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Abstract 

Fossil fuels are the primary sources of power and energy to the mankind even today. Cost-effective 

and environmentally friendly alternate energy sources alleviate problems associated with fossil 

fuels. Development of a cost-effective fuel cell along with a high performance has been the 

objective of several research works. Direct Methanol Fuel Cells (DMFCs) are attractive due to 

their simple working principle, portability, low operation temperatures, convenient fuel storage 

and high energy density of methanol. This work involves synthesis of novel nanocomposites for 

proton exchange membranes for direct methanol fuel cell applications (DMFC) and determination 

of their selectivity. Initially, general strategies were developed to control the surface functional 

groups namely carboxyl, carbonyl, epoxy and hydroxyl present on the graphite Oxide (GO) by 

changing the oxidation temperature from 30 to 110 ºC in modified Hummer’s method to determine 

the best synthesis temperature for modification of membranes. The optimized GO was doped with 

UiO-66 for fabrication of Sulfonated poly (ether ether ketone) (SPEEK) based polymeric 

composite membrane. Further it was modified with palladium (Pd) to increase the membrane 

selectivity for DMFC application. The study encompasses the effect of amino acid (L-Tyrosine) 

on selectivity of developed SPEEK membrane. The functional groups and constituent elements 

were characterized by Fourier Transform Infrared Spectroscopy (FTIR), X-ray photoelectron 

spectroscopy (XPS). The surface morphology was analyzed by Scanning Electron Microscopy 

(SEM), Atomic Force Microscopy (AFM) and Transmission Electron Microscopy (TEM). The 

crystallinity and thermal stability was studied using X-Ray Diffraction (XRD) and 

Thermogravimetric analysis (TGA) respectively. The physicochemical properties of the SPEEK 

and SPEEK composite membranes such as ion exchange capacity (IEC), water uptake, methanol 

permeability, proton conductivity were measured. The results include significant improvement in 

blocking of methanol upon modification of base polymer using novel composites while on the 

other hand the membrane conductivity increased significantly. Both these factors result in higher 

selectivity of the SPEEK composite membrane for DMFC applications, compared to that of 

benchmark Nafion-117 membrane.   
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1 
 

CHAPTER 1 

Introduction, background to the problem and 

objectives  

This chapter delivers an overview with the importance of Direct Methanol Fuel Cell 

technology and emphasizes on various fuel cell technology presently available. This 

chapter also highlights the motivation and scope of this fuel cell technology. Based on 

the gaps and challenges, the research objectives were defined. 

1.1 Background 

Population boom and immensely rapid industrial development have resulted in an 

exponential increase in the global demand for energy consumption and a speedy decline 

in the fossil fuel resources. The current alarming rate of renewable energy depletion is 

highly detrimental to the environment and puts forward an inevitable risk of energy 

exhaustion. The present energy techniques also contribute significantly to the increasing 

pollution levels of the world. Thus, it is important that one comes up with newer 

alternatives which are cleaner and greener [1]. In the present situation, the dire need of 

the hour is to find a sustainable alternative source of energy that is cheap, effective, 

ensures high performance and is environment friendly. This currently forms the focus 

area of many researchers around the world. Fuel cells have time and again proven to be 

very promising for energy storage and conversion due to their high efficiency and low 

degrees of pollution. They have been proposed as a future portable and mobile energy 

conversion device for their high energy density, easy handling and quiet operation. These 

environmentally-benign designs have a simple structural design and easy refueling 

system. Fuel cells are potential replacements for the current energy techniques and their 
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clean, quiet and efficient nature makes them all the more considerable for the future [2-

4]. As quoted by George W. Bush, on February 25, 2002, “We happen to believe that fuel 

cells are the wave of the future. We need to have a focused effort to bring fuel cells to 

market, and that’s exactly what my administration is dedicated to do” [5]. 

1.2 History of Fuel Cell Technology 

William Robert Grove (1811-1896) is credited for inventing the fuel cell technology in 

1839. He was a British barrister and an amateur physicist [6,7]. Following this, Hydrogen 

Fuel Cells were experimented by Ludwig Mond (1839-1909) and his assistant Carl 

Langer in 1888. This fuel cell produced 6 amps per square foot at 0.73V. The first alkaline 

fuel cell was invented by Francis Thomas Bacon in 1932. He also invented a 5 kW fuel 

cell for practical applications in 1959. The same year, 120 years after the first fuel cell 

was created, NASA revealed some prospective applications of fuel cells for producing 

power in space flights. The Proton Exchange Membrane Fuel Cell (PEMFC) was created 

during that time. These successes proved the mettle of fuel cells and consequently, the 

industry started recognizing the calibre they possessed by the 1960s [8.9]. But technical 

problems and the expensive nature of these fuel cells were still acting as the limitations. 

The commercialization of these fuel cells is a hot topic for several hundred companies 

around the world. 1993 saw the first fuel cell car developed by Ballard Corporation, 

Canada [10]. The research and development of the fuel cell technology is largely being 

supported by the Office of Transportation Technologies at the U.S. Department of Energy 

since 1984. The reliability, durability, low cost and environmental benefits are key factors 

that drive the companies today towards commercialization. 
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1.3 Advantages of Fuel Cells Compared to Conventional Technologies 

Fuel cells are different from Carnot cycle (thermal energy based) engines. The direct 

conversion of fuel to electricity gives fuel cells the advantage of being operated at much 

higher efficiencies as compared to conventional energy conversion processes. This 

enables the fuel cells to extract more electricity for the same amount of fuel. Fuel cells 

also give out lesser emissions. The waste generated is comparatively lower. In case of 

hydrogen fuel cells, water is the only waste product generated. Fuel cells have no moving 

parts, which leads to its quiet nature and makes it mechanically ideal [10]. 

A fuel cell is analogous to a battery in terms of its operation and principle. However, it 

comes with the advantage of no recharging requirement. A fuel cell only needs 

continuous supply of fuel and oxidant to run smoothly. A battery is typically an energy 

storage device, which runs down (becomes dead or discharged) when the reactants it 

stores are exhausted. However, in fuel cells, the fuel is stored externally and so it can 

never get internally dead. 

In view of the higher thermal efficiencies, lower waste generation, quiet nature and 

energy prospects make fuel cells better as compared to conventional technologies. 

1.4 Type of Fuel Cells 

Fuel cells are generally categorized based on the electrolyte material being used. The 

material that is used between the anode and the cathode is called the electrolyte. It acts 

as a conductor exclusive to protons and not electrons for ion exchange. The electrolyte 

plays a key role in the production of the electric current. The prime five kinds of fuel cells 

that are being subjected to study and research have been tabulated in the Table 1.1 below. 

Though, the below mentioned fuel cells are different in many aspects, electrolyte 
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membrane is a prime characteristic of difference. All types of fuel cells operate on the 

same basic principle [11-13]. 

Table 1.1 Types of fuel cell and their operating condition  

Type Alkaline Fuel 

Cell (AFC) 

Molten 

Carbonate Fuel 

Cells (MCFC) 

Phosphoric 

Acid Fuel Cells 

(PAFC) 

Solid 

Oxide 

Fuel 

Cells 

(SOFC) 

Proton 

Exchange 

Membrane 

Fuel Cells 

(PEMFC) 

 

Type of 

Electrolyte 

Typically 

aqueous KOH 

solution 

Typically, 

molten 

Li2CO3/K2CO3 

eutectics 

H3PO4 solutions  Stabilized 

ceramic 

matrix 

with free 

oxide ions  

Proton 

exchange 

membrane  

Typical 

construction 

Plastic, metal High temp 

metals, porous 

ceramic  

Carbon, porous 

ceramics  

Carbon, 

porous 

ceramics 

  

Plastic, metal, 

or carbon  

Primary 

contaminate 

sensitivities 

 

CO, CO2, and 

Sulfur  

Sulfur CO < 1%, Sulfur  Sulfur  CO, Sulfur, 

and NH3 

Applications Military space  Electric utility  Electric utility, 

transportation 

Electric 

utility  

Electric 

utility, 

portable 

power, 

transportation 

 

Advantages Cathode 

reaction faster 

in alkaline 

electrolyte 

therefore high 

performance  

High 

temperature 

advantages  

Up to 85 % 

efficiency in co-

generation of 

electricity and 

heat. Impure H2 

as fuel  

Up to 85 

% 

efficiency 

in co-

generatio

n of 

electricity 

and heat. 

Impure 

H2 as fuel  

Solid 

electrolyte 

reduces 

corrosion & 

management 

problems. 

Low 

temperature. 

Quick start-

up  

 

Disadvantages Expensive 

removal of 

CO2 from fuel 

and air streams 

required  

High 

temperature 

enhances 

corrosion and 

breakdown of 

cell components  

Pt catalyst. Low 

current and 

power. Large 

size.  

High 

temperatu

re 

enhances 

breakdow

n of cell 

compone

nts  

Low 

temperature 

requires 

expensive 

catalysts. 

High 

sensitivity to 

fuel 

impurities 
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1.5 Proton Electrolyte Membrane Fuel Cells (PEMFCs) 

The high energy conversion efficiency of PEMFCs at considerable temperatures 

(<100℃), which leads to a rapid start, makes them highly promising for large practical 

applications. PEMFCs are the most up-and-coming fuel cells for commercialization in 

fields such as portable electronics and automobiles among others [14]. The ability of a 

PEMFC to rapidly change power output is a reason for this. PEMFCs are primarily 

categorized into H2-PEMFC and DMFCs because of the solid electrolyte membrane that 

is used as the electrolyte. An ideal membrane for PEMFCs must be an excellent proton 

conductor with high affinity to protons and not electrons [15].  

An ideal membrane should be equipped with the following properties to ensure high 

efficiency in the PEMFC: 

a) It should be stable chemically and electrochemically under operating conditions. 

b) It should be mechanically strong and stable. 

c) It should promote high electron transport so that the electrolyte is uniformly spread 

and no local drying occurs. 

d) It should be compatible and should provide good adhesion to the contents of the 

PEMFC. 

e) It should have low permeability to the reactants so as to maximize coulombic 

efficiency. 

f) It should possess excellent proton conductivity to ensure minimum losses due to 

resistance. 

g) The production costs of the fuel cell must be appropriate for the purpose that is 

planned for. 
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H2-PEMFCs and DMFCs differ in the type of fuel that is used in them. Hydrogen is used 

in H2-PEMFCs and methanol is used in the latter. 

1.6 H2-PEMFC 

While hydrogen fuel cells came into existence in the late 1800s, the H2-PEMFCs were 

not developed until the 1960s. General Electric Company developed these H2-PEMFCs 

to be used as supplementary power sources in the Gemini space missions. These fuel cells 

come with the remarkable advantage of zero emission of pollutants. Platinum (Pt) catalyst 

and hydrogen fuel are used as the cathode and Pt and air/O2 form the anode. The extreme 

sensitivity of Pt towards CO poisoning makes it necessary to use extremely pure fuels. 

This ensures high efficiency. But the storage of hydrogen and issues in transportation are 

some of the prime limitations here. Thus, other alternatives are being considered [16,17]. 

1.7 Direct Methanol Fuel Cell 

Direct Methanol Fuel Cells (DMFCs) have formed the centre for many research works in 

the recent past owing to their simple working principle, convenient fuel storage, low 

working temperature and portable nature. A fuel cell typically consists of a cathode and 

anode with a proton exchange membrane sandwiched in between. The conversion of 

electrical energy to chemical energy takes places without any intermediate step which 

ensures no emissions and thereby, proves as an efficient alternative for power production. 

The main objective of a fuel cell is the production of electricity and heat without any 

toxic or pollutant as by-product. 

1.7.1 Advantages and comparison of DMFC with respect to H2-PEMFC 

DMFCs are one of the potential alternatives for H2-PEMFC. The applications of DMFCs 

have been successfully implemented in cars, mobile phones, etc. DMFCs show promising 
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applications in the future [18]. The direct fuel feeding system of methanol without the 

transitional stage of forming hydrogen gives a lot of advantage to DMFCs as compared 

to H2-PEMFCs. Hydrogen has storage issues as opposed to methanol, which is easy to 

store. Methanol possesses high energy density, is non-corrosive, biodegradable and cost 

effective. It also has several sources of generation such as natural gas and coal.  

For the electrodes, catalysts like ruthenium have to be added to platinum to facilitate the 

cleavage of anodic methanol bonds. A typical temperature range of 50-100℃ is optimum 

for both the fuel cells. Higher temperatures give better efficiencies. Oxidation of 

methanol takes place at the anode in place of hydrogen, in case of DMFCs. A 1-2 M 

methanol solution and catalyst mixture are used at the anode and Pt and air/O2 are used 

at the cathode. The oxidation reaction of hydrogen is relatively simpler as compared to 

that of methanol. 

1.7.2 Working principle 

Fuel cells are fundamentally electrochemical energy devices that convert chemical 

energy of a fuel (e.g., hydrogen, methanol, etc.) and an oxidant (air or pure oxygen) in 

the presence of a catalyst directly into electrical energy via chemical reactions. A DMFC 

typically consists of an anode, electrolyte and a cathode. The anode is a negative 

electrode. Methanol is separated from a methanol-water mixture at the anode by the 

action of catalysts. Methanol is broken down into carbon dioxide and hydrogen atoms. 

The protons from the hydrogen then pass through the membrane to the positive electrode. 

This transport should be smooth to ensure high efficiency, which is why a highly proton 

conductive membrane is desired for fuel cell applications [18].  
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The reactions of the DMFC are mentioned below: 

Cathode reaction: 3/2 O2 + 6H+ + 6e- ➝ 3H2O   ------ (R1.1) 

Anode reaction: CH3OH + H2O ➝ CO2 + 6H+ + 6e-   ------ (R 1.2) 

Overall reaction: CH3OH + 3/2 O2➝ CO2 + 2H2O   ------ (R 1.3) 

1.8 Motivation 

Several reviews [14] focusing on different membranes have been made. Sulfonation is an 

important modification of DMFC membranes that several researchers around the globe 

have been focusing on. It is a technique that has caused significant improvements in the 

membranes of DMFCs towards higher efficiencies. Sulfonated membranes have shown 

better properties than the commercial Nafion membrane in many literature works [14]. 

Thus, it is important to study the reaction mechanism and the effects of sulfonation. 

However, it still requires improvement in terms of the proton conductivity and methanol 

permeability. This parameter can be enhanced by considering novel fillers [14]. In this 

regard, it is necessary to design a composite membrane alternative to Nafion having 

higher performance for economical commercial application. Hence, the present work has 

been formulated in order to study the developments and modification of membranes using 

various composite in recent times.  

1.9 Objectives of the Thesis 

Focusing on all background of this work, the objectives have been divided in two ways:  

1. Fabrication of a sulfonated polyelectrolyte membrane to be used for direct methanol 

fuel cell. 
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2. Further improvement of their mechanical and physical properties with an optimum 

increase in selectivity for polymer electrolyte membrane fuel cell by incorporation of 

different nanomaterials and fillers. 

The following research works have been undertaken on the basis of the above objectives: 

1. Fabrication and characterization of a proton exchange membrane using sulfonated 

polyether ether ketone. 

2. Role of oxidation temperature on the structural and functional characteristics of 

graphite oxide nanosheets.  

3. Development of graphite oxide doped UiO-66 composite for modification of 

SPEEK membrane.  

4. Exploring palladium /graphite oxide /UiO-66 composite to construct an effective 

methanol blocking mixed matrix membrane. 

5. Preparation and performance analysis of amino acid functionalized palladium 

grafted graphite oxide embedded SPEEK membrane. 

1.10 Organisation of the Thesis 

On the basis of the above discussion, the thesis work has been divided into nine chapters. 

A brief overview of each chapter is presented below. 

Chapter 1: This chapter focuses on the importance of direct methanol fuel cell 

technology in the global demand for energy consumption. Also, various technologies 

available for fuel cell technology and their advantages and disadvantages are discussed. 

Emphasis was laid on the advantages of direct methanol fuel cell technology. Finally, this 

chapter listed its major objectives and the research work undertaken. 

TH-2360_146107011



Chapter 1 

10 
 

Chapter 2: This chapter includes the detailed literature survey for the direct methanol 

fuel cell technology using proton exchange membrane and also their composite 

membranes and the major existing research work using polyether ether ketone polymer 

has been elaborated.  

Chapter 3:  This chapter contains detailed representation and discussion of different 

experimental methods which has been mainly used to characterize the synthesized 

materials and fabricated membranes to complete the objectives of this thesis. 

Chapter 4:  This chapter focused on sulfonation of PEEK polymer and fabrication of a 

sulfonated membrane using sulfonated PEEK. Successfully fabrication membrane was 

confirmed based on characterization involving TGA, FTIR, XRD and FESEM followed 

by selectivity measurement.  

Chapter 5:  This chapter discussed a very interesting finding on synthesis of graphite 

oxide using modified Hummers method. For the first time, a general strategy has 

developed to control the surface functional groups namely carboxyl, carbonyl, epoxy and 

hydroxyl presents on the graphite oxide by changing the oxidation temperature from 30 

to 110 ºC. 

Chapter 6: This chapter includes facile synthesis of composites by 2D carbon 

functionalization of MOFs as an emerging field of research for proton exchange 

membrane. Accordingly, our study focused on synthesis of graphite oxide decorated 

UiO-66 MOF (UiO-66/GO) and its performance evaluation in DMFC.  

Chapter 7: A novel composite was synthesized in this chapter using UiO-66, GO and 

palladium (UiO-66/GO-Pd). The use of palladium nanoclusters blocked the methanol 
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permeability in the hydrophilic channel, thus significantly reducing the methanol 

crossover while the proton conductivity of the membrane stayed intact. 

Chapter 8: This chapter involves synthesis of amino acid grafted palladium graphite 

oxide based nanocomposites as proton exchange membranes for direct methanol fuel cell 

applications and determination of their selectivity. Membrane synthesis includes grafting 

of L-Tyrosine on palladium decorated graphite oxide (Pd-GO-L-Tyr) in a polymeric 

substrate viz. sulfonated poly(ether ether ketone) (SPEEK) by solution casting. 

Chapter 9: This chapter draws appropriate overall conclusions based on the investigation 

in the present study. This chapter also provides some useful recommendations for future 

research in the relevant field. 
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CHAPTER 2 

Literature review 

This chapter provides a brief survey of scholarly research work on the Direct Methanol 

Fuel Cell topic. It describes an overview of current knowledge along with some basic 

importance of modification of polymer, methods and gaps in the existing research.   

2.1 Introduction  

Direct Methanol Fuel Cells (DMFCs) are an active research topic concerning sustainable 

energy devices owing to their small size, light weight, low working temperatures, high 

energy density, convenient fuel cell storage and so on [1]. DMFCs have the potential to 

play the role as the most ideal power source for vehicles with lower costs at lower 

temperature and higher energy density, in the long run. This review primarily focuses on 

separation membrane, with minor supports taken from the other two sections wherever 

needed. High cost of production, methanol crossover and water balancing issues are some 

of the common critical limitations that a commercial fuel cell faces. Therefore, substantial 

study is being conducted on the modification and material selection of these membranes. 

The membrane may either act as an electrolyte between anode and cathode facilitating 

conduction or as a separator for two reactant gases. So, membrane material technology 

plays a crucial role in the membrane performance as well as the overall fuel cell 

efficiency. Today, Nafion (manufactured by DuPont), Dow membranes (manufactured 

by Dow Chemical Company) and perfluorinated ionomers (PFI) are commercially 

available for DMFCs. However, these have some serious cost and efficiency issues. Dow 

membranes exhibit a relatively higher performance than Nafion membranes, however 
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these are extremely efficient in terms of the market value and also have a critical amount 

of methanol permeation [2]. Nafion, a perfluorosulfonic acid polymer membrane, has 

excellent chemical and electrochemical stabilities, good mechanical properties and high 

proton conductivities [3]. Though cost-effective, has a lower efficiency and loses a 

significant amount of conductivity (almost 10 times) for a small increase in temperature 

(60℃ to 80℃) [2].  

This field of membrane selection has thus, attracted a lot of attention. Membranes have 

to be developed keeping in mind the interdependence of the “iron triangle” comprising 

performance, durability and cost [4]. So, it is necessary to understand that it is not easy 

to achieve all desired properties from a membrane naturally, certain suitable 

modifications have to be made. 

Several methods like preparation of new ionic random and block copolymers, graft 

copolymerization of ionic polymers on hydrophobic membranes, blending of ionic and 

non-ionic polymers, synthesis of interpenetrating networks of ionic and non-ionic 

polymers and composite membranes incorporating a large variety of fillers (silica, 

zeolites, etc.) are being used for the development of these membranes [5]. 

2.2 Proton Transfer in Membranes 

Proton transfer is one of the first and foremost aspect that is considered while analysing 

the membranes for fuel cell applications. At a molecular level, the proton conduction in 

hydrated polymer membranes can be explained by either of the two proposed 

fundamental mechanisms [4,6]: 

I. Proton hopping mechanism or GrÖthous mechanism 

II. Diffusion mechanism 
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The proton hopping mechanism deals with the jumping of a proton from one hydrolyzed 

ionic site (SO3
- H3O

+) to another. This proton adheres to a water molecule and forms a 

provisional hydronium ion from which another proton continues the chain (Fig. 2.1). 

Ionic aggregates are formed in this mechanism and proton transfer occurs. However, the 

perfluorinated sulfonic acid membranes like Nafion do not have pronounced application 

of this mechanism [7]. 

 

Figure 2.1  Multicomponent molecular transport of proton via proton hopping 

mechanism in PEM  

In the second mechanism which is a diffusion or vehicular mechanism, the proton which 

is adhered to a water molecule (H3O
+) diffuses through the aqueous medium (Fig. 2.2). 

The free volumes present within the polymeric chains in proton exchange membranes 
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facilitate the easy and smooth transport of the water connected protons via the 

electrochemical difference and electroosmotic drag [5-10].  

 

Figure 2.2 Proton transport through membranes [8] 

The dominance of one mechanism over the other is dependent on the hydration level of 

the membrane. However, the transport mechanisms in nanocomposite and hybrid 

membranes are yet under discussion as the involvement of surface and chemical 

properties of the inorganic and organic phases make the process sophisticated. Inorganic 

additives like heteropolyacids act as alternative proton transporters, which implies that 

their contribution to proton transfer has to be taken into account. 

2.2.1 Recent studies concerning the sulfonation of polymer exchange membranes 

The sulfonation of polymer membranes, recorded in text, dates back to 1998. A vast 

amount of research work has been done towards the improvement of membranes through 

sulfonation. Fig. 2.3 illustrates the trend in the number of publications from 1998 to 2018. 

A combination of different keywords was used to identify the publications concerning 
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this topic from different research work. This search was performed on 7th December, 

2018 and a constant increase in the number of publications from 1998-2002 was 

observed. However, the following year saw a fall in the number only to increase for the 

next 3 years till 2006 which was at its peak of productivity with a total of 142 papers 

being published on this topic. The years 2001, 2006 and 2015 saw a significant sudden 

jump in the numbers as compared to their preceding years. The numbers remained 

stagnant in 2008 and 2009 following an increase to 130 in 2010. Similarly, the numbers 

stayed still in 2011 and 2012 but saw an increase in 2018 when 107 papers were 

published. The interest of researchers globally, in the synthesis of efficient membranes 

via sulfonation is evident from the given statistics. It is clear that a great amount of work 

is being done in the concerned field. 

 

Figure 2.3 Literature on sulfonated polymers in the years 1998-2018 
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2.2.2 Sulfonated Poly Ether Ether Ketone (SPEEK) 

SPEEK membranes have been proven to perform superior to Nafion membranes in terms 

of thermochemical properties, lower fuel crossover and specifically, lower costs [10]. 

Sulfonation of the PEEK membrane could be carried out through various approaches, 

which were strictly classified into the following three classes, as reported earlier [5]. 

a) Electrophilic sulfonation of PEEK membrane [11]. 

b) SPEEK and non-functional polymers and/or solids blending [12]. 

c) SPEEK, heteropoly compounds and polyetherimide doping with inorganic acids 

[13]. 

