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PREFAZIONE 

 

Le celle a combustibile a idrogeno e metanolo diretto (DHFC/DMFC) che utilizzano 

come elettrolita una membrana di tipo PEM costituiscono dei sistemi per la 

generazione di potenza non inquinanti adatti per applicazioni su veicolo elettrico/ibrido 

o per applicazioni portatili, in virtù della loro elevata efficienza di conversione 

energetica (~50%) ed emissioni zero. 

Tuttavia, i principali ostacoli alla commercializzazione su vasta scala  delle PEMFC 

sono l’alto costo, la bassa conduttività protonica alle basse umidità e le scarse proprietà 

meccaniche a temperature superiori ai 130°C.  Per  superare queste difficoltà, sono allo 

studio membrane nanocomposite innovative basate su polimeri perfluorosulfonati-acidi 

(PFSA) come il Nafion.  

In questo lavoro di dottorato membrane ibride nanocomposite sono state preparate a 

partire da tre tre classi di filler stratificati e nano strutturati: (i) argille smectite (sintetici 

e naturali), (ii) ossido di grafene (GO), e (iii) idrossidi doppi strati (LDHs). 

Questi materiali opportunamente sintetizzati e funzionalizzati sono stati caratterizzati 

da una combinazione di diffrazione di raggi X, spettroscopia FTIR, analisi termica 

(DTA / TGA), Raman, microscopia elettronica a scansione (SEM) e analisi dinamica 

meccanica. 

Uno degli obiettivi principali in questo lavoro è stato quello di coniugare un'intensa 

attività di ricerca di base, al fine di comprendere i meccanismi molecolari alla base 

della conduzione ionica in sistemi così complessi, con la progettazione, la sintesi e la 

caratterizzazione di nuovi nano compositi con opportuni requisiti. A tal fine, uno studio 

approfondito delle proprietà di trasporto dell'acqua confinata nelle membrane 

elettrolitiche è stato effettuato mediante metodi NMR per comprendere la dinamica 

molecolare e i meccanismi alla base della conduzione ionica all’interno delle 

membrane composite e come questi sono influenzati dalla struttura polimerica e dai 

filler dispersi. 
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ABSTRACT 

 

The present thesis is focused on the development of novel nancomposite membranes, 

prepared by the incorporation of two-dimensional inorganic layered structures such as 

(i) smectite clays (synthetic and natural), (ii) graphene oxide (GO), and (iii) layered 

double hydroxides (LDHs) with different compositions into the polymer matrix of 

Nafion, for use as electrolytes in Proton Exchange Membrane fuel cells. The 

characteristics of the membranes were studied mainly, in terms of transport properties 

by NMR spectroscopy, in order to study the water dynamics inside the electrolyte 

membranes. For this purpose the Pulse-Field-Gradient Spin-Echo NMR (PFGSE-

NMR) method was employed to obtain a direct measurement of water self-diffusion 

coefficients on the water-swelled membranes in a wide temperature range (25-140 °C). 

This technique together with the 1H-NMR spectral analysis and NMR spin-lattice 

relaxation times (T1) conducted under variable temperature. 

Furthermore, both pristine materials (fillers and Nafion) as well as the resulted 

nanocomposite membranes were characterized by a combination of X-ray diffraction, 

FTIR spectroscopy, thermal analysis (DTA/TGA), Raman spectroscopies and scanning 

electronic microscopy (SEM). 
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Introduction 

 

The issue of renewable energy is becoming significant due to increasing power 

demand, instability of the rising oil prices and environmental problems. Among the 

various renewable energy sources, fuel cell is gaining more popularity due to their 

higher efficiency, cleanliness and cost-effective supply of power demanded by the 

consumers.  

In the recent scenario, proton exchange membrane fuel cells (PEMFCs) are one of the 

most promising clean energy technologies. The potential advantages of PEMFCs are 

related to their possible use in electric and hybrid vehicles or portable apparatuses 

through (a) the high energy conversion efficiency (~ 50%), (b) the reduced 

environmental impact for the low CO2 emissions (zero in the case where the primary 

fuel is hydrogen) and (c) the flexibility respect to the fuel, in fact, besides hydrogen 

(DHFC), they can be fed with methanol (DMFC). 

The key constituent of a PEMFC is a dense proton-exchange membrane, which is 

responsible for proton migration from the anode to the cathode. Typically is based on 

perfluorosulfonic acid (PFSA) polymer membranes, such as Nafion (by Du Pont), 

which currently represents the most widely used polymer for its unique combination of 

chemical inertia, mechanical, thermal stability and high proton conductivity; therefore, 

it constitutes a term of comparison for all new electrolyte materials. Polymer electrolyte 

fuel cells based upon PFSA membranes have typically been operated in a temperature 

range between approximately 50 and 90 °C. This temperature range is a compromise 

between competing factors.  

In recent years, increasing interest has been devoted to the development of high 

temperature proton conducting polymer electrolyte fuel cell systems. In fact, most of 

the key issues and shortcomings of PEMFC technology, such as  water management, 

CO poisoning, cooling and heat recovery, can be solved or avoided by developing 

alternative membranes with suitable ionic conductivity and stability up to 120-130 °C. 

Polymer membranes able to operate above 120 ° C could benefit from both enhanced 

carbon monoxide (CO) tolerance and improved heat removal. But, the most significant 
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barrier to running a polymer electrolyte fuel cell at elevated temperatures is 

maintaining the proton conductivity of the membrane. 

 For this reason substantial efforts are devoted by the academia and industry to the 

development of novel fuel cell membrane materials, driven by the need for membranes 

with improved functionality (e.g., ionic conductivity, robustness) and more cost-

efficient polymers.  

A number of alternative strategies have been proposed to satisfy these requirements and 

to maintain membrane conductivity in a dehydrating environment (i.e. elevated 

temperature and reduced relative humidity). One of these is to integrate hygroscopic 

materials in the polymer matrix, obtaining nanocomposites membranes. 

Nanocomposites, that are the object of my doctoral project , generally consist of an 

ionomer (usually containing acid or superacid -SO3H groups) in which inorganic or 

inorgano-organic solid particles are dispersed. The properties of these composite 

membranes not only depend on the nature of the ionomer and the solid used but also on 

the amount, homogeneous dispersion, size, and orientation of the solid particles 

dispersed in the polymeric matrix. Additionally, the introduction of inorganic materials 

into the polymeric matrix can be considered as a good approach to improve the proton 

transport, the retention to the swelling and the resistance to the methanol cross-over in 

DMFC (direct methanol fuel cells) working conditions (membrane in equilibrium with 

liquid water-methanol mixture). 

The work presented in this thesis is the result of a Ph.D. project carried out during a 

period of about three years from 2009 – 2012, in the Physical Chemistry Soft Matter 

Laboratory “Mario Terenzi” (PC_SM Mario Terenzi) at the Department of Chemistry 

in the University of Calabria. The thesis was written as part of the requirements for 

obtaining the doctor of philosophy degree. Aim of the present thesis is the development 

of proton conducting nanocomposite membranes based on Nafion polymer, for use as 

electrolytes in Proton Exchange Membrane fuel cells. The research study focused on 

the incorporation of two-dimensional inorganic layered structures such as (i) smectite 

clays (synthetic and natural), (ii) graphene oxide (GO), prepared by oxidizing 

powdered graphite, and (iii) layered double hydroxides (LDHs) with different 

compositions (various combinations of interlayer anions and molar ratios of divalent to 

trivalent cations), into the polymer matrix of Nafion for the creation of novel hybrid 

nanocomposites membranes for operation above 100 ° C. Nafion hybrid membranes, 
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were synthesized by solution intercalation, while the effect of the solvent, temperature 

and filler loading were examined in order to determine the optimum conditions for the 

preparation of highly homogeneous composites.  

Water-transport properties inside the membranes were investigated by NMR 

spectroscopy, including pulsed-field-gradient spin-echo (PFGSE), spectral analysis and 

spin-lattice relaxation time (T1) conducted under variable temperature. In addition, 

both pristine materials (fillers and Nafion) as well as the resulted nanocomposite 

membranes were characterized by a combination of X-ray diffraction, FTIR 

spectroscopy, thermal analysis (DTA/TGA), Raman spectroscopies, scanning 

electronic microscopy (SEM) and dynamic mechanical analysis. 

 

The results obtained all these three years have been published in four scientific papers 

in different international journals. All of the papers are reported in appendices to the 

end of the thesis. The results obtained using as nanofillers the LDH materials have been 

divided in two papers, the first is recently submitted in the Solid State Ionics and is also 

reported in appendix, while the second is in preparation.  

 

During my Ph.D. stage for a period of five months, in the Institute Charles Gerhardt 

ICGM – AIME, CNRS - University of Montpellier II, in France, under the supervision 

of Dr. Deborah Jones, the research study focused mainly on the preparation of 

composite membranes using an alternative polymer to Nafion. In the work presented in 

this thesis, the short side chain perfluorosulfonic acid ionomeric matrix (Aquivion TM), 

has been used as template for α-type ZrP inorganic particle growth. The membranes 

were characterized by measurements of water uptake and dimensional change, 

determination of proton conductivity as a function of relative humidity, observation of 

structure by SEM and TEM, 31P NMR spectroscopy, and X-ray diffraction. The 

differences of the characteristics of the Aquivion TM -ZrP nanocomposite membrane 

compared to the pure AquivionTM membrane were investigated. The results obtained of 

this work were presented in a poster at the 3rd International Carisma Conference 2012, 

in Copenhagen, Denmark. 
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1.1 Hydrogen economy and fuel cells 
 

Energy is one of the most important topics in the 21st century. With the rapid 

depletion of fossil fuels and increasingly worsened environmental pollution caused by 

vast fossil-fuel consumption, there is high demand to make efficient use of energy and 

to seek renewable and clean energy sources that can substitute fossil fuels to enable the 

sustainable development of our economy and society. Energy storage can be dated back 

to ancient times and it is quite simple and natural. With the rapid development of 

modern industries and the durative increase of global population, the rate of electrical 

energy consumption has dramatically increased and its consumption manner is 

diversified. Energy storage becomes even more complex and important, desirable and 

high-performance energy storage techniques are needed to enable efficient, versatile, 

and environmentally friendly uses of energy including electricity6. Moreover 

worldwide reduction of CO2 emission to reduce the risk of climate change (greenhouse 

effect) requires a major restructuring of the energy system. The use of hydrogen as an 

energy carrier is a long-term option to reduce CO2 emissions. The optimal endpoint for 

conversion to the hydrogen economy is the substitution of clean hydrogen for the 

present fossil fuels. The clean way to produce hydrogen from water is to use sunlight in 

combination with photovoltaic cells and water electrolysis. Hydrogen is hailed as a 

non-polluting synthetic fuel that could replace oil, especially for transport applications. 

Hydrogen is the lightest (density 0.08988 g/L) and the most abundant chemical element 

on Earth. It constitutes about 75% of all normal matter in the universe and nearly 90% 

of all atoms. The chemical energy per mass of hydrogen (142 MJ kg–1) is at least three 

times larger than that of other chemical fuels (for example, the equivalent value for 

liquid hydrocarbons is 47 MJ kg–1 ). Thus Hydrogen has the best ratio of valence 

electrons to protons (and neutrons) of all the periodic table, and the energy gain per 

electron is very high7. At standard temperature and pressure, Hydrogen is colorless, 

1. General aspects and applications
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odorless, tasteless, non metallic, high combustible diatomic gas with the molecular 

formula H2. Hydrogen plays a particularly important role in acid-base chemistry with 

many reactions exchanging protons between soluble molecules. The charge density of 

the hydrogen cation H⁺ thus remarkably high and it strongly interacts with other 

surrounding electron rich elements or molecule moieties. Hydrogen is not in and of 

itself an energy source, because it is not naturally occurring as a fuel. The main source 

of hydrogen is water, which is essentially an unlimited resource. Hydrogen is also 

found in many organic compounds, notably the “hydrocarbons” that make up many of 

our fuels such as gasoline, natural gas, methanol and propane8. It cannot be destroyed 

unlike hydrocarbons, and it simply changes state from water to hydrogen and back to 

water—during consumption. Furthermore Hydrogen is carbon-free, non-toxic, and its 

thermal or electrochemical combustion with oxygen yields nothing but energy and 

water7, 9. The safety of hydrogen relies on its high volatility and non-toxicity. 

Nonetheless the chief problem is that hydrogen is a gas at room temperature, so it takes 

up an impractically large amount of space. The gas must therefore be compressed in 

some way to make it compact enough for mobile applications. A solid-state storage 

system that can potentially store more hydrogen per unit volume is being developed. 

Additionally researchers must overcome several obstacles if hydrogen is to become a 

major energy resource. Hydrogen is currently more expensive than traditional energy 

sources; the production efficiency (the amount of energy or feedstock used to produce 

hydrogen) must improve and an infrastructure to efficiently transport and distribute 

hydrogen must be developed. However hydrogen production, storage and utilization 

technologies are continually improving. It is only a matter of time before hydrogen will 

start replacing fossil fuels on a large scale. Once this is known, the transition to our 

new economy will progress rapidly. Today, many scientists and engineers, some 

companies, governmental and non-governmental agencies and even finance institutions 

are convinced that hydrogen’s physical and chemical advantages will make it an 

important synthetic fuel in the future. After the successful use of hydrogen for space 

technology, national hydrogen associations were created and joint ventures started. The 

future for our planet is bright because hydrogen provides the solution to environmental 

pollution and dwindling fossil fuels7-9. An engine that burns pure hydrogen produces 

almost no pollution. As an energy carrier, the inherent energy of the stored hydrogen 
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can be released and converted into electrical energy when needed. This can be done in 

another type of electrochemical device, which is often referred to as a fuel cell.  

Whereas the 19th century was the century of the steam engine and the 20th century 

was the century of the internal combustion engine, it is likely that the 21st century will 

be the century of the fuel cell. Fuel cells are presently under development for a variety 

of power generation applications in response to the critical need for a cleaner energy 

technology. A fuel cell is an energy conversion device that generates electricity and 

heat by electrochemically combining a gaseous fuel (hydrogen) and an oxidant gas 

(oxygen from the air) through electrodes and across an ion conducting electrolyte. 

During this process, water is formed at the exhaust. The fuel cell does not run down or 

require any recharging, unlike a battery it will produce energy as long as fuel is 

supplied. The principle characteristic of a fuel cell is its ability to convert chemical 

energy directly to electrical energy giving much higher conversion efficiencies than any 

conventional thermo–mechanical system thus extracting more electricity from the same 

amount of fuel, to operate without combustion so they are virtually pollution free and 

have quieter operation since there are no moving parts10. Table 1.1 shows a comparison 

of different generation systems such as wind turbine, photovoltaic, micro-turbines. It is 

observed that the efficiency of fuel cells is always higher as compared with 

conventional system and other distributed generation systems. Fuel cell converts up to 

40–60% of available fuel to electricity (90% with heat recovery). While comparing the 

fuel cell with other distributed generation technologies, it offer more advantages like 

high energy conversion efficiency, zero emission, modularity, scalability, quick 

installation and gives good opportunities for cogeneration operations10, 11. 

 

Table 1.1 : Comparison of different generation systems (data reported in 2009) 
 

 Reciprocating 
engine: Diesel 

Turbine 
generator 

Photo 
voltaic 

Wind 
turbine 

Fuel cells 

Capacity Range 500 kW to 5 MW 500 kW to 25 
MW 

1kW to 
1MW 

10kW to 
1MW 

200kW to 
2MW 

Efficiency 35% 29-42% 6-19% 25% 40‐60% 

Capital Cost ($/kW) 200-350 450-870 6600 1000 1500‐3000 
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1.2 History of Fuel Cell Technology 
 

Fuel cell is an electrochemical apparatus that convert the chemical energy in 

electrical energy without fuel combustion. Therefore, in a fuel cell system, the chemical 

energy related to electrochemical reaction of the fuel (hydrogen) with oxidant 

(oxygen), directly change into the water, electricity and heat12. The basic principle of 

the fuel cell was discovered in the year 1838 by Swiss scientist Christian Friedrich 

Schönbein. In 1839 Sir William Grove developed the first fuel cell based on reversing 

the electrolysis of water by an accident10. Andùjar and Segura13 recently held a detailed 

review of the history of fuel cells, which describe the main stations as shown in Figure 

1.2.1. 

 

 

 

 

Figure 1.2.1: Historical review of fuel cells13 
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In 1950 Francis Bacon at the Cambridge University demonstrated the first 5 kW 

alkaline fuel cell. After the successful development of alkaline fuel cells, NASA 

needed a compact system to generate electricity for space shuttle applications. In 

1970s, international fuel cells developed a 12 kW alkaline fuel cell for NASA’s space 

shuttle orbiter to supply reliable power without the use of any backup powers like 

batteries. Beginning in the mid-1960s, the research work was focused on further 

development of various fuel cells for applications like stationary powers and 

transportations. Further the government agencies in the USA, Canada and Japan have 

significantly increased their funding for fuel cell in R&D14. But in many countries it 

was taken into account after 50 years, because of its major drawback of higher 

installation cost. After the development of power conversion devices much more 

researches are going on fuel cells to reduce its higher installation cost11. Moreover, in 

2007, the vehicle manufacturer Honda presented the model FCX Clarity at Los Angeles 

automobile saloon. This model is available for the consumer since the summer of 2008. 

This is the first fuel cell vehicle platform-exclusive in the world manufactured in 

series13.  

 

1.2.1 Types of Fuel Cells 
 

Several different types of fuel cells have been developed throughout the years, so 

they come in many varieties, however, all work in the same general manner. The main 

difference consists in the type of electrolyte. Each fuel cell type has its own unique 

chemistry, such as different operating temperatures, catalysts, and electrolytes. Figure 

1.2.2 illustrates schematically the operating characteristics for the alkaline fuel cell 

(AFC), proton exchange membrane (PEM) fuel cell, direct methanol fuel cell (DMFC), 

molten carbonate fuel cell (MCFC), phosphoric acid fuel cell (PAFC), and solid oxide 

fuel cell (SOFC). These different types of fuel cells are briefly described bellow with 

special emphasis on the proton exchange membrane (PEM) fuel cells, the type of fuel 

cell studied in this thesis.  In table 1.2 are summarized the anode and cathode reactions 

of each fuel cell types. 
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Table 1.2: The cathode and anode reactions of the different fuel cell types 

Fuel Cell type Cathode reaction Anode reaction 

alkaline (AFC) 	4 2 ⇌ 4  2H 4OH 	⇌ 4H O	 4e  

solid oxide 
(SOFC) 

4 ⇌ 2  2 2 ⇌ 2 	 	4  

molten carbonate 
(MCFC) 

2 4 ⇌ 2  2 2 ⇌ 2 2 4  

phosphoric acid 
(PAFC) 

½ 	2 2 ⇌   ⇌ 2 2  

direct methanol 
(DMFC) 

3
2	O 6H 6e ⇌ 3H O  CH OH H O ⇌ CO 6H 6e  

proton exchange 
membrane (PEM)  

½ 	 ⇌   ⇌  

 

 

 

Figure 1.2.2: Schematic representation of different fuel cell types. alkaline fuel cell (AFC), 
proton exchange membrane (PEM) fuel cell, direct methanol fuel cell (DMFC), molten 
carbonate fuel cell (MCFC), phosphoric acid fuel cell (PAFC), and solid oxide fuel cell 
(SOFC). 
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The alkaline fuel cell (AFC) is one of the earlier fuel cell system employed for 

NASA’s space missions. Formerly it is also called as Bacon fuel cell after its British 

inventor. It operates at low temperature around 100 °C and it has the capability to reach 

60–70% of efficiency. It uses an aqueous solution of the potassium hydroxide (KOH) 

as an electrolyte. It transports negative charged ions from anode to cathode and releases 

water as its by product. This fuel cell gives quick start, one of its advantages. It is also 

possible to use electrodes made of non-noble and relatively cheap materials such as 

nickel or nickel based compounds. The major disadvantage is the high sensitivity to the 

CO2 because it takes more time to react and consumes the alkaline in the electrolyte 

thereby reducing the concentration of hydroxide ion during chemical reactions15. It 

needs a separate system to remove the CO2 from the air. The use of a corrosive 

electrolyte is also a disadvantage because it has shorter life span11.  

The solid oxide fuel cell (SOFC) utilizes a solid ceramic electrolyte material 

based on for example sintered yttria or scandia stabilized zirconia. The SOFC produce 

electricity at a high operating temperature of about 800-1000 °C. For the electrodes, 

metals such as nickel or cobalt are used. The electrolyte is solid avoiding the problems 

of liquid handling. Additionally they allow spontaneous internal reforming fuel. 

Because the oxide ions travel through the electrolyte, fuel cell can be used to oxidize 

any combustible gas13. There is no need of noble metal catalysts due to the high 

catalytic activity of alternative metallic or ceramic materials as a result of the high 

temperature. The slow start up, high cost and intolerant to sulfur content of the fuel cell 

are some of its drawbacks. This type of fuel cells is used in stationary applications or 

such as auxiliary power systems (APU). 

Molten carbonate fuel cells (MCFC) use an electrolyte composed of a mixture 

of lithium carbonate and potassium. By this electrolyte circulating carbonate ions 

(CO3
2-) from the cathode to the anode (the reverse of most fuel cells). Fuel cells are 

working at high temperatures (around 650 °C) and pressures between 1 and 10 atm. 

The high operating temperature at about 650 °C allows for non-noble metal electrode 

materials, spontaneous internal reforming fuel, high-speed reactions as well as high 

efficiencies This cell is intolerant to sulfur and slow start up is one of its drawbacks. It 

is mainly used for medium and large power applications15. 

The phosphoric acid fuel cell (PAFC) operates at about 175–200 °C. Such fuel 

cells use an electrolyte that conducts hydrogen ions (H+) from the anode to the cathode. 
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The electrolyte is formed, as its name indicates, of a liquid phosphoric acid within a 

matrix of silicon carbide. There are some fuel cells that use an electrolyte of sulphuric 

acid. These fuel cell is very tolerant to impurities in the reformed hydrocarbon fuels 

and may use air directly from the atmosphere. The cogeneration is also possible due to 

its high operating temperature and the potential is also available for hot water supply as 

well as electricity depending on the heat and electricity load profile. However the 

PAFC cost increases due to use of platinum as a catalyst, while they have a maximum 

tolerance of 2% CO and they utilize liquid electrolyte, which is corrosive to average 

temperatures, which involves handling and safety problems. PAFC have been 

developed to the first stage of commercialization. The 100, 200 and 500 kW size plants 

are available for stationary and heat applications. A 1.3MW system is already tested in 

Milan16. 

The direct methanol fuel cell (DMFC) technology is relatively new when 

compared to rest of the fuel cells. Such fuel cells are replacing traditional batteries in 

some applications. It is expected to gain space in the market because they have a higher 

lifetime compared to the lithium ion battery and can be recharged by simply changing 

the cartridge of fuel. Like PEM fuel cell, the DMFC uses polymer electrolyte. But 

DMFC uses liquid methanol or alcohol as fuel instead of reformed hydrogen fuel. 

During chemical reactions, the anode draws hydrogen by dissolving liquid methanol 

(CH3OH) in water in order to eliminate the need of external reformer. At the cathode, 

the recombination of the positive ions and negative ions takes place, which are supplied 

from anode through external circuit and it is combined with oxidized air to produces 

water as a byproduct. The two main barriers to economic DMFCs are methanol 

crossover and slow anode kinetics. Methanol crossover is the diffusion of methanol 

through the membrane from the anode side to the cathode. This reduces DMFC 

efficiency, primarily because (1) the crossed-over methanol is essentially wasted, and 

(2) the cathode’s catalyst can be poisoned by the carbon atoms in the methanol. This 

generally limits methanol concentrations at the anode compartment to around 2–5 wt%, 

and may require recirculation of water produced in the cathode compartment back to 

the anode compartment in order to keep the methanol dilute. Such constraints generally 

limit the overall DMFC efficiency to around 15–20% and the power density to around 

30 mW/cm2. Methanol crossover losses can be 30% or higher of the methanol fuel for 

some DMFC membranes and design configurations17, 18. Yet even now, one potential 
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area of application can be recognized distinctively: for relatively low-power energy 

sources in electronic equipment such as notebooks, cameras and video cameras, DVV 

players, and some medical devices. So far, another potential field of application of 

DMFC as power sources for electric vehicles is too remote. Work is needed to achieve 

the futures of longer lifetime and greater efficiency19. 

The proton exchange membrane fuel cell (PEMFC), also called the solid 

polymer fuel cell (SPFC), was first developed by General Electric in the United States 

in the 1960s for use by NASA on their first manned space vehicles. Today, the PEM 

fuel cell technology has been recognized as an efficient and environmentally benign 

concept for electrical power generation, especially for portable and automotive 

applications. The PEMFC typically operates at temperatures between 60 and 100 °C, in 

specific configurations around 180 °C. This technology has drawn the most attention 

because of its simplicity, viability and quick start-up. The most important part and in 

the other words the central core of the fuel cell is the membrane electrode assembly 

(MEA) which is consist of two part namely electrocatalyst and membrane, that has 

some unique capabilities, this part will be further discussed in chapter 1.3. It is 

impermeable to gases but it conducts protons (hence Proton Exchange Membrane 

name). The membrane, which acts as the electrolyte is responsible for proton migration 

from the anode to the cathode, is squeezed between the two porous, electrically 

conductive electrodes. These electrodes are typically made out of carbon cloth or 

carbon fiber paper. At the interface between the porous electrode and the polymer 

membrane there is a layer with catalyst particles, typically platinum supported on 

carbon. Schematic representations of cell configuration and MEA are shown in Figure 

1.2.3. Hydrogen gas (H2) is oxidized at the anode on catalyst particles that disassociate 

to 2H+ (protons) and 2e-. The protons (associated with water molecules) are transferred 

through the polymer electrolyte (membrane) to the cathode, where they react with 

oxygen to produce water and heat. PEM fuel cells can be operated at high power 

densities which means that the total active area of the MEAs can be minimized, 

allowing for a compact design of the fuel cell stack. Other advantages of the PEM fuel 

cell are its higher power density and quick start up for automotive vehicles. The low 

operating temperature makes the technology competitive in transportation and 

commercial applications like laptop computers, bicycle, and mobile phones. The major 
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drawbacks of the PEM fuel cell are its lower operating efficiency (40–45%) and use of 

high cost platinum catalyst. It is also intolerant to carbon monoxide. 

 

 

  
 

Figure1.2.3: schematic representation of PEM fuel cell (left) and an example of a membrane 
electrode assembly (MEA). The membrane is a little larger than the electrodes that are 
attached. These electrodes have the gas diffusion layer attached, which gives it a ‘grainy’ 
texture. The membrane is typically 0.05 to 0.1mm thick, the electrodes are about 0.03mm thick, 
and the gas diffusion layer is between 0.2 and 0.5-mm thick. 20 
 
 
The reactions taking place in PEMFC are  
 

Anode:   H 	 ↔ 2H 	 2e ,      (1) 

 Cathode: ½O 2H 2e 	↔ 	H O,    (2) 

 Overall: H ½O H O   ΔG°= -237 kJ/mol.  (3) 

 

The Gibbs free energy change (ΔG°) of reaction (3) is related to the cell voltage by 

 

 Δ ° 	 ,        (4) 

where n is the number of electrons involved in the overall reaction, F the Faraday 

constant, and V0 the cell voltage at thermodynamic equilibrium in absence of the 
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current flow, i.e. under open-circuit condition. V0 is the difference of the equilibrium 

electrode potentials at the cathode and the anode of the cell, and is calculated from 

 

V ∆G/nF 1.23V.       (5) 

 

Ideally, PEMs should have high ionic conductivity, good chemical, thermal and 

physical stability, and be relatively inexpensive. In essence, the efficiency of the 

PEMFC is dependent upon the transport properties or the ionic mobility of the PEM 

being used. The expectation is that the greater the ionic mobility, the greater the 

efficiency of the PEMFC. For this reason, one main focus of researchers has been on 

the development of PEMs with high ionic conductivities4. In 1970s, DuPont developed 

a perfluorosulfonic acid called “Nafion” that not only showed a two-fold increase in the 

specific conductivity of the membrane but also extended the lifetime by four orders of 

magnitude (104-105 h). This soon became a standard for PEMFC and remains so till 

today. In the next section is extensively analyzed the structure of this membrane.  
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1.3 Proton Exchange Membrane Materials for PEMFCs 
 

As is mentioned in the chapter 1.2, membrane is the core component of the PEM 

fuel cell. To achieve high efficiency the membrane must possess the following 

desirable properties: 

 high proton conductivity 

 zero electronic conductivity 

 low react permeability 

 mechanical strength and flexibility  

 durability 

 compatibility 

 availability 

Proton conductivity above 10-2 S cm-1 is required in order to support high currents with 

minimal resistive losses. However, the membrane has to be electronically insulating, in 

order to avoid short circuit of the cell, and a good barrier for the reactants. Reactant 

cross-over results in poor fuel utilization and voltage losses in fuel cells. High cross-

over rate might also be connected with safety issues due to the formation of explosive 

gas mixtures. Additionally the mechanical strength and the flexibility of the membrane 

are important parameters in the membrane processing and production of MEAs. 

Thermal cycling of the electrochemical cell will induce stresses in contact points 

between different cell components, which ultimately might lead to physical membrane 

failure. The membrane has to be tolerant to the harsh oxidative conditions in the 

operating cell. For example the polymer matrix has to withstand aggressive radicals, 

high potentials, extreme pH and eventually high temperatures. Moreover compatibility 

of the membrane with the cell hardware as well as the electrode materials is required in 

order to allow for good reaction kinetics. Finally reaching widespread commercial 

utilization of the PEM technology the cost of the membrane material has to be 

minimized21, 22. In general, the materials used in synthesis of the polymer electrolyte 

membranes can be classified into three vast groups: perflourinated ionomers (or 

partially perflourinated), nonflourinated hydrocarbons (including aliphatic or aromatic 

structures), and acid-base complexes23.  
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The perfluorinated sulfonic acid (PFSA) membranes have been the subject of 

intense research. The key polymers used currently in portable fuel cell applications 

have perfluorinated structures with attached sulfonic acid groups The perfluorinated 

polymer used most extensively and produced by DuPont goes by the trade name of 

Nafion®, known as a long-side-chain (LSC) ionomer. In recent years, alternative 

polymers with a structure similar to Nafion® but with a shorter pendant side-chain 

(SSC) carrying the sulphonic group, developed by Dow, 3 M, Gore, Asahi glass, 

Solvay-Solexis, etc24-26 (see Figure 1.3.1) have been investigated for fuel cell operation.  

Membranes of PFSA, such as Nafion®, are generally prepared by melt extrusion or by 

casting from a solvent solution or from a dispersion of PFSA in a mixture of water and 

light alcohols. The casting technique and the thermal history of the membrane are 

directly related to the degree of crystallinity of the polymer and hence the 

physiochemical properties of the membrane27. However due to the relatively high cost 

of PFSA membranes, alternative PEM materials based on sulfonated non-fluorinated or 

partially fluorinated aliphatic or aromatic polymers or multiblock copolymers are under 

active development28, 29 

 

 

 

Figure 1.3.1: Chemical structures of LSC and SSC perfluorinated ionomers. 

 

Non-fluorinated hydrocarbon polymers can be aliphatic or aromatic polymers having 

benzene ring structures in the polymeric backbone of membrane or in the bulky 

pendant groups from this membrane polymeric backbone. Hydrocarbon membranes 
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provide some definite advantages over perflourinated membranes. They are less 

expensive, commercially available and their structure permits the introduction of polar 

sites as pendant groups23. In order to enhance stability at elevated temperatures, 

aromatic hydrocarbons can be (a) incorporated directly into the backbone of a 

hydrocarbon polymer or (b) polymers modified with bulky groups in the backbone to 

render them. Polyaromatic membranes are high temperature rigid polymers with Tg > 

200°C owing to the presence of inflexible and bulky aromatic groups30. The aromatic 

rings offer the possibility of electrophilic as well as nucleophilic substitution. 

Polyethersulfones (PESF), polyether ketones (PEK) with varying number of ether and 

ketone functionalities (such as PEEK, PEKK, PEKEKK, etc.), poly(arylene ethers), 

polyesters and polyimides (PI), polybenzimidazoles (PBI) are some of the relevant 

examples of main chain polyaromatics31. The addition of a protogenic group (generally 

a sulfonic acid group) to a polymer can be achieved either by direct sulfonation of the 

polymer with sulfuric acid or chlorosulfonic acid via sulfination by chemically grafting 

a group containing a sulfonic acid function on to a polymer by graft polymer synthesis 

from monomers bearing sulfonic acid groups. The level of sulfonation is a key 

parameter, since it is accompanied at too high levels by an unacceptable degree of 

swelling and unsatisfactory mechanical properties. The conductivity of the membrane 

is however directly related to the extent of sulfonation (in addition to the degree of 

relative humidity, temperature, etc.)32. Chemical structures of sulfonated-PEEK and 

sulfonated-PBI is illustrate in Figure 1.3.2. 

 

   

 

Figure 1.3.2: Chemical structures of sulfonated-PEEK and sulfonated-PBI. 

 

Acid-base complexes into an alkaline polymer generally promote proton 

conduction. The poly(2,2-(m-phenylene)-5,5-bibenzimidazole)/phosphoric acid 

(PBI/H3PO4) complex is both intriguing and promising at the same time. It has shown a 

great deal of potential for medium temperature fuel cell applications and hence many 
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attempts were made to understand and optimize this particular system. Since it is an 

acid–base complex, the conductivity of doped PBI does not depend on humidity in 

contrast to Nafion®. Unfortunately, these membranes are less performing at low 

temperature and do not allow for a rapid start-up as required for automotive 

applications. Moreover, the power densities that can be achieved with these membranes 

appear lower than those obtained with perfluorosulfonic acid (PFSA) membranes. 

 

 

1.3.1 Nafion polymer 
 

In this thesis the Nafion polymer, a perfluorinated sulfonic acid (PFSA) membrane, 

was studied as a polymer electrolyte for the PEM fuel cells. This ionomer is developed 

and produced by the E. I. DuPont Company, it is generated by copolymerization of a 

perfluorinated vinyl ether comonomer with tetrafluoroethylene (TFE), resulting in the 

chemical structure shown in Figure 1.3.3. Teflon backbone of this structure gives the 

hydrophobic nature for membrane and hydrophilic sulfonic acid groups (HSO3
-) have 

been grafted chemically into backbone. These ionic groups have caused the absorption 

of the large amount of water by polymer and therefore, lead to hydration of the 

membrane. Thus, the factors affecting the performance of the suitable proton exchange 

membrane are the level of hydration and thickness of the membrane which is playing 

an important role in deciding their suitability for application in fuel cell33.  

 

 

Figure 1.3.3: Chemical structure of Nafion.34 

 

Characteristic feature of Nafion products is the equivalent weight (EW), i.e. the number 

of grams of dry Nafion per mole of sulfonic acid groups when the material is in the acid 

form. This is an average EW in the sense that the comonomer sequence distribution 

(that is usually unknown to the investigator and largely unreported) gives a distribution 

in m in this formula. EW can be ascertained by acid-base titration, by analysis of 
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atomic sulfur, and by FT-IR spectroscopy. The relationship between EW and m is: EW 

= 100m + 446 so that, for example in a membrane of 1100 EW, the side chains are 

separated by around 14 CF2 units. Furthermore the equivalent weight (EW) and 

material thickness are used to describe most commercially available membranes, for 

example in Nafion 117 films, the designation “117” refers to a film having 1100g EW 

and a nominal thickness of 0.007 in., although 115 and 112 films have also been 

available. Early-reported studies involved 1200 EW samples as well as special 

experimental varieties, some being rather thin. In general, a higher EW value 

corresponds to a lower ionic conductivity and to higher morphological stability. Finally 

the equivalent weight is related to the property more often seen in the field of 

conventional ion exchange resins, namely the ion exchange capacity (IEC), by the 

equation IEC = 1000/EW34. Curtin et al. performed size exclusion chromatography 

determinations of the molecular weight distribution in Nafion aqueous dispersions after 

they were heated to high temperatures (230, 250, and 270 °C)35. Experiments revealed 

that the radius of gyration had a linear dependence on the molar mass of the aggregates, 

which suggests that the particles are in the form of rods or ribbons, or at least some 

elongated structure34. The greatest interest in Nafion in recent years derives from its 

consideration as a proton conducting membrane in fuel cells. It is clear that the tuning 

of these materials for optimum performance requires a detailed knowledge of chemical 

microstructure and nanoscale morphology. It was estimated (DuPont library), based on 

a coarse literature search, that there were approximately 33.000 papers, patents, and so 

forth dealing with Nafion, and the number is growing. However, while the quality and 

quantity of data from state-of-the-art instrumentation, facilities, and methods has 

increased, a universally accepted morphological model for the solid-state structure of 

Nafion has yet to be defined. Nafion stems has a random chemical structure that is 

capable of organizing in the complex formation of ionic and crystalline domains with a 

significant distribution in dimensions over a wide range of length scales. Since the vast 

majority of the applications of Nafion involve the hydrated or solvent swollen state and 

current processing methods for membrane formation often involve solvent casting, 

considerable attention has been devoted to the influence of swelling solvents 

(specifically water) on the characteristic morphological features of perfluorosulfonate 

ionomers. By the late 1970s, experimental evidence for ionic aggregation in Nafion 

from small-angle scattering data was emerging, and this new information subsequently 



General aspects and applications 

 20

lead to extensions of the prevailing models for the structure of ionomers to the 

interpretation of ionic domain morphology in the perfluorosulfonate ionomer systems34. 

Gierke et al. suggested the cluster-network model36, 37, which interprets the 

properties of Nafion membranes, especially ion and water transport. It is presumed, 

based on small-angle X-ray scattering (SAXS) studies and several assumptions, that 

there are ~40 Å -in-diameter clusters of sulfonate-ended perfluoroalkyl ether groups 

that are organized as inverted micelles and arranged on a lattice. These micelles are 

connected by proposed pores or channels that are ~10 Å in size, as is described in 

Figure 1.3.4. These -SO3
- coated channels were invoked to account for intercluster ion 

hopping of positive charge species but rejection of negative ions (such as OH-). 

 

 

 

Figure 1.3.4: Cluster-Network model for the morphology of hydrated Nafion.36 

 

 

Among the earliest concepts, Yeager and Steck proposed a three phase model38 that 

was significantly different from that of Gierke et al. based on their studies of the 

diffusion of various ions. As compared with the model of Gierke et al., the clusters do 

not have a strict geometrical definition (spherical inverted micelles connected by 

cylindrical pores) and their geometrical distribution has a lower degree of order. Most 

importantly, there are transitional interphases between hydrophobic and hydrophilic 

regions (Figure 1.3.5), a concept that is becoming increasingly accepted.  
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Figure 1.3.5: The three phase model 38 ,region A, B and C are the fluorocarbon polymer, the 
interfacial and the ionic cluster region, regions respectively. 
 

Gebel39 proposed a conceptual description for the swelling and dissolution process 

shown schematically in Figure 1.3.6. In dehydrated Nafion, the dry cluster diameter of 

~1.5 nm is significantly smaller than the inter-cluster distance of ~2.7 nm, which 

explains the extremely low ionic conductivity observed at anhydrous state. With the 

absorption of water, a modification of the cluster structure occurs, which results in the 

formation of spherical water pools with the ionic groups at the polymer water interface 

in order to minimize the interfacial energy. The water pool diameter of ~2.0 nm is still 

lower than the interaggregate distance of ~3.0 nm, which is evidenced by the low ionic 

conductivity at low water content. When the water volume fraction, is larger than 0.2, 

the large increase of the ionic conductivity happens, indicating a percolation of the 

ionic aggregates. The origin of percolation can be probably interpreted as a 

combination of the effect of the interfacial energy and of the limitation of the swelling 

due to the polymer chain elastic energy. As the water content increases to between 

φ~0.3 and 0.5, the structure of spherical ionic domains connected with cylinders of 

water dispersed in the polymer matrix formed. The ionic domain diameter increases 

from 4 nm to 5 nm, and the increase in ionic conductivity with the water content 
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increasing reveals that both the 

connectivity and the diameter increase. 

At φ values larger than 0.5, an inversion 

of the structure occurs and the 

membranes correspond to a connected 

network of rod-like polymer aggregates. 

Finally, as the membrane “dissolves” into 

solution, the rod-like structures separate 

to yield a colloidal dispersion of isolated 

rods. The structure of highly swollen 

membranes is then very close to that of 

the Nafion solution. This model offered a 

plausible mechanism for the evolution in 

structure from the widely accepted 

concept of isolated clusters for 

membranes containing relatively low 

water contents to rodlike structures in 

solution. 

 

The lamellar model proposed by Litt40 

provides a convenient and simple 

explanation for the swelling behavior of 

Nafion. Moreover, it is a variation of the 

lamellar model proposed by Haubold et al41, in which synchrotron SAXS studies were 

performed on acid form Nafion 117 samples. The experiments were conducted on dry 

samples in air and samples equilibrated with water, methanol, and a range of 

water/methanol mixtures using an in situ flow cell. The scattering cross section data 

was fitted to a layered model whose basic structure element (i.e., the scattering particle) 

is a “sandwich”. The outer portion of this sandwich (the “shell”) consists of the side 

chains, including the sulfonic acid groups, and the inner liquid portion (the “core”) 

consists of the water/methanol  molecules. To provide channels that serve as 

conduction pathways for protons through the membrane, these structural elements were 

Figure 1.3.6 
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proposed to be juxtaposed in a linear fashion so that the liquid core regions are 

contiguous as is presented in Figure 1.3.7 below.  

 

 

Figure 1.3.7: Sandwich-like structural element proposed for the morphological organization of 
Nafion.41 
 

While in 1992 Rubatat42 and co-workers, presented a schematic representation (Figure 

1.3.8) of an entangled network of elongated rodlike aggregates in Nafion. Long range 

heterogeneities arising from bundles of locally ordered aggregates are proposed to give 

rise to the low angle increase in scattered intensity. 

 

 

Figure 1.3.9: Schematic representation of rodlike structure.42 



General aspects and applications 

 24

Finally according to Kreuer28 model perfluorosulfonic polymers naturally 

combine, in one macromolecule, the extremely high hydrophobicity of the 

perfluorinated backbone with the extremely high hydrophilicity of the sulfonic acid 

functional groups. Especially in the presence of water, this gives rise to some 

hydrophobic/hydrophilic nano-separation. The sulfonic acid functional groups 

aggregate to form a hydrophilic domain. When this is hydrated, protonic charge carriers 

form within inner space charge layers by dissociation of the acidic functional groups, 

and proton conductance assisted by water dynamics occurs. While the well connected 

hydrophilic domain is responsible for the transport of protons and water, the 

hydrophobic domain provides the polymer with the morphological stability and 

prevents the polymer from dissolving in water. The situation in sulfonated 

polyetherketones was found to be distinctly different with respect to both transport 

properties and morphological stability. As a result of the smaller 

hydrophilic/hydrophobic difference (the backbone is less hydrophobic and the sulfonic 

acid functional group is less acidic and therefore, also less polar) and the smaller 

flexibility of the polymer backbone, the separation into a hydrophilic and a 

hydrophobic domain is less pronounced. As schematically illustrated in Figure 1.3.10, 

the water filled channels in sulfonated PEEKK are narrower compared to those in 

Nafion. They are less separated and more branched with more dead-end “pockets”. 

These features correspond to the larger hydrophilic/ hydrophobic interface and, 

therefore, also to a larger average separation of neighbouring sulfonic acid functional 

groups. The stronger confinement of the water in the narrow channels of the aromatic 

polymers leads to a significantly lower dielectric constant of the water of hydration. 

The nature of the crystalline component in Nafion has received much less 

attention than that of the ionic domains, and thus, the relevance of this morphological 

feature to the technologically important properties of the membranes is still unclear. 

Since the initial studies of Nafion morphology, the crystalline component has been 

recognized as an important structural feature and often considered as a necessary 

component that provides mechanical integrity and a barrier to solvent swelling. With 

respect to current models, however, the crystallites may be considered to exist within 

elongated polymeric aggregates or as critical structures that impose the organization of 

the ionic domains. In the rodlike models, the crystallites may play a minor role to that 

of entanglements in affecting the mechanical behavior of the swollen membranes. On 
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the other hand, the lamellar model suggests that the crystallites are the principal factor 

in limiting ionic domain swelling34. 

 

 

 

 

 
Figure 1.3.10: Schematic representation of the microstructures of Nafion and a sulfonated 
polyetherketone. 28 
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1.4 Proton Conduction Mechanisms in PEM  
 

In metals, proton transfer generally occurs between the interstitial octahedral or 

tetrahedral sites, resulting in long-range proton transport, i.e. diffusion. However, in 

non-metallic environments, the proton mobility requires not only proton transfer 

reactions within the hydrogen bonds but also structural reorganization, as illustrated 

schematically in Figure 1.4.1.  

 

	

Figure 1.4.1: Schematic diagram of the two reaction steps in long range proton transport. 43 

	

Proton transport mechanism through a PEM is basically conduction through 

water. The dominant intermolecular interaction in water is hydrogen bonding. The 

introduction of an extra proton leads to proton defects, resulting in a contraction of 

hydrogen bond in the vicinity of such defects. The binding power of a water molecule 

depends on the number of hydrogen bonds involve in it. This also leads to relaxation 

effects in the neighboring hydrogen bonds as a response to the formation and cleavage 

of hydrogen bonds. When a hydrogen bond is formed, the surrounding bonds are 

weakened but the cleavage of hydrogen bonds strengthens the neighboring bonds43-45. 

Therefore, defects caused by the incorporation of excess protons weaken the 
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intermolecular interaction by means of breakage and reformation of bonds in 

combination with large variations in bond length43, 46-48. 

Excess protons can be a part of a dimer (H5O2
+, ‘Zundel’ ion) or a part of a 

hydrated hydronium ion (H9O4
+, ‘Eigen’ ion). The central bond of H5O2

+ (≈250 pm) is 

noticeably contracted compared to the average hydrogen bond length in bulk water 

(≈280 pm) but elongated compared to an isolated dimer (≈240 pm). Figure 1.4.2 shows 

the formation of an ‘Eigen’ ion from a Zundel’ ion and the change in protonic charge 

from one ion to another. In a proton exchange membrane, the hydrated environment, 

often acidic, acts as a solvent for the diffusion of hydronium and dimer ions formed49. 

 

 

Figure 1.4.2: Transport mechanism of Protonic defects in water.46 

 

Proton conduction is fundamental for proton exchange membrane fuel cells and is 

usually the first characteristic considered when evaluating membranes for potential fuel 

cell use. High conductivity is essential for the required performance especially at high 

current density. At a molecular level, the proton transport in hydrated polymeric 

matrices is in general described on the basis of either of the two principal mechanisms: 

“proton hopping” or “Grotthus mechanism” and “diffusion mechanism” which water is 

as vehicle or “vehicular mechanism”50-52. In proton hopping mechanism protons hop 

from one hydrolyzed ionic site (SO3
- H3O

+) to another across the membrane. The 

produced proton by oxidation of hydrogen in anode adheres to water molecule than the 

provisional hydronium ion is formed and one different proton from same hydronium 
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ion hops on the other water molecule. In this mechanism, ionic clusters were swelled in 

presence of water and formed the percolation mechanism for proton transferring. The 

simple scheme of the hopping mechanism has been shown in Figure 1.4.3. The hopping 

mechanism has little contribution to conductivity of perflourinated sulfonic acid 

membranes such as Nafion12. 

 

 

Figure 1.4.3: Scheme of the hopping mechanism.53 

 

The second mechanism is a vehicular mechanism. In this mechanism hydrated 

proton (H3O
+) diffuses through the aqueous medium in response to the electrochemical 

difference. In vehicular mechanism, the water connected protons (H+(H2O)x) in the 

result of the electroosmotic drag carry the one or more molecules of water through the 

membrane and itself are transferred with them. The major function of the formation of 

the vehicular mechanism is the existence of the free volumes within polymeric chains 

in proton exchange membrane which allow the transferring of the hydrated protons 

through the membrane. The schematic design of the vehicular mechanism in proton 

conduction in pristine and nanocomposite membranes has been shown in the Figure 

1.4.4. Water also has two suggested transport mechanisms: electroosmotic drag and 

concentration gradient driven diffusion (this probably occurs as self associated clusters: 

(H2O)y). The hydrophobic nature of Teflon backbone facilitates the water transfer 

through the membrane because the surfaces of the hydrophobic holes tend to repel the 

water molecules53.  

The prevalence of one or the other mechanism depends on the hydration level of the 

membrane. On the other hand, the mechanism of proton transport within 

nanocomposite and hybrid systems based on the aforementioned membranes is a much 

more complex process as it involves both the surface and chemical properties of the 

inorganic and organic phases. Although the exact role of inorganic components in 
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stabilizing the proton transport properties of nanocomposites based on Nafion and other 

polymers is still under discussion, it may be presumed that the primary function of the 

nanoparticles is to stabilize the polymer morphology with increasing temperature. If the 

inorganic additive happens to be an alternative proton transporter like heteropolyacids, 

their contribution to the transport processes has also to be analyzed. Proton 

conductivity improvements would, however, depend upon whether the fraction of bulk 

water and the bulk proton concentrations are increased as a result of the inorganic 

additives or not12. 

 

 

Figure 1.4.4: Schematic design of the Vehicular Mechanism as proton conduction in (a) 
pristine membranes and (b) polymer/ nano-particle composite membranes.12 
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1.5 High Temperature PEM fuel cells (HT-PEMFCs) 
 

Polymer electrolyte fuel cells based upon PFSA membranes have typically been 

operated in a temperature range between approximately 50 and 90 °C. This temperature 

range is a compromise between competing factors. Increasing the operating 

temperature above room temperature will improve the electrode kinetics of the oxygen 

reduction reaction. The upper limit of temperature results from the difficulty in 

maintaining membrane water content at temperatures at or above 100 °C. In addition, 

temperatures above the polymer glass transition temperature (110 °C for protonated 

Nafion) can cause polymer chain rearrangements, which can lead to structural changes 

in the membrane and lower the membrane stability, performance, and lifetime. 

In recent years, increasing interest has been devoted to the development of high 

temperature proton conducting polymer electrolyte fuel cell systems. In fact, most of 

the key issues and shortcomings of the PFSA-based PEMFC technology, such as water 

management, CO poisoning, cooling and heat recovery, can be solved or avoided by 

developing alternative membranes with suitable ionic conductivity and stability up to 

120-130 °C. 

The US Department of Energy (DOE) has a major effort to develop new membranes 

which can operate under drier conditions and at temperatures up to 120 °C54. Polymer 

membranes able to operate above 120 °C could benefit from both enhanced carbon 

monoxide (CO) tolerance and improved heat removal21. Higher temperature operation 

includes the following: 

(i) The kinetics for both electrode reactions will be enhanced. 

(ii) Above the boiling point of water, operation of PEMFCs involves only a 

single phase of water, i.e., the water vapor, and therefore can be simplified. 

(iii) The heat can be recovered as, e.g., steam, which in turn can be used either 

for direct heating or steam reforming or for pressurized operation. In this 

way the overall system efficiency will be significantly increased. 

(iv) The operational temperature of a fuel cell around 200 °C is close to 

temperatures for methanol reforming and for hydrogen desorption of the 

newly developed high capacity storage materials. This will allow for an 
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integration of the fuel cell with a methanol reformer or a high-capacity 

hydrogen storage tank. 

(v) The CO tolerance will be dramatically enhanced 

The carbon monoxide concentration CO in the H2 feed gas affects the performance of a 

membrane at low temperatures. If the concentration of CO is excessive (∼10 ppm), it 

will strongly adsorb to the platinum (Pt) surface and poison the platinum electro-

catalyst 55-58 (Figure 1.5.1). 

 

 

 

Figure 1.5.1: Adsorption of CO on Pt .49 

 

Indeed, the adsorption of CO on Pt is associated with high negative entropy, implying 

that adsorption is favored at low temperatures, and disfavored at high temperatures59. 

The CO tolerance will be dramatically enhanced, from 10-20 ppm of CO at 80 °C, to 

1000 ppm at 130 °C, and up to 30000 ppm at 200 °C21.  

However, there are also some technical obstacles during high temperature treatment of 

polymer electrolyte membranes. Polymer membranes are incapable of operating at high 

temperatures because water from the membrane evaporates out resulting in a loss of 

proton conductivity60. High proton conductivity is essential for achieving a high power 

density in fuel cells. Dehydration of the membrane at high temperatures may lead to 

decrease the proton conductivity value and in the process performance of polymeric 

membranes gets hampered. Water is very essential for the proton conductivity because 

it promotes the dissociation of protons from the sulfonic acid groups, and provides 

highly mobile hydrated protons. Hence, hydration is the key factor for maintaining the 

optimal performance of the membranes. The conductivity of a dry membrane is several 

orders of magnitude lower than a fully saturated membrane. To keep the membrane 

hydrated, one or both reactant gas streams must be humidified49. However, too much 
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humidification causes flooding of the electrodes and consequently, the diffusion 

overpotential increases due to insufficient oxygen and hydrogen supply. In order to 

reduce these overpotentials, properties such as stable water uptake and high proton 

conductivity are essential for the electrolyte.  

A number of alternative strategies 61-64 have been proposed to satisfy these 

requirements and to maintain membrane conductivity in a dehydrating environment 

(i.e. elevated temperature and reduced relative humidity), such as composite 

membranes containing finely dispersed fillers in the ionomer matrix. The following 

section is dealing with these composite membranes, the influence of these particles on 

membrane properties, such as conductivity and permeability to methanol, is also 

discussed. 

 

 

1.5.1 Composite Membranes 
 

As is mentioned in the previous paragraph, the main obstacles to greater 

commercialization of polymer electrolyte fuel cells are mostly related to the low-proton 

conductivity at low relative humidity, to the high methanol cross over, and their poor 

mechanical properties above 100 °C.5 Therefore, several approaches have been adopted 

to modify the polymeric membrane in order to maintain the proton conductivity as well 

as the performance of the membrane at high temperatures, and can be used in fuel cell 

applications. An approach is the development of composite membranes, where particles 

of organic/inorganic fillers homogeneously dispersed in the ionomer matrix. Modified 

Nafion membranes containing hygroscopic inorganic fillers such as, titania nanotubes 65 

and particles66, 67, SiO2 
68-71, ZrO2 

72, Fe2O3 
73, and other compounds characterized by 

water retention capacity or by proton conduction as hetero-poly-acids (PWA, PMoA, 

SiWA) or layered zirconium phosphate5, 74-77 are valid materials to use as polymer 

electrolytes in PEMFC. For Nafion ionomer bearing – SO3H groups, the filling with 

ZrP, silica, or heteropolyacid nano-particles has a positive effect on fuel cell 

performance at temperatures higher than 90 – 100 °C, even for relative humidity 

considerably lower than 100%. This effect can be connected to the notion that these 

hydrophilic particles replace the loosely bonded water within the hydrophilic Nafion 

domains5. As hydrophilic additives, the presence of these inorganic compounds 
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decreases the chemical potential of the water inside the membrane and therefore creates 

an additional pathway for the proton conduction. At the same time, they provide 

hydrogen-bonding sites for water in the membrane so that the hydration of the 

membrane will be increased and the transport and evaporation of water will be 

reduced1. The water interacting with the surface of the filler is more likely to be 

retained than loosely bonded water in unmodified Nafion, but still mobile enough to 

allow fast proton transport. Additionally, the inclusion of inorganic fillers improves the 

mechanical properties and the membrane water management. The mechanical 

reinforcement of the membrane, and hence the reduction of the swelling properties play 

an important role, especially in the temperature range 90 - 110°C, where high 

humidification conditions can be still obtained at acceptable pressures of the cell. 

Moreover the properties of these composite membranes not only depend on the 

ionomer and the solid used but also on the amount, homogeneous dispersion, size, and 

orientation of the solid particles dispersed in the polymeric matrix. Layered compound 

can be inserted (i) as powered performed particles, (ii) as performed exfoliated 

lamellae, (iii) by in situ formation of in the ionomer solutions and (iv) by in situ 

precipitation in performed membranes of the pure ionomer. Based on the above 

composite membranes can be prepared according to two main procedures: (i) 

dispersion of filler particles in an ionomer solution followed by casting, and (ii) growth 

of the filler particles within a performed membrane or in an ionomer solution. In the 

first procedure the solids are first ground until a fine powder is obtained and then 

dispersed under strong stirring in an organic solution of the polymer. Finally the 

membrane is obtained by film casting and solvent elimination5. Because the composite 

membrane is obtained by casting an ionomer solution in organic solvents, colloidal 

dispersions of exfoliated layered materials must be formed in the ionomer solvent or in 

similar solvents. Depending on the degree of crystallinity of the starting material and 

on the conditions used in the deintercalation process, it is possible to obtain dispersions 

of lamellar particles with thickness ranging from ~10 to 100 nm and surface area from 

~0.1 to 10 μm2. 

Furthermore, for each type of the above composite membranes, the properties not only 

depend on the ionomer and the solid used but also on the particle content, particle size, 

homogeneous distribution and orientation of the exfoliated particles, and exfoliation 

degree. If the use of composite membranes is confined to direct methanol fuel cells it is 
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imperative to overcome the large methanol cross-over of pure ionomer membrane. In 

Figure 1.5.2 is schematically shown the effect of all the above properties to the 

performance of the nanocomposite membrane, in this images is shown the increase of 

the tortuous path encountered by a given diffusing species with increasing degree of 

exfoliation and/or lamellar particles5.  

 

 

Figure 1.5.2: Schematic view of a hybrid ionomeric membrane containing orientied lamellae of 

ZrP. 5 

 

In this present Doctoral thesis, two dimensional (2D) materials, phyllomorphous 

materials, such as, Clays, Graphite Oxide and Layered Double Hydroxides (LDHs), 

were studied as candidates fillers for the polymer electrolyte membranes in PEMFC. 

Composite membranes, were prepared according the first procedure, dispersing the 

filler particles in Nafion ionomer solution followed by casting. The study focused on 

the creation of novel nanocomposite membranes with high proton conductivity and 

enhanced water retention properties, even at high temperatures. 
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2. Materials: Nanostructured Fillers  

 
In this doctoral work, two-dimensional materials, more specifically layered 

materials, such as Clays, Graphite Oxide and Layered Double Hydroxides (LDHs), 

were studied as candidates fillers for the creation of novel hybrid nanocomposites 

membranes for PEMFC applications. 

 

 

2.1 Clays  
 
Smectite clays 1, 2 are a class of layered aluminosilicate minerals with a unique 

combination of swelling, intercalation, and ion exchange properties. The word smectite 

is derived from the Greek word smectos, σμήγμα, which means soap. They consist of 

an octahedral alumina layer fused between two tetrahedral silica layers (about 1nm)3, 4. 

The individual layers are composed of two, three or four sheets. The sheets are formed 

either by tetrahedrons [ SiO4]
4-, abbreviated as “T”, or by octahedrons, e.g. [ AlO3,( 

OH)3,]
6-, abbreviated as “O”. Smectite clays having two tetrahedral sheets around the 

central octahedral sheet in each layer (Figure 2.1.1) are known as 2:1 phyllosilicates (T-

O-T type). On the other hand, exist also clays with one tetrahedral and one octahedral 

sheet in each layer, T-O type (1:1 phyllosilicate), as well as the type 2:2 or 2:1:1. The 

interior of tetrahedrons and octahedrons contains smaller metal cations, their apices 

being occupied by oxygen from which some are connected with protons (as OH). All 

these fundamental structural elements are arranged to form a hexagonal network in 

each sheet. Such clays have a cation exchange capacity, which depends on the 

substitution of low valent atoms, e.g., Mg2+ for Al3+ in the octahedral sheet and Al3+ for 

Si4+ in the tetrahedral sites. As a consequence, the 1nm thick aluminosilicate platelets 

have a fixed negative charge and neutrality is obtained, for example, by hydrated 

cations present in the galleries.  

The electrically neutral sheets are bonded together by relatively weak dipolar and van 

der Waals forces. 
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Figure 2.1.1:   Clay structure 2:1.5 

 

The monovalent ions located between the clay layers allow the absorption of polar 

solvent, like water (figure 2.12), with good retention capacity so, when incorporated 

into a polymer membrane, they help to prevent the loss of the hydration water not only 

at high temperatures but also under low relative humidity environment. 

 

 

Figure 2.1.2:  Schematic representation of the swelling of one clay layer. 

 

The intercalation process in these systems is equivalent to ion exchange, and unlike the 

intercalation compounds of graphite, it does not involve necessarily charge transfer 

between the guest and host species6. The charge on the layers affects many 

fundamental properties of the clays, including water holding (an important property for 

the creation of Nafion nanocomposite membrane), cation fixation, swelling ability, 

cation exchange capacity and high specific surface area. However the reversibility of 

the swelling limits the application of clays. Thus, heating the clays at high temperatures 
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causes removal of intercalated water and leads to precipitation of the sheets, reducing 

the interlayer space. To prevent the collapse of the interlayer space, bulky cations were 

developed, which act as pillars and their role is to keep the aluminosilicate sheets apart. 

During the preparation process of the pillared clays, occurs a cationic exchange 

reaction of countervailing cations and intrercalation of the pillar. By calcination of the 

intercalates, the complexes inserted in the clay interlayer space transform into metal 

oxide pillars, which support the silicate sheets and keep them apart even at elevated 

temperatures (up to about 600 °C)7. In the figure 2.1.3 is presented the intercalation 

process of the pillared clays.  

 

 

Figure 2.1.3:  Schematic illustration of intercalation process. 
 

Easily hydratable cations in the interlayer space of smectites adsorb water. The 

built cationic hydration coating takes away the three-sheet layers, so that the swelling 

takes place. Over the last decade a novel class of microporous materials has emerged 

from the intercalation of swelling clays, i.e. smectites, with oligo- or polymeric cationic 

complexes of metals7. In the principal category of the pillars belong the organic 

molecules (mainly alkylammoniums +NH3CnH2n+1). The intercalation of the 

alkylammoniums results to organo-clay complexes with organic derivatives. The 

chemical modification takes part by the cation exchange reaction of the countervailing 

cations (e.g. Na+) with positively charged of tetralkylammoniums molecules in aqueous 

solution: 
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The positively charged amino group attaches on the negative positions to the clay layer 

repelling the interlayer water molecules. Depending on the charge density of clay and 

the cationic surfactant, different arrangements of the organic molecules are possible. In 

general, the longer the surfactant chain length, and the higher the charge density of the 

clay, the further apart the clay layers will be forced. This is expected since both of these 

parameters contribute to increasing the volume occupied by the intergallery surfactant. 

Depending on the charge density of the clay, the organic surfactants may lie parallel to 

the clay surface as a monolayer, a lateral bilayer, or an inclined paraffin structure8 as 

illustrated in Fig.2.1.4. 

 

Figure 2.1.4:  Orientations of tetralkylammonium ions in the galleries of layered silicates: (a) 
formation of a monolayer, (b) bilayer, (c) inclined paraffin structure. 

 

Moreover, the properties of the smectite nanoclays can be tailored using simple 

chemical methods such as intercalation with organic or inorganic guest molecules. 

Their surface properties, for example, can be easily modified through treatment with an 

organic surfactant. As a result the presence of the surfactant expands the interlayer 

gallery rendering the nanoclay compatible with hydrophobic media and polymer 

matrices. Due to their distinctive structure and properties, these organic–inorganic 

hybrid materials (so-called “organo-clays”) can be utilized in a wide variety of 

applications including, construction of modified electrodes, biosensors or biocatalysts,9-

11 adsorbents for environmental remediation (e.g. removal of heavy metal ions for 

water12) but also as nanofillers for polymer reinforcement.13-15 Thus a strategy towards 

the improvement of the water retention of the Nafion membrane is the incorporation in 

the polymer matrix hybrid nanofillers of modified clays bearing organic functionalities 

with high affinity for Nafion and increased sites for water trapping.   
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2.2  Graphene – Graphite Oxide 
 

In the second class of 2D nanofillers, belongs the Graphene extensively studied 

by Novoselov and Geim on 2004 (Nobel prize in Physics 2010)16. This material has a 

number of unique properties, which makes it interesting for both fundamental studies 

and future applications. Graphene is the name given to a flat monolayer of carbon 

atoms, tightly packed into a two-dimensional (2D) honeycomb lattice. Carbon is 

arguably the most fascinating element in the periodic table. It is the base of DNA and 

all life on the earth. Carbon can exist in several forms, the most common form of 

carbon is graphite, which consists of several of stacked sheets of carbon with hexagonal 

structure. Under high pressure diamond is formed, which is metastable form of carbon. 

A new form of molecular carbon are the so called fullerenes17. The most common 

called C60, contains 60 carbon atoms and looks like a football (soccer ball ) made up 

from 20 hexagons and 12 pentagons which allow the surface to form a sphere. The 

discovery of fullerenes was awarded the Nobel prize in Chemistry in 1996. A related 

quasi-one-dimensional form of carbon, carbon nanotubes, have been known for several 

decades18 and the simple walled nanotubes since 199319-21. These can be formed from 

graphene sheets which are rolled up to form tubes, and their ends are half spherical in 

the same way as fullerenes (Figure 2.2.1). Using electron microscopy it has been 

observed that within graphene monolayers small ripples exist. It is speculated that these 

imperfections on the surface of graphene are what help to keep it from rolling into 

nanotubes or other carbonic structures16. The electronic and mechanical properties of 

metallic singled walled nanotubes have many similarities with graphene. However 

graphene like structures were already known of 1960’s but there were experimental 

difficulties in isolating single layers21-23, and there were doubts that this was practically 

possible. Just in 2004, Konstantin Novoselov, Andre Geim and their collaborators16, 

showed that such a single sheet of carbon could be isolated and that it was stable. The 

single layer of carbon is what we call graphene. It is interesting to consider that 

everyone who has used an ordinary pencil has probably produced graphene-like 

structures. A pencil contains graphite, and when it moved on a piece of paper, the 

graphite is cleaved into thin layers and end up on the paper, a small fraction of these 

thin layers will contain only few layers or even a single layer of graphite, i.e. graphene. 

Thus the difficulty was not to fabricate the graphene structures, but to isolate 
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successively large individual sheets in order to identify and characterize the graphene 

and to verify its unique two-dimensional (2D) properties. This is what Geim, 

Novoselov, and their collaborators succeeded in doing16.  

 

 

Figure 2.2.1: Representation of all graphitic forms. C60 fullerene molecules, carbon 
nanotubes, and graphite.24 
 

 

Graphene is a transparent single layer 

of carbon atoms arranged in hexagonal 

“honeycomb” fashion (figure 2.2.2). 

This structure creates an immensely 

strong two dimensional material, so 

strong (breaking strength of 42 N/m) 

that it is two hundred times the 

strength of steel. Making graphene the 

strongest material ever tested. 

Graphene shows a simultaneously high 

elasticity, high electrical and thermal 

conductivity (ten times higher thermal conductivity than copper). In addition the 

electronic properties of this 2D-material leads to, for instance, an unusual Hall effect25, 

26.  

Figure 2.2.2: Schematic representation of 
Graphene (atomic-scale honeycomb lattice 
made of carbon atoms).  
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New types of composite materials based on graphene with great and strength and low 

weight could also become interesting for use in satellites and aircrafts27. Moreover the 

development of a nano-dispersion of graphene-based materials in a polymer matrix has 

opened a new and interesting area in materials science in the recent years28, 29. The 

pristine graphite is inaccessible in the interlayer space and has a tendency to 

agglomerate in a polymer matrix30 reducing the use of this material. In order to avoid 

this problem, the functionalization of graphite by chemical oxidation, creating a 

hydrophilic graphite derivative with covalently attached oxygen-containing groups 

(hydroxyl, epoxy and carboxyl) to its layers called graphite or graphene oxide 

(GO)31, is a particularly attractive solution since it can improve the solubility and 

processability as well as enhance the interactions with organic and inorganic guest 

molecules. GO has a history that extends back many decades to some of the earliest 

studies involving the chemistry of graphite32, 33. 

The first, well-known example came in 1859 when British chemist B. C. Brodie 

was exploring the structure of graphite by investigating the reactivity of flake graphite. 

One of the reactions he performed involved adding ‘‘potash of chlorate’’ (potassium 

chlorate; KClO3) to a slurry of graphite in fuming nitric acid (HNO3)
34. Brodie 

determined that the final material was composed of carbon, hydrogen, and oxygen, 

resulting in an increase in the overall mass of the flake graphite. Successive oxidative 

treatments resulted in a further increase in the oxygen content, reaching a limit after 

four reactions. The C:H:O composition was determined to be 61.04:1.85:37.11. Brodie 

found the material to be dispersible in pure or basic water, but not in acidic media, 

which prompted him to term the material ‘‘graphic acid’’. Nearly 40 years after L. 

Staudenmaier improved Brodie’s KClO3-fuming HNO3 preparation by adding the 

chlorate in multiple aliquots over the course of the reaction (also, with the addition of 

concentrated sulfuric acid, to increase the acidity of the mixture), rather than in a single 

addition as Brodie had done. This slight change in the procedure resulted in an overall 

extent of oxidation similar to Brodie’s multiple oxidation approach (C:O~2:1), but 

performed more practically in a single reaction vessel35 Hummers and Offeman, 60 

years after Staudenmaier, developed an alternate oxidation method by reacting graphite 

with a mixture of potassium permanganate (KMnO4) and concentrated sulfuric acid 

(H2SO4), again, achieving similar levels of oxidation36. The Brodie and Staudenmaier 

approaches both use KClO3 and nitric acid (most commonly fuming [>90% purity]) 
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and will be treated together. Nitric acid is a common oxidizing agent (e.g. aqua regia) 

and is known to react strongly with aromatic carbon surfaces, including carbon 

nanotubes37, 38. The reaction results in the formation of various oxide-containg species 

including carboxyls, lactones, and ketones. Oxidations by HNO3 result in the liberation 

of gaseous NO2 and/or N2O4. Likewise, potassium chlorate, is a strong oxidizing agent, 

typically an in situ source of dioxygen, which acts as the reactive species. The 

Hummers method uses a combination of potassium permanganate and sulfuric acid. 

Though permanganate is a commonly used oxidant (e.g. dihydroxylations), the active 

species is, in fact, diamanganese heptoxide39. 

The most common source of graphite used for chemical reactions, including its 

oxidation, is flake graphite, which is naturally occuring mineral that is purified to 

remove heteroatomic contamination40. As such, it contains numerous, localized defects 

in its π-structure that may serve as seed points for the oxidation process. Furthermore 

considerable effort has been directed toward understanding the structure of GO, much 

of it with great success. Many of the earliest structural models of GO proposed regular 

lattices composed of discrete repeat units. Hofmann and Holst’s structure (Figure 2.2.3) 

consisted of epoxy groups spread across the basal planes of graphite, with a net 

molecular formula of C2O
41. Ruess proposed a variation of this model in 1946 which 

incorporated hydroxyl groups into the basal plane, accounting for the hydrogen content 

of GO42. Ruess’s model also altered the basal plane structure to an sp3 hybridized 

system, rather than the sp2 hybridized model of Hofmann and Holst. In 1969, Scholz 

and Boehm suggested a model that completely removed the epoxide and ether groups, 

substituting regular quinoidal species in a corrugated backbone. 

Finally in the Foster’s model, which is the predominant, the epoxy and C-OH 

functional groups lie above and below each carbon layer, while the -COOH groups are 

located near the layers’edges44, 45. In conclusion Graphite oxide (GO) is a graphite 

derivative with covalently attached oxygen-containing groups to its layers. These 

groups are generated in the course of the GO synthesis by strong oxidation. GO 

exhibits lamellar structure with randomly distributed unoxidized aromatic regions (sp2-

carbon atoms), six-membered aliphatic regions (sp3-carbon atoms) as a result of 

oxidation, and a high concentration of exposed oxygen-containing functional groups 

embedded in its carbon layers. Owing to the presence of such hydrophilic polar groups 

in the solid, GO is quite reminiscent of montmorillonites, which share common 
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swelling and intercalation properties. As a result, GO is an excellent host matrix for the 

interlayer accommodation of long chain aliphatic hydrocarbons46, transition metal 

ions31, hydrophilic molecules47 and polymers. Moreover is also promising for particle 

engineering processes, especially for the fabrication of thin films with smart 

properties31. 

 

 

Figure 2.2.3: Structural models of GO43 . 
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2.3 Layered Double Hydroxide (LDH) 
 

Layered double hydroxides (LDHs) belong to a class of nano-sized materials, of 

anionic clay family, with a unique combination of physicochemical properties that 

make them valuable nanostructures in diverse fields48-51. The first natural material of 

this family was discovered in Sweden in 1842 (hydrotalcite with the formula 

Mg6Al2(OH)16CO3·4H2O), while the first studies for the synthesis, the stability, the 

solubility and the structure of these 

materials started in 1930 from 

Freitknecht52. In contrary to the common 

clays, anionic clays are less known, 

although exist as naturally occurring 

minerals, while they are also relatively 

simple and economical to synthesize. 

The most interesting properties of LDHs 

include large surface area, high anion 

exchange capacity (2–3 meq/g) that is 

comparable to those of anion exchange 

resins, and good thermal stability53-55. 

The anionic clays structure is similar to 

brucite Mg(OH)2 structure shown in 

Figure 2.3.1, and crystallize in a layer-

type lattice. A typical chemical structure of anionic (or hydrotalcite type) clay can be 

represented as [M1−x
(II) M x

(III) (OH)2]
x+[A m-

x/m]·nH2O, where M(II) is a divalent metal 

cation (Mg, Mn, Fe, Co, Ni, Cu, Zn, Ga) and M(III) is a trivalent metal cation (Al, Cr, 

Mn, Fe, Co, Ni, and La). Am− represents an interlayer anion, such CO3
2−, OH−, NO3

−, 

SO4
2- or ClO4

−. The basal spacing (c0) is the total thickness of the brucite-like sheet and 

the interlayer region. The octahedral units of M2+ or M3+ (sixfold coordinated to OH-) 

share edges to form infinite sheets (Figure 2.3.2). These sheets are stacked on top of 

each other and are held together by hydrogen bonding. Such LDHs have an anion 

exchange capacity, which depends on the isomorphic substitution of Mg2+ ions by 

higher valence cations. As a consequence, the layers have a fixed positive charge and 

neutrality is obtained, for example, by hydrated anions present in the galleries56. The 

Figure 2.3.1: Schematic representation 
of the brucite Mg(OH)2. 59 
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positive charge of the layers affects many fundamental properties of the LDHs, 

including anion exchange capacity, anion fixation, swelling ability, water holding, and 

high specific surface areas. These materials have the natural ability to absorb organic or 

inorganic guest anionic species (and even neutral polar molecules) from solutions, and 

it is this anion “storage” that gives unique properties to LDHs, which can be used in a 

wide range of applications, such as in the field of catalysis photochemistry, 

electrochemistry, polymerization, magnetization, biomedical science, and 

environmental applications52, 54, 57, 58  

Moreover there is a great flexibility concerning the anions that can be hosted in the 

interlayer space of LDHs and counterbalance the positively charged layers. In the 

literature have reported many types of countervailing anions on LDH such as inorganic 

ions (Br‐, F‐, Cl‐, I‐, CO3
2‐, NO3

‐, OH‐, SO4
2‐, ClO4

‐, PO3
‐, PO4

3‐, HPO4
2‐, H2PO4

‐, 

P2O7
2‐), organic anions (carboxylates, dicarboxylates, alkyl sulfonates, organic dyes), 

polymeric anions (polyvinyl, polystyrene sulfonate, polyacrylate, polyaniline, 

polyethylene glycol), complex compounds (CoCl4
2‐, NiCl4

2‐, IrCl6
2‐, Fe(CN)6

4‐, 

Fe(CN)6
3‐, Mo(CN)8

4‐, Mo(CN)8
3‐, Ru(CN)6

4‐, Ru(CN)6
3‐, Co(CN)6

3‐), (POMs) 

(Mo7O24
6‐, W7O24

6‐, H2W12O40
‐6, V10O28

6‐, biochemical ions (different amino acids, 

DNA, CMP, AMP, GMP, ATP, ADP)60. Unlike the metal to the layers, there is almost 

no restriction for the nature of the anions in the interlayer space of LDHs.  

 

 

 

Figure 2.3.2: schematic representations of a) LDH structure and b) octahedral units M(OH)6 

of LDH’s layers.61 

(a) 

(b) 
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LDHs can be regarded as a class of materials that are simple to synthesize in the 

laboratory, although not always as pure phases. In general, there are several approaches 

to prepare LDHs. The simplest and most commonly used method is coprecipitation. In 

this method, aqueous solutions of M2+ and M3+ containing the anion that is to be 

incorporated into the LDHs are used as precursors, of which Mg and Al are the most 

frequently used metal precursors. In order to ensure simultaneous precipitation of two 

or more cations, it is necessary to carry out the synthesis under conditions of 

supersaturation. There are generally two types of coprecipitation conditions, namely at 

low supersaturation and at high supersaturation. Coprecipitation at low supersaturation 

is performed by slow addition of mixed solutions of divalent and trivalent metal salts at 

the selected ratio into a reactor containing an aqueous solution of the desired interlayer 

anion. A second solution of an alkali is then added into the reactor simultaneously at 

such a rate as to maintain the desired pH for coprecipitation of the two metallic salts. In 

a slight contrast to the former method, coprecipitation at high supersaturation requires 

the addition of a mixed salt solution to an alkaline solution containing the desired 

interlayer anion. Coprecipitation at high supersaturation generally gives rise to less 

crystalline materials compared to those with low supersaturation, due to the formation 

of a large number of crystallization nuclei. After precipitation at low and high 

supersaturation, a thermal treatment process is performed to increase the yields and 

crystallinity of the materials. This is followed by an aging process conducted for a 

period ranging from a few hours to several days54. In order to ensure the purity of the 

synthesized LDHs, the use of the decarbonated ultrapure water and the application of 

vigorous stirring in combination with nitrogen purging in the synthesis process are 

necessary61. LDHs can be also prepared by the ion exchange method. This method is 

useful when the coprecipitation method inapplicable, e.g. when the divalent or trivalent 

metal cations or the anions involved are unstable in the alkaline solution, or when the 

direct reaction between the metal ions and the guest anions is more favourable. In this 

method, the guests are exchanged with the anions present in the interlayer regions of 

the LDHs to produce specific anion-pillared LDHs62. Ion exchange method is the most 

common method for modifying already prepared LDHs. Bish and Bridley in 1977, 

observed that the treatment of takovite mineral with hydrochloric solutions not change 

the structure of LDH, but leads to the formation of a new LDH with different interlayer 

distance between the sheets due to the replacement of carbonate anions (CO3
2-) from 
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chlorine ions (Cl-)53. Several factors play important roles in the adsorption process, 

such as pH, competitive anions, temperature, LDH particle size. Generally when is 

used LDH which contains carbonate or carboxylate anions, as a precursor, the ion 

exchange ion takes part at a low pH (4,5<pH<6) in order first to accentuate these 

anions and as result to be more easily removed from the interlayer space of LDH and 

then to insert the new anions. The most easily exchangeable ions from the interlayer 

space of LDH’s are the nitrate anions (NO3
‐). Depending on the load, the charge 

density and the ability to hydrogen bonds of anions, they follow the order: NO3
‐<Br‐ 

<Cl‐ <F‐ <OH‐ ‐< CO3
2‐< SO4

2- based on which, some anions are more easily 

interchangeable than others while the divalent anions are more strongly held in the 

interlayer than the monolayer anions 63. 

Another common method to produce LDH is rehydration/reconstruction using 

the structural ‘‘memory effect’’. This method involves calcination of LDH to remove 

the interlayer water, interlayer anions, and the hydroxyl groups, resulting in mixed 

metal oxides. Besides the aforementioned methods, other reported synthesis methods of 

LDH include the secondary intercalation method (an intercalation method involving 

dissolution and the re-coprecipitation method), salt-oxide method, surface synthesis, 

template synthesis, and others64. 
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3. EXPERIMENTAL TECHNIQUES 

 

The experimental technique on which focused my experimental work was the 

Nuclear Magnetic Resonance (NMR), by using different methods and sequence: Pulsed 

Field Gradient (PFG) NMR, to direct measurements of the diffusion coefficients, 

inversion recovery and spin echo for relaxation times measurements, and one pulse to 

acquire NMR spectra. 

Scanning Electron Microscopy (SEM) and Dynamic Mechanical Analysis (DMA) are 

also described in this section. 

In collaboration with other laboratories the materials were characterized by X-ray 

diffraction, FTIR, Raman spectroscopy, thermal analysis, proton conductivity. These 

techniques are not discussed in this thesis. 

 

3.1 Nuclear Magnetic Resonance (NMR) 
 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique that 

exploits the magnetic properties of certain atomic nuclei to determine physical and 

chemical properties of atoms or the molecules in which they are contained. It can 

provide detailed information about the structure, dynamics, reaction state, and chemical 

environment of molecules. In principle, NMR is applicable to any nucleus possessing 

spin. The spin is an intrinsic angular momentum of the magnetic nuclei, whose 

magnitude is [ I(I + 1)1/2 ħ. The spin quantum number (I) of some commonly occurring 

nuclei are given in Table 3.1. 

Table 3.1: Some commonly nuclear spin quantum numbers. 

I Nuclei 
0 12C, 16O 

1/2 1H, 13C, 15N, 19F, 29Si, 31P 
1 2H, 14N 

3/2 11B, 23Na, 35Cl, 37Cl 
5/2 17O, 27Al 
3 10B 
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It is worthy to note that 12C and 16O have I = 0, i.e. there is no angular momentum, no 

magnetic moment and consequently no NMR spectra. The angular moment I of a spin-I 

nucleus has just 2I+1 projections into an arbitrarily chosen axis, name the z axis. That 

is, the z component of I, denoted by Iz is quantized: 

I m (3.1.1) 

where m, the magnetic quantum number, has 2I+1 values in integral steps between +I 

and - I ,m = I, I-1, I-2,  …-I+1, -I. In the case of I=½ (for example 1H), the angular 

momentum has two permitted directions, Iz = ±½ħ, while a nucleus with I (for example 
2H) has three possible state, Iz = 0, ± ħ. The magnetic moment μ of a nucleus is directly 

proportional to I : 

 (3.1.2) 

where γ is the gyromagnetic ratio. γ  is equal to ħ-1gμN where μN is the nuclear 

magneton, and g is the g-factor of the nucleon or nucleus in question.  

When nuclei with non-zero spin, and hence non zero magnetic moments, are placed 

into a static magnetic field, B0, they are subject to various interactions described by the 

total spin Hamiltonian, 

Ĥ Ĥ Ĥ Ĥ Ĥ Ĥ Ĥ  (3.1.3) 

Ĥz is the Zeeman interaction and it is the interaction between magnetic moment μ and 

magnetic field B0: 

Ĥ μΒ γI ∙ B γ Ι B I B I B  (3.1.4) 

If the magnetic field is in the z direction the Zeeman Hamiltonian can be written : 

Ĥ γΙ Β  (3.1.5) 

Solving the Schrödinger equation Ĥz |m>= E|m>, where |m> are the nuclear spin levels 

functions, these levels are distinguished by different quantum number m, then we 

obtain 2I+ 1 values of energy: 

E m γΒ  (3.1.6) 
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The 2I+ 1 states for spin- I nucleus are equally spaced, with energy gap ħγB (Figure 

3.1.1). 

 

 

Figure 3.1.1: Energy levels for hydrogen nucleus in a magnetic field B0 considering the 
Zeeman interaction. 

 

In the eq. 3.1.3 ĤQ is the quadrupolar interaction Hamiltonian, Ĥrf is the Hamiltonian 

describing the interaction of radio frequency radiation with the nuclear spins, ĤD 

represent the dipolar coupling ĤCS the chemical shift and ĤJ the indirect coupling. 

Nuclei with a spin I = ½ have a spherical charge distribution and therefore, do not 

exhibit an electric quadrupole moment Q. 

Assuming that an oscillating magnetic field (i.e rf) 2B1cos(2πυ1t) is along the x-

direction (with radio frequency, υ1) perpendicular to the static magnetic field B0: 

Ĥ t hγΒ 	I cos 2	πυ t  (3.1.7) 

This Hamiltonian of interaction make known to transitions between the energy levels of 

spin that have been separated by the Hamiltonian Ĥs . The frequency associated to the 

transition from the lower energy state to the higher energy state is given by: 

u Δ 	
π
 (3.1.8) 

The relative angular frequency is ω0 = 2πυ0 and it is known as the Larmor Frequency. 

The magnetic field, B1, influences (move) the net magnetization, M= ∑  of the 

overall sample due to changes in occupancy in the spin state. In other words M reflects 

the difference of population between the upper and lower spin levels (for I = ½ nuclei 

system). 
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The return of magnetization, M, to its equilibrium state is known as relaxation. There 

are three factors that influence the decay of M: magnetic filed inhomogeneity, spin-

lattice (longitudinal) T1 relaxation and spin-spin relaxation (transverse) T2 relaxation. 

T1 relaxation is the mechanism by which the z equilibrium with its surroundings (the 

“lattice”). T2 relaxation is the mechanism by which Mxy, the transverse component of 

magnetization vector, exponentially decays towards its equilibrium value of zero. 

To observe NMR signals, the spin system must absorb electromagnetic energy (in the 

radio fre- quency range) that allows transitions between the energy levels. Equilibrium 

is achieved through the process of relaxation, which is due to the interaction between 

the spins and their environment. There are two main types of relaxation: longitudinal or 

spin-lattice (T1), and transverse or spin-spin lattice (T2). If one considers that spin 

system as isolated thermodynamically, then upon the absorption of energy from the rf 

pulse, the temperature of the spin system will increase. To restore equilibrium to the 

system there must be a removal of this excess heat to the lattice bath. Time constant T1 

characterizes the rate of return to equilibrium of the z-component of the magnetization 

after perturbation. To determine the longitudinal relaxation time for T1, the inversion 

recovery technique is often used. The pulse sequence for this technique is π − τ − π/2. 

The time interval τ is varied using approximately 12–15 values. Immediately following 

the π pulse, the M is inverted. During the time interval, M relaxes back to thermal 

equilibrium at a rate of T1 −1. The application of the π/2 pulse causes M to rotate from 

the z-axis into the x-y plane where the nuclear signal may be picked up by a receiver 

(see Figure 3.1.2) . The time dependence of Mz follows: 

Mz Mo 1 2exp /  (3.1.9) 

 

 

Figure 3.1.2: Inversion recovery sequence. 
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The time constant T2 determines the time it takes for the x and y components of the 

magnetization to equilibrate after perturbation. Whilst there are several more-elaborate 

techniques for measuring the spin-spin relaxation, T2, most are based on the spin-echo 

pulse sequence, a schematic of which is shown in Figure 5. This technique was first 

developed by Hahn in 19501 and consisted of two rf pulses: one π/2 and the other π, 

separated by time –τ. Ideally, in a perfectly homogeneous static magnetic system, the 

perturbed magnetization returns to equilibrium by a dephasing of the coherences in the 

x-y plane during a time T2, which is related to the spectrum line-width at half height. 

However, in practice, the static magnetic field is not perfectly homogeneous; this 

causes nuclei in different regions of the sample to experience different fields and 

therefore precess at different frequencies. This precession results in additional 

dephasing of the spins in the x-y plane. In practice, T2 ≤ T1. The initial preparation 

pulse puts M along the x or y axis (depending on its phase). The difference in the field 

experienced by the spins results in precession at various frequencies, causing dephasing 

of M. The slower moving components of Mxy appear to move counterclockwise, while 

those faster moving components appear to move clockwise. At time τ after the π pulse, 

the magnetization refocuses along the negative x or y axis. The dephasing and 

rephrasing of the magnetization along the x or y axis are known as spin echoes (see 

Figure 3.1.3). The intensity of the echo will depend on T2 according to: 

M Mo	exp /  (3.1.10) 

 
 

Figure 3.1.3: Spin-echo sequence 
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3.1.1 Temperature dependence of T1 and T2 
 

An NMR state diagram is a curve of NMR relaxation time, be it spin–spin relaxation 

time (T2) or spin–lattice relaxation time (T1), versus temperature. Usually, relaxation 

times of liquids increase linearly with temperature. However, at very low temperatures 

or with solid materials, relaxation times behave drastically different. For solids, with 

rising temperature, T2 changes little at low temperatures and increases rapidly above 

certain temperatures, characterized by a mirrored-L shape, while T1 decreases rapidly 

to a certain point and rises again rapidly, characterized by a minimum (Figure 3.1.4). 

 

Figure 3.1.4: Schematic diagrams showing relaxation times of a material as a function of 
temperature. 

 

Let us consider a high molecular weight polymer with side chain segments. When 

heated, some segments within the long chain of the polymer molecule are mobilized 

before the whole molecule starts moving. Further heating causes the entire molecule to 

move and become liquid. Two types of motions can be identified during the gradual 

heating, that is, segmental motion and molecular motion. At a certain low temperature, 

both motions are hindered severely or frozen; at higher temperatures, both motions may 

be activated. These 2 situations correspond to the solid state and liquid state, 

respectively. When the polymer is placed at a temperature where only the segmental 

motion is activated while the molecular motion is frozen, the state is called the rubbery 

state, and such state transition takes place at the glass–rubber transition temperature Tg. 

On further heating, the polymer in the rubbery state becomes a highly viscous liquid 

and starts flowing. The polymer moves into the visco-fluid state, and such transition 
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takes place at the flow temperature Tf. Relaxation time is a function of the spin species 

and the chemical and physical environments surrounding the spins. Therefore, analysis 

of T1 and T2 of a sample will allow the study of the chemical and physical properties of 

the sample. A long T1 or T2 indicates a slow relaxation and a short T1 or T2 value 

indicates a rapid relaxation. 

The dynamic motion of spins can be characterized by a correlation time τc, which is, 

roughly speaking, the minimum time required for the nuclear magnetic moment to 

rotate 1 radian (1/2 π of a complete circle). In general,τc for non viscous liquid is very 

short. With water, for instance, τc is about 10−12 s. On the other hand, τc for solids is 

very long, about 10−5 s. Within limits, the slower the motion, the longer the τc, and the 

faster a perturbed spin system will relax. Thus, the relationship between the motional 

characteristics and NMR relaxation can be established through the relationship between 

τc and relaxation time, as described in the equations2 3.1.11 and 3.1.12:  

 

          (3.1.11)  

 

3     (3.1.12) 

 

 

3
160

 

 

K is a constant that includes a number of nuclear parameters and constants, and ω0 is 

the resonance frequency. Figure 3.1.5 is a plot of τc versus relaxation time constants T1 

and T2. The curves are similar to those in Figure 3.1.43. This is because, within limits, 

τc is related to temperature. Their relationship can be described by the equation 3.1.13:  

 

    /         (3.1.13) 

 

where Eact is the activation energy for rotational motion, k the Boltzmann constant, T 

the absolute temperature, and τc0 is a constant. 
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Figure 3.1.5 : A generalized schematic diagram showing the relationship between relaxations 
time constants and correlation time. 
 
Fundamentally, T1, T2, and equations 3.1.11 and 12 describe the rotational motions of 

nuclei. It is suggested that rotation of a probe molecule (e.g., water) in a viscous liquid 

should be coupled to the structural relaxation of the surroundings, which is largely 

determined by the translational diffusion properties and the structure of the neighboring 

molecules4. The fact that the product of correlation time and translational diffusion 

coefficient is a constant indicates that rotational and translational motions are closely 

related4, 5. Netz and others5 (2002) suggest that translational and rotational motions are 

controlled by a common mechanism. Therefore, T1 and T2 are conveniently coupled to 

molecular mobility; however, the relationship between relaxation times and molecular 

mobility depends on the nucleus being probed and surrounding systems6, 7. 

 

 

3.1.2 NMR PGSE Technique 
 

NMR spectroscopy has provided information on the microscopic as well as 

macroscopic nuclear environments by determination of parameters such as relaxation 

times (T1, T2), self-diffusion coefficients (D), and structural information. One of its 

most important uses in the study of PEMs has been to provide mass transport data of 
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the diffusing ions or molecules through measurement of D by the NMR pulse gradient 

spin echo (PGSE) and pulse gradient stimulated echo pulse sequences. The schematic 

for the PGSE technique is shown in Figure 3.1.6. The PGSE technique is a powerful 

non-invasive method for the determination of D. It can provide very accurate and quick 

measurement of D in multi-component systems without the need for isotopic labeling 

based on is chemical shift difference of the diffusing specie. The technique was first 

developed by Hahn (1950)1 and originally involved the use of a typical spin-echo-pulse 

sequence. In addition to this, a constant magnetic gradient was applied along the z axis. 

This method was later modified by Stejskal and Tanner (1965) in which they replaced 

the constant magnetic gradient by pulsed magnetic gradients8-10. The application of 

pulsed gradients as opposed to one that is constant eliminates the problem of large 

broadening of the signal in the presence of the static gradient. The NMR PGSE 

technique consists of two rf pulses: first π/2, then π. Following each rf pulse are 

magnetic gradients of strength g and duration δ, separated by time Δ. 

 

 

Figure 3.1.6: Schematic of the pulse gradient spin echo technique (PGSE) pulse sequence, 
which consist of two rf pulses (π/2 and π), separated by delay time τ, and each followed by a 
magnetic gradient pulse of magnitude g1, duration δ, and separation Δ9. 

 

The core of the NMR PGSE technique lies in the fact that in the presence of a magnetic 

field with superimposed magnetic gradients, a diffusing nucleus will experience 

changes in the magnetic field it experiences and its resulting phase. This change in 



Experimental Techniques 

 

 62 

phase results in attenuation of the magnetization M and the resulting attenuation factor 

is given by8: 

M g exp	 γ g Dδ ∆ δ/3  (3.1.14) 

where D is the self-diffusion coefficient of the diffusing species, g is the gradient 

strength, and δ and Δ are the gradient pulse width and interval between gradient pulses, 

respectively. The expression above is for a fixed time between excitation and 

refocusing pulses. The attenuation of the spin echo versus gradient strength is shown 

for a representative system in Figure 3.1.7. In order to obtain D, the magnitude of g, Δ, 

τ, and γ must be known. Typical values of δ are a few milliseconds, whilst Δ ranges 

from a few milliseconds to a few hundred milliseconds. 

 

 

Figure 3.1.7: A representative 1H PGSE NMR decay profile and plot from which the diffusion 
coefficient is obtained.9 
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Figure 3.3.3: Spin Echo Pulse. 
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3.2 Scanning Electron Microscopy  
 

Scanning electron microscope11 is one of the most versatile instruments for examining 

the microstructural characteristics of solids. High resolution that can go beyond 2,5 nm 

and three-dimensional view are characteristic principles of this instrument. The variety 

of the attained signals (x-rays, Auger electrons etc) provides rich information regarding 

surface’s composition and additionally can be studied crystallographic, magnetic and 

electronic characteristics of the materials. A scanning electron microscope is composed 

of: 

 the luminescence source: 

Electron gun; 

 the vacuum system; 

 the electromagnetic lenses; 

 the deflection coil; 

 the object’s lens; 

 the signal detector; 

 the signal transformation system 

to images; 

 the sample holder area; 

 
 

Figure 3.2.1: Schematic presentation of a SEM 
apparatus. 

 

The scanning procedure takes place through interactions between sample’s 

surface and the electronic beam. Between the produced signals there are: secondary 

electrons, electrons diffusing inside the surface, a continuum characteristic of the X 

rays, auger electron emissions and photons of various energies. The resolution of a 

particular SEM signal is determined primarily by the excitation volume and not by the 

magnitude of the secondary probe. The energy of the beam electrons lies in between (1 

– 30) keV. When the beam arrives in the surface there can be either elastic or inelastic 

diffusion. The first results from the interactions between the beam electrons and the 

atoms of the material provoked by significant deviations on the occurring directions. 
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The second is produced from the inelastic interaction between the beam’s electrons and 

the material’s bonds. 

The inelastic diffusion is directly responsible for the production of the signals used for 

the surface’s examination. In fact, the interaction with the Coulomb field of the atoms 

verifies energy loss and emission of characteristic x-rays. Below 10 nm the electrons 

diffusing from the primary beam get strongly absorbed through recombination with the 

gap that is created during the diffusion process and in some insulator materials there are 

produced photons with wave lengths in the visible or the near infrared giving therefore 

a visible luminescence. The intensity of backscattered electrons can be correlated to the 

atomic number of the element within the sampling volume. Hence, some qualitative 

elemental information can be obtained. The analysis of characteristic X-rays emitted 

from the sample gives more quantitative elemental information. Such X-ray analysis 

can be confined to analytical volumes as small as 1 cubic micron. 
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3.3 Dynamic Mechanical Analysis  
 

Dynamic mechanical analysis (abbreviated DMA, also known as dynamic 

mechanical spectroscopy) is a technique used to study and characterize materials. It is 

most useful for studying the viscoelastic behavior of the polymers. A sinusoidal stress 

is applied and the strain in the material is measured is measuring allowing one to 

determine the complex modulus. The temperature f the sample or the frequency of the 

stress are often varied, leading to variations in the complex modulus; this approach can 

be used to locate the glass transition temperature of the material, as well as to identify 

transitions corresponding to other molecular motions. Polymers composed of long 

molecular chains have unique viscoelastic properties, which combine the characteristics 

of elastic solids and Newtonian fluids. The classical theory of elasticity describes the 

mechanical properties of elastic solids where stress is proportional to strain in small 

deformations. Such response of stress is independent of strain rate. The classical theory 

of hydrodynamics describes the properties of viscous fluid, for which the response of 

stress is dependent on strain rate12. The viscoelastic property of a polymer is studied by 

dynamic mechanical analysis where a sinusoidal force (stress σ) is applied to a material 

and the resulting displacement (strain) is measured. For a perfectly elastic solid, the 

resulting strain and the stress will be perfectly in phase. For a purely viscous fluid, 

there will be a 90 degree phase lag of strain with respect to stress13. Viscoelastic 

polymers have the characteristics in between where some phase lag will occur during 

DMA tests13.  

 Stress : sin   

 Strain: sin  

Where  ω is frequency of strain oscillation, t is time,  δ is phase la between stress and 

strain. 

The storage modulus measures the stored energy, representing the elastic portion, and 

the loss modulus measures the energy dissipated as heat, representing the viscous 

portion. The tensile storage and loss moduli are defined as follows: 

 

Storage Modulus:    
	

	
cos    Loss Modulus :     

	

	
sin  

Phase angle Tan(delta):  tan  
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Similarly are also defined shear storage and loss modulli, ′ and ′′. 

Complex variables can be used to express the moduli  and  as follows: 

′   ′  where  2 = - 1 

The instrumentation of a DMA consists of a displacement sensor such as a linear 

variable differential transformer, which measures a change in voltage as a result of the 

instrument probe moving through a magnetic core, a temperature control system or 

furnace, a drive motor (a linear motor for probe loading which provides load for the 

applied force), a drive shaft support and guidance system to act as a guide for the force 

from the motor to the sample, and sample clamps in order to hold the sample being 

tested. Depending on what is being measured, samples will be prepared and handled 

differently. Two major kinds of test modes can be used to probe the viscoelastic 

properties of polymers: temperature sweep and frequency sweep tests. A common test 

method involves measuring the complex modulus at low constant frequency while 

varying the sample temperature. A prominent peak in tan  appears at the glass 

transition temperature of the polymer. Secondary transitions can also be observed, 

which can be attributed to the temperature-dependent activation of a wide variety of 

chain motions14. 

In semi-crystalline polymers, separate transitions can be observed for the crystalline 

and amorphous sections. Similarly, multiple transitions are often found in polymer 

blends. A sample can be held to a fixed temperature and can be tested at varying 

frequency. Peaks in tan  and in with respect to frequency can be associated with 

the glass transition, which corresponds to the ability of chains to move past each other. 

Note that this implies that the glass transition is dependent on strain rate in addition to 

temperature. Secondary transitions may be observed as well. 

The Maxwell model provides a convenient, if not strictly accurate, description of 

viscoelastic materials. Applying a sinusoidal stress to a Maxwell model gives:  

 

	

	 1
 

where  is the Maxwell relaxtion time. 

Thus, a peak in is observed at the frequency  . 14 
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A real polymer may have several different relaxation times associated with different 

molecular motions. Because glass transitions and secondary transitions are seen in both 

frequency studies and temperature studies, there is interest in multidimensional studies, 

where temperature sweeps are conducted at a variety of frequencies or frequency 

sweeps are conducted at a variety of temperatures. This sort of study provides a rich 

characterization of the material, and can lend information about the nature of the 

molecular motion responsible for the transition. 

 

 

 

 

 

References 
 

1 E. L. Hahn, Physical Review 80, 580 (1950). 
2 T. C. Farrar, Madison: The Farragut Press. p 211  (1989). 
3 R. R. Ruan and P. L. Chen, Lancaster, Pa.: Technomic Publishing Co  (1998). 
4 B. Bagchi, The Journal of Chemical Physics 115, 2207 (2001). 
5 P. A. Netz, F. Starr, M. C. Barbosa, and H. E. Stanley, Journal of Molecular Liquids 101, 

159 (2002). 
6 P. S. Belton, I. Delgadillo, A. M. Gil, and G. A. Webb, Cambridge, U.K.: Royal Society of 

Chemistry  (1995). 
7 S. J. Schmidt, Avances in Food and Nutrition Research 48, 1 (2004). 
8 E. O. Stejskal, The Journal of Chemical Physics 43, 3597 (1965). 
9 S. Suarez and S. Greenbaum, The Chemical Record 10, 377 (2010). 
10 E. O. Stejskal and J. E. Tanner, The Journal of Chemical Physics 42, 288 (1965). 
11 J.I.Goldstein and H.Yakovitz, 1rst ed., Plenum Press, New York  (1975). 
12 J. D. Ferry, (3 ed.). Wiley  (1980). 
13 M. A. Meyers and K. K. Chawla, Prentice-Hall  (1999). 
14 R. J. Young and P. A. Lovell, Introduction to Polymers (2 ed.). Nelson Thornes.  (1991). 

 

 



   Results and Discussion 

 

 69

4. Results and Discussion  

In this PhD-thesis, a new class of fillers based on swellable smectite clays, 

Graphite Oxide (GO) and Layered Double Hydroxides, were tested as nanofillers for 

the creation of Nafion nanocomposites. In addition an alternative to Nafion, a new short 

side chain perfluorosulfonic membrane (AquivionTM) was used for development of 

composite membranes comprising inorganic nanoparticles of zirconium phosphate 

(ZrP). The aim of this study was the creation of novel nanocomposite membranes with 

high proton conductivity and water retention, even at high temperatures. The solution 

intercalation method has been successfully applied for incorporation of layered 

materials into the polymer, while the effect of the solvent, temperature and filler 

loading were examined in order to determine the optimum conditions for the 

preparation of highly homogeneous composites. The characteristics of the membranes 

were studied mainly, in terms of transport properties by NMR spectroscopy, in order to 

study the water dynamics inside the electrolyte membranes,  which is one of the key 

aspects in the evaluation of these materials.1-5 For this purpose the Pulse-Field-Gradient 

Spin-Echo NMR (PFGSE-NMR) method 6 (see chapter 3.1) was employed to obtain a 

direct measurement of water self-diffusion coefficients on the water-swelled 

membranes in a wide temperature range (25-140 °C). This technique together with the 
1H-NMR spectra have provided a general description of the water behavior: how it is 

shared in the polymer structure, effects of the nanofillers and their surface 

modifications, interactions between water molecules and hydrophilic groups present 

and, finally, a quantitative estimate of the hydration number, i.e. number of water 

molecules solvating the hydrophilic sites both in the maximum hydration regime and in 

quasi-dehydration conditions7. Spin-lattice relaxation times (T1) were also taken as a 

function of temperature and water content. Additionally, both pristine materials (fillers 

and Nafion) as well as the resulted nanocomposites were characterized by a 

combination of X-ray diffraction, FTIR and Raman spectroscopies, thermal analysis 

(DTA/TGA) and scanning electronic microscopy (SEM). The results of these studies  

have been published on scientific international journals and reported in appendix at this 

thesis. In this chapter, the most important results are reported and discussed. 
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4.1 Clays-based nanocomposites for PEMFCs (paper I) 
 

Smectite clays, as have been extensively described in chapter 2.1, are a class of 

layered aluminosilicate minerals with a unique combination f swelling, intercalation, 

and ion exchange properties.  

One synthetic (Laponite) and two natural clays (Kunipia and SWy-2 

montmorillonites) with different structural and physical parameters were chosen as 

nanofillers: Laponite shows both low layer charge density and particle size (20 nm), 

SWy-2 has a medium layer charge density and high particle size (200 nm) and, finally, 

Kunipia has a high layer charge density and particle size also around 200 nm. Table 4.1 

summarize the properties of these clay materials and their structural formula. 

 

Table 4.1. - Some physical properties and the structural formula of laponite (Lap) 

and the two montmorillonites (SWy-2 and Kunipia) 

 

Clay 

Particle 

size 

(nm) 

CEC* 

(meq/100 

g) 

Charge 

density 

(e-1/unit 

cell)‡ 

Structural formula 

Lap 20 48.1 0.5 Na0.56[Mg5.4Li0.4]Si8O20(OH)4 

SWy-2 200 76.4 0.6 Na0.62[Al3.01Fe(III)0.41Mg0.54 Mn0.01Ti0.02](Si7.98Al0.02)O20(OH)4 

Kun 200 119 0.9 Na0.87[Al3.12 Fe(III)0.20Mg0.61Ti0.01](Si7.90Al0.10)O20(OH)4 

* CEC is the cation exchange capacity;   ‡ unit cell is the Si8O20 unit 

 

 

4.1.1 Structural properties of clays-nanocomposites membranes 
 

Hybrid membranes were synthesized by solution intercalation with different filler 

loadings: 1, 3, 6 and 9 wt% with respect to the Nafion polymer. Details of the 

preparation procedure are in the paper in the appendix to the thesis. 

Depending on the strength of interfacial interactions between the polymer matrix and 

the inorganic materials, three different types of nanocomposites are thermodynamically 

achievable, as shown in Figure 4.1: (1) conventional composites, where packages of 

silicate layers, keep their stacking, creating a conventional phase separated composite 
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(microcomposite), (2) intercalated nanocomposites, where the polymer chains are 

intercalated between the silicate layers, therefore increasing their gallery height but 

maintaining their layered stacking, resulting in a well ordered multilayer with 

alternating polymer/silicate layers, (3) exfoliated nanocomposites, in which the 

individual clay layers lose their stacking and are exfoliated and dispersed in the 

continuous polymeric matrix 8. The conventional procedures to prepare these 

nanocomposites include: i) solution 9, 10, ii) melt intercalation 11, where the polymer 

intercalate to the interlayer space from solution or melt respectively and iii) in situ 

polymerization 12, where the polymerization is started inside of the clay galleries. 

Melting intercalation is more industrial than the solution; however the exfoliated clays, 

incorporated into the polymeric matrix, have obtained easily and effectively by solution 

intercalation 13.  

 

 

Figure 4.1.1: Image describing the three types of clay-polymer composites: conventional 
composites (or microcomposites), intercalated nanocomposites and exfoliated nanocomposites 
 

X-ray diffraction (XRD) measurements provide a powerful tool to evaluate the type of 

composites created after the incorporation of the inorganic layered nanofillers in the 

Nafion matrix. Figure 4.1.2 shows the XRD patterns of the recast-Nafion and of three 

nanocomposites with KUN, SWy-2 and Lap at the same filler to polymer loading (3 

wt%).  In the case of KUN and SWy-2 Nafion nanocomposites, a 001 reflection 

appeared at 7o due to the presence of packages of ordered aluninosilicate layers in the 

mass of the polymeric matrix, indicating probably the creation of micro-composites 

(conventional composites) when using these two montmorillonites as fillers. However, 

the intensity of the 001 peak in SWy-2 nanocomposite is significant lower than that of 
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Kunipia nanocomposite, implying that only a small fraction of clay platelets retains its 

stacking while the majority is existing in fine dispersion between polymer chains 

(partially exfoliated). On the other hand, in the case of Laponite, the absence of the d001 

diffraction peak in the pattern of the final nanocomposite, characteristic of the sodium-

Laponite, indicates that the ordered structure of the layered mineral is effectively 

eliminated after mixing with the polymeric mass.  
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Figure 4.1.2: XRD patterns of recast Nafion and nanocomposites membranes prepared with 
KUN, SWy-2 and Lap.  

 

4.1.2. Water transport properties in clays-based PEM 
 

The membrane water retention (uptake%) was calculated as: 

uptake%= [(mwet-mdry)/mdry] × 100. 

The dry mass (mdry), was measured by drying the sample in a vacuum oven at 80°C for 

2 h. The wet mass (mwet) was determined after immersion of the dried sample in 

distilled water at 30°C for 24 hours.  The dimensional variations were calculated at the 

same conditions of water uptake, by measuring the thickness, the width and the length 

variation between the dried and wet samples. The transport properties of water 

molecules confined in the porous structure of the Nafion membrane and the effect of 

the clay-fillers added was studied by PFG-NMR technique. Figure 4.1.3 displays the 
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plot of the water self-diffusion coefficients measured on completely swelled 

membranes (at their maximum water uptake), in the temperature range 25-140 °C. 

Kunipia composite, similarly to the recast Nafion shows a sudden decrease of the 

diffusion after 60 – 80 °C, due to loss of water from the membrane. This abrupt drop of 

the diffusion is hypothesized to be related to the inability of the membrane to retain 

water at high temperatures jointly with the pore/channel structure of the membrane, 

where the Kunipia particles, not exfoliated, block part of the hydrophilic polymer 

channels, through which water molecules migrate. The blocking effect becomes a 

significant factor just when the water content is low, i.e. when the hydrophilic domains 

sizes are reduced and therefore, big particles can obstruct the water molecules 

pathways. On the contrary, Laponite and SWy-2 nanofillers show a significant effect 

on the water mobility with diffusion values very high and in all temperature range 

investigated. 
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Figure 4.1.3: Self-diffusion coefficients as function of the temperature of the water confined in 
recast Nafion and in clay composites membranes. The grey part in the graph shows the self-
diffusion coefficients measured at 140 °C after each hour for 4 h. 
 

Above 100 °C, the biggest contribution to the diffusion coefficients comes from the 

hydrated water whereby the mobility is reduced; the obstruction effect causes further 

reduction of diffusivity, in particular for the SWy-Nafion nanocomposite which, 

similarly to Kunipia, presents a small amount of big particles not completely exfoliated. 
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However, the noteworthy result is that both membranes maintain stable water diffusion 

and unwavering at 140 °C after at least 4 hours and in conditions of not humidification. 

In fact,  for the NMR measurements, the membrane is put in a Pyrex tube and sealed on 

the top with a Teflon cap, without any further supply of humidification. Obviously, part 

of the water evaporates from the membrane during the heating (e.g. after cooling we 

find some little drops on the walls tube ), however, the self-diffusion coefficient 

measured at 140 °C is that of the water remaining in the electrolyte membrane because 

the water vapor diffuses much more quickly. Therefore, these clay-fillers dispersed in 

the polymer matrix maintain a certain humidity of the membrane even at rather high 

temperatures, and this water is responsible for the diffusion revealed by NMR 

spectroscopy. Further information on the molecular dynamic of the water is provided 

by measurements of longitudinal relaxation times (T1) (Figure 4.1.4). As described in 

the experimental section, NMR longitudinal (or spin-lattice) relaxation times (T1), 

compared to diffusion, reflects more localized motions including both translation and 

rotation on a time scale comparable to the reciprocal of the NMR angular frequency (~1 

ns). As the molecular correlation time τc depends on temperature, a minimum in T1 is 

often observed when ωτc ~1, where ω is the NMR frequency. In the temperature range 

investigated, well above the T1 minimum, i.e., in the so-called extreme narrowing limit 

(ωτc << 1), higher T1 values suggest more facile molecular rotational and translational 

motion. 

Laponite and SWy-2 composites exhibit higher T1 than the recast Nafion and Kunipia 

composite, quite consistent with the diffusion trends. However, should be underlined 

once more the exceptional behavior of the Laponite clay that seems favor strongly the 

local mobility of the water. In fact, even if the water content is less than SWy-Nafion 

composite, its relaxation times are very high respect both recast Nafion and the other 

composites and, as saw before, this is reflected on the long-range diffusion properties, 

i.e.  displacements of the order of the micron. In fact, the proton transport process in 

membranes, such as Nafion, is generally hypothesized (see chapter 1.5) as the 

contribution of two conduction mechanisms: the Vehicle mechanism 14, 15 that involves 

the protons diffusion on a vehicle, such as H3O
+ ions, but disadvantaged in dehydration 

state, and the Grotthus mechanism 16, where proton mobility in water is connected to 

rotation of water molecules within a constantly changing network of hydrogen bonds 

(structural diffusion). The first one prevails at low temperatures when the water content 



   Results and Discussion 

 

 75

is high, while the second mechanism is expected to be predominant at high 

temperatures in the dehydration state, therefore, it is surely favorite in the Laponite 

composite that shows the highest longitudinal relaxation times. A last consideration 

about the T1 measurements is that the particle blocking effect is less important as T1 

reflects localized motions. This is consistent with the much smaller magnitude of T1 

drop than that of D. 
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Figure 4.1.4: Plots of water longitudinal relaxation times (T1) measured in the temperature 
range from 20 °C up to 140 °C for recast Nafion and composite membranes at the maximum 
water uptake. 
 

Investigation on the effect of the amount of the filler in the final hybrids (filler 

loading), suggests, once more, that the microstructure of the composite plays a 

significant role. In fact, further addition of filler, from one side strengthens the 

polymeric matrix and thus improves the mechanical properties of the membrane 17, 

from the other side clearly causes obstruction effects limiting the mobility of the water 

in the Nafion ionic domains. This optimum loading is in agreement with previous 

studies on Nafion-clay nanocomposite membranes which showed that the optimal ionic 

(proton) conductivity, methanol permeability and cell performance is also observed 

between 2.5 and 5 wt% nanoclay content 18-20. This can be explained by the fact that at 

lower nanoclay loadings, somewhat better intercalation/exfoliation can be expected 

while at higher loadings, further dispersion of clay platelets is hindered, most probably 

due to percolation phenomena21, 22.  
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4.2 Clay-Nanocomposites for direct methanol fuel cells 
(DMFCs) (paper II) 

 

Hybrid membranes with Laponite and SWy-2, were investigated for their 

possible use as polymer electrolytes in direct methanol fuel cells (DMFC). In the 

development of new low temperature PEMs for use in the DMFC, two of the main 

concerns are proton-ion and methanol-transport through the membrane. The objective 

is to significantly reduce the methanol transport whilst having and maintaining high 

proton transport. The research concerning the polymer electrolytes is aimed to the 

development hybrid morphology in order to promote the Grotthus 23 jump proton 

transport mechanism and minimize the Vehicle mechanism 14, 15  

The electrolyte membranes were swelled by immersion in pure methanol, pure water, 

and in aqueous methanol solutions at two different alcoholic concentration, 2 M and 4 

M. The transport properties of the water and methanol within the electrolyte 

membranes have been investigated both as a function of methanol concentration and as 

a function of temperature by NMR methods. Furthermore a preliminary 

electrochemical characterization was carried out by CNR-ITAE (Messina, Italy), by 

using ac-impedance spectroscopy and polarization measurements, in order to validate 

the NMR results. 

It is often possible in methanol–water mixtures to resolve spectroscopically the methyl 

and hydroxyl protons in an NMR experiment which, in principle, should permit the 

measurement of both water and methanol diffusion. However, in the present case of 

solvents confined in membranes, due to the linewidth of the 1H-NMR signals, it is not 

possible to distinguish, through their chemical shift, methanol and water (see Figure 

4.2.1).  

In order to discriminate between the NMR signals of methanol and water, the 

membranes were equilibrated in solutions prepared with deuterated molecules, i.e. 

mixture of CH3OD/D2O and CD3OD/H2O. The reason to use CH3OD instead of 

CH3OH is due to the fast rate exchange of hydroxyl groups between water and 

methanol molecules during the "NMR times", which could affect the measurements. 

Hence, is used the only NMR signal coming from the methyl groups of methanol. With 

regard to the deuterium signal, this nucleus has a spin-spin relaxation time (T2) very 
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short so it is practically unable to perform measurements of diffusion through the PGSE 

sequence. 
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Figure 4.2.1: 1H-NMR spectra recorded on 4 M aqueous methanol solution (CH3OD/D2O) as 
prepared and confined in Nafion membrane, respectively. The chemical shift variation of the 
methanol's signal is caused by the different chemical environment and the strong interactions 
with the polymer backbone. 

 

 

Table 4.2 reports the solvents and mixtures used to swell the membranes for the 

NMR study; the solvent marked in bold, is that "seen" to NMR. 

 

Table 4.2. Solvents and solutions used to prepare swollen 

membranes for the NMR study
solvents concentration 

CH3OD pure 
H2O pure 
CH3OD / D2O 2M 
CD3OD / H2O 2M 
CH3OD / D2O 4M 
CD3OD / H2O 4M 

 

 

The temperature evolution of the diffusion coefficients of pure water and methanol (in 

2 M and 4 M solution) inside the swollen membrane of filler-free Nafion are displayed 

in Figure 4.2.2. The methanol diffusion is slightly lower than water up to 60 °C but, 
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over this temperature, it remains always higher. This behavior, responsible of the 

methanol cross-over in the fuel cell operation, can be explained by considering the 

distribution of the solvents (water and methanol) inside the ionic pores of Nafion 

membranes and the transport mechanism involved in the water/methanol diffusion. 

During the swelling, a certain amount of water is involved in the primary hydration 

shells of the SO3
- groups, while most of the additional water fills the volumes of pores 

forming higher order hydration layers and behaves more bulk-like 24, 25 Methanol 

molecules are, instead, collected adjacent to the polymer backbone with a less 

favorable complexation of protons as compared to that by water 26, 27. In other words, as 

reported in other studies 26, 28, a micro-phase separation occurs, where water-rich and 

methanol-rich spatial domains are created, presumably with a characteristic size in the 

order of the Nafion pore size. 
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Figure 4.2.2: Self-diffusion coefficients of water and methanol (2 M and 4 M)  confined in 
filler-free Nafion membranes from 20 °C  up to 130 °C; the data collected at 130 °C after 1 
hour is also plotted. In the legend the water and solution uptakes are indicated. 

 

 

In this description, as it is schematically presented in Figure 4.2.3, the molecules of 

methanol interacting with the polymer, and in particular with fluorine atoms on both 
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the backbone and the side-chains, are distributed on the surface of the pores, while the 

water molecules are at the center acting, in the maximum swelling conditions, as bulk-

like water. This scenario is consistent with: i) the higher methanol diffusion respect to 

the water at high temperatures; ii) the increase of the swelling (higher uptake of the 4 

M solution) and also of the methanol diffusion coefficient with increasing methanol 

concentration. 

 

 

 

Figure 4.2.3: Schematic illustration of methanol and water molecules distribution inside the 
ionic pores of the polymer (Nafion).  

 

 

Figure 4.2.4 shows the diffusion of water and methanol in 2 and 4 M solutions, 

measured in swollen Swy/Nafion and Lap/Nafion nanocomposite membranes, from 20 

°C up to 130 °C. Concerning the Swy/Nafion composite, water diffusion is always 

higher than methanol in the whole investigated temperature range and for both solution 

concentrations. Swy montmorillonite particles inside the membrane demonstrate to be a 

potential physical barrier for methanol cross-over, reducing the methanol diffusion with 

an evident blocking effect and nevertheless ensuring a high water mobility up to 130 °C 

and for several hours.  Laponite nanocomposite membrane showed a different behavior 

both for water and methanol with respect to Swy. Basically, the mobility of the 

methanol is not influenced by the solution concentration and is very similar to that of 

water and suggests that no relevant obstruction effect from Laponite nanoparticles acts 

on the methanol transport. The origin of this behavior can be correlated to the lower 

cationic exchange capacity (CEC) of Laponite clay compared to Swy montmorillonite. 
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Fewer hydrophilic sites "coordinating" produce the lowering of the retention capacity 

of the membrane and consequently the water diffusion is reduced. In particular, when 

we start with lower amount of water (i.e. 4 M solution), what remains at high 

temperature is strongly linked water. 

We obtained more information on the solvents distribution in the membrane (hydration 

and interactions) as well as on the evaporation dynamics, by analyzing the 1H-NMR 

spectra of methanol and water with the temperature increasing. Figure 4.2.5 put in 

comparison the spectral lines of methanol (on the left) and water (on the right),  

acquired on Swy/Nafion swollen in 2 M methanol solution, from 20 °C up to 130 °C. 

Both signals are large and asymmetric, typical of a multiple components configuration, 

however, the FWHM (full width at half maximum) of the water and methanol spectra 

are quite different: 675 Hz against 1170 Hz at 20°C, i.e. the line width of methanol is 

almost double of the water. This implies that, while for the water there is a strong 

component of bulk which contributes to the "shrinkage" of the spectral line, the 

molecules of methanol instead are strongly interacting with the polymer (the 

“complexation” referred above) promoting a broadening of the line, as well as reducing 

their mobility (diffusion). By heating, the intensity of these peaks decreases because of 

the solvents evaporation from the membrane, with a pronounced drop above 100 °C; at 

130 °C the intensity of the residual signal remains constant for several hours (obviously 

without any supplying humidity), and this is responsible for both the proton and 

methanol diffusion that we are able to detect at these high temperatures. 

 

The discussion of the data just analyzed is complex but definitely indicates that the 

microstructure plays a key role in the mass transport of water and methanol. The 

microstructure is influenced by the chemical-physical properties of the smectite clays 

such as the nanoparticles size and the layer charge density. In fact, higher platelets 

dimensions may promote stronger alterations of the network structure as well as create 

an obstruction effect, while a high value of surface charge density may facilitate or 

promote the proton transport through hopping mechanisms. 
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Figure 4.2.4:  
Self-diffusion coefficients of 
water and methanol in 2 M 
and 4 M solutions confined in 
(a) Swy and (b) Laponite 
nanocomposite membranes, 
from 20 °C  up to 130 °C. 
 In the diffusion graph are 
also plotted the data collected 
at 130 °C after some hours. 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.5: 
Evolution of proton 
spectra from methanol 
(on the left) and water 
(on the right) as a 
function of temperature 
on Swy/Nafion 
composite swollen in 2 
M methanol solution. 
The spectra were 
referenced setting 
methyl protons and 
pure water at 0 ppm, 
respectively. 
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Concerning the electrochemical investigation, Figure 4.2.6 shows the polarization and 

power density curves obtained with the different membranes at 90 °C and 110 °C: the 

filler-free Nafion-based cell showed a drop of performance with the temperature due to 

water evaporation and the consequent increase of cell resistance. 

 

 

 

 

 

Figure 4.2.6: 
DMFC polarization 
and power density 
curves at (a) 90°C 
and (b) 110 °C for 
various membrane-
electrode assemblies 
equipped with 
composite and filler-
free membranes. 

 
 

 

 

 

 

 

We conclude that, despite the obstruction effect due to the dispersion of suitable 

hydrophilic layered nanoparticles in Nafion, the main contribution to the diffusion of 

methanol is its high uptake in the polymer. In fact, the solution uptake in Swy-

composite (45 wt%) highlight a strong swelling membrane effect demonstrating the 

high chemical affinity of the methanol towards the polymer that allows a diffusion, 

even if lower than water, up to temperatures above 100 °C and that increases with 

increasing methanol solution concentrations. Therefore, to enhance the performance 

and the efficiency of a DMFC, it is necessary to develop membranes which absorb less 

methanol while maintaining, however, a high proton conductivity. 
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4.3 Organo-modified Clays for HT-PEMFCs  (paper III) 
 

As a consequence from all the above, the synthetic Laponite and the natural SWy-

2 montmorillonite clays, seem the most promising smectite clays that can be used as 

fillers and thus it could be the base to design, through chemical functionalization, 

hybrid layered structures such as organically modified clays (organoclays) 29 which can 

be use as nanofillers for the creation of novel polymer nanocomposites (paper III). 

The monovalent ions located between the clay layers allow the absorption of 

polar solvent, like water, with good retention capacity so, when incorporated into a 

polymer membrane, they help to prevent the loss of the hydration water not only at 

high temperatures but also under low relative humidity environment. The charge on the 

layers affects many fundamental properties of the clays, including water holding (an 

important property for the creation of Nafion nanocomposite membrane), cation 

fixation, swelling ability, cation exchange capacity and high surface area. Moreover, 

the properties of the smectite nanoclays can be tailored using simple chemical methods 

such as intercalation with organic or inorganic guest molecules. 

As a result the presence of the surfactant expands the interlayer gallery rendering 

the nanoclay compatible with hydrophobic media and polymer matrices. Thus a 

strategy towards the improvement of the water retention of the Nafion membrane is the 

incorporation in the polymer matrix hybrid nanofillers of modified clays bearing 

organic functionalities with high affinity for Nafion and increased sites for water 

trapping.  

 

 

4.3.1 Preparation of organo-modified clay nanofillers 
 

For the chemical modification of the pristine Laponite and SWy clays, three 

organic molecules were used: 3-amino-1 propanesulfonic acid (SULF), 2-{[2-hydroxy-

1,1 bis(hydroxymethyl) ethylamino}ethanesulfonic acid (TES) and serine (SER). Their 

structural formulas are shown in Table 4.3. 
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For the preparation of the organoclays, aqueous 1 wt% clay suspensions were reacted 

under vigorous stirring with aliquots of the above organic molecules solutions in water 

such that the amount of the cationic molecule added to corresponds three times the 

CEC of the clay. The mixtures were stirred for 24 h, centrifuged, washed with water, 

and air-dried by spreading on glass-plates. The products are designated: SWy/TES, 

SWy/SER, SWy/SULF and Lap/TES, Lap/SER , Lap/SULF. 

 
 

Table 4.3: Organic molecules used for the chemical modification of SWy and Lap clays.  

 

H2N SO3H  
HO

H
N

SO3H

HO

OH  

HO OH

NH2

O  

SULF TES SER 

 

 

For the surface modification of the parent smectite clays a simple procedure was 

followed. Positively charged molecules are introduced into interlayer space of layered 

clay minerals by ion exchange procedure where charge balancing cations (e.g. Na+) are 

replaced by the organic cations. The introduced organic cations are held strongly by 

electrostatic forces with the negatively charged clay surfaces and the final conformation 

depends on the shape, size, and total charge of the organic cations and also on the 

charge density of the clay surface. In our case, the intercalation procedure involves an 

initial pre-equilibrium reaction the amino groups of the organic molecules are 

protonated:  

H2ONH

R2

R1

OH-+ NH2
+

R2

R1  

 

where: (i) for SULF  R1: –(CH2)3SO3H and  R2: -H; 

(ii) for TES  R1: –(CH2)2SO3H  and  R2: -C(CH2OH)3 

(iii) for SER  R1: 
C

CH2OH

COOH  and  R2: -H 
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The protonated organic molecules were readily adsorbed on the clay surfaces, by 

ion exchange. The monovalent Na+ exchangeable cations are replaced easily by the 

protonated amino molecules according to the reaction: 

NH2
+

R2

R1

  Na+
     Na+

+ +NH2
+

R2

R1

 

 

 

4.3.2 Properties of SWy-organoclays nanocomposites 
 

SWy-2 montmorillonite and its organoclays demonstrate a considerable effect on 

the Nafion polymer in terms both of water absorption/retention and water mobility. In 

fact, if we observe the Figure 4.3.1, the water uptake of the nanocomposites is almost 

double respect to the recast Nafion, while swelling data (not reported here) show that 

the dimension is not significantly affected. 
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Figure 4.3.1: Histogram of maximum water uptake of filler free Nafion and SWy-

composites. 
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Concerning the water diffusion inside the membranes, data are displayed in  Figure 

4.3.2.  The presence of the clay nanofiller, both with and without surface modification, 

produces a noteworthy improving of the membranes performances compared to recast 

Nafion. 

In fact, if we observe the water diffusion coefficients of Nafion-SWy/TES and Nafion-

SWy/SULF, they increase quasi linearly up to 100 °C reaching values more than one 

order of magnitude higher than filler free Nafion. At 130 °C is clear a slight decreasing 

of the diffusivity caused from the water evaporation from the membranes. However, it 

is extremely significant the behavior of such nanocomposites in this temperature's 

region since the self-diffusion coefficients remain constants for several hours at quite 

high values. The reduction of the diffusivity after 100 °C, despite the increase of the 

temperature, can be explained by considering that the hydrophilic pores of Nafion 

polymer and the acid nature of the organoclay particles provide numerous proton 

exchange sites in the polymeric system. Therefore, the water self-diffusion coefficient 

measured is a weighted average from the different water species coexisting (bounded or 

hydrated water and bulk water 30, 31) in fast exchange rate with respect to the NMR 

times. In heating, it is reasonable to expect that the evaporation essentially affects the 

bulk/”free” water, i.e. the most mobile water  so, after 100 °C, the biggest contribution 

to the diffusion comes from the  hydrated water resulting in a lower D. In any case, 

stating that in these measurements there is no additional humidification of the 

membranes, it denotes that this clay  material can retain water and thus can maintain a 

certain level of humidity in the membrane and surface modifications with acid organic 

molecules significantly improve the performance of the final composite system. 

Figure 4.3.3 shows the 1H-NMR spectra acquired on Nafion-SWy/TES from 20 

°C up to 130 °C. The proton’s signal is quite large (FWHM is about 1 kHz) and 

asymmetric, typical of a multiple components configuration, i.e. different "types" of 

water coexist in the system. Actually, a certain amount of water is involved in the 

primary hydration “shells” of the SO3
- groups of Nafion 32, 33 as well as of the organo-

modified filler’s hydrophilic groups (oxygen and hydroxyl surface groups of clay and 

hydroxyl, amino and sulfonic groups of TES). The uptake of additional water fills the 

volumes of membrane’s pores forming higher order hydration layers and, experiencing 

negligible electrostatic interactions, behaves more bulk-like. The different states of 

water within the hydrophilic pores can be difficult to discern because of the fast rate of 
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proton exchange in acidic water and for this reason we “see” only one peak. The 

intensity of this peak decreases with increasing temperature because of the water 

evaporation from the membrane, with a pronounced drop above 100 °C; when it 

reaches 130 °C, the intensity of the residual signal remains constant for several hours 

(obviously without any supplying humidity), and this is responsible for the proton 

diffusion that we are able to detect at these high temperatures. 
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Figure 4.3.2: Self-diffusion coefficients of water confined in Nafion nanocomposite membranes 
based on SWy pristine clay, SWy/organo-modified clays and filler-free Nafion for comparison, 
from 20 °C up to 130 °C. In the graph are also plotted the data collected at 130 °C after 
several hours. 
 

 

 
 
Figure 4.3.3: Temperature 
evolution of high-resolution 
1H NMR spectra of the 
water confined in 

Nafion_SWy/TES 
nanocomposite acquired 
from 20 °C up to 130 °C (at 
this last temperature also 
after 2 and 4 h). 
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In all the spectra, until 100 oC, this asymmetrical signal (Figure 4.3.4 A) can be fitted 

well to the experimental data with three Lorenzian peaks, one narrower (peak-1), 

attributed to the bulk-like water, and two broader (peak-2 and peak-3), assigned to the 

bound water, i.e. the hydration water to the sulfonic acid groups of both the Nafion and 

TES molecules, and to the clay's hydrophilic groups, respectively. This peak-picking is 

argued from the broadness and area of the peaks: at room temperature, the amount of 

bulk water in completely swelled membranes is surely predominant and having less 

restricted molecular motions, results in a linewidth reduction. Furthermore, it is 

obvious that the water evaporation involves mainly the bulk water, in fact, at 130 °C, 

its contribution to the NMR signal (peak-1) disappear while the two broader 

components are still observed by peak-fitting. By considering the area of these three 

peaks we estimate that the amount of water lost from the membrane at 100 °C is about 

46 wt% of the total water initially absorbed. From this amount, 23 wt% arises from 

peak-1, 17 wt% from the peak-2 and about 6 wt% from the peak-3. At 130 °C only 

about 18 wt% of water remains in the membrane, shared between the hydration to the 

 groups of the polymer and the hydrophilic clay surfaces (peak-2 and peak-3), 

while the bulk water is completely evaporated. The variation of the areas of these three 

peaks as a function of temperature is showed in Figure 4.3.4 B. Up to 100 °C, the area 

of all signals decreases even if the peaks 1 and 2 show a greater reduction than peak-3 

(which remains almost unchanged), while at 130 °C the proton spectrum is fitted by 

only two peaks (2 and 3) and their area remains constant for several hours. It is also 

interesting to show the trend of the chemical shift of the spectral signal, and hence of 

the three peaks fitting, with the temperature (Figure 4.3.4 C). By comparing with the 

area’s plot, a certain correspondence is noticeable: there is a downfield shift of the 

resonance during the heating and an abrupt change after 100 °C. This is obviously 

caused by the strong evaporation of water from the membrane, which in turn causes a 

structural change of the system (hydrophilic pores size and redistribution of water), but 

most likely there is also an effect due to the glass transition of the polymer (the Tg of 

Nafion®-112 membrane is around 110 °C). However, at 130 °C the chemical shift of 

the signal remains invariable for several hours, indicative of the fact that no important 

altering, e.g. ulterior water leaking, is happening in the system. 
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Figure 4.3.4: (A) Peak-fitting of the 1H NMR spectra of the water confined in Nafion-SWy/TES 
nanocomposite; (B) plot of the areas of three peaks (resultants from the peak-fitting) vs 
temperature; (C) chemical shift of the three peaks (resultants from the peak-fitting) vs 
temperature. 
 

 

At this point a quantitative analysis was made, starting from these spectral data to 

estimate the number of water molecules involved in the hydration shell of the sulfonic 

acid groups of Nafion polymer as well as that absorbed on the organoclay 

nanoparticles. Taking into account the complexity of the system and to the hydrogen-

bonding effects which the protons are subjected, establish the exact chemical shifts is 

arduous, however, by considering the concepts of electronegativity (of oxygen and 

sulfur atoms) and proton acidity,  the resonance frequency of the protons (of the water) 

on the clay’s surface is expected downfield shift respect to protons hydrating the 

sulfonic groups. Therefore, we can most likely attribute peak-2 to the water molecules 

A

B C 
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hydrating the  groups ( ) and the peak-3 to the water molecules absorbed on the 

organo-modified clay particles (hclay).The moles of 	 groups present in the 

Nafion/Swy-TES system originate almost entirely from Nafion and only for a 

negligible amount from TES molecules used to functionalize the montmorillonite clay. 

Even with an overestimation, i.e. by considering that the stechiometric amount of TES 

(which corresponds to three times the CEC of the clay) is all intercalated in the clay, 

and by considering the filler to polymer loading (3 wt%), this quantity is about 6 % of 

the total moles: 

mmoles of 	 = (0.2 from Nafion) + (0.012 from TES (3 wt%; 3 CEC)) = 0.212 

 

Table 3 reports a schematic description of the water distribution in the system taking 

into account the initial water uptake of the membrane (5.5 mmoles) and the areas ratio 

of the peaks at 20 °C and then at 130 °C. The hydration numbers obtained by this 

calculation, about 9 H2O/  mol/mol in the maximum hydration state and 1.8 

H2O/ 	mol/mol in the very low hydration state, are in agreement with the 

literature,34, 35 therefore, the peak fitting and the related attributions are appropriate. 

 
 

Table 3: Water distribution and hydration numbers in Nafion-Swy/TES nanocomposite 

system 

Water uptake  48 wt%  

5.5 mmoles 

 

20 °C 

 

from the areas ratio of the peaks 1, 2 and 3: 

bulk  42.6 wt%    2.34 mmoles 

hclay   22.5 wt%    1.2 mmoles 

 hSO3
-  34.8 wt%    1.9 mmoles      

.

.
≅ 	 H2O/  mol/mol 

18 wt% of the initial 

water uptake remain in 

the membrane  

130 °C 

 

from the areas ratio of the peaks 2 and 3: 

 hclay   11 wt%    0.6 mmoles 

 hSO3-  7 wt%     0.38 mmoles     
.

.
≅ .  H2O/ 	 /mol 
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4.3.3 Properties of Laponite-organoclays nanocomposites 
 

Concerning the organo-Laponite based nanocomposites, the diffusion 

coefficients of the water confined in the various membranes are reported in Figure 

4.3.5. The introduction of SULF molecules in the clay’s interlayers doesn’t improve at 

all the performance of the composite that, in fact, follows exactly the trend of the first 

one. The result is even worse when Laponite clay is organo-modified with TES and 

SER molecules: Nafion-Lap/SER has a collapse of the diffusion around to 130 °C, 

while Nafion-Lap/TES already at lower temperatures begins to show a loss of the water 

diffusion.  This behaviour could be explained taking into account that the cationic 

exchange capacity (CEC) of Laponite is lower respect to SWy, therefore, the amount of 

organic molecules attached to the Laponite's surface is considerably lower than the 

correspondent organo-montmorillonites. For example the small amount of intercalated 

TES molecules in Laponite does not alter the hydrophilicity of the final organoclay as 

results from TG data: the adsorbed water which is 11 wt% in the pristine Laponite is 

reduced to 7.7 wt% in the case of Lap/TES. This reduction in the hydrophilicity of the 

nanofiller is probably responsible for bad performance of the organo-Laponite Nafion 

membranes. 
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Figure 4.3.5: Self-diffusion coefficients of water confined in Nafion nanocomposite membranes 
based on Lap pristine clay, Lap/organo-modified clays, and filler-free Nafion for comparison, 
from 20 °C up to 130 °C. In the graph are also plotted the data collected at 130 °C after 
several hours. 
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4.4  Organo-functionalized graphene oxide (GO) – 
based nanocomposites membranes (paper IV)  
 

The development of a nano-dispersion of graphene-based materials in a 

polymer matrix has opened a new and interesting area in materials science in the recent 

years.36, 37 The pristine graphite is inaccessible in the interlayer space and has a 

tendency to agglomerate in a polymer matrix38 reducing the use of this material. In 

order to avoid this problem, the functionalization of graphite by chemical oxidation, 

creating a hydrophilic graphite derivative with covalently attached oxygen-containing 

groups (hydroxyl, epoxy and carboxyl) to its layers called graphite or graphene oxide 

(GO),39 is a particularly attractive solution since it can improve the solubility and 

processability as well as enhance the interactions with organic and inorganic guest 

molecules (paper IV). GO as well as reduced GO have been used so far as 

nanoadditives in various polymers such as epoxy resins, polymethylmethacrylate, 

polypropylene, polyethylene, polystyrene, polyamides but also conductive polymers 

like polyaniline, poly(styrenesulfonate), Nafion etc, increasing mainly the mechanical, 

electrical and barrier properties.36, 37 At the same time, GO does not exhibit any 

significant ionic and electronic conductivity40 but can be easily converted in a high 

proton conductor via the intercalation of organic molecules in the interlayer space of 

GO creating novel hybrid organo-nanofillers with high proton conductivity. This can be 

implemented by taking advantage of the concept of intercalation chemistry which 

involves the insertion of suitable and robust organic and/or inorganic species between 

the layers. Towards this aim, the attachment of organic molecules on the graphene 

oxide surfaces containing hydrophilic groups such as –SO3H, -COOH, -OH is expected 

to improve not only the proton conductivity - by increasing the concentration of acidic 

(hydrophilic) functional groups of GO - of the resulting nanocomposite membranes but 

also their mechanical, chemical and thermal strength while increases the compatibility 

with the polymeric membrane. 

In my doctoral work, four aliphatic amine derivatives containing various functional 

groups such as sulfonic, carboxyl and hydroxyl groups were covalently bonded via the 

amide functionality on the GO surfaces and the resulting organo-modified GO 
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nanofillers were incorporated in Nafion by solution intercalation (membranes with 

pristine GO were also synthesized for comparison). 

 

4.4.1 Synthesis of organo-modified GO nanofillers 
 

The first step is the oxidation of graphite powder to aqueous dispersions of 

graphene oxide by using a modified Staudenmaier’s method 41 (details are in the paper 

IV in appendices). According to elementary analysis data, the C/O atomic ratio of the 

resulting product was 2.6. 42 

 

Figure 4.4.1: Chemical oxidation of GO. 

 

Successively, for the preparation of organo-GO nanofillers, we used the same ammines 

utilized for the organo-modification of the clays, reported in Table 4.3. In particular, 

100 mg of GO were dispersed in 100 ml water, followed by the addition of aliquots of 

300 mg of the above amine derivatives in 40 ml of water. After stirring for 24 h, the 

organo-modified GO were washed with water, separated by centrifugation and air-dried 

by spreading on glass plates. A schematic representation of the reactions followed for 

the oragno-modification of GO is presented in Figure  4.4.2.  The fillers are denoted as 

GO-SULF, GO-TES, GO-VAL and GO-SER respectively. 

 

 

Figure 4.4.2: Schematic representation of the synthetic procedure. 
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4.4.2 Preparation of organo-GO nanocomposites 
 

The production of a homogeneous colloidal suspension of graphene oxide 

powder is an important challenge to allow their broad use for both fundamental study 

and in polymer nanocomposite applications applications.3, 40 In this study, the choice of 

the proper solvent was long and complex but indubitably primary for the preparation of 

homogeneous and advantageous composite membranes based on this inorganic 

nanofiller. Organic solvents such as dimethylformamide (DMF) or dimethylacetamide 

(DMA), which are two of the most widely used solvents for the preparation of 

nanocomposite electrolyte membranes based on Nafion with various types of fillers, 

have completely failed in the specific case of graphene oxide materials. Figure 4.4.3 

shows characteristic photographs of two GO-based composite membranes prepared by 

using: (a) DMF (similarly to the clays-composites procedure) and (b) the same solution 

in which Nafion polymer was dispersed, i.e. a mixture of water and propanol as 

purchased, to disperse directly the various filler's powders. 

As evident, DMF is completely inappropriate to achieve homogeneous dispersion in the 

polymer matrix, and similar results were obtained by using many other solvents such as 

DMA, THF, DMSO, acetonitrile, etc but also water. On the contrary, the membranes 

prepared without any other solvent are quite homogeneous with a uniform dispersion of 

the nanofiller in the membrane. Likely, this is due to the partially hydrophobic nature 

of the alcohols that finds greater chemical affinity with the carbon layers of graphene 

oxide, while the water solvates the hydrophilic groups on the surface. Organo-modified 

GOs showed the same difficulties, like pristine GO, to be dissolved in these solvents; 

therefore, all the nanocomposite membranes in this work were prepared by using the 

method of nanofillers dispersion directly on the alcoholic solution of Nafion. 

                        

Figure 4.4.3: Photographs of Nafion nanocomposite membranes prepared by dispersing GO in 
(a) DMF solvent and (b) alcoholic solution of Nafion.  

(a) (b) 
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4.4.3 Properties of the  organo-GO nanocomposites 
 
First of all, we show the Table 4, with the water uptake values of the prepared  
nanocomposites, demonstrating the first effect of the fillers. 
 

Table 4 

membranes Water uptake 

recast Nafion 24 

Nafion/GO 27 

Nafion/GO-TES 29 

Nafion/GO-SER 29 

Nafion/GO-VAL 31 

Nafion/GO-SULF 50 
 

Figure 4.4.4 shows the water self-diffusion coefficients of all nanocomposites 

measured by PFG-NMR technique on completely swelled membranes, in the 

temperature range 20-140 °C. The presence of unmodified graphene oxide platelets as 

filler in the polymer doesn’t improve at all the performance of the membrane. On the 

contrary, already at 60 °C almost all the water is lost from the composite and, 

practically, over this temperature no NMR signal is possible to reveal in order to 

measure its diffusion coefficient. On the other hand, the benefits from the surface 

modification of GO sheets with an organic molecule such as the amino propanesulfonic 

acid (SULF) are evident. Nafion/GO-SULF nanocomposite shows water diffusion 

coefficients values very high in all temperature range investigated. In fact, the diffusion 

increases linearly up to 100 °C and soon after, due to the evaporation of a certain 

amount of water from the membrane, it decreases slightly but remains constant and 

especially after several hours at 140 °C. This result can be ascribed to two effects: 1) 

the increment of the number of acid sites in the electrolyte, is reflected in its ability to 

absorb and hold more water at high temperatures, and, 2) the presence of organic 

molecules with sulfonic end-groups makes the filler more compatible with the polymer 

and allows a better dispersion especially within the hydrophilic channels of Nafion. 

Finally, GO-SER and GO-TES nanocomposites show disappointing results indicative 

of systems not able to absorb/retain water although both these fillers contain 

characteristic hydrophilic groups. This behavior is probably due to differences in the 

size and the stereochemical configuration of the four amine molecules (as shown in the 
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scheme ). The TES and SER molecules occupy more volume, and thus surface, 

inhibiting the accessibility of water molecules in the remaining hydrophilic acid sites of 

the graphene oxide layers and thus reduces the insertion of more water molecules in the 

interlayer space of GO. On the other hand, in the case of primary amines SULF and 

VAL, which are linear molecules, the hydrophilic sites of the graphene oxide are more 

easily accessible from water molecules, which, in combination with the additional 

acidic functional groups of the organic molecules that have been added to the system, is 

greatly enhance the total amount of adsorbed water.  
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Figure 4.4.4 Self-diffusion coefficients as function of the temperature (from 20 °C up to 140 °C) 
of the water confined in completely swelled membranes of filler free Nafion and nanocomposite 
membranes with 3 wt% loading of nanofillers (GO, GO-SULF, GO-VAL, GO-SER and GO-
TES). In the graph of D are also plotted the data collected at 140 °C after several hours.  
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Figure 4.4.5 displays the 

temperature evolution of the 
1H NMR spectra of the GO-

SULF, GO-VAL and GO-

TES nanocomposites. It is 

interesting to note is the trend 

of the chemical shift of the 

peak vs. temperature (insets in 

the graphs) and how it is 

closely related to both the 

amount of water present in the 

membrane and the self-

diffusion coefficients. 

The temperature contributes 

to the proton resonance 

variation because it effects on 

the lifetime of the hydrogen 

bond. The heating causes a 

downfield shift of the 

resonance, and as result a 

decreasing of the chemical 

shift is observed. This 

reduction is more accentuated 

in the membranes with higher 

water content (e.g. GO-

SULF),  at which corresponds 

the higher chemical shift at 

room temperature. From the 

comparative analysis with 

the diffusion data we can assert that before the minimum, the contribution to the 

chemical shift is mostly that of the bulk-like water. The increasing of the chemical shift 

Figure 4.4.5: 1H-NMR spectra temperature evolution 
and chemical shift vs. temperature. 
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soon after is explainable by considering that the residual water remaining in the 

membranes is the water bound to the hydrophilic groups, consequently the  

concentration of H+ ions (acidity of the water is a well-known property of water in 

Nafion) and the effect of induced fields by the polar groups (sulfonic, hydroxyl, etc.) 

prevail on the temperature and bring to an upfield shift of the resonance. In a nutshell, 

the variation of the chemical shift of the water resonance line with temperature might 

give significant information on the temperature dependence of the liquid water amount 

as well as on the “states” of the water confined in such membranes. In addition, this 

NMR data analysis has pointed out a strong correlation between the temperature 

behavior of the self-diffusion coefficients and of the chemical shift: to an increasing of 

the diffusion corresponds a decreasing of the chemical shift (and vice versa) with an 

unexpected symmetry. 

Finally, the effect of GO and GO-organo-modified nanofillers on the mechanical 

properties of the Nafion membrane was studied by DMA measurements, as showed in 

Figure 4.4.6. These data demonstrate that the presence of the nanofillers within the 

pores of the Nafion  membrane and their interactions with the polymeric chains, creates 

a membrane with lower flexibility consequently more stiff and can withstand higher 

temperatures. In fuel cell applications, a nanocomposite membrane with high modulus 

might permit the employment of a thinner membrane avoiding problems connected 

with the electrolyte resistance.  
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Figure 4.4.6:  (left) Storage modulus, E’, and (right) Tanδ vs. temperature of filler-free Nafion 
and nanocomposite membranes loaded with 3 wt% GO, GO-SULF and GO-VAL. 
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4.5 LDH-based nanocomposites for PEMFCs (paper V) 
 

The last layered material studied as nanofiller was the layered double hydroxides 

(LDHs), this material is detailed described in chapter 2.3. High proton conducting 

Nafion nanocomposite membranes were developed using Mg2+/Al3+ LDH as 

nanofillers, with two metal ratios (2:1 and 3:1) and various interlayer anions (CO3
2-, 

ClO4
-, NO3

-). Hybrid membranes were synthesized by solution intercalation with 3 wt% 

LDH loading in Nafion ionomer. In this study we have been compared composites 

membranes prepared by Nafion with different equivalent weight, i.e. 1000 EW and 

1100 EW. 

 

4.5.1 LDH-based nanocomposites by using Nafion 1000 EW as ionomer 
 

Hybrid membranes were prepared with LDH fillers at two metal ratio Mg2+/Al3+, 2:1 

and 3:1, and the three anions, CO3
2- ,ClO4

- , and NO3
-.  

From a first screening based on the water absorption analysis (histogram in Figure 

4.5.1) of these composite membranes, compared with the recast Nafion membrane, 

shows a discrete increasing of the uptake. The different Mg2+/Al3+ ratio does not 

substantially affect the water amount absorbed from the membranes, while there is a 

greater effect related to the type of the intercalated anion. This can be attributed to the 

higher Anion Exchange Capacity (AEC) of the membranes prepared with the metals 

ratio 2:1, than the 3:1, as a consequence the presence of more anions in the material 

interlayer space.  

 

 

Figure 4.5.1:  Maximum 
water uptake of the filler free 
Nafion and of the LDH 
nanocomposites (3% wt) 
prepared with different 
Mg2+:Al3+ ratios (2/1 and 3/1 
) and  with the different 
anions (CO3

2- ,ClO4
- , and 

NO3
-). 
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The water self-diffusion coefficients measured in these composites reveal, instead, a 

strong effect of the metal ratio and anions (Figure 4.5.2 a and b).  
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Figure 4.5.2: Water self-diffusion coefficients vs. temperature of the water confined in 
completely swelled LDH composites with (a) 2:1 and (b) 3:1 metal ratios. In both two graphs 
are presented also and the diffusion coefficients of pure Nafion for comparison and the data 
collected at 130 ° C after several hours. 



   Results and Discussion 

 

 101

Membranes with 2/1 ratio showed that the water diffusion after the slightly decrease, 

remains constant and especially after several hours at 130 ° C. Instead the Mg-LDH 

membranes with 3/1 metal ratio is observed a significant decreasing to the water 

diffusion coefficients, even two orders of magnitude, respect to the first. This can be 

attributed to the higher positive charge of Mg-LDH layers in the nanocomposites with 

2/1, which results at first, to a bigger amount of anions intercalated in the interlayer 

space of the Mg-LDH, in order to neutralize the charge and therefore more water 

molecules, and secondly the positively charged Mg-LDH nanoplatelets interact with the 

negatively charged sulfonic groups in Nafion polymer chains, resulting to a strong 

interactions between the Mg-LDH layers and the hydrophilic groups of the polymer, 

facilitating the water mobility. However, it is extremely significant the behavior of such 

nanocomposites in the high temperature's region since the water self-diffusion 

coefficients remain constant for several hours at quite high values. 

Therefore, further electrochemical study on these systems is in progress. 

 
 

4.5.2 LDH (Mg2+:Al3+ = 2:1) -- based nanocomposites by using Nafion 1100 
EW as ionomer 
 
The above results provide evidence that presence of the Mg-LDH nanofillers with 

metal ratios 2:1, produces a noteworthy improving of the membranes performances. 

Based on this, LDHs at this ratio and various interlayer anions (CO3
2-, ClO4

-, NO3
-) 

were prepared and incorporated in Nafion 1100 EW, and all the results of the 

experimental study are discussed in the paper V, recently submitted, and reported in 

the appendix to the thesis.  

Here we report only the NMR data, diffusion and T1, showed in Figure 4.5.3 and 4.5.4, 

respectively. It is evident that the equivalent weight of the ionomer have a strong 

influence on the final performance of the composites. Actually, lower EW denotes a 

higher number of sulfonilic groups, so higher water absorption but also higher swelling. 

Additionally, the mechanical properties of Nafion 1000 are poorer than the same 

ionomer at 1100 EW. 

However, even if the diffusion at higher temperatures decreases, leaving the 

membranes for 1 hour at 130 °C, on the filler-free Nafion there is no any proton signal 
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while two of the three composites have a weak signal but sufficient for the 

measurement; even NLDH- NO3
- after 2 hours there is still mobile water in the 

membrane with a coefficient D unaltered. Nitrate and carbonate anions show to have a 

superior ability to retain water than perchlorate anion, probably due to its greater 

charge delocalization that, as a consequence, affects the microstructure of the complex 

system “filler-polymer”. 
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Figure 4.5.2:  Self-diffusion coefficients of water confined in the LDH-composite membranes 
with different interlayer anions, NO3

-, CO3
2-, ClO4

-, from 20 °C up to 130 °C. Filler-free Nafion 
(1100 EW) is also reported for comparison.  

 

The relaxation times of water in the composites are longer compared to the polymer 

recast and this is related to the greater hydration due to the presence of a larger number 

of hydrophilic sites. The nitrates and perchlorates ions are not only larger in size than 

the carbonates, but they have a lower valence 43 resulting in weaker interactions with 

the interlayer water molecules, additionally, the divalent anions are more strongly held 

in the interlayer than the monolayer anions 44. This entails higher roto-translational 

degrees of freedom of the molecules of water in composites nitrates and perchlorates, 

while the double negative charge of the carbonate stiffens the molecular conformations 
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and makes movements slower lowering the T1. Above 100 °C the composite with the 

perchlorate shows a more drastic reduction of the T1 associated with a significant loss 

of hydration water. 
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Figure 4.5.3:  Arrhenius plot of water longitudinal relaxation times (T1) measured in the 
temperature range from 20 °C up to 130 °C for recast Nafion and Mg/Al-LDH composite 
membranes at the maximum water uptake. 
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4.6 AquivionTM - ZrP composite membranes 
 

Despite their outstanding stabilities and their excellent electrochemical-

physicochemical properties, Perfluorosulfonic acid (PFSA) membranes show many 

drawbacks as high methanol permeability (in DMFC), loss of proton conductivity at 

high temperatures and low humidity, as well as their high cost, impeding its further 

applications46. Recent progress has been made in the design and development of a 

broad range of polymers and membranes as “alternatives” to the conventional PFSA 

type. Low equivalent weight PFSA membranes with shorter pendant side-chains 

developed by Dow, 3 M, Gore, Asahi glass, Solvay-Solexis, etc47-49 have recently 

received attention as promising membrane materials for PEM fuel cells operating at 

elevated temperatures50, 51. Solvay-Solexis has recently developed a new short side 

chain perfluorosulfonic membrane with the trade name AquivionTM (Figure. 4.6.1)50. 

Normally, the equivalent weight of these membranes ranges from about 750-850 g eq-1. 

These types of materials have considerably higher concentration of sulfonic acid groups 

compared with the conventional Nafion® membrane, known as a long-side-chain 

(LSC) ionomer. Short side chain ionomers are characterized by both larger crystallinity 

and higher glass transition temperature than LSC polymers at a given equivalent weight 

(EW)52, 53 Both characteristics are promising in terms of mechanical stability and 

conductivity for operation in the high temperature range. Furthermore the higher degree 

of crystallinity, prevents the membranes from completely dissolving in water as the 

equivalent weight is reduced47. It has also been demonstrated that the short side chain 

PFSA membranes exhibit significantly better water retention characteristics thus higher 

proton conductivity under dehydrating conditions compared with the conventional 

PFSA membranes, which should further facilitate the PEM fuel cell operation at 

elevated temperatures50. However PEMs based on these membranes suffer from 

excessive swelling, loss of proton conductivity at high temperatures due to degradation 

of sulfonic acid groups 54-59 Up to now several studies reported a consistent of fuel cell 

performance of composite membranes, at temperatures above 80˚C, by development of 

composite membranes comprising inorganic nanoparticles such as metal oxides 60-64 or 

zirconium phosphate (ZrP) 23, 45, 56, 58, 65-73. Jones and Rozière74, 75, Alberti and 

Casciola76 have reviewed the development and applications of inorganic-organic 
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membranes for fuel cells. The presence of inorganic phase is effective in enhancing 

interactions between components, in limiting dimensional changes and improving fuel 

cell performance under high temperature and low relative humidity conditions. In 

addition improvements in mechanical properties are also expected. Since mechanical 

fragility is one of the principal reasons for membrane failure in in-long term in situ fuel 

cell. The use of ZrP as inorganic components is attractive for its good thermal and 

chemical stability, its solid acid properties, and its high proton conductivity.  

 

Figure 4.6.1: Chemical structure of SSC-PFSA ionomer (AquivionTM). 

 

 

4.6.1 Zirconium Phosphate  
 

Zirconium phosphate hydrated (ZrP, Zr(HPO4)2H2O for the α-form, 

abbreviated as a α-ZrP) has the layered structure shown in figure 65 the latter of α-

form77 has a basal spacing of 7.6 Å (4.6.2). The layers are considered to be weakly held 

together by Van der Waals forces as well as long hydrogen bonds from the layer to the 

water molecules located at interlayer positions. These hosted water molecules in the 

interlayer zeolitic cavities are responsible for the high hygroscopicity and the water 

retention of the material. Zirconium phosphate shows some additional properties 

defining it as an attractive component in inorganic-organic composite membranes such 

as good thermal and chemical stability; higher proton conductivity than many metal 

oxides nanoparticles with high aspect ratio 78, 79 that are effective to reduce the 

membrane permeability 80. Moreover has the potential to: enhance elastic modulus; 
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keep water at higher temperature and increase glass transition temperature of 

membranes.  

General approaches for the preparation of inorganic-organic membranes have 

been reviewed76, 81. PFSA/ZrP composite membranes can be prepared according two 

main procedures: (1) Dispersion of ZrP particles in PFSA solution followed by film 

casting; (2) in situ formation of ZrP in preformed PFSA membranes. 

 

 

Figure 4.6.2: Schematic representation of the single lamella structure of a-ZrP. 76 

 

4.6.2 Preparation of Composite Membrane  
 

Two methods are generally followed to prepare nanocomposites based on ZrP: (i) 

dispersion of preformed zirconium phosphate particles in PFSA solution followed by 

film casting and (ii) in situ formation of ZrP in preformed PFSA membranes. 

The first method76, 82, 83, used to prepare the other composites described in this thesis, is 

very simple, however is usually difficult to avoid the formation of particle 

agglomerates inside the polymeric matrix.  

For this work I used the in situ procedure to prepare homogeneous composites based on 

AquivionTM membrane as template for α-type ZrP inorganic particle growth. 

PFSA ionomer membranes can act as a morphological template for growth of the 

inorganic phase. Their distinct morphology arises from self-organisation into 

hydrophobic and hydrophilic regions. The preparation of nanocomposite membranes by 

intra-membrane growth within a proton exchange membrane was first described by 

Mauritz et al.. 85, 86 The group made use of the hydrophilic ionic clusters regions of 
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Nafion for confined, sulfonic acid group catalyst, hydrolysis/condensation reactions of 

impregnated alkoxides. Nafion membranes were first swollen in ethanol/water, then 

tetraethoxysilane (or aluminium, titanium and zirconium alkoxides) was permeated 

from one side of the membrane. In situ formation of ZrP in preformed PFSA 

membranes usually carried out in two steps: (i) incorporation of an ionic zirconium 

species in the polymer matrix by ion exchange reaction and (ii) subsequent treatment of 

the membrane with H3PO4 to convert the precursor into ZrP. The exchangeable nature 

of H+ ions on the sulfonated group in PFSA membranes allows the synthesis of 

nanoparticles through a simple ion exchange reaction. The PFSA structure is composed 

of numerous hydrophilic ionic clusters (pores) intreconected by channels within the 

hydrophobic perflurocarbon matrix87. Such hydrophilic pores make it quite suitable as 

host matrix for the encapsulation of quest species. In SSC-PFSA ionomer matrix, 

Zr(IV) was loaded through cation exchange within the confines of the hydrophilic 

regions of the membrane. The ZrP was subsequently precipitated in situ by treatment in 

dilute phosphoric acid. The resulting membranes were characterized by measurement 

of water uptake and dimensional change, determination of proton conductivity as a 

function of relative humidity, observation of structure by SEM and TEM, 31P NMR 

spectroscopy, and X-ray diffraction. The differences of the characteristics of the SSC-

PFSA-ZrP nanocomposite membrane compared to the pure SSC-PFSA membrane were 

investigated. 

The general procedure for preparation of SSC-PFSA-ZrP composite membranes 

in this work was by ion exchange reaction in ZrOCl2 solution and precipitation in 

phosphoric acid (H3PO4) solution. The membranes were immersed in an aqueous 

solution of ZrOCl2 of concentration in the range 0.1-2.5 mol/L at 80°C for 2h. They 

were then removed, washed 3 times by deionized water at room temperature to 

eliminate the excess of zirconium oxychloride solution and immersed in phosphoric 

acid (concentration 1 mol/L) at 80°C for 15h. The procedure for preparation of SSC-

PFSA/ ZrP composite membranes is shown Figure 4.6.3. The content of zirconium 

phosphate was controlled by the ion exchange time and the concentration of aqueous 

ZrOCl2 solution. 
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Figure 4.6.3: Procedure for preparation of SSC-PFSA-ZrP-26%membrane by ion 
exchange/precipitation. 

 

4.6.3 Structural and Morphological Characterization 
 

The content of zirconium phosphate in SSC-PFSA-ZrP membrane was 

determined from thermogravimetric analysis by a heating rate 10 °C/min with air flow 

to 1000°C. At this temperature the remaining solid was zirconium pyrophosphate, 

assuming that the zirconium phosphate was compressed to zirconium pyrophosphate88, 

according to: 

Zr HPO ↔ ZrP O H O 

The amount of ZrP inside the membrane is 26 wt% respect to the polymer. 

The cross section of SSC-PFSA-ZrP-26 % composite membrane was observed using 

SEM (Figures 4.6.4) and TEM (Figure 4.6.5) microscopy, while the structural features 

of the ZrP in the membrane was investigated by X-ray diffraction (Figure 4.6.7).  

Concerning the SEM images, no ZrP particles are visible at 20 μm and 5 μm scales, 

while at higher magnification with TEM more dispersed particles located in the 

amorphous region of the polymer are detected. These particles are seen to comprise 

agglomerates of individual nanometric particles (4-7 nm). The agglomerates give 

roughly spherical or oblate spheroid domains of size 0.1-0.5 μm in the composite 

membrane. These observations propose that sites most favorable to ion exchange are 

distributed homogeneously throughout the membrane and are consumed rapidly on 

immersion of the membranes in ZrOCl2. Thereafter is presumed that when the 
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membranes are immersed in phosphoric acid, the protons exchange with the zirconium 

cations, which are then free to diffuse through the membrane until they form the 

nucleus of a ZrP particle. For short reaction times, ZrP particles form in the hydrophilic 

regions, which limits the particle size. For longer reaction times, ZrP particles migrate 

to further distances, into the non-hydrophilic, interbundle regions and grow to larger 

sizes89, 90. Nevertheless, the observation of oblate spheroid type clusters of ZrP is not 

fully consistent with this assumption. The possibility of filling a second type of ion-

exchange site, the distribution of which leads to a cluster like appearance seems to be 

more compatible, however a further investigation of the microstructure by detailed 

small angle scattering, is required for supporting this hypothesis. 

 

 

 

Figure 4.6.4: SEM images of the cross section of SSC-PFSA-ZrP (26%) membrane. 

 

 

Figure 4.6.5: TEM photos of SSC-PFSA-ZrP (26%) composite membrane. 

 

SEM–EDX provides information about the elemental composition on a 

micrometer scale and was used to determine the presence and distribution of 
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phosphorous and zirconium in the membrane. Figure 4.6.6 illustrates the elemental 

distribution over the cross-section of the zirconium phosphate composite membrane, a 

homogeneous distribution of zirconium and phosphorous is revealed throughout the 

entire cross section of the membrane.  

 

 

Figure 4.6.6: Elemental distribution over the cross-section of the SSC-PFSA-ZrP-26% 

membrane. 

 

In the X-ray diffraction patterns of the composite membrane (Figure 4.6.7), the broad 

reflections located at 2θ =16.21° and 40° are attributed to the crystalline perfluorinated 

backbone, –[CF2–CF2]–, of PFSA membrane68. The peaks at 2θ = 8.15, 19.6, 33.9 are 

characteristics of the 002, 200, and 020 crystallographic planes of α-ZrP68, 73, 91. The 

002 diffraction line is shifted to lower angle, indicating higher interlayer spacing, 

probably due to a greater degree of hydration and less crystalline character of ZrP 

particles. According the literature has been suggested that an exfoliated amorphous or 

semi-crystalline phase of ZrP is formed within the confines of the hydrophilic regions 

during the in situ precipitation of ZrP in PFSA. Moreover at such high concentrations 

zirconium phosphate is significantly enriched in the surface near region of the 

membrane and shields the inner parts of the membrane68. Diffraction peak width of the 

line at 34° was used to estimate the particle size of the zirconium phosphate by using 

the Scherrer formula with Warren correction for instrumental effects. The domain size 
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in the fully dried membranes the zirconium phosphate particles is estimated to be 6.5± 

1 nm in size. 
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Figure 4.6.7: X-ray diffraction pattern for SSC-PFSA-ZrP (26%) composite membrane. 

 

 

Further structural information on the 

phosphorous environment was obtained by 
31P MAS NMR (Figure 4.6.8). It is observed 

a strong peak at -22 ppm assigned to 

monohydrogen phosphate groups (HPO4) 

bonded to Zr(IV) atoms in α-ZrP layer45, 92. 

In addition, a medium intensity resonance 

peak at -28 ppm characteristic of PO4 groups 

sharing four oxygen atoms with Zr(IV) and a 

minor contribution from H2PO4 (-14ppm) 

sharing two oxygen with zirconium45, 73, 93. 

The XRD and the NMR data are consistent 

with  the formation of a-ZrP inside SSC 

PFSA polymeric matrix.  

 

 

Figure 4.6.8: 31P MAS NMR 
spectrum of composite SSC-PFSA-
ZrP membrane with 26 wt % ZrP. 
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4.6.4 Physicochemical Characterization and Proton Conductivity  

 
Water uptake and dimensional changes (volume %, area %, thickness %) of SSC-

PFSA and SSC-PFSA-ZrP-26% membranes were determined from immersion in water 

at 25 °C and 80 °C. The results are shown in the Figure 4.6.9. The results show that the 

presence of the inorganic ZrP component in the SSC-PFSA-ZrP-26% membrane 

lowered the water uptake and dimensional change, comparing with that of the pristine 

SSC-PFSA membrane. Water uptake was decreased from 55 % to 40 % at ambient 

temperature and from 57% to 42 at 80°C, at the same time the area was decreased from 

55 % to 40 % at 25°C and from 57 to 61 at 42 °C. These results indicate that a solid 

content of around 26 wt % ZrP, enhance the dimensional stability, thus reduce the 

tendency of the membrane to swell. Despite the high hygroscopicity of ZrP, the lower 

water uptake on the composite membrane SSC-PFSA-ZrP-26% compared to pristine 

SSC-PFSA, is more likely a consequence of morphological or structural changes 

induced by the in situ precipitation of the inorganic filler89. 

 

 

 

 

 

 

Figure 4.6.9: 
Histograms of water 
uptake and 
dimensional change 
(volume %, area %, 
thickness %) of SSC-
PFSA and SSC-

PFSA-ZrP-26% 
membranes at (a) 
25°C and (b) 80°C. 
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In plane proton conductivity of membranes was measured in a Beck-Tech 

instrument. The data were collected at 80°C and 120°C as function of relative 

humidity, which was varied between 50 to 90 %. The results are plotted to graphs 

presented in Figure 4.6.10. The conductivities of both membranes decreased with 

decreasing the relative humidity from 95 % to 50 %. Compared to the pure SSC-PFSA 

membrane, the inorganic component of ZrP in SSC-PFSA.-ZrP membrane decreased 

its proton conductivity at 80 °C, this is mainly the consequence of the fact that ZrP is 

less conductive than PFSA, even in the amorphous form70. These results are consistent 

with other results in literature62, 66, 69, 70, 73, 76. Nevertheless the effect of zirconium 

phosphate on the conductivity stability is observed at 120°C. The proton conductivity 

of the composite membrane increasing the temperature, remain stable, compared to 

SSC-PFSA its self. The composite membrane for 80 % 65 % and 50 % RH reach 

almost the same values of the pure SSC-PFSA membrane, where its conductivity 

decrease at elevated temperature, and close to glass transition temperature (127 °C). 

These results agree with the work of Alberti et al45 on Nafion-ZrP, reporting that the 

enhanced stability of the conductivity is associated with higher values of the elastic 

modulus in the presence of the filler, thus confirming the positive effect of ZrP particles 

on the dimensional stability of Nafion membranes. However in this thesis the 

mechanical properties of the membranes were not investigated and will be the topic of 

future work. 
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Figure 4.6.10: Plots of, in plane proton conductivity, of SSC-PFSA and SSC-PFSA-ZrP -26% 
membranes, at 80°C (left) and 120°C (right), as a function of relative humidity. 
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In conclusions composite membrane, based on short-side-chain PFSA with low 

EW, has been developed by modification, with zirconium phosphate, up to 26 wt. % 

filler loading. The inorganic component was produced in situ by ion-exchange and 

precipitation process. The formation of α-ZrP inside the SSC-PFSA polymeric matrix is 

proved by the 31P-MAS-NMR spectrum and X-ray pattern, of the composite membrane. 

Two levels of organisation are observed in the composite membrane: (i) a first level at 

the nanometer scale, as detected by TEM and XRD – more dispersed particles located 

in the amorphous region of the polymer; (ii) a second level detected by SEM, having 

organization at the sub-micron level - located in the crystalline regions of the polymer. 

The existence of oblate spheroid, agglomerates of individual nanometric particles, has 

been observed also in other SSC-PFSA composite membranes, in a work carried out in 

the same laboratory. The origin of this observation most probably lies in a specific 

characteristic microstructure. Further investigation of these arrangements and the 

composite membrane microstructure is required.  

ZrP, as inorganic component in composite SSC-PFSA membrane, increased the 

dimensional stability, lowered the water uptake as well as the swelling of the 

membrane. Moreover the presence of ZrP enhanced the stability of the proton 

conductivity at medium temperature and high relative humidity. The major perspective 

of this work lies in the development of composite membranes with ZrP particles, 

capable to reduce the methanol permeability, and improve the fuel cell performance. 

On this route fuel cell tests of the membranes and a detailed study on the effect of 

different filler loading on composite membranes properties are in progress. 
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CONCLUSIONS 

 

In this thesis, inorganic layered structures such as (i) smectite clays synthetic 

and natural (Laponite and two montmorillonites: Kunipia and SWy‐2) with different 

structural and physical parameters, (ii) graphite oxide (GO) and (iii) layered double 

hydroxides (LDHs) with different compositions (various combinations of metal cations, 

interlayer anions and molar ratios of divalent to trivalent cations), were tested as 2D 

nanofillers in order to create Nafion nanocomposites. Furthermore, functionalization of 

clays and GO with organo‐surfactants bearing different hydrophilic groups (-NH2, -OH, 

-SO3H) was also performed in order to increase the number of acid sites and 

consequently the water retention of the produced nanocomposites membranes. Solution 

intercalation was followed for the synthesis of the above hybrid membranes. The type 

of solvent and the temperature for membrane preparation were examined in order to 

determine the optimum conditions for the preparation of highly homogeneous 

nanocomposite membranes. 

Results showed that highly homogeneous exfoliated nanocomposites were created in 

most cases where the individual layered nanofillers are uniformly dispersed in the 

continuous polymeric matrix. The study of the water transport mechanism, 

consequently of the H+ ions within the electrolyte membrane, is one of the key aspects 

in the evaluation of these materials. The Pulse Field Gradient (PFG) NMR technique 

was used in this work to obtain a direct measurement of the water self‐diffusion 

coefficients in a wide temperature range (20-130 °C) either in pure Nafion membrane 

or in the final nanocomposites.  

For the clay nanocomposites the transport mechanism appears to be influenced from 

the dimensions of the dispersed platelets and mainly from the type of nanocomposites 

formed upon mixing the clay particles with the polymer matrix. A remarkable 

behaviour at high temperature (above 100 ° C) is observed for the smectite clays 

Laponite and SWy‐2, where composite membranes maintain stable and unwavering 

diffusion for many hours and in conditions of not humidification, proving the 

exceptional water retention property of these materials. Moreover, Swy-2 clays 



Conclusions 

 119

particles demonstrate to be a potential physical barrier for methanol cross-over, 

reducing the methanol diffusion with an evident blocking effect and nevertheless 

ensuring a high water mobility up to 130 °C. The electrochemical behavior investigated 

by cell resistance and polarization measurements on these membranes show that the 

addition of clay materials to recast Nafion decreases the ohmic losses at high 

temperatures extending in this way the operating range of a direct methanol fuel cell. 

The organo-functionalizations of Lap and SWy clays materials have showed no 

particular effect on the first, while a considerable outcome in terms both of water 

absorption/retention and water mobility for the second one: some organo-SWy –based 

composite membrane shows an exceptional behavior above 100 °C where the 

membranes retained a small amount of " still mobile" water for several hours without 

any further humidification, denoting that the surface modifications of this clay with 

acid organic molecules significantly improve the performance of the final composite 

membrane. Diffusion's data together with 1H-NMR spectral analysis has allowed a 

general description of the water distribution in the nanoporous membranes and has 

resulted in an estimation of the number of water molecules involved in the hydration 

shell of the sulfonic groups as well as that absorbed on the organoclay particles. 

Concerning the graphite oxide filler, the organo-functionalization with two linear 

amino-acids, SULF and VAL, resulted in composite membranes with very high 

performance over a wide range of temperatures. On the contrary, by using branched 

organo-surfactants, such as TES and SER, the respective composite membranes have 

very poor retention/diffusion properties, most  probably due to their size and 

stereochemical configuration. In any case, the mechanical investigation of all the 

nanocomposites indicates that the organo modification of the GO produces membranes 

more structured and with higher stiffness than the filler-free Nafion. 

High proton conducting Nafion nanocomposite membranes were developed using 

Mg2+/Al3+ layered double hydroxides as nanofillers. LDHs with different Mg2+/Al3+ 

metal ratios (2:1 and 3:1) and various interlayer anions (CO3
2-, ClO4

-, NO3
-) were 

prepared and incorporated in Nafion polymers with different equivalent weight, 1000 

EW and 1100 EW. The transport mechanism appears to be affected of the different 

interlayer anions but mainly of the Mg2+/Al3+ metal ratios. A further electrochemical 

investigation has demonstrated that some composite membranes show better 
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performance than recast Nafion, indicating that the filler introduction has a beneficial 

effect in a drastic operative conditions of the cell. 

Perspective future of this work will be to deepen some aspects and properties of the 

best nanocomposites here exposed, e.g. by testing them in fuel cells, i.e.  in real 

operating conditions. 
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Synthetic and natural smectite clays, with different structural and physical parameters,

were tested as nanofillers for the creation of Nafion nanocomposites. The solution inter-

calation method has been successfully applied for incorporation of layered materials into

the polymer, while the effect of the solvent, temperature and filler loading were examined

in order to determine the optimum conditions for the preparation of highly homogeneous

composites.

NMR methods, including pulsed-field-gradient spin-echo (PFGSE) and spin-lattice

relaxation time (T1) were used to investigate behavior of water confined in recast Nafion

and in Nafioneclay hybrids membranes.

The transport mechanism appears to be influenced from the dimensions of the

dispersed platelets and mainly from the type of nanocomposites formed upon mixing the

clay particles with the polymer matrix. Compared to pure Nafion, the water uptake and the

water diffusion of the hybrid membranes are increased, with the exception of the Kunipia-

Nafion composite. A remarkable behaviour at high temperature is observed, where

composite membranes maintain stable and unwavering diffusion for many hours and in

conditions of not humidification, proving the exceptional water retention property of these

materials. Finally the hybrid membranes are much stiffer and can withstand higher

temperatures compared to pure Nafion, hence both these characteristics are highly

desirable for use in fuel cell applications.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction conductivity of the electrolyte. Furthermore, high temperature
The fuel cell technologyhas increasedrapidlyduring the last two

decades. PEMFCs operating in the typical 60e80 �C temperature

range face problems including poor carbonmonoxide tolerance

and heat rejection. These drawbacks can be overcome by

increasing the operating temperature range up to 120e130 �C. In
this temperature two opposite effects come into play: i)

improved electro-catalytic kinetics and ii) decreased proton
1; fax: þ39 0984 492044.
it (I. Nicotera).
2011, Hydrogen Energy P
operation will reduce the complexity of the reforming reactor

employed for PEMFC [1e3]. PEMFC performance is critically

dependenton themembranewater content.However, toomuch

humidification causes flooding of the electrodes and conse-

quently, the diffusion overpotential increasesdue to insufficient

oxygen and hydrogen supply. In order to reduce these over-

potentials, properties such as stable water uptake and high

proton conductivity are essential for the electrolyte.
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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Composite perfluorosulfonic membranes based on Nafion

containing hygroscopic ceramic oxides (such as titania

nanotubes [4] and particles [5,6], Zr(HPO4)2 [7,8], ZrO2 [9], Fe2O3

[10], SiO2 [11e14], etc) have been demonstrated to operate up

to about 150 �C both in direct methanol [15] and hydrogeneair

[14,16,17] polymer electrolyte fuel cells with reduced pre-

heating temperature for the reactants (85 �C). As opposite,

Nafion membranes without ceramic fillers may operate only

up to 130 �C [2] under elevated pressures (4 atm abs) and with

higher reactants preheating temperature (120e140 �C). Addi-
tionally, the inclusion of inorganic fillers improves the

mechanical properties and the membrane water

management.

In this study we propose a new class of fillers based on

swellable smectite clays [18]. Smectite clays are a class of

layered aluminosilicate minerals with a unique combination

of swelling, intercalation, and ion exchange properties. They

consist of an octahedral alumina layer fused between two

tetrahedral silica layers (about 1 nm). Such clays have a cation

exchange capacity, which depends on the substitution of low

valent atoms, e.g., Mg2þ for Al3þ in the octahedral sheet and

Al3þ for Si4þ in the tetrahedral sites. As a consequence, the

1 nm thick aluminosilicate platelets have a fixed negative

charge and neutrality is obtained, for example, by hydrated

cations present in the galleries. The intercalation process in

these systems is equivalent to ion exchange, and unlike the

intercalation compounds of graphite, it does not involve

necessarily charge transfer between the guest and host

species. The charge on the layers affects many fundamental

properties of the clays, including water holding (an important

property for the creation of Nafion nanocomposite

membrane), cation fixation, swelling ability, cation exchange

capacity and high specific surface area.

Depending on the strength of interfacial interactions

between the polymer matrix and the inorganic materials,

three different types of nanocomposites are thermodynami-

cally achievable, as shown in Fig. 1: (1) conventional

composites, where packages of silicate layers, keep their

stacking, creating a conventional phase separated composite

(microcomposite), (2) intercalated nanocomposites, where the

polymer chains are intercalated between the silicate layers,

therefore increasing their gallery height but maintaining their

layered stacking, resulting in a well ordered multilayer with
Fig. 1 e Image describing the three types of clay-polymer

composites: conventional composites (or micro-

composites), intercalated nanocomposites and exfoliated

nanocomposites.
alternating polymer/silicate layers, (3) exfoliated nano-

composites, in which the individual clay layers lose their

stacking and are exfoliated and dispersed in the continuous

polymeric matrix [19].

The conventional procedures to prepare these nano-

composites include: i) solution [20,21], ii) melt intercalation

[22], where the polymer intercalate to the interlayer space

from solution or melt respectively and iii) in situ polymeri-

zation [23], where the polymerization is started inside of the

clay galleries. Melting intercalation ismore industrial than the

solution; however the exfoliated clays, incorporated into the

polymeric matrix, have obtained easily and effectively by

solution intercalation [24].

Over the last decade, many efforts have been made for the

development of Nafion compositemembranes using swellable

clays as nanofillers [25]. The presence of two dimensional

platelike silicate layers in the Nafion matrix showed signifi-

cant gains in thermal [26], mechanical [26] and methanol

barrier [20] properties while reduces the methanol perme-

ability [27e29] and increases the water retention [29] and the

power density [22,26] of the resulting nanocomposite

membranes.

In this work, one synthetic (Laponite) and two natural clays

(Kunipia and SWy-2 montmorillonites) with different struc-

tural and physical parameters were chosen as nanofillers:

Laponite shows both low layer charge density and particle size

(20 nm), SWy-2 has a medium layer charge density and high

particle size (200 nm) and, finally, Kunipia has a high layer

charge density and particle size also around 200 nm.

Hybrid membranes were synthesized by solution interca-

lation with different filler loadings (1, 3, 6 and 9 wt% with

respect to the polymer) in order to create Nafion nano-

composites with improved water retention properties,

stability in temperature and good water mobility perfor-

mance. The choice of the solvent during the preparation

procedure of the membranes and its effect on the clay-fillers

were also examined with the aim to determine the optimum

conditions for the preparation of highly homogeneous nano-

composite membranes.

The study of the water transport mechanism is one of the

key aspects in the evaluation of thesematerials and the Pulse-

Field-Gradient Spin-Echo NMR (PFGSE-NMR) method [30] was

employed in this work to obtain a direct measurement of the

water self-diffusion coefficients in recast Nafion and Nafion

composite membranes. This technique has been shown to

provide valuable information on water transport in PEM

materials [31]. NMR spin-lattice relaxation times (T1) were also

taken as a function of temperature and water content. Addi-

tionally, both pristine materials (clay and Nafion) as well as

the resulted nanocomposite membranes were characterized

by a combination of powder X-ray diffraction, FTIR spectros-

copy and thermogravimetric analysis.
2. Experimental section

2.1. Materials

Three different smectites clays with different structural and

physical parameters (structural formula, particle size and

http://dx.doi.org/10.1016/j.ijhydene.2011.06.041
http://dx.doi.org/10.1016/j.ijhydene.2011.06.041
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cation exchange capacity) were used. The first was a natural

Wyoming montmorillonite (SWy-2) obtained from the Source

Clay Minerals Repository, University of Missouri, Columbia,

with a cation exchange capacity (CEC) measured by the Co(II)

procedure equal to 80 mequiv per 100 g clay and particle size

around 200 nm. The second clay, was also a natural sodium-

saturated montmorillonite Kunipia (KUN) purchased from

Kunimine Industries Co (Japan), with higher CEC than the

SWy-2 (120 mequiv per 100 g clay) and with the same particle

size like SWy-2. Finally, the third smectite was a synthetic

trioctahedral hectorite, Laponite (Lap), produced by Laporte

Industries Ltd with the lowest CEC 48 mequiv per 100 g clay

and the smallest particle size (20 nm). Table 1 summarize the

properties of these claymaterials and their structural formula.

Montmorillonites were fractioned to <2 mm by gravity sedi-

mentation and purified by well-established procedures in clay

science [32]. Sodium-exchanged samples (Naþ-SWy-2) were

prepared by immersing the clay into 1 N solution of sodium

chloride. Cation exchange was complete by washing and

centrifuging four times with dilute aqueous NaCl. The

samples were finally washed with distilled-deionized water

and transferred into dialysis tubes in order to obtain chloride-

free clays and then dried at room temperature.

Finally, Nafion solution (20 wt% in mixture of lower

aliphatic alcohols and water) and the solvents (isopropyl

alcohol (IPA) and N,N-dimethylformamide (DMF)) were

purchased from Aldrich and used as received.

2.2. Composites membranes preparation

The composite membranes were prepared from 20 wt%

Nafion� solution according to the following processes: i) 1g of

Nafion solution was heated at about 60 �C to remove all the

solvents (water, isopropanol, etc.); (ii) Nafion resin was redis-

solved with 10 ml of the desired solvent (DMF or IPA) until

become a clear solution; (iii) the filler was dispersed in the

same solvent under stirring for 1 day and added slowly to the

solution of Nafion; (iv) the final solution was ultra-sonicated

for 1 h and then stirred at 60 �C to ensure complete mixing;

finally (v) casting on a petridisk at about 50 �C for the

suspension with IPA and between 100 and 110 �C for DMF

overnight, was performed in order to obtain a homogeneous

membrane. The hybrid membrane was removed from the

petridisk by immersing the glass plate in deionised water for

several minutes. In order to reinforce themembrane, this was

sandwiched and pressed between two Teflon plates and put in

oven at 150 �C for about 15 min. All composite membranes
Table 1 e Some physical properties and the structural formula
Kunipia).

Clay Particle
size (nm)

CECa

(meq/100 g)
Charge densit
(e�1/unit cell)

Lap 20 48.1 0.5

SWy-2 200 76.4 0.6

Kun 200 119 0.9

a CEC is the cation exchange capacity.

b Unit cell is the Si8O20 unit.
produced by casting were subsequently treated by rinsing in:

(i) boiling HNO3 solution (1 M) for 1 h to oxidize the organic

impurities, (ii) boiling H2O2 (3 vol %) for 1 h in order to remove

all the organic impurities, (iii) boiling deionized H2O for 40min

three times, (iv) boiling H2SO4 (0.5 M) for 1 h to remove any

metallic impurities, and again (v) boiling deionized H2O for

40 min twice to remove excess acid. According to McMillan

et.al [33], an ulterior purification procedure was performed in

order to ensure the removal of paramagnetic contaminants

which are particularly damaging an n.m.r. experiment, such

as the presence of copper that we found by Electron Para-

magnetic Resonance analysis. By this procedure membranes

were soaked in EDTA solution (0.001M) for 1 day after followed

by a thorough rinse. Then soaked in 2 M HCl at a temperature

of 80 �C for 2 h followed by boiling in fresh distillededeionized

water to remove any residual acids and again repeated the

treatment with EDTA. Finally, rinsing in boiled deionized

water three times to remove residual EDTA and stored at room

temperature at fully hydrated state.

2.3. Characterization

The X-ray powder diffraction data were collected on a D8

Advanced Bruker diffractometer by using CuKa (40 kV, 40 mA)

radiation and a secondary beam graphite monochromator.

The patterns were recorded in a 2-theta range from 2� to 40�,
in steps of 0.02� and counting time 2 s per step. Infrared

spectra were measured with an FT-IR 8400 spectrometer, in

the region of 400e4000 cm-1, equipped with a DTGS detector.

Each spectrumwas the average of 32 scans collected at 2 cm-1

resolution. Membrane samples were measured as prepared.

Thermogravimetric (TGA) analysis was performed using

a Perkin Elmer Pyris Diamond TG/DTA. Fully dried and

hydrated samples of approximately 5 mg were heated under

nitrogen from 25 to 850 �C, at a rate of 10 �C/min.

NMR measurements were performed using a Bruker

AVANCE 300wide bore NMR spectrometer working at 300MHz

on 1H. Spectra were obtained by transforming the resulting

free-induction decay (FID) of single p/2 pulse sequences. Self-

diffusion coefficients of water were performed with a Diff30

NMR probe by using the pulsed field gradient spin-echo

(PFGSE) method [30] with a gradient pulse length of 1 ms,

a delay time for diffusion of Δ of 10 ms, and varying the

gradient amplitude from 10 to 700 G/cm. Uncertainties in D

measurements arew3%. Finally, longitudinal relaxation times

(T1) of water were measured on the same spectrometer by the

inversion-recovery sequence (pesep/2). Both self-diffusion
of laponite (Lap) and the two montmorillonites (SWy-2 and

y
b

Structural formula

Na0.56[Mg5.4Li0.4]Si8O20(OH)4
Na0.62[Al3.01Fe(III)0.41Mg0.54 Mn0.01Ti0.02](Si7.98Al0.02)O20(OH)4
Na0.87[Al3.12 Fe(III)0.20Mg0.61Ti0.01](Si7.90Al0.10)O20(OH)4
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and T1 measurements were conducted by increasing

temperature step by step from 20 to 140 �C, with steps of 10 �C,
and leaving the sample to equilibrate for about 20 min.

Prior to the NMRmeasurements, membranes were dried in

oven, weighed and then immersed in distilled water at room

temperature. Upon being removed from the water they were

quickly blotted dry with a paper tissue (to eliminate most of

the free surface liquid). The water content value was deter-

mined using a microbalance and recorded as: uptake

% ¼ [(mwet�mdry)/mdry] � 100.

At this point themembranes were loaded into a 5mmNMR

Pyrex tube and hermetically sealed. In order to minimize the

evaporation of the solvent from themembranewith increased

temperature, a “cap” of Teflon was placed just above the

membrane. Thus, the free volume available to the evaporated

water was minimized.
3. Results and discussion

X-ray diffraction (XRD)measurements provide a powerful tool

to evaluate the type of composites created after the incorpo-

ration of the inorganic layered nanofillers in the Nafion

matrix. Fig. 2 shows the XRD patterns of the recast-Nafion and

of three nanocomposites prepared using DMF as solvent (see

experimental part) with KUN, SWy-2 and Lap at the same filler

to polymer loading (3 wt%). All XRD patterns show clearly the

existence of the characteristic peaks of Nafion structure: the

first one is observed at 2e3� corresponding to a Bragg spacing

of 3e5 nm, which is typical of a system containing ionic

clusters [34], while a broad band centered at 18� is also

distinctive of the polymer arrangement (crystalline peak

scattering from the polylfluorocarbon chains of Nafion)

[22,35]. In the case of KUN and SWy-2 Nafion nanocomposites,

a 001 reflection appeared at 7� due to the presence of packages
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membrane with Laponite in 3 wt% loading.
of ordered aluninosilicate layers in the mass of the polymeric

matrix. This peak corresponds to an intersheet separation of

L ¼ (12.6 Å�9.6 Å) ¼ 3.0 Å, where 9.6 Å is the thickness of the

clay layer [32], indicating probably the creation of micro-

composites (conventional composites) when using these two

montmorillonites as fillers. In fact, XRD patterns (Fig. 2B) of

both montmorillonites, treated several times with DMF and

dried at room temperature, show a d001-spacing of 12.6 Å, the

same to that observed in the patterns of montmorillonite-

Nafion composites. However, the intensity of the 001 peak in

SWy-2 nanocomposite is significant lower than that of Kuni-

pia nanocomposite, implying that in the case of Wyoming

montmorillonite a small fraction of clay platelets retains its

stacking while the majority is existing in fine dispersion

between polymer chains (partially exfoliated). On the other

hand, in the case of Laponite, the absence of the d001 diffrac-

tion peak in the pattern of the final nanocomposite, charac-

teristic of the sodium-Laponite, indicates that the ordered

structure of the layered mineral is effectively eliminated after

mixing with the polymeric mass. The stronger interaction of

DMF molecules with Laponite platelets compared with the

two montmorillonites is confirmed from the XRD measure-

ments (Fig. 2B). Laponite treated with DMF solvent, shows an

increase in basal spacing (d001), from 12.6 Å in the pristine clay

to d001 ¼ 14.4 Å (L ¼ 14.4 Å�9.6 Å ¼ 4.8 Å), indicative of the

intercalation of a high amount of DMFmolecules into the clay

interlayers. This confirms the strong interaction of DMF with

the siloxane surfaces of Laponite [36] and is probably

responsible, in conjunction to the small size of Laponite

platelets (20 nm), for the creation of fully exfoliated

nanocomposites.

The presence of the clay nanofiller in the final Nafion

composites is revealed also from FTIR spectra. Fig. 2C shows

the FTIR spectra in the region between 400 and 900 cm-1 of

pristine Nafion and Lap-Nafion membranes, while the
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correlative attribution of vibrational peaks detected is

summarized in Table 2 [37,38]. The spectrum of Laponite

hybrid membrane shows all the characteristic bands of

Nafion, while the peak at 463 cm-1, corresponding to SieO

vibration of the clay lattice, is indicative of the existence of the

phyllomorphous nanomaterial in the final composite.

Furthermore, TGA results of dried membranes (Fig. 3) shows

that in the case of nanocomposite loadedwith 3wt% Laponite,

the decomposition of Nafion was shifted to higher tempera-

tures. The higher thermal resistance of the nanocomposite

than that of pure Nafion membrane is due to the strong

interaction of polymer main chains with Laponite which in

fact provides evidence for the homogeneous dispersion of the

silicate platelets in the polymeric matrix [30]. Similar results

were observed for all the series of nanocomposites (not shown

here) indicating that all clay nanofillers distributed homoge-

nously on the polymer matrix. On the other hand, thermog-

ravimetric measurements on hydrated membranes (Fig. 3

inset) were also performed for pristine Nafion and Lap-

Nafion (3 wt%). From the weight loss up to 120 �C the

percentage water uptake was calculated from the equation: %

water uptake ¼ (mass hydrated e mass dried)/mass

dried� 100% [39]. The percentage water uptakewas estimated

25% for pristine Nafion and 37% for Lap-Nafion membrane,

indicating that nanocomposite membrane adsorbs significant

higher amount of water compared to recast Nafion.

NMR technique was applied in this study to investigate the

transport properties of water molecules confined in the

porous structure of the Nafion membrane and in order to

check the effect of the clay-fillers added. Fig. 4 displays the

plot of the water self-diffusion coefficients measured by PFG-

NMR method on completely swelled membranes, in the

temperature range 25e140 �C. In this graph the self-diffusion

coefficients of the three hybrid composites, Lap-Nafion,

SWy-Nafion and Kun-Nafion, are compared with the recast

Nafion.

As expected, recast Nafion shows a sudden decrease of the

diffusion after 60 �C, due to loss of water from the membrane.

Similar behavior is also displayed by the Kun-Nafion
Table 2 e FTTR assignments if the recast Nafiion and the
nanocomposite membrane with Laponite in 3 wt%
loading.

Frequencies of bands Band assignmentsa

Nafion Lap-Nafion

463 r(SieO)

514 511 d(CF2)

554 555 t(CF2)

631 632 u, d(CF2)

655 657

718 718 vs(CF2)

804 804 v(CeS)

970 968 vs(CeOeC)

981 927 vas(CeOeC)

1056 1056 vs(SO3
�)

a v: stretching; d: bending; u: wagging; t: twisting; r: rocking; as:

antisymmetric mode; s, symmetric mode.
composite, whose diffusion decreases drastically after 80 �C,
reaching values even lower than the recast Nafion.

This abrupt drop of the diffusion is hypothesized to be

related to the inability of themembrane to retainwater at high

temperatures jointly with the pore/channel structure of the

membrane, where the Kunipia particles, not exfoliated, block

part of the hydrophilic polymer channels, through which

water molecules migrate. The blocking effect becomes

a significant factor just when the water content is low, i.e.

when the hydrophilic domains sizes are reduced and there-

fore, big particles can obstruct the water molecules pathways.

On the contrary, Laponite and SWy-2 nanofillers show

a significant effect on the water mobility with diffusion values

very high and in all temperature range investigated.
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Fig. 4 e Self-diffusion coefficients as function of the

temperature (from 20 �C up to 140 �C) of the water confined

in recast Nafion and in clay composites membranes (3 wt%

loading) and at the maximum water uptake. The grey part

in the graph shows the self-diffusion coefficients

measured at 140 �C after each hour for 4 h.
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The temperature evolution of the diffusion coefficients

displays a regular increasing up to 80e100 �C and then

decrease, slightly for Lap composite, appreciably for SWy

composite. In order to clarify why despite the increasing of the

water molecules thermal energy, the diffusion decreases, we

need to consider the distribution of the water inside the ionic

pores of Nafion membranes: a certain amount of water is

involved in the primary hydration shells of the SO3
- groups as

well as of the clays hygroscopic surfaces, while most of the

additional water fills the volumes of pores forming higher

order hydration layers and behaves more bulk-like [40,41].

Discriminate between these different environments can be

difficult because of the fast rate of proton exchange in acidic

water, so we see only one 1H NMR signal and the diffusion

coefficient is the average result from different water species.

In heating, the proton signal intensity decreases due to the

water evaporation, which mostly involves the bulk water.

Therefore, above 100 �C, the biggest contribution to the

diffusion coefficients comes from the hydratedwaterwhereby

the mobility is reduced. The obstruction effect causes further

reduction of diffusivity, in particular for the SWy-Nafion

nanocomposite which, similarly to Kunipia, presents a small

amount of big particles not completely exfoliated.

However, the noteworthy result is that both membranes

maintain stable water diffusion and unwavering at 140 �C
after at least 4 h and in conditions of not humidification. As

described in the experimental section, for the NMR measure-

ments the membrane is put in a Pyrex tube and sealed on the

top with a cap, without any further supply of humidification.

Obviously, part of the water evaporates from the membrane

during the heating (e.g. after cooling we find some little drops

on the walls tube), however, the self-diffusion coefficient

measured at 140 �C is that of the water remaining in the

electrolyte membrane because the water vapor diffusesmuch

more quickly. Therefore, these clay-fillers dispersed in the

polymermatrixmaintain a certain humidity of themembrane

even at rather high temperatures, and this water is respon-

sible for the diffusion revealed by NMR spectroscopy.

It is well-known [7,8,12] the strong relationship between

water uptakes of the electrolyte and the self-diffusion coeffi-

cients that is, the systems which absorb more water, exhibit

higher diffusivity at room temperature or, usually, up to

60e80 �C (above these, the water retention ability of the

membrane is crucial). The histogram in Fig. 5 illustrates the

maximum water uptake reached from each membrane. All

the nanocomposites can absorb more water than recast

Nafion (24 wt%) in agreement with TGA results: Kun-Nafion is

around 28 wt%, Lap-Nafion is 35 wt% while SWy-Nafion

absorbs up to 45 wt% of water.

These differences in the water uptakes can be explained by

considering the combination of at least three factors: CEC and

particle size of the clay as well as exfoliation degree of the clay

nanoplatelets in the polymeric matrix. SWy-2 and Kunipia

have similar dimensions and high CEC but the first is able to

exfoliate almost totally - only a small fraction of clay platelets

retains its stacking - therefore a bigger amount of hydrophilic

sites on the layers are available for hydration. Moreover, the

dimensions of each platelet can promote stronger alterations

of the network structure, e.g. creating larger cavities where

the water molecules can be hosted in cluster form. Laponite is
a compromise between the twomontmorillonites because it is

completely exfoliated but has the smaller CEC and particle

size.

In spite of this last data, self-diffusion coefficients reported

in Fig. 4 put in evidence a better performance of the Laponite

nanocomposite than SWy-2, in particular above 100 �C. This
suggest that, the amount of water absorbed from the elec-

trolyte prevails at lower temperatures, while at higher

temperatures, when the amount of water is low, is important

to consider the structure of the complex “filler-polymer” and

the blocking effect of the nanoparticles.

Further information on the molecular dynamic of the

water is provided bymeasurements of longitudinal relaxation

times (T1) (Fig. 6). T1 reflectsmore localizedmotions, including

both translation and rotation, on a time scale comparable to

the reciprocal of the NMR angular frequency (w1 ns); higher T1

values indicate more facile water molecular motion. The

graph shows the temperature dependence of T1 of the water

http://dx.doi.org/10.1016/j.ijhydene.2011.06.041
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prepared using DMF solvent and d) Nafion-Laponite
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confined in recast Nafion and hybrid membranes. Laponite

and SWy-2 composites exhibit higher T1 than the recast

Nafion and Kunipia composite, quite consistent with the

diffusion trends observed in Fig. 4. However, we should

underline once more the exceptional behavior of the Laponite

clay that seems favor strongly the local mobility of the water.

In fact, even if the water content is less than SWy-Nafion

composite, its relaxation times are very high respect both

recast Nafion and the other composites and, as saw before,

this is reflected on the long-range diffusion properties, i.e.

displacements of the order of the micron.

In fact, the proton transport process in membranes, such

as Nafion, is generally hypothesized as the contribution of two

conduction mechanisms: the Vehicle mechanism [42,43] that

involves the protons diffusion on a vehicle, such as H3O
þ ions,

but disadvantaged in dehydration state, and the Grotthus

mechanism [44], where proton mobility in water is connected

to rotation of water molecules within a constantly changing

network of hydrogen bonds (structural diffusion). The first one

prevails at low temperatures when the water content is high,

while the second mechanism is expected to be predominant

at high temperatures in the dehydration state, therefore, it is

surely favorite in the Laponite composite that shows the

highest longitudinal relaxation times.

A last consideration about the T1measurements is that the

particle blocking effect is less important as T1 reflects local-

ized motions. This is consistent with the much smaller

magnitude of T1 drop than that of D.

From the above data, the synthetic Laponite seems the

most promising smectite clay that can be used as filler and

thus it could be the base to design, through chemical func-

tionalization, hybrid layered structures such as organically

modified clays (organoclays) [45] which can be used as nano-

fillers for the creation of novel polymer nanocomposites.

However, in this preliminary study on clays, two basic

issues must be further investigated: (1) the method of prepa-

ration of the membranes, and especially the solvent used to

dissolve both polymer and filler; (2) the optimum filler loading

with respect to the polymer. The first one comes from the XRD

results shown in Fig. 2 on the interaction/intercalation of

solvent molecules in the interlayer space of the Laponite; the

second is related to the goodness of the structural modifica-

tions of Nafion resulting from the dispersion of clay material

since it is clear that the mass transport in the electrolyte

deeply depend on the molecular-level structure.

In order to evaluate the type of solvent used during the

membrane preparation, Lap-Nafion nanocomposite

membranes, at the same clay/polymer loading (3 wt%), were

synthesized using DMF (N,N-dimethylformamide) and IPA

(isopropyl alcohol) as solvents. The XRD patterns (Fig. 7) of the

composites membranes (patterns c and d) do not present the

characteristic d001 diffraction peak due to sodium-clay, indi-

cating in both cases the creation of fully exfoliated structures.

However, NMR results (Fig. 8) show a different behavior

between Laponite composite prepared by using DMF and that

prepared by using IPA.

The loading of the filler in the polymer was fixed at 3% in

mass and we compare two water uptake values, about 27 wt%

and 15 wt%, respectively. The choose of the uptake value at

about 27 wt% was imposed from the maximum absorption of
water reached from the composite prepared by IPA, showing

already a first significant difference with the sample prepared

by DMF which can absorb, as mentioned above, around 35 wt

% of water.

The membrane prepared by IPA shows a decrease of the

water mobility at temperature above 80 �C, differently from

the membrane prepared by DMF that maintains self-diffusion

coefficients almost constant up to 140 �C and for several

hours. However,when the initial uptake of themembrane is at

the maximum value, also the membrane by IPA has a good

trend at high temperatures even if the diffusion is lowered of

http://dx.doi.org/10.1016/j.ijhydene.2011.06.041
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at least half order of magnitude after 80 �C. On the contrary,

above 100 �C the collapse of the diffusion is net when the

membrane by IPA has a low initial humidification grade, i.e.

this system cannot anymore retain water inside. The elec-

trolyte obtained by DMF, also at low humidification condition,

manifests a very high diffusion performance.

Therefore, although fromXRDdata reported abovewehave

seen that both the preparation by IPA and by DMF produces

compositescompletelyexfoliated, thefinalmembranesarenot

thesameas regarduptake,mobilityandwater retentionathigh

temperatures. This could be attributed to:

1) The difference between the dielectric constant of these two

solvents. In fact, DMF has a dielectric constant (36.7) almost

double with respect to IPA (19.92). A higher value of

dielectric constant favors Coulomb forces between the

ionic sites of the system, imparting the right ionic dissoci-

ation grade. This property of the solvents, so, is expected to

influence the microstructure of the hybrids during the

preparation.

2) The combined effect of temperature and solvent on the

polymer chains mobility. Basically, the preparation proce-

dure of the membrane with DMF permits higher casting

temperatures than IPA, due to its higher boiling point.

Thermal excitation and plasticizing effect of the solvent

imparts mobility to the polymer chains, consequently the

size of the lamellar crystallites increases, their internal order

probably improves, and a long-range order develops [46,47].

Instead, if the polymer chains are immobile, crystallization

cannot occur and low-quality solution-cast films are

obtained. Therefore, such reorganization of the polymeric

structureandtheprobablepresenceof residual solvent in the

hydrophobic phase, that acts as plasticizer, makes the poly-

mericmatrixmoreelastic, facilitating thesegmentalmotions

and, consequently, water absorption andmobility.

Regarding the effect of the amount of the filler in the final

hybrids, Fig. 9 shows the XRD patterns of the parent materials

and the Lap-Nafion composites in different loadings. In

particular we prepared four samples at 1, 3, 6 and 9 mass

percentage loadings with respect to the Nafion polymer. Also

here, even when the percentage of Laponite is increased, the

absence of the d001 diffraction peak, characteristic of the

sodium-clay, in the patterns of all the final hybrid composites

indicates that the ordered structure of the layered mineral is

effectively destroyed, leading to creation of exfoliated nano-

composites. The later proves the high affinity of Nafion poly-

mer with the siloxane surfaces of Laponite clay.

Finally, Fig. 10 shows the diffusion data collected on

membranes prepared at different Laponite clay loadings. The

initial water uptake of the membranes with 1 and 3% of filler is

around35wt%,while themembranesat 6 and9%of loading can

reachuptake valuesup to 40-42wt%. In spite of this, thegeneral

behavior of the self-diffusion coefficients shows that the

increasing ofmobility is not at all proportional to the amount of

clay in the system. On the contrary, the composite at higher

loading is the most instable and looses water after 60 �C. At
lower loading (1%) there is a discrete effect of the filler on the

Nafionmatrixwhile the best loading seems to bebetween 3 and

6%. This suggests, once more, that the microstructure of the
composite plays a significant role. In fact, further addition of

filler, from one side strengthens the polymericmatrix and thus

improvesthemechanicalpropertiesof themembrane [48], from

the other side clearly causes obstruction effects limiting the

mobility of the water in the Nafion ionic domains. This

optimum loading is in agreement with previous studies on

Nafion-claynanocompositemembraneswhichshowedthat the

optimal ionic (proton) conductivity,methanol permeability and

cell performance is also observed between 2.5 and 5 wt%

nanoclay content [18,49,50]. This can be explained by the fact

thatat lowernanoclay loadings, somewhatbetter intercalation/

exfoliation can be expected while at higher loadings, further

dispersion of clay platelets is hindered, most probably due to

percolation phenomena [51,52].

http://dx.doi.org/10.1016/j.ijhydene.2011.06.041
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4. Conclusion

Nafion hybrid membranes based on smectite clays were

synthesized by solution intercalation and characterized by

different techniques. One synthetic (Laponite) and two

natural (Kunipia and Swy-2) layered aluminosilicate minerals

with different physical and structural properties were tested

as fillers in order to understand how basic parameters of the

clays, such as particles size and layer charge density, can

influence the final properties of the nanocomposite

membranes.

XRD measurements reveal that SWy-2 and Kunipia mont-

morillonites produce conventional composites where the clay

layers keep -in higher or less extend- their stacking, while

exfoliated nanocomposites are created using Laponite.

The dynamic behavior of water confined in the recast

Nafion and hybrid nanocomposites, in the temperature range

25e140 �C, was studied by NMR (self-diffusion and T1) tech-

nique. With the exception of the Kunipia, both Laponite and

SWy-2 show important effects both on water uptake and on

transport properties. In fact, self-diffusion coefficients and T1

have showed that the mobility of water molecules is favorite

in these composites systemswith respect to the recast Nafion.

However, remarkable outcome is the behavior of these

hybrids at high temperature: water diffusion remains stable

and unwavering at 140 �C after at least 4 h and in conditions of

not humidification, confirming the excellent ability of these

clay-polymer complexes to retain water.

The effect of the filler loading and the type of solvent used

for the membranes preparation were also investigated. We

found that the optimumamount of Laponite clay incorporated

into the polymer is between 3 and 6 mass percentage with

respect to the Nafion, while a higher loading causes obstruc-

tion effects which effectively reduces the mobility of water.

Finally, the choice of the solvent used for the preparation of

the composite membranes is not a negligible parameter.

Hybrids prepared by using DMF as solvent have exhibited

better performance than that prepared by IPA. We imputed

this difference at: i) the higher dielectric constant of DMF than

IPA and ii) the effect on the polymeric structure of the casting

temperature of the membrane together with the plasticizer

effect of DMF.
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[13] Baglio V, Aricò AS, Antonucci V, Nicotera I, Oliviero C,
Coppola L, et al. An NMR spectroscopic study of water and
methanol transport properties in DMFC composite
membranes: influence on the electrochemical behaviour.
Journal of Power Sources 2006;163:52e5.

[14] Arico AS, Baglio V, Antonucci V, Nicotera I, Oliviero C,
Coppola L, et al. An NMR and SAXS investigation of DMFC
composite recast Nafion membranes containing ceramic
fillers. Journal of Membrane Science 2006;270(1e2):221e7.

[15] Kreuer KD. On the development of proton conducting
polymer membranes for hydrogen and methanol fuel cells.
Journal Membrane Science 2001;185(1):29e39.

[16] Costamagna P, Yang C, Bocarsly AB, Srinivasan S. Nafion (R)
115/zirconium phosphate composite membranes for
operation of PEMFCs above 100 degrees C. Electrochimica
Acta 2002;47(7):1023e33.

[17] Alberti G, Casciola M. Composite membranes for medium-
temperature PEM fuel cells. Annual Review of Materials
Research 2003;33:129e54.

[18] Alonso RH, Estevez L, Lian HQ, Kelarakis A, Giannelis EP.
Nafion-clay Nanocomposite Membranes: Morphology and
Properties Polymer 2009;50(11):2402e10.

[19] Ray SS, Okamoto M. Polymer/layered silicate
nanocomposites: a review from preparation to processing.
Progress in Polymer Science 2003;28(11):1539e641.

http://dx.doi.org/10.1016/j.ijhydene.2011.06.041
http://dx.doi.org/10.1016/j.ijhydene.2011.06.041


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 7 ( 2 0 1 2 ) 6 2 3 6e6 2 4 5 6245
[20] Thomassin JM,PagnoulleC,CaldarellaG,GermainA, JeromeR.
Impact of acid containing montmorillonite on the properties
of Nafion�membranes. Polymer 2005;46(25):11389e95.

[21] Georgakilas V, Bourlinos A, Gournis D, Tsoufis T, Trapalis C,
Mateo-Alonso A, et al. Multipurpose organically modified
carbon nanotubes: from functionalization to nanotube
composites. Journal of the American Chemical Society 2008;
130(27):8733e40.

[22] Jung DH, Cho SY, Peck DH, Shin DR, Kim JS. Preparation and
performance of a Nafion (R)/montmorillonite nanocomposite
membrane for direct methanol fuel cell. Journal of Power
Sources 2003;118(1e2):205e11.

[23] Kim YS, Dong LM, Hickner MA, Pivovar BS, McGrath JE.
Processing induced morphological development in hydrated
sulfonated poly(arylene ether sulfone) copolymer
membranes. Polymer 2003;44(19):5729e36.

[24] CeleN,RaySS.RecentProgressonNafion-basednanocomposite
membranesfor fuelcell applications.MacromolecularMaterials
and Engineering 2009;294(11):719e38.

[25] Peighambardoust SJ, Rowshanzamir S, Amjadi M. Review of
the proton exchange membranes for fuel cell applications.
International Journal of Hydrogen Energy 2010;35(17):
9349e84.

[26] Song M-K, Park S-B, Kim Y-T, Kim K-H, Min S-K, Rhee H-W.
Characterization of polymer-layered silicate nanocomposite
membranes for direct methanol fuel cells. Electrochimica
Acta 2004;50(2e3):639e43.

[27] Silva RF, Passerini S, Pozio A. Solution-cast Nafion�/
montmorillonite composite membrane with low methanol
permeability. Electrochimica Acta 2005;50(13):2639e45.

[28] Kim DW, Choi H-S, Lee C, Blumstein A, Kang Y. Investigation
on methanol permeability of Nafion modified by self-
assembled clay-nanocomposite multilayers. Electrochimica
Acta 2004;50(2e3):659e62.

[29] Gosalawit R, Chirachanchai S, Shishatskiy S, Nunes SP.
Krytox-Montmorillonite-Nafion� nanocomposite membrane
for effective methanol crossover reduction in DMFCs. Solid
State Ionics 2007;178(29e30):1627e35.

[30] Stejskal EO, Tanner JE. Spin diffusion measurements: spin
echoes in the presence of a time-dependent field gradient.
The Journal of Chemical Physics 1965;42(1):288e92.

[31] Zawodzinski TA, Derouin C, Radzinski S, Sherman RJ,
Smith VT, Springer TE, et al. Water-uptake by and transport
through Nafion 117 membranes. Journal of the
Electrochemical Society 1993;140(4):1041e7.

[32] Gournis D, Lappas A, Karakassides MA, Tobbens D,
Moukarika A. A neutron diffraction study of alkali cation
migration in montmorillonites. Physics and Chemistry of
Minerals 2008;35(1):49e58.

[33] MacMillan B, Sharp AR, Armstrong RL. An NMR investigation
of the dynamical characteristics of water absorbed in Nafion.
Polymer 1999;40(10):2471e80.
[34] Herrera Alonso R, Estevez L, Lian H, Kelarakis A, Giannelis EP.
Nafion-clay nanocomposite membranes: morphology and
properties. Polymer 2009;50(11):2402e10.

[35] Mauritz KA, Moore RB. State of understanding of Nafion.
Chemical Reviews 2004;104:4535e85.

[36] Xie XL, Hayashi S. NMR study of kaolinite intercalation
compounds with formamide and its derivatives. 1. structure
and orientation of guest molecules. Journal of Physical
Chemistry B 1999;103(29):5949e55.

[37] Di Noto V, Gliubizzi R, Negro E, Pace G. Effect of SiO2 on
relaxation phenomena and mechanism of ion conductivity
of [Nafion/(SiO2)x] composite membranes. The Journal of
Physical Chemistry B 2006;110(49):24972e86.

[38] Gruger A, Regis A, Schmatko T, Colomban P. Vibrational
Spectroscopy 2001;26:215.

[39] Moster AL, Mitchell BS. Mechanical and hydration properties
of Nafion�/ceramic nanocomposite membranes produced by
mechanical attrition. Journal of Applied Polymer Science
2009;111(2):1144e50.

[40] Gebel G, Atkins P. Polymer 2000;41:5829e38.
[41] Paddison SJ, Paul R. Physical Chemistry Chemical Physics

2002;4:1158e63.
[42] Eikerling M, Kornyshev AA, Kuznetsov AM, Ulstrup J,

Walbran SJ. Journal of Physical Chemistry B 2001;105:
3646e62.

[43] Kreuer KD. Solid State Ionics 1997;94:55e62.
[44] Cohen B, Huppert DJ. Journal of Physical Chemistry A 2003;

107:3598.
[45] Theng BKG. The Chemistry of Clay Organic Reactions.

London: Adam Hilger; 1974.
[46] Moore RB, Martin CR. Chemical and morphological

properties of solution-cast perfluorosulfonate ionomers.
Macromolecules 1988;21:1334e9.

[47] Gebel G, Aldebert P, Pineri M. Macromolecules 1987;20:1425.
[48] Burgaz E, Lian H, Alonso RH, Estevez L, Kelarakis A,

Giannelis EP. Nafion-clay hybrids with a network structure.
Polymer 2009;50(11):2384e92.

[49] Kim Y, Lee JS, Rhee CH, Kim HK, Chang H. Montmorillonite
functionalized with perfluorinated sulfonic acid for proton-
conducting organic-inorganic composite membranes.
Journal of Power Sources 2006;162(1):180e5.

[50] Lin Y-F, Yen C-Y, Hung C-H, Hsiao Y-H, Ma C-CM. A novel
composite membranes based on sulfonated montmorillonite
modified Nafion� for DMFCs. Journal of Power Sources 2007;
168(1):162e6.

[51] Ladhari A, Ben Daly H, Belhadjsalah H, Cole KC, Denault J.
Investigation of water absorption in clay-reinforced
polypropylene nanocomposites. Polymer Degradation and
Stability 2010;95(4):429e39.

[52] Pavlidou S, Papaspyrides CD. A review on polymer-layered
silicate nanocomposites. Progress in Polymer
Science(Oxford) 2008;33(12):1119e98.

http://dx.doi.org/10.1016/j.ijhydene.2011.06.041
http://dx.doi.org/10.1016/j.ijhydene.2011.06.041


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

______________________________________________________________________ 

Reproduce with permission from Membranes, 
I. Nicotera, K. Angjeli, L. Coppola, A.S. Aricò, V. Baglio., 2012, 2, 325. 

Copyright 2012 MDPI 

 

II 



Membranes 2012, 2, 325-345; doi:10.3390/membranes2020325 
 

membranes 
ISSN 2077-0375 

www.mdpi.com/journal/membranes 

Article 

NMR and Electrochemical Investigation of the Transport 
Properties of Methanol and Water in Nafion and  
Clay-Nanocomposites Membranes for DMFCs 

Isabella Nicotera 1,*, Kristina Angjeli 1, Luigi Coppola 1, Antonino S. Aricò 2 and Vincenzo Baglio 2 

1 Department of Chemistry, University of Calabria, 87036 Rende (CS), Italy; 

E-Mails: kristina.angjeli@unical.it (K.A.); lg.coppola@unical.it (L.C.) 
2 CNR-ITAE Institute, via Salita S. Lucia sopra Contesse, 5, 98126 Messina, Italy; 

E-Mails: arico@itae.cnr.it (A.S.A.); baglio@itae.cnr.it (V.B.) 

* Author to whom correspondence should be addressed; E-Mail: isabella.nicotera@unical.it; 

Tel.: +39-0984-493379; Fax: +39-0984-492044.  

Received: 18 May 2012; in revised form: 8 June 2012 / Accepted: 12 June 2012 /  

Published: 20 June 2012 

 

Abstract: Water and methanol transport behavior, solvents adsorption and electrochemical 

properties of filler-free Nafion and nanocomposites based on two smectite clays, were 

investigated using impedance spectroscopy, DMFC tests and NMR methods, including 

spin-lattice relaxation and pulsed-gradient spin-echo (PGSE) diffusion under variable 

temperature conditions. Synthetic (Laponite) and natural (Swy-2) smectite clays, with 

different structural and physical parameters, were incorporated into the Nafion for the 

creation of exfoliated nanocomposites. Transport mechanism of water and methanol 

appears to be influenced from the dimensions of the dispersed platelike silicate layers as 

well as from their cation exchange capacity (CEC). The details of the NMR results and the 

effect of the methanol solution concentration are discussed. Clays particles, and in 

particular Swy-2, demonstrate to be a potential physical barrier for methanol cross-over, 

reducing the methanol diffusion with an evident blocking effect yet nevertheless ensuring a 

high water mobility up to 130 °C and for several hours, proving the exceptional water 

retention property of these materials and their possible use in the DMFCs applications. 

Electrochemical behavior is investigated by cell resistance and polarization measurements. 

From these analyses it is derived that the addition of clay materials to recast Nafion 

decreases the ohmic losses at high temperatures extending in this way the operating range 

of a direct methanol fuel cell.  
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1. Introduction 

The direct methanol fuel cell (DMFC) is a promising alternative power source [1,2] that combines 

the merits of direct hydrogen/air fuel cells with the advantages of a liquid fuel, such as convenient 

handling and high energy density. Despite these advantages, technical barriers still need to be 

overcome for their large scale commercialization of DMFCs [3]. One of such technical barriers is the 

methanol crossover, or the direct transport of methanol from anode to cathode via the proton exchange 

membrane. Methanol crossover will not only lead to reduced energy conversion efficiency because of 

the direct chemical oxidation of methanol in the cathodic half-cell that hence drastically degrades fuel 

cell performance but also cause fuel cell operational failures. It is essential to investigate the 

mechanisms of the methanol transport through the electrolyte in order to gain a better understanding of 

the crossover mechanism. 

In recent years, increasing interest has been devoted to the development of high temperature 

PEMFC systems. In fact, most of the key issues and shortcomings of the PFSA-based PEMFC 

technology, such as water management, CO poisoning, cooling and heat recovery, can be solved or 

avoided by developing alternative membranes with suitable ionic conductivity and stability up to  

120–130 °C. Polymer membranes able to operate above 120 °C could benefit from both enhanced 

carbon monoxide (CO) tolerance and improved heat removal. The most significant barrier to running a 

polymer electrolyte fuel cell at elevated temperatures is maintaining the proton conductivity of the 

membrane. Higher temperature increases the water vapour pressure required to keep a given amount of 

water in the membrane, thereby increasing the likelihood that water loss will occur and significantly 

reduce proton conductivity. The conductivity of a dry membrane is several orders of magnitude lower 

than a fully saturated membrane. A number of alternative strategies [4–7] have been proposed to 

satisfy these requirements and to maintain membrane conductivity in a dehydrating environment  

(i.e., elevated temperature and reduced relative humidity), such as composite membranes containing 

finely dispersed hygroscopic inorganic oxides [8–12] or heteropolyacids [13]. The properties of these 

composite membranes not only depend on the nature of the ionomer and the solid used but also on the 

amount, homogeneous dispersion, size, and orientation of the solid particles dispersed in the polymeric 

matrix. Additionally, the introduction of inorganic materials into the polymeric matrix can be 

considered as a good approach to improve the proton transport, the retention to the swelling and the 

resistance to the methanol cross-over in DMFC working conditions (membrane in equilibrium with 

liquid water-methanol mixture). 

Recent studies have shown that polymer nanocomposites based on layered clay nanoparticles 

exhibit reduced gas permeability due to the presence of impermeable clay platelets as well as structural 

changes in the polymer induced by the clay nanofillers [14–16]. Additionally, our recent study [11] has 

demonstrated as such smectite clays materials dispersed in Nafion significantly improve the water 

retention and mobility at temperatures above 100 °C of the nanocomposite membrane. 
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Clay minerals are among the most important soil constituents. The structure, chemical composition, 

exchangeable ion type and small crystal size of smectite clays are responsible for several unique 

properties, including a large chemically active surface area, a high cation exchange capacity, 

interlamellar surfaces having unusual hydration characteristics, and sometimes the ability to strongly 

affect the flow behaviour of liquids. These materials demonstrate high chemical and thermal stability; 

in fact, they are very attractive for numerous industrial applications such as adsorbents, ion 

exchangers, pharmaceutical additives, fertilizers, etc. Concerning the polymer nanocomposites, the 

first practical application of a nanocomposite was the nylon-montmorillonite clay system that 

displayed a large increase in tensile strength, modulus, and heat distortion temperature without loss of 

impact resistance [17]. Since then, the field has rapidly expanded using different polymer/clay 

systems, giving rise either to exfoliated or to intercalated systems [15,18,19]. 

Smectite clays are a class of layered aluminosilicate minerals and consist of an octahedral alumina 

layer fused between two tetrahedral silica layers (about 1 nm) [20,21]. The monovalent ions located 

between the clay layers allow the absorption of polar solvent, like water, with good retention capacity so, 

when incorporated into a polymer membrane, they help to prevent the loss of the hydration water not 

only at high temperatures but also under low relative humidity environment. Moreover, the properties of 

the smectite nanoclays can be tailored using simple chemical methods such as intercalation with organic 

or inorganic guest molecules. Their surface properties, for example, can be easily modified through 

treatment with an organic surfactant. As a result the presence of the surfactant expands the interlayer 

gallery rendering the nanoclay compatible with hydrophobic media and polymer matrices. 

Typical preparation methods of these nanocomposites include solution, melt intercalation, and  

in situ polymerization [22], from which we can obtain conventional, intercalated or exfoliated 

nanocomposites. We have verified that the solution intercalation method is very effective in 

incorporating exfoliated clays into Nafion polymer, in which the individual clay layers lose their 

stacking and are uniformly dispersed in the continuous polymeric matrix. In this study, we want to 

verify if, as soon as exfoliated nanocomposites are formed, the barrier properties of polymer are 

increased (due to less surface area and longer pathway) leading not only to low gas (O2, air) 

permeability but, reducing the fuel crossover. In fact, in the development of new low temperature 

PEMs for use in the DMFC, two of the main concerns are proton-ion and methanol-transport through 

the membrane. The objective is to significantly reduce the methanol transport whilst having and 

maintaining high proton transport. The research concerning the polymer electrolytes is aimed to the 

development hybrid morphology in order to promote the Grotthus [23] jump proton transport 

mechanism and minimize the Vehicle mechanism [24,25].  

In this work, one synthetic (Laponite) and one natural clay (SWy-2 montmorillonite) with different 

structural and physical parameters were chosen as nanofillers: Laponite shows both low layer charge 

density (CEC = 48 molar equiv/100 g) and particle size (20 nm), SWy-2 has a high layer charge 

density (CEC = 76.4 molar equiv/100 g) and particle size (200 nm). Composite membranes were 

synthesized by solution intercalation with 3% of filler loading with respect to the polymer. 

We have investigated the transport properties of the water and methanol within the electrolyte 

membranes both as a function of methanol concentration and as a function of temperature by NMR 

methods. The aim is to understand the molecular dynamics and the mechanisms that are at the basis for 

ionic conduction and how these are influenced by polymeric structure and by nanofillers added to the 
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polymer, through direct measurement of the self-diffusion coefficients (D) and relaxation times (T1). 

The explored temperature range was from 20 °C up to 130 °C and for two methanol-water solution 

concentrations, 2 M and 4 M. 

A preliminary electrochemical characterization was carried out on the filler-free and composite 

membranes by using ac-impedance spectroscopy and polarization measurements, in order to validate 

the NMR results. 

2. Results and Discussion 

2.1. Uptake and Swelling Properties of the Nafion and Nanocomposites Membranes 

The electrolyte membranes were swelled by immersion in pure methanol, pure water, and in 

aqueous methanol solutions at two different alcoholic concentration, 2 M and 4 M. 

The swelling properties of the membranes show marked differences with respect to used solvents, 

with an increasing of the uptake, consequently of the swelling, as the solution concentration increases, 

up to reach an uptake of over 150% by mass and a doubling of the membrane size if we use pure 

methanol. This implies a significant limit to utilizing high concentrations of methanol solutions in the 

DMFCs. Table 1 shows some data concerning the saturation (maximum) uptake values of the  

filler-free Nafion and the clay-nanocomposites membranes. It is evident that the effect of the 

nanofillers is to promote an increase of the membrane water uptake (from 24 wt % of Nafion up to  

45 wt % of the Swy-composite), but there is also a big effect on the methanol solutions, in fact, 

membranes can reach an uptake of 60 wt % when swelled in 4 M methanol solution. 

Table 1. Methanol solution and water uptake (wt %) of the membranes at room temperature. 

Membranes 
Uptake (wt %) 

4M solution 
Uptake (wt %) 

2M solution 
Uptake (wt %) 

pure H2O 

filler-free Nafion 34 28 24 

Lap/Nafion 60 46 30 

Swy/Nafion 60 56 45 

2.2. 1H-NMR Study: D, T1 and Spectra Lineshapes 

In this study we used NMR methods to investigate the transport properties of water and methanol 

molecules confined in the porous structure of Nafion and composite membranes and in order to check 

the effect of the clay-fillers added.  

It is often possible in methanol–water mixtures to resolve spectroscopically the methyl and 

hydroxyl protons in an NMR experiment which, in principle, should permit the measurement of both 

water and methanol diffusion. However, in the present case of solvents confined in membranes, due to 

the linewidth of the 1H-NMR signals, it is not possible to distinguish, through their chemical shift, 

methanol and water (see Figure 1).  
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Figure 1. 1H-NMR spectra recorded on 4 M aqueous methanol solution (CH3OD/D2O) as 

prepared and confined in Nafion membrane, respectively. The chemical shift variation of 

the methanol's signal is caused by the different chemical environment and the strong 

interactions with the polymer backbone. 
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In order to discriminate between the NMR signals of methanol and water, the membranes were 

equilibrated in solutions prepared with deuterated molecules, i.e., mixture of CH3OD/D2O and 

CD3OD/H2O. The reason to use CH3OD instead of CH3OH is due to the fast rate exchange of hydroxyl 

groups between water and methanol molecules during the “NMR times”, which could affect  

the measurements.  

Hence, we used the only available signal coming from the methyl groups to perform the NMR 

diffusometry and relaxometry measurements of methanol confined inside the electrolytes films. With 

regard to the deuterium signal, this nucleus has a spin-spin relaxation time (T2) which is very short, so 

it is practically impossible to perform measurements of diffusion through the PGSE sequence. For this 

reason, in order to achieve complete information on the solvents mobility (both water and methanol in 

mixture), membranes were also swollen in solutions of CD3OD-H2O, to have only the proton's signal 

from the water molecules. 

In summary, Table 2 reports the solvents and mixtures used to swell the membranes for the NMR 

study; the solvent marked in bold, is that “seen” by NMR. 
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Table 2. Solvents and solutions used to prepare swollen membranes for the NMR study. 

solvents concentration 

CH3OD pure 
H2O pure 
CH3OD/D2O 2M 
CD3OD/H2O 2M 
CH3OD/D2O 4M 
CD3OD/H2O 4M 

Figure 2. Self-diffusion coefficients of water and methanol (2 M and 4 M solution 

concentration) confined in filler-free Nafion membranes from 20 °C up to 130 °C; the data 

collected at 130 °C after 1 h is also plotted. In the legend, the water and solution uptakes 

are indicated.  

 

Figure 2 displays the diffusion coefficients of water and methanol (in 2 M and 4 M solutions) 

measured in the swollen membrane of filler-free Nafion, in the range 20–130 °C. Concerning the water 

diffusion, as expected, at temperatures over 60–80 °C, it decreases rapidly due to the water evaporation 

from the membrane, which is the main limitation of Nafion in order to work at high temperatures. The 

methanol diffusion is slightly lower than water up to 60 °C, both at 2 and 4 M concentration but, over 

this temperature, it remains always higher. For instance, at 130 °C, while the water signal and diffusion 

are very low, the methanol maintains both NMR signal and diffusion coefficients fairly well, even 

after 1 h at the same temperature (without any external humidification). We groped to explain this 

result by considering the distribution of the solvents (water and methanol) inside the ionic pores of 

Nafion membranes and the transport mechanism involved in the water/methanol diffusion. During the 

swelling, a certain amount of water is involved in the primary hydration shells of the SO3
− groups, 

while most of the additional water fills the volumes of pores forming higher order hydration layers and 

behaves more bulk-like [26,27] Methanol molecules are, instead, collected adjacent to the polymer 

backbone with a less favorable complexation of protons as compared to that by water [28,29]. In other 

words, as reported in other studies [28,30], a micro-phase separation occurs, where water-rich and 

methanol-rich spatial domains are created, presumably with a characteristic size in the order of the 
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Nafion pore size. In this description, the molecules of methanol interacting with the polymer, and in 

particular with fluorine atoms on both the backbone and the side-chains, are distributed on the surface 

of the pores, while the water molecules are at the center acting, in the maximum swelling conditions, 

as bulk-like water. This scenario is consistent with: (i) the higher methanol diffusion respect to the 

water at high temperatures; (ii) the increase of the swelling (higher uptake of the 4 M solution) and 

also of the methanol diffusion coefficient with increasing methanol concentration. 

Differently from the membrane of Nafion recast, that is completely soluble in pure methanol, the 

composite membrane obtained by Swy-nanoclay at 3 wt % of filler loading with respect to the 

polymer, shows a greater stiffness, even if it gets a maximum of 200 wt % of uptake and a swelling 

which causes at least a doubling of the size of the film. The same membrane in pure water reaches 

45% of uptake and low swelling. 

In order to compare the data of diffusion of water and methanol in this membrane, we left to dry the 

piece of membrane swollen in pure methanol until it reached a weight corresponding to 45 wt % 

methanol uptake, and therefore it was put in the NMR tube. Figure 3 displays the diffusion coefficients 

and the relaxation times (T1) of the pure water and pure methanol measured on the swollen 

Swy/Nafion membrane in the temperature range 20–130 °C. 

Figure 3. (a) Self-diffusion coefficients and (b) longitudinal relaxation times (T1) of pure 

water and pure methanol confined in Swy/Nafion nanocomposite membrane from 20 °C up 

to 130 °C. Data collected at 130 °C after some hours are also plotted in the diffusion graph.  
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The first noticeable difference with the recast Nafion is that the water mobility in the Swy/Nafion 

composite is very high in all temperature ranges investigated. In fact, the diffusion increases linearly 

up to 80 °C and soon after, due to the evaporation of a certain amount of water, it decreases slightly 

but remains constant and especially after several hours at 130 °C. Methanol diffusion follows the same 

behavior (also part of the methanol over the 80–100 °C evaporates from the membrane) even if, at 

lower temperatures, its diffusion is lower than water.  

NMR longitudinal (or spin-lattice) relaxation times (T1), compared to diffusion, reflects more 

localized motions including both translation and rotation on a time scale comparable to the reciprocal of 

the NMR angular frequency (~1 ns). As the molecular correlation time τc depends on temperature, a 

minimum in T1 is often observed when ωτc ~1, where ω is the NMR frequency [31]. In the temperature 

range investigated, well above the T1 minimum, i.e., in the so-called extreme narrowing limit (ωτc << 1), 

higher T1 values suggest more facile molecular rotational and translational motion. 

If we observe the temperature dependence of the T1 of water and methanol in the  

Swy-nanocomposite membrane (Figure 3b), we find a much different behavior with respect to the 

diffusion: methanol relaxes slower than water and the T1 values are almost constant in the temperature 

range 20–100 °C. This implies a greater local mobility (more translational and rotational degrees of 

freedom) of the methanol molecules, probably due to the weaker electrostatic interactions with the 

polymer matrix respect to the water molecules: methanol forms a less extensive network of hydrogen 

bonds in Nafion compared to water. 

As a result, the lower diffusion of methanol at temperatures below 100 °C (before a significant 

evaporation), when a large amount of water and methanol is present, may be explained through the 

blocking effect of the layered nanoclays dispersed in the polymer matrix. In this temperature range, the 

Vehicle mechanism [24,25], where molecules associated with the proton are dragged along, overrides 

the Grotthus mechanism [23], where proton mobility is connected to rotation of the molecules within a 

constantly changing network of hydrogen bonds. 

Above 100 °C, it is reasonable to expect that the evaporation essentially affects the bulk/“free” 

solvents, so the biggest contribution to the diffusion comes from the solvent molecules strongly 

interacting with hydrophilic groups and the polymer backbone, for water and methanol, respectively, 

resulting in a lower D. In such conditions the structural transport mechanism (Grotthus) should be 

predominant for both solvents, therefore the effect of obstruction by the nanoparticles is less effective. 

The result is that, despite the local motions of molecules of methanol are faster (higher T1), since it fails 

to form an extensive network of hydrogen bonds, the diffusion is practically equal to that of water. 

From these results, certainly the use of pure methanol is not a practicable choice in the DMFCs 

because the solvent cross-over is not sufficiently reduced, and there is excessive swelling of the 

membrane. However, it is important to underline the different water retention behavior of the  

filler-free Nafion and this composite membrane at high temperatures which suggests that a significant 

proton conductivity can be ensured by electrolytic membranes in high temperatures and low humidity 

conditions. Therefore, it would be of great interest to investigate the water and methanol diffusion 

changing the boundary condition from pure methanol to a methanol/water mixture. 

Figure 4 shows the diffusion and relaxation times of water and methanol in 2 and 4 M solutions, 

measured in swollen Swy/Nafion nanocomposite membrane, from 20 °C up to 130 °C. 
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Figure 4. (a) Self-diffusion coefficients and (b) longitudinal relaxation times (T1) of water 

and methanol in 2 M and 4 M solutions confined in Swy/Nafion nanocomposite membrane 

from 20 °C up to 130 °C. Data collected at 130 °C after some hours are also plotted in the 

diffusion graph. 

 

 
 

As mentioned previously, two mixtures of deuterated solvents were used: CH3OD + D2O and 

CD3OD + H2O, to perform the NMR experiments on methanol and water, respectively. In such a way 

we can compare the mobility of water and methanol confined in membrane at the same solution 

concentration and, for the same reason, we used the same solution uptake value, 45 wt %. 

Water diffusion is always higher than methanol in the whole investigated temperature range and for 

both solution concentrations. Up to 100 °C the diffusion coefficients of water in 2 M solution are 

slightly higher than 4 M, accordingly to the water surplus available in the first solution which increases 

the bulk-like water fraction. When most of this “free” water evaporates, the diffusion coefficients of 

the “bounded” water (hydrated water) are similar for both concentrations.  

Concerning the methanol diffusion at 4 M concentration, initially it is very close to that of water 

but, with the increasing of the temperature, it becomes gradually smaller and moves far from water 

with a significant fall after 80 °C. This abrupt drop is still related to the blocking effect, that becomes a 

significant factor just when the solution content is low (due to evaporation), i.e., when the hydrophilic 

domains sizes are reduced and therefore, big particles can obstruct the methanol molecules pathways. 
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The comparison with the methanol diffusion in 2 M solution describes a similar trend, however 

already starting from the low temperatures, the diffusion is much lower than water at the same 

concentration. This is consistent with the vehicular transport mechanism and with the molecular 

interactions of the methanol molecules with the polymeric sites, the first one increases the water 

mobility, the second effect reduces the methanol diffusion because molecules are “complexed” on the 

clusters surface. 

The molecular complexation is also visible from the relaxation times (Figure 4b): methanol T1 in  

2 M solution are lower than 4 M, i.e., the local motions are more impeded and inhibited in the  

first solution. 

The analysis of the 1H-NMR spectra of methanol and water with the temperature increasing can 

give further information on the solvents distribution in the membrane (hydration and interactions) as 

well as on the evaporation dynamics. Figure 5 shows the temperature evolution of the proton spectra 

acquired on Swy/Nafion swollen in 2 M methanol solution, from 20 °C up to 130 °C (spectrum 

recorded at 130 °C after 1 h is also reported). In the figure, we compare the spectral lines of methanol 

(on the left) and water (on the right). Both signals are large and asymmetric, typical of a multiple 

components configuration, however, the FWHM (full width at half maximum) of the water and 

methanol spectra are quite different: 675 Hz against 1,170 Hz at 20 °C, i.e., the line width of methanol 

is almost double of the water.  

Figure 5. Evolution of proton spectra from methanol (on the left) and water (on the right) 

as a function of temperature on Swy/Nafion composite swollen in 2 M methanol solution. 

The spectra were referenced setting methyl protons and pure water at 0 ppm, respectively.  
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This implies that, while for the water there is a strong component of bulk which contributes to the 

“shrinkage” of the spectral line, the molecules of methanol instead are strongly interacting with the 

polymer (the “complexation” referred to above) promoting a broadening of the line, as well as 

reducing their mobility on both short and long range (T1 and diffusion). 
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By heating, the intensity of these peaks decreases because of the solvents evaporation from the 

membrane, with a pronounced drop above 100 °C; at 130 °C the intensity of the residual signal 

remains constant for several hours (obviously without any supplying humidity), and this is responsible 

for both the proton and methanol diffusion that we are able to detect at these high temperatures. 

The discussion of the data just analyzed is complex but definitely indicates that the microstructure 

plays a key role in the mass transport of water and methanol. 

The microstructure is influenced by the chemical-physical properties of the smectite clays such as 

the nanoparticles size and the layer charge density. In fact, higher platelets dimensions may promote 

stronger alterations of the network structure as well as create an obstruction effect, while a high value 

of surface charge density may facilitate or promote the proton transport through hopping mechanisms. 

These assumptions are corroborated by the experimental results obtained on the hybrid membrane 

based on Laponite nanoclay. This synthetic clay is completely exfoliated in the Nafion polymer but has 

both smaller CEC and particle size with respect to Swy.  

In Figure 6 diffusion coefficients and relaxation times of water and methanol in 2 M and 4 M 

solutions in the swollen Lap/Nafion nanocomposite membrane (uptake 30 wt %), from 20 °C up to  

130 °C, are reported. Basically, the mobility of the methanol is not influenced by the solution 

concentration and is very similar to that of water and suggests that no relevant obstruction effect from 

Laponite nanoparticles acts on the methanol transport. 

In order to achieve a complete framework on this membrane and analyze the various differences, 

we show in Figure 7 the plots of the spectral area vs. temperature, of water and methanol in both 2 M 

and 4 M solutions confined in Lap/Nafion nanocomposite. An evident evaporation of both water and 

methanol after 60 °C is evident in these graphs producing a remarkable reduction of the NMR signals. 

The water at 4 M concentration shows a decrease of the peak area which is slightly different because, 

rather than a net head between 60 °C and 80 °C, there is a clear and constant reduction of the intensity 

of the proton signal starting at 40 °C. 

Figure 6. (a) Self-diffusion coefficients and (b) longitudinal relaxation times (T1) of water 

and methanol in 2 M and 4 M solutions confined in lap/Nafion nanocomposite membrane 

from 20 °C up to 130 °C. Data collected at 130 °C after some hours are also plotted in the 

diffusion graph.  
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Figure 6. Cont.  

 

Figure 7. Plots of the spectral area vs. temperature of water and methanol in both 2 M and 

4M solutions confined in Lap/Nafion nanocomposite. 
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The behavior of Lap/Nafion membrane is quite different with respect to Swy/Nafion and a 

comparison of all NMR data sheds light on the following main differences: 

(1) The relaxation times of Lap-composite are higher over the whole temperature range, which 

implies higher local motions (rotations and translations) and therefore, weaker interactions with  

the filler; 

(°C) (°C) 
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(2) significant evaporation on Lap-composite at 80 °C, evidenced by the strong reduction of the 

spectra integrals; in Swy-composite, this drop is found at 130 °C;  

(3) in Lap-composite, water for the 4 M solution shows a decrease of both diffusion and T1 after  

80 °C, while for the 2 M solution, water and methanol diffusion is similar. 

The origin of these three outcomes can be correlated to the lower cationic exchange capacity (CEC) 

of Laponite clay compared to Swy montmorillonite. Fewer hydrophilic “coordinating” sites produce the 

lowering of the retention capacity of the membrane and, consequently, the water diffusion is reduced. In 

particular, when we start with a lower amount of water (i.e., 4 M solution), what remains at high 

temperature is strongly linked water. However, further investigations are necessary to clarify this issue. 

2.3. Electrochemical Investigation 

The electrochemical investigation was carried out in a single cell by recording the ac-impedance 

spectra at different temperatures (from 30 °C to 110 °C) and the polarization curves in the temperature 

range from 90 °C to 110 °C, feeding a 2 M methanol solution at the anode and oxygen at the cathode. 

The series resistance (high frequency intercept on the real axis in the Nyquist plot) was plotted as a 

function of temperature as shown in Figure 8. Obviously, the fuel cell conditions are completely 

different from that of the NMR experiments. However, there are some analogies with the NMR results; 

in fact, the decrease of cell resistance in the composite membranes indicates an increase of water 

retention caused by the fillers, in particular for the Swy-based membrane. The introduction of these 

clays thus produces an extension of the operating temperature of a direct methanol fuel cell.  

Figure 8. Cell resistance values as a function of temperature for the cells equipped with the 

different membranes. 

 

In Figures 9 and 10 the polarization and power density curves obtained with the different 

membranes at 90 °C and 110 °C, respectively, are reported. As can be observed, the maximum power 

density of the DMFC equipped with the composite membranes increases as the temperature increases, 

although the methanol solution is fed under atmospheric pressure and thus subjected to evaporation. 

Unfortunately, these operating conditions (atmospheric pressure) did not reach higher temperatures 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 20 40 60 80 100 120
Temperature (°C)

C
el

l r
es

is
ta

n
ce

 (
o

h
m

 c
m

2 )

Lap-Nafion
Swy-Nafion
Filler-free Nafion



Membranes 2012, 2                338 

 

than 110 °C. However, from this analysis the effect of the water retention properties of the fillers is 

clear. In fact, the filler-free Nafion-based cell showed a drop of performance with the temperature due 

to water evaporation and the consequent increase of cell resistance (see Figure 8). 

Figure 9. DMFC polarization and power density curves at 90 °C for various  

membrane-electrode assemblies equipped with composite and filler-free membranes. 

 

Figure 10. DMFC polarization and power density curves at 110 °C for various  

membrane-electrode assemblies equipped with composite and filler-free membranes. 

 

The performance at 90 °C (Figure 9) is very similar for all the membranes and superior compared to 

previously investigated composite membranes at this temperature [32–36]. 

However, we have to take into account that different catalysts were used in the present analysis; 

also the thickness of the membranes was different compared to the composite membranes previously 

developed by our group [32–36] using various inorganic oxides as fillers. Increasing the temperature 

up to 110 °C (Figure 10), under atmospheric pressure at the anode, water evaporation produces an 

increase of cell resistance (see Figure 8) with a consequent decrease of the performance for the  

filler-free Nafion membrane. Whereas, a slight increase of power density is recorded with the  

clays-nanocomposites under these conditions, confirming the higher water affinity of these membranes 

as shown by NMR experiments.  
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The remarkable behavior of smectite clays-based nanocomposites at high temperatures is reported 

in our two recent studies [11,12] where the exceptional water retention and mobility property of 

composites systems with respect to the recast Nafion is proven. This suggests that a significant proton 

conductivity can be ensured by electrolytic membranes in high temperatures and, therefore, highly 

promising also in PEMFCs applications. 

Finally, Table 3 shows the variation of the open circuit potential (OCP) as a function of temperature 

for the various membranes. The OCP is an important parameter in a DMFC in order to assess the 

methanol permeability of a membrane. The DMFCs based on Lap/Nafion and Swy/Nafion membranes 

showed similar behavior in the temperature range from 90 °C to 110 °C, whereas the cell equipped 

with the filler-free membrane evidenced a lower value of OCP. This is a clear indication of the 

blocking effect of the composite membranes towards methanol cross-over, as already evidenced from 

NMR results.  

Table 3. Open circuit potential (OCP) values at the different temperatures for the  

various membranes. 

Membranes 
Open Circuit Potential 

(V) @ 90 °C 
Open Circuit Potential 

(V) @ 100 °C 
Open Circuit Potential 

(V) @ 110 °C 

filler-free Nafion 0.62 0.61 0.60 
Lap/Nafion 0.67 0.66 0.66 
Swy/Nafion 0.66 0.66 0.65 

As a result, such composite membranes, capable of extending the operating temperature of Nafion 

membranes, would be a potential solution to some of the drawbacks presently affecting direct 

methanol fuel cells (DMFCs) as well as reformate-fuelled polymer electrolytes (PEMFCs). Fuel cell 

operation at elevated temperatures will limit the effects of electrode poisoning by adsorbed CO 

molecules, increase both methanol oxidation and oxygen reduction kinetics and simplify water and 

thermal management. Recently, composite Nafion membranes have been also proposed for PEM 

electrolysers with good results [37,38], demonstrating the high potentiality of these composite 

materials and the need to understand the water transport mechanism inside them for a further 

improvement of their properties.  

3. Experimental Section  

3.1. Materials 

Two smectites clays with different structural and physical parameters (structural formula, particle 

size and cation exchange capacity) were used. The first was a natural Wyