 

formation and thick dense fibrillar network generation with impregnation of GOP nanosheets 

into the porous fibrillar cross-section of the membranes [compare Figure 5.4(A-C) and Figure 

A3.19 (A-C)]. This kind of morphology develops due to the involvement of extensive H-

bonding network between the OPBI imidazole N-H and –N= functionalities with the primary 

and secondary amines, -C=O, and the hydrophilic –SO3H functionalities present in the polymer 

modified GOP surface. The thick fibrillar porous morphology can remarkably contributes 

towards improved electrolyte (phosphoric acid) uptake, proton conductivity, improved PA 

retention under saturated water vapour, and mechanical reinforcement in the mixed matrix 

PEMs.50 TEM surface morphology of the MMMs displaying the homogeneous dispersion of 

GOP all over the membrane surface. However, a flower like self-aggregated network structure 

can be observed from the image in all the cases [Figure 5.4(D-F) and Figure A3.19 (D-F) of 

Appendix 3]. The formation of such structure with uniform dispersion of surface modified GO 

nanosheets all over the membrane matrix provides remarkable improvement in the various 

physical properties of the MMMs which are discussed in the following section. Increasing 

polymer-g-GO loading beyond ˃2.5 wt% may cause uncontrollable agglomeration of 

nanosheets in the polymer matrix which in-turn can destroy the proton conducting hydrophilic 

ion channel formation and also may cause mechanical damage in the membranes. Therefore, 
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an optimization of nanofiller loading has to be maintained to retain better mechanical properties 

along with efficient proton conduction in the mixed matrix PEMs. 

Furthermore, the 2D surface topology of the MMMs was analysed utilizing atomic 

force microscopy (AFM) technique to evaluate the dispersion nature of the polymer modified 

GO nanosheets into the membrane matrix. The 2D surface topology of OPBI found to be 

uniform, whereas in case of GOP2, GOP4 and GOP6 loaded MMMs, dispersion of polymer-

g-GO nanosheets were observed at certain areas with formation of bright and dark domains 

into the membrane matrix which are may be associated with the hydrophilic and hydrophobic 

functionalities, respectively, [Figure A3.20(A-G) of Appendix 3].51,52 The appearance of 

brighter spots in the MMMs surface is attributed to the incorporation of hydrophilic GOP 

fillers. Due to the nanosheets incorporation and because of the proposed interaction pattern 

fibrillar layered morphology are also observed in the membrane matrix, hence the surface 

roughness also resulted remarkable increment after polymer modified GO nanosheets loading 

(see Figure A3.21 and Table A3.1 of Appendix 3 for surface roughness). The three-

dimensional AFM morphology along with the surface height profiles for all the membranes are 

given in the Figure A3.21(A-G) of Appendix 3, which validities the data analysed from the 

surface topology. 3D surface morphology confirms the fibrillar structure, hydrophilic and 

hydrophobic domains formation and increased height profiles of the MMMs, which resulted 

remarkably high surface roughness with respect to OPBI.  

 
 

Figure 5.4. FESEM cross-sectional image of GOP2-2.5% (A), GOP4-2.5% (B) and GOP6-

2.5% (C) membranes. TEM images of GOP2-2.5% (D), GOP4-2.5% (E) and GOP6-2.5% (F) 

membranes. 
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Thermal stability and thermomechanical study of MMMs. 

TGA data of OPBI and GOP loaded MMMs [Figure 5.5(A)] show that the GOP loaded 

MMMs are quite stable without any weight loss up to 200 °C, a very minor weight loss is 

observed due to the evaporation of bound water molecules due to the presence of hydrophilic 

polymer grafted GO nanosheets in the membrane matrix. The thermal degradation initiates for 

OPBI and all the MMMs after 200 °C and with increasing GOP loading in the MMMs, the 

thermal degradation increases a bit due to the degradation of more hydrophilic functionalities 

(-C=O, -SO3H), long alkyl chains, primary ammines and secondary ammines present in the 

GOP. The main polymeric backbone degradation is observed after 550 °C.53 The loading 

percentage along with the dispersion pattern of the GOPs have impacted the storage modulus 

(Eʹ) values of the MMMs significantly as seen from the temperature-dependent storage 

modulus (Eʹ) plot in the Figure 5.5 (B) and the data are tabulated in the Table A3.2 of 

Appendix 3. All the MMMs display remarkably high storage modulus (Eʹ) when compared 

with OPBI, and the (Eʹ) values are proportional with increasing GOP loading. Table A3.2 data 

also suggests that the type of polymer grafted on the GO surface has impacted the values in the 

composite samples. The glass transition temperature (Tg) of the MMMs obtained from the loss 

modulus (E″) and tan  plots are given in the Figure A3.22 of Appendix 3. The Tg values 

obtained for OPBI and all the GOP loaded MMMs ranges between 265 – 295 °C which is in 

well accordance with the literature reported PBI based membranes.34,49 The interfacial 

interaction between the GOP nanofillers and the OPBI responsible for slight Tg shifts in the 

composite MMMs with respect to OPBI (Figure A3.22). 

 

Figure 5.5. (A) TGA plot of the OPBI/GOP MMMs and OPBI membranes (Inset portrayed 

the zoomed TGA plot in the temperature range 400 ⁰C – 700 ⁰C). (B) Temperature dependent 

storage modulus plot of the OPBI/GOP MMMs of different filler loading. 
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Water uptake (WU), swelling ratio (SWR) and phosphoric acid (PA) loading of MMMs 

The water uptake (WU) of OPBI is 10.57 wt% which decreases in case of GOP2 loaded 

MMMs (Table 5.2) as the –CONH2 groups of the GO surface modified pAAM involves in 

substantial H-bonding with the OPBI ‘N-H’ and ‘-N=’ groups, hence water molecules are 

unable to form H-bonding with the MMM network resulting lower WU. On the contrary, WU 

of the GOP4 and GOP6 loaded MMMs increases remarkably with increasing filler loading. 

This is attributed to the presence of hydrophilic –SO3H functionalities present in the GO 

surface modified pAMPS and pSPAK polymer chains which involves in H-bonding with the 

water molecules. The swelling ratio (SWR) of the MMMs in water and PA decreases compared 

to OPBI and the decrement of SWR follows proportionality with the increasing GOP loading 

in the MMMs (Table 5.2). Only in case of GOP6 loaded membrane SWR both in water and 

PA shows an increment with increasing GOP loading, which might be due to the hydrophilic 

–SO3H functionalities and flexible long chain present in the polymer chain (pSPAK) grafted 

on the GO surface. 

 

Table 5.2. Water uptake, swelling ratio in water and PA, PA loading level of OPBI and MMMs. 

GO-EDA loaded membrane data also included for comparison purpose a 

Sample name Water uptake 

(wt%) 

Swelling ratio 

in water (%) 

Swelling ratio 

in PA (%) 

PA loading (no. 

of mol/PBI r.u) 

OPBI 10.57 (1.71) 4.31 (1.21) 5.87 (1.17) 15.21 (2.11) 

GOP2-1% 10.31 (1.04) 1.89 (0.77) 3.76 (0.92) 20.52 (1.65) 

GOP2-2.5% 9.77 (0.67) 0.96 (0.37) 2.72 (0.39) 22.51 (0.56) 

GOP4-1% 14.47 (1.11) 2.41 (0.93) 2.68 (0.83)     24.41 (1.01) 

GOP4-2.5% 17.71 (1.37) 1.77 (0.59) 2.33 (0.51) 27.14 (1.16) 

GOP6-1% 16.28 (1.03) 2.67 (1.09) 1.85 (1.14) 24.88 (1.37) 

GOP6-2.5% 20.04 (1.24) 2.93 (0.85) 3.31 (0.87) 29.94 (1.19) 

GO-EDA-2.5% 10.79 (1.17) 1.19 (0.54) 4.18 (0.97) 19.97 (1.51) 
a The number in the bracket represents the standard deviation value obtained from measurements. 

 

PA doping level demonstrates the efficacy of proton conduction in a PA doped PEM as 

the proton conductivity of the membranes maintain proportionality with the PA doping level. 
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The PA doping level of OPBI is 15.21 mol/repeat unit, and displays an increasing trend with 

increasing loading of the GOP in the MMMs (Table 5.2). The calculated PA doping level of 

GOP2-2.5%, GOP4-2.5% and GOP6-2.5% membranes are 22.51, 27.14 and 29.94 mol/repeat 

unit of PBI, respectively. The significantly improved PA doping level of the GOP4 and GOP6 

loaded MMMs compared to GOP2 membranes are the combined effect of various factors. 

Firstly, GOP2 only consists of primary amines, secondary amines and –CONH2 functionalities 

which can generate H-bonding with the PA molecules to improve the PA doping level when 

compared with OPBI. On the contrary, the exceptional PA doping level of the GOP4 and GOP6 

loaded MMMs is due to the presence of hydrophilic –SO3H groups dangling with the flexible 

long alkyl chains, which can enhance the PA doping level of the MMMs due to the effective 

H-bonding associated between the –SO3H functionalities with PA molecules (Scheme 5.3). 

Secondly, the primary amines, secondary amines, -CONH2, -SO3H functionalities available in 

the GOP interacts with the ‘N-H’ and ‘-N=’ groups of OPBI to form donor-acceptor type acid 

base H-bonded structure which generates certain order of crystallinity in the composite matrix 

responsible for improved PA loading.54 Thirdly, in higher filler loaded MMMs, PA molecules 

deploy plasticizing effect responsible for destroying the existing crystalline ordering in the 

membrane followed by formation of H-bonding of the PA molecules with the –SO3H and 

amine functionalities present in the MMMs.55 In addition, the crater like cavity formation along 

with uniform dispersion pattern of the hydrophilic GOP nanosheets all over the membranes 

surface and interfacial region also effectively contributes towards higher PA uptake.  

 

Proton conductivities of PEMs obtained from PA loaded MMMs  

Proton conductivity of all the PEMs prepared by loading PA into the GOP loaded MMMs were 

measured and analysed in the temperature range 80-160 ⁰C. The obtained proton conductivity 

values of the MMMs are calculated from the Nyquist plot by relevant electrochemical circuit 

fitting (Figure A3.23 of Appendix 3). GOP loaded MMMs show excellent proton conductivity 

compared to pristine OPBI [Figure 5.6(A)], while the observed proton conductivity value of 

OPBI is only 0.067 S cm-1 at 160 ⁰C, the GOP2-1% and GOP2-2.5% MMMs are 0.188 Scm-1 

and 0.224 Scm-1, respectively at 160 ⁰C, which are ~ 3.5-fold high. The proton conductivity 

values of the GOP4-1% and GOP4-2.5% MMMs show further increase and the values are 

0.251 S cm-1 and 0.276 S cm-1, respectively at 160 ⁰C which are an enhancement of ~ 4.0- fold. 

Finally, the highest obtained proton conductivities are obtained in case of GOP6 loaded MMMs 
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and the values are 0.260 S cm-1 and 0.327 S cm-1, respectively at 160 °C for GOP6-1% and 

GOP6-2.5% membranes which are remarkably high (~5-fold) than pristine OPBI. Similar 

 

 

Scheme 5.3. Interaction pattern of PA with GOP loaded OPBI composite MMMs (a 

representative figure for OPBI/GOP6 composite membrane sample is given). 

 

results and increment in proton conductivity are also observed for all other GOP loaded MMMs 

(Figure A3.24 of Appendix 3). PA doping level of the membranes plays the important role in 

proton conductivity, it is clear from the data shown in Figure 5.6A and Table 5.2 that higher 

PA loading results high proton conductivity. For example, the higher PA doping level of the 

GOP6 loaded MMMs over the GOP2 and GOP4 loaded MMMs provides higher proton 

conductivity of the MMMs in the former case. It is important to note that the proton 

conductivity of PEMs obtain from the PA doped GOP loaded MMMs are dependent on various 

features of GOP and these are: (1) type of polymer grafted on the surface of GO – this can be 

realized by simply comparing the data shown in Figure 5.6A and Figure A3.24 which clearly 

show that as we change the GOP structure, the proton conductivity varies a lot, (2) the 
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molecular weight of the grafted polymer chain – this can be understood by simply comparing 

GOP1-GOP2 data (or GOP3- GOP4 or GOP5-GOP6), for example GOP5-2.5% shows proton 

conductivity 0.246 S cm-1 whereas GOP6-2.5% results 0.327 S cm-1 at 160 °C, and (3) the 

loading also influences undoubtedly – higher the GOP loading higher is the conductivity. At 

higher temperature (˃100 ⁰C), the segmental mobility of the polymer chains also contributes 

effectively towards efficient proton conductions,56 hence, the coordinated motion of OPBI and 

the GO surface modified polymer chains contributed cumulatively at higher temperatures and 

resulted well-ordered proton transport channels in the nanocomposite membranes, especially 

for the GOP4-2.5% and GOP6-2.5% membranes. GO-EDA-2.5% membrane resulted very less 

proton conductivity (0.147 S cm-1) with respect to all other MMMs due to the absence of 

hydrophilic –C=O, -SO3H functionalities in the membrane. The Arrhenius activation energy 

values of proton conduction for the GOP loaded MMMs observed to be in between 7-11 kJ/mol 

(see Figure A3.25 of Appendix 3) which suggests that the proton conduction in the membranes 

occurring through Grotthuss proton hopping mechanism35,57 where the PA molecules acts as 

labile proton conductors. 

The membranes were further treated for prolong isothermal proton conductivity 

analysis at 160 ⁰C for 36 h (see Figure 5.6B). Isothermal proton conductivities of the GOP2-

2.5%, GOP4-2.5% and GOP6-2.5% membranes were measured and compared with the pristine 

OPBI. Initially, within the first 2-4 h of analysis a bit decrease of proton conductivity was 

observed for all the membranes. After the initial period, proton conductivities of the MMMs 

found to be stable up to the entire experimental time range. The MMMs found to be retained 

superior proton conductivity with respect to the bare OPBI polymer due to the presence of 

substantial H-bonding network inside the membrane’s interfacial region, and due to the highly 

altered morphology and remarkably high PA doping level. Even after elevated temperature 

long term treatment (160 ⁰C for 36 h) membranes barely loses any conductivity and retained 

its superiority. 

To check the suitability of the PEMs obtained from MMMs for HT-PEMFC 

application, PA retention efficacy of the membranes were measured and the results are 

summarized in the Figure 5.6(C). The maximum PA leaching of all the membranes are 

observed within the first hour of analysis. OPBI loses 44.1 wt% PA while GOP2-2.5%, GOP4-

2.5% and GOP6-2.5% membranes leach 23.47 wt%, 21.86 wt% and 18.22 wt% PA, 

respectively after 1 h of treatment. At the end of 3 h of analysis, the total PA leaching of these 

three membranes are 30.23 wt%, 28.74 wt% and 23.35 wt%, respectively, on the contrary, the 
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pristine OPBI membrane leaching ˃70 wt% PA and the slope of the leaching curve continues 

to increase, whereas in case of MMMs the curve reaches saturation with further negligible PA 

loss (Figure 5.6C). The layered GOPs and the dispersion pattern of the GOPs played a crucial 

role in the PA retention capacity of the membranes owing to the presence of H-bonded partial 

intercalation of GOP present in the MMMs which enables the PA molecules retention within 

the membranes. In addition, GOP generates substantial H-bonding and ionic interactions of the 

PA molecules associated with the dangling surface grafted hydrophilic polymer functionalities 

(-CONH2, -NH, -SO3H) present in the GOP surface which prevents the PA molecules leaching 

away from the MMM interface.  

 

 

Figure 5.6. (A) proton conductivity of PA doped OPBI and GOP loaded MMMs. (B) 

Isothermal proton conductivity at 160°C for OPBI, GOP2-2.5%, GOP4-2.5% and GOP6-2.5% 

membranes. (C) Acid leaching analysis of the PA loaded MMMs. (D) Proton conductivity 

measurement of the PA loaded MMMs after PA leaching treatment (AL corresponds to the 

membranes after acid leaching test). 
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The post PA leaching proton conduction analysis of the GOP4-2.5% and GOP6-2.5% 

membranes were also performed in a comparison with OPBI to establish the PA retention 

superiority of the flexible hydrophilic polymeric chains modified GO nanosheets loaded 

MMMs (Figure 5.6D). The proton conductivity of OPBI-AL is resulted only 0.0204 S cm-1 at 

160 ⁰C, on the contrary PA leached GOP4-2.5%-AL and GOP6-2.5%-AL membranes exhibit 

proton conductivity values of 0.135 S cm-1 and 0.163 S cm-1 under identical experimental 

condition. The retention of proton conductivity values ˃0.1 S cm-1 even after acid leaching 

treatment makes our membrane highly robust in terms of utilization in prolong HT-PEMFC 

operation. The specific H-bonding interaction of the primary, secondary amines, and the 

hydrophilic flexible long chain –SO3H groups present in the surface modified GOP 

nanostructure with the PA molecules, and the completely altered morphology contributes 

towards substantial PA retention followed by excellent proton conduction in the PA leached 

PEMs. 

 

Mechanical and thermal stabilities of the PEMs obtained from PA loaded MMMs 

The stress-strain profiles of the PA loaded MMMs were analysed in Universal Testing 

Machine (UTM) analysis and plotted in the Figure 5.7(A, B, C). The tensile strength and 

elongation at break values are tabulated in the Table A3.3 of Appendix 3. All the PA loaded 

MMMs exhibit huge mechanical reinforcement in comparison to OPBI clearly suggesting that 

the GOP nanofiller has helped in improving the mechanical strength of the resulting membrane. 

It is to be noted that, with increasing GOP loading in the MMMs the little decrease in strength 

is observed but remarkable increase in elongation at break is noticed. Stress-strain profiles of 

the GOP2 loaded membranes are found to be better over the GOP4 and GOP6 loaded MMMs 

suggesting the influence of type of grafted polymer chains on the GO surface.  

Furthermore, the thermal stability of the PA doped MMMs were performed to evaluate 

the PA retention capability of the MMMs and interestingly the observation obtained from the 

TGA plot validates the data analysed from the PA leaching analysis. In our earlier assessment 

PA undoped MMMs found to be less thermally stable with respect to bare OPBI polymer due 

to the degradation of the organic functionalities present in the GOP (Figure 5.5A), but the PA 

doped MMMs exhibit reverse order of thermal stability in between 100 °C - 400 °C, and the 

highest thermal stability is obtained in case of GOP6-2.5% membrane (Figure 5.7D).  
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Figure 5.7. Stress-strain plots of PEMs obtained from (A) GOP2, (B) GOP4 and GOP6 (C) 

loaded MMMs. Plot for PEM obtained from pristine OPBI has been included in each case for 

comparison purpose. TGA plot of the PA doped OPBI and GOP loaded MMMs. 

 

Conclusion 

       Our current work illustrates a highly effective strategy for the surface modification of GO 

with various kinds of polymer chains along with the precise control over the surface 

functionalization. A surface initiated reversible addition fragmentation “grafting from” 

polymerization approach has been used to covalently grow three different polymer chains 

namely pAAM-g-GO, pAMPS-g-GO and pSPAK-g-GO on the surface of the GO. We have 

carefully chosen heteroatoms (-NH and –SO3H) containing monomers to grow the polymer 

chains in the GO surface which ensured formation of hydrophilic nanochannels throughout the 

GO surface and enabled the preparation of hydrophilic nanofiller in order to increase the 

dispersion nature of the nanomaterials in the polar solvents. The surface modified polymers 

have been further utilized as a nanofiller with oxypolybenzimidazole (OPBI) to make mixed 



Chapter 5 

 

Anupam Das, University of Hyderabad, 2023    126 

matrix membranes (MMMs). The H-bonding interaction between the OPBI imidazole ‘N-H’ 

groups with the functional groups (-NH and –SO3H) present in the grafted polymer chains on 

the GO surface resulted newly generated crystalline planes in the MMMs, and highly altered 

surface and cross-sectional morphology. All these factors contributed significantly towards the 

remarkably high PA doping level followed by superior proton conductivity improvement, 

outstanding PA retention capacity at elevated temperature, and noteworthy improvement of 

mechanical properties of the MMMs. Even, all the MMMs retained their proton conductivity 

under prolong treatment at elevated temperature (160 °C). After PA leaching analysis, 

membranes were able to possess proton conductivity ˃0.15 S cm-1 which demonstrates the 

stability and the robustness of the fabricated MMMs. So far, surface functionalized polymer-

g-GO materials have never been explored in literature for their effective utilization in 

improving PEM properties. To the best of our knowledge this will be the first report on 

utilization of surface polymer modified GO nanosheets in PBI membrane supported matrix to 

evaluate the role of super proton conducting mixed matrix PEMs in HT-PEMFC application. 
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Abstract 

In spite of significant research outcomes on alkaline anion exchange membrane (AAEM) in 

recent past, two major challenges namely hydroxide conductivity and alkaline stability of the 

polymer membrane yet to be resolved adequately. To address these challenges, in this work 

development of ionically crosslinked AAEMs has been achieved by blending pyridine bridged 

polybenzimidazole (PyPBI) and N-spirocyclic quaternary ammonium spiro ionene polymer 

(SP). Further, membranes were converted to porous membranes by adding different weight % 

of porogen in the membrane matrix and then leaching out the porogen followed by crosslinking. 

All the membranes (both non-porous and porous) were converted to hydroxide conducting 

AAEM by dipping into 1 M KOH solution and under this condition, a part of the -NH- groups 

of PyPBI was deprotonated to form ammonium-imidazolate complexes with SP which resulted 

ionic crosslinking in the AAEM. Hydroxide ion conductivity, one of the highest among the 

reported so far, of 129 mS/cm at 90 °C was obtained in case of S70P30-OH membrane which 

was a hydroxide form membrane obtained from the blend of 70 wt% SP and 30 wt% PyPBI 

and this membrane showed the highest KOH uptake among all other AAEMs prepared in this 

study. On the other hand, among the porous ionically crosslinked membranes S50P50-P25-OH 

(blends of 50 wt% SP and 50 wt% PyPBI with 25% porogen) membrane showed the highest 

hydroxide ion conductivity (117 mS/cm at 90
 
°C) among all the porous membrane studied here. 

All the ionically crosslinked AAEMs (both non porous and porous) displayed excellent alkaline 

stability and remains unaffected during alkaline stability test in 1M KOH at 80
 
°C as long as 

testing was carried out (960 h). Observing the exceptional stability in 1 M KOH of S50P50-

OH and S50P50-P25-OH membranes, OH- conductivity analysis and alkaline stability tests of 

these samples have been carried out even in 2 M KOH, and we found that these membranes 

retained ~80% of their OH- conductivity value even after 500 h of alkaline treatment in 2 M 

KOH at 60
 
°C. Furthermore, membranes were found to be useful in alkaline water electrolysis 

and the best performance is shown by S70P30-OH membrane which displayed a current density 

of 100 mA cm-2 at 2.6 V. Overall as these recently developed membranes retained hydroxide 

conductivity, structural, thermal stability even after harsh alkaline treatment for longer period 

of time. 

 

Introduction 

With the development of fossils free renewable energy resources, electrochemical energy 

conversion devices such as fuel cells,1−4 electrodialysis,5 redox flow batteries,6,7 and alkaline 
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water electrolysis8,9 have gained a lot of focus in current times. The ion exchange membrane, 

an important component of the electrochemical devices, plays a vital role in the ion conduction 

and electrode separation.5 Huge benefits, particularly use of non-precious metal catalyst like 

Co and Ni and faster electrode kinetics of alkaline anion exchange membrane fuel cell 

(AAEMFC) over proton exchange membrane fuel cell (PEMFC) have generated great deal of 

attention in developing various kinds of alkaline anion exchange membrane (AAEM) in recent 

years.1-5,7 Generally, cationic functional moieties such as pyridinium,10,11 quaternary 

ammonium (QA),12-16 imidazolium,17-19 benzimidazolium,10,19 phosphonium,20 tertiary 

sulphonium,21 guanidinium,22 piperidinium,23,24 pyrrolidinium,25 azepanium,26 

morpholinium,26 quinuclidium26 have been often introduced into the polymer chain to create 

anion exchange sites. A promising anion exchange membrane must possess high hydroxide ion 

conductivity, excellent alkaline stability, good thermal stability, moderate to high mechanical 

robustness and sufficiently long-term durability at elevated temperature in presence of harsh 

alkaline condition.17,27,28 Development of such kind of AAEM with all above mentioned 

features is a major challenge. Because of its highly basic and nucleophilic nature, the hydroxide 

ion is prone to attack and degrade the conventional QA29 and other cationic groups via, e.g., 

Hofmann eliminations and nucleophilic substitutions.30 In addition, polymer backbones may 

degrade via such as cleavage of activated ether bridges.31 Also, the hydroxide ion conductivity 

and mechanical properties of AAEMs normally deteriorate over time32 and therefore severely 

limits their applicability especially at temperatures beyond 60 °C.  

Several successful strategies have been utilized to improve the alkaline stability of 

cationic groups including the utilization of steric protection,33 conformational restrictions,34 

inductive effects35 and metal complexes.36 In recent years, N-spirocyclic QA moiety has been 

evolved as an area of keen interest among the researchers due to its superior alkaline 

stability.16,34,37-44 Marino and Kreuer reported on the exceptional alkaline stability of certain N-

spirocyclic QA salts, especially 6-azonia spiro[5.5]undecane.45 Jannasch et al. has developed a 

new class of AAEM functionalized with N-spirocyclic QA cations formed via 

cycloquaternization reactions involving pyrrolidine, piperidine, and azepane, respectively. 

After that these cations were introduced in poly(arylene ether sulfone) backbones resulting OH- 

conductivity of 110 mS/cm at  80 °C.34 In another report, the same group has developed cross-

linked AAEMs by copolymerizing N, N-diallylpiperidinium Chloride (DAPipCl) and 

diallylmethyl QA tethered to poly(phenylene oxide) and reported OH- conductivity above 0.1 

S cm-1 at 80 °C.46 Sung, Kim, Henkensmeier and co-workers have introduced spirobiindane 
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group to poly(arylene ether sulfone) to synthesize anion conducting membrane where they have 

achieved ion exchange capacity (IEC) value 1.18 meq/g and OH- conductivity 27 ms/cm at 80 

°C.42 Zhang et al. reported an AAEM which showed OH- ion conductivity of 63.1 mS cm-1 at 

80 °C despite of its relatively low IEC (0.93 meq/g), and the constrained ring conformation of 

N-spirocyclic QA results in improved stability of the membrane.44 Recently, Zhu and co-

workers have tethered single N-spirocyclic cation to the PPO backbone via long side chains.47 

After alkaline treatment (1 M NaOH/H2O, 80 °C, 1500 h), the sample showed satisfactory 

stability, but the fragility of membrane is of a profound disadvantage to their practical 

application. Guiver and co-workers reported PPO incorporating spirocyclic 3,6-

diazaspiro[5.5]undecane membrane with IEC of 1.91 meq/g and OH- conductivity (31.9 

mS/cm) with 76% water uptake and 9.6% linear dimensional swelling at 20 °C, and observed 

72-77% retention of OH- conductivity after 360 h of alkaline stability test at 1 M NaOH 80 

°C.38  

Inspired by the profound stability of spirocyclic structure as seen in several reports in 

the above discussion, in our current work, we have synthesized N-spirocyclic quaternary 

ammonium ionene (abbreviated as SP) following a modified literature reported procedure37 and 

observed that SP is highly water soluble due to the presence of long alkyl chains, and hence 

cannot be utilized as AAEMs directly for AAEMFC and alkaline water electrolysis. Therefore, 

we aimed to fabricate water insoluble ionically crosslinked AAEM by blending spiro ionene 

polymer (SP) with pyridine bridge polybenzimidazole (PyPBI)48 polymer in different weight 

ratios. We can expect promising ion conductivity, excellent mechanical and tensile properties 

with improved alkaline durability at elevated temperature for a longer period of time due to the 

induced crosslinking.  

Further we noted that several literatures demonstrated that the introduction of porosity 

into the pristine polymer membrane in a controlled manner increases ionic conductivity, IEC 

value etc. Induced pores brings porous morphology leading to attract more water and 

electrolyte molecules to enter into the membrane and therefore improves properties.49-52 

Literature also supports the existence of porous crosslinked membranes with excellent 

mechanical and tensile properties along with promising ion conductivity.53 Therefore, we also 

introduced porosity in a controlled manner by varying the porogen ratio into the blend 

membrane of SP/PyPBI, then porogen were leached out by solvent treatment,49 followed by 

ionic crosslinking to develop ionically crosslinked porous blend AAEM. Therefore, we expect 

to achieve more improved properties like ionic conductivity, IEC, water and KOH uptake into 
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this porous AAEM. Thus, both the non-porous and porous ionically crosslinked (ICL) 

membranes have been developed and studied in this work with the objective to improve the 

properties of AAEM. 

 

Experimental Section 

All the source of materials, synthesis and characterization of PyPBI and spiro ionene polymer 

(SP), all the membranes characterization methods and instrumentation techniques utilized in 

this work are discussed in details in the Chapter 2 and Appendix 4. 

 

Preparation of ionically crosslinked (ICL) alkaline anion exchange membranes 

SP and PyPBI polymers were dissolved in 10 mL of DMSO by keeping total polymer 

concentration 4 wt%. The solution of these mixture was stirred for 48 h at 30 °C. Then the 

solution was transferred to a Petri dish and the solvent was evaporated slowly to cast membrane 

in a ventilated oven at 80 °C for 48 h. The resulting membrane was easily detached from the 

Petri dish and subsequently immersed in a 1 M aqueous KBr solution for 24 h to make Br- form 

membrane. After that, membrane in the Br- form was converted to the OH- form by immersing 

in a 1 M aqueous KOH solution under nitrogen atmosphere for 24 h. Upon KOH loading, the 

-NH- groups of PyPBI were deprotonated to form ammonium-imidazolate complex with SP 

(Scheme 6.1) resulting ionically crosslinked (ICL) AAEM. Finally, the membranes were 

thoroughly washed with degassed deionized water and stored in degassed deionized water 

under N2 atmosphere for further measurements. 

 

Scheme 6.1. Ionically crosslinked (ICL) AAEM formation by ammonium-imidazolate 

complexation (shown using dotted line). Transparent membrane was obtained as clearly seen 

from the picture where the emblem seen through the membrane is sourced from the webpage 

of the University of Hyderabad and used after approval from the appropriate authority. 

 

The blend composition was varied by altering the relative weight ratios of SP and PyPBI 

in the mixture. Three blends were prepared where weight ratios of SP: PyPBI were 70:30, 50:50 

and 30:70, and these are identified as S70P30, S50P50 and S30P70, respectively where S and 
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P represents SP and PyPBI polymers, respectively. The AEM in the Br- and OH- form are 

named as S70P30-Br and S70P30-OH, respectively and similar notations are used for other 

two samples as well. 

 

Preparation of porous ionically crosslinked AAEM 

Porous ionically crosslinked AAEM (Scheme 6.2) also prepared by the similar solution 

blending procedure as applied for the preparation of pristine ionically crosslinked membranes 

(Scheme 6.1) but in addition to polymers, dibutyl-phthalate (DBP) was added as porogen into 

the polymer mixture solution. After formation of the membrane by solvent casting and 

evaporation method, membrane was dipped into methanol for one hour to leach out the porogen 

completely.49 Then, the membranes were taken out from methanol and dried. After that, porous 

membranes were ionically crosslinked by treating with 1 M KBr for 24 h and followed by 1 M 

KOH for 24 h. The porosity was introduced with one representative blend membrane namely 

S50P50 sample. However, the amount of porogen (DBP) in the membrane was altered with 

respect to total polymers weight %. Three different porous ionically crosslinked membranes 

were prepared by following the procedure as given in Scheme 6.2 and these samples are named 

as S50P50-P10, S50P50-P25 and S50P50-P40 where P10, P25 and P40 indicates the 10, 25 

and 40 wt% of porogen, respectively with respect to the total polymer weight.  

 

Induced expected experimental porosity (P) was calculated for porous membranes by following 

literature reported procedure49 by subtracting the membrane weight obtained after porogen 

removal from the initial weight before porogen removal by following eq. 1 and represented in 

Table A4.1. in Appendix 4. 

 

Where, WPolymer+DBP is the weight of dried membrane before DBP removal and WPolymer is the 

weight of dried membrane after DBP removal. 
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Scheme 6.2. Fabrication of ionically crosslinked (ICL) porous AAEM by the formation of 

ammonium-imidazolate complex (shown using dotted line) after leaching out the porogen 

through MeOH treatment. 

 

Results and discussion 

Spectral evidences for various interactions 

Infrared spectra of all the Br- form and ionically crosslinked (ICL) OH- form membranes along 

with their parent polymers (PyPBI & SP) are shown in Figure A4.4, Appendix 4. PyPBI 

spectra shows three characteristic broad peaks at 3413, 3175, and 3063 cm−1 attributed to non-

hydrogen bonded free N−H groups, self-associated hydrogen-bonded N−H groups and 

stretching modes of aromatic C−H groups, respectively.48,54 In case of SP, a sharp and intense  

band at 2840-2950 cm-1 is ascribed to the vibrational frequency of aliphatic C-H 

stretching,31,54,55 and also a peak at 3393 cm-1 is due to absorbed moisture.56 The stretching 

intensity of C-H bond of SP increases with increasing SP content in the samples as can be seen 

in both Br- and OH- form samples (see the highlighted portions). The two important peaks at 

1592 cm-1 and 1440-1470 cm-1 which are ascribed to the C=C/C=N in plane benzimidazole 

ring deformation48,57,58 of PyPBI are present in all the samples proving the presence of PyPBI. 

In all the Br- form membranes a broad band around 3400 cm-1 observed due to non-hydrogen 

bonded free N-H stretching frequency, however, intensity of this band becomes weak and 

almost negligible in OH- form membranes indicating the formation of the ionically crosslinked 

ammonium-imidazolate complex where significant amount of –NH- vanishes after 

crosslinking. A closer look of this peak (see the highlighted portion in Figure A4.4, Appendix 
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4) shows that the –NH- peak intensity of S70P30-OH is weaker than S50P50-OH and this peak 

appears with increased intensity in case of S30P70-OH which is may be due to unreacted –NH- 

owing to the unavailability of sufficient SP content in the sample.  

Similarly, the FT-IR spectra of all the ICL porous membranes are also analyzed. 

S50P50-P25 and S50P50-P40 membranes are given as representative samples in the Appendix 

4, Figure A4.4 and A4.5. The peaks at around 1125 cm-1 and 1716 cm-1 owing to the stretching 

vibration of O-C-O and C=O bonds,49 respectively of DBP are visible before porogen (DBP) 

removal both in case of S50P50-P25-Br and S50P50-P40-Br samples. The two peaks around 

2958 cm-1 and 2871 cm-1 are attributed to the stretching vibrations of CH3, CH2, and CH groups 

in the dibutyl chains of DBP.49 After DBP removal by methanol treatment, all those peaks 

corresponds to DBP completely disappears and the porous Br- form and ICL (OH- form) 

membranes spectra look identical with the non-porous Br- form and ICL membranes (compare 

with Figure A4.3 spectra where no porogen was added). Hence, ionic crosslinking results in 

the porous network in the membrane as well as structural integrity of the membrane does not 

affect due to porogen treatment. In addition, disappearance of peak intensity at 3396 cm-1 (as 

indicated in Figure A4.3–A4.5, Appendix 4) clearly indicates that ammonium-imidazolate 

complex (as shown in Scheme 6.1 and 6.2 using dotted line) is formed both in ICL and porous 

ICL AAEMs when treated with 1 M KOH which also make the membranes insoluble in DMSO 

further suggesting crosslinking.  

 

Thermogravimetric analysis 

TGA plots of S70P30, S50P50 and S30P70 membranes (both in Br- and OH- form) along with 

their parent polymers (PyPBI & SP) are shown in Figure 6.1. PyPBI polymer backbone is 

highly stable and main polymer backbone degradation observed only above 550 °C.54 SP shows 

5% degradation (Td, 95) at 336 °C37 and then stiff decrease in the thermal stability is observed 

due to quaternary ammonium substituent degradation along with degradation of alkyl chains 

in the spirocyclic polymer backbone. All the membrane show stability in between PyPBI and 

SP, and found to be largely dependent on the composition of the sample. All the OH- form 

membranes are displaying higher stability than that of Br- membranes. This may be due to: (1) 

thermal stability depends on the counter ion nucleophilic strength and due to the lower 

nucleophilic strength, membranes with hydroxide counter ion shows higher thermal stability59, 

(2) thermal stability also depends on polymer backbone structure and composition. As after 

OH- loading, membranes are forming ionically crosslinked network structure, thus imposing 
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of this crosslinking also helping to improve the thermal stability than that of un-crosslinked Br- 

form membranes. The thermal stability trend of OH- form membrane follows S30P70-OH > 

S50P50-OH> S70P30-OH order. As PyPBI content predominates over SP in S30P70-OH 

membrane, thus it is the most stable membrane where ionically crosslinked network started 

degradation only after 400 °C which is close to PyPBI main chain degradation temperature. 

S50P50 OH membrane shows moderate thermal stability due to increase in SP content into the 

membrane matrix, and the ionically crosslinked network started degradation at around 380 °C, 

which decreases further following the same trend for S70P30-OH at around 360 °C, which is 

close to the initial degradation temperature of spirocyclic polymer backbone. 

 

Figure 6.1. Thermogravimetric analysis plots of all the non-porous Br- form membranes and 

ICL OH- form membranes along with their parent polymers (PyPBI and SP). 

 

Similarly, in the Appendix 4, Figure A4.6, TGA data of S50P50-P25 and S50P50-P40 

membranes (both in Br- and OH- form) are presented. It is noticed that, before leaching out the 

porogen from the porous membranes, the initial weight loss observed is in between 250 °C -

330 °C which can be attributed to weight loss obtained due to presence of DBP. After leaching 

out the DBP by methanol treatment, again TGA analysis of the porous Br- and OH- form 

membranes were performed and represented along with pristine (S50P50- Br and OH) 

membranes. Both S50P50-P25-Br and S50P50-P40-Br membranes have less thermal stability 

with respect to S50P50-Br, but as expected the thermal stability of S50P50-P25-OH and 
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S50P50-P40-OH membranes have increased significantly with respect to their Br- form 

membranes, and S50P50-P40-OH exhibits the highest thermal decomposition temperature. The 

reason may be attributed to the induced crosslinking into the porous network generates 

structural ordering into the polymer matrix which decreases the free volume fraction of the 

polymer and hence responsible for the significantly increased thermal stability. Thus, the 

higher thermal stability of ICL & porous ICL membranes provides evidence for their suitability 

as AAEMs. 

 

Morphology and porosity of the porous membrane 

It is important to note that the boiling point of the porogen DBP is 340 °C which is far higher 

than that of DMAc (166 °C). As a result, when the solvent evaporates from the solution at 80 

°C during casting of the membrane then the porogen remains in the solution and its 

concentration increases, thus inducing phase inversion of the polymer solution into a polymer-

rich (porogen-poor) and a porogen-rich (polymer-poor) phase (see Scheme 6.2). Further 

evaporation of the solvent lead to solidification of the polymer membranes.50 FESEM cross-

sectional morphology of the porous membranes of different compositions (compositions are 

given in Table A4.1, Appendix 4) are represented in Figure 6.2. In a comparison with pristine 

S50P50-Br membrane, pores are clearly seen into the membrane matrix after DBP removal 

with MeOH treatment.  

FE-SEM image (Figure 6.2) of S50P50-Br clearly shows no pores into the cross-

sectional region but pore size is in the range of 1.3-1.8, 3.0-4.3 and 5.0-6.5 µm in case of 

S50P50-P10-Br, S50P50-P25-Br and S50P50-P40-Br membranes, respectively. Therefore, it 

is clear that increasing the DBP concentration increases pore size significantly. In addition, 

BET results supports the formation of pores in the membrane after porogen removal. Figure 

6.2(E) compares the BET isotherms of the porous membranes. The average pore size obtained 

from the BET isotherm for these membranes are 2.34 x 10+3, 4.12 x 10+3 and 5.58 x 10+3 Å for 

S50P50-P10-Br, S50P50-P25-Br and S50P50-P40-Br membranes, respectively. Similarly, the 

surface area of these membrane increases with increasing porogen content as 8.993, 25.574 

and 35.112 m2/g. Therefore, results obtained from BET analysis conclude that with increasing 

porogen (DBP) content in the membrane matrix both the surface area and average pore size are 

increasing and hence porosity increasing. Also, it is to be noted that the data obtained from 

BET analysis followed the similar trend with the data obtained from FESEM cross-sectional 

analysis. 
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Figure 6.2. Cross-sectional morphology of S50P50-Br (A) and the porous samples S50P50-

P10-Br (B), S50P50-P25-Br (C), S50P50-P40-Br (D). BET isotherms of porous membranes 

(E). 

 

Water uptake, KOH uptake and Ion exchange capacity (IEC) 

Water uptake, KOH uptake and IEC values of all the ICL and porous ICL hydroxide form 

membranes are measured and shown in Table 6.1. Highest values of water uptake, KOH uptake 

& IEC are observed in case of S70P30-OH sample as this membrane consists 70 wt% ratio of 

hydrophilic spiro ionene polymer (SP) which is responsible for increasing all these properties 

in the ICL membrane. As expected, lowest values of water uptake, KOH uptake and IEC are 

obtained for S30P70-OH membrane due to more hydrophobicity produced by 70 wt% of PyPBI 

polymer in the membrane. In a similar trend, moderate values of water uptake, KOH uptake 

and IEC are achieved for S50P50-OH membrane as the wt% ratio of SP and PyPBI polymer in 

this case is equal. However, introduction of porosity in the S50P50 membrane increases water 

uptake, KOH uptake and IEC values significantly49 as the pores present in the crosslinked 

AAEMs are able to accommodate more water and electrolytes (KOH) inside their pores. Also, 

these values increase with increasing porogen content owing to the increased porosity. A 

significant amount of swelling both in length-wise (LSWR) and cross-section-wise (CSWR) are 

also observed in S70P30-OH and S50P50-P40-OH membranes under hydrated condition. 

Similarly, both LSWR and CSWR are showing increasing trend with increasing porogen content 

in the membranes. For all the membranes water uptake increases with increase in temperature, 

which is in agreement with the literature reports.44 
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Table 6.1. Water uptake, KOH uptake, IEC, swelling ratio of all the hydroxide form 

membranes. 

Sample 

Identity 

Lengthwise 

swelling 

ratio   

LSWR (%) 

Crosswise 

swelling 

ratio 

CSWR (%) 

KOH 

uptake 

(wt %) 

Titrated 

IEC a 

(meq/g) 

Water 

uptake b 

(wt %) at 

35°C  

Water 

uptake b 

(wt %) at 

80°C 

S70P30-OH 10.59 12.5 

(±1.4) 

37.49 

(±2.72)  

2.39 43.06 

(±3.04) 

70.08 

(±4.16) 

S50P50-OH 5.64 12.5 

(±1.4) 

22.22 

(±1.47) 

1.82 21.20 

(±2.72) 

51.12 

(±3.23) 

S30P70-OH 

 

S50P50- 

P10-OH 

3.04 

 

6.02 

11.1 

(±1.4) 

12.5 

(±1.4) 

15.92 

(±2.03) 

28.32 

(±1.78) 

1.48 

 

2.16 

13.26 

(±1.36) 

27.85 

(±2.54) 

31.19 

(±2.44) 

58.54 

(±2.49) 

S50P50-

P25-OH 

7.79 18.18 

(±1.81) 

36.66 

(±3.37) 

2.37 41.40                

(±2.90) 

75.57 

(±3.21) 

S50P50-

P40-OH 

12.83 22.22 

(±2.22) 

51.50 

(±1.61) 

2.65 49.33 

(±3.14) 

88.54 

(±2.95) 

a measured using titration method, b standard deviation of various data are given in the 

parenthesis after the data. 

 

Hydroxide ion conductivity of the membranes 

IEC, water uptake and KOH uptake values can significantly influence the hydroxide ion 

conductivity (
 which plays crucial role in the development of AAEM.10,60 Infact more the 

water uptake, KOH uptake and IEC of the membrane, more will be the ionic conductivity. The 


 of all the ionically crosslinked AAEMs were measured after dipping the membranes in 1 

M KOH alkaline solutions for 24 hours followed by keeping the membranes under fully 

hydrated condition in deionized water for 24h at ambient temperature before measurement. The 

ionic conductivity of all the ionically crosslinked hydroxide form membranes is studied as a 

function of temperature and plotted in Figure 6.3(A). The 
of the membranes are increasing 

with the temperature as expected due to the increasing free volume for ion transport and the 

enhancement of the mobility of anions.10 All the membranes show excellent of ionic 

conductivity and S70P30-OH membrane is the best among all, which is following a similar 

trend observed for water uptake, KOH uptake and IEC values for the membranes. Among the 
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three ICL membranes, the 
of S70P30-OH at 25 °C is 50.7 mS/cm which is more than two-

fold increase than that of S30P70-OH (22 mS/cm). This increase in 
is a direct consequence 

of KOH and IEC values of these two membranes which are 37.49% and 2.39 meq/g for 

S70P30-OH and 15.92% and 1.48 meq/g for S30P70-OH (Table 6.1). Highest ionic 

conductivity of 129 mS/cm is obtained in case of S70P30-OH at 90 °C, which is again almost 

two-fold increase than that of S30P70 OH membrane’s 
 (70 mS/cm) at 90 °C. To the best 

of our knowledge, this value of 
(129 mS/cm) at 90 °C is one of the highest value reported 

so far in the literature. S50P50-OH (KOH uptake 22.22% and IEC 1.82 meq/g) membrane also 

exhibits very good 
of 39 mS/cm and 108 mS/cm at 25 °C and 90 °C, respectively, little bit 

less but very much close with the value of S70P30-OH membrane.  

 

Figure 6.3. Hydroxide ionic conductivity (
of ICL and membranes along with ICL porous 

membranes. (A) 
vs temperature plot and (B) temperature dependent Arrhenius plot of 


 

 

Addition of porogen into the membrane followed by leaching out of the porogen 

generates voids (see Figure 6.2) in the crosslinked membrane matrix, which is able to uphold 

more water and more KOH resulting more IEC49 (see Table 6.1). The 
of S50P50-P10-OH 

is found to be 38 mS/cm at 25 °C & 112 mS/cm at 90 °C which is more than the 
 value 

obtained from pristine S50P50-OH membrane. S50P50-P25-OH membrane shows further 

increase in ionic conductivity 48 mS/cm at 25 °C & 117 mS/cm at 90 °C. However, further 

increase in porogen content in S50P50-P40-OH membrane surprisingly shows decrease in 

hydroxide ionic conductivity (25 mS/cm at 25 °C & 88 mS/cm at 90 °C). Two reasons can be 
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attributed for this observation: First, due to introduction of high degree of porosity (40 wt%), 

membrane swells excessively under hydrated condition (Table 6.1) and results in decrement 

of ionic conductivity and secondly, when the membrane is highly water swollen condition, the 

dilution of charge carries leads to decrease of the ion conductivity.37,61 Overall, all the 

membranes are yielding excellent hydroxide ionic conductivities even at 90 °C indicates highly 

conducting ionically crosslinked AAEMs are also thermally very much stable and thus, these 

robust membranes found to be highly promising as AAEMs. 

The conductivities of ionically crosslinked hydroxide (OH-) form membranes exhibit 

an Arrhenius type temperature dependence as evident from the linear fit of Arrhenius plot 

shown in Figure 6.3(B). The activation energy obtained from the slope of the linear fit also 

listed in the Figure 6.3(B). The activation energy of all the AAEMs are obtained in the range 

of 14.63-18.30 kJ/mol (0.151 - 0.189 eV/atom) which is in well accordance with the already 

literature reported data.10,62,63 Therefore, we can conclude that the hydroxide ion conduction 

throughout the AAEMs are carried out by the Grotthuss mechanism. 


of S50P50-OH & S50P50-P25-OH membranes were also measured after dipping 

them in 2 M KOH solution for 24 h, which resulted 
values of 113 mS/cm and 124 mS/cm 

at 90 °C for S50P50-OH and S50P50-P25-OH membranes, respectively. These values are 

slightly higher than the values obtained in 1 M KOH treated samples (Figure 6.3A) and this 

phenomenon of rising OH- conductivity with increasing electrolyte (KOH) concentration is 

well reported in literature.10,64-66 The 
 vs temperature plot for these two samples are shown 

in Appendix 4, Figure A4.8. 