2.2.2.1 Microstructural approach towards the differences between SPEEK and 

Nafion membranes 

The microstructures of membranes play an important role in the determination of the 

performance of a fuel cell [14,15]. Nafion is a perfluorosulfonic polymer. The 

hydrophilicity of the membrane is attributed to the perfluorinated backbone while the 

sulfonic acid groups are responsible for the hydrophilicity of the membrane, thus giving 

Nafion a blend of both the distinct properties. Polyether ether ketones are thermostable 

polymers with an aromatic non-sulfonated backbone, in which 1-4-disubstituted phenyl 

groups are separated by any number of -O- and -CO- group [16]. PEEK which contains 

a hydrophobic polymer backbone is semi-crystalline in nature. On sulfonation, ionic -

SO3H groups are introduced in the polymer backbone, as a result, the hydrophilic SO3H 

groups get preferentially hydrated at the oxygens of the SO3 groups (Fig. 2.4). On the 

contrary, the hydrophobic groups aid in preventing the dissolution of polymer with water. 

This helps in gaining thermochemical stability [14]. 
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Figure 2.4  The scheme of sulfonated poly(ether ether ketone)  

The variation of the proton conductivities of SPEEK membranes with the degree of 

sulfonation is reported in the literature [17]. As the degree of sulfonation is increased, the 

ionic group starts forming hydrophilic aggregates, owing to the decrease in distance, 

which leads to the physical crosslinking of neighboring -SO3H groups (Fig. 2.5). The 

increase in degree of sulfonation (DS) also leads to a homogeneous distribution of the 

ionic clusters within the SPEEK membranes, which facilitates the proton conductivity 

that happens via ion hopping mechanism [13]. When compared to Nafion, the hydrophilic 

channels are narrower and more branched with increased dead ends in SPEEK [18]. 
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Figure 2.5  Dependency of microstructure formation with degree of sulfonation.  

However, very high degrees of sulfonation, the less pronounced hydrophobic/hydrophilic 

separation regions of SPEEK membranes due to the clustering of the hydrophilic ionic 

groups, leads to higher swelling and a huge decrease in the proton transfer across the 

membrane, which is not beneficial for the fuel cell performance. So, an intermediate 

degree of sulfonation is to be done [14,15]. 

2.2.2.2 IEC and dependence on DS of SPEEK membranes 

The degree of sulfonation affects the Ionic Exchange Capacity of a membrane. IEC is a 

measure of the density of ionisable hydrophilic groups in the membrane matrix, which 

are the responsible factors for the ionic conductivity of a membrane. As the degree of 

sulfonation increases, the hydrophobic groups’ concentration increases, thus increasing 

the water content and loosening the membrane structure, which provides more channels 

for co-ionic transport. This explains the trends in IEC. It can be inferred from Table 2.1 

that the IEC of the membrane is the best for an intermediate degree of sulfonation. A high 
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degree of sulfonation leads to a significant decrease in the IEC, which is not desirable for 

membrane applications in fuel cells. 

Table 2.1 Trends in IEC of SPEEK membranes with degree of sulfonation 

S. No. Polymer DS(%) IEC(meq./g) Reference 

1 SPEEK 40 0.712 [19] 

2 SPEEK 46 1.426 [20] 

3 SPEEK 54 1.5 [21] 

4 SPEEK 60 1.79 [22] 

5 SPEEK 65 1.43 [23] 

6 SPEEK 73 2.01 [24] 

7 SPEEK 78 2.21 [24] 

8 SPEEK 80 1.312 [19] 

9 SPEEK 83 2.2 [25] 

10 SPEEK 89 2.4 [25] 

11 SPEEK 98 2.37 [24] 

12 SPEEK 120 1.521 [19] 

 

2.2.2.3 Proton Conductivity of SPEEK membranes 

Degree of sulfonation is also a powerful method to increase the proton transfer capacity 

of SPEEK membrane under identical conditions [26]. This is because the solubility of 

SPEEKs in organic solvents increases with DS, owing to the increased hydrophilicity 

which aids in proton transport. So, with increasing DS, apart from the increased number 

of protonated sites (SO3H), several water mediated pathways are also formed which help 

in enhancing the proton transfer, and hence, the proton conductivity. 
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Apart from dependence on degree of sulfonation, proton conductivity trends also vary 

with temperature, as can be seen from Table 2.2. As the temperature increases, the effect 

of dehydration keeps on getting pronounced as compared to the negligible effect at low 

temperature [26,27]. The sulfonated groups, as mentioned earlier, are hydrophilic in 

nature. Thus, with increasing temperature, the stronger ability to retain water leads to 

rapid loss in conductivity. This is why, intermediate degrees of sulfonation have been 

seen to exhibit optimum conductivity. This shows that the water uptake and water 

retaining capabilities also play a crucial role in determining the conductivity of SPEEK 

membranes [26-29].  With increasing temperature, the interaction between the polymer 

chains gradually decreases, which again leads to a decreased conductivity [26,29]. 

A vast difference in conductivity with different casting solvents can also be observed. 

This is because, different casting solvents interact differently with the SPEEK polymers. 

Robertson et al. [30] reported the interaction of SPEEK samples with various casting 

solvents. DMF or DMAc can react with the left out sulfuric acid, which, if failed to be 

washed out, can form DMam sulphate and formic or acetic acid. This implies a decrease 

in the sulfuric acid (hydrophilic groups) concentrations, which suggests lower 

conductivity. Similarly, NMP and DMAc are aprotic solvents that exhibit almost zero 

hydrogen bonding in contrast to DMF. Thus there exists discrepancies in the many values 

of proton conductivity for SPEEK. The hydrogen bonding prevents the protons of SO3H 

groups from participating in proton transfer and hence leading to a depletion in proton 

conductivity [26,31]. 
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Table 2.2 Trends in conductivity of SPEEK membranes with degree of sulfonation 

Sl. 

No. 

Polymer DS(%) WU(%) Conductivity 

at T=25°C 

(mS/cm) 

Conductivit

y at T=80°C 

(mS/cm) 

Casting 

Solvent 

Ref. 

1 S-PEEK 39 - - 10.8 DMAc [32] 

2 S-PEEK 40 - 24 33 DMAc [19] 

3 S-PEEK 46 41 9.93 - DMSO [20] 

4 S-PEEK 47 - - 16.8 DMAc [32] 

5 S-PEEK 54 - 36 49 DMAc [21] 

6 S-PEEK 65 20.01 25.01 33.12 DMAc [30] 

7 S-PEEK 80 - 38 67 DMAc [19] 

8 S-PEEK 83 - 37.37 - DMAc [25] 

9 S-PEEK 89 - 38.56 - DMAc [25] 

10 S-PEEK 98 - 3.3 - DMF [33] 

11 S-PEEK 120 - 70 134 DMAc [19] 

12 S-PEEK - - 57 190 NMP [34] 

 

2.2.2.4 Effects of various methods of sulfonation on the polymer 

The sulfonation of PEEK, as mentioned before has been achieved by various approaches. 

2.2.2.4.1 PEEK nucleophilic substitution 

Nucleophilic substitution is one of the commonly used methods for the sulfonation of 

PEEK membranes. Early research presented a detailed study on the kinetics taking place 

in a sulfonated PEEK membrane [35,36]. Post-sulfonation method was used by them for 

the synthesis of SPEEK membrane. This method, however, degraded the mechanical and 

thermal stability of the polymer and also made it challenging for controlling the degree 

TH-2360_146107011



Chapter 2 

 

25 
 

of sulfonation. The direct synthesis method via nucleophilic substitution of monomer has 

proved to be more advantageous as it allows a better control over the degree of the 

sulfonation while also giving better thermal and mechanical stability. So, in this particular 

section, the reasons behind the improved properties due to nucleophilic substitution have 

been discussed extensively, by taking into account several key factors like methanol 

permeability, ion exchange capacity, proton conductivity. The work on the synthesis of 

sulfonated PEEK membranes began as early as 1999 (in accordance with the information 

extracted from the Science Direct records) [13]. They synthesized SPEEK membranes by 

carrying out sulfonation via nucleophilic substitution and found the modified membranes 

to have remarkable thermal stability as well as a high selectivity. Since then, sulfonated 

PEEK membranes have been largely experimented with.  

After fabrication of SPEEK membranes via nucleophilic substitution, the membranes 

were found to have a superior conductivity than Nafion 115, the commercial membrane 

[33], even at higher temperatures, i.e. above 80℃. The methanol permeability was also 

found to be lower than the Nafion 115, giving an overall better performance than the 

Nafion membrane. The IECs were found to increase with increasing degrees of 

sulfonation [37]. The methanol diffusion coefficients were found to be in the range of 

3×10-7 to 5×10-8, depending on the degrees of sulfonation, which were an order lower 

than the standard Nafion membrane [19]. SPEEK membrane has also been synthesized 

[38] by carrying out sulfonation via nucleophilic substitution and fabricated membrane 

shows a remarkable thermal stability as well as a high selectivity. Various other texts 

have been reported where sulfonation via nucleophilic substitution has shown similar 

trends, i.e. increased proton conductivity, decreased methanol permeation and an overall 

good fuel performance. 
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The microstructure analysis of these SPEEK membranes can be used to explain these 

trends. The increase in IEC, with an increase in degree of sulfonation, as it has been 

demonstrated by Table 2.1, can be explained by the following theory. As it has been 

mentioned before, in the SPEEK membranes, after sulfonation, hydrophilic groups 

(SO3H groups) are increased in number, these hydrophilic groups cluster together and 

cause an increased number of channels for co-ionic transport. Thus, these water mediated 

pathways facilitate smoother ion transport, which explains the increasing trend of IEC. 

Similarly, the proton conductivity trends can also be attributed to the same reason, that is 

the sulfonate groups form hydrophilic aggregates that provide hydrated pathways, which 

support proton conductivity, aided by water dynamics. 

2.2.2.4.2 Composite/blend SPEEK membranes with heteropolyacids and 

polyetherimides  

SPEEK, as it has been well-established in the previous paragraphs, has an excellent 

potential for application in fuel cells. However, due to poor separation between 

hydrophilic/hydrophobic regions and narrow passages of poorly connected water 

channels, proton conductivities after a certain extent of degree of sulfonation. So, several 

attempts at maintaining the equilibrium balance between hydrophilic and hydrophobic 

regions are being carried out. Methods like covalent or physical crosslinking, preparation 

of composite membranes with inorganic fillers dispersed in organic filler network have 

been adopted for overcoming these limitations [35-37]. Crosslinking via ionomeric 

polymers blending proves fruitful as the positive characteristics from each of the blends 

are taken into advantage. Electrochemical performances are seen to improve, as this 

technique lowers the average separation between the acidic groups [26]. This increased 

affinity between the acidic groups will assist a non-vehicular proton transport 
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mechanism. This particular section gives a detailed analysis on the synthesis and 

characterization of various composite membranes, blends, inorganic-organic filler 

membranes, that have been put forward in recent literature. The performance analysis of 

different modified SPEEK membranes has been given below. Since each modification 

results in different interactions, specific care has been taken towards elucidating the 

trends of crucial factors that affect the performance of a fuel cell, for each blend being 

considered. 

The first recorded work on blend membranes of SPEEK dates back to 2000 and the 

investigation was done using polysulfone-SPEEK based composite membranes [39]. 

These membranes were found to have a remarkable combination of permeability, 

rejection properties and low adhesion character. Since then, a substantial amount of work 

has been done on the improvement of the performance of SPEEK membranes via various 

approaches, as will be seen further in this section. 

A new kind of hybrid polymer was prepared [26] where the Si atoms were bound to a 

SPEEK backbone. These membranes were found to have a good thermal stability, better 

water uptake and resulted in good electrical characteristics, because of the formation of 

covalently bound inorganic clusters which help in increasing the water uptake without 

resulting in excessive swelling. These membranes were found to have a better solubility 

and a suitable potential for applications as conducting membranes. In yet another study, 

composite membranes were formed by SPEEK and sulfonated/silylated 

polyphenylsulfone (SPPSU) [40]. These SPEEK and SiPPSU membranes, although had 

sulfonic acid groups and silanol groups which were weak points since the thermal 

decomposition started at these points, showed superior mechanical properties and much 

lower water uptake coefficients as compared to pristine SPEEK. This could be attributed 

TH-2360_146107011



Literature review 

28 
 

to the bulky phenyl silanol groups which act as a hindrance to chain motion under an 

applied tensile strength. It has been reported a composite membrane based on SPEEK 

and PEEK-BI [36]. These membranes were found to have reduced water uptake and 

swelling ratio as compared to pristine SPEEK. Although, these composite membranes 

showed lower proton conductivity than the pristine SPEEK membrane, they also showed 

exceptionally low methanol permeabilities. The reduced proton conductivity could be 

attributed to the fact that the water uptake is reduced due to the interactions between 

benzimidazole and sulfonic groups which make a part of protons in sulfonic acid groups 

useless for proton conduction. This reduced water uptake restricts the formation of the 

water mediated pathways which act as proton transferring channels. This same reason 

could be attributed to the significant reduction in methanol permeability as well. Some 

research group worked on the synthesis of a crosslinked sulfonated polyether ether ketone 

poly ethylene glycol/silica organic inorganic nanocomposite membrane for fuel cell 

applications [40]. Crosslinking via ionomeric polymer blends proves fruitful as the 

positive characteristics from each of the blends are taken into advantage. Electrochemical 

performances are seen to improve, as this technique lowers the separation between acidic 

groups [26] which helps in proton transfer via a non-vehicular transport. For instance, a 

highly ionic crosslinked sulfonated PEEK has been fabricated for fuel cell [41]. It has 

been previously noticed that crosslinked membranes were found to lose their 

conductivity. In this particular study, alkyl-chain attached ionic crosslinks were used to 

demonstrate the conductivity and swelling.  

2.3 Graphene Oxide as Composite in DMFC  

The specific application potential of graphite-based materials is mostly dependent on 

their structural and surface properties and thus to their synthetic conditions. Among the 
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graphite family, graphite oxide (GO) nanosheets have demonstrated their uses in the 

fields of ionic conductor, sensor and nano-electronic structural support (Fig. 2.6).  

Graphene has rapid charge carrier features which facilitate easy transport of charges 

without any scattering. The extensive conjugated sp2 carbon network of graphene 

promotes higher electrical conductivity. The excellent electrochemical properties of 

graphene like high conductivity, stability at high temperatures, electronic capabilities 

were considered and hence, was chosen as a suitable membrane for DMFC [42].  

 

 

Figure 2.6.  Microstructure of graphite and graphite oxide 

 

Graphene oxide (GO) paper itself works as a membrane for DMFCs [43]. GO papers are 

synthesized by a flow directed assembly of a colloidal graphite oxide solution prepared 

by Hummers’ method. It is worth noting that the GO papers offer proton conductivity in 

the range of 4.1 × 10-2 S cm-1 to 8.2 × 10-2 S cm-1. The hydrolysis of GO papers gives way 

to the presumptions that proton conduction takes place in both the vehicular and non-

vehicular mechanisms. The proton forms an ion adduct with the carrier molecule in the 

vehicular model and the protons hop from one site to another without any carrier 

molecule in the non-vehicular model. The water molecules are presumed to be connected 

in between the GO sheets forming hydrogen bonds and the scanning tunneling 
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microscopy (STM) shows oxygen to be arranged in a rectangular lattice. These interesting 

conduction properties make GO a potential candidate for DMFCs. However, it is seen 

that GO papers have an undesired high permeability which reduces the selectivity of the 

membrane. Graphite oxide papers get easily hydrated which lead to significant methanol 

crossover. This degrades the performance of the DMFC. It is observed that the GO 

DMFC gave a peak power density of 8 mW/cm2 at a current density of 5 mA/cm2 whereas 

the Nafion 115 gave a power density of 62 mW/cm2 at a current density of 97 mA/cm2. 

The membrane’s high conductivity, activation energy statistics with temperature, the 

transport mechanism due to the intramolecular hydrogen bonding in rectangular lattice 

along with the arrangement of the oxygen atoms in epoxy linkage facilitate easy proton 

conduction. However, the fuel cell performance is still poor. But, the conductivity 

properties and the experimental outcomes show that GO papers, with some appropriate 

modifications can prove to be a good membrane for DMFCs. 

The preparation of a cost-effective non-noble metal supported on copper/polypyrrole 

graphene oxide (Cu2O/PPy-GO) as an anode catalyst for methanol oxidation in DMFCs 

has also been reported [44]. In this study, borohydride reduction method was used to 

prepare the Cu2O nanoparticles supported PPy-GO matrices. The FTIR results showed 

the formation of intermolecular hydrogen bonding between the carboxyl groups of GO 

sheets and -NH groups of PPy. The SEM results of Cu2O/GO composites showed 

spherical metals dispersed in the expanded GO sheets. The Cu2O nanoparticles were 

found to be uniformly dispersed in the matrices. The TEM analysis of the membranes 

showed that there were no agglomerations and the nanoparticles were homogeneously 

incorporated in the matrices. It was observed that the Cu2O nanoparticles on the PPy-GO 

support were of the smallest size. This was attributed to the active functional groups on 

the GO surfaces which properly entrap the nanoparticles and prevent their 
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agglomerations. The Cu2O/PPy-GO catalyst system produced the highest forward peak 

current density which was because of the stability of the system as compared to Cu2O/GO 

and Cu2O/PPy catalyst systems. It was concluded that, among the membranes used, Cu2O 

nanoparticles supported on PPy-GO material offered the highest activity due to its better 

electrical properties, effective deposition and dispersion in the matrix. A maximum 

current density of 155 mA/cm2 and a maximum power density of 31 mW/cm2 was 

observed in the said Cu2O/PPy-GO catalyst system which proved to be more stable than 

the commercial Pt-Ru/C system. Thus, establishing that these membranes could prove as 

a suitable alternative for Direct Methanol Fuel Cell applications. However, the impedance 

value of the Cu2O/PPy-GO was found to be lower than Cu2O/Ppy or Cu2O/ GO.  

Sulfonated poly (ether ether ketone) grafted graphene oxide-based composites also 

proves to be a promising membrane for proton exchange [45]. Esterification was carried 

out between graphene oxide (GO) and hydroxylatedsulfonated poly (ether ether ketone) 

(SPEEK-OH) for the synthesis of sulfonated graphene oxide (SGO). This was then 

incorporated into sulfonated polyarylene ether nitrile (SPEN) to study the effect on proton 

exchange membranes. The FTIR analysis showed successful hydroxylation of SPEEK-

OH membranes. Sulfonic acids, benzenes and carbonyl groups were introduced as a result 

of the oxidation of SPEEK-OH. The TGA curves showed a two-step degradation 

behavior of the membrane which was assumed to be because of the breaking off of the 

derivative groups and the second step was considered to be due to the degradation of the 

main chain. The SEM results showed that the composite SPEN/SGO membranes showed 

a rougher cross-section when compared to the pristine membrane. The SPEN/SGO-2 (2 

wt%) was found to have better interfacial compatibility and connectivity than the other 

compositions. The Ion exchange capacity of SPEN/SGO-2 was found to increase with 

the increase in the SGO content while the water uptake was found to decrease with it. 
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Also, the SPEN/SGO-2 membrane showed the lowest swelling ratio which was attributed 

to the stronger interfacial interaction of the membrane. These properties are favorable for 

long-time operation of a DMFC. As can be predicted by the low water uptake, the 

SPEN/SGO-2 membrane showed excellent proton conductivity. It was concluded that 

these composite SPEN/SGO membranes were better than the pristine SPEN as indicated 

clearly by the enhanced proton conductivity, the decreased water uptake and swelling 

ratio.  

Synthesis of nanohybrids GO also reported for applications in proton exchange 

membrane fuel cells where GO was chemically bonded with Nafion [46]. Atom Transfer 

Radical addition was carried out between the C-F groups of Nafion and C=C groups of 

Graphene oxide for bonding GO into Nafion membranes. The FTIR studies indicated the 

presence of -CF2 groups, -SO3H groups and C=O groups. These functional groups 

indicated the proper bonding between Nafion and GO matrix. The Raman spectroscopy 

showed a moderately high value of the ID/IG which indicated better performance of the 

addition reaction between Nafion chains and C=C groups of GO. The GO-Nafion 

membrane was seen to undergo a significant increase in the thickness after the chemical 

bonding due to the Nafion side chains entrapped on the GO surface. The TEM analysis 

indicated relatively dark spots which showed the presence of heavy sulfur atoms. The 

proton conductivity was found to be 40.8 mS/cm at 25℃ and 82.3 mS/cm at 95℃ which 

is significantly higher than pristine recast Nafion membrane. The ionic clusters formed 

on the Nafion-GO nanosheets due to Nafion chain aggregations assist in enhancing the 

proton conductivity by acting as the channels for proton transfer. The membranes gave a 

highest power density of 586 mWcm-2 and a maximum current density of 826 mAcm-2 

which is 40% higher than that of recast Nafion membrane. The hydrophilic nature and 

the water absorption ability of GO-Nafion membrane facilitated in the increase of the 
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water uptake with the increase in the filler content. The NM/GO membranes were seen 

to have high water retention capacities which indicated their comfortable operation at low 

humidities and high temperatures. It was concluded that since these GO-Nafion 

nanocomposite membranes had enhanced interfacial compatibilities and higher proton 

conductivities and performance when compared to the recast Nafion membrane, this 

technology can prospectively be used for proton exchange membrane fuel cells. 

However, the membrane was found to possess decreased stability.  

Sulfonated graphene oxide (SGO) was also used as a composite for membrane 

preparation  [47]. The membranes with low SGO content showed better dispersion in the 

Nafion matrix. XPS test was carried out to check the sulfonation of GO in the Nafion 

matrix. The test showed the presence of C-C, C-O, C=O and also –PhSO3
- groups which 

indicated proper dispersion of GO. The TEM analysis showed that SGO was 

homogeneously distributed in the Nafion matrix. The XRD peak saw a downfall as the 

wt% of SGO loading was increased. The water uptake of the composite membranes was 

found to be 6% less than that of Nafion membrane. However, when the wt% was 

increased above 0.5%, the increase in the SGO aggregation led to increase in water 

uptake. A maximum proton conductivity of 0.0367 S/cm was observed for 0.5 wt % SGO-

Nafion membrane. This also showed higher selectivity (4.11×105 S s cm-3 ) and hence 

better fuel performance than the Nafion membrane. However, the proton conductivity 

was seen to decrease with increase in the content of SGO loading. The lowest 

permeability was exhibited by 0.05 wt% SGO-Nafion membrane which corresponded to 

0.0884×10-6 cm2s-1.  

A vacuum filtration method has also been reported for synthesis of Nafion 115 membrane 

laminated with highly ordered graphene oxide with parallel orientation [48]. SEM 

analysis of pure graphite powder showed a rough clustered structure while the oxidized 
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GO sheets showed smooth surface. The FTIR spectrum of GO sheets indicated the 

presence of many oxygen functional groups which implied proper oxidation of graphite. 

The XRD peak of GO sheet was seen at 11o from 26.5o of graphite which was because of 

the disturbance caused to the layers of graphite due to the oxidation which led to a 

decrease in the interplanar distance between the sheets and the matrix. The SEM analysis 

of the GO-laminated Nafion membrane showed enhanced interfacial bonding between 

the Nafion matrix and the GO paper. The permeability of the membrane was found to be 

0.928×10-6 cm2s-1 and the selectivity was 40% higher than that of Nafion 115. Also, the 

GO-laminated Nafion membrane showed 38% higher peak power density than the 

pristine Nafion membrane thus, proving their capability to be used in DMFC. However, 

the proton conductivity (2.35×10-2 S/cm) of GO-laminated Nafion membrane was found 

to be slightly lower than that of the Nafion membrane (2.82×10-2 S/cm). A summarized 

table of proton conductivity discussed in this section has given below.  

Table 2.3 Summary of the proton conductivity of GO based membrane 

Membrane GO 

(wt%) 

Proton 

Conductivity 

(S cm−1× 10−2) 

Ref. 

Graphene oxide paper - 8.2 

 

43 

Sulfonated polyarylene ether 

nitrile/Sulfonated graphene oxide 

1 % 4.87 44 

Sulfonated polyarylene ether 

nitrile/Sulfonated graphene oxide 

2% 5.89 44 

Sulfonated polyarylene ether 

nitrile/Sulfonated graphene oxide 

3 % 5.57 44 

Nafion based nanocomposite 

membrane/Graphene oxide 

0.05 3.67 45 

Nafion based nanocomposite 

membrane/Graphene oxide 

0.10 4.08 45 

Nafion based nanocomposite 

membrane/Graphene oxide 

0.15 2.23 45 

Graphene oxide /Nafion 2 2.35 47 
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2.4 Metal Organic Framework as a Composite in DMFC 

Metal Organic Frameworks (MOFs) are excellent examples of crystalline porous 

materials that have been applied in diverse fields such as catalysis, gas separation etc. 

[49,50], owing to their high surface area and regular structure. In addition, the crystalline 

nature of the MOFs makes it easier to study the proton conduction mechanism, as 

opposed to the ionic polymers, where their amorphous hinders the study of the proton 

transfer pathways. Also known as porous coordination polymers (PCPs), the MOFs are 

extremely customizable in nature. MOFs, as the name suggests, are created using metal 

and organic linkers (Fig. 2.7). Various organic units can be integrated at the molecular 

level to obtain the suitable framework. 

 

Figure 2.7 Formation of Metal Organic Framework 

 In recent times, these MOFs have also shown promising behavior for applications as 

proton conductors. As mentioned, their proton conductivity has only recently been 

experimented with. The first known study in literature studying the proton conductivity 

and the mechanism of proton transfer on the MOF-integrated membranes was recorded 

by Wu et al. [51]. It was found that the MOFs prepared showed high proton conductivity 

at a temperature of 90℃. Hybridization of the polymer and the hydrogen bonding in the 
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MOFs were mainly given as the reasons for the obtained trends in proton conduction. 

The vehicle mechanism and Grotthus mechanism were proposed as the plausible methods 

of proton transfer. The MOF polymer composite membranes synthesized by Liang et al. 

[52] showed enhanced proton conductivity and good functionality at low humidity. 

Similarly, a recent publication by Mukhopadhyay et al. [53] demonstrated the synthesis 

of a MOF-based proton conductor by integrating amine and sulfonic groups onto the 

surface of H2N-MIL-53-AL. A Cu(II) MOF was prepared by incorporating amine and 

sulfonate groups which are anticipated to promote proton conductivity [54].  

Despite high proton conductivities, MOFs come with several limitations such as limited 

chemical stability and extreme sensitivity to water and acidic solutions. And it is still a 

challenge to make these MOFs efficient enough for commercial use. Moreover, most of 

the studies concerning proton-conducting MOFs involved pellets or single crystals. These 

cannot be used in real applications as the mobility of the proton carriers decreases in bulk 

phase because of the loss of distant conductivity across boundaries. Consequently, MOFs 

in the pellet form or bulk phase result in extremely low values of proton conductivity.  

To overcome this drawback, this study formulates the MOFs as membranes, which is 

ideal for usage in fuel cells. However, MOF alone cannot handle a fuel cell 

functionalization. One of the major drawbacks of the MOFs is its low chemical stability. 

Hence, the study aimed at bridging this gap by creating mixed matrix membranes 

(MMMs) of the MOF with stronger membranes that can provide chemical stability. In 

this regard, PVDF was used as the polymeric membrane matrix since it has excellent 

mechanical strength and remarkable chemical and thermal stability. However, its 

hydrophobic nature poses a serious threat to the PEM. So, a PVP-PVDF mixture was 

used so that the hydrophilicity of the PVP can tackle the hydrophobicity of the PVDF. 
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The synthesis of the MOF was one-pot in a round bottom flask. A moderate temperature 

was maintained. Cu-SAT {[CU2(μ2-OH)2(NDS)(t$A)2.2DMF}n crystals were 

synthesized and the nanoparticles of this MOF were blended with PVP-PVDF mixture . 

The membranes were prepared via simple casting with varying percentages of the MOFs. 

It was found that these composite membranes exhibited higher proton conductivities than 

the pristine MOFs and thus proving to be of promising nature for fuel cell applications. 

Nafion based MOF-GO composite membrane has proved them as a promising candidate 

for proton conduction [55], stability and moderate performance in mild conditions. 

Graphene oxide has been found to enhance the proton conductivity of PEMs because of 

their dual abilities of proton donation as well as proton transfer. Hence, these advantages 

of MOF and GO were taken into account and a Metal Organic Framework-GO membrane 

was prepared by in-situ growth method. A ZIF-8 (Zn(MeIM)2 MeIM=2-

methylimidazole) framework was taken owing to its good chemical stability. The oxygen 

containing groups of GO facilitated an in-situ growth of ZIF-8 on the GO sheet as these 

oxygen containing groups act as binders for the Zn2+ ions, thereby acting as sites of 

nucleation. The so-formed ZIF@GO was then integrated into the Nafion matrix. The 

hydrogen bonding interactions between ZIF-8 and GO greatly improved the water 

retention. The performance was found to be greatly enhanced due to the speedy proton 

transfer carried out by the monolayer structure of the ZIF-8@GO. The proton 

conductivity of these membranes was found to be 55 times more than that of pristine 

Nafion. A reduced methanol permeation was also noted. Thus, these MOF@GO/Nafion 

membranes showed promising behavior for use in fuel cells to yield high performance. 

However, it rapidly loses its proton conductivity and suffers water loss at high 

temperature. So, further studies aim on modifying these Nafion membranes in order to 

achieve more desirable membrane characteristics. 
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As mentioned earlier, MOFs exhibit extreme sensitivity to water and acidic solutions. So, 

to conquer this limitation, a researcher group has synthesized a MOF that exhibited strong 

coordination bonds facilitating the MOF to behave better in water and acidic solutions, 

without compromising the proton conductivity [56]. Phosphate and phosphonate esters 

were considered for the ligand groups since they are known to form strong bonds with 

metal ions. Alleviating the cause of the phosphate and phosphonate esters for use, recent 

reports have demonstrated excellent usage of these esters in proton conduction. Phytic 

acid was chosen as the organic ligand owing to the presence of a significant amount of 

phosphoric groups and its green, bioavailable nature. A hexasphoric MOF named JUC-

200 (Zn10(C6H8P6O24)2(-H2O)14.x(H2O)] was synthesized and membranes were formed 

by a simple casting method. The resultant membrane exhibited high opposition to water 

and acidic media. Thus, stable, conductive modified MOF membranes were formed.  

The anisotropic conductivity of novel CFA-17 MOF ([Fe(C6N6O2)(H2O)4]  MOF helped 

in the analysis of the influence of the network of the pores on the transfer of protons [57]. 

This MOF, based on alternating bistriazole-p-benzoquinone anions exhibited high proton 

conductivity values comparable to some of the best known water-mediated MOFs. The 

study provided a better outlook towards theorizing the conduction mechanisms in MOFs 

which can prove to be useful in tailoring the MOFs accordingly in order to obtain 

favorable outcomes. 

The sub-micrometer sized crystalline particles of MOF named MOF-801 

[(Zr6O4(OH)4(fumarate)6-(DMF)1.9(H2O)22] were incorporated into PVP-PVDF matrix to 

form MOF-801@PP-X composite membranes [58] (X denotes the mass percentage of 

the MOF-801). As mentioned earlier, the PVP-PVDF membranes were used taking into 

consideration their excellent chemical, mechanical, thermal stability, their ease of 
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formation of membranes and the ability of PVP to counterbalance the unfavorable 

hydrophobicity of PVDF. These membranes exhibited good proton conductivities and 

ultra-resistance against water and acidic media.  

A novel bifunctional MOF was synthesized named MNS (MIL-101-NH2-SO3H). Varying 

amounts of MNS were added into a dimethylacetamide solution of SNF-PAEK to form 

SNF-PAEK-XX membranes where XX stood for the weight % of MNS. A Nafion 

membrane was used for comparison purposes. It was found that MNS acted as an cross-

linking agent and thus greatly enhanced the mechanical strength and stability of the 

organic-inorganic hybrid membranes. The MNS@SNF-SPAEK-3% membrane exhibited 

moderate cell performance thus showing potentials for use in PEMFCs [59]. 

In spite of this enormous amount of researches being conducted, MOFs based membranes 

are unable to meet the demands of the energy-environment sector in terms of proton 

exchange capacity. Thus, studies on improving the properties of MOFs is an area of 

present concern. In this regard, the proton conductivities in MOFs are generally 

aggravated using two methods. The first method is to induce guest molecules such as 

imidazole, triazole, hydronium ions etc., and then entrap them within the pores of the 

molecules [60]. The second method is to modify the organic ligand by functionalization 

as proton conduction is promoted by these functional groups.  

As an example, UiO-66-NH2 and UiO-66-SO3H MOFs were chosen over pure MOF 

owing to their better stabilities and slightly larger pore size. -SO3H and -NH2 groups were 

chosen because of their tendency to favor proton conduction [60]. Various membranes 

were then prepared by first individually doping the MOFs on Nafion membrane to form 

UiO-66-NH2/Nafion and UiO-66-SO3H/Nafion membranes and then codoping the 

Nafion membrane with both the MOFs to form UiO-66-NH2+UiO-66-SO3H/Nafion 
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membrane. It was found that this PEM prepared by codoping both the different 

functionalized MOFs showed the high conductivity. This was attributed to the synergistic 

promotion caused by the MOFs that led to the formation of more hydration channels. The 

high stabilities of the MOFs also provide high proton conductive stability to the codoped 

PEM. The methanol permeability was also found to be reduced owing to the pores of the 

MOF which have the tendency to trap methanol. The study also demonstrates how 

synergistic promotions can be used with different materials to achieve high PEMFC 

performance. 

Electrospinning technique was also used to synthesize a novel MOF-anchored-nanofibre 

network (UiO-66-NH2@NFs) on sulfonated poly (ether sulfone) (SPES) membrane 

matrix [61]. 3D organic or inorganic nanofibers modified with acid or base have been 

found to result in high performance PEMs. Electrospun nanofibers proved to be highly 

effective owing to interconnections in their structure and high surface area. Better proton 

transfer pathways are formed due to proton transport taking place through both the 

membrane matrix as well as the nanofiber networks. Hence, this particular study aims at 

forming a PEM that is a combination of functional MOFs and electrospun nanofibers. 

The nanofibers will also help in a better dispersion of the MOF. UiO-66-NH2 MOF was 

used for anchoring. Thus, UiO-66-NH2@NFs membranes were prepared. It was found 

that the interconnected networks of the nanofibers along with the outstanding hydrophilic 

nature of the -SO3H and -NH2 groups helped in the formation of continuous hydration 

channels that promote proton transfer. The -SO3H and -NH2 groups provided continuous 

hydrogen bonded networks that greatly facilitated proton hopping mechanism while also 

helping in blocking methanol permeation.  
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A PEM with interconnected UiO-66-NH2 which bound onto GO was integrated onto a 

Nafion membrane matrix [62]. This study aimed at facilitating proton conduction at both 

high humidity and low humidity. The proton transfer takes place in a membrane mostly 

by two mechanisms, namely the Vehicle mechanism and the GrÖthous mechanism. The 

vehicle mechanism occurs predominantly in high humidity conditions, wherein the 

protons diffuse in the form of H3O
+ and H5O2

+, and high water retention capacity is 

required, while the GrÖthous Mechanism occurs in low humidity conditions where the 

proton transfer takes place through hopping mechanism. The current study has 

GO@UiO-66-NH2 incorporated into a Nafion matrix which shows high performance. 

The tethering effect of the GO and the MOF give rise to well interconnected proton 

transfer pathways and also decreases the conducting barriers of conduction in both the 

mechanisms. Thus, proton conductivity is enhanced. The UiO-66-NH2 has a high water 

retention capacity which facilitates proton transfer through vehicle type mechanism even 

at high humidity. The GO@UiO-66-NH2 also provides moderate water stability and 

thermal stability to these composite membranes. The decrease in the conduction barriers 

led to a significant reduction in the methanol permeability. Thus, this study achieved 

good performance PEMs that can be used in PEMFCs. 

Table 2.4 Summay of the proton conductivity of MOF based membrane 

Membrane MOF (wt%) Proton 

Conductivity 

(S cm−1× 10−2) 

Ref. 

Hexaphosphate ester-based MOF, 

JUC200 / poly(vinyl alcohol) 

5 0.014 

 

55 

Hexaphosphate ester-based MOF, 

JUC200 / poly(vinyl alcohol) 

10 0.0331 

 

55 

Iron(II)-MOF 2% 0.21 56 

MOF-801@ PVP and 

Poly(vinylidene fluoride) 

20 0.03013 57 
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MOF-801@ PVP and 

Poly(vinylidene fluoride) 

40 0.0243 57 

MOF-801@ PVP and 

Poly(vinylidene fluoride) 

60 0.0184 57 

MIL-101-NH2-SO3H@SNF- 

Poly(arylene ether ketone) 

1 5.5 58 

MIL-101-NH2-SO3H@SNF- 

Poly(arylene ether ketone) 

2 6 58 

MIL-101-NH2-SO3H@SNF- 

Poly(arylene ether ketone) 

3 6.6 58 

MIL-101-NH2-SO3H@SNF- 

Poly(arylene ether ketone) 

4 8.0 58 

MIL-101-NH2-SO3H@SNF- 

Poly(arylene ether ketone) 

5 7.5 58 

UiO-66-SO3H/Nafion-0.6 - 10.4 59 

UiO-66-NH2/Nafion-0.6 - 7.7 59 

UiO-66-NH2 + UiO-66-

SO3H/Nafion-0.6 

- 13.4 59 

UiO-66-NH2 nanofiber/ Nafion 2 7.3 60 

UiO-66-NH2 nanofiber/ Nafion 6 9.4 60 

UiO-66-NH2 nanofiber/ Nafion 8 11.5 60 

UiO-66-NH2 nanofiber/ Nafion 10 9.7 60 

 

2.5 Research Gap  

Among the polymeric membranes used for DMFC applications, PEEK is a widely 

researched polymer due to their structural properties. PEEK membrane was subjected to 

sulfonation to enhance its hydrophilicity and proton conductivity. This was performed by 

using concentrated sulfuric acid, which resulted in introduction of –SO3H groups into the 

polymer chains of PEEK, making them ion-exchangeable. However, the chemical and 

thermal stability decreases due to incorporation of –SO3H groups. Moreover, when 

degree of sulfonation exceeds a threshold limit, the membrane is accompanied with 

changes in the hydrophilicity/hydrophobicity ratio and reduction in water channels, hence 
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lowering the proton conductivity. In order to overcome the aforementioned limitation, 

various organic and inorganic materials such as clays, zeolites, MOFs, etc. have been 

added to SPEEK matrix membranes. The current literature survey concludes that MOFs 

acts as a medium of proton conduction. However, they pose certain road gaps due to their 

particle boundaries and bulk phase. In this regard, GO can be used as a suitable dopant. 

The structure of GO possesses hydrophilic functional groups such as, hydroxyl, carboxyl 

and epoxy which assists in formation of proton conduction channels via hydrogen 

bonding. Thus, it enhances the proton conduction via hopping mechanism and improved 

water retention. However, due to hydrophilic functional groups on the surface of GO, it 

cannot restrict the passage of methanol to the desired extent. This calls in for doping of a 

third suitable material, which can a) reduce the methanol permeability, keeping the proton 

conductivity unaltered or b) increase the conductivity without affecting the methanol 

permeability.  

2.6 Conclusions  

This chapter encompasses published research works relating to fabrication, 

characterization, and performance of various composites and membranes in terms of 

methanol permeability, conductivity, and selectivity for DMFC applications. A clear, 

conclusive, definite approach has been made towards adopting composite membrane 

based process as an economic and robust option. The conversion of electrical energy to 

chemical energy takes places without any intermediate phase which ensures no emissions 

and thereby, proves as an efficient alternative for power production. The main objective 

of a fuel cell is the production of electricity and heat without any toxic or pollutant as by-

product. However, the expensive nature and the unsatisfactory outcome of the fuel cells 

hinder them from being commercialized. Thus, developing a cost-effective fuel cell along 
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with a high performance is the pivotal objective of many research works. However, 

despite a substantial amount of research being done on DMFCs, several limitations pose 

as hindrance which obstruct them from being commercialized. A membrane is of utmost 

importance in a fuel cell since they affect the designs of the other components of a fuel 

cell. The longevity of the fuel cell also depends on the membrane. The major drawbacks 

of the membranes developed so far are regarding their proton conductivity, ability to 

resist methanol crossover. Hence, suitable membranes must be developed which can 

overcome these limitations.   
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CHAPTER 3 

Characterization techniques and experimental 

protocols 

This chapter outlines the different methods which have been mainly used to characterize 

the synthesized materials and fabricated membranes. Brief descriptions on the 

experimental protocols for measurement of water uptake, ion exchange capacity, 

methanol permeability and ion conductivity of fabricated membranes are also presented. 

Experimental protocols for material synthesis and membrane fabrication are included in 

the related chapters. 

3.1 Field-Emission Transmission Electron Microscope (FETEM) 

Transmission electron microscopy (TEM) is used for detailed analysis of structure and 

morphology of particles. Selected area electron diffraction (SAED) attached to it provides 

information about amorphous crystalline nature of the sample.. An objective aperture is 

placed in the back focal plane, behind objective lens. By adjusting position of objective 

aperture on specific positions in the back focal plane, two types of images are generated. 

Bright-field (BF) image is formed when only transmitted electrons are allowed by the 

aperture to pass through it. In the dark field (DF), only diffracted electrons pass through 

the aperture. SAED analysis involves magnification of transmitted or diffracted signal 

from the sample by a system of electromagnetic lenses which is ultimately visible as an 

image on the fluorescent screen. Except spatial imaging and diffraction, the high-energy 

electrons produced as a result of inelastic scattering excite the atoms of the sample under 

investigation. Also, chemical composition of the specimen can be obtained using energy 

dispersive X-ray spectra (EDS) attached to the TEM setup [1]. 
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All the TEM analyses in this dissertation were done using TEM (Jeol, JEM 2100) in the 

bright field mode with an accelerating voltage of 200 kV. The samples were 

homogenously dispersed in ethanol and drop casted on 300 mesh copper grid followed 

by vacuum drying before mounting. 

3.2 Field Emission Scanning Electron Microscopy (FESEM) 

The structure, surface texture and morphology are analyzed by field emission scanning 

electron microscope (FESEM). The tungsten field emitter generates electron beam which 

hits the sample and collides with the electrons generated by it. This elastic scattering 

generates highly energetic (>50 eV) back scattered electrons (BSE) which are reflected 

in back scattered mode. Secondary electrons (SE) having lower energy (2-50 eV) are 

formed due to inelastic collisions. After detection and amplification of the signals, they 

are transferred to a computer, where image is generated with resolution upto 1 nm [2]. 

Sample is coated with either carbon, gold or palladium to enhance the surface 

conductivity via sputtering. The atomic number of the element constituting the sample 

determines the brightness of the image formed by BSE. Low molecular weight elements 

give rise to darker images whereas heavier elements form bright images. Narrow probing 

beams at low as well as high electron energy results in improved resolution [1]. 

FESEM (Zeiss, Sigma) was used in the present work to obtain the images of synthesized 

materials. Sample dispersed in ethanol was drop casted on glass slide, dried under 

vacuum overnight and then coated with carbon or gold. 

 

 

 

TH-2360_146107011



Characterization techniques 
 

56 
 

3.3 Atomic Force Microscopy (AFM) 

Atomic force microscopy is a type of scanning probe microscopy (SPM) with a higher 

resolution scanning microscope. AFM is used to analyze different type of surface 

properties such as size, surface roughness, texture along with three-dimensional 

topography. For this experiment carbon tape is generally used to place the sample for 

analysis. The high resolution topographical images were recorded using AFM (Oxford, 

Cypher) at a scan rate of 0.7 Hz in tapping mode. AFM images were further processed 

using flatten filter in Windows-Scanning-x-Microscope (WSxM) software [3].  

3.4 X-Ray Diffraction Analysis (XRD) 

X-ray diffraction (XRD) technique is an important characterization technique for 

determining the chemical composition, structure, crystallinity, phase of the samples. 

Atoms in crystalline materials are considered as sets of parallel crystallographic planes 

which are characterized by Miller indices (h k l). According to Bragg’s law, diffraction 

maxima occur when the crystallographic planes fulfill the conditions for constructive 

interference [4]. 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃       (3.1) 

where θ is the angle between the crystallographic plane and incident beam, d is the 

distance between two successive planes, λ is the wavelength of radiation, and n is an 

integer. The sample, X-ray tube, and the detector are located on the focusing circle. The 

X-ray tube is kept fixed, while the detector rotates along the goniometer maintaining a 

specific angular speed. The detector is always kept at angle 2θ whereas, the sample 

surface is always at angle θ with respect to the incident beam during the XRD analysis. 

The detector records the angle and the relative intensity of diffracted radiation [5]. In this 
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dissertation, all the analyses were performed using XRD (Bruker, D8 Advance) operating 

at 40 kV and 40 mA. Measurements were taken from 2θ= 3 to 80°. Monochromatic Cu-

Kα (λ= 1.5417 Å) was used as source of radiation. 

3.5 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR (IRAffinity-1, M/s Shimadzu) spectroscopy was used to analyze the chemical 

structure of the synthesized composite and fabricated membranes. A Perkin Elmer 

Paragon 1000 FTIR Spectrophotometer was used for the purpose. Before analysis 

samples were dried in an oven at 110 °C overnight. KBr background was used for testing. 

Absorbance spectra was recorded for both the samples [6]. 

3.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (ESCALAB Xi+, Thermo-Scientific) spectrometer is 

widely used as a surface analysis technique to determine the chemical state information 

with a valuable quantitative data. In XPS technique the average depth of analysis is 5nm. 

For emission of photoelectrons from sample to surface, the mono-energetic Al kα x-rays 

is used to excite the samples and the energy of the emitted photoelectrons is measured by 

an electron energy analyzer. Elemental composition, chemical state and quantitative 

analysis can be estimated from the binding energy values [7].   

3.7 Raman Spectroscopy 

Raman spectroscopy is a form of vibrational spectroscopy similar to infrared (IR) 

spectroscopy which measures the samples vibrational energy modes. Due to the change 

in the polarizability of the molecules, Raman bands arise and then it can be identified by 

plotting the transition energy when it’s plotted as a spectrum. Its help us to provide both 

chemical and structural information which is applicable to many different chemical 
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species [8]. Raman spectroscopy (Horiba Jobin Vyon, LabRam HR) has used to get the 

detailed information regarding the chemical structure, crystallinity and phase has been 

analyzed using this spectroscopy. 

3.8 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a method for analyzing the thermal stability of a 

sample. Here, changes in properties of materials are measured as a function of increasing 

temperature (maintaining constant heating rate), or as a function of time (with constant 

temperature and/or constant mass loss). TGA plot can interpret any physical change 

occurring in a material with change of temperature, such as vaporization, sublimation, 

absorption, adsorption, and desorption. TGA plot can also explain about chemical 

reactions like chemisorption, decomposition, dehydration and solid-gas reactions (e.g., 

oxidation or reduction). It can predict degradation mechanisms [9], determine organic 

and inorganic content in a sample. 

TGA (TGA-50, Shimadzu) analysis helps us to analyze the stability of the materials, 

degradation mechanisms and temperature needed for calcinations [10]. 

3.9 Specific Surface Area 

Specific surface area of any material is calculated from the nitrogen 

adsorption/desorption isotherm data using different models. The most common is the 

Brunauer-Emmett-Teller (BET) method which is based on the following equation: 

1

(
P

P0
−1)n

=
1

Cnm
+

(C−1)

Cnm

P

P0
   (3.2) 

where amount of nitrogen n is adsorbed at pressure P, nm is the amount of nitrogen 
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forming a monolayer, and constant C is related to the adsorption energy in the first 

adsorbed monolayer (C usually ranges between 50 and 250). Plot of 
1

(
𝑃

𝑃0
−1)𝑛

 versus 
𝑃

𝑃0
  

yields a straight line with a slope of  
(𝐶−1)

𝐶𝑛𝑚
 and intercept 

1

𝐶𝑛𝑚
. From these values, 𝑛𝑚 can 

be calculated from which surface area S is found following the equation 

S =
nm

Mr
 NAσ     (3.3) 

Where, Mr represents molecular weight of nitrogen, NA is the Avogadro number, and σ 

is the cross-sectional area of one molecule of nitrogen [11].                                                                                      

In this work, the BET surface area (Tristar II , Micromeritics, U.S.A.)  for all the samples 

was analyzed using Autosorb iQ where the relative pressure (P/P0) range was kept 

between 0.05 and 0.3.  

3.10 Water Uptake Behavior   

The water uptake of fabricated membrane was observed by recording the weight of the 

dry membrane (Wdry) and the weight of the wet membrane (Wwet). The membrane was 

cut into a specific shape. Then, the membrane was immersed in water solution for 24h. 

Afterwards, the weight of the wet membranes was measured by rapidly taking out the 

membranes using a forcep and then wiping the excess water with tissue paper. The water 

uptake percentage was calculated, using the formula [12]: 

Uptake (%) =
Wwet−Wdry

Wdry
× 100%  (3.4) 

3.11 Ion Exchange Capacity  

IEC is a measure of number of counter-ions exchangeable in membranes. It is defined as 

the presence of H+ ion in polymer matrix. In order to determine the IEC, the membrane 
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was cut and dipped in 1M HCl for 24h solution to protonize the membrane. Then, the 

membrane was kept in 2M NaCl solution for 24h again. The membrane was removed 

from the NaCl solution and it was back titrated using 0.1M NaOH solution using 

phenolphthalein as an indicator. IEC was measured using the formula [12]: 

                                                   IEC =  
CNaOH×VNaOH

Wd
               (3.5) 

Where CNaOH is the concentration of NaOH solution, VNaOH is the volume of NaOH used 

in the titration and Wd is the weight of the dry membrane. 

3.12 Methanol Permeability  

The resistance offered against the permeation of methanol through the membranes was 

analyzed by evaluating the methanol permeability (P) of the membranes. A glass cell 

setup (Fig. 3.1) was fabricated in our laboratory, which consisted of two identical glass 

chambers. The membrane was placed in between the compartments and securely 

clenched with clamps. The two compartments in the glass setup were the ‘feed’ section 

and the ‘permeate’ section. 5M methanol was poured as the feed whereas distilled water 

was kept in the permeate section. The chambers were magnetically stirred at a fixed rpm. 

This permeation experiment was carried out under room temperature. Samples from the 

permeate section were collected and recorded on an hourly basis. The samples were then 

analyzed under the High Performance Liquid Chromatography (HPLC) setup [12]. 

Permeability =  
κ × V × L

A × C
     (3.6) 

Where, 𝞳 is the slope of the curve between concentration of methanol on the water side 

and corresponding   methanol permeation time, V indicates the initial volume of the 
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deionized water, L is the thickness of the membrane, A is the area of the membrane and 

C is the initial concentration of methanol.  

 

Figure 3.1 Schematic of methanol permeability setup 

3.13 Proton Conductivity 

The impedance spectroscopy for measuring the ionic conductivity (σ) of the PEM was 

done using the Autolab PGSTAT204 system. The membranes were immersed in 1M 

H2SO4 solution for 24 h to allow the protonation to take place. Deionized water was then 

used to wash them three times. The ion conductivity measurement was done using a 

single cell system which has been purchased from Sainergy Fuel Cell India Private 

Limited. The dimension is 2.5cm × 2.5cm. The membrane of 5 cm2, which was kept in 

water for 24 h, was placed between the Cu electrodes of the single cell system. A 

frequency over the range of 1 Hz to 1 MHz was set for the impedance measurement, 

which was carried out at room temperature. 

Ionic Conductivity =
L

R x A
 S/cm   (3.7) 
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Where R is the resistance obtained from the high frequency intercept of the impedance 

with the real axis (Z’), A indicates the area of the membranes and L is the thickness of 

the membranes [12]. 

3.14 Membrane Selectivity  

The selectivity of a membrane for DMFC application is calculated using the ratio of their 

ionic conductivity (σ) and methanol permeability (P). Higher selectivity of a membrane 

indicates more suitability for DMFC application.   

S= σ/P   (3.8) 
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CHAPTER 4 

Fabrication and characterization of a sulfonated 

proton exchange membrane (SPEEK) 

This chapter deals with the synthesis of sulfonated membrane, for which SPEEK 

polymer was prepared and investigated. The reaction time was controlled for preparing 

SPEEK using concentrated H2SO4. For confirmation of sulfonation, various 

characterization details have been furnished by instrumental analyses like FESEM, 

EDS, XPS, FTIR, TGA and XRD. Water uptake capacity, methanol permeability and 

conductivity of the membrane were also measured.  

4.1 Introduction  

The proton exchange accounts for a very crucial component of a fuel cell system. A 

membrane has to hold out against the extremely harsh chemical and physical 

environments in a fuel cell. Thus, high stability is a very important quality that a proton 

exchange membrane must fulfil and must possess excellent resistance against the extreme 

conditions of a fuel cell like methanol, chemically active noble metal catalysts, 

chemically energetic fuels, etc. to name a few. As of the current trends, perfluorinated 

polymers such as Nafion® are the most widely used polymer membranes in DMFCs. 

These membranes were found to exhibit excellent results in terms of chemical stability 

and performance, thus accounting to their substantial usage. However, these membranes 

are highly expensive and come with toxic and environmentally harmful intermediates in 

the production process. High methanol permeability which severely damages the DMFC 

performance is another important limitation that needs to be accounted for. It, therefore, 

becomes the need of the hour to develop efficient alternatives to these perfluorinated 

ionomers and this forms the area of concern to many researches across the globe. Various 
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arylene main chain polymers have been in development in the last decade. This can be 

attributed to the outstanding chemical and mechanical stability of these membranes which 

is only second to that of the perfluorinated ionomers clan. These membranes have been 

further sulfonated to bring out proton conducting nature. Polysulfones [1,2], polyimides 

[3], and polyetheretherketones (PEEK) [4] form the family of arylenes that have been 

sulfonated. There is a variety of literature supporting the promising nature of SPEEK 

membranes, taking into account its desirable properties such as good thermal, mechanical 

and chemical stability, less expensive nature and sufficient conductivity. This chapter 

deals with the synthesis of sulfonated membrane for which SPEEK polymers were 

prepared and investigated. 

4.2 Experimental Section 

4.2.1 Material and methods 

Poly(ether ether ketone) (PEEK) was supplied by Polyscience Lab. The analytical grade 

sulphuric acid (H2SO4, 98 wt% Merck), and dimethylacetamide (DMAc) also were 

purchased commercially from market. Without any further purification all chemicals 

were used. Throughout the whole experiments Milipore® water (Merck) was used.  

4.2.2 Sulfonation of PEEK  

The PEEK polymer was sulfonated by adding 5g of PEEK gradually in 98% concentrated 

H2SO4 solution (100 mL) and it was stirred for 5 h using a magnetic stirrer at 323K. The 

precipitated polymer was then taken and put in ice-cold water and was left to settle 

overnight (Fig. 4.1). The precipitated SPEEK formed white noodle-like strands. Several 

filtrations and washing were performed with deionized water to bring the pH to neutral. 

This was then dried in a vacuum oven for one week at 60 °C [5]. 
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4.2.3 Fabrication of SPEEK membrane  

A 10 wt% solution was prepared by 1.0 g of SPEEK in N, N-dime-thylacetamide (DMAc) 

for the synthesis of the membranes. The resulting SPEEK solution were filtered after 

proper dissolution was ensured, following which a thin film of the polymer solution was 

casted onto a flat glass plate using a casting knife (Digital II Microm, GARDCO, USA). 

The casted membrane was dried in a vacuum oven at 60 °C for 48 hours, followed by 

120 °C for 24 hours, allowing the DMAc solvent to evaporate (Fig. 4.1). The resultant 

membrane was peeled off from the glass using deionized water after the solvent had 

evaporated [5]. The thickness of the fabricated membrane is 129 μm. 

 

Figure 4.1 Schematic representation of sulfonation of PEEK and fabrication of SPEEK 

membrane 

4.2.4 Membrane characterization 

In this section X-ray diffractometer, Field emission scanning electron microscope, X-ray 

photo electron spectroscopy, Fourier transform infrared spectroscopy, 
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Thermogravimetric analysis has been used for characterization of fabricated membrane 

and the weight differences between the full-hydrated membranes and the dried 

membranes along with their water uptake, methanol permeability and proton conductivity 

of the membranes (refer to Chapter 3). 

4.3 Results and Discussion 

The abbreviation PEEK stands for the polymer poly (oxy-1,4-phenylene-oxy-1,4-

phenylene-carbonyl-1, 4-phenylene). Various literatures suggest excellent thermal, 

chemical, electrical and mechanical properties of this semi crystalline polymer. The 

chemical structure of PEEK is depicted in Fig. 4.1. From earlier research, it has been 

noted that the DMAc, DMF solvent provide a better interaction with the SO3H groups in 

SPEEK membrane in compression with NMP and DMSO [6]. That why in DMAc solvent 

it readily dissolves in strong acids because of protonation and various chemical 

modifications in the likes of sulfonation.  

4.3.1 FESEM and EDX analysis  

From FESEM analysis, the image of the top surface (Fig. 4.2a) at 1 kX magnification of 

SPEEK membrane displays a smooth surface, which proposes the good membrane-

forming ability. Fig. 4.2b shows the cross-sectional view of SPEEK membrane. Top 

surface of membrane shows symmetrically smothered the polymer surface as well as 

surface irregularities became small ripple. We have performed EDX mapping analysis 

(Fig. 4.2c) also where we found the presence of sulfur group. Homogeneous distribution 

of all element on the whole surface confirms the functionalization of PEEK polymer. 

These topographical and element mapping analyses suggest uniform sulfonation sites 
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throughout the membrane and suggest this SPEEK membrane made for this study as 

suitable polymer for proton exchange membrane.   

 

Figure 4.2 FESEM and EDX mapping of fabricated SPEEK membrane 

4.3.2 FTIR analysis 

The functional groups in a material can be remarkably characterized with Fourier 

Transform InfraRed Spectroscopy. The FTIR spectra of SPEEK is indicates the chemical 

structure of the SPEEK membranes (Fig. 4.3). The O-H vibration from sulfonic acid 

groups interacting with molecular water can be seen from the broad spectrum at 3454 cm-

1. The substitution upon sulfonation causes the aromatic C-C band to split at 1480 cm-1. 
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The sulphur-oxygen symmetric vibration O=S=O causes the new absorption band at 1017 

cm-1 and 1080 cm-1 because of the sulfonic acid groups in SPEEK [7]. The intensity of 

the absorption band at 1080 cm-1 is attributed due to mono substituted benzene ring after 

sulfonation while the absorption band at 1017 cm-1 is assigned to para substituted benzene 

ring and the S-O stretching vibration. This confirms that the PEEK polymer is 

sandwiched between the ether groups at one position of the phenylene ring. The spectral 

information demonstrates that only the para position of the terminal phenoxy group is 

sulfonated. 

 

Figure 4.3 FTIR analysis of fabricated SPEEK membrane 
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4.3.3 XPS analysis 

Further to verify the inducement effect of sulfonation with quantitative analysis, XPS was 

performed in the range of 0-700 eV (Fig. 4.4). From the survey scan of SPEEK 

membrane, three significant spectra perceived were C1s, O1s and s2p. C1s and O1s peaks 

arise (Fig. 4.4a). The peak attributed in the range of 165 eV to 170 eV (Fig. 4.4b) is due 

to the s2p orbital from sulfur in –SO3H groups group [8]. After deconvolution of C 1s 

spectrum, three major peaks at the binding energies of 284.8 eV, 286.7 eV and 289.2 eV 

has arisen which is corresponds to C atoms with sp2 hybridization, C-O from ether groups 

and carbon atom in the carbonyl group. There are also two different oxygen environments 

which are C=O (532.7 eV) and C-OH (533.9 eV). We found the elemental composition 

of sulfur in the membrane SPEEK is 1.79%.    

 

Figure 4.4. XPS analysis of fabricated SPEEK membrane 
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4.3.4 TGA analysis 

The thermal stability of the SPEEK and pristine PEEK powder were characterized by the 

analysis of TGA. SPEEK shows thermal degradation in three different weight loss (Fig. 

4.5). Initially, the water that is physically absorbed in the sample gets desorbed. The 

splitting up of sulfonic acid groups in the temperature range of 300-400°C forms the 

second step. At temperatures above 500°C, the decomposition of the main chain of 

SPEEK takes place thus completing the third step. SO3H causes decomposition of 

polymer chain, which is why SPEEK starts decomposing at a lower temperature than 

PEEK.  The literature supporting the use of TGA analysis for the determination of the 

DS of SPEEK is authored by Zaidi et al. [9]. The said study also mentions that SO3 release 

mainly influences the second weight loss step.   

 

Figure 4.5 TGA of fabricated SPEEK membrane 
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4.3.5 XRD analysis 

The XRD spectra of SPEEK was studied. Bruker D8 advance system for 2θ angles in 5°-

45° range with Cu-K alpha electron source was used for the crystallography studies. X-

Ray Diffraction was carried out on the membrane to analyze the crystal structure and 

atomic spacing in the membranes (Fig. 4.6). XRD pattern of fabricated membrane shows 

a broad peak at 2θ = 20⁰, which disclosed the amorphous nature of the membrane [10].  

 

Figure 4.6 XRD spectra of fabricated SPEEK membrane 

4.3.6 Water uptake measurement 

Weight differences between the hydrated membranes and the dried membranes were 

calculated for determining the water uptake of the membranes. The membrane was 

immersed in deionized water at room temperature for one day prior to measurement. This 

was done until the membranes were saturated which was indicated by no weight gain. 
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Following this, tissue paper was used to wipe off the liquid water on the surface of these 

membranes. They were then immediately weighed so as to obtain the wet mass of these 

swollen fully-hydrated membranes. The water uptake was found to be 45.3 wt %. Water 

ensures easy and convenient proton transfer as well as increases the conductivity. These 

are both very desirable properties for an efficient membrane. Sulfonation of PEEK 

increases the acidity and hydrophilicity, thus positively affecting the membrane’s 

conductivity properties. The number of acid groups available for interaction and the 

dissociation capability in water affect the proton conductivity of monomeric membranes. 

It is important to take the water uptake into serious consideration when studying proton 

exchange membranes as water molecules help in facilitating proton transport. So, water 

uptake is a very vital parameter that needs to be taken into account.  

4.3.7 Methanol permeability, conductivity and selectivity measurement 

The methanol permeability of PEM membranes is a major limitation for their 

commercialization. Methanol permeability of the SPEEK membranes at room 

temperatures has been plotted in Fig. 4.7a. It is to be noted that the membranes were 

immersed in water, prior to the methanol permeability measurement, for hydration. The 

methanol permeability of SPEEK membrane was found to be 2.3×10−6 cm2/s. However, 

the methanol permeability of the prepared SPEEK membranes were found to be slightly 

lower than that of standard Nafion-117 membrane. Fully hydrated SPEEK membrane 

was used for the measurement of the conductivity. The conductivity was found as 

1.04×10-3 S/cm. SPEEK membrane becomes more hydrophilic after sulfonation, thus 

increasing the water transport. Sulfonation increases water mediated pathways for proton 

and also increases the number of protonated sites (SO3H). Both of these attributes help in 

increasing the conductivity of the membrane.  
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Figure 4.7 (a) Methanol concentration profile and (b) selectivity of SPEEK membrane 

4.3 Conclusions 

This study had been formulated keeping in mind the objective of fabrication of SPEEK 

membrane. The sulfonation of PEEK in sulfuric acid only takes place at the para position 

TH-2360_146107011



Chapter 4 

76 
 

of the terminal phenoxy group which is found from the FTIR spectral data. This is 

consistent with the existing literature. The water uptake was found as 43.5 wt%. 

Conductivity value was found to be 1.04×10-3 S/cm at room temperature whereas Nafion 

117 have 6.46 ×10-3 S/cm. The selectivity value of fabricated SPEEK was found as 

4.7×102 S s cm−3 which is ca. 6 times lesser than Nafion 117. So, the properties of the 

SPEEK membrane could be improved by incorporation of suitable fillers for better 

selectivity for DMFC application. 
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CHAPTER 5 

Role of oxidation temperature on the structural 

and functional characteristics of graphite oxide 

nanosheets 

This study opens up a new approach to tune the structural and surface functional 

properties of graphite oxide nanosheets for various applications. As per our objective we 

have planned to prepare a graphite oxide mixed composite which will increase the PEM 

selectivity for DMFC application. Herein, we have reported a modified approach towards 

synthesis of GO nanosheets by varying the temperature in the range of 30-110 ºC. 

Analytical investigations suggested that the best condition for synthesizing GO was 

about 50 ºC based on the crystallinity and its single sheet nature. This work has been 

scientifically acknowledged in “Applied Surface Science”. 

5.1 Introduction  

Over the last decade, graphite-based materials such as graphene oxide, reduced graphene 

oxide and graphene have emerged as promising candidates for applications in energy 

storage, support formation for nano structures, polymer composites, supercapacitors, 

biomedical applications, etc. due to their excellent electrical, mechanical and thermal 

properties [1‒6]. Among the graphite family, graphite oxide (GO) is an intermediate 

product during the synthesis of graphene oxide. GO is usually synthesized by the well-

known wet chemical Hummer’s method based on the oxidation of graphite [7]. There are 

ample reports available on the synthesis and formation of GO sheets (especially in acidic 

conditions) [8-14]. GO demonstrates considerable variation of physical properties 

depending on the synthesis method, particle sizes, reaction temperature, residence time 

and degree of oxidation, while maintaining its two-dimensional planar carbon network 
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[9‒11]. During the formation of GO sheets from graphite, significant amount of graphitic 

C-sp2 is oxidized into C-sp3 bonding with oxygen atom [6, 15]. Notably, the GO sheets 

possess various oxygenated functionalities such as hydroxyl, carboxyl, carbonyl and 

epoxy groups on the basal planes and on the edge sites [15]. The excellent 

electrochemical properties of graphene like high conductivity, stability at high 

temperatures and electronic capabilities were considered and hence, was chosen as a 

suitable membrane for DMFC. 

The engineering of the structural and surface functional properties of GO nanosheets by 

varying temperature, which is one of the significant reaction conditions has not been 

explored yet in any literature. The temperature dependent tunability in the structural as 

well as functional properties of GO is explained based on the modulation in the functional 

groups present on their surface. This is vital for tailoring the properties of GO nanosheets 

and can help in the development of sustainable carbon materials. 

5.2 Experimental Section 

5.2.1 Materials 

The analytical grade sulphuric acid (H2SO4, 98 wt%, Merck), orthophosphoric acid 

(H3PO4, 88 wt%, Merck), potassium permanganate (KMnO4, Merck), hydrogen peroxide 

(H2O2, 30 wt%, Merck) and hydrochloric acid (HCl, 37 wt%, Merck) were purchased and 

used without further purification. Graphite powder (Sigma-Aldrich) was used as a carbon 

source for the synthesis of GO. Millipore® (Merck) purified water was used during the 

synthesis procedure.  
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5.2.2. Synthesis of GO 

GO was synthesized by oxidation of graphite following modified Hummers method [16]. 

Graphite powder (0.5gm) was dispersed in a mixture of H2SO4/H3PO4 (63:7 mL) and 

stirred for 30 minutes at room temperature. Subsequently, KMnO4 (3.0 g) was added to 

the solution slowly in an ice bath (ensuring that the temperature change is less than 5 oC) 

and the solution is stirred for an hour. Further, the reaction (oxidation) temperature was 

increased to 30 C and stirred for additional 12 h. Next, water (150 mL) was added to the 

solution followed by the addition of H2O2 (4 mL). The resulting greenish solution is 

shown in Fig. 5.1 The mixture was centrifuged at 500 rpm to remove the unreacted 

graphite. Further, supernatant liquid was centrifuged at 15000 rpm to separate the 

synthesized GO. The resulting gel was washed (3 times) with 1 M HCl solution. Finally, 

it was washed with water (about 8 times) such that the pH of the supernatant is about 7. 

The gel thus obtained was dried under vacuum and resulting GO was denoted as GO-30.  

The samples were also synthesized at other oxidation temperatures according to the above 

procedure by varying the oxidation temperature (50 C, 75 C, 90 C and 110 C). They 

were accordingly labelled GO-50, GO-75, GO-90, and GO-110, respectively. The 

pictures of the resulting GO solutions after reaction are also shown in Fig. 5.1. 

 

Figure 5.1 As-synthesized GO solutions after the oxidation at different synthesis 

temperature from 30 C to 110 C. 
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5.2.3. Material characterization 

In this section X-ray diffractometer, Field emission scanning electron microscope, X-ray 

photo electron spectroscopy, Fourier transform infrared spectroscopy, 

Thermogravimetric analysis, BET surface area analyser, UV Visible spectrophotometer, 

Raman spectroscopy has been used for characterization (refer to Chapter 3). 

5.3. Results and Discussion  

5.3.1 XRD analysis 

The XRD pattern of temperature dependent synthesis of GO nanosheets is depicted in 

Fig. 5.2. Generally, the graphite powder shows a strong diffraction peak at a 2=26.5º 

which is due to the (002) reflection plane, with inter-planar spacing of 0.335 nm [18]. 

However, the peak corresponding to 226.5º of pristine graphite completely 

disappeared and new peak appears at 2=8.03º when graphite oxidizes at 30 ºC. This 

clearly indicates the conversion from graphite to GO and the successful formation of GO. 

The sharp peak corresponding to 28.03º is due to the (001) plane of GO, with inter-

planar spacing of 1.1 nm (calculated using Bragg's law) and this result matches well with 

the earlier work [19]. The appearance of peak at 28.03º is due to the introduction of 

oxygen functionalities in the graphite. After increasing the temperature from 30 to 110 

ºC, the peak corresponding to 28.03º shifted towards the higher 2 values. 

Additionally, XRD peak intensity gradually decreased with increase in oxidation 

temperature above 75 ºC. This may be due to the reduction of intercalated oxygen 

functionalities [19]. After reaching the synthesis temperature of 90 ºC, the peak 

corresponding to (001) plane nearly disappeared and a new and broad peak appeared 
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corresponding to 225.83º. This may be due to the formation of reduced graphene oxide 

(rGO) [20]. The structural disorder can also be explained in terms of crystallite size [9].  

 

Figure 5.2 XRD spectra of GO samples. 

The calculated crystallite size is reported in Table 5.1. Pure graphite has a crystallite size 

∼42 nm after oxidation it reduces 4.2 nm in GO-50 which indicates the structural disorder 

to the in-plane sp2 domain of the graphite because of the high influence of oxidation 
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process [9]. With further increase in temperature up to 110ºC the crystallite size becomes 

lesser (~1.4 nm) which indicates the formation of rGO. [21]. 

Table 5.1 Physical properties of synthesized GO. 

Sample 

name 

 From XRD 

 

From RAMA N 

Peak position 

(2θ) 

Crystallite size 

(nm) 

ID/IG 

GO-30C 8.2 5.1 0.92 

GO-50C 9.19 6.5 0.98 

GO-75C 11.02 2.4 0.88 

GO-90C 25.83 1.9 0.82 

GO-110C 25.83 1.4 0.53 

 

5.3.2 FETEM analysis 

TEM images of GO synthesized at five different temperatures are shown in Fig. 5.3 As 

a result of oxidation, the exfoliation of graphite is also visible from TEM analysis. The 

wrinkled morphology suggests the presence of large number of functional groups such 

as hydroxyl, carboxyl on the edge, and carboxyl and epoxide groups in the inner part of 

synthesized GO [18,22]. Significantly, selected area electron diffraction (SAED) pattern 

of GO was used to understand the successful oxidation at different temperatures. In case 

of GO-30, a diffused diffraction ring pattern with disordered structure was observed in 

Fig. 5.3(a). This demonstrates that the chemical oxidation as well as exfoliation of 

graphite layer does not occur completely at room temperature and consists in layers [23]. 

With further increase in temperature up to 50 ºC, a diffused diffraction ring pattern of GO 

displayed the set of six-fold symmetric diffraction point of a typical hexagonal ring. 

Further increasing the synthesis temperature to 110 ºC Fig. 5.3(e) led to complete 
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disappearance of a diffused diffraction ring pattern of GO. This illustrates that the GO 

became disordered in nature and lost its crystallinity which is presumably due to the 

oxidation reaction. 

 

Figure 5.3 TEM micrograph of (a) GO-30 (b) GO-50 (c) GO-75 (d) GO-90 and (e) 

GO-110 samples and its corresponding SAED pattern. 

5.3.3 TGA analysis 

The effect of the synthesis temperature on the thermal stability of the GO was 

investigated by TGA analysis. The TGA curves of the synthesized GO are shown in Fig. 
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5.4. The TGA curve of GO exhibited three distinct stages of weight loss with increase in 

temperature. The initial weight loss between 30 to 100 ºC is mainly for the adsorbed 

moisture and the gases. With further increase in temperature up to 300 ºC, a sharp weight 

loss is observed. This is associated with the removal of C‒OH, C‒O‒OH, C=O and C‒

O‒C groups present in GO [24]. The weight loss between 100 to 300 ºC is mainly due to 

the lower bond energy C‒OH and C‒O‒C groups. In the last stage (up to 800 ºC), the 

weight loss is related to the pyrolysis of carbon skeleton present in the GO [23]. In 

comparison in between 100 ºC – 300 ºC, it is observed that the change in weight loss 

follows the order GO-110 (10.2 wt %) < GO-90 (10.5 wt %) < GO-75 (31.5 wt %) < GO-

30 (39.4 wt %) < GO-50 (42.5 wt %). This suggests that the oxygen containing functional 

groups concentration is maximum for GO-50 [25]. 

 

Figure 5.4 TGA spectra of GO-30, GO-50, GO-75, GO-90 and GO-110 samples. 
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5.3.4 Raman spectroscopic analysis 

Raman spectroscopic analysis is a non-destructive technique used to analyse carbon 

based materials. The Raman spectra of graphite and the synthesized GO’s are shown in 

Fig. 5.5. The peaks corresponding to 1580 cm–1, 2730 cm–1 and 3250 cm–1 are 

characteristic for the graphite [26, 27]. The peak at ~ 1580 cm‒1 corresponds to the planer 

stretching of C-sp2 bond [27]. After oxidation of graphite, new peaks appeared at ~1360 

cm–1 and indicate the change in the electronic structure of graphite during oxidation 

process. This is associated with the C-sp3 bond vibration [27]. On the other hand, the 

peak at 1580 cm–1 shifted to slightly higher wave number ~ 1585 cm–1. These changes 

are characteristic of the Raman spectrum of GO [18, 27]. These changes are prominent 

in GO synthesized at 30 and 50 oC, but their intensity decreases at higher synthesis 

temperatures; in fact at 110 oC, these peaks completely disappear. The D-peak represents 

the defects and disordered carbon in the GO layer while the G-peak is mainly from the 

two dimensional hexagonal lattice [23, 28]. The 2D band at ∼2700 cm-1 is originated due 

to the crystalline nature of graphitic materials and the D+G band at 2950 cm-1 suggests 

the disorder of graphite [29]. 
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Figure 5.5 RAMAN spectra of GO samples. 

The intensity ratio of D band and G band (ID/IG) was used to investigate the phenomenon 

of the temperature dependent changes in the properties of GO nanosheets. The (ID/IG) 

ratio increases with increase in temperature from 30 to 50 ºC during synthesis of GO 

nanosheets as shown in Table 5.1 (discussed in section 5.3.1) and decreases thereafter at 

higher synthesis temperatures. The increment in (ID/IG) ratio may be attributed to the 

enhancement in the defects in GO [26]. The (ID/IG) ratio of GO-30 (0.93) is slightly lower 

than the GO-50 (0.98), indicating that the GO-50 has more defects in its structure. 

However, with further increase in the oxidation temperature, (ID/IG) ratios decreased up 

to 0.53 (GO-110), which indicates the formation of disordered graphitic layer.  
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5.3.5 Nitrogen adsorption/desorption 

For nitrogen adsorption/desorption GO was used as form of powder without any further 

treatment. The porous structural parameter which has been calculated from the isotherm 

and pore size distribution are reported in Table 5.2. Low BET surface area signifies 

partial oxidation of non-porous graphite. Defects are incorporated into the carbon layers 

with increase in the oxidation as found from Raman spectra (Fig. 5.5) resulting in 

increased porosity [30]. Thus, here we found that GO-50, which has the highest oxidation 

degree, shows more surface area (42.35 m²/g) with a significant range of pore micropore 

volume (0.018 cm³/g) compared to others GO sample. This type of enhancement nature 

indicates the formation of more pores or cracks on the interface between graphite layers. 

Table 5.2 Calculated structural parameters from nitrogen adsorption. 

Sample BET Surface Area 

(m²/g) 

t-Plot micropore volume 

(cm³/g) ×103 

GO-30C 9.93 3.0 

GO-50C 42.35 18.0 

GO-75C 13.24 2.0 

GO-90C 4.92 0.26 

GO-110C 1.07 0.12 

 

5.3.6 FTIR analysis 

FTIR spectra of all the GO scanned between 2000 - 500 cm‒1 are shown in Fig. 5.6. The 

peak at ~ 1630 cm-1 of pristine graphite corresponds to C=C carbon backbone vibration 

of aromatic groups [31]. In GO, the peaks corresponding to 1050 cm−1 and 1155 cm−1 

represent the C–O-C and C-O stretching vibration of alkoxy and epoxy groups [18]. The 
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weak –OH bending vibration at 1410 cm−1 is observed in all the synthesized GO [18]. 

The presence of C=O group is confirmed by the corresponding peak at ~1750 cm−1 [18, 

31]. It is observed that the peak intensity corresponding to 1050 cm−1, 1155 cm−1 and 

1720 cm−1 are maximum for GO-50 and further decreased with increase in temperature. 

 

Figure 5.6 FTIR spectra of graphite, GO-30, GO-50, GO-75, GO-90, GO-110 samples. 

5.3.7 XPS analysis 

X-ray photoelectron spectroscopy measurement of synthesized GO samples (GO-30, 

GO-50 and GO-110) was also performed to confirm the presence of functional groups. 

The high resolution core level characteristic peaks in the region of C1s is shown in Fig. 

5.7. After deconvolution (Fig. 5.8) in C1s region, four prominent peaks were found at 

284.7, 286.7, 287.8 and 289.1 eV which corresponds to the graphitic or sp2 carbon, the 
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C-O in hydroxyl or epoxy, the C=O in the carbonyl group and the O-C=O in the carboxyl 

group, respectively [32, 33]. On other hand four major peak around 530.9, 532.0, 533.2 

and 534.5 eV which are assigned to C=O, COOH, C-OH and C-O-C, respectively, have 

also been observed after deconvolution of O1s spectra [34].  In post oxidation process, 

there has been a considerable formation of functional groups of GO-30 which marks a 

notable improvement over that of pristine graphite [35]. The formation of functional 

groups increases with increase in temperature up to 50 C; beyond a synthesis 

temperature of ~ 50 C temperature, a decrease in the number of functional groups and 

their intensity is observed. Presence of oxygen moieties was quantified by C/O atomic 

ratio (Fig. 5.7). The C/O atomic ratio was found to be only 1.6 for GO-50 which indicates 

that it is more hydrophilic in nature than GO-30 and GO-110 [36]. The degree of 

oxygenation of sp2 carbon fraction in graphite to sp3 moieties in GO was calculated by 

division of area under sp2 peak and C1s peak (Table 5.3). We found that sp2 hybridized 

zone for GO-50 is 42.5 % which is much less than that of GO-30 and GO-110 [44]. Thus 

50 ºC seems to be an optimum temperature for retention of maximum possible functional 

groups.   
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Figure 5.7 XPS survey spectra of synthesized graphene oxides. 
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Figure 5.8 High-resolution C1s (a-c) and O1s (d-f) XPS spectra: deconvoluted peaks of 

synthesized graphene oxides. 
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Table 5.3 XPS compositional analysis 

Sample C atomic (%) O atomic (% ) sp2-C (%) 

GO-30 63.45 36.55 56.0 

GO-50 62.77 37.23 42.5 

GO-110 79.02 20.98 71.4 

 

5.3.8 UV-Vis absorption 

The light absorption and emission of synthesized GO samples vary with change in 

oxidation temperature as represented by their UV-visible spectra (Fig. 5.9). GO-50 shows 

strong absorption peak at 230 nm which arises due to conjugative effect of π-π* electronic 

transitions of the sp2 moieties and chromophore units i.e. carboxyl and carbonyl groups 

[18]. The n-π* transitions of these groups result in a peak at 303 nm [18]. The band gap 

(an energy difference between the conduction band and valance band) is linearly 

proportional to the extent of functionalization of the graphitic carbon which determines 

its oxygen content [37]. The intensity and position of both the peaks vary due to change 

in the amount of oxygen incorporated as found from the XPS analysis (Fig. 5.7). 

Incomplete oxidation of graphite at 30 C cause deviation of the peak position to 226 nm. 

On further increasing the temperature beyond 50 C, a red shift along with reduction in 

the peak intensity was noticed due to decrease in concentration of functional groups as 

explained in previous sections. The band gap as calculated from Tauc’s plot in Fig. 5.9 

(GO-50) considering GO as a direct band semiconductor shows increasing trend with 

increase in oxygen to carbon ratio [37]. The band gap was found to vary from 3.1 eV to 

4.4 eV, which is higher than most of the reported values [38]. GO showed high band gap 

of 4.4 eV by oxidation of graphite at a moderate temperature and this opens up the 

possibility of utilizing GO as a standalone photocatalyst for application in 
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environmentally benign and energy saving sectors like water treatment, water splitting 

and CO2
 reduction to fuels.   

 

Figure 5.9 Plot of UV-Vis absorption spectra and (αhν) 2 vs photon energy (inside 

image) of synthesized graphite oxides. 

5.3.9 Zeta potentials 

The resulting zeta potentials (ζ) of GO samples are shown in Fig. 5.10 (GO, 50 mg and 

Millipore water, 25 mL). Zeta potential (ζ) is the most important parameter to evaluate 

the degree of oxidation as well as functional groups [39]. The concentration of the surface 

functional groups present on GO surface gets altered after oxidation at 30 ºC. It can be 

seen that the pristine graphite has lower ζ (–12 mV) value. The ζ of graphite is nearly 

zero, since very few functional groups are present on the graphite surface [39]. As the 

oxidation temperature for GO increases to 50 ºC, the ζ value goes to 49 mV (GO-50). 
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Similar value of ζ (50 ‒ 52 mV between 6 ‒ 8 pH) was also observed by Chen et al. [40]. 

With further increase in the oxidation temperature the ζ value became lower and it reaches 

-25 mV at 110 C.  

   

Figure 5.10 Zeta potential of synthesized GO (GO, 50 mg and Millipore water, 25 mL). 

The proposed mechanism for the synthesis of tailored surface charge of GO is described 

in Fig. 5.11. Natural graphite flake is the most common source of carbon for synthesis of 

GO and it contains wide variety of mineral as a heteroatom. The graphite stacks are 

arranged with the van der Waal attraction in graphitic domains. After oxidation, epoxy 

(C-O-C), hydroxyl (C-OH), carboxyl (C-O-OH) and carbonyl (C=O) groups are formed 

on the GO surface. In stage 1, the natural flakes of graphite are dispersed in a mixture of 

H3PO4 and H2SO4 to exfoliate the graphite layers which increases the inter layer distance 

between the stacks [41]. Before the oxidation (stage 2) of graphite, potassium 

permanganate (KMnO4) and concentrated H2SO4 react with each other and formed the 

red dimanganeseheptoxide (Mn2O7) which can be represented as follows: 2KMnO4+ 
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H2SO4→ Mn2O7 + 2KHSO4 + H2O [42]. Trömel and Russ demonstrated [42] that the 

ability of oxidation performance of di-metallic Mn2O7 is higher over mono metallic 

KMnO4. They observed that the di-metallic Mn2O7 more selectively oxidized the 

unsaturated double bond over KMnO4 during the oxidation. The heteroatoms present in 

graphite creates the localized defects and it serves as a seed point for oxidation and 

formation of the C-OH, C-O-OH, C=O and C-O-C groups on the surface. During 

oxidation, nearly 33.3 % of carbon with sp3 bond is converted into sp2 bond [43-45]. On 

the other hand, sulphates ions present in the solution covalently attached with carbon 

skeleton during reaction. During washing, sulfate ions detached from GO and generates 

two ‒OH groups per sulfate ions as illustrated elsewhere [44].  

 

Figure 5.11 Proposed mechanism of GO synthesis with different degrees of oxidation. 

The exfoliation of graphite and the rate of Mn2O7 diffusion in between layers is directly 

proportional to the synthesis temperature and is lowest for room temperature (30 ºC).  

The resulting phenomena shows the lower functional groups formation for GO-30. 

Further increase in temperature increases the degree of oxidation and rate of Mn2O7 
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diffusion in the graphitic layers. Along with this higher temperature also promotes the 

deoxygenation of functional groups from the surface. These functional groups, C‒OH (~ 

3.73 eV), C‒O‒C (~ 3.82 eV) and C=O (7.67 eV), have different bond energies [45]. The 

large number of oxygen moieties (~ 88 %) is for the C‒OH and C‒O‒C present on basal 

plane. However, the isolated C=O with high bond energy is likely to be rare. Now, as the 

epoxide and C-OH bond are very close to one another, at moderate temperature (90 to 

110 ºC) they form the aromatic diol (phenol) and   additionally the layers of GO terminate 

the C‒OH and COOH groups as illustrated by Martín Rodríguez [46]. Furthermore, two 

hydroxyl groups react with each other via condensation reaction and reduced the oxygen 

based functional groups on the GO surface. Hereafter, rate of oxidation and Mn2O7 

diffusion is more prominent up to 50 ºC and show the maximum concentration of 

functional groups in the GO-50. Further increase in temperature (above 50 ºC) leads to 

more prominent rate of condensation reaction and deoxygenation, and shows the gradual 

decrease in the functional groups with temperature up to 110 ºC.  

5.4 Conclusions 

In conclusion, the control over the oxidation temperature in the range of 30-110 ºC in 

modified Hummers method for the synthesis of GO nanosheets resulted in the modulation 

of their structural and surface functional properties. Analytical investigations suggested 

that the concentration of functional groups on the surface of GO nanosheets increases 

with increase in oxidation temperature up to 50 ºC and decreases with further increase in 

temperature as the condensation reaction between epoxy and hydroxyl groups proceed. 

Importantly, an oxidation temperature of ~50 ºC was found to be the best for the synthesis 

of the GO nanosheets with better crystallinity and single sheet nature. The temperature 

dependent structural as well as surface functional properties changes of GO are explained 
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based on the chemical condensation and modulation of the functional groups present on 

their surface. This study is vital for tailoring the properties of GO nanosheets and thus 

towards the progress of sustainable carbon materials as well as designing the charged 

based electronic materials.  

According to the proton transport mechanism, the incorporation of hydrophilic fillers like 

GO enhanced the water absorbing property of the composite membrane. Water is an 

important factor for GrÖthous and Vehicle mechanisms which are mechanisms of proton 

transport. Hence, GO-50 has been chosen for further study and synthesis of composite 

for SPEEK membrane. 
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CHAPTER 6 

Construction of Graphite Oxide Doped Metal 

Organic Framework (UiO-66) Composite 

Membrane  

This chapter deals with facile synthesis of composites by 2D carbon functionalization of 

MOFs and its performance evaluation as proton exchange membrane. Extensive 

characterization of the composite including its crystallinity, chemical composition, 

surface morphology- and porosity have been discussed. After fabrication of membrane 

water uptake capacity and conductivity have also been measured.  

6.1 Introduction  

The proton conductivity also depends greatly on the charge carriers such as protons and 

their mobility that is mainly ensured by water molecules and their clusters. After 

sulfonation, the hydrophilic pathways become narrower, ensuring better travel of protons 

but along with that the methanol permeability also increased. Polymeric phase hosting 

functional inorganic particle mixed matrix membrane also shows a promising candidate 

for addressing traditional proton exchange membrane [1]. This inorganic filler helps to 

increase the membrane flexibility, thermal-mechanical stability, conductivity as well as 

methanol crossover.  Some recent reviews discussed about the functionalization of 

inorganic materials because all inorganic materials do not act as a proton conductor. 

Recently, the scientific community is drawn towards an emerging group of inorganic 

(metal core)–organic (linker) hybrid, crystalline compounds i.e. metal-organic 

frameworks (MOFs) for fuel cell application due to their high porosity, high surface area, 

tunable structure and chemistry [2,3]. They are used as photocatalysts, adsorbents, sensor, 

proton conduction, drug delivery, etc.  The recent study reviewed details on the 
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utilizations and applications of MOFs in electrochemical systems for clean energy 

applications which includes solar cell, fuel cell, lithium ion batteries, and super capacitors 

[4]. This chapter deals with the synthesis of composites using graphite oxide and MOF 

for proton exchange. 

6.2. Experimental Section 

6.2.1 Materials 

The precursors for composite formation i.e. graphite flakes, zirconium chloride 

octahydrate (ZrCl4 ≥ 99.5% metals basis) and terephthalic acid (BDC, 98%) were 

purchased from Sigma Aldrich, USA. N’N-Dimethyl formamide (DMF), sulphuric acid 

(98%), hydrochloric acid (HCl, 35 wt%), hydrogen peroxide (25%), potassium 

permanganate and ethanol (99.9%) were supplied by Merck, India. Dimethylacetamide 

(DMAc) was obtained from Spectrochem Private Limited. Ultrapure Millipore® water 

was used in all the experiments. All the reagents were of analytical grade and were used 

without further purification. 

6.2.2 Synthesis of UiO-66  

In a typical synthesis, BDC (0.983 g) and ZrCl4 (1.00 g) were dissolved in DMF acidified 

by HCl. The solution was then transferred to a Teflon lined stainless steel autoclave and 

kept in oven at 80°C for 24 h. The solution was then centrifuged at 12000 rpm. The 

precipitate was washed with DMF and ethanol to remove any unreacted linker. The 

sample was then dried at 80°C.  
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6.2.2 Synthesis of UiO-66/GO 

Graphite oxide was synthesized by oxidation of graphite at 50 °C following modified 

Hummer’s method [5].  For preparing the composite via in-situ solvothermal method, 

GO was dispersed in DMF by sonication to obtain a homogenous, stable slurry. The 

amount of GO was varied in such a way that the expected amount of GO introduced in 

the UiO-66 framework was 1 wt%, 2.5 wt% and 5 wt% of UiO-66. ZrCl4 was added to 

the GO dispersion and sonicated for 2 h. It was then acidified by HCl followed by BDC 

addition and similar protocol as for UiO-66 synthesis followed. The as-synthesized 

powder was named as UiO-66/GO-n, where n=1, 2.5, 5 based on the amount of GO doped 

in the MOF (Fig. 6.1a).  

 

Figure 6.1 Synthesis of UiO-66 and UiO-66/GO composite 

6.2.4 Fabrication of UiO-66 and UiO-66/GO composite membrane 

Initially, UiO-66 was added to 9g of dimethylacetamide by varying the ratio in the range 

of 1- 4 wt% with respect to the polymeric content and sonicated upto 1hr to form a 
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uniform mixture. 1 gm of SPEEK was then added into the solution which, after 12h of 

stirring, was degassed for removal of bubbles. This solution was then carefully coated on 

a glass plate. The cast membrane was dried in a vacuum oven at 60 °C for 48 hours, 

followed by 120 °C for 24 hours, allowing the DMAc solvent to evaporate. The resultant 

membrane was peeled off from the glass using deionized water after the solvent had 

evaporated.  

GO at a varying concentration (1 – 5 wt %) was added to the membrane casting solution 

containing optimized UiO-66/SPEEK (3 wt %). Similar protocol was followed for the 

preparation of the membrane as mentioned previously. 

6.2.5 Material characterization 

In this section X-ray diffractometer, field emission scanning electron microscope, X-ray 

photo electron spectroscopy, Fourier transform infrared spectra, Thermogravimetric 

analysis, Transmission Electron Microscope , BET surface area analyzer  has been used 

for characterization of fabricated membrane and the weight differences between the full-

hydrated membranes and the dried membranes along with their water uptake, methanol 

permeability and proton conductivity of the membranes (refer to Chapter 3). 

6.3 Results and Discussion  

6.3.1 Characterization of UiO-66 and UiO-66/GO composite  

6.3.1.1 FESEM analysis 

FESEM images in Fig. 6.2 shows the change in morphology of the composite formed 

compared to GO and MOF. GO sheets are stacked forming a lamellar structure. Crystals 

of UiO-66 are present in an agglomerated form. UiO-66/GO composites show different 
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surface texture. The cross-sectional view of the composite shows layered sandwich-like 

structure suggesting GO sheets act as dividers between the MOF particles which is similar 

to previous findings [7]. The surface image show that UiO-66 are well embedded on the 

GO sheets in the composites. Although only 2.5 wt% GO was incorporated in the MOF, 

it was found to have significant effect upon the morphology as reported by Petit and 

Bandosz [7]. The coordination between oxygen functionalized groups in GO with ligand 

and Zr+4  metallic centres of MOF favors composite formation [8]. 

 

 

Figure 6.2 FESEM of (a) GO; (b) UiO-66; (c) cross-section and (d) surface of UiO-

66/GO composite 
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6.3.1.2 FETEM analysis 

Similar observations are found from the FETEM bright field images of composites (Fig. 

6.3) which show uniform dispersion of spherical UiO-66 particles on the wrinkled layer 

like structures which are the GO sheets. The aggregation of the MOF decreased upon 

incorporation of GO due to their controlled nucleation and growth [8]. Upon doping GO 

beyond 2.5 wt%, the particles become irregular and aggregated.   

 

 

Figure 6.3 FETEM of (a) UiO-66, (b) UiO-66/GO-1, (c) UiO-66/GO-2.5 and (d) UiO-

66/GO-5 composite.  
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6.3.1.3 EDX analysis 

The elemental composition of the synthesized UiO-66 was also determined by EDX 

analysis which is shown in Fig. 6.4. The elemental mapping analysis was done in a 

randomly selected area to reveal the presence of C, O and Zr elements.  

 

Figure 6.4 EDX mapping analysis of synthesized UiO-66 
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6.3.1.4 XRD analysis 

The crystallographic structure of UiO-66 and their composites with GO as estimated from 

XRD is shown in Fig. 6.5. The sharp characteristic peaks at 2θ = 7.4° and 8.5° (d = 11.91 

Å and 10.33 Å respectively) in UiO-66 represent its crystalline nature and are in 

agreement with previously reported studies [9]. UiO-66/GO composites had similar XRD 

patterns, indicating predominant presence of UiO-66, which is about 95 wt% of the 

composites. Moreover, it concludes that GO was highly dispersed in the polar solvent 

used i.e. DMF and incorporation of GO did not disrupt the bonding between Zr+4 and 

linker BDC hence, no distortion of the UiO-66 crystal framework [8]. Slight reduction in 

peak intensity can be observed in UiO-66/GO-5 on increasing GO doping which is similar 

to previous findings [10, 11].  

 

Figure 6.5 XRD of synthesized composites 
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6.3.1.5 FTIR analysis 

FTIR spectra of UiO-66 as shown in Fig. 6.6 is generated due to vibration and stretching 

of different functional groups present in the organic linker BDC. Weak peak arises at 

1658 cm-1 due to stretching vibration of C=O bond of carboxylic acid group [12]. Strong 

transmission peak at 1581cm-1 can be assigned to asymmetric stretching of O-C-O group. 

Vibration of unsaturated carbon (C=C) in benzene rings of BDC ligand results in weak 

peak at 1505 cm-1 whereas symmetric stretching of C=O of carboxylic acid causes intense 

peak at 1398 cm-1 [13]. The small peaks present at 813 cm-1 and 753 cm-1 are due to 

stretching vibration of C-H bond whereas O-H bending in BDC ligand is linked to the 

peak at 664 cm-1 [14]. In UiO-66/GO composites, the FTIR spectra is similar to UiO-66 

concluding that the structure of UiO-66 is preserved upon GO addition. The small peak 

at 1658 cm-1 disappears in UiO-66/GO-5. 

 

Figure 6.6 FTIR of synthesized UiO-66 and UiO-66 composites 
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6.3.1.6 Nitrogen adsorption/desorption 

The nitrogen adsorption-desorption isotherms of UiO-66 and UiO-66/GO composites 

(Fig. 6.7) represent typical Type-I adsorption isotherms indicating microporous nature of 

the samples. The porous parameters as calculated from the isotherms is given in Table 

6.1.  

Table 6.1 Parameters obtained from Nitrogen adsorption-desorption isotherm 

Sample BET surface 

area (m2/g) 

Total pore 

volume 

(cm³/g) 

Micropore 

volume 

(cm³/g) 

Mesopore 

volume 

(cm³/g) 

UiO-66 1460 0.78 0.53 0.25 

UiO-66/GO-1 1283 0.71 0.45 0.26 

UiO-66/GO-2.5 1165 0.70 0.42 0.28 

UiO-66/GO-5 42 0.67 0.38 0.29 

 

The specific surface area of UiO-66 was 1460 m2/g, which is consistent with previously 

reported results [15]. However, it is noteworthy that the mesopore volume (2 - 50 nm) of 

the sample increases with increase in the GO doping. Similar trend in change of surface 

area and pore volume was reported by Petit and Bandsoz [7]. 
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Figure 6.7 Nitrogen adsorption-desorption isotherms of synthesized composites 

6.3.1.7 XPS analysis 

XPS analysis was done to understand the presence of chemical states of synthesized pure 

UiO-66 and UiO-66/GO-2.5 composite. As indicated in Fig. 6.8a, the XPS spectra 

confirms the existence of Zr, C and O in the hybrids. Zr 3d core level XPS spectra for 

UiO-66 shows peaks for Zr 3d 3/2, and Zr 3d 5/2 at 184.67 and 182.31 eV respectively (Fig. 

6.8b). These results match with earlier literature [16, 17]. On the other hand, these peaks 

appear at 184.55 eV and 182.18 eV for the UiO/GO composite (Fig. 6.8c). The spectra 

for O1s region shows three major peaks at 531.80 eV (O-C=O), 530.20 eV (Zr-O-C) and 

528.85 eV (Zr-O-Zr) for UiO-66 [17]; and at 531.75 eV, 530.25 eV and 528.87 eV, 

respectively after incorporation of GO in UiO-66 framework (Fig. 6.8d).  
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Figure 6.8. XPS of synthesized composites 

A negligible variation in peak area percentage and binding energy of core level functional 

groups has been found from area analysis of the peaks and reported in Table 6.2. This 

similarity in peak position and peak area concludes that thecoordination number of Zr 

remains unchanged upon GO incorporation to the MOF. 
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Table 6.2 Peak analysis from XPS scan 

Region Peak Peak position / BE (eV) Peak area percent (%) 

UiO-66 UiO-66/GO UiO-66 UiO-66/GO 

Zr 3d Zr 3d 3/2 184.67 182.18 42.92 42.54 

Zr 3d 5/2 182.31 184.55 57.08 57.46 

O1s O-C=O 531.80 531.75 42.48 44.46 

Zr-O-C 530.20 530.25 52.51 47.08 

Zr-O-Zr 528.87 528.85 5.01 8.46 

 

6.3.1.8 TGA analysis 

The TGA curves of the pristine UiO-66 and UiO-66/GO have been depicted in Fig. 6.9. 

UiO-66 undergoes a weight loss of about 15 wt% at the initial stage upto a temperature 

of 110 °C, which is due to removal of adsorbed water molecules and residual solvent 

molecules in the MOF framework. UiO-66/GO shows a relatively lesser weight loss (~7 

wt%) in this region [18]. A gradual weight loss was found upto 520 °C for both the 

materials due to the decomposition of organic linker in the structures . In contrast, the 

UiO-66 and   UiO-66/GO underwent weight loss of 42% and 30% respectively as a result 

of only 80 °C spike in temperature.  
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Figure 6.9 TGA analysis of UiO-66 and UiO-66/GO composites 

 

6.3.1.9 Leaching test of GO from the composite  

A small experiment has done to make sure that GO does not leach out from UiO-66 (Fig. 

10). The UiO-66/GO composite was immersed in methanol solution (5 M) for 24 h 

followed by UV- visible spectroscopic analysis of the solution to analyze leaching of GO 

from the composite. UV-visible spectra of GO and graphene are shown in Fig. 10a. There 

are two characteristic absorption bands in the UV-visible spectra of GO. The absorption 

band centred at 231.6 nm is attributed to π-π transitions of aromatic C-C bonds. The 

shoulder centred at 298.8 nm is corresponding to n-π transitions of C=O bonds. However, 

in case of the composite, no such peak is found. This confirms negligible leaching of GO 

from the composite in our working solution methanol.  
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FTIR of the aforementioned solutions was also performed (Fig. 10b) and compared with 

that of pure methanol as shown in the figure. The spectra of both the samples were similar, 

speculating absence of GO in the solution, even after immersing for 24 h. The peaks at 

3328 ,1636, 1016, and 585 cm-1 can be assigned to various functional groups of methanol 

(ref). This further confirms the stability of the synthesized composite.  

 

Figure 6.10 UV spectroscopy and FTIR analysis of pure aqueous methanol and UiO-

66/GO in aqueous methanol   

6.3.2 Characterization of UiO-66 and UiO-66/GO composite membrane  

6.3.2.1 FESEM and EDX analysis 

The FESEM images for the internal structures of the membranes are shown in Fig. 6.11. 

The newly synthesized UiO-66/GO mixed SPEEK membrane showed the presence of 

UiO-66/GO on the surface of SPEEK. However, the surface of the SPEEK/UiO-66/GO 

(Fig. 6.11b) was found to be rougher. The mutual interactions between the SPEEK and 
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UiO-66/GO nanosheets may be a possible reason for this roughness. The hydrophobic 

nature and the strong interparticle interactions of the MOF particles makes it particularly 

difficult to achieve a uniform dispersion [19]. However, a uniform dispersion was seen 

in the case of UiO-66/GO particles induced in SPEEK membranes because of the unique 

hybrid structure of the sheets. The FESEM images were found to be in agreement with a 

good affinity between the SPEEK membranes and the UiO-66/GO, owing to the mutual 

interactions between them. EDX analysis also supports this statement.  There might be a 

strong hydrogen bonding between the -SO3H groups of the SPEEK and the UiO-66/GO 

which can be attributed to these mutual interactions. This might also be a probable effect 

of the π – π interactions between the unsaturated C-C bonds in graphite oxide and benzene 

rings in SPEEK [23]. 

 

Figure 6.11 FESEM and EDX analysis of SPEEK and of SPEEK/UiO-66/GO 

composites membrane 
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6.3.2.2 XRD analysis 

Fig. 6.12 represents the XRD analysis of SPEEK and SPEEK/UiO-66/GO composite 

membrane. It is can be seen from the figure that UiO-66/GO composite membrane shows 

a strong peak at 5 ⁰ and 6.8 ⁰ which correspond to the (111) and (002) characteristic peaks 

from UiO-66. Pure SPEEK membrane exhibited a broad peak on 20⁰ which is shifted to 

the high value of 2θ (21.2⁰) after the addition of UiO-66/GO composite. This behaviour 

of mixed membrane indicates a strong filler-polymer interaction and also a well 

dispersion capability of MOF-GO composite with higher specific area [20].  

 

Figure 6.12 XRD analysis of SPEEK and of SPEEK/UiO-66/GO composites 

membrane 
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6.3.2.3 TGA analysis  

TGA analysis for the SPEEK, SPEEK-UIO-66, and SPEEK- UiO-66/GO composite 

membranes was performed to predict the thermal stability of the fabricated membrane 

and explore the scope of application in methanol fuel cells (Fig. 6.13). Initial weight loss 

at temperature 100 °C occurs due to loss of adsorbed water molecules. The membranes 

remain stable, showing negligible weight loss upto 280 °C. Decomposition of sulfonic 

acid groups of SPEEK membrane matrix results in sharp weight loss upto 380 °C [21]. 

Above this temperature, breakage of cross-linked –CO–O– bonds, which resulted from 

the de-sulfonation of sulfonic acid group occurs. As seen from the figure, the weight loss 

of the filler incorporated membranes i.e., SPEEK-UIO-66 and SPEEK- UiO-66/GO are 

lower compared to pristine SPEEK membrane, concluding their increased thermal 

stability and potential candidates for DMFC applications. 

 

Figure 6.13 TGA analysis of SPEEK and SPEEK/UiO-66/GO composites membrane 
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6.3.2.4 Water uptake and IEC measurement 

Fig. 6.14 shows the water uptake and ion exchange of SPEEK and SPEEK/ UIO-66/GO 

composite membranes as a function of GO content at room temperature. As the GO 

content increases, the water uptake is found to increase. Water ensures easy and 

convenient proton transfer as well increases the conductivity [22]. These are both very 

desirable properties for an efficient membrane. UiO-66/GO, treatment of the membrane 

prior to measurement, state of hydration at ambient conditions all play a very important 

role in determining the proton conductivity of SPEEK. Functional groups of GO available 

for interaction and the dissociation capability in water affect the proton conductivity of 

monomeric membranes. It is important to take the water uptake and ion exchange 

capacity into serious consideration when studying proton exchange membranes as water 

molecules help in facilitating proton transport. It is important to maintain an optimum 

water uptake as excessive water uptake may lead to dimensional changes resulting in 

mechanical failures and solubility in water.  
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Figure 6.14 IEC and water uptake analysis of SPEEK and its composites membrane 

6.3.2.5 Methanol permeability, conductivity and selectivity measurement 

Pure SPEEK membrane shows methanol permeability around 2.18 × 10-6 cm2 S-1. After 

adding UiO-66 in the polymer matrix the methanol permeability reduced to 4.97 × 10-7 

cm2 S-1 where the amount of UiO-66 was 4 wt% (Fig. 6.15). From IEC experiment it has 

been found that after increasing the amount of UiO-66 above 3 wt% the IEC value of 

membrane is decreases, which is why 3 wt% of UiO-66 (where methanol permeability 

5.08 × 10-7 cm2 S-1) has been chosen as the optimum amount for fabricating a composite 

membrane. 3 wt% UiO-66 has been further modified with a variation of GO (1-5 wt%).  

The SPEEK/UiO-66 composite membranes showed a higher methanol permeability than 

the SPEEK/UiO-66/GO membranes. Methanol permeability decreases with increasing 

amount of GO in UiO-66. The SPEEK/ UiO-66 (3wt%)/GO (5%) composite membrane 
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showed 4.65 × 10-7 cm2 S-1.  The favorable low methanol permeability of the modified 

membranes is because of the methanol barrier that is formed by the connected UiO-66 

and GO. An increased tortuosity in the methanol diffusion networks is indicated by the 

enhanced methanol rejection of the /SPEEKUiO-66-GO membranes. The UiO-66 and 

UiO-66/GO composite membranes were fully hydrated before the measurement of the 

conductivities and the conductivity was measured at room temperature. At first starting 

with the pure UiO-66 it has been found that with increasing the amount of UiO-66, the 

conductivities increased and reached a maximum of 1.26 mS/cm (3wt% UiO-66) from 

1.04 mS/cm. Then further increase in amount from 3 wt% to 4 wt% the conductivity 

decreased 1.23 mS/cm. The 2.5 wt % GO doped UiO-66 (3wt%) nanocomposite 

membrane showed a better proton conductivity than the SPEEK/UiO-66 (3 wt%) 

membranes. They showed a peak at 1.88 mS/cm which significantly decreased with 

further increase in the amount GO in UiO-66 at 1.61 mS/cm. 
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Figure 6.15 (a) Methanol permeability and (b) selectivity of SPEEK and of 

SPEEK/UiO-66/GO composites membrane 

The covalent forces responsible for linkage of GO sheets with UiO-66 framework 

involves π-π interaction and hydrogen bonding (Fig. 6.16). π-π interaction occurs 

between the benzene rings of GO and organic linker of UiO-66 [23]. Presence of 
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hydroxyl groups on the surface of GO sheets results in hydrogen bonding with the 

carboxylic acid group present in the organic linker of UiO-66. However, both GO and 

UiO-66 are negatively charged, which rules out the possibility of electrostatic 

interection in the present scenario. The unsaturated metal sites in the UiO-66/GO help 

in trapping a lot of water molecules which significantly aids in the production of OH 

groups by hydrolysis [24]. The octahedral and tetrahedral sites of the framework absorb 

water molecules, which facilitates the formation of hydrogen-bonding networks which 

act as excellent pathways for proton conduction.  

 

Figure 6.16 Possible interaction of GO with UiO-66 

The proposed mechanism of the participation of water molecules is in agreement with 

the GrÖthous mechanism. Actually, the water is an important factor for GrÖthous and 

Vehicle mechanisms which are mechanisms of proton transport. The hydrophilic nature 

of GO enhanced the water absorbing property of the composite membrane which allow 

the membrane to absorb the water into its structure. On the other hand, the crystalline 
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tunnel-like architecture can be found from UiO-66 and their small porosity allow them to 

formation of orientated hydrogen bonded network of the guest water molecules as well 

as more hydrolytic stability to ensure a proper proton conduction performance. As the 

UiO-66/GO content increases, so does the number of metal sites which implies more 

number of hydrogen-bonding networks and hence, enhanced proton conductivity. The 

selectivity values of the SPEEK membranes increased from 4.77 × 102 S cm-3 s to 3.82 × 

103 S cm-3 s (Fig. 6.15b). The selectivity of a membrane for DMFC application was 

calculated as the ratio of their ionic conductivity and methanol permeability and the 

selectivity of the SPEEK membrane has been increased range from 1.34 × 103 S cm-3 s to 

3.85 × 103 S s cm-3 at room temperature. 

6.4. Conclusions 

The study had been formulated keeping in mind the objective of formulating UIO-66/GO 

composite for proton exchange membrane. The water uptake and ion exchange capacity 

was found to increase proportionally with the GO content in UiO-66 and the membranes 

were found to become more proton conductive. Selectivity values were found tobe 

increase up to 3.85 × 103 S s cm-3 at room temperature. However, the selectivity value for 

Nafion-117 membrane at the same experimental conditions was found to be 2.78× 103 S 

cm-3 s and the proton conductivity of the composite membrane shows low value then 

Nafion-117, which concludes that further modification in the mixed matrix membrane is 

required to achieve the desired efficiency level. In order to fulfill this target, further study 

involves improvement in the properties of UiO-66/GO composite. 
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CHAPTER 7 

Palladium decorated graphite oxide doped UiO-66 

based composite membrane  

This chapter encompasses the fabrication of SPEEK membrane by incorporation of 

Palladium decorated graphite oxide doped UiO-66 composite. Palladium nanoclusters 

blocked the methanol permeability in the hydrophilic channel, thus significantly reducing 

the methanol crossover while the proton conductivity of the membrane stayed intact. 

This chapter shows the development of an efficient membrane that maintains the 

optimum methanol crossover. 

7.1 Introduction  

Palladium (Pd) is well known to be an effective medium for hydrogen and can easily 

form palladium hydride, and therefore widely used in the methanol-blocking PEM for its 

potential function of proton conduction [1,2]. The use of Palladium nanoparticle (Pd NPs) 

blocked the methanol permeability in the hydrophilic channel, thus significantly reducing 

the methanol crossover while the proton conductivity of the membrane stayed intact. The 

specific advantage of the positive charged nanoparticles is that they could be anchored to 

the sulfonic acid function group, –SO3 on the membrane surface [3]. So, in this chapter 

palladium nanoparticle has been introduced in the UiO-66/GO composite.  In this section, 

UiO-66 (3wt%)/GO (2.5 wt%) was chosen for the further modification.  
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7.2 Experimental  

7.2.1 Synthesis of palladium grafted graphite oxide (Pd-GO) 

Palladium grafted GO was synthesized by polyol process (glycol reduction method) [4]. 

In brief, 0.089 g of PdCl2 was mixed with 50 mL HCl to make H2PdCl4 (0.01 M) solution 

and simultaneously 50 mg of synthesized GO was dispersed in 50 mL of DI water using 

a sonication bath for 60 minutes to form GO colloid (Fig. 7.1). Then 100 mL of ethylene 

glycol, 50 mL of GO colloid and 15 mL H2PdCl4 (0.01 M) were mixed in a beaker under 

magnetic stirring for 30 minutes. The reaction temperature was then raised to 373 K with 

continuous stirring for 6 h. The final resultant black precipitate was centrifuged and 

washed with DI water three times, and dried in a vacuum oven at 333 K for 12 h to obtain 

Pd-GO.   The amount of Pd was varied in such a way that the expected amount of Pd 

introduced in the GO framework was 5 wt%, 10 wt%, 15 wt% of GO.  

 

Figure 7.1 Synthesis of (a) Pd-GO and (b) UiO-66/Pd-GO 
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7.2.2 Synthesis of palladium decorated graphite oxide (Pd-GO) doped UiO-66 

Synthesis procedure is same as discussed earlier in case of synthesis of UiO-66 and UiO-

66/GO. For preparing the composites via in-situ solvothermal method, Pd-GO was 

dispersed in DMF by sonication to obtain a homogenous, stable slurry. 2.5wt% of both 

Pd-GO (5%) , Pd-GO (10wt%) and Pd-GO (15wt%) were used. After sonication for 2 h, 

it was then acidified by HCl followed by addition of BDC and similar protocol was 

followed as for UiO-66 synthesis. The as-synthesized powder was named as UiO-66-Pd-

GO-n, where n=5, 10, 15 based on the amount of Pd-GO doped in the MOF. 

7.2.3 Fabrication of composite membrane  

To prepare the composite membrane, 1 g of SPEEK was dissolved in 5 g of DMAc 

solvent. On other side the 2.5 wt% of UiO-66/Pd-GO composites were added in 4 gm of 

DMAc and sonicated to get a homogeneous mixture. These two solutions were then 

mixed and kept in stirring overnight. The membrane was then cast onto a flat glass plate, 

dried at 333 K for 6 h, followed by annealing at 373 K for 4 h. It was cooled and immersed 

in deionized water for 24 h. Three membranes were fabricated varying the concentration 

of Pd from 5wt% to 15wt%. 

7.2.4 Characterization 

In this section X-ray diffractometer, field emission scanning electron microscope, X-ray 

photo electron spectroscopy, Fourier transform infrared spectra, Thermogravimetric 

analysis, Transmission Electron Microscope , BET surface area analyzer  has been used 

for characterization of fabricated membrane and the weight differences between the full-

hydrated membranes and the dried membranes along with their water uptake, methanol 

permeability and proton conductivity of the membranes (refer to Chapter 3). 
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7.3 Results and Discussion  

7.3.1 Characterization of UiO-66/Pd-GO composite  

7.3.1.1 FETEM analysis 

Fig. 7.2 demonstrates the morphology of the composite nanosheets as obtained from the 

TEM. The GO is shown (Fig. 7.2a) to exhibit a characteristic transparent and laminar 

structure. Wrinkles could also be found on the GO as discussed earlier. The ultrasonic 

processing of a mixture of H2PdCl4 indicated that the Pd nanoparticles were properly 

distributed on the GO surfaces [5]. The Pd nanoparticles were well-dispersed and were 

found to be highly densely clustered on the GO surfaces (Fig. 7.2b). Fig. 7.2c showed 

the spherical nature of the Pd nanoparticles. The particle size distribution of Pd on the 

GO surfaces was found to be narrow with a uniform size 5-10nm. The UiO-66 

nanoparticles as such, without GO, showed an erratic particle size distribution, with many 

of the particles having a size smaller than 400nm. However, Fig. 7.2d showed the UiO-

66 particles having a size around 200nm with the smaller particles of size 40-50nm in 

UiO-66/Pd-GO composite. These smaller particles were found to have a dense and 

uniform distribution on the Pd-GO layers. The HRTEM analysis done for UiO-66/Pd-

GO composite showed two types of particle lattice as 0.221nm and 0.227nm which 

corresponds to the interplanar spacing of UiO-66 (Fig. 7.2e) and Pd NPs (Fig. 7.2f) [6,7]. 

The interplanar spacing of PdNps was found to be undeviating from the lattice spacing 

of a face-centered cubic Pd [5]. A strong coordination capability is exhibited by the 

phenolic and carboxylic groups on the GO sheets. This greatly favors the nucleation and 

growth of the MOF crystals. This excellent coordination capability between the metal 

ions from the oxygen-containing functional groups gives Zr4+, the perfect anchoring sites 

to combine, which in turn promotes the nucleation and growth of UiO-66 crystals. Thus, 
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this in-situ growth technology is a feasible approach for homogeneous distribution of 

UiO-66 on the Pd-GO sheets surface.  

 

Figure 7.2 FETEM images for GO, Pd-GO and UiO-66-Pd-GO depicting their 

corresponding lattice spacing 

7.3.1.2 FESEM analysis 

The FESEM images of the UiO-66/Pd-GO along with graphite oxide and pure UiO-66 

are shown in Fig. 7.3. The wrinkled structure was observed from the cross sectional view 

(Fig. 7.3a) and top surface view (Fig. 7.3b) of GO layers [8]. The size of UiO-66 used in 

this work was around 300nm (Fig. 7.3c), contrary to the 100nm reported in literature. 
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Fig. 7.3d-e shows the top surface and cross sectional view of UiO-66/Pd-GO composite. 

The irregularities of the composite particles also increased with addition of Pd-GO 

content, as opposed to the particle size of the composite particles. Fig. 7.3f shows the 

higher magnification view of UiO-66/Pd-GO composite. 

 

Figure 7.3 FESEM image of (a-b) cross section and top surface view of GO, (c) UiO-

66, (d-f) cross section and top surface view of UiO-66/Pd- GO, 

7.3.1.3 EDX analysis 

The energy dispersive X-ray spectroscopy (EDS) mapping (Fig. 7.4) confirms the 

presence of palladium, zirconium, carbon and oxygen in UiO-Pd-GO composite. In 

addition, all elements seem to be well distributed on the surface thus confirming 

functionalization of UiO-66 in Pd-GO. 
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Figure 7.4 EDS mapping of UiO66-Pd-GO composite 

7.3.1.4 XRD analysis 

The XRD patterns of GO, Pd-GO, UiO-66 and UiO-66-Pd-GO composite are shown in 

Fig. 7.5. The characteristic diffraction peak of GO is shown at around 9.8. This diffraction 

peaks corresponded to the (002) plane. The graphitic planes were found to exhibit a 
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substantial amount of oxygenated functional groups. An inter-layer distance of 9.6Å was 

found. These results were found to be consistent with previous literature [9]. Addition of 

Pd NPs on the surface of GO shows a hump on 23.8⁰ (002) which indicates the destruction 

of regular layer structure of GO by adding Pd NPs and also a little hump at 43.8⁰ denotes 

the (200) planes which is formed due to the cubic (fcc) structure of PDNPs [10,11].   

 

Figure 7.5 XRD patterns of Graphite, GO, Pd-GO, UiO-66 and UiO-66-Pd-GO 

The UiO-66/Pd-GO and the UiO-66 showed an approximately identical peaks. These data 

indicated that no changes took place in the crystalline structures. However, a complete 

disappearance of the major diffraction peak of GO was observed. This could indicate 
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either a reduction in the GO content post the solvent-thermal process or a long range 

order dismissal in the GO sheets.   

7.3.1.5 FTIR analysis 

Fig. 7.6 shows the FTIR spectra of synthesized composites. The FTIR studies of GO 

showed peaks at 1393 cm-1 (stretching vibrations from C-O), at 1742 cm-1 (stretching 

vibrations from C=O), at 1632 cm-1 (stretching vibrations from C=C), 1046 cm-1 

(stretching vibrations from C-O-C) and 3420 cm-1 (stretching vibrations from -OH). 

These peaks indicated the presence of functional groups which confirmed the successful 

oxidation of graphite [9]. In case Pd-GO, all the peak for GO has been found but the peak 

for C=O at 1742 cm-1 is shifted to the 1729 cm-1. The H-bonding to the carbonyl may be 

observed by a shift of the C=O stretching mode (decrease of the wavenumber), but the 

change may be small depending of the interaction. [12,13]. The stretching and vibration 

of the functional groups present in the BDC generated the FTIR. The stretching vibration 

of C=O bond from the carboxylic acid group causes the weak peak at 1658 cm-1, while 

the asymmetric stretching of the O-C-O group forms the strong band at 1581 cm-1. The 

weak peak at 1505 cm-1 is attributed to the stretching vibrations of the unsaturated carbon 

(C=C) in the benzene rings of the BDC ligand, while the strong peak at 1398 cm-1 is 

formed by the symmetric stretching of C=O carboxylic acid [14, 15]. The C-H bond’s 

vibrations cause the small peaks at 813 cm-1 and 753 cm-1, whereas the peak at 664 cm-1 

corresponds to the vibrations of the O-H bending. The FTIR spectra of the UiO-66 and 

the UiO-66-Pd-GO composites are similar, indicating no structural changes during the 

in-situ growth.  
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Figure 7.6 FTIR patterns of GO, Pd-GO, UiO-66 and UiO-66-Pd-GO 

7.3.1.6 Raman spectroscopic analysis 

The structural changes were also analyzed using Raman spectroscopy (Fig. 7.7).  GO 

plays a crucial role in the preparation of Pd2+ which has been observed from the Raman 

Spectroscopy. Hence, it is important to study the structural changes in GO and Pd-GO 

before and after making a composite with UiO-66. Pure graphite shows a major peak at 

~ 1600 cm‒1 for in-planer starching of C-sp2 bond which corresponds to G band 
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stretching. A D band at 1360 cm-1 was revealed by the spectrum in GO after oxidation. 

These results were in excellent agreement with the literature [9]. Disordered samples, 

edge defects and other defects such as sp3 bonded carbon, bonds and valencies dangling, 

are implied by the D band while sp2 carbon domains are associated with the G band. So, 

the number of structural defects is indicated by the intensity ratio of the D band and the 

G band (ID/IG). The average size of the sp2 domains and the level of graphitization in the 

graphitic materials is generally quantified by this ID/IG ratio. Pd-GO shows slightly higher 

ID/IG ratio in comparison with GO (1.02 from 0.99). A higher ID/IG ratio was found in 

case of UiO-66/Pd-GO (1.05) as compared to pure UiO-66 (ID/IG = 0.88). These results 

indicated the reduction of the oxygen-containing groups. The carbon structure in the UiO-

66/Pd-GO was found to be more disordered. This may be because of the decrease in the 

average size of the in-plane sp2 domains [16].  
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Figure 7.7 Raman spectra of GO, Pd-GO, UiO-66 and UiO-66/Pd-GO 

7.3.1.7 XPS analysis 

Fig. 7.8 shows the XPS spectra of the elements in focus, namely C, O, Zr 3d, Pd from 

UiO-66 and Uio-66/Pd-GO nanocomposites. The peaks at 330, 350 and 440 eV, as seen 

in Fig 7.8a can be attributed to Zirconium’s 3p, 3p 3/2 and 3s orbital electrons [17,18]. 

After deconvolution of C1s region, the XPS spectra indicate mainly the presence of C=C 
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sp2 bond (at 284.7 eV), with minor contributions from the C–C sp3 (at 285.5 eV), C–O 

(at 286.7 eV), C=O (at 287.8 eV), and COOH (at 289.0 eV) bonds. O1s shows three major 

peak at 533.6 eV, 532.4 eV and 530.5 eV which is correspond to O-C=O, Zr-O-C and 

Zr-O-Zr. The XPS spectrum of the UiO-66/Pd-GO nanocomposites showed new peaks 

associated with Pd3d. Double peaks with binding energies at 334.6 eV and 340.2 eV were 

found in the XPS spectrum of Pd, as seen in Fig. 7.8b, which corresponded to Pd3d5/2 

and Pd2d3/2, respectively [19]. 

 

Figure 7.8 XPS spectra of UiO-66 and UiO-66/Pd-GO. 
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7.3.1.8 TGA analysis 

The thermogravimetric curves of UiO-66, UiO-66/GO and UiO-66-Pd-GO are shown in 

Fig. 7.9. All the three samples exhibited similar turning points. The decrease in weight 

due to the loss of physically adsorbed water and solvent molecules was found to be 

exhibited till 100℃, following which a stability was exhibited by all of the molecules 

until 480℃. This could be inferred from the fact that no significant weight loss was 

observed till this point. However, structural degradation was found beyond 520℃ based 

on the significant weight loss and degradation post this period [20]. The introduction of 

GO and Pd-GO introduced chemical changes in the UiO-66 which can be deduced from 

the reduced weight loss [16]. The TGA showed that inducing Pd-GO into the UiO-66 

improved the thermal stability of UiO-66 materials. 

 

Figure 7.9 TGA patterns of UiO-66, UiO-66/GO and UiO-66-Pd-GO 
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7.3.2 Characterization of UiO-66/Pd-GO composite membrane 

7.3.2.1 FESEM analysis 

The surface of the SPEEK/UiO-66-Pd-GO was found to be rougher (Fig. 7.10). The 

mutual interactions between the SPEEK and UiO-66/Pd-GO nanosheets may be a 

possible reason for this roughness. The hydrophobic nature and the strong interparticle 

interactions of the MOF particles makes it particularly difficult to achieve a uniform 

dispersion [21], which is why large clusters of UiO-66/Pd-GO were found on the 

SPEEK/UiO-66-Pd-GO composite membranes. However, a uniform dispersion was seen 

in the case of UiO-66/Pd-GO particles induced in SPEEK membranes because of the 

unique hybrid structure of the sheets. The FESEM images were found to be in agreement 

with the morphology as mentioned above. There is a good affinity between the SPEEK 

membranes and the UiO-66/Pd-GO, owing to the mutual interactions between them. 

There might be a strong hydrogen bonding between the -SO3H groups of the SPEEK and 

the UiO-66/Pd-GO which can be attributed to these mutual interactions. This might also 

be a probable effect of the π-π interactions between the unsaturated C-C bonds in 

graphene oxide and benzene rings in SPEEK as discussed earlier [22]. 
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Figure 7.10 FESEM images of (a) SPEEK and (b-c) SPEEK/UiO-Pd-GO 

7.3.2.2 XPS analysis 

Further, XPS analysis was performed to determine the inducement effect of UiO-66/Pd-

GO composite in SPEEK membrane (Fig. 7.11). As discussed earlier, SPEEK membrane 

shows a peak around 168 eV due the presence of sulfur group from –SO3H groups [24] 

but in this case two new small humps arise at 184 eV and 334 ev, which correspond to Zr 

3d and Pd 2d, respectively. The presence of Zr and Pd demonstrated that the UiO-66/Pd-

GO composite was successfully doped into the SPEEK membrane. 
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Figure 7.11 XPS analysis of SPEEK/UiO-66/Pd-GO membrane 

7.3.2.3 TGA analysis 

Fig. 7.12 represents the TGA plots of the SPEEK, SPEEK/UiO-66, SPEEK/UiO-66/GO 

and SPEEK/UiO-66/Pd-GO membranes. The thermal stability of the membranes is an 

important parameter for SPEEK/UiO-66/Pd-GO membranes. It is important for 

estimating the viability of the membrane for DMFC application. All the samples showed 

almost similar trend in the thermal degradation plots. The evaporation of water absorbed 

by hydrophilic UiO-66/Pd-GO fillers and SO3H groups present in the membrane leads 

to initial weight loss till 100 °C. [25].   Desulfonation of SPEEK also contributes to 

weight loss in this regime. The decomposition of sulfonic acid group in the temperature 
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up to 380°C is improved in the composite membrane compared to pure SPEEK. This 

might be due to the interaction between the hydroxyl groups of the UiO-66/Pd-GO 

composite and sulfonic acid groups on the polymeric membrane surface, which results in 

enhancement of the thermal resistance of the membrane. This is followed by a final stage 

decomposition (>450 °C) where degradation of the polymeric backbone occurs [26,27]. 

The composite membrane shows an improved stability. Moreover, the residual mass of 

the composite membrane was found to be greater than pure SPEEK membrane, indicating 

their improved stability. 

 

Figure 7.12 TGA analysis of SPEEK, SPEEK/UiO-66, SPEEK/UiO-66/GO, 

SPEEK/UiO-66/GO composites membrane. 
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7.3.2.4 Water uptake and IEC measurement 

The proton conductivity and mechanical stability of membranes largely depends on the 

water uptake and ion exchange capacity. The relationship between the IEC and the water 

uptake of pristine SPEEK membranes and the modified nanocomposite SPEEK 

membranes infused with UiO-66-Pd-GO is shown in Fig. 7.13. The water uptake and 

IEC was found to increase with an increase in the UiO-66-GO content but after adding 

Pd NPs from 5 wt% to 10 wt% these values significantly decreased. This phenomenon is 

happening probably because the Pd composite has the most compact structure with less 

swelling effect as compared to UiO-66/GO. On other hand, it also probably has a strong 

interaction with the functional groups from UiO-66 and GO as well as with the sulfonic 

group from SPEEK membrane which reduces the free void spaces in the membrane [2]. 

The affinity of the membranes towards moisture is affected by the nature of the Pd NPs, 

which explains the obtained trends. 

 

Figure 7.13 IEC and water uptake capacity of fabricated membranes 

TH-2360_146107011



Chapter 7 

153 
 

7.3.2.5 Methanol permeability, conductivity and selectivity measurement 

The measurement of methanol permeability along with the selectivity of SPEEK/UiO-

66/GO and SPEEK/UiO-66/Pd-GO composite membranes are summarized in Fig. 7.14.   

In Chapter 6, SPEEK/UiO-66(3%)/ GO (2.5%) membrane showed methanol 

permeability 4.94 × 10-7 cm2 S-1 which gradually decreased with the increasing percentage 

of Pd NPS 3.75 × 10-7 cm2 S-1 to 3.58 × 10-7 cm2 S-1. The proton conductivity of the 

SPEEK/UiO-66(3%)/ GO (2.5%) membranes was about 1.88 mS/cm and after adding Pd 

NPs into the composites, it increased to 2.11 mS/cm. This clearly demonstrates the 

effectiveness of the self-assembled Pd nanoparticles in the blocking of the methanol 

crossover. The drastic reduction in the methanol permeability demonstrates the effective 

blocking of the sites for the methanol crossover through the self-assembly of the Pd 

nanoparticles at the SPEEK membrane surface.  
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Figure 7.14 (a) Methanol permeability and (b) selectivity of SPEEK/UiO-66/GO and of 

SPEEK/UiO-66/Pd-GO composites membranes 

The use of this strategy proved to be very promising, and Pd NPs with 10 wt% in GO 

shows selectivity up to 5.85 ×10-3 S s cm-3 where the pure SPEEK has a selectivity of 

0.47 ×10-3 S s cm-3. Pd is well known to be an effective medium for hydrogen passage 

and can easily form palladium hydride, and therefore widely used in the methanol-
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blocking PEM for its potential function of proton conduction. The specific advantage of 

the positively charged nanoparticles is that they could be anchored to the sulfonic acid 

function group, –SO3, on the membrane surface. Especially, the Pd particles of 1.8 nm 

are smaller than SO3cluster (about 4 nm) but larger than SO3cluster-bridge channels 

(about 1nm) [28,29]. This makes these particles anchor to SO3 clusters without entering 

into the SPEEK membrane (Fig. 7.15). On other hand, the electrostatic interaction 

between the positively charged Pd nanoparticles and the negatively charged SO3H groups 

results in attachment of Pd nanoparticles on the SPEEK membrane surface. This restricts 

the methanol permeation sites in Pd doped composite in SPEEK membrane. However, 

smaller size of protons allows their unrestricted passage through the membrane. Thus the 

advantage of doping Pd NPs doped GO in UiO-66 for modifying SPEEK membrane is 

reduction of methanol permeability without affecting the high proton conductivity of the 

membranes. The hydrophilicity/hydrophobicity and water uptake of the SPEEK 

membrane, which are the key criteria for high proton conductivity, remain unchanged. 

However, further research regarding the mechanism of reduction of methanol crossover 

and enhanced performance of SPEEK/ UiO-66/Pd-GO membrane for application in 

direct methanol fuel cells needs to be performed. 
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Figure 7.15 Proposed proton and methanol transport mechanism in SPEEK/ UiO-

66/Pd-GO membrane. 

7.4. Conclusions 

Composite membranes of varying composition were fabricated to minimize the methanol 

permeability without affecting the proton conductivity of the membranes, for making 

them suitable for DMFC applications. Analysis of the membrane morphology indicated 

formation of a uniform, defect-free membrane with homogeneous distribution of the 

composites on the SPEEK membrane matrix. Increasing Pd content above 10 wt% 

resulted in reduction in methanol crossover as well as proton conductivity. Thus the 

composite consisting of 10 wt% Pd was considered as the optimized concentration which 

results in desirable methanol crossover and proton conductivity. The selectivity of the 

aforementioned membrane was found to be 5.86 × 103 S cm-3 s which is almost double 

TH-2360_146107011



Chapter 7 

157 
 

compared to benchmark Nafion- 117 (refer to section 6.4). This concludes that the 

fabricated membrane can be used as potential candidate for DMFC application. However, 

the fabricated membrane showed lower conductivity than the Nafion-117.  Hence, the 

further study was undertaken to improve the proton conductivity of the membrane. 
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CHAPTER 8 

Amino acid grafted palladium decorated graphite 

oxide based composite membrane 

 
This chapter encompasses preparation of amino acid functionalized palladium grafted 

graphite oxide based nanocomposite membranes and determination of their selectivity 

as a proton exchange membrane. Membrane synthesis involved homogenous, uniform 

dispersion of L-Tyrosine (L Tyr) functionalized palladium (Pd) grafted graphite oxide (Pd-

GO-L Tyr). The physicochemical properties of the SPEEK/Pd-GO-L Tyr membranes 

were analyzed in terms of their ion exchange capacity (IEC), water uptake, methanol 

permeability, proton conductivity. 

8.1 Introduction  

An amino acid is a type of the organic molecule with amino and carboxyl groups [1]. It 

has been demonstrated that these groups facilitate transport of protons [2]; after losing a 

proton the carboxyl group forms a carboxylate ion, while the amino group is protonated 

to an ammonium ion (Fig. 8.1). The intramolecular proton exchange mediates zwitterion 

formation in amino acids; thus, they act both as a proton donor and a proton acceptor 

simultaneously facilitating proton transport [2]. To leverage this property of amino acids, 

L-Tyrosine (L-Tyr) was chosen for the present study due to the presence of aromatic 

hydroxyl group [3,4]. We hypothesize that the lower energy barrier in this system with 

aromatic hydroxyl group [4] might be favourable for proton transport.   
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Figure 8.1 Dipolar nature of amino acid  

 

In this work, we report the synthesis and performance of amino acid (L-Tyr) grafted 

palladium graphite oxide and SPEEK composite membranes for DMFC applications.  As 

discussed earlier, SPEEK was chosen as the base polymer for fabrication of the 

hydrophilic membrane due to its superior properties for DFMC application. We chose to 

introduce palladium nanoparticles on the surface of graphite oxide sheets. Pd was chosen 

due to its catalytic activity and stability towards methanol oxidation. The smaller 

nanoparticles of Pd allow for better dispersion in the GO matrix. The Pd-GO was then 

functionalized using L-Tyrosine amino acid. Subsequently composite of this modified 

Pd-GO with SPEEK was used to make the final membrane. We hypothesized that the Pd-

GO particles might act as an obstruction and block the methanol from freely migrating 

through the membrane, thereby reducing methanol crossover; on the other hand addition 

of L-Tyr would enhance its proton conductivity. The results indicate that selectivity of 

these composite membranes is better than that of Nafion. This work provides a potential 

approach for synthesis of high performance DFMC membranes. 

8.2. Experimental  

8.2.1 Materials and chemicals  

For this study all materials were purchased from commercial sources. For synthesis of 

graphite oxide graphite powder (Sigma-Aldrich), analytical grade sulphuric acid (H2SO4, 
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98 wt% Merck), orthophosphoric acid (H3PO4, 88 wt% Merck), hydrochloric acid (HCl, 

37 wt%, Merck), hydrogen peroxide (H2O2, 30 wt%, Merck), potassium permanganate 

(KMnO4, Merck), ethyl glycol (Merck) were used. N-hydroxysuccinimide (NHS) was 

purchased from Alfa Aesar. L-Tyrosine and 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC), dimethyl sulfoxide (DMSO), dimethylacetamide (DMAc) and 

palladium chloride (PdCl2) were obtained from Spectrochem Private Limited. 

Poly(ether ether ketone) (PEEK) was supplied by Polyscience Lab. All chemicals were 

used as obtained with no additional purification. Milipore® water was used throughout. 

8.2.2 Synthesis of palladium grafted graphite oxide (Pd-GO) 

Palladium decorated GO has been synthesized by polyol process (glycol reduction 

method) as discussed earlier in chapter 8. 10wt% palladium was chosen in this section for 

further modification (Fig. 8.2a).   

 

 

Figure 8.2 Synthesized GO, Pd-GO and Pd-GO-Ltyr 
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8.2.3 Synthesis of L-tyrosine conjugated palladium grafted graphite oxide (Pd-GO-

Tyr) 

L-Tyr (0.750 g), EDC (0.867 g, 1.1 eq.) and NHS (0.522g, 1.1 eq.) were dissolved in 

DMSO (5 mL) and allowed to react for 1 h by mechanical stirring to activate the carboxyl 

group of L-tyrosine [5]. Then the mixture was added into the aqueous solution of Pd-GO 

(0.717 g) and was allowed to react for 12 h at room temperature. Final product was 

collected via centrifugation (Fig. 8.2b).  

8.2.4 Fabrication of composite membrane  

To prepare the membrane, 1g of SPEEK was dissolved in 9g of dimethylacetamide 

(DMAc) in order to make a 10wt % solution. Fabrication procedure of membrane is the 

same as discussed in Chapter 5. For preparation of the composite membrane, 1 wt% 

(based on the mass of the PEEK) of the composites (GO, Pd-GO and Pd-GO-Tyr) were 

added and the composite membrane fabrication procedure is the same as discussed 

earlier. 

8.2.5 Characterization 

In this section X-ray diffractometer, field emission scanning electron microscope, X-ray 

photo electron spectroscopy, Fourier transform infrared spectra, Thermogravimetric 

analysis, Transmission Electron Microscope , BET surface area analyzer  has been used 

for characterization of fabricated membrane and the weight differences between the full-

hydrated membranes and the dried membranes along with their water uptake, methanol 

permeability and proton conductivity of the membranes (refer to Chapter 3). 
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8.3 Results and Discussion  

The activation of L-Tyr occurs when the EDC reacts with the carboxylic group and forms 

an unstable reactive ester (Fig. 8.3). EDC is a zero-length crosslinking agent which is 

used for activation of carboxylic acid groups in presence of NHS [6], wherein the reactive 

ester converts into semi-stable amine intermediate which may react with an amine on L-

Tyr and adjoining molecules via a stable amide bond [7]. 

 

Figure 8.3 Probable reactions for activation of L-Tyrosine 

 

The formation of graphite oxide from graphite occurs due to the introduction of oxygen 

containing functional group into the carbon lattice [8]. The formation of hydroxyl, 

carboxyl, carbonyl and epoxy groups in GO helps to increase the interlayer spacing and 

makes it hydrophilic (Fig. 8.4b). The Pd nanoparticles were found to be well-dispersed 

on the surface of GO (Fig. 8.4c).   
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Figure 8.4 Probable mechanism for intercalation of L-Tyr and Pd decorated GO  

After adding Pd-GO solution to the activated L-Tyr, it interacts with the oxygen-

containing functional groups of GO via hydrogen bonding to form Pd-GO-L-Tyr 

composite (Fig. 8.4d).  The formation of this composite primarily occurs via intercalated 

L-Tyr into the interlayer zone of GO [9]. According to the atomic orbital-molecular 

orbital approach, π-π stacking interaction occurs between the aromatic rings of L-Tyr and 

GO where they orient parallel to each other resulting in high binding energy [10]. 

8.3.1 FETEM analysis 

The transmission electron microscopy (TEM) analysis of the nanocomposites is shown 

in Fig. 5. Thin graphene oxide sheets (Fig. 5a) are uniformly decorated with Pd 

nanoparticles in the Pd-GO composite (Fig. 5b). Modification of Pd nanoparticles of 

diameters 5-10 nm can be seen in the high resolution transmission electron microscopy 

(HRTEM) images (Fig. 5c). From HRTEM pattern, the lattice spacing of Pd 
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nanoparticles was calculated to be 0.227 nm which corresponds to (111) plane of the face 

centered cubic (fcc) crystal structure of Pd [11]. TEM  

 

Figure 8.5 (a) – (d) TEM images for GO, Pd-GO, Pd-GO depicting lattice spacing and 

Pd-GO-L-Tyr respectively (e) – (g) SAED patterns for GO, Pd-GO and Pd-GO-L-Tyr 

micrograph of L-Tyr functionalized palladium graphite sheet shows a scroll type nature 

as shown in Fig. 8.5d. This is possibly a result of parallel orientation of aromatic ring in 

amino acid with the benzene ring from the graphite surface [12]. Selected area electron 

diffraction (SAED) for GO and Pd-GO (Fig. 8.5e and 8.5f) indicates crystalline nature 

of these materials, although somewhat diffused patterns in Pd-GO indicates that it is more 
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amorphous compared to GO. In case of Pd-GO-L-Tyr, the two aforementioned 

interactions lead to reduction in crystalline nature (Fig. 8.5g). 

8.3.2 EDS analysis 

The energy dispersive X-ray spectroscopy (EDS) mapping (Fig. 8.6) confirms the 

presence of palladium, nitrogen, carbon and oxygen in Pd-GO-L-Tyr composite. In 

addition, all elements seem to be well distributed on the surface thus confirming 

functionalization of L-Tyr in Pd-GO. 

 

Figure 8.6 EDS mapping of Pd-GO-L-Tyr composite 

8.3.3 XRD analysis 

XRD image (Fig. 8.7) shows a distinct difference between the patterns of nascent GO, 

Pd-GO and amino acid functionalized GO. From XRD analysis, a typical peak for GO at 

a 2 of 10° in (001) plane with a 8.33 Å spacing was observed. Graphite shows very sharp 
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peak at 26.5° with a d-spacing of 3.36 Å, which moves to lower Bragg’s angle after 

formation of GO, due to the addition of oxygen functional groups to each layer [13]. A 

broad peak appears at a 22.5°, after the addition of Pd nanoparticles conforming the 

destruction of layered structure of GO [14]. Pd-GO shows a small hump at 38.2° which 

corresponds to (111) plane [14]. Doping of L-Tyr in Pd-GO results in shift of peak 

position to 24.4° with increasing interlayer distance. The π-π stacking between aromatic 

rings and H-bonding between oxygen of hydroxyl, carboxyl groups of GO and hydrogen 

of phenolic OH of amino acid, may lead to shift in layer-to-layer spacing and even 

restacking back to graphite. In case of SPEEK, SPEEK-GO, SPEEK-Pd-GO-L-Tyr, the 

broad peaks at 2θ values between 18° and 20° appear, indicating low crystallinity, due to 

the presence of -SO3H groups that prevent polymer chain packing [15]. For DMFC a low 

crystalline membrane is preferable, because low crystallinity preferred the local chain 

segment and high ionic conductivity [16]. It is also noteworthy that the peak position of 

composite membrane shifted from 18.28° to 19.94° indicating dilation in the structure, 

that may possibly increase its water retention and hence proton conductivity.   
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Figure 8.7 XRD patterns of Graphite, GO, Pd-GO, Pd-GO-L-Tyr, SPEEK, SPEEK/GO 

and SPEEK/Pd-GO-L-Tyr 

8.3.4 FESEM analysis 

Field emission scanning electron microscope (FESEM) images are shown in Fig. 8.8. GO 

has well defined porous network, with interlinked layers resembling a loose sponge like 

structure as shown in the cross-section (Fig. 8.8a). The texture of GO sheets shows 

wrinkled, fluffy morphology (Fig. 8.8b) [17]. Uniform and homogenous dispersion of Pd 

nanoparticles on GO surface results in enhancement of their active sites and hence the 

specific surface area [18]. Upon incorporation of amino acid L-Tyr the composite shows 

a cage-like arrangement (Fig. 8.8c) where the composites are entrapped by rod shaped L-

Tyr.  
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Figure 8.8 FESEM images of (a) cross section view of GO, (b) top surface view of and 

(c) Pd-GO-L-Tyr 

8.3.5 AFM analysis 

The dense and smooth surface of the pristine SPEEK membrane in Fig. 8.9a becomes 

comparatively rough due to the embedded GO-Pd-L-Tyr composite (Fig. 8.9b). The 

interfacial interactions between SPEEK and polar groups in GO composite leads to good 

compatibility, which makes a uniform distribution of the composite in SPEEK. The 

roughness was also confirmed by AFM analysis. The addition of Pd-GO-L-Tyr to the 

smooth SPEEK structure results in membrane roughness (Fig. 8.9c and 8.9d), due to the 

formation of hydrophilic interconnected channels [19]. Presence of hydrophobic and 

hydrophilic domains in matrix is illustrated by dark (hydrophilic) and yellow 

(hydrophobic) regions. Due to enhanced membrane surface roughness, free volume and 

water accommodation increase, thereby allowing for enhanced passage of protons [20]. 
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Figure 8.9 FESEM and AFM images of (a, c) SPEEK and (b, d) SPEEK/Pd-GO-L-Tyr 

membrane 

8.3.6 TGA analysis 

The thermal stability of graphite, GO, Pd-GO, Pd-GO-L-Tyr was examined by TGA 

analysis. Pure graphite shows a one step of weight loss (Fig. 8.10a). The weight loss 

below 140 °C is due to removal of adsorbed moisture and other volatiles from the stacked 

GO layers (Fig. 8.10b). In contrast, Pd-GO shows a good thermal stability up to 300 oC.  

A gradual weight loss occurs in the range of 140 to 280 °C which can be attributed to 

deformation of CO and CO2 from the oxygen functional groups of the composite Pd-GO-

L-Tyr [21]. At 290 °C, weight loss of 46% occurs for GO which decreases to 27% in Pd-

GO-L-Tyr because of partial re-stacking of GO sheets due to functionalization of Pd and 

amino acid.  Fig. 8.10e and 8.10f show TGA analysis for pristine SPEEK and SPEEK/Pd-

GO-L-Tyr composite membranes. The thermal degradation for both membranes occurs 
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in three stages and is almost similar, as the amount in Pd-GO-L-Tyr is only ~ 1wt%. The 

first weight loss step is the loss of absorbed moisture; the next step occurs between 290 

and 380 °C due to desulfonation resulting in release of SO2 and loss of amino acids; the 

last weight loss step is due to thermal degradation of aromatic polymeric framework 

between 480 to 600 °C [21]. 

 

Figure 8.10 TGA of (a) Graphite, (b) GO, (c) Pd-GO, (d) Pd-GO-L-Tyr, (e) SPEEK 

and (f) SPEEK/Pd-GO-L-Tyr.  
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8.3.7 FTIR analysis 

FTIR was done to analyze the interfacial interaction and chemical structure of 

synthesized materials and membranes.  Figure 8.11 shows the FTIR spectra of GO and 

Pd-GO-L-Tyr. In both the cases, the bands at 3425 cm-1 and 1727 cm-1 are due the 

presence of carboxylic -OH and C=O, respectively. The peaks at 1628 cm-1, 1221 cm-1 

and 1054 cm-1 are assigned to the C=C, C-O-C (epoxy) and C-O (alkoxy) groups, 

respectively [8]. As opposed to GO, Pd-GO- L-Tyr composite shows new bands at 1366 

cm -1, 1546 cm -1 and 1582 cm -1 which confirm the presence of C-N stretching and N-H 

bending due to the incorporation of the L-Tyr group [23]. 

 

Figure 8.11 FT-IR spectra for GO and Pd-GO-L-Tyr composite  
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8.3.8 XPS analysis 

XPS analysis was done to analyse the chemical states of C, N, O, Pd and S in synthesized 

composite materials and membranes. Table 8.1 shows the individual contributions of 

various elements.  

Table 8.1 Contributions of individual chemical moieties in atomic %:  

Sample C1 s O1 s N1 s Pd 3d  S 2p  

GO 63.5 36.6 NA NA NA 

Pd-GO-L-Tyr 65.5 28.9 4.8 0.8 NA 

SPEEK 75.4 18.6 1.0 NA 1.8 

SPEEK/Pd-GO-L-Tyr 75.2 19.4 2.1 0.4 2.9 

 

Fig. 8.12a shows surface survey analysis of GO and Pd-GO- L-Tyr in the region of 0-

800 eV and Fig. 8.12b-e shows the deconvoluted C1s and O1s spectra. The spectrum of 

GO shows two major peaks at 285.4 and 533.3 eV, assigned to C1s and O1s. In the case 

of Pd-GO- L-Tyr, two new peaks at 402.0 and 338.1 eV were observed indicating the 

presence of N1s and Pd3d.  Deconvolution of C1s of GO (Fig. 8.12c) show four major 

peaks at 284.7 eV, 286.6 eV, 287.6 eV and 288.9 eV arising from C=C (from sp2 bond), 

C-O (from hydroxyl or epoxy group), C=O (from carbonyl group) and O-C=O (from 

carboxyl group), respectively.8 Here, after amino acid modification, a new peak at 286.0 

eV (Fig. 8.12b) is observed. This indicates the formation of C-N bands [24] due to the 

interaction between epoxy group of GO and NH2 group from amino acid [12]. 

Furthermore, deconvolution of O1s in GO shows two major peak at 531.1 and 532.5 eV 

(Fig. 8.12c) which are assigned to COOH and C-OH groups, respectively. In case of Pd-
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GO- L-Tyr, the intensity of COOH band from O1s become stronger (Fig. 8.12d) possibly 

due to the additional contribution of the COOH groups from the amino acid [12]. 

 

 

Figure 8.12 XPS spectra of GO and Pd-GO-L-Tyr: (a) survey spectrum of GO and Pd-

GO-L-Tyr; (b-c) deconvolution of C1s spectrum; (d-e) deconvolution of O1s spectrum 
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A typical XPS spectrum of SPEEK and modified SPEEK is shown in Fig. 8.13. After 

sulfonation of SPEEK, three main peaks were observed at 28.7 eV 531.3 eV and 167.4 

eV as depicted in the figure and they are attributed due to the presence of carbon, oxygen 

and sulfur, respectively. After modification of SPEEK, trace of two new peaks at 338.4 

eV and 400.4 eV was found, which is an indication of presence of palladium and nitrogen 

(Fig. 8.13b-c). 

 

Figure 8.13. XPS spectra polymer and composites: (a) survey spectrum of SPEEK and 

SPEEK/ Pd-GO-L-Tyr; (b) Pd 3d spectrum of SPEEK/ Pd-GO-L-Tyr; (c) N1s spectrum 

of SPEEK/ Pd-GO-L-Tyr. 

8.3.9 Contact angle, water uptake and IEC measurement 

The controlling factors for judging the suitability of a membrane for proton exchange 

applications include its contact angle, water uptake, and IEC. The proton transport by the 

membrane is directly proportional to its water uptake which proceeds via vehicular 

mechanism thus enhancing the proton conductivity. Water uptake of 45.3% by the 

nascent SPEEK membrane increases to 50.6% for the composite SPEEK/Pd-GO-L-Tyr 
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membrane, as it is more porous, leading to increased accumulation of water in the pores 

(Fig. 8.14a). Moreover, sulfonation generates more hydrophilic channels in a membrane 

which further improves its water absorption [25]. The surface wettability of the 

membranes was found from their contact angle measurements (Fig. 8.14b-c). The 

SPEEK membrane shows contact angle of 84° due to the presence of −SO3H groups 

which decreases to 66.2° for the composite membrane indicating its higher surface 

hydrophilicity and wettability [26]. The ion-exchange capacity of the SPEEK membrane 

was 1.32 meq/g; it increases to 2.05 meq/g for SPEEK/Pd-GO-L-Tyr (Fig. 8.14a) due to 

the presence of more amount of carboxylic and hydroxyl groups in Pd-GO-L-Tyr [2]. 

 

Figure 8.14 (a) IEC and water uptake, water contact angle images: (b) SPEEK (c) 

SPEEK/ Pd-GO-L-Tyr 
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8.3.10 Methanol permeability, conductivity and selectivity measurement 

An important parameter related to performance of a proton exchange membrane in 

DMFC is methanol permeability. The fuel utilization efficiency of the DMFC increases 

with decreasing methanol permeability. Thus, membranes with low methanol 

permeability with a moderate proton conductivity are highly desirable. Table 8.2 lists the 

methanol permeability of various membranes synthesized in this work along with the 

benchmark Nafion membrane.  

Table 8.2 Ionic conductivity, methanol permeability and selectivity of the SPEEK, 

SPEEK/GO, SPEEK/Pd-GO, SPEEK/Pd-GO-L-Tyr and Nafion-117 membranes. 

Sample Conductivity 

(S cm−1 ×103) 

Permeability 

(cm2 s−1 ×106) 

Selectivity 

(S s cm−3 ×10-3) 

SPEEK 1.04 2.18 0.48 

SPEEK/GO 1.41 0.79 1.78 

SPEEK/Pd-GO 1.7 0.65 2.62 

SPEEK/Pd-GO-L-Tyr 2.56 0.46 5.57 

Nafion -117 6.4 2.3 2.78 

 

In a sulfonated membrane, the ionic channels formed upon aggregation of sulfonic acid 

groups result in good proton and methanol transport. Larger ionic clusters in commercial 

Nafion membranes leads to their higher methanol permeability compared to narrow 

channels in SPEEK [27]. Moreover, hydrogen bonding interactions between amino acid 

modified Pd-GO and SPEEK inhibit formation of wide ionic channels, thus limiting the 

methanol permeability [22]. Thus methanol permeability reduced from 2.18 × 10-6 cm2 s-

1 to 0.46 × 10-6 cm2 s-1 after incorporation of Pd-GO-L-Tyr composite in the membrane, 
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possibly due to the additional blocking effect of Pd as well as GO (Fig. 8.15). This little 

drop in methanol permeability of SPEEK for the latter is insignificant to retard it as 

applicable as proton exchange membrane in accordance with existing works literature 

which varies in the range of 0.5×10-6-1.95×10-6 cm2 s1 [28,29]. 

 

Figure 8.15.  (a) Methanol permeation with time and (b) selectivity.  

An important factor determining the membrane conductivity is their water uptake 

capacity. The proton conductivity in composite membrane is governed by the synergistic 

effect of proton hopping through ion conducting groups (i.e. GrÖthous mechanism) and 
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protons transfer as hydronium ions (i.e. vehicular mechanism) [4]. The measured proton 

conductivity of all membranes were summarized in Table 8.2.  The conductivity value 

for Nafion-117 at room temperature was found to be 6.4 mS/cm which is quite 

comparable to the earlier reported literature [30,31]. This implies the efficiency of the lab 

made cell set up along with the single cell assembly. In case of SPEEK proton 

conductivity value was measured to be 1.04 mS/cm and an improvement of 2.4 fold for 

proton conductivity was noticed for Pd-GO-L-Tyr. Impregnation of Pd gives a pathway 

for selective transportation of hydrogen ion or water molecules, which in turn inhibits the 

passage of methanol molecules (Fig. 8.16a).  On other hand, the GO surface holds 

different functional groups such as hydroxyl, carboxyl, carbonyl and epoxy groups (Fig. 

8.16b) that become negatively charged upon deprotonation in water molecule. 

Subsequent hydration results in a nano-capillary network that creates pathways and for 

conduction of proton [28]. Among the various membranes, SPEEK/Pd-GO-L-Tyr was 

found to have higher conductivity compared to pristine SPEEK, SPEEK/GO and 

SPEEK/Pd-GO (Table 8.2). The amino acid doped composite membrane in this study 

forms zwitterion (NH3
+-R-COO-) by proton transfer from carboxylic acid group to the 

amine group (Fig. 8.16c). This zwitterion leads to dissociation of carboxylic acid and 

sulfonic acid groups of the composite membrane, resulting in formation of negatively 

charged carboxylate and sulfonate moieties, thereby favoring proton hopping 

mechanism. In addition, hydration layer generated due to the electrostatic interaction of 

carboxylic acid group of L-Tyr and GO with water molecules is responsible for vehicular 

mechanism for proton transport.  
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Figure 8.16 Proposed proton transport mechanism in SPEEK/ Pd-GO-L-Tyr 

membrane. 

Although the conductivity of Nafion membrane is superior to any of the samples prepared 

in this work, the permeabilities are lower (by about a factor of 5). This difference in 

permeabilities is significant, as it results in better methanol selectivity for our membranes 

compared to that of Nafion-117. 

8.4 Conclusions 

Pd-GO was successfully functionalized by L-Tyr to yield Pd-GO-L-Tyr. AFM analysis 

showed that SPEEK membrane had a smooth surface morphology, whereas the 

composite membrane indicated surface roughness. The increase in hydrophilicity, surface 

wettability and ion exchange capacity (due to the increased presence of hydroxy and 

carboxyl groups) in the composite membrane enhance its proton conductivity as 

compared to that of pristine SPEEK membrane. The presence of various functional 

groups within the composite membrane framework, allow it to transfer protons via both 
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GrÖthous and vehicular mechanisms. The incorporation of Pd-GO-L-Tyr into the 

SPEEK membrane matrix act as a physical barrier to prevent the methanol crossover. The 

high proton conductivity and low methanol crossover of SPEEK/Pd-GO-L-Tyr 

membrane resulted in its significantly high selectivity (5.57×103 S cm-3 s) as compared 

to the SPEEK membrane (4.8 ×102 S s cm-3) and Nafion 117 (2.78 ×103 S s cm-3) 

membranes. The conductivity of the Pd-GO-L –Tyr mixed composite membrane was 

enhanced compared to other membranes (refer to sections 6.4 and 7.4). This opens up the 

scope of application of this fabricated membrane as a promising PEM for DMFC 

application. 
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CHAPTER 9  

Overall conclusions and recommendation for 

future work 

This chapter summarizes appropriate conclusions of the present work based on the 

characterization and investigations. This chapter also provides some useful 

recommendations for future research in the relevant field. 

 

This study has been formulated keeping in mind the need for a viable proton exchange 

membrane (PEM) for applications in Direct Methanol Fuel Cells (DMFCs). A novel PEM 

has been synthesized and studied for the same. Inorganic advancements were made in a 

pristine SPEEK membrane with UiO-66, Pd, GO and L-Tyr. The commercial Nafion 117 

membrane was used as standard. This research work expands on the synthesis of the 

membrane, characterization and application. It also mentions the research tactics to be 

implemented for an improved DMFC performance.  

9.1 Major Conclusions 

The major conclusions of the thesis are summarized below: 

 The sulfonation process of Polyether ether ketone (PEEK) and fabrication of a 

sulfonated poly (ether ether ketone) (SPEEK) membrane was done. Successfully 

fabricated membrane shows a conductivity value 1.04 mS/cm at room temperature 

which was 8.3 fold lesser than Nafion 117 (6.46mS/cm). However, sulfonation 

resulted in an increase in the water uptake and conductivity in the SPEEK 

membranes. The methanol permeability value of SPEEK found to be 2.17×10-6 S s 

cm-3. 
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 GO has been synthesized in the control over the oxidation temperature in the range 

of 30-110 ºC using modified Hummer’s method to modulate the structural and 

surface functional properties. Analytical investigations suggested that the 

concentration of functional groups on the surface of GO nanosheets increases with 

increase in oxidation temperature up to 50 ºC and decreases with further increase in 

temperature as the condensation reaction between epoxy and hydroxyl groups 

proceed. The temperature dependent structural as well as surface functional 

properties changes of GO are explained based on the chemical condensation and 

modulation of the functional groups present on their surface. This study is vital for 

tailoring the properties of GO nanosheets and thus towards the progress of 

sustainable carbon materials as well as designing the charged based electronic 

materials. GO-50 has been chosen for further study and synthesis of composite for 

SPEEK membrane. 

  A facile synthesis of GO doped UiO-66 nanocomposite was done and used for 

efficient composite for DMFC membrane. The incorporation of UiO-GO composite 

in the SPEEK polymer resulted in the formation of the splendid SPEEK/UiO-66/GO 

composite proton exchange membrane that showed an excellent promising nature for 

applications in DMFCs. Hydrothermal method was used for the preparation of UiO-

66/GO composite. An increase in the proton conductivity was observed in the UiO-

66/GO infused SPEEK membranes.   The SPEEK membrane with UIO-66 (3wt%) 

/GO (2.5wt%) composite was found to have both high conductivity of 1.88 mS/cm 

without compromising the thermal and chemical stability. The commercial Nafion 

117 membrane, used as a reference in this study, also exhibited comparable values 

of proton conductivity. This composite membrane showed a methanol permeability 

4.5 times lower than that of Nafion 117.  
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 A novel palladium (Pd) decorated GO doped UiO-66 composite was developed for 

selective DMFC membrane. The use of Palladium nanoclusters blocked the 

methanol permeability in the hydrophilic channel, thus significantly reducing the 

methanol crossover while the proton conductivity of the membrane stayed intact. 

Although UiO-66/Pd-GO composite based membrane shows an increasing proton 

conductivity comparison to pure UiO-66 mixed membrane at room temperatures. 

The maximum proton conductivity was exhibited by the UiO-66 (3wt %) /Pd 

(10wt%)-GO (2.5%) mixed membranes which is 2.11 mS/cm. A lower methanol 

permeability was found in the composite membranes (3.6×10-7 S s cm-3) content as 

compared to the Nafion 117 membrane.  This optimized concentration of UiO-66/Pd-

GO composite membrane shows selectivity 5.85 × 103 S s cm-3 which is 

approximately two times higher than Nafion-117. 

 Pd-GO nanocomposite was further used to functionalize L-Tyrosine (amino acid) for 

making another novel composite for PEM. These Pd-GO-L-Tyr membranes showed 

an increased proton conductivity. This can be attributed to the interactions of the 

zwitterions induced because of the functionalization of Pd-GO with L-Tyr. The IEC 

and water uptake were also found to be higher as compared to the pure SPEEK 

membranes. A better compatibility and reduced methanol permeability were found 

in the composite membranes due to the improved interactions caused by the 

induction of functional groups by L-Tyr and Pd. The highest proton conductivity was 

exhibited by the 1 wt% Pd-GO-L-Tyr sample which is 2.56 mS/cm. The results 

implied that these nanocomposite membranes can be used for DMFC applications 

by fine tuning the morphology and optimising the nano additive concentration. The 

high proton conductivity and low methanol crossover of SPEEK/Pd-GO-L-Tyr 

membrane resulted in its significantly high selectivity (5.57×103 S cm-3 s) as 
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compared to the SPEEK membrane (4.8 ×102 S s cm-3) and Nafion 117 (2.78 ×103 S 

s cm-3) membranes.   

 Comparative study: This study was undertaken to improve the selectivity of a proton 

exchange membrane for use in DMFC application. To achieve this, two approaches 

has been undertaken. The first approach was blocking the methanol so that 

permeability can be reduced and the second one was improving the conductivity. By 

adding UiO-66 and GO composite in the membrane matrix, a reasonable performance 

was obtained. However, the selectivity value was found to be low as compared to 

Nafion-117. Incorporation of palladium nanoparticles enabled the newly fabricated 

composite membrane to curtail the support pore blocking phenomenon during 

methanol permeability experiment. Additionally, we embarked on to explore L-

Tyrosine (amino acid) for proton exchange membrane. The performance was quite 

encouraging. Presence of zwitterion in the amino acid demonstrated facilitated 

transport of protons because they can act both as a proton donor and a proton acceptor 

simultaneously. Successful modification of the composites resulted in 

accomplishment of the target of increasing proton conductivity and reducing 

methanol permeability (Table 9.1). This led to enhanced membranes selectivity 

compared to Nafion -117. 

 Overall, it can be concluded that the work undertaken here forwards an innovative 

route for utilization of novel composites in the fabrication of proton exchange 

membrane with an effort to convert waste to wealth along with positive impact on 

energy and environment.  
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 Table 9.1 Ionic conductivity, methanol permeability and selectivity exhibited by 

membranes studied in this dissertation. 

Membrane Conductivity 

(S cm−1 ×103) 

Permeability 

(cm2 s−1 ×106) 

Selectivity 

(S s cm−3 ×10-3) 

  SPEEK 1.04 2.18 0.48 

 

SPEEK/UiO-66(3%)/ 

GO(2.5%) 

1.89 0.49 2.62 

SPEEK/UiO-66(3%)/ 

Pd(10%)-GO(2.5%) 

2.11 0.36 5.86 

SPEEK/L-Tyr(1%)/ 

Pd(10%)-GO(2.5%) 

2.56 0.46 5.57 

Nafion -117 6.4 2.3 2.78 

 

 

9.2 Recommendations for Future Research 

The DMFCs have established themselves as the flag bearers for the future generation in 

the field of green and sustainable energy. This has the potential to act as the most ideal 

power source for portable equipment in the long run. SPEEK has time and again been 

considered for DMFCs and has been an active research topic. The current study has 

obtained several promising results from the matrix SPEEK polymer. This study created 

a novel SPEEK membrane infused with UiO-66/Pd-GO and Pd-GO-L-Tyr composite. 

The membranes showed remarkable results in the domains of chemical and thermal 

stability as well as barrier properties. Hence, it is worthwhile to further probe these 

characteristics so as to create successful, commercial alternatives to Nafion membrane. 

This work shows favorable outcomes by incorporating inorganic materials. Thus, further 

research should be done on finding and optimizing that right inorganic materials other 
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than the ones that have already been experimented upon with long term performing 

stability tests and optimizing the membrane inorganic composition. 

Furthermore, the fundamental research methods for the characterization need to be 

expanded. The current study expands on the morphology, proton conductivity, methanol 

permeability, selectivity and water uptake, which form the fundamental elements of 

characterization. Future work can include several other characterization elements in the 

likes of mechanical stability, longevity, repeatability with a proper cost estimation which 

can help in establishing a conditional prediction of the DMFCs. Experiments should be 

conducted varying at a significant range of temperature to analyze the working conditions 

of a real fuel cell. Future work may involve the development of a new experimental setup 

better suited for the validation of the characterization methods. However, in such a case, 

maintenance of the basic nature of the DMFC setup should be carefully taken into account 

as the simple structural design of the DMFCs are one of their coveted strengths that makes 

them promising for consideration as an energy alternative. Economic evaluation of the 

prepared membranes also can be appraised to endorse their applications for commercial 

usages in industries. 
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and SPEEK composite as novel membrane for direct methanol fuel cell (To be 

communicated). 

 

3. Das, P. Mandal, B. and Gumma, S. Interfacial growth of MOF UiO-66 on 

palladium grafted graphene sheet as a composite for proton exchange membrane 

(To be communicated).  

 

4. Das, P. Mandal, B. and Gumma, S. A review on performance analysis of 

sulphonated polymer electrolyte membranes for fuel cells (To be 

communicated).  

 

5. Das, P. Mukherjee, D. Mandal, B. and Gumma, S. and Mandal, B. Role of 

graphite oxide decorated metal oganic framework (UiO-66) for enhanced congo 

red dye removal from aqueous solution with synergistic effect of adsorption and 

ultra-sonication (To be communicated). 
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Research Output 

International Conference: 

 

1. Das, P. Gumma, S. and Mandal, B; Effect of temperature on the structural 

parameter of graphene oxide; AIChE Annual Meeting; November, 2019; 

Orlando, Florida, United States of America. 

 

2. Das, P. Mukherjee, D, Gumma, S. and Mandal, B.; Fabrication of palladium 

grafted graphene oxide based sulfonated poly(ether ether ketone) proton 

exchange membrane for direct methanol fuel cell applications ; ASP; October,  

2019; Japan. 

 

3. Das, P. Gumma, S. and Mandal, B; Sulfonated poly(ether ether ketone) 

membranes with modified graphene oxide for direct methanol fuel cell ; SFCHT; 

April, 2019; Kuala Lumpur ; Malaysia  

 

4. Das, P. Gumma, S. and Mandal, B; Novel mixed matrix membrane using metal 

organic framework and graphene oxide for CO2 separation; AIChE Annual 

Meeting; October, 2019; Minneapolis, United States of America. 

 

National Conference: 

 

1. Das, P. Mukherjee, D, Gumma, S. and Mandal, B.; Graphite Oxide decorated 

Uio-66 MOF for CR dye adsorption using ultra sonication; Bio-inspired 

Nanomaterials for Environmental Applications; February, 2020; IIT Guwahati, 

Assam, India. 

 

2. Das, P. Gumma, S. and Mandal, B; Graphene oxide modified cellulose acetate 

membrane for direct methanol fuel cell; Research Conclave; March, 2020; IIT 

Guwahati, Assam, India. 

 

3. Das, P. Gumma, S. and Mandal, B; GO based polymeric membrane for CO2 

separation; ASP; January, 2018; IIT Guwahati, Assam, India. 

 

4. Das, P. Prasad, B. Kalita, H. Mandal, B.; Synthesis of chitosan/GO mixed-matrix 

membrane for CO2 separation, CHEMCON; December, 2017; HIT WestBengal, 

India. 
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