 

Chemical Stability 

Chemical stability of AAEMs in the alkaline condition is an important parameter to be 

examined as the working fuel cell operates in the basic environment.67 The chemical stability 

of ionically crosslinked AAEMs was studied by soaking them into 1 M aqueous KOH solutions 

at 30 °C and at 80 °C and the stability was monitored as a function of time for ~960 hours 

(which is ~ 40 days). We did not perform alkaline stability test beyond 960 hours as the 

membranes were profoundly stable. It is to be noted that the chemical stability was monitored 

as function of time by checking the membrane flexibility, brittleness and by observing the 

colour change of the alkaline solution. Ionically crosslinked membranes are completely 

insoluble in any solvent because of the formation of ammonium-imidazolate complex as 

proved earlier. In a similar way, the porous membranes after leaching out the porogen by 
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methanol treatment followed by the crosslinking also results similar insolubility observation. 

Thus, NMR analysis of these crosslinked membranes could not be performed as it was done in 

earlier reports.10 Therefore, we confirmed the membranes chemical stability by analysing FT-

IR spectra. All the AAEMs did not show any visible change after treating with 1 M KOH for 

960h at 80 °C with regard to the colour change, flexibility etc. as can be seen very clearly from 

the image of the membrane (Figure A4.9, Appendix 4). FT-IR spectra of all the AAEMs were 

recorded during the alkali stability study at various time interval [Figure A4.10 (A-F), 

Appendix 4]. All the spectra are identical indicating that there is no change in the structure 

which means no degradation happened during the 1 M KOH treatment for 960h at 80 °C. 

Neither any peaks obtained in IR spectra, nor the colour of the membrane affected during 

alkaline treatment. Membranes are flexible enough to handle with tweezers even after long 

term stability test. Again, we measured 
after 500h treatment with 1 M KOH at 80

 
°C and 

represented in Figure 6.4(A). A comparison of 
 value at 90

 
°C of all the AAEMs before 

and after alkaline stability test (1 M KOH, 500h at 80
 
°C) are also shown in Table 6.2 and 

Figure A4.11, Appendix 4. These data clearly show that a negligible decrease (~ 10%, see 

Table 6.2) in conductivity and also negligible decrease (~ 7-8 %, see Table 6.2) in IEC after 

500h alkaline treatment at 80
 
°C of the AAEMs are observed, indicating very high stability of 

the membranes in KOH for longer duration. We also carried out TGA analysis of the 500h 

alkali treated membranes and compared with the freshly alkali treated samples [Figure 6.4(B)]. 

Interestingly, both sets of membranes are showing identical thermal stability proving the zero 

degradation of the membrane. This remarkably high alkaline stability of the crosslinked 

AAEMs is very significant considering the fact that both PBI and PyPBI samples known to 

degrade quickly in 1 M KOH solution as mentioned in earlier literature by several research 

groups.10,68 Additionally, S50P50-OH and S50P50-P25-OH membranes were also treated with 

2 M KOH for 500h at 60 °C, and they show exceptional alkaline stability even at 2 M KOH 

(no detectable change in the colour of membranes). Therefore, hydroxide ionic conductivity 

measurement was performed for these two membranes after treating with 2 M KOH for 500h 

at 60
 
°C, and compared with the freshly alkali treated membranes conductivity at 2 M KOH 

(see Figure A4.12 and Table A4.2, Appendix 4). Once again, a very small loss in 
 values 

are observed after long hour of treatment in 2 M KOH at 60
 
°C attributing superior stability of 

our membrane. Gravimetric analysis was also performed before and after alkaline stability test 

for S50P50-OH and S50P50-P25-OH membranes at both 1 M and 2 M aqueous KOH solution 

[Figure A4.13(A) & (B), Appendix 4]. Very minor (less than 5%) weight changes of the two 
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above mentioned AAEMs are noted after alkaline stability test for 500h both in 1 M KOH and 

2 M KOH reinforces our all-other data with regards to excellent alkaline durability of the 

membranes.  

 

Figure 6.4. (A) Hydroxide ionic conductivity and (B) thermal stability of the ionically 

crosslinked AEMs after 500 h alkaline treatment with 1 M KOH at 80 °C. TGA data are 

compared with freshly alkali treated membranes. The comparison of 
at 90 °C between 

freshly prepared sample and samples after 1 M KOH treatment for 500 h at 80 °C is shown in 

Figure A4.12. 

Table 6.2. Comparison of 
 and IEC values of membranes before and after 1 M KOH 

treatment for 500 h at 80 °C. 

Sample 

identity 

OH- 

conductivity  

(mS/cm) at 

90 °C a 

OH-

conductivity  

(mS/cm) at 90 

°C after 500h 

treatment in 1 

M KOH 

Decrease in 


after 

500 h (%) 

Titrated 

IEC 

(meq/g) 

Titrated 

IEC (meq/g) 

after 500h 

treatment in 

1 M KOH 

Decrease 

in 

IECafter 

500 h (%) 

S70P30-OH 129 118 8.52 2.39 2.25 5.85 

S50P50-OH         

S30P70-OH 

108 

70 

97 

61 

10.18 

12.85 

1.82 

1.48 

1.69 

1.37 

7.15 

7.43 

S50P50-P10-

OH 
112 102 8.92 2.16 2.01 6.94 

S50P50-P25-

OH 
117 108 7.70 2.37 2.21 6.75 

S50P50-P40-

OH 
88 75 14.77 2.65 2.43 8.30 

a Values obtain from Figure 3(A). 
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Thermal transition and mechanical properties of the membranes 

Temperature dependent dynamic mechanical analysis of all the ICL membranes were measured 

using the dynamic mechanical analyser (DMA) and the various parameter [storage modulus 

(E’), loss modulus (E”) and Tan against temperature plots are shown in Figure 6.5(A) and 

Figure A4.14, Appendix 4. Among the three ICL AAEMs, S50P50-OH exhibits highest 

storage modulus and S30P70-OH exhibits lowest storage modulus. The reason might be that 

some portion of the non-hydrogen bonded ‘N-H’ of PyPBI polymer backbone still remains 

unreacted due to the lack of spiro-ionene quaternary ammonium functionality in the blend 

composition in case of S30P70-OH membrane, resulting less storage modulus owing to the less 

cross-linking. S70P30-OH exhibits moderate storage modulus and S50P50 OH showing the 

highest due to the formation maximum crosslinking of 1:1 blend composition. Storage modulus 

data (Table A4.3) clearly suggests that mechanical strength of the membranes becomes poorer 

at higher temperatures for example, Eʹ of all the samples decrease drastically beyond 400 °C 

(see Table A4.3). This is due to the degradation of spiro ionene polymer (SP) present in the 

membrane. Interestingly, S30P70-OH membrane Eʹ at 400 °C is more than other two samples 

as it contains 70 wt % of PyPBI in the composition which is quite stable up to 550 °C. However 

porous ICL membranes DMA data shows the decrement in Eʹ values with respect to pristine 

S50P50-OH and the decrement increases with increasing porogen content from 10 wt% to 40 

wt%. This may be due to the increased porosity causing more swelling in water and KOH of 

these membranes (see Table 6.1) and therefore increases membranes flexibility but decreases 

the storage modulus.  

 

Figure 6.5. Storage modulus (Eʹ) vs temperature plot (A) and stress-strain plot (B) of ionically 

crosslinked hydroxide form membranes. 
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Loss modulus (E”) and tan δ plots of all the above AEMs are shown in Figure A4.14 

and the Tg values obtained from these are tabulated in Table A4.3 of Appendix 4. The glass 

transition temperatures (Tg) values of the pyridine-bridged polybenzimidazoles are reported to 

be in between 350 °C to 450 °C depending on the polymer structure and molecular weight.48 

For the ICL AAEMs, both porous and non-porous samples the Tg varies between 340 °C to 385 

°C (see Table A4.3, Appendix 4). Tg increases a bit with increase in PyPBI polymer content 

in the membrane sample and it increases further by introducing porosity into the membrane 

with respect to samples of the alike composition (compare with S50P50-OH sample). 

Introducing crosslinking into the porous membrane ensembles structural ordering into the 

porous network, and this kind of porous morphology of the membranes decreases the free 

volume fraction of the polymer and hence requirement of a higher temperature to cause the free 

volume segmental mobility of the polymer chains,69 resulting higher (Tg) value with increasing 

porosity.  

Figure 6.5(B) shows the stress-strain profiles of all the water doped ICL membranes 

and various data like tensile strength and elongation at break (%) obtained from these plots are 

listed in Table 6.3. Among the three non-porous AAEMs, S50P50-OH yields much higher 

tensile stress which is in the agreement with higher storage modulus from DMA as compared 

to other membranes. This is due to the maximum crosslinking because of 1:1 composition of 

SP and PyPBI which enables maximum formation of ammonium-imidazolate complex. Tensile 

stress is less for S30P70-OH alike with the trend obtained from DMA storage modulus value 

(at 100 °C) as some of the N-H groups of PyPBI remain free and cannot take part in 

crosslinking. Elongation at break value is higher for S70P30-OH membrane due to its higher 

water uptake and KOH uptake among the three AAEMs because more hydrophilicity 

introduced in the membrane which makes the membrane flexible with respect to other 

membranes. As water and KOH uptake of S30P70-OH is less among the three membranes thus 

it exhibits less elongation at break value.  

Stress-strain profiles of the porous ICL membranes are also quite promising [Figure 

6.5(B)] though the tensile properties (Table 6.3) show a bit decrease compared to non-porous 

composition samples because water uptake and KOH uptake increases significantly after 

porosity formation (see Table 6.1) which is responsible for decrement in tensile stress of the 

porous AAEMs. Due to the increased porosity S50P50-P40-OH membrane swells excessively 

in presence of aqueous KOH and water which results decrement in membranes mechanical 

properties significantly, also resulted lower storage modulus value as obtained from DMA 
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analysis (Figure 6.5A) and Table A4.3, Appendix 4. Overall, the mechanical study data (both 

DMA and stress-strain) clearly suggest that these membranes are suitable to be used as 

promising materials for AAEM. 

 

Table 6.3. Tensile strength & Elongation at break data of all the AEMs obtained from stress-

strain profiles. 

Sample identity Tensile Strength 

(MPa) 

Elongation at 

break (%) 

S70P30-OH 

       S50P50-OH 

       S30P70-OH 

    S50P50-P10-OH 

    S50P50-P25-OH 

29.70 (±0.5) 

35.23 (±0.5) 

25 (±0.5) 

16.77 (±0.5) 

9.5 (±0.5) 

37.14 (±3) 

34.06 (±2) 

26.6 (±2) 

25.5 (±1.5) 

14.96 (±1.5) 

  S50P50-P40-OH 6.90 (±0.5) 10.35 (±2) 

 

Membranes performance on alkaline water electrolysis 

A membrane electrode assembly (MEA) was fabricated (pictorially shown in Figure 6.6B) 

using the few representative membranes, which are developed in this work, to demonstrate the 

suitability of electrolyzer applications. The MEAs were obtained by sandwiching the 

membrane between the anode and cathode electrodes. On both the electrodes, platinised carbon 

was used as the catalyst and Nafion solution as a binder. The catalyst ink was prepared by 

mixing 40 wt % of platinised and 7 wt % Nafion solution suspended in isopropyl alcohol. An 

equal amount of membrane ionomer solution was added for improving the binding between 

the electrodes and the membrane and sonicated for 30 minutes. The slurry was brush-coated 

manually on the microporous layer of a gas diffusion layer (GDL) of thickness 0.37 µm and 

area 4 cm2. Finally, it was dried at 60 ºC for 30 minutes to achieve a catalyst loading of 0.5 mg 

cm-2 on the electrodes. MEAs were evaluated with parallel serpentine flow field machined on 

graphite plates in electrolyzer mode at 60 ºC. 1 M KOH electrolyte solution was circulated at 

a flow rate of 24 mL/min on both the electrodes. The polarisation behaviour of the electrolyzer 

was obtained using Biologic VMP 300 as shown in Figure 6.6(A & B). It is clear from Figure 

6.6(A), the best performance is shown by S70P30-OH membrane and achieve a current density 
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of 100 mA cm-2 at 2.6 V, which is in well accordance with the trend obtained from the OH- 

conductivity of the membranes. Also, significant improvement in electrolysis performance 

could be observed from S50P50-OH membrane to S50P50-P25-OH membrane which is again 

in agreement with their trends of OH- conductivity values. The porous membrane (S50P50-

P25-OH) exhibits a current density of 100 mA cm-2 at 3.9 V whereas the non-porous (S50P50-

OH) shows only ~ current density 50 mA cm-2 at 7 V. Similarly, the other porous membrane 

S50P50-P10-OH shows better performance than S50P50-OH but lower than S50P50-P25-OH. 

These results clearly attribute the effect of membrane structure and hydroxide conductivity on 

the performance of membrane as AAEM in water electrolyzer.  

 

Figure 6.6. (A) The current-voltage characteristic behaviour of MEA, made from different 

AAEM, in alkaline water electrolyzer. (B) Experimental setup for membrane testing in 

electrolyzer mode. 

 

A comparison of the current results with literature report 

We have made an effort to put up a comparative perspective of the current work with the 

already reported data (see Figure 6.7 and supporting information Table A4.4, Appendix 4). 

The comparison results clearly indicate that our membrane has promising IEC and hydroxide 

conductivity at room temperature and 80 °C. Our hydroxide conductivity values are one of the 

best among the reported data. There are only few reports in which ˃100 mS/cm hydroxide 

conductivity have been reported so far. The present work membranes come under this category 

with very high IEC values and alkaline stability along with good dimensional stability as 

discussed throughout the manuscript. It is to be also noted that, our current membranes have 

displayed very high alkaline stability in 1 M KOH at 80 °C for prolong treatment period (960 
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h), and even in 2 M KOH for 500 h, and show significantly high thermal, mechanical/tensile 

stability.  

 

Figure 6.7. Currently obtained OH- conductivity and IEC value of S70P30-OH membrane in 

a comparison with literature reported quaternary ammonium (QA) and N-Spirocyclic 

quaternary ammonium (NSQA) based membranes.  

 

Conclusion 

Ionically crosslinked alkaline anion exchange membranes (AAEMs) with improved properties 

have been developed from the blends of different wt% of PyPBI and spirocyclic polymer (SP), 

and further porosity has been introduced in the membrane to enhance the properties of AAEM. 

The formation of ammonium-imidazolate complex among the constituent polymers as 

confirmed by the FT-IR analysis is found to be the driving force of the ionic crosslinking in 

the membrane. The current results also confirmed that the introduction of porosity did not affect 

the structural integrity of the ionically crosslinked membrane. The highest hydroxide ionic 

conductivity of 129 mS/cm at 90 °C and highest IEC (2.39 meq/g) have been achieved for the 

membrane with 70% SP and 30% PyPBI as this membrane has highest KOH uptake among all 

the other membranes composition. Introduction of porosity in the crosslinked membrane is 

found to improve the hydroxide conductivity along with IEC value. All the membranes showed 

very good thermal stability though the degradation temperature displays the dependence on the 

blend composition and porogen content of the membrane. The alkaline stability test at harsh 
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alkaline condition proved the long-term chemical stability of the membranes. Even after 960 h 

of alkaline treatment in 1 M KOH at 80 °C, all the membrane maintained their structural 

integrity and showed negligible (less than 10%) decrease in hydroxide conductivity. Further, 

alkaline stability test in 2 M KOH solution at 60 °C for few representative samples showed the 

retention of ~80% of their OH- conductivity value after 500 h of alkaline treatment. Thermo-

mechanical analysis and stress-strain studies confirmed very high mechanical stability of all 

the membranes, though among the membrane when composition is 1:1, the stability found to 

be the best because of the highest degree of crosslinking. Also, our membranes found to be 

suitable for alkaline water electrolysis, the best performance is obtained from S70P30-OH 

membrane which showed a current density of 100 mA cm-2 at 2.6 V. Overall, the current work 

clearly showed that the membranes developed in this work have very high hydroxide 

conductivity, excellent alkaline stability even at harsh condition and higher temperature, and 

finally very robust mechanical stability. Therefore, we believe this new strategy of membrane 

development would be useful in the production of AAEMs for alkaline electrochemical 

applications. 
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Abstract 

In this study, we have functionalized the surface of graphene oxide (GO) nanosheets by grafting 

polymeric ionic liquid (PIL) chains of verities of structures and then utilized PIL-g-GO 

materials as nanofiller with poly(butylated pyridinium benzimidazolium)iodide (PyPBI-BuI-

OBA) in order to prepare hydroxide ion conducting mixed matrix alkaline anion exchange 

membranes with multiple ion exchange sites. Three different ionic liquid based monomers 

namely [2-(methacryloyloxy)ethyl]trimethylammonium chloride (MATMA), 3-butyl-1-

vinylimidazolium iodide [VImBu][I] and 1-butyl-2-methyl-1-(4-vinylbenzyl)imidazolium 

iodide [VBImBu][I] were polymerized on the activated GO surface via surface initiated 

reversible addition fragmentation chain transfer process to obtain three different types of PIL 

grafted GO namely pMATMA-g-GO (GOPIL1), pVImBu-g-GO (GOPIL2) and PVBImBu-g-

GO (GOPIL3). Exfoliation of GO sheets upon grafting of PIL was observed and were verified 

from the electron microscopic studies. The grafted PIL chains found to have narrow 

polydispersity (Đ) and precise control over the molecular weight confirming the grafting 

through SI-RAFT polymerization. Amount of polymer grafted on the GO surface were 

obtained from TGA analysis and strong dependence on polymer structure were found. The 

mixed matrix membranes (MMMs) were prepared by solution blending of PyPBI-BuI-OBA 

with varying loading of GOPIL materials and then MMMs were immersed in KOH in order to 

develop alkaline anion exchange membranes (AAEMs) containing of imidazolium, pyridinium 

quaternary ammonium ion exchange sites. Among all AAEMs with 2 wt% GOPIL2 and GPIL3 

exhibited superior hydroxide ion conductivity of 137 mS/cm and 127 mS/cm, respectively at 

80 °C. These mixed matrix AAEMs displayed no noticeable change under alkaline stability 

treatment for prolong time at elevated temperature in 1 M and 5 M KOH. The structural, 

chemical, thermal, mechanical and conducing properties of the membranes remained unaltered 

after alkaline treatment at elevated temperature. These AAEMs exhibited ~90% and ~80% 

retention of IEC and ~90% and ~70% retention in OH- conductivity after alkaline treatment in 

1 M KOH, at 60 °C for 500 h and in 5 M KOH, at 60°C for 375 h, respectively. To the best of 

our knowledge, this will be the first report on utilization of surface PIL grafted GO nanosheets 

in a AAEM. 

Introduction 

Electrochemical devices consist of alkaline anion exchange membrane (AAEM) as electrolyte 

separates electrodes is considered as the most promising device for the use as fuel cell and 
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electrolyzer in order to generate clean electricity from H2 and produce green H2, respectively 

and has drawn significant popularity among the scientists in the past two decades.1,2 In 

comparison to conventional proton exchange membranes based electrochemical devices, 

AAEM based devices has many advantages including enhanced oxygen reduction kinetics, 

utilization of non-noble metal like Co, Ni catalysts which helps in cost reduction along with 

better cell performance.3,4 Several research groups have focused on the development of large 

variety of AAEM in past couple of years. The main challenge associated with the development 

of AAEM is to prepare AAEM with high hydroxide conductivity and long term durability 

under strong alkaline environment.5 In addition to these, an efficient AAEM must possess good 

thermal stability, high mechanical robustness, chemical stability and high ion exchange 

capacity (IEC).6 The alkaline stability of the AAEM is primarily influenced by the types of 

cationic groups which are tethered into the polymer for the reaction of anion exchange sites 

along the polymer backbone structure, and hence development of AAEM with a delicate 

balance of cationic group and polymer structure remains a major challenge.  

Polymer backbone structures such as poly(aryl ether),7 poly(arylene ether sulfone),8 

polysulfone,9 poly(ether ether ketone),10 polyethylene,11 poly(phenylene oxide),12 

poly(styrene-co-vinylbenzyl chloride),13 poly(vinylbenzyl chloride),14 polybenzimidazole,15,16 

fluorinated polymers17 are utilized so far in literature for the development of AAEM. These 

polymeric structures can be easily tethered with various types of cationic functionalities such 

as pyridinum,18 piperidinium,19 pyrrolidinium,20 azepanium,21 morpholinium,21 

quinuclidinium21 quaternary ammonium (QA),22–24 phosphonium,25 tertiary sulfonium,26 

imidazolium,27-30 guanidinium,31 in their backbone to develop AAEM. In order to increase the 

hydroxide conductivity of the AAEM, the ion exchange capacity (IEC) of the membranes can 

be improved through multiple structural modifications by the introduction of more labile ion 

conducting groups into the polymer backbones. However, such processes can lead to the 

excessive swelling of the membrane resulting poor dimensional stability and hence deteriorates 

the overall durability of the membranes despite of increment in OH- conduction.32 To mitigate 

these problems researches have come up with various pathways over the years such as: cross-

linking of polymer chains to develop robust AAEM,33 steric protection in the polymeric 

backbone to restrict attack by alkali, various structural modifications of the polymer structures 

via grafting different types chains,34 and development of inorganic-organic composite 

membranes.5,35  
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The addition of inorganic nano materials into the polymer membrane has significant 

advantages in terms of enhancement of ionic conductivity and chemical stability of the ion 

exchange membranes. Over the past decades, we have demonstrated that the use of verities of 

inorganic fillers with polybenzimidazole (PBI) can significantly improve the PBI based PEM 

properties.36-38 In our previous work we found the polymer-grafted-graphene oxide (polymer-

g-GO) is very effective nanofiller in improving the PBI based PEM properties significantly 

(see Chapter 5). We noticed that grafting of polymer chain on the GO surface significantly 

enhances the dispersibility of the GO in the common organic solvent and also facilities the 

formation of composite with PBI provided the grafted polymer chain has strong interaction 

with PBI (see details in Chapter 5). Therefore, in order to grow polymer chains on the GO 

surface grafting from reversible addition fragmentation chain-transfer (RAFT) 

polymerization technique has been found to be the most effective in our previous work. 

As mentioned earlier in the discussion, the increase of number of ion exchange sites by 

tethering multiple cationic site in the polymer backbone can significantly improve the AAEM 

efficiency but it is also a fact that tethering many ion exchange site can also enhance the 

possibility of membrane degradation. Therefore, if one can bring the ion exchange site via 

making composites where nanofiller contributes to enhancing the ion exchange site both 

stability and IEC can increase without any compromise. Considering this fact, we plan to 

polymerize three different sets of ionic liquid monomers namely [2-

(methacryloyloxy)ethyl]trimethylammonium chloride (MATMA), 3-butyl-1-

vinylimidazolium iodide [VImBu][I] and 1-butyl-2-methyl-1-(4-vinylbenzyl)imidazolium 

iodide [VBImBu][I] via SI-RAFT polymerization on GO using “grafting from” approach to 

obtain three different types of PIL grafted GO namely pMATMA-g-GO, pVImBu-g-GO and 

pVBImBu-g-GO and characterized through various techniques. We have chosen the monomers 

in such a way through which we can incorporate hydrophilic quaternary ammonium (QA) and 

imidazolium (Im) cationic functionalities tethered with the surface functionalized PIL-g-GO 

nanosheets in order to improve the hydrophilicity and dispersion nature of the materials in 

various polar solvents, also the grafting of cationic sights comprised of PIL chains in the PIL-

g-GO surface can contribute significantly towards the generation of more ion exchange sites 

for OH- conduction into the mixed matrix AAEMs. 

Further, we impregnate these three sets of PIL-g-GO materials as nanofillers into the 

poly(alkylated pyridinium benzimidazolium) iodide [PyPBI-BuI-OBA] membrane matrix then 

multicationic mixed matrix alkaline anion exchange membrane (MMAAEM) have formed with 
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improved ionic conductivities. Utilization of surface PIL grafted GO nanosheets as efficient 

nanofiller with any polymer membrane supported matrix have never been explored before in 

literature. To the best of our knowledge this will be the first report on utilization of PIL-g-GO 

materials to develop efficient mixed matrix hydroxide conducting AAEMs for potential 

applications in multiple electrochemical devices. 

Experimental Section 

Synthesis of graphene oxide (GO), amine modified GO (GO-EDA), [3-

benzylsulfanylthiocarbonylsufanyl-propionic acid] or BSPA RAFT agent, activation of BSPA 

RAFT agent and its covalent attachment to GO surface in order to synthesize GO-BSPA were 

performed and are discussed in details in the Chapter 5. Synthesis of 3-butyl-1-

vinylimidazolium iodide [VImBu][I] and 1-butyl-2-methyl-1-(4-vinylbenzyl)imidazolium 

iodide [VBImBu][I] was performed following literature reported procedure and 

characterization data are given in the Appendix 5 (Figure A5.1, A5.2). Synthesis of PyPBI 

polymer was adapted from literature and given in the Chapter 2. 

Synthesis of pMATMA-g-GO, pVImBu-g-GO and pVBImBu-g-GO via RAFT 

polymerization 

In a typical SI-RAFT polymerization of GO in order to graft polymer chains on the 

functionalized GO surface, 150 mg (17.4 µmol) of GO-BSPA was dispersed in 4 mL of water: 

ethanol (3:1 w/v) mixture in a 25 mL Schlenk tube. 4.5 mg (17.4 µmol, 1eq) of BSPA and 1.5 

mg of AIBN (8.7 µmol, 0.5eq) were also added in the reaction medium. After that, calculated 

amount of [2-(methacryloyloxy)ethyl]trimethylammonium chloride (MATMA) or 3-butyl-1-

vinylimidazolium iodide [VImBu][I] or 1-butyl-2-methyl-1-(4-vinylbenzyl)imidazolium 

iodide [VBImBu][I] monomer (calculated amount to grow polymer of targeted chain lengths 

on the GO surface) were then added into the reaction mixture to grow three different polymers 

of targeted chain length on the GO surface. The Schlenk tube was then sealed with a rubber 

septum and subjected to sonication for 5 minutes, and stirred for 10 min for homogeneous 

dispersion of all the reactants present in the mixture. After that the Schlenk tube was subjected 

to undergo 3 freeze-thaw cycles to ensure complete removal of O2, dissolved air and absorbed 

moisture from the reagent and solvent mixture. Furthermore, the tube was back filled with N2 

to maintain inert atmosphere and kept under stirring at 75 °C for 18 h. Upon the completion of 

18 h, the reaction was quenched using liquid N2 and was exposed to air for termination of the 

growing polymer chains. Liquid N2 helps to freeze the propagating radicals present in the 
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Scheme 7.1. Schematic representation for the polymerization of various monomers on the GO 

surface using grafting from approach of SI-RAFT polymerization process.  
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reaction mixture and exposure them to air which terminates the reactive radicals responsible 

for propagation of the polymer chain growth. Finally, the obtained polymers were precipitated 

in acetone and the precipitate was filtered and washed with ethanol-water mixture followed by 

re-precipitated in acetone. The surface grafted polymers were then kept at vacuum oven at 50 

⁰C overnight for drying. The GO surface modified polymers are abbreviated as pMATMA-g-

GO (GOPIL1), pVImBu-g-GO (GOPIL2) and pVBImBu-g-GO (GOPIL3) and schematically 

represented in the Scheme 7.1. The obtained molecular weights and polydispersity index of 

the GO surface modified polymer chains are given in the Table 7.1. 

 

 Synthesis of poly(butylated pyridinium benzimidazolium) iodide [PyPBI-BuI-OBA] 

Following a procedure reported in our previous work,15 1.0 g (1.80 mmol) of PyPBI-

OBA polymer we have dissolved into 60 mL of dry DMSO at 80 °C temperature and the 

dissolved solution was then transferred in a 100 mL round bottom flask fitted with a reflux 

condenser. Inert atmosphere was maintained throughout the reaction process under N2 purging. 

After dissolving, the polymer solution was kept for cooling until it comes to ambient 

temperature. After that, a required amount of sodium hydride (0.0867 g, 3.61 mmol) was added 

into the solvent reaction mixture, and temperature was raised to 80 °C. Under such condition, 

we kept the reaction mixture under stirring for 12 h, followed by cooling into the room 

temperature. Into this solution mixture, a required amount of butyl iodide (BuI=1.663 g, 9.05 

mmol) was then added and the stirring was further continued for 4 h at 80 °C. The molar ratio 

of the polymer, alkyl iodide and sodium hydride was maintained as 1:5:2. After 4h we again 

added same amount of butyl iodide, and the reaction mixture was kept under stirring at 80°C 

for prolong 16 h. After completion of the reaction, the entire reaction mixture was dropwise 

poured into the water which generated a reddish brown coloured precipitation. The precipitate 

was then filtered off and repeatedly washed Millipore water several times for total removal of 

excess NaH or butyl iodide present in the precipitated product. Finally, the PyPBI-BuI-OBA 

polymer (Scheme 7.2) was kept for drying under vacuum oven at 60 °C for overnight, and the 

dried alkylated polymer was kept in vacuum desiccator for future use. The 1H-NMR spectra 

with individual peak assignments is given in the Figure A5.3. 
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Scheme 7.2. Synthesis of poly(alkylated pyridinium benzimidazolium) iodide (PyPBI-BuI-

OBA). 

Preparation of [GOPIL@PyPBI-BuI] multicationic mixed matrix membranes 

polymeric ionic liquid (PIL) grafted GO materials, pMATMA-g-GO (GOPIL1), 

pVImBu-g-GO (GOPIL2) and pVBImBu-g-GO (GOPIL3) were introduced as nanofiller 

materials into poly(alkylated pyridinium benzimidazolium) iodide (PyPBI-BuI-OBA) in order 

to prepare GOPIL loaded mixed matrix composite anion exchange membranes utilizing 

solution casting blending method. We have varied the content of GOPIL materials (GOPIL1, 

GOPIL2 and GOPIL3) loading from 1 wt% to 2 wt % with respect to the PyPBI-BuI-OBA 

weight to fabricate the MMAAEMs. All the GOPIL samples and calculated amount of PyPBI-

BuI-OBA were mixed together in presence of dimethyl sulfoxide. Finally, the solution mixture 

was stirred for 24 h -36 h at room temperature to form a homogeneous dispersion of GOPILs 

in the alkylated PyPBI matrix which was then poured on to a glass petri dish followed by 

gradual evaporation of DMSO at 80 °C for 24 h. The formed homogeneous composite 

MMAAEMs were then peeled off and vacuum dried at 100 °C for 24 h to remove the traces of 

the solvent and absorbed moisture. The obtained mixed matrix anion exchange membranes 

(MMAAEMs) in their iodide form GOPILX-Y%(I), where X indicates the type of grafted 

polymer chains (for example 1 means pMATMA chains grafted on GO), Y indicates the % of 

loading and (I) means the membrane in iodide form. Six membranes were prepared and named 

as GOPIL1-1%(I) and GOPIL1-2%(I), GOPPIL2-1%(I) and GOPIL2-2%(I), GOPIL3-

1%(I) and GOPIL3-2%(I), respectively.  

 

Exchange of iodide (I-) with (OH-) ion to prepare hydroxide doped membranes 

The obtained GOPILs loaded multicationic mixed matrix composite AAEMs were kept 

immersed into 1 M KOH aqueous solutions at 30°C for 24 h to convert the membranes from 

iodide (I-) form to hydroxide (OH-) form. Then, the OH- form membranes were thoroughly 

washed with DI water repeated times to remove excess KOH present on the surface of the 
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membranes. These membranes were soaked in DI water for 24 h prior to conductivity 

measurement and other experimental analysis. All the six iodide form membranes were 

converted to OH- doped membranes and they are symbolised as GOPIL1-1%(OH) and 

GOPIL1-2%(OH), GOPPIL2-1%(OH) and GOPIL2-2%(OH), GOPIL3-1%(OH) and 

GOPIL3-2%(OH). 

 

Result and discussion 

Grafting of Polymeric ionic liquid on the GO surface: 

The grafting of polymer on the GO surface has been carried out in a multiple steps: first the 

GO surface is activated with the RAFT agent to make the surface polymerizable (see details in 

Chapter 5) and then the polymerization is carried out. The grafting process is schematically 

shown in the Appendix 3 and Scheme 7.1. The obtained products are thoroughly characterized 

as described below. 

The FT-IR spectra of the synthesized GO, GO-EDA and GO-BSPA samples are already 

discussed in details in the Chapter 5, and the FT-IR of PIL-g-GO samples (GOPIL1, GOPIL2 

and GOPIL3) are given in the Appendix 5, Figure A5.4. After surface grafted polymerization 

in the GO-BSPA all the characteristics peaks of surface functionalized GO is found to be 

present in the polymer modified samples with generation of few new peaks due to the 

functional groups presence in the grafted polymer chains. The peak at 1726 cm-1 appears in the 

pMATMA-g-GO (GOPIL1) sample due to the –C=O stretching of -COO functional group 

present in the polymer structure,39,40 and we also observed spectral broadening in the FI-IR 

signal due to the polymer grafting in the GO-BSPA surface. In case of pVImBu-g-GO 

(GOPIL2) sample, the imidazole ring vibrations at 1500 cm-1 and 1450 cm-1 41 merges with the 

RAFT modified GO signals and appears as broad signals. In the pVBImBu-g-GO (GOPIL3) the 

appearance of relatively more signals are occurred due to the presence of C-C and C-H 

stretching vibration of aromatic benzylic moiety.42,43 In case of all the PIL-g-GO samples, the 

aliphatic C-H stretching frequency is observed at 2860-2930 cm-1 due to the presence of the 

EDA structure in the surface modified GO. Also, the amide –C=O stretching of GO-EDA at 

1660 cm-1 is present in all the three GOPIL samples which indicates that the amine modified 

GO nanosheets backbone structural identity remains even after polymer grafting. 

The TGA plots of GO-BSPA and the surface polymeric ionic liquid modified GO 

samples (GOPIL1-GOPIL3) are represented in the Figure 7.1(A). The TGA data of the GO, 
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GO-EDA and GO-BSPA samples are discussed in details in the Chapter 5. The calculated 

grafting density of the attached RAFT on the GO surface is given in Table 7.1. The calculation 

is carried out from the wt% difference obtained from TGA. In the PIL-g-GO samples the 

thermal degradation is increased compared to GO-BSPA after grafting of PIL chains on the 

GO-BSPA surface, but all the GOPIL materials are stable up to 250-300 °C [Figure 7.1(A)] 

and the main degradation of the surface grafted PILs is started after 220 °C followed by gradual 

thermal degradation up to 400 °C. We have calculated the grafting density of the PIL chains 

on the GO surface by from TGA analysis. The maximum polymer grafting density of 260.08 

mg/g (Table 7.1) of GO was observed for GOPIL3 polymer. Therefore, it is clear from the 

Table 7.1 data that the type of polymer chain grafted on the surface has a strong influence on 

the amount of polymer which can be attached to the surface. 

Gel permeation chromatography (GPC) of GOPIL1-GOPIL3 were performed after 

chemical treatment of the PIL grafted GO samples with N-hexylamine (5-fold excess) in 

presence of sodium dithionite (Na2S2O4) in HPLC water medium. The resulted chemical 

environment causes breaking of the trithiocarbonate bond linking between the grafted polymer 

chains with the GO surface and liberates the free polymer chains in the solution mixture44 (see 

Chapter 5). The bare polymer chains were then purified and the molecular weight of each bare 

polymer chain was measured by GPC analysis using HPLC water as eluent solvent [Figure 

7.1(B)] and the molecular weights are tabulated in the Table 7.1. The molecular weights of the 

GO surface grafted polymers are in agreement with the targeted molecular weight of each of 

the individual polymers. We have targeted ~20000 KDa molecular weight for all the three 

GOPILs and Table 7.1 data show that almost similar molecular weight obtained with all 

GOPILs. Also, the samples display very narrow polydispersity index (Đ) which is a direct proof 

that the surface polymer grafting taken place via RAFT polymerization. To further check the 

successful grafting of three different type of polymer chains on the GO surface we have 

performed the Brunauer–Emmett–Teller (BET) N2 sorption analysis at the GOPIL samples 

[Figure A5.5]. The PIL-g-GO samples show a well-defined type-IV isotherm and the obtained 

surface area of GOPIL1, GOPIL2 and GOPIL3 are 30.351, 29.938 and 28.717 m²/g, 

respectively, which are much less than the GO surface area 192.357 m2/g (Chapter 5). The 

remarkable decrement in the surface area is a direct consequence of the PIL modified exfoliated 

GO nanosheets where after the surface polymer modification the interlayer spacing between 

the GO nanosheets are entirely covered by the surface grafted polymeric ionic liquids resulting 

significant exfoliation in the GO nanosheets.  
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Figure 7.1. (A) TGA of polymeric ionic liquid modified GO (GOPIL1, GOPIL2, GOPIL3) 

along with GO-BSPA for comparison. (B) GPC plots of the PIL chains which are detached 

from the surface of GO after treating the GOPIL samples with cleaving agent. (C) Raman shifts 

of GO, surface functionalized GO and GOPIL samples. 

 

The Raman spectra of GO and GO-EDA is already discussed in the Chapter 5. Raman 

spectra of GO-BSPA shows that ID/IG value is 1.18, which indicates the decrease of in-plane 

sp2 structure and formation of more ordered structure compare to bare GO which has ID/IG 

value 1.025.  No notable change in the ID/IG values is observed for the PIL-g-GO samples 

instead slight decrease in ID/IG is noticed in GOPIL samples (0.9-1.1) which attributes that the 

ordered structure of the reduced GO is preserved after surface grafting of polymer45 [Figure 

7.1(C)]. 
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Table 7.1. Physical properties of the surface functionalized PIL grafted GO samples. 

 

The FESEM and TEM data of GO and the GO-BSPA samples are given in the Chapter 

5 along with related discussion. FESEM of the GOPIL samples are represented in the Figure 

7.2(A-C) and Figure A5.6-A5.8 of Appendix 5. The PIL-g-GO samples exhibits entirely 

different morphology compared to GO and GO-BSPA (compare with Chapter 5), where the 

grafted polymeric IL chains covered the entire surface of the GO and hence the sheets become 

thick and dense with increased surface roughness, which is a direct proof for the GO surface 

modification with the PIL chains (Figure 7.2A-C). Morphology along with EDX elemental 

analysis of GOPIL1 clearly demonstrates that the GO surface becomes comparatively more 

thick, dense, rough and exfoliated after PIL grafting. Similarly, in case of GOPIL2 the grafting 

of dense pVImBu polymer layers has covered the entire GO surface which causes the increment 

in the nitrogen (N) content to 37.16 wt% obtained from the EDX analysis, due to the 

introduction of imidazolium functionalities through PIL grafting on GO surface. Similarly, GO 

surface exfoliation with thick polymer agglomeration is also observed in case of GOPIL3 

sample (Figure 7.2C and Figure A5.8). The overall nitrogen content slightly decreases in case 

of GOPIL1 and GOPIL3 compared to GO-BSPA because after polymer grafting the aromatic 

Sample name Sample type
a
 Remaining 

weight % 

at 700 °C 

(wt%) 

b
 

Grafting 

density
c 

(mg/g) 

𝐌̅n 

d
 

 

 

𝐌̅w 

e
 Ð 

f
 Zeta 

potential 

(mV)
g
 

GO-BSPA - 58.71 30.06 - - - -10.4 

GOPIL1 pMATMA115-g-GO 48.27 178.38 19876 20472 1.03 45.4 

GOPIL2 pVImBu132-g-GO 46.28 212.25 19996 21196 1.06 -52.5 

GOPIL3 pVBCImBu80-g-GO  43.47 260.08 20420 21236 1.04 67.5 

 

a 
sample type describes the chain sequence and the degree of polymerization for each random polymer included in the 

suffix which are obtained from the molecular weight measurements using gel permeation chromatography.  
b 

estimated from the TGA analysis (at 700 °C) and 
c 
Polymer content was obtained from the analysis of the TGA 

curves and expressed as amount (in mg) of polymer chains /g of GO-BSPA, in case of GO-BSPA polymer content 

represents the amount of RAFT agent on GO surface. 
d 

,
 e
  and

 f 
are determined by gel permeation chromatography of 

the GOPILs, and 
 g 

obtained from Zeta potential analysis. 
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functionalities present in the GOPIL1 and GOPIL3 polymers also contributes towards increase 

in the overall carbon contents of the polymers.  

TEM analysis of the PIL-g-GO (Figure 7.2D-F) display entirely altered morphology, 

all the GOPIL samples exhibit less transparent thick plates with dark contrast due to the 

polymer grafting. This demonstrates that the surface of the GO nanosheets sheets have been 

covered by pMATMA, pVImBu and pVBImBu polymers (Figure 7.2D-F). The PIL chains are 

not only grown on the surface of GO but also grown in between the surface of the interlayer 

sheets, which makes the GOPIL sheets thick and exfoliated with dark contrast. Also, the 

associated H-bonding between the intra and interlayered GOPIL nanosheets functional groups 

results partial intercalated structure in the PIL-g-GO samples.  

 

Figure 7.2. FESEM images of GOPIL1 (A), GOPIL2 (B), GOPIL3 (C). TEM images of 

GOPIL1 (D), GOPIL2 (E) and GOPIL3 (F).  

 

Dynamic vapour sorption (DVS) studies of the PIL-g-GO samples were performed and 

which shows that GOPILs samples has improved water sorption compared to GO due to the 

grafting of hydrophilic PILs on the surface Figure A5.9, Appendix 5. The water vapour 

sorption values of GOPIL1 is 0.0491 g of water/g of GOPIL1 which is due to the presence of 

primary and secondary ammines and quaternary ammonium functionalities in the GOPIL1. 

Similarly, for GOPIL2 and GOPIL3, the water sorption values are 0.0867 and 0.0731 g of 

water/g, respectively. The remarkably higher water sorption is due to the presence of primary 

and secondary ammines, and hydrophilic imidazolium ionic functionalities present in grafted 
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polymer chains which can form H-bonding interaction with the water molecules and can 

improve water sorption. Thus these results indicate the absorption of large quantity of water 

which might help in taking up more KOH and hence may results super hydroxide conducting 

AAEMs. 

We have also measured the Zeta potential of the PIL-g-GO samples in aqueous 

dispersion and presented in Table 7.1. The Zeta potential data implies that due to the strong H-

bonding interaction between the functional groups present in the GOPILs with the water 

molecules the dispersive nature of the polymer modified GO samples has improved much 

compared to bare GO (compare with Chapter 5). This in turn suggests a better stability of the 

PIL modified GO samples in aqueous dispersion. Hence, the hydrophilicity and the stability in 

the aqueous dispersion of the GOPIL materials makes them suitable choice for their utilization 

as nanofillers for developing AAEMs with high processability. 

 

GOPIL as nanofiller to make PyPBI/GOPIL nanocomposite based AAEM. 

We have extended our work in an aim to utilize these GO surface functionalized GOPIL 

materials as a nanofiller material for the preparation of hydroxide conducting mixed matrix 

AAEM (MMAAEM) with high mechanical durability, improved alkaline stability, very high 

hydroxide conductivity and to evaluate the role of the nanomaterials surface modification in 

improving overall polymeric membrane properties, more specifically their OH- conduction, 

chemical & mechanical stability. The solution casting blending preparation of the MMAAEM 

is described in the experimental section. All these different types of GOPIL namely GOPIL1, 

GOPIL2 and GOPIL3 were mixed with PyPBI-BuI-OBA in various wt% of loading in DMSO 

for 24 h followed by casting and evaporation of the solution to produce nanocomposite based 

AAEM and then these membranes were dipped into 1 M KOH convert into KOH doped 

AAEMs. The whole process is described in the experimental section. We have also 

characterized these membranes through various techniques to evaluate their performance as 

potential membrane material for the use as AAEM in fuel cell or water electrolysis. 

 

PXRD and thermal study 

The PXRD patterns of GO, GO-BSPA, GOPIL samples and the composites are given 

in the Figure 7.3A & B. The PXRD data of GO, GO-EDA and GO-BSPA samples are already 

discussed in details in the Chapter 5. GOPIL samples show diffraction pattern at 2 = 8.8-10.0 

⁰, corresponding to d value between 0.9-1.0 nm (Figure 7.3A). The decrease in the interlayer 
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spacing in the GOPIL samples compared to GO-BSPA (d = 1.17 nm) surface is a direct 

consequence of polymer grafting on the surface. This happens as grafted polymer chain helps 

in collapsing the spacing because of interaction. The PXRD pattern of PyPBI-BuOH-OBA 

exhibits a broad amorphous halo in the 2region between (⁰However, incorporation 

of GOPILs as fillers into the PyPBI-BuOH-OBA results significantly crystalline PXRD 

patterns with appearance of several new sharp  crystalline signals particularly peaks in the 2 

9.56⁰, 20° - 35⁰ and 42.80⁰ (marked with # in the Figure 7.3B). The peak at 9.56⁰ is due 

to the presence of GOPIL in the composite. both GOPIL and PyPBI-BuOH-OBA samples do 

not show any crystalline peaks but the presence of large number of sharp crystalline peaks in 

composite samples attributed generation of a certain structural ordering in the composite 

samples may be due to the generation of interfacial interaction between the GOPIL and the 

PyPBI-BuOH-OBA structural functionalities. This kind of crystallinity with ordered structure 

can assists the nanocomposite to accommodate more electrolyte into their interfacial region 

which helps in improvement of physical properties including ion conducting properties. 

The thermal stability of the alkylated PyPBI membranes and the GOPIL nanofiller 

loaded mixed matrix AAEMs (both I- and OH- form membranes) are given in the Figure 7.3 

(C, D) and Appendix 5, Figure A5.10. The alkylated PyPBI-OBA and the nanocomposite 

AAEMs exhibit exhibit similar type of thermal degradation. All the samples show two major 

degradation: the first major step is observed between 200 °C -300 °C which is due to the 

cleavage of the imidazolium rings and QA moieties present in the PyPBI backbone structure 

and in the GOPIL nanosheets, respectively,46,47 then the final degradation step is found above 

400 °C temperature which is the main chain decomposition of the polymer membrane.16,33 The 

GOPIL loaded (1 wt% and 2 wt%) membranes display slightly lower thermal stability with 

respect to alkylated PyPBI due to the degradation of the organic functionalities present in the 

PIL modified GO nanosheets. The hydroxide form membranes exhibit higher thermal stability 

than that of corresponding iodide from membranes which are clearly observed from the TGA 

plots represented in the Figure 7.3(C, D) and Appendix 5, Figure A5.10 because of OH- 

counter ions which displays higher thermal stability owing to the lower nucleophilic strength 

of the hydroxide ions.48 
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Figure 7.3. (A) PXRD plots of GO, GO-BSPA, GOPIL1, GOPIL2 and GOPIL3. (B) PXRD 

plots of PyPBI-BuI-OBA and GOPIL loaded mixed matrix membranes. (C, D) TGA plot of 

alkylated PyPBI and GOPIL2 and GOPIL3 loaded nanocomposite AAEMs of different loading 

wt% (both iodide and hydroxide form membranes). 

 

Morphological study  

The 2D surface morphologies of the GOPIL loaded MMAAEMs (iodide form membranes) 

have been analysed through atomic force microscopy (AFM) technique in order to evaluate the 

dispersion nature of the GOPIL nanofillers into the PyPBI-BuI matrix. Though PyPBI-BuI-

OBA shows a uniform featureless morphology (Figure A5.11A) whereas, GOPIL loaded 

membranes display dispersion of PIL-g-GO nanosheets in the samples with bright domains 

[Figure 7.4(A-C), Figure A5.11(B-D)].49,50 The appearance of brighter spots in the GOPIL 

loaded membrane surface is attributed to the incorporation of hydrophilic GOPIL nanosheets. 

It is to be noted that the size and intensity of the brighter spots in the AFM images increases 

with the increasing GOPIL loading and also depends on the nature of grafted polymer chain on 

the GOPIL. Due to the nanofillers incorporation, the membrane surface roughness also displays 
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remarkable enhancement after GOPIL loading (see Table A5.1, Appendix 5). The three 

dimensional (3D) AFM morphology along with the surface height profiles for all the GOPIL 

loaded membranes along with pristine PyPBI-BuI-OBA are given in the Figure A5.12 and 

A5.13. The surface roughness also greatly influenced by the GOPIL type and % of loading. 

The FESEM morphology of the GOPIL loaded composite AAEMs (iodide form 

membranes) are given in the Figure A5.14 – A5.16. which display formation of sponge like 

porous granular type rough membrane surface with dispersion of GOPIL nanofillers all over 

the surface. This kind of sponge like porous granular morphology development observed after 

performing butylation on the PyPBI-OBA matrix due to the formation of polymeric salt 

structure. After GOPILs loading into the PyPBI-BuI-OBA, the hydrophilic nanofillers becomes 

compatible with the PyPBI-BuI-OBA polymeric salt structure and a miscible blend surface 

morphology with sponge like porous granules formation is observed all over the matrix due to 

the compatibility between the polymeric matrix and the added nanofillers. Also, this feature 

increases with increasing GOPILs loading from 1 wt% to 2 wt% in the composite. Cross-

sectional FESEM analysis of the hydroxide form membranes also have been performed, which 

exhibit sponge like fibrillar morphology with generation of similar type of granular surface 

with presence of hydrophilic GOPILs in the membranes cross-section [Figure 7.4(D-F)]. This 

kind of porous sponge like nano granular generation with hydrophilic GOPIL incorporation in 

the surface and interfacial region can accelerate accommodation of significant amount of KOH 

molecules into the membrane matrix which can enhance the hydroxide ion conduction of the 

composite AAEMs significantly. In addition, the sponge like fibrillar morphology and the 

surface modified GOPILs incorporation in the membrane can result significant improvement 

in mechanical strength of the nanocomposite AAEMs. 

TEM analysis also has been performed for the hydroxide form membranes [Figure 7.4(G-

I)] and it display a highly dense polymeric network with dispersion of GOPILs all over the 

composite. Also, the hydroxide form composite AAEMs show generation of ionic clusters all 

over the sample after incorporation of KOH electrolyte which can effectively contribute 

towards high IEC (˃2.0 meq/g) and eventually superior OH- conduction of the membranes. 
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Figure 7.4. Surface AFM images of GOPIL2-2%(I), GOPIL2-2%(I), and GOPIL3-2%(I) (A, 

B, C). FESEM cross-sectional image of GOPIL2-2%(OH), GOPIL2-2%(OH) and GOPIL3-

2%(OH) (D, E, F). TEM images of GOPIL2-2%(OH), GOPIL2-2%(OH) and GOPIL3-

2%(OH) (G, H, I). 

 

Water uptake (WU), swelling ratio and ion exchange capacity (IEC): 

Water uptake (%), dimensional stability (measured in the form of swelling ratio) and IEC 

of the membranes are three important parameters need to be evaluated for their potential as 

AAEMs. The water uptake of the hydroxide treated dry composite membranes have been 

evaluated at 30 °C, 60 °C and 80 °C (Table 7.2). It is observed that, the water uptake increases 

with increasing temperature and also dependent upon both % of GOPIL loading and type of 

GOPIL. In all the cases composite membranes shows higher water uptake than the pristine 

polymer membrane because of hydrophilic nature of GOPIL. The swelling ratio (SWR) of the 

mixed matrix AAEMs also have been evaluated at 30 °C, 60 °C and 80 °C (Table A5.2, 

Appendix 5). All the GOPIL loaded AAEMs display much less swelling with respect to PyPBI-
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BuOH-OBA membrane despite of having high WU values due to the loading of GOPIL 

nanofiller, which helps in reducing the swelling of the AAEMs. Also, the SWR of the 

membranes decreases with increasing GOPIL filler loading and found to be not much 

dependent on the type of GOPIL. The results of ion exchange capacity (IEC) in milliequiv.g-1 

of 1 M KOH treated composite membranes are listed in Table 7.2. The results clearly indicate 

that both IEC of the membranes follows proportionality with the WU (%) values. Also, the IEC 

of all the composite AAEMs display much improved values with respect to the PyPBI-BuOH-

OBA due to the more electrolyte uptake into the membranes provided by GOPILs loading. The 

highest IEC value of 3.39 meq/g was observed for the GOPIL2-2%(OH) membrane. We have 

also estimated the IEC of the 1 M KOH treated samples after keeping them at 60 °C for 500 h. 

Interestingly, we did not find any notable change in the IEC values even after such a prolong 

alkaline stability test indicating superior stability of these GOPIL loaded membranes in harsh 

alkaline environment. 

Table 7.2. The IEC and water uptake of the PyPBI-BuI-OBA and GOPIL loaded anion 

exchange membranes. 

Sample 

identity 

Water 

uptake at  

30 ⁰C (%) 

Water 

uptake at 

60 ⁰C (%) 

Water  

uptake at  

80 ⁰C (%) 

IEC (meq/g) 

at  

 1 M KOH a 

IEC (meq/g) 

after alkaline 

stability 

treatment b 

PyPBI-BuOH-OBA 

GOPIL1-1%(OH) 

GOPIL1-2%(OH) 

GOPIL2-1%(OH) 

GOPIL2-2%(OH) 

GOPIL3-1%(OH) 

GOPIL3-2%(OH) 

3.52 

3.97 

4.04 

4.75 

7.00 

3.44 

8.00 

5.58 

6.01 

8.55 

6.51 

11.0 

6.32 

8.66 

7.33 

8.17 

10.16 

10.0 

30.0 

8.67 

10.66 

2.68 

2.87 

3.03 

3.07 

3.39 

2.96 

3.25 

2.39 

2.60 

2.78 

2.71 

3.11 

2.65 

2.91 

a IEC of freshly 1 M KOH treated membranes measured using titration method; b IEC measurement was 

carried out using titration method after membranes were treated with 1 M KOH at 60 °C for 21 days 

(500 h). 

Hydroxide conductivity of the AAEMs. 

The hydroxide ionic conductivity of the membranes is the key parameter which is 

significantly influenced by the water uptake and IEC values of the AAEMs and generally 
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follows proportionality relationship with them. The hydroxide conductivity of the PyPBI-

BuOH-OBA and the GOPILs loaded composite AAEMs have been measured after doping 

them in 1 M KOH solutions for 24 hours. Membranes were kept in water bath for 24 h at room 

temperature before measurement in order to remove the surface KOH of the membranes prior 

to analysis. The hydroxide conductivity of the AAEMs as a function of temperature is 

represented in Figure 7.5 (A-C). The OH- conductivity of all the composite AAEMs and the 

PyPBI-BuOH-OBA increases with the increasing temperature as with increasing temperature 

as expected from the increasing hydroxide ions mobility. Also OH- conductivity follows 

proportionality relationship with increasing IEC due to the enhancement of water uptake which 

contributes towards the enhanced local mobility of water and induced long-range ionic domain 

percolation.51 The OH- conductivity of PyPBI-BuOH-OBA is 82 mS/cm at 80 °C. All the 

composite AAEMs display improved OH- ion conduction over pristine PyPBI-BuOH-OBA 

membrane due to their improved IEC. Also with increasing GOPIL nanosheets loading from 1 

wt% to 2 wt% in the AAEMs, the OH- conductivity show significant enhancement. The 

GOPIL1-2%(OH), GOPIL2-2%(OH) and GOPIL3-2%(OH) membranes OH- conductivities are 113 

mS/cm, 137 mS/cm and 127 mS/cm at 80 °C, respectively [Figure 7.5 (A-C)], which is in well 

accordance with their excellent IEC values. The ionic conductivities of the GOPIL loaded 

composite AAEMs have been considerably improved in contrast to the imidazolium and other 

types of cationic sites based polymeric membranes reported so far in literature.15,33,52 The 

presence of multicationic functionalities (imidazolium, pyridinium of the PyPBI-BuI-OBA 

polymer and the quaternary ammonium or imidazolium functionalities grafted in the GOPILs) 

in the composite AAEMs accounts for superior hydroxide (OH-) ions transport through the 

AAEMs which contributes remarkably towards significantly improved OH- conduction. The 

reason for highest OH- conductivity in case of GOPIL2 loaded membrane is because of more 

water uptake and more IEC of the membrane. The hydroxide conductivity of the 

nanocomposite AAEMs displays an Arrhenius type temperature dependence [Figure 7.5(D)].  

The activation energy (Ea) was calculated from the slopes of the Arrhenius plot which ranges 

from 15-22 kJ/mol or ~0.15-0.22 eV. These values are comparable with the reported literature 

data,16 suggests that OH- conduction happens through Grotthuss hopping mechanism. 



Chapter 7 

 

Anupam Das, University of Hyderabad, 2023    174 

 

Figure 7.5. Hydroxide ionic conductivity of GOPIL1 loaded AAEMs of different wt% (A), 

GOPIL2 loaded AAEMs of different wt% (B), GOPIL3 loaded AAEMs of different wt% (C), 

Arrhenius plots of the mixed matrix AAEMs (D). These membranes were doped by dipping in 

1 M KOH alkaline solution for 24 h before measurements.  

 

Tensile properties of the mixed matrix AAEMs 

The stress-strain profiles of the hydroxide form AAEMs were checked using Universal 

Testing Machine (UTM) and the data are plotted in the Figure 7.6. The obtained tensile stress 

and elongation at break values of all the membranes are also tabulated in the Table A5.3. All 

the composite AAEMs exhibit very high mechanical reinforcement after GOPIL loaded into 

PyPBI-BuOH-OBA membrane, while with increasing GOPIL loading in the membrane shows 

significant improvement in the tensile strength along with little variation in elongation at break 

(%). Particularly GOPIL1-2%(OH) and GOPIL3-2%(OH) membranes exhibit ~2-3 fold 

increased tensile strength and ~1.5 – 2% improved elongation at break with respect to the 

pristine PyPBI-BuOH-OBA. The enhanced mechanical strength of the composite AAEM is 
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clearly due to the presence of GOPIL nanofiller. It is to be noted that the stress-strain properties 

of the current composite AAEMs are much superior compare to other imidazolium and QA 

based AAEMs reported in literature.15,16,53 

 

Figure 7.6. Stress strain profile of the GOPIL loaded hydroxide form AAEMs: (A) GOPIL1 

loaded AAEMs (B) GOPIL2 loaded AAEMs and (C) GOPIL3 loaded AAEMs. 

 

Alkaline stability of the composite AAEMs 

In order to predict the potential of any membrane to be used as AAEM the alkaline stability of 

the membrane needs to be evaluated in presence of harsh alkaline environment. The chemical 

stability of an AAEM in presence high pH alkaline environment is a major challenging issue 

as harsh alkaline environment causes degradation of the AAEMs and reduces their dimensional 

and chemical stability under prolong alkaline treatment.54 Therefore, in our work we have 

treated the PyPBI-BuI-OBA and all the GOPIL loaded MMAAEMs with 1 M KOH at 60 °C 

for 500 h, and after that we have repeated all the characterizations (structural and physical 
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characterizations) in order to evaluate the stability and performance of the membranes under 

harsh alkaline condition for such a prolong treatment. The PXRD signals of the membranes 

(represented by putting AT which meant after alkali treatment) remains intact even after harsh 

alkaline treatment (compare Figure 7.7A with Figure 7.3B), except that intensity of few peaks 

decreases a little bit. The FT-IR signals of the composite AAEMs after treatment with alkali 

also remain unaltered as can be seen from Figure 7.7B and Figure A5.17, Appendix 5. The 

peak at 3060 cm-1 for aromatic C-H stretching vibration, the aliphatic C-H bond vibrational 

stretching signal at 2982-2880 cm-1 due to the aliphatic alkyl chains present in all the 

samples,33,53 the pyridine ring C-H stretching frequency at 830 cm-1, the peaks at 1600 cm-1 

and 1477 cm-1 due to the stretching vibration of C=C/C=N and in plane benzimidazole ring 

deformation,33,55 are present in all the GOPIL loaded AAEMs. However, we have observed 

spectral broadening in the 900 – 1480 cm-1 region due to the GOPIL loading and existing 

interfacial interaction between the nanofillers and the alkylated PyPBI functionalities present 

in the composite AEM matrix. We did not find any notable change for any of the composite 

membranes FT-IR signals even after 500 h treatment in 1 M KOH solution at elevated 

temperature. In addition, the cross-sectional FESEM and TEM morphology of the composite 

AAEMs remains unchanged (alike the fresh OH- form AAEMs shown in the Figure 7.4) even 

after alkaline treatment at elevated temperature for 500 h in 1 M KOH (Figure 7.7 C & D) and 

Figure A5.18A-D, appendix 5. Visually we have observed no degradation in the membranes 

after treatment (Table A5.4, Appendix 5) and all the AAEMs remains flexible and can be 

nicely handled with tweezers after stability treatment (Figure 7.7E-G). The steric factors and 

the electronic factors induced by the bulky butyl chains in the PyPBI backbone and GOPIL 

loading in the PyPBI-BuI-OBA matrix makes the composite AEMs highly durable towards the 

attack of alkali under such harsh environment. The bulky nature of the butyl groups present in 

the polymer backbone and in the GOPIL is very much helpful for prevention of attack by the 

hydroxide ion nucleophile to C2 position of the imidazolium moiety, pyridinium and QA 

functionalities present in the composite membrane matrix.  
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Figure 7.7. PXRD plot of mixed matrix AAEMs after alkaline stability treatment in 1 M KOH 

at 60 °C, 500 h (A). FT-IR spectra of GOPIL1-2%(OH) membrane (before and after alkaline 

stability treatment in 1 M KOH at 60 °C for 500 h) along with pristine PyPBI-BuOH-OBA 

membrane (B). An image of GOPIL loaded composite membrane in (I-) form before doping 

into KOH (C), image of composite membrane under 1 M KOH treated condition at 60 °C (D), 

image of composite membrane after completion of alkaline stability treatment in 1 M KOH at 

60 °C for 500 h (the membrane is nicely flexible and can be handled with tweezer nicely) (E). 

It is very important to evaluate the thermal and mechanical durability of the membranes 

after performing alkaline stability treatment as membranes often loses their mechanical 

durability and become brittle in nature in presence of alkaline degradation. The weight loss 

pattern analysed from the TGA after alkaline stability test remains identical with the OH- form 

fresh membranes (Figure A5.19, Appendix 5). The weight retention of the membranes was 

measured also gravimetrically, where the 2 wt% GOPIL loaded MMAEMs able to retain ˃98% 

of their initial weight after alkaline stability treatment at 1 M KOH for 500 h at 60 °C (see 

Figure 7.8A). Even the tensile stress-strain studies of the composites also have been performed 

after alkaline stability test under identical experimental condition and compared with the 

freshly prepared hydroxide form membranes (Figure 7.8B), which shows that membranes retain 

almost similar mechanical behaviour even after prolong alkaline treatment, and all the 
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composite AAEMs still exhibit ~1.5 – 2.0 fold higher tensile strength (MPa) compared to the 

freshly alkali treated PyPBI-BuOH-OBA membrane sample. 

Finally, the superiority of any AAEM depends upon the retention of IEC and hydroxide 

ion conductivity after alkaline stability test as many AAEMs tend to loose these properties over 

time in alkali treated condition. Therefore, IEC values of all the GOPILs loaded MMAAEMs 

after alkaline stability test was measured and the results are reported in the Table 7.2. The 

composite AAEMs exhibit almost identical IEC values with ~90% of their initial IEC even 

after keeping under long term harsh alkaline atmosphere. Furthermore, the alkali treated 

membranes hydroxide conductivity was again evaluated at 80 °C and compared with the fresh 

OH- form membranes (Figure 7.8C).  Here also composite membranes exhibit ~87 – 90% 

retention of their OH- conductivity, and their conductivity still remains more than 100 mS/cm.  

 

Figure 7.8. (A) Gravimetric analysis of membranes remaining weight after alkaline stability 

treatment in 1 M KOH, 60 °C, 500 h. (B) Stress-strain plot of the membranes before and after 



Chapter 7 

 

Anupam Das, University of Hyderabad, 2023    179 

alkaline stability treatment at 1 M KOH, 60 °C, 500 h. (C) Hydroxide ion conductivity of the 

membranes before and after alkaline stability treatment at 1 M KOH, 60°C, 500 h. (D) 

Hydroxide conductivity at 80 °C and IEC of the indicated composite membranes after alkaline 

stability treatment at 5 M KOH, 60°C for 375 h (15 d). 

 

Due to the exceptional alkaline stability in 1 M KOH the membranes were further treated 

with 5 M KOH, at 60°C for 375 h (15 d). We observed that the membranes remain flexible and 

nicely handled with tweezers (Table A5.5, Appendix 5), only the colour of the membranes 

change a bit to light yellow from brown colour. To evaluate whether the 5 M KOH treatment 

for 375 h (15 d) affects the hydroxide conductivity or not, we have also measured the IEC and 

the OH- conductivity of the composite membranes and data are shown in the Figure 7.8D. Here 

also we have observed not much change in the IEC of the membranes with respect to the fresh 

samples IEC (compare Table 7.2 and Figure 7.8D) and the membranes retained ~80% of their 

initial IEC values after stability treatment in 5 M KOH. Also, the 80°C hydroxide ionic 

conductivity data of these alkali treated samples shows ~70% retention of their ionic 

conductivity (Figure 7.8D).  

 

Conclusion 

This work has demonstrated a SI-RAFT “grafting from” approach to covalently graft three 

different types of ionic liquid (PIL) on the surface of the GO with accurate control over the 

molecular weight and with narrow Đ. The formation of polymer chains has been confirmed by 

measuring the molecular weight of the covalently attached PIL chains upon detachment from 

the GO surface. The grafting density of the synthesized GOPILs (PIL-g-GO) has been analysed 

by TGA and the totally exfoliated polymer modified GO nano sheets has been confirmed by 

FESEM and TEM analysis. The GO surface functionalized nanosheets have been further 

introduced into PyPBI-BuI-OBA membrane matrix as potential nanofiller by varying wt% 

loading in order to fabricate multicationic mixed matrix AAEMs with improved thermal, 

chemical, mechanical and ion conducting properties. These membranes then loaded with KOH 

to develop AAEM with PIL-g-GO loaded membrane. Superior hydroxide ion conductivity of 

in the range of ˃100 mS/cm are obtained at 80 °C. Our mixed matrix AAEMs has not shown 

any notable change under alkaline stability treatment for prolong duration at elevated 

temperature (60 °C) in 1 M and 5 M KOH. The structural, chemical, thermal, mechanical and 

conducing properties of the membranes remained well maintained even after long term alkaline 

stability treatment at elevated temperature. The mixed matrix AAEM exhibited ~90% retention 
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of IEC and ˃ 85 % retention in their OH- conductivity after alkaline stability test. All these 

observations and findings of PIL-g-GO loaded mixed matrix AAEM indicated their potential 

use in for their potential application in several electrochemical devices. So far, surface 

functionalized PIL-g-GO materials have never been explored in literature for their effective 

utilization in improving AAEM properties. To the best of our knowledge this will be the first 

report on utilization of surface polymer modified GO nanosheets in a membrane supported 

matrix to evaluate the role of anion conducting mixed matrix AAEMs. 
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SUMMARY 

This thesis entitled “Mixed Matrix Membranes of Polybenzimidazoles as Proton and Anion 

Exchange Membranes” describes the development of mixed matrix nanocomposite proton 

exchange membranes by incorporating MOFs, COFs, Polymer-g-GO in different loading wt% 

into the polybenzimidazole membrane supported matrix in order to develop superior quality 

hybrid mixed matrix membranes (MMMs) with super proton conductivity and mechanical 

durability. Under phosphoric acid doped conditions these MMMs acts as proton exchange 

membranes and exhibits superior proton conductivity, chemical and mechanical robustness. In 

another part of the thesis development of pyridine bridged polybenzimidazoles (PyPBIs) based 

ionically crosslinked anion exchange membranes (AAEMs) and polymer ionic liquid grafted 

graphene oxide (GOPIL) loaded PyPBI matrix supported robust hybrid AAEMs were prepared, 

where the main challenge is to make the AAEMs structurally and chemically stable in presence 

of harsh alkaline treatment (1 M – 5 M KOH, 80oC, 500 h) for their superior application in 

alkaline fuel cell (AEMFC), alkaline water electrolysis and various other membrane based 

electrochemical applications. The thesis contains eight chapters, an introductory chapter, then 

materials & methods followed by five working chapters with corresponding appendix. The 

summary of the contents of each chapter is as follows. 

 

CHAPTER 1 

In this chapter a brief introduction of fuel cells (FC) is discussed along with various types of 

fuel cells, PEMFC working principle, PA doped PBI membranes proton conduction solution 

blending techniques for fabrication of mixed matrix PEMs have been discussed. In addition, in 

this chapter the AEMFC working principle have been discussed, properties of AEMs, different 

cationic sights and the associated degradation mechanisms of AAEMs have been discussed. 

Also, how to restrict degradation to improve the alkaline durability also have been discussed 

in details. Finally, this chapter describes the scope of the thesis work. 

 

CHAPTER 2 

The detailed experimental methods and characterization techniques of the MOFs, POPs, COFs, 

polymer-g-GO samples, Spiro-ionene polymers, and the fabricated nanocomposite proton 

exchange membranes (PEMs) and anion exchange membranes (AEMs) are discussed in the 

Chapter 2.  
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CHAPTER 3. Fabricating a MOF Material with Polybenzimidazole into an Efficient Proton 

Exchange Membrane. 

Metal organic frameworks (MOFs) have received considerable importance as proton 

conducting materials in recent times. However, most of the MOFs lack the ability to form film, 

which limits their application. In the present work, polybenzimidazole (PBI) composite 

membranes have been prepared by loading post synthetically modified (PSM) UiO-66-NH2 

MOFs, denoted as PSM 1 and PSM 2 into the arylether-type polybenzimidazole (OPBI) 

polymer. The pristine OPBI, and MOF nanofiller loaded membranes were doped with 

phosphoric acid (PA) to prepare proton exchange membranes (PEMs). Use of thermally stable, 

hydrophilic MOFs resulted into enhanced proton conductivity, higher PA retention capacity 

and increased stability against oxidative degradation 

for the composite membrane than the pristine OPBI 

polymer. Interestingly, the order of proton 

conductivity of the PA doped MOF containing 

polymer membranes were exactly opposite to that of 

the used MOFs as such. The proton conductivities 

of the composite membranes (0.29 Scm-1 for PSM 

1-10% and 0.308 Scm-1 for PSM 2-10% membranes 

at 160˚C, anhydrous environment) were notably higher than the conductivities of the 

constituents and also higher than most of the MOF based polymer supported membranes. 

Extensive interfacial H-bonding plays the most crucial role behind the enhanced proton 

conductivities of the PA doped MOF containing polymer membranes reported here. This work 

clearly demonstrates the benefits of using rationally designed PSM 1 and PSM 2 MOFs as 

nanofiller to prepare OPBI supported membranes that perform excellent proton conduction in 

a wide temperature range spanning up to 160 °C. This provides a generalized approach towards 

achieving an efficient proton conducting membrane for the fuel cell. 

 

CHAPTER 4. Covalent Organic Framework and Polybenzimidazole Composite Proton 

Exchange Membrane with superior Proton Conductivity. 

 

Fabrication and design of efficient proton conduction nanochannels within the solid electrolyte 

materials is pivotal and challenging to develop energy-efficient devices like proton exchange 

membrane fuel cells (PEMFCs). In this work, we have synthesized melamine-based Schiff base 
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network type porous covalent organic framework (MCOF) and impregnated phosphoric acid 

(H3PO4) as electrolyte into the pores of the MCOF via vacuum assisted method. Unfortunately, 

stable film/membrane did not form from H3PO4 loaded MCOF (P@MCOF) and hence in order 

to resolve this, mixed matrix membranes were fabricated for the first time with the P@MCOF 

and [2,2′-(m-phenylene)-5,5′-benzimidazole] or m-PBI. Formation of acid base pair occurred 

in m-PBI-P@MCOF composite membrane between the P@MCOF and m-PBI driven by H-

bonding interfacial interaction. Also, the acidic−PO3H2 functionalities in the pores of 

P@MCOF provides abundant sites for labile proton transport, which enables uninterrupted 

proton conduction ion channels with low energy barrier in the composite membranes. 

Furthermore, all the composite membranes were immersed and loaded with phosphoric acid 

(PA) to obtain proton exchange membranes (PEMs). Use of H3PO4 impregnated P@MCOF 

framework structures as nanofillers into the m-PBI membrane matrix resulted into superior 

proton conductivity, excellent thermal, 

thermo-mechanical and 

tensile stress-strain profile, 

improved acid (PA) holding 

efficiency and improved 

chemical stability of the m-

PBI-P@MCOF membranes in 

comparison with the pristine m-

PBI. The resulted proton 

conductivity of m-PBI-P@MCOF-10% membrane at 180°C is 0.309 S cm-1, a five-fold 

increment with respect to pristine m-PBI proton conductivity (0.061 S cm-1) under the identical 

experimental condition. This work clearly illustrates the nature of H-bonded interfacial 

interaction between the P@MCOF nanofillers with the m-PBI, which can efficiently execute 

proton conduction. This will be the first report of COF as nanofillers into the PBI matrix for 

generation of superior proton conducting membranes. 

 

CHAPTER 5. Polymer grafted Graphene Oxide/Polybenzimidazole Nanocomposites: 

Highly Efficient Proton Conducting Membranes. 

In this study, we have functionalized graphene oxide (GO) by growing polymer chains and 

then utilized polymer-g-GO as nanofiller with oxypolybenzimidazole (OPBI) to make highly 

efficient nanocomposite-based proton exchange membrane (PEM). Three different monomers, 
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namely acrylamide (AAM), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and 3-

sulfopropyl acrylate potassium salt (SPAK) were polymerized on the activated GO surface via 

surface initiated reversible addition fragmentation chain transfer (RAFT) polymerization to 

obtain three different types of polymer-g-GO namely pAAM-g-GO, pAMPS-g-GO and 

pSPAK-g-GO. Furthermore, chain length of grafted polymers in each case were altered in order 

to study the effects of grafted polymer structure and chain length on the properties of 

nanocomposite PEM. The exfoliation of GO nanosheets after polymer grafting was confirmed 

by studying the surface morphology using various microscopic techniques. GPC and TGA 

analysis helped in measuring the chain length of grafted polymers and grafting density on the 

GO surface. Further, we have impregnated polymer-g-GO as nanofillers by varying loading 

wt% into the OPBI to fabricate mixed matrix membrane (MMM) which upon doping with 

phosphoric acid (PA) converted into mixed matrix PEM. The prepared nanocomposite PEM 

displayed exceptionally 

good thermal stability, 

significantly improved 

tensile properties, 

improved PA loading 

followed by superior 

proton conductivity and 

remarkable PA 

retention when exposed 

to saturated water 

vapour. When the 2.5 wt% pSPAK-g-GO (where pSPAK chain length is 19.6 kDa) mixed with 

OPBI, the resulting PEM showed remarkably high proton conductivity value of 0.327 S cm-1 

at 160 °C, a significant 5-fold increment compared to pristine OPBI membrane (0.067 S cm-1 

at 160°C). To the best of our knowledge, this will be the first report on utilization of polymer-

g-GO in a polybenzimidazole supported matrix for high temperature PEM application. 

 

CHAPTER 6. Crosslinked Alkaline Anion Exchange Membrane from N-Spirocyclic 

Quaternary Ammonium and Polybenzimidazole. 

In spite of significant research outcomes on alkaline anion exchange membrane (AAEM) in 

recent past, two major challenges namely hydroxide conductivity and alkaline stability of the 

polymer membrane yet to be resolved adequately. To address these challenges, in this work 
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development of ionically crosslinked AAEMs has been achieved by blending pyridine bridged 

polybenzimidazole (PyPBI) and N-spirocyclic quaternary ammonium spiro ionene polymer 

(SP). Further, membranes were converted to porous membranes by adding different weight % 

of porogen in the membrane matrix and then leaching out the porogen followed by crosslinking. 

All the membranes (both non-porous and porous) were converted to hydroxide conducting 

AAEM by dipping into 1 M KOH solution and under this condition, a part of the -NH- groups 

of PyPBI was deprotonated to form ammonium-imidazolate complexes with SP which resulted 

ionic crosslinking in the AAEM. Hydroxide ion conductivity, one of the highest among the 

reported so far, of 129 mS/cm at 90 °C was obtained in case of S70P30-OH membrane which 

was a hydroxide form 

membrane obtained from the 

blend of 70 wt% SP and 30 

wt% PyPBI and this 

membrane showed the 

highest KOH uptake among 

all other AAEMs prepared in 

this study. On the other hand, 

among the porous ionically 

crosslinked membranes S50P50-P25-OH (blends of 50 wt% SP and 50 wt% PyPBI with 25% 

porogen) membrane showed the highest hydroxide ion conductivity (117 mS/cm at 90
 
°C) 

among all the porous membrane studied here. All the ionically crosslinked AAEMs (both non 

porous and porous) displayed excellent alkaline stability and remains unaffected during 

alkaline stability test in 1M KOH at 80
 
°C as long as testing was carried out (960 h). Observing 

the exceptional stability in 1 M KOH of S50P50-OH and S50P50-P25-OH membranes, OH- 

conductivity analysis and alkaline stability tests of these samples have been carried out even in 

2 M KOH, and we found that these membranes retained ~80% of their OH- conductivity value 

even after 500 h of alkaline treatment in 2 M KOH at 60
 
°C. Furthermore, membranes were 

found to be useful in alkaline water electrolysis and the best performance is shown by S70P30-

OH membrane which displayed a current density of 100 mA cm-2 at 2.6 V. Overall as these 

recently developed membranes retained hydroxide conductivity, structural, thermal stability 

even after harsh alkaline treatment for longer period of time. 
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CHAPTER 7. Multicationic Anion Exchange Membranes from Pyridine-bridged 

Polybenzimidazole and Polymer Ionic Liquid Grafted Graphene Oxide 

In this study, we have functionalized the surface of graphene oxide (GO) nanosheets by grafting 

polymeric ionic liquid (PIL) chains of verities of structures and then utilized PIL-g-GO 

materials as nanofiller with poly(butylated pyridinium benzimidazolium)iodide (PyPBI-BuI-

OBA) in order to prepare hydroxide ion conducting mixed matrix alkaline anion exchange 

membranes with multiple ion exchange sites. Three different ionic liquid based monomers 

namely [2-(methacryloyloxy)ethyl]trimethylammonium chloride (MATMA), 1-

vinylbutylimidazolium iodide [VImBu][I] and 1-(4-vinylbenzyl)-2-methyl-3-

butylimidazolium iodide [VBImBu][I] were polymerized on the activated GO surface via 

surface initiated reversible addition fragmentation chain transfer process to obtain three 

different types of PIL grafted GO namely pMATMA-g-GO (GOPIL1), pVImBu-g-GO 

(GOPIL2) and PVBImBu-g-GO (GOPIL3). Exfoliation of GO sheets upon grafting of PIL was 

observed and were verified from the electron microscopic studies. The grafted PIL chains 

found to have narrow polydispersity (Đ) and precise control over the molecular weight 

confirming the grafting 

through SI-RAFT 

polymerization. Amount of 

polymer grafted on the GO 

surface were obtained from 

TGA analysis and strong 

dependence on polymer 

structure were found. The 

mixed matrix membranes 

(MMMs) were prepared by 

solution blending of PyPBI-BuI-OBA with varying loading of GOPIL materials and then 

MMMs were immersed in KOH in order to develop alkaline anion exchange membranes 

(AAEMs) containing of imidazolium, pyridinium quaternary ammonium ion exchange sites. 

Among all AAEMs with 2 wt% GOPIL2 and GPIL3 exhibited superior hydroxide ion 

conductivity of 137 mS/cm and 127 mS/cm, respectively at 80 °C. These mixed matrix AAEMs 

displayed no noticeable change under alkaline stability treatment for prolong time at elevated 

temperature in 1 M and 5 M KOH. The structural, chemical, thermal, mechanical and 

conducing properties of the membranes remained unaltered after alkaline treatment at elevated 
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temperature. These AAEMs exhibited ~90% and ~80% retention of IEC and ~90% and ~70% 

retention in OH- conductivity after alkaline treatment in 1 M KOH, at 60 °C for 500 h and in 5 

M KOH, at 60°C for 375 h, respectively. To the best of our knowledge, this will be the first 

report on utilization of surface PIL grafted GO nanosheets in a AAEM. 

Conclusion 

 Post synthetically modified UiO-66-NH2 MOFs abbreviated as PSM 1 and PSM 2 has 

been incorporated into the aryl ether-type polybenzimidazole (OPBI) matrix via 

solution blending method in order to fabricate OPBI@PSM1 or OPBI@PSM2 

nanocomposite membranes with exceptional mechanical robustness, significantly 

increased PA doping level (PDL) followed by ultrahigh proton conductivity. Of note, 

the PSM1-10% membrane exhibits proton conductivity of 0.29 Scm-1 and the PSM2-

10% membrane resulted 0.308 Scm-1, at 160 °C under anhydrous condition.  

 

 Melamine-based Schiff base network type porous covalent organic framework (COF), 

abbreviated as MCOF was prepared. After that impregnation of phosphoric acid 

(H3PO4) molecules into the microporous domains of the COFs structure were 

performed via vacuum assisted method (VAM) and abbreviated as P@MCOF. Then the 

COF based mixed matrix membranes (MMMs) were fabricated for the first time with 

the H3PO4 impregnated COFs (P@MCOF) and [2,2′-(m-phenylene)-5,5′-

benzimidazole] abbreviated as (meta-PBI) or m-PBI. Impregnation of hydrophilic 

COF resulted huge improvement in the PDL of the membranes. As a result, proton 

conductivity of m-PBI-P@MCOF-10% membrane at 180°C was observed to be 0.309 

S cm-1, a five-fold increment with respect to pristine m-PBI proton conductivity (0.061 

S cm-1) under the identical experimental condition.     

 

 Surface functionalization of the graphene oxide (GO) nanosheets via SI-RAFT 

technique was performed. Three different sets of monomers [acrylamide (AAM), 2-

Acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and 3-Sulfopropyl acrylate 

potassium salt (SPAK)] were utilized via SI-RAFT technique to grow covalently grafted 

polymer chains on the RAFT attached GO-BSPA surface to obtain three different types 

of polymers grafted GO (PAAM-g-GO, PAMPS-g-GO and PSPAK-g-GO). Also, the 

amount of each monomer was varied to graft two different chain length of each polymer 

in the GO surface. All together six different SI-RAFT modified polymers have been 

synthesized in the GO surface. Furthermore, impregnation of these three sets of 

polymer-g-GO materials as potential nanofillers (by varying wt% loading) into the 

poly(4,4ʹ - diphenylether-5,5ʹ - bibenzimidazole) (OPBI) membrane matrix to fabricate 

six different MMMs was performed. The PSPAK-g-GO loaded GOP6-2.5% membrane 

resulted remarkably high proton conductivity value of 0.327 S cm-1 at 160 °C under PA 

doped condition. 

 

 Development of ionically crosslinked (ICL) AAEMs has been performed by blending 

different wt% of pyridine bridged polybenzimidazole (PyPBI) and N-spirocyclic 

quaternary ammonium spiro ionene polymer (SP). Furthermore, membranes were 

converted to porous membranes by adding different weight % of porogen (DBP) into 

the membrane matrix and then leaching out the porogen followed by crosslinking. All 

together six different ICL and porous ICL membranes were fabricated. The S70P30-

OH membrane displayed hydroxide conductivity of 129 mS/cm at 90 °C (100 % RH), 
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with a current density of 100 mA cm-2 at 2.6 V, when applied for the alkaline water 

electrolysis treatment. 

 

 Polymer-g-GOPILs have been utilized as potential nanofiller (by varying wt% loading) 

into the poly(alkylated pyridinium benzimidazolium) iodides [PyPBI-BuI-OBA] 

membrane matrix in order to fabricate mixed matrix hybrid multicationic alkaline 

anion exchange membranes (AAEMs). Introduction of multicationic [pyridinium (Pyr), 

quaternary ammonium (QA), Imidazolium (Im)] functionalities together into the mixed 

matrix AAEMs resulted significantly high OH- conductivity of the fabricated AAEMs. 

The GOPIL2-2%(OH) membrane exhibits OH- conductivity of 137 mS/cm at 80 °C 

(100% RH). Furthermore, AAEMs were found to be stable in presence of 1 M KOH at 

60 °C for prolong 21 days (500 h), and at 5 M KOH, 60 °C for prolong 15 days (375 h) 

without notable changes. 
 

Future Scope 

 

 Several new mixed matrix PEM materials can be fabricated utilizing different types of 

MOFs, POPs, COFs, or Polymer-g-GO loaded into the different types of PBI matrix in 

order to develop superior proton conducting PEMs with much improved thermal and 

mechanical durability. 

 

 All the PBI based mixed matrix nanocomposite PEMs developed in the current thesis 

should be tested for their fuel cell efficiency. 

 

 Not only PBI but different types of other polymers (SPEEK, SPPO) can also be utilized 

as matrix supported PEMs for incorporating several nanofillers in order to develop 

various kinds of novel MMMs. 

 

 In order to develop durable alkaline anion exchange membranes cross-linked AAEMs 

can be fabricated utilizing different structural variations of PyPBIs and alkylated 

PyPBIs.  

 

 Several other mixed matrix AAEMs can also be developed utilizing various hydrophilic 

inorganic fillers in order to enhance the OH- conduction into the AAEM network. 

 

 All the synthesized blend and nanocomposite AAEMs in the current work and in the 

future work can be utilized in Alkaline anion exchange membrane fuel cells (AEMFC), 

alkaline water electrolysis treatment, Zn-Air batteries and various other 

electrochemical devices. 
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APPENDIX 1 (for Chapter 3) 

 

 

Fabricating a MOF Material with Polybenzimidazole into an 

Efficient Proton Exchange Membrane     
 

 

  

Synthesis of UiO-66-NH2  

Synthesis of UiO-66-NH2 was adapted from the works of Farha and coworkers.1 UiO-

66-NH2 MOF was prepared using 5.4 mmol of ZrCl4, which was dissolved in 50 mL DMF in 

presence of 10 ml conc. HCl by sonication. Then 6.75 mmol. BDC-NH2 was added along with 

100 mL of DMF. The reaction mixture was kept at 80 °C temperature for 24 hours in a sealed 

Teflon capped container. After slow cooling over a period of 6 hours the reaction mixture was 

filtered and washed. Next, the crude UiO-66-NH2 was stirred in dry ethanol for 72 hours to 

remove absorbed DMF molecules prior to further characterizations.  

 

Synthesis of PSM 1 and PSM 2 MOFs  

According to our earlier literature reported procedure,2 freshly prepared and purified 

UiO-66-NH2 was treated with 1,3-Propane Sultone and 1,4-Butane Sultone separately in 

presence of DCM as solvent at room temperature for a period of 24 hours. UiO-66-NH2 and 

sultone were taken in such a manner that the reaction mixture had sultone in equivalent amount 

to that of NH2 groups of UiO-66-NH2 framework. After 24 hours the post synthetically 

modified compounds PSM 1 and PSM 2 were filtered and repeatedly washed with DCM, water 

and ethanol to get rid of any unreacted and trapped sultone/ hydrolyzed sulfonic acid from the 

pores. Finally, the post synthetically modified compounds were subjected to further studies.  
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X-ray study (PXRD) 

 

Figure A1.1. (a) PXRD pattern of PA doped PSM 1 composite membranes with different filler 

loading. (b) PXRD pattern of PA doped PSM 2 composite membranes with different filler 

loading.   
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FT-IR characterization 

IR spectra of PSM 1 and PSM 2 have notable similarities.2 The peak at 1565 cm−1 

attributed to C=O bond of the carboxylate linkage is present in both PSM 1 and PSM 2. Also, 

due to the presence of −SO3H group, two peaks near 1037 and 1143-1150 cm−1 obtained in 

both PSM 1 and PSM 2.2 OPBI also exhibits three characterises picks at 3413, 3145 and 3060 

cm-1 due to presence of non-hydrogen bonded free N-H, self- associated hydrogen bonded N-

H groups and aromatic C-H stretching, respectively.3 
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Figure A1.2. (a) FT-IR spectra of PSM 1 composite membranes along with OPBI and PSM 

1. (b) FT-IR spectra of PSM 2 composite membranes along with OPBI and PSM 2. 
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Morphology study  

Field Emission Scanning Electron Microscopy (FESEM)  

 

Figure A1.3. (a) FESEM cross-sectional image of PSM 1-3%, (b) PSM 1-5%, (c) PSM 1-7%, 

(d) PSM 2-7% (Nanofillers are scattered into the cross-section of composite membranes 

marked with red circle).  
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TEM analysis of composite membranes 

The samples were prepared by placing a drop of formic acid dispersed PSM 1-10% and 

PSM 2-10% solution on carbon coated copper (200 mesh) grids. d values are obtained by 

analysis of different portion of the high resolution TEM images by generating Reduced FFT 

through Digital Micrograph software. Inverse FFT images were generated from Reduced FFT 

through Digital Micrograph software. 

 

Figure A1.4. (a) High resolution TEM image of PSM 1-10% composite. (Inset: Inverse FFT 

image of PSM 1-10% composite obtained from Digital Micrograph software) (b) High 

resolution TEM image of PSM 2-10% composite. (Inset: Inverse FFT image of PSM 2-10% 

composite obtained from Digital Micrograph software). 

 

Thermal study 

  We have kept all the samples at 100 °C isothermally for 30 minutes before measurement 

to evaporate excess water from the composite membranes and PSM MOFs. After that we have 

cooled the samples, allow them to achieve RT and start our measurement. 

From TGA analysis of both PSM 1 and PSM 2 a steeper slope from 200 °C can be observed. 

This might be due to oxidation of the pendant alkyl chain and –SO3H group of these two 

compounds. In this region weight loss obtained for PSM 2 is more than PSM 1 due to presence 

of more ‘–SO3H’ group. Around 400⁰ C significant weight loss was observed for both the MOFs 

due to structural changes in the framework structure as ‘Zr-OH’ functionalization of the metal 

node gets converted to ‘Zr=O’ while losing water. Complete disintegration of PSM framework 

takes place around 550⁰ C. In higher temperature the residual compound completely converts 

into oxides as obtained from literature.2 
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Figure A1.5. TGA of PA doped PSM 1 and PSM 2 composite membranes of above-mentioned 

loading (%) along with PA doped OPBI. (Inset- Zoomed TGA plot given in temperature range 

100 °C- 200 °C) 
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Figure A1.6. (a) Loss modulus and (b) tan plots of all the nanocomposite membranes of 

different filler loading along with pristine OPBI. (The Tg values are mentioned in Table 2 of 

the main manuscript). (c) Storage modulus comparison of PSM 1-10% and PSM 1-12.5% 

membrane. (d) Storage modulus comparison of PSM 2-10% and PSM 2-12.5% membrane.  

 

 

 

Figure A1.7. Pictorial representation of two Teflon plate with four platinum electrodes utilized 

in proton conductivity measurement. 
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Calculation of proton conductivity from Impedance spectra by fitting with equivalent 

circuit:  

Equivalent circuit  

 

Impedance data were fitted to the most suitable equivalent circuit mentioned above with the 

help of EC-Lab software. The equivalent circuit is composed of three major components 

connected to each other in series. The bulk resistance (RS) connected in series with a parallel 

combination of charge transfer resistance (RCT) and a capacitor (CdI). Here RS accounts for the 

bulk resistance of the membrane while RCT represents the charge transfer resistance existing 

between the electrodes and the membrane electrolyte. Here, it should be noted that, charge 

transfer resistance RCT is not associated with the conductivity of the electrolyte. Instead RS is 

the crucial factor which quantifies the resistance of the bulk electrolyte. The bulk resistance of 

electrolyte i.e., RS is of our primary interest as it represents conductivity of the membrane. RS 

depends on (a) intrinsic conductivity of the PA loaded membrane sample (b) thickness of the 

membrane and (c) area of cross section of the membrane. Thus, to determine the proton 

conductivity of the membrane sample from the RS value both of the other two factors (i.e., area 

of cross section and thickness of membrane) should be taken into consideration.  

Here we provide the values of RS, and RCT by fitting the experimentally obtained data points 

along the curve generated by the equivalent circuit mentioned above. The accuracy of the fitting 

was measured by the factor χ2. 
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Figure A1.8. (a) Nyquist plot of PSM 1-10% and (b) PSM 2-10% composite membrane after 

equivalent circuit fitting at 160 o C. 

 

 
Figure A1.8. (c) Proton conductivity comparison of PSM 1-10% and PSM 2-10% membranes 

with PSM 1-12.5% and PSM 2-12.5% membranes under identical experimental condition. 
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Table A1.1. Fitting parameters to determine proton conductivity of PSM 1-10% composite 

membrane in various temperatures: Membrane thickness = 0.011 cm or 0.11 mm. 

 

Temperature 

(o C) 

Value of 

RS (Ohm)

Conductivity 

(Scm-1) 

2 value 

30 °C 493.85 0.061 0.1996 

50 °C 245.5 0.123 0.003737 

60 °C 184.54 0.164 0.0011313 

80 °C 141.54 0.214 0.00090132 

100 °C 127.26 0.238 0.0015824 

120 °C 116.08 0.261 0.00087793 

140 °C 106.71 0.284 0.001123 

160 °C 104.33 0.290 0.0013447 

 

Table A1.2. Fitting parameters to determine proton conductivity of PSM 2-10% composite 

membrane in various temperatures: Membrane thickness =0.012 cm or 0.12 mm. 

 

Temperature 

(o C) 

Value of 

RS (Ohm) 

Conductivity 

(Scm-1) 

2 value 

30 °C 379.92 0.0731 0.00752 

50 °C 218.12 0.127 0.34196 

60 °C 174.32 0.160 0.18017 

80 °C 122.38 0.226 0.055859 

100 °C 107.1 0.259 0.032464 

120 °C 102.68 0.270 0.0049207 

140 °C 94.64 0.293 0.00251 

160 °C 90.16 0.308 0.0090341 
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Table A1.3. Fitting parameters to determine proton conductivity of PSM 1 and PSM 2 

composite membranes along with OPBI and UiO-66-NH2 10% membrane at 160 °C. 

 

Sample  Value of 

RS (Ohm) 

at 160 °C 

Thickness  

(cm) 

Conductivity 

(Scm-1) at 160 °C 

2 value 

OPBI 411.19 0.012 0.067 0.0080366 

UiO-66-NH2 10% 218.19 0.011 0.138 0.0051513 

PSM 1-3% 137.53 0.012 0.202 0.0062789 

PSM 1-5% 119.18 0.012 0.233 0.0023559 

PSM 1-7% 104.5 0.012 0.266 0.006487 

PSM 2-7% 100.3 0.012 0.277 0.0063149 

 

 

Figure A1.9. Isothermal proton conductivity of OPBI nanocomposite membranes at 160 o C 

for 24 h. 
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Figure A1.10. Acid leaching study of PA loaded OPBI composite membranes. 

Table A1.4. Recent reports of MOF based polymer composite membranes 

Polymer MOF (loading) (%) Additive Proton 

conductivity 

value (Scm-1) 

Temperature (°C)  

and Relative 

Humidity (%) 

Ref. 

Nafion MIL-101 (12 wt%) Phytic acid 0.228 100 °C and 100% 

RH 

4 

Nafion ZIF-8 (1 wt%) 

 

GO 0.28 120 °C and 40% 

RH 

5 

Nafion HKUST-1 (2.5 wt%) Phosphoric 

acid 

0.018 25 °C and 100% 

RH 

6 

Nafion UiO-66-NH2 

(1 wt%) 

GO 3.4 × 10-3 120 °C and 

Anhydrous 

7 

Nafion 2:1 UiO-66-NH2: 

UiO-66- SO3H (0.6 

wt%) 

 0.256 90 °C and 95% RH      8 

Nafion UiO-66-SO3H (2 wt%)  0.17 80 °C and 95% RH 9 

SPEEK ZIF-8 (2.5 wt%)  0.025 120 °C and 30% 

RH 

10 



Appendix 1 

 

Anupam Das, University of Hyderabad, 2023    205 

SPEEK MIL-101-SO3H (7.5 

wt%) 

 0.306 79 °C and 100% 

RH 

11 

SPEEK NH2-MIL-53 (5 

wt%) 

 0.017 80 o C and 100% 

RH 

12 

PVP chiral MOF (50 

wt%) 

 3.2 × 10-4 25 °C and 97% RH 13 

PVA ZIF-8 (5 wt%) PAMS 0.134 80 °C and 100% 

RH 

14 

PVPA ZIF-8 (25 wt%)  3.2 × 10-3 140 °C and 

anhydrous 

15 

PVDF MOF-808  7.3 × 10-3 42 °C and 99% RH 16 

PVDF MOF-801 (60 wt%)  1.84 × 10-3 52 °C and 95% RH 17 

PBI ZIF-8 (5 wt%) Phosphoric 

acid 

3.1 × 10-3 120 °C and 

anhydrous 

    18 

PBI ZIF-67 (5 wt%) Phosphoric 

acid 

0.042 120 °C and 

anhydrous 

18 

PBI 1:1 ZIF-8: ZIF-67 (5 

wt%) 

Phosphoric 

acid 

0.092 120 °C and 

anhydrous 

18 

SPPO Fe-MIL-101-NH2 

(6%) 

 0.25 90 °C 19 

Chitosan MIL-101-SO3H (7.5 

wt%) 

 0.095 100 °C and 100% 

RH 

20 

PEI ZIF-8 (20 wt%) TBA 1.2 × 10-4 anhydrous 21 

PEI ZIF-67 (20 wt%) TBA 0.8 × 10-4 anhydrous 21 

PEI 1:1 ZIF-8: ZIF-67 

(20 wt%) 

TBA 0.8 × 10-5 anhydrous     21 

DNA ZIF-8 (20 wt%)  3.4 × 10-4 25 °C and 100% 

RH 

22 

OPBI PSM 1-10% Phosphoric 

acid 

0.290 160 °C and 

anhydrous 

This 

work 

OPBI PSM 2-10% Phosphoric 

acid 

0.308 160 °C and 

anhydrous 

This 

work 
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APPENDIX 2 (for Chapter 4) 

 

 

Covalent Organic Framework and Polybenzimidazole Composite 

Proton Exchange Membrane with superior Proton Conductivity 
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Figure A2.1. Solid state 13C CP-MAS NMR spectra of MCOF. 

 

Figure A2.2. FT-IR spectra of MCOF & P@MCOF.  
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Figure A2.3. (A) FESEM image of MCOF, (B) FESEM images of P@MCOF. 

 

 

Figure A2.4 (A-D). EDX analysis and elemental mapping of P@MCOF obtained from 

FESEM. [EDX elemental mapping shows that, Carbon (C), Nitrogen (N) and Phosphorus (P) 

is scattered all over the matrix, presence of (P) detected in elemental mapping]. 

 

 

Figure A2.5. TEM images of MCOF (A) and P@MCOF (B). 
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Table A2.1. ICP-OES analysis of P@MCOF  

 

 

Figure A2.6. N2 adsorption and desorption isotherm of MCOF and P@MCOF obtained from 

BET. 

 

 

Sample Particulars : P@MCOF 

Date of Receipt of Sample       : 02/11/2020 Date of Starting of Analysis  : 

Date of completion of analysis : 

TEST RESULTS 

30/10/2020 

10 mg X 1 No Vial Qty. Received : 

03/11/2020 SAMPLE TESTED AS RECEIVED 

Test Parameters : Phosphrous as P 

 

  

Parameters S.No. Results Units 

Phosphrous as P 1 3.97 % by mass 

Instrument Used: ICP-OES, Varian 720-ES 

NOTE : This report and results relate only to the sample / items tested. 

A.L.Kanta Rao 

Authorized Signatory 

Page No. 1/1 
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Figure A2.7. FT-IR spectral analysis of m-PBI-P@MCOF composite membranes along with 

m-PBI.  

 

Figure A2.8. (A) FESEM surface morphology of m-PBI, (B) m-PBI-P@MCOF-3%, (C) m-

PBI-P@MCOF-5%, (D) FESEM cross-sectional morphology of m-PBI, (E) m-PBI-

P@MCOF-3%, (F) m-PBI-P@MCOF-5%. 
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Figure A2.9. Zoomed TGA plot of m-PBI, MCOF, P@MCOF and nanocomposite membranes 

(450 °C -700°C) range. 

 

 

Figure A2.10. (A) Loss modulus and (B) tan plots of all the m-PBI-P@MCOF 

nanocomposite membranes of different filler loading along with pristine m-PBI. The Tg values 

are mentioned in Table 2 of the main manuscript.    
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Figure A2.11. (A) Nyquist plot of m-PBI-P@MCOF-7% and (B) m-PBI-P@MCOF- 10% 

composite membranes after equivalent circuit fitting at 180 °C. 

 

Table A2.2. Fitting parameters to determine proton conductivity of m-PBI-P@MCOF 

composite membranes of different loading along with m-PBI and m-PBI-MCOF-10% 

membranes at 180°C. 

 

Sample  Value of 

RS (Ohm) 

at 180 °C 

Thickness  

(cm) 

Conductivity 

(Scm-1) at 180 °C 

2 value 

m-PBI 1353.17 0.004 0.061 0.01509 

m-PBI-P@MCOF-3% 594.522 0.004 0.140 0.0059931 

m-PBI-P@MCOF-5% 446.623 0.004 0.186 0.0035392 

m-PBI-P@MCOF-7% 357.259 0.004 0.233 0.024906 

m-PBI-P@MCOF-10% 269.236 0.004 0.309 0.0035979 

m-PBI-MCOF-10% 722.258 0.004 0.115 0.010653 
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Figure A2.12. Isothermal proton conductivity of m-PBI-P@MCOF nanocomposite 

membranes along with pristine m-PBI at 160 °C for 24 h. 
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APPENDIX 3 (for Chapter 5) 

 

Polymer Grafted Graphene Oxide/Polybenzimidazole 

Nanocomposites for Efficient Proton Conducting Membranes 

 

Synthesis of graphene oxide (GO) 

Graphene oxide (GO) was synthesized utilizing modified Hummers method from pure 

the graphite powder (Scheme A3.1).1 In this method, approximately 120 mL of sulfuric acid 

(H2SO4) and 14 mL of 85% ortho-phosphoric acid (H3PO4) (volume ratio 9:1) were mixed and 

stirred until it becomes a homogeneous mixture. Then 1 g of graphite powder was added into 

the solution under stirring condition. Then 5.86 g of potassium permanganate (KMnO4) was 

added slowly into the solution as an oxidising agent. This mixture was allowed to stir for 6 

hours until the solution turns dark green colour. To eliminate excess amount of KMnO4, ~3 mL 

of hydrogen peroxide (H2O2) was added dropwise and stirred for 30 minutes, in this process 

vigorous exothermic reaction was occurred. After that the reaction mixture was allowed to cool 

at room temperature. Then, 45-50 mL of hydrochloric acid (HCl) and 100 mL of deionized 

water was added and centrifuged using REMI 430S centrifuge machine at 14000 rpm for 25 

minutes. Then, the supernatant liquid was decanted away with repeated washing using HCl and 

DI water, and finally repeated washing with water. The washed GO solution was then dried in 

a heating oven at 80 °C for 24 hours to obtain pure GO powders. 

 

Scheme A3.1. Schematic representation for the synthesis of graphene oxide (GO). 
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Synthesis of BSPA RAFT agent 

  BSPA [3-benzylsulfanylthiocarbonylsufanyl-propionic acid] RAFT agent was 

synthesized using the modified literature reported synthetic procedure.2,3 9.42 mmol of 3-MPA, 

9.42 mmol of K3PO4 and 10.4 mmol of CS2 were taken in a round bottom flask consists of 15-

20 mL of dry acetone under nitrogen atmosphere. The reaction mixture was then allowed to 

stir under ice bath condition for 30 min followed by addition of 9.42 mmol of benzyl bromide 

slowly into the solution with the help of a syringe. The reaction was further stirred for an hour 

and quenched with water. The compound was extracted with ethyl acetate and the yellow liquid 

was dried under reduced pressure. The compound was further purified using column 

chromatography and yellow crystalline compound was obtained. The synthesized compound 

was characterized by FT-IR, 1H-NMR and 13C-NMR studies for structural conformation 

(Figure A3.1 and Figure A3.2). 

 

Scheme A3.2. The synthetic scheme for the preparation of 3-

benzylsulfanylthiocarbonylsufanyl-propionic acid [BSPA] RAFT agent. 

 

Figure A3.1. FT-IR spectra of BSPA. 
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BSPA RAFT agent shows the FT-IR signals at 3060 cm-1, 2925 cm-1, 1695 cm-1, 1425 cm-1 

and 1060 cm-1 which are attributed to the vibration of aromatic hydrogen, aliphatic C-H 

stretching, carbonyl –C=O, saturated C-H bending and presence of C=S bonds, respectively.4  

 

 

 

Figure A3.2. 1H NMR (A), 13C NMR (B) spectra of BSPA.  
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Synthesis of activated RAFT agent (activated BSPA) 

  Following a literature reported procedure5 to activate the carboxylic acid group of 

BSPA RAFT agent, 0.122 mmol of BSPA, 0.183 mmol of DCC along with 0.012 mmol of 

DMAP was taken in a round bottom flask filled with 20 mL dry DCC under N2 atmosphere. 

The reaction was kept at 0 °C for 15 minutes and then slowly added 0.159 mmol NHS dissolved 

in 5 mL dry THF. The reaction was continued at 0 °C for 18 h and then the reaction mixture 

was kept in refrigerator for overnight which helps to precipitate out excess DCC from the 

solution. The reaction mixture was filtered out in cold condition to remove solids from the 

reaction mixture and purified. The purified activated BEPA was then used for further reaction. 

 

Scheme A3.3. The synthetic pathway to prepare activated BSPA RAFT agent. 
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Scheme A3.4. Schematic representation of GO-EDA and GO-BSPA synthesis. 
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Detachment of polymer chains from the GO surface and molecular weight measurement 

  The molecular weights analysis and polydispersity index (Ð) of the grafted polymers 

were obtained after detaching the grafted polymer chains from the GO surface by breaking the 

trithiocarbonate moiety linked between the polymer chains and the amine modified GO 

surface. The grafted polymer chains of all the six polymer grafted GO (GOP1-GOP6) described 

in the article were subjected to polymer detachment using excess N-hexylamine in presence of 

sodium dithionite and purified in order to isolate the bare polymer chains.6 The detached bare 

polymer chains were dissolved in HPLC water and the molecular weight of the detached 

polymers were determined by gel permeation chromatography (GPC) using polystyrene 

standards and eluted in HPLC water at flow rate of 0.5 mL/min at 30 °C on a GPC (Waters 515 

HPLC) fitted with Waters 2414 refractive index detector and using Waters Ultra hydrogel 250 

column. 

 

 

Scheme A3.5. Representative scheme to show the detachment of polymer chain from the GO 

surface for the measurement of molecular weight of the polymer using GPC analysis.  
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Figure A3.3. FT-IR spectra of GO, GO-EDA, GO-BSPA, GOP2, GOP4 and GOP6. 

 

 

 



Appendix 3 

 

Anupam Das, University of Hyderabad, 2023    222 

 

Figure A3.4. TGA plot of RAFT agent BSPA. 

 

 

 

 
Figure A3.5. BET N2 sorption isotherms of (A) GO and (B) GOP2, GOP4, GOP6 samples. 
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Figure A3.6. (A) FESEM image (B) EDX elemental analysis of GO. 
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Figure A3.7. (A) FESEM image, (B) EDX elemental analysis and (C) elemental mapping 

(for C and N) of GO-EDA. 
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Figure A3.8. (A) FESEM image (B) EDX elemental analysis and (C) elemental mapping of 

GO-BSPA. The distribution of N and S throughout the image prove the successful BSPA 

grafting on GO. 
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Figure A3.9. (A) FESEM image, (B) EDX elemental analysis and (C) elemental mapping (for 

C and N) of pAAM(L)-g-GO (GOP1).  
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Figure A3.10. (A) FESEM image, (B) EDX elemental analysis and (C) elemental mapping 

(for C and N) of pAAM(H)-g-GO (GOP2). 
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Figure A3.11. (A) FESEM image, (B) EDX elemental analysis and (C) elemental mapping 

(for C, N and S) of pAMPS(L)-g-GO (GOP3). 
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Figure A3.12. (A) FESEM image, (B) EDX elemental analysis and (C) elemental mapping 

(for C, N and S) of pAMPS(H)-g-GO (GOP4). 
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Figure A3.13. (A) FESEM images, (B) EDX elemental analysis and (C) elemental mapping 

(for C, N and S) of pSPAK(L)-g-GO (GOP5). 
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Figure A3.14. (A) FESEM images, (B) EDX analysis and (C) elemental mapping (for C, N 

and S) of pSPAK(H)-g-GO (GOP6). 
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Figure A3.15. TEM images of GO in different magnification (A, B), HR-TEM image and 

SAED pattern of GO hexagonal lattice (C, D). 

 

Figure A3.16. Surface TEM morphology of GO-BSPA in different magnification (A, B). 

Yellow circle represents sulfur deposition due to RAFT attachment. 
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Figure A3.17. Dynamic vapour sorption analysis plot of GO (A), GOP2 (B), GOP4 (C) and 

GOP6 (D) polymers. 
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Figure A3.18. FT-IR spectra (3750 – 2000 cm-1) of OPBI/GOP membranes along with OPBI 

and GOP4 (A). FT-IR spectra (3750 – 2000 cm-1) of OPBI/GOP membranes along with OPBI 

and GOP6 (B). 

 

 
 

Figure A3.19.  FESEM cross-sectional image of GOP2-1% (A), GOP4-1% (B) and GOP6-1% 

(C) membranes. TEM images of GOP2-1% (D), GOP4-1% (E) and GOP6-1% (F) membranes. 
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Figure A3.20. AFM surface images of OPBI (A), GOP2-1% and GOP2-2.5% (B, C), GOP4-

1% and GOP4-2.5% (D, E) and GOP6-1% and GOP6-2.5% membranes (F, G). 
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Figure A3.21. AFM 3D images of the surface morphology of (A) OPBI, (B) GOP2-1% and 

(C) GOP2-2.5%, (D) GOP4-1%, (E) GOP4-2.5%, (F) GOP6-1% and GOP6-2.5% (G) 

membranes along with the height profiles.  
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Table A3.1. Surface roughness of OPBI/GOP composite MMMs in a comparison with OPBI.  

 

Sample Root mean square roughness 

(Sq) (nm) 

OPBI 2.273 

GOP2-1% 9.740 

GOP2-2.5% 26.082 

GOP4-1% 9.310 

GOP4-2.5% 18.539 

GOP6-1% 7.116 

GOP6-2.5% 7.381 

 

 

Table A3.2. Storage modulus values (at 100 °C, 250 °C and 400 °C) of OPBI/GOP mixed 

matrix membranes obtained from DMA storage modulus plot. 

 

Sample E’ (MPa) 

at 100⁰C 

% of 

increase 

E’ (MPa) 

at 250 °C 

% of 

increase 

E’ (MPa) at 

400⁰C 

% of 

increase 

OPBI 

GOP2-1% 

GOP2-2.5% 

GOP4-1% 

GOP4-2.5% 

GOP6-1% 

GOP6-2.5% 

2587 

4374 

5092 

2925 

4694 

2768 

4397 

 

69.07 

96.83 

13.06 

81.44 

6.99 

69.96 

1986 

3204 

3971 

2404 

3884 

2339 

3604 

 

61.32 

99.94 

21.04 

95.56 

17.76 

81.47 

1158 

1863 

2296 

1869 

2735 

1670 

2573 

 

60.88 

98.27 

61.39 

136.18 

44.21 

122.19 
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Figure A3.22. Loss Modulus (A) and tanδ plots (B) of all the GOP loaded MMMs of different 

filler loading along with pristine OPBI.  
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Figure A3.23. Nyquist plots of (A) GOP2-1%, (B) GOP2-2.5%, (C) GOP4-1%, (D) GOP4-

2.5%, (E) GOP6-1% and (F) GOP6-2.5% membranes after equivalent circuit fitting at 140 °C 

and 160 ⁰C. 



Appendix 3 

 

Anupam Das, University of Hyderabad, 2023    241 

 

 

Figure A3.24. Proton conductivity vs temperature plot of GOP1-2.5%, GOP3-2.5% and 

GOP5-2.5% membranes. 

 

Figure A3.25. Activation energy of proton conduction for the OPBI and GOP loaded MMMs. 
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Table A3.3. Tensile strength and elongation at break values of PA loaded OPBI, and OPBI/GOP 

Composite Membranes. 

 

Sample Tensile stress at 

break (MPa) 

Elongation at 

break (%) 

 

OPBI 

 

0.71 

 

81 

GOP2-1% 1.58 175 

GOP2-2.5% 1.60 376 

GOP4-1% 1.30 186 

GOP4-2.5% 1.33 323 

GOP6-1% 1.33 295 

GOP6-2.5% 1.32 326 
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APPENDIX 4 (for Chapter 6) 

 

Crosslinked Alkaline Anion Exchange Membrane from  

N-Spirocyclic Quaternary Ammonium and Polybenzimidazole   
 

 

 

Synthesis of 1,2,4,5-tetrakis(bromomethyl)benzene 

A literature reported procedure was followed,1 Chloroform (80 mL) was added to a 

mixture of durene (5.16 g, 38.45 mmol), NBS (27.25 g, 153.1 mmol) and AIBN (0.642 g, 3.90 

mmol). The mixture was kept under reflux for 2 h during which the reaction mixture turned 

orange. When the boiling became too vigorous because of the exothermic reaction, the heating 

was temporarily stopped. More NBS (6.75 g, 37.92 mmol) and AIBN (0.17 g, 1.03 mmol) were 

added and the reaction mixture was refluxed overnight. The hot mixture was then filtered to 

remove insoluble NBS. Chloroform was evaporated under reduced pressure until a dry residue 

was obtained. The residue was washed with cold methanol (3×50 mL) to give an off-white 

powder. The product was purified by two-fold recrystallization in chloroform, yielding 

colourless crystals (3.00 g, ≈17% isolated yield).  

1H NMR (500 MHz, CDCl3) δ (ppm): 7.37 (s, 2H, Ar-H), 4.60 (s, 8H, Ar-CH2-Br). Both 1H 

and 13C NMR spectra along with peak assignments are shown in Figure A4.1. 

 

 

Scheme A4.1. Synthesis of 1,2,4,5-tetrakis(bromomethyl)benzene. 
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                      (A) 

 
 

 

                   (B) 

 

 

Figure A4.1. 1H NMR (A) and 13C NMR (B) spectra of 1,2,4,5-tetrakis(bromomethyl)benzene. 

CDCl3 was used as NMR solvent. 
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Synthesis of Spiro ionene polymer (SP) 

A reported procedure was modified for this synthesis1 1,2,4,5-Tetrakis(bromomethyl) 

benzene (1.17 g, 2.60 mmol) was dissolved in DMF (35 mL) in a 250 mL round flask. Next, 

DIPEA (2 mL, 12 mmol) and solution of 4,4′- trimethylenedipiperidine (0.554 g, 2.64 mmol) 

in a mixture of DMF (15 mL) and deionized water (8 mL) was added. The reaction mixture 

remained optically clear during 1 h stirring at 60 °C. The product was then precipitated in 

acetone (150-200 mL). Next, the white precipitate was washed with fresh acetone (2×150 mL), 

followed by drying under vacuum at 50 °C to yield an off-white powder (1.33 g, ≈100% 

isolated yield). 

1H NMR (500 MHz, D2O) δ (ppm): 7.32 (s, 2H, Ar-H), 4.82 (d, 8H, J = 6.7 Hz, Ar-CH2-N), 

3.63 (d, 4H, J = 11.6 Hz, N-CH2), 3.42 (t, 4H, J = 11.0 Hz, N-CH2), 1.91 (d, 4H, J = 11.5 Hz, 

N-CH2-CH2), 1.63-1.55 (m, 6H, N-CH2-CH2 and CH), 1.30 (s, 6H, CH-CH2 and CH-CH2-

CH2). 

13C NMR (100 MHz, D2O) δ (ppm): 133.8, 118.9,70.8, 62.6, 61.0, 34.3, 32.1, 27.1, 22.6. Both 

1H and 13C NMR spectra along with peak assignments are shown in Figure A4.2. 

 

 

 Scheme A4.2. Synthesis of spiro ionene polymer (SP). 
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                        (A) 

 

                  

                         (B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4.2. 1H (A) and 13C (B) NMR spectra of SP. 
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Table A4.1. Composition of porous blend membranes containing different porogen content in 

wt %.  

Sample 

identity# 

SP  

(wt %) 

PyPBI 

(wt %) 

DBP 

(wt %) 

Induced 

expected 

experimentally 

porosity (P) 

(wt %) 

S50P50-P10 

S50P50-P25 

50 

50 

50 

50 

10 

25 

9.49 

26.13 

S50P50-P40 50 50 40 39.31 

 

# Porous AEMs in the Br- and OH- form are named as S50P50-P10-Br and S50P50-

P10-OH, respectively and so on. 
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Membrane characterizations 

 

 

Figure A4.3. Infrared spectra (FT-IR) of all the Br- form membranes and ionically crosslinked 

OH- form membranes along with their parent polymers (PyPBI and SP). 
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Figure A4.4. FT-IR spectra of S50P50-P25-Br with P (before porogen removal), without P 

(after porogen removal) and ionically crosslinked S50P50-P25-OH. 

 

 Figure A4.5. FT-IR spectra of S50P50-P40-Br with P (before porogen removal), without P 

(after porogen removal) and ionically crosslinked S50P50-P40-OH. 
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Figure A4.6. TGA analysis of S50P50-P25 & S50P50-P40 with P (before porogen removal), 

without P (after porogen removal) Br- form membranes, and ionically crosslinked S50P50-

P25-OH & S50P50-P40-OH membranes in a comparison with S50P50-Br and S50P50-OH 

membranes. 
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Figure A4.7. Pictorial representation of two Teflon plates with four platinum electrode set-up 

utilized in hydroxide (OH-) ion conductivity measurement under hydrated condition. 

 

 

 

Figure A4.8. Hydroxide ion conductivity of S50P50-OH and S50P50-P25-OH membranes at 

2 M KOH. 
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Alkaline stability   

All the ICL and porous ICL membranes were immersed in 1 M aqueous KOH solution 

at room temperature and at 80 °C for a longer period of time (960h). Also, S50P50-OH and 

S50P50-P25-OH membranes were treated with 2 M KOH solution for 500 h at 60 °C to check 

their alkaline stability. The alkaline stability of all the anion exchange membranes in basic 

condition was studied with the time by measuring the weight loss (%) through 

thermogravimetric analysis (TGA) before and after alkaline stability test and gravimetric 

analysis by taking the membrane weight before and after alkaline treatment, IEC & hydroxide 

ion conductivity measurement after 500 h alkaline treatment and comparing with the freshly 

alkali treated samples, and also from FT-IR spectroscopy analysis before and after alkaline 

stability test.  

 

 

Figure A4.9. Images of ionically crosslinked AAEMs after 960 h of alkaline treatment at 80 

°C in 1 M KOH. (A) S30P70-OH, (B) S50P50-OH, (C) S70P30-OH, (D) S50P50-P10-OH, 

(E) S50P50-P25-OH and (F) S50P50-P40-OH. 
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Figure A4.10 (A-F). The membranes at various time interval during the 1 M KOH treatment 

at 80 °C. For all the samples spectra were recorded after 500 h and 960 h, and compared with 

the spectra before the stability test. 
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Figure A4.11. Comparison of hydroxide (OH-) ion conductivity at 90 °C of all the ICL and 

porous ICL AAEMs before alkaline treatment and after 500 h alkaline (1 M KOH at 80 °C) 

treatment. 

 

Figure A4.12. Comparison of hydroxide (OH-) ion conductivity of S50P50-OH & S50P50-

P25- OH AAEMs after treatment with 2 M KOH for 500 h alkaline treatment at 60 °C.         
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Table A4.2. OH- conductivity comparison of ionically crosslinked AEMs after 500h alkaline 

treatment in 2 M KOH at 60 °C in a comparison with freshly alkali treated AEMs in 2 M KOH. 

Sample identity OH- ion conductivity  

(mS/cm) 

  at 90 °C 

OH- conductivity 

at 90 °C after 

500h of treatment in 

2 M KOH 

Decrease in 
 

(%) 

S50P50-OH 

S50P50-P25-OH 

113  

124 

91 

101   

19.47 

18.54 

    

 

 

 

 

Figure A4.13. Gravimetric analysis of S50P50-OH and S50P50-P25- OH membranes before 

and after alkaline stability test (A) 1 M KOH at 80 °C, 500 h. (B) 2 M KOH at 60 °C, 500 h. 
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Figure A4.14. Glass transition temperature (Tg) obtained from (A) temperature dependent Loss 

Modulus plot and (B) an of ionically crosslinked AEMs. The peak indicated with dotted 

vertical line is the Tg. 

 

Table A4.3. Thermo-mechanical and glass transition temperature data of ionically crosslinked 

hydroxide (OH-) form membranes obtained from DMA analysis. 

Sample Eʹ(MPa) 

at 100 °C 

Eʹ(MPa) 

at 400 °C 

Tg °C from E″ Tg °C from 

Tan  

S70P30-OH 5801 821 343 352 

S50P50-OH 7397 977 350 360 

S30P70-OH 5087ʹ 1456 356 377 

S50P50-P10-OH 4751 2466 359 363 

S50P50-P25-OH 3512 1188 361 376 

S50P50-P40-OH 2354 542 367 385 
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Table A4.4. The IEC and hydroxide ionic conductivity data of the present work compared with 

literature data. 

Polymer backbones 

and references 

Cationic 

site 

 

IEC 

(meq/g) 

Hydroxide 

 

conductivity 

        (mS/cm) 

Present work (Ionically crosslinked AEM) 
(S70P30 OH) 

NSQA 2.39 50.7 (25 °C) 
& 

129 (90 °C) 

poly(2,6-dimethyl-1,4-phenylene oxide)- 

based AEMs2 
QA 2.87      99 (RT) 

Fluorinated poly(olefin)-based AEMs3 QA 1.12 91 (80 °C) 

Poly(p-phenylene-co-aryl ether ketone)s4 QA 1.58 37.6 (80 °C) 

Polyphenylene oxide with long alkyl side chains5 QA 2.75 43 (RT) 

Poly phenylene oxide with fluorine side chains6 QA 1.89 176 (80 °C) 

spirobiindane-based microporous poly(ether 

sulfone)s7 

NSQA 1.18   27 (80 °C) 

    

polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene 

(SEBS)8 

QA    1.55   93 (80 °C) 

Olefinic-type copolymer based AEMs9 QA, 

Pyr & 

Im 

 

1.24, 

1.26 & 

1.24 

 

60 (80 °C), 

50 (80 °C) & 

40 (80 °C) 

 

Poly(phenylene oxide)s incorporating N-spirocyclic 

quaternary ammonium based AEMs10 

NSQA 
(Qpip) 

 
1.91 

 
51.6 (60 °C) 

    

bis-six-membered N-cyclic quaternary ammonium cations 

in advanced anion exchange membranes11 
QA 

 

1.85 76.5 (80 °C) 

Quaternized aromatic/perfluoroalkyl copolymer 
(QPAF) based AEMs12 

    QA    1.33  152 (80 °C)  

Hexyl bis(quaternary ammonium)-mediated partially 

crosslinked SEBSs as AEMs13 

Anion exchange membranes with dense N-spirocyclic 

cations as side-chain14 

QA 
 

NSQA 
 

 

2.13 
 

1.70 
 

174.8 (80 °C) 

 
95.5 (80 °C) 
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Polymer backbones 

and references 

Cationic 

site 

 

IEC 

(meq/g) 

Hydroxide 

 

conductivity 

        (mS/cm) 

            grafted quaternized side chains as AEMs15 

cross-linked (AEM) based on poly(2,6-dimethylphenylene 

oxide) (PPO)16 

tethered poly(phenylene oxide) (PPO) different hetero-

cycloaliphatic QA cations via pentyl spacer chains17 

 

 
 Ether spaced N-spirocyclic quaternary ammonium 

functionalized crosslinked polysulfone based AEM18 

Bis‑N‑spirocyclic Quaternary Ammonium  

 Moieties as AEMs19 

 

Poly(arylene alkylene)s with pendant N-spirocyclic 

quaternary ammonium cation as AEMs20 

PPO tethered with Six- Membered N‑Spirocyclic 

Ammonium cation as AEMs21 

 

poly (ether ether ketone) containing N-spirocyclic 

quaternary ammonium based AEM22 

 

poly(arylene ether)s-based anion exchange membranes 

bearing pendent N-spirocyclic quaternary ammonium23 

QA 
        
        QA 

 
QA, 
Pip, 
Qui 
Aze 
Mor 
 

   NSQA 
 

 
    NSQA 
(Spiro-Pyr) 

 
NSQA 

 
NSQA 

 
 
 

NSQA 
(Spiro-Pyr) 

 
NSQA 

 

1.84 
 

3.21 
 

1.90 
1.78 
1.78 
1.72 
1.78 

 
2.05 

 
 

   1.80 
 
   
  2.29 
 
  2.49 
 
 
    
   1.46 

 
 
   0.93 
 
 
    

82.4 (80 °C)  
 

31 (RT)  
 

 139 (80 °C) 

 117 (80 °C) 

 151 (80 °C) 

 78 (80 °C) 

  101 (80 °C) 

 
 85.7 (80 °C) 

 
 

  110 (80 °C) 
 
 

102 (80 °C) 
 

96 (80 °C) 
 
 
 

49.6 (80 °C) 
 

 
63.1 (80 °C) 

 
 

 

QA= Quaternary ammonium, NSQA= N-Spirocyclic Quaternary ammonium, 

Im=Imidazolium, Pip= Piperidinium, Qpip= Quaternary piperidinium, Pyr=Pyrrolidinium, 

Qui= Quinuclidinium, Aze= Azepanium, Mor= Morpholinium. 
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APPENDIX 5 (for Chapter 7) 

 
Multicationic Anion Exchange Membranes from Pyridine-bridged 

Polybenzimidazole and Polymer Ionic Liquid Grafted Graphene Oxide 

 

 

Synthesis of 3-butyl-1-vinylimidazolium iodide [VImBu][I]: Following a literature reported 

methodology,1 [VImBu][I] was synthesized by stirring a mixture containing 1-vinylimidazole 

(2.0 g, 0.021 mol), butyl iodide (4.0 g, 0.021 mol), and KOH (1.22 g, 0.021 mol) in acetonitrile 

(30 mL) at room temperature under a nitrogen atmosphere for 48 h. The KBr precipitate was 

removed by filtration. After the evaporation of solvent, the mixture was washed three times 

with diethyl ether to obtain [VImBu][I]. The synthesized product was thoroughly characterized 

by 1H and 13C NMR spectroscopy for structure confirmation (Figure A5.1A, B), with detailed 

1H-NMR integration. 

 

Synthesis of 1-(4-vinylbenzyl)-2-methylimidazole.  

Following a literature reported procedure,2 1-(4-vinyl benzyl)-2-methylimidazole was 

synthesized by stirring a mixture containing 4.10 g (0.05 mol) of 2-methylimidazole, 7.65 g 

(0.05 mol) of 4-vinylbenzyl chloride, and 5.60 g (0.14 mol) NaOH in acetonitrile (40 mL) was 

stirred at room temperature for 36 h under an argon atmosphere. The solvent was removed 

under dynamic vacuum, and the crude product was extracted with CH2Cl2 three times. The 

combined organic phase was washed with distilled water and dried over anhydrous MgSO4 and 

the solvent was removed under vacuum. The resultant yellow oil was dried in dynamic vacuum 

at room temperature. 

 

Synthesis of 1-butyl-2-methyl-1-(4-vinylbenzyl)imidazolium iodide [VBImBu][I]: 

[VBImBu][I] was synthesized by stirring a mixture containing 1-(4-vinylbenzyl)-2-

methylimidazole and an equivalent molar amount of 1-iodobutane for 24 h at 0 °C. The 

resultant viscous oil was washed with ethyl ether four times and then dried in vacuum at room 

temperature. The synthesized product was thoroughly characterized by 1H and 13C NMR 

spectroscopy for structure confirmation (Figure A5.2A, B). 
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Figure A5.1. 1H NMR data (A), 13C NMR data (B) of 1-vinylimidazolium Iodide 

([VImBu][I]). 
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Figure A5.2. 1H NMR data (A), 13C NMR data (B) of [VBImBu][I]. 
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Figure A5.3. 1H NMR data of PyPBI-BuI-OBA. 
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Figure A5.4. FT-IR analysis data of GO, GO-EDA, GO-BSPA, GOPIL1, GOPIL2 and 

GOPIL3 samples. 

 
Figure A5.5. BET N2 sorption isotherms of GOPIL1, GOPIL2 and GOPIL3 samples. 
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Figure A5.6. (A) FESEM image and (B) EDX analysis data with elemental mapping (C and 

N) of pMATMA115-g-GO (GOPIL1). 
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Figure A5.7. (A) FESEM image and (B) EDX analysis data with elemental mapping (C and 

N) of pVimBu132-g-GO (GOPIL2). 
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Figure A5.8. (A) FESEM image and (B) EDX analysis data with elemental mapping (C and 

N) of pVBImBu80-g-GO (GOPIL3). 
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Figure A5.9. Dynamic vapour sorption analysis plot of GO (A), GOPIL1 (B), GOPIL2 (C) 

and GOPIL3 (D). 
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Figure A5.10. TGA plot of GOPIL1-1% and GOPIL1-2% (both iodide and hydroxide form) 

membranes. 

 
 

Figure A5.11. (A) AFM surface images of PyPBI-BuI-OBA (A), GOPIL1-1%(I) (B), 

GOPIL2-1%(I) (C), GOPIL3-1%(I) (D). 
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Table A5.1. Surface roughness of composite anion exchange MMMs in a comparison with 

PyPBI-BuI-OBA  

Sample Root mean square 

roughness (Sq) (nm) 

PyPBI-BuI-OBA 1.056  

GOPIL1-1%(I) 5.830 

GOPIL1-2%(I) 16.215 

GOPIL2-1%(I) 2.997 

GOPIL2-2%(I) 11.537 

GOPIL3-1%(I) 4.194 

GOPIL3-2%(I) 13.006 

 

 

 
 

 

 

Figure A5.12. AFM 3D image of the surface morphology of PyPBI-BuI-OBA. Height profile 

is also measured (shown below the image) in order to estimate the surface roughness of the 

membranes. 
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Figure A5.13. AFM 3D images of the surface morphology of (A) GOPIL1-1%(I), (B) 

GOPIL1-2%(I), and (C) GOPIL2-1%(I), (D) GOPIL2-2%(I), (E) GOPIL3-1%(I), and (F) 

GOPIL3-2%(I). Height profile is also measured (shown below the images) in order to estimate 

the surface roughness of the membranes. 
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Figure A5.14. Surface FESEM images of GOPIL1-1%(I) in different magnification (A, B), 

GOPIL1-2%(I) in different magnification (C, D). 
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Figure A5.15. Surface FESEM images of GOPIL2-1%(I) in different magnification (A, B), 

GOPIL2-2%(I) in different magnification (C, D). 
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Figure A5.16. Surface FESEM images of GOPIL3-1%(I) in different magnification (A, B), 

GOPIL3-2%(I) in different magnification (C, D). 
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Table A5.2. Swelling ratio (%) of PyPBI-BuI-OBA composite AAEMs at various 

temperatures. 

 

 
 

 

Table A5.3. Tensile Stress and Elongation at Break Values of the hydroxide form membranes. 

 

Sample Tensile strength 

(MPa) 

Elongation at 

break (%) 

 

PyPBI-BuOH-OBA 

 

47.13 

 

5.8 

GOPIL1-1%(OH) 73.97 8.1 

GOPIL1-2%(OH) 113.73 6.1 

GOPIL2-1%(OH) 49.79 7.0 

GOPIL2-2%(OH) 57.14 7.1 

GOPIL3-1%(OH) 76.8 10.0 

GOPIL3-2%(OH) 149.8 8.0 
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Figure A5.17. FT-IR spectra of GOPIL2-2%(OH) (A) GOPIL3-2%(OH) membrane (B)  

(before and after alkaline stability treatment in 1 M KOH at 60 °C for 500 h) along with pristine 

PyPBI-BuOH-OBA membrane.  

 

 

Figure A5.18. FESEM and TEM of GOPIL1-2%(OH) membrane after alkaline stability 

treatment in 1 M KOH at 60 °C for 500 h (A), FESEM and TEM of GOPIL3-2%(OH) 

membrane after alkaline stability treatment in 1 M KOH at 60 °C for 500 h 
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Table A5.4. Alkaline stability of the composite AAEMs in 1 M KOH at 60 °C for 21 days (500 

h) [the images of the composite membranes are 1 M KOH treated membrane after alkaline 

stability treatment]. 

 

 

Figure A5.19. TGA plot of composite AAEMs before and after alkaline stability treatment in 

1 M KOH at 60 °C for 500 h. 
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Table A5.5. Alkaline stability of the composite AAEMs in 5 M KOH, 60 °C for 15 d (375 h) 

[the images of the composite membranes are 5 M KOH treated membrane after alkaline 

stability treatment] 
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ABSTRACT: Metal organic frameworks (MOFs) have received considerable
importance as proton conducting materials in recent times. However, most of the
MOFs lack the ability to form film, which limits their application. In the present
work, polybenzimidazole (PBI) composite membranes have been prepared by
loading post synthetically modified (PSM) UiO-66-NH2 MOFs, denoted as PSM 1
and PSM 2 into an aryl ether-type polybenzimidazole (OPBI) polymer. The
pristine OPBI, and MOF nanofiller loaded membranes were doped with
phosphoric acid (PA) to prepare proton exchange membranes (PEMs). Use of
thermally stable, hydrophilic MOFs resulted in enhanced proton conductivity,
higher PA retention capacity, and increased stability against oxidative degradation
for the composite membrane than the pristine OPBI polymer. The proton
conductivities of the composite membranes (0.29 S cm−1 for PSM 1-10% and 0.308
S cm−1 for PSM 2-10% membranes at 160 °C, under anhydrous environment) were
notably higher than the conductivities of the constituents and also higher than most of the MOF based polymer supported
membranes. To the best of our knowledge, the PA doped PSM 2 loaded composite membrane shows the highest proton
conductivity at 160 °C among all MOF based composite membranes. Extensive interfacial H-bonding plays the most crucial role
behind the enhanced proton conductivities of the PA doped MOF containing polymer membranes reported here. This work clearly
demonstrates the benefits of using rationally designed PSM 1 and PSM 2 MOFs as nanofiller to prepare OPBI supported
membranes that can perform excellent proton conduction in a wide temperature range spanning up to 160 °C. This provides a
generalized approach toward achieving an efficient proton conducting membrane for use in fuel cells.

KEYWORDS: polymer-MOF, polybenzimidazole, proton exchange membrane, fuel cell, proton conduction, post-synthetic modification,
UiO-66

■ INTRODUCTION

Heavy vehicles or automobiles are one of the major reasons
behind high consumption of fossil fuels and environmental
pollution. Replacement of such conventional engines by fuel
cells can produce the best environmentally friendly solution to
this existing problem. A fuel cell is an electrochemical energy
conversion device which can convert chemical energy directly
into electrical energy.1−3 In a fuel cell, hydrogen/fuel gets
oxidized in the anode while oxygen gets reduced in the
cathode. Protons travel through the proton exchange
membrane (PEM) from cathode to anode while electrical
energy is obtained in the outer circuit. The efficiency of a fuel
cell largely depends on the efficiency of proton conduction
through the PEM.2,4−6 Therefore, proton conducting materials
and proton transport phenomenon are very important for
applied research in modern era.7−10 In this context, polymers
have been extensively studied in literature for PEMFC (proton
exchange membrane fuel cell).5 Perfluorosulfonated (Nafion)
membranes have been evolved extensively as PEMs due to
their promising conductivity, chemical and mechanical
strengths, and long-term durability.11,12 Recently, metal−

organic framework (MOF) and other frameworks containing
conducting compounds have emerged as potential materials for
scientific research which generates bridges between inorganic
cluster containing compounds and organic polymers in terms
of availability of detailed crystal structure and their efficiency of
proton conduction.13−21 These MOFs are the coordination
analogues of the conventional polymers and consist of organic
molecules and metal ions.
Shimizu and co-workers developed two MOFs, namely,

PCMOF21/2 (Pz) and PCMOF21/2 (Tz) (Pz = 1H-pyrazole
and Tz = 1H-1,2,4-triazole) with promising proton con-
ductivity under high relative humidity.22 Lan and co-workers
reported the synthesis of a sulfonic acid doped MIL-101 MOF
(MIL-101-SO3H) which displayed excellent proton conduc-
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ABSTRACT: Two major challenges, namely, hydroxide conductivity and alkaline
stability of the polymer membrane, are yet to be resolved adequately in spite of significant
research outcomes on alkaline anion exchange membrane (AAEM) in the recent past. To
address these challenges, in this work, the development of ionically cross-linked AAEMs
has been achieved by blending pyridine-bridged polybenzimidazole (PyPBI) and N-
spirocyclic quaternary ammonium spiro ionene polymer (SP). Further, membranes were
converted to porous membranes by adding different weight percentages of porogen in the
membrane matrix. Membranes were converted to hydroxide-conducting AAEMs by
dipping into 1 M KOH solution, and under this condition, a part of the −NH− groups of
PyPBI was deprotonated to form ammonium−imidazolate complexes with SP, which
resulted in ionic cross-linking in the AAEM. Hydroxide ion conductivity of 129 mS/cm at
90 °C was obtained in the case of the S70P30-OH membrane, which was a hydroxide-
form membrane obtained from the blend of 70 wt % SP and 30 wt % PyPBI, and this
membrane showed the highest KOH uptake among all other AAEMs prepared in this study. On the other hand, among the porous
ionically cross-linked membranes studied here, the S50P50-P25-OH (blends of 50 wt % SP and 50 wt % PyPBI with 25% porogen)
membrane showed the highest hydroxide ion conductivity (117 mS/cm at 90 °C). All the ionically cross-linked AAEMs displayed
excellent alkaline stability and remained unaffected during alkaline stability test in 1 M KOH at 80 °C for as long as the test was
carried out (960 h). Observing the exceptional stability in 1 M KOH of S50P50-OH and S50P50-P25-OH membranes, OH−

conductivity analysis and alkaline stability tests of these samples were carried out even in 2 M KOH, and we found that these
membranes retained ∼80% of their OH− conductivity value even after 500 h of alkaline treatment in 2 M KOH at 60 °C.
Furthermore, membranes were found to be useful in alkaline water electrolysis, and the best performance was shown by the S70P30-
OH membrane, which displayed a current density of 100 mA cm−2 at 2.6 V. Overall, these recently developed membranes retained
hydroxide conductivity, structural and thermal stability even after harsh alkaline treatment for a longer period of time.

KEYWORDS: alkaline anion exchange membrane, N-spirocyclic, polybenzimidazole, cross-linking, water electrolyzer

■ INTRODUCTION

With the development of fossils free renewable energy
resources, electrochemical energy conversion devices such as
fuel cells,1−4 electrodialysis,5 redox flow batteries,6,7 and
alkaline water electrolysis8,9 have gained a lot of focus in
current times. The ion exchange membrane, an important
component of the electrochemical devices, plays a vital role in
ion conduction and electrode separation.5 Huge benefits,
particularly the use of non-precious metal catalysts like Co and
Ni and faster electrode kinetics of the alkaline anion exchange
membrane fuel cell (AAEMFC) over proton exchange
membrane fuel cell, have generated great deal of attention in
developing various kinds of AAEM in recent years.1−5,7

Generally, cationic functional moieties such as pyridinium,10,11

quaternary ammonium (QA),12−16 imidazolium,17−19 benzi-
midazolium,10,19 phosphonium,20 tertiary sulfonium,21 guani-
dinium,22 piperidinium,23,24 pyrrolidinium,25 azepanium,26

morpholinium,26 and quinuclidinium26 have been often
introduced into the polymer chain to create anion exchange

sites. A promising anion exchange membrane must possess
high hydroxide ion conductivity, excellent alkaline stability,
good thermal stability, moderate to high mechanical robust-
ness, and sufficiently long-term durability at an elevated
temperature under harsh alkaline conditions.17,27,28 The
development of such kinds of AAEM with all the above-
mentioned features is a major challenge. Because of its highly
basic and nucleophilic nature, the hydroxide ion is prone to
attack and degrade the conventional QA29 and other cationic
groups via, for example, Hofmann eliminations and nucleo-
philic substitutions.30 In addition, polymer backbones may
degrade via cleavage of activated ether bridges.31 Also, the
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ABSTRACT: In this study, we have functionalized graphene oxide
(GO) by growing polymer chains on its surface and then utilized the
polymer-g-GO as a nanofiller with oxypolybenzimidazole (OPBI) to
make a highly efficient nanocomposite-based proton exchange
membrane (PEM). Three different monomers, namely, acrylamide
(AAM), 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), and
3-sulfopropyl acrylate potassium salt (SPAK), were polymerized on
the activated GO surface via surface-initiated reversible addition
fragmentation chain-transfer polymerization to obtain three different
types of polymer-g-GO, namely, pAAM-g-GO, pAMPS-g-GO, and
pSPAK-g-GO. Furthermore, the chain length of grafted polymers in
each case was altered in order to study the effects of the grafted
polymer structure and chain length on the properties of nano-
composite PEMs. The exfoliation of GO nanosheets after polymer
grafting was confirmed by studying the surface morphology using various microscopic techniques. Gel permeation chromatography
and thermogravimetric analysis helped in measuring the chain length of grafted polymers and grafting density on the GO surface.
Furthermore, we have impregnated polymer-g-GO as nanofillers by varying loading wt % into the OPBI to fabricate a mixed matrix
membrane which upon doping with phosphoric acid (PA) converted into a mixed matrix PEM. The prepared nanocomposite PEM
displayed exceptionally good thermal stability, significantly improved tensile properties, improved PA loading followed by superior
proton conductivity, and remarkable PA retention when exposed to saturated water vapor. When the 2.5 wt % pSPAK-g-GO (where
the pSPAK chain length is 19.6 kDa) mixed with OPBI, the resulting PEM showed a remarkably high proton conductivity value of
0.327 S cm−1 at 160 °C, a significant 5-fold increment compared to the pristine OPBI membrane (0.067 S cm−1 at 160 °C). To the
best of our knowledge, this will be the first report on utilization of polymer-g-GO in polybenzimidazole membranes for high-
temperature PEM application.
KEYWORDS: graphene oxide (GO), polybenzimidazole, RAFT polymerization, proton exchange membrane, nanocomposites

■ INTRODUCTION
In recent years, graphene oxide/polymer composite materials
have been extensively utilized in electrodes,1 supercapacitors,2,3

biosensors,4 water desalination and waste water treatment,5,6

and various other electrochemical devices owing to their
superior physical properties. The large surface area, high aspect
ratio, and the presence of hydrophilic functionalities generate
abundant proton transport sights in graphene oxide (GO), and
therefore, it has been considered and utilized as an effective
organic filler in various types of composite-based polymer
electrolyte membranes (PEMs).7−10 However, aggregation of
GO in the membrane occurs owing to the poor dispersion of
GO in organic solvents, and hence significant property
improvement of PEMs has often been hampered.11 In order
to avoid this, researchers have graf ted various active groups on
the GO surface to increase the hydrophilicity so that the
dispersion ability enhances. Lerf et al. have functionalized the
GO surface to prepare various modified GO derivatives and

studied their properties.12 Also, several research groups
reported the incorporation of sulfonated GO (SGO) into the
polymer membrane which resulted in improvement of various
physical properties in the PEMs.13−15 Xu et al. have developed
SGO-incorporated polybenzimidazole (SGO/PBI) membranes
and reported a proton conductivity value of 0.052 S/cm at 175
°C under an anhydrous environment, which is found to be 1.9
times higher than that of unmodified GO/PBI membranes
(0.027 S/cm). Moreover, SGO sample dispersion nature and
compatibility with the PBI matrix were found to be superior
over unmodified GO.16 Functionalized GOs (FGOs) possess-
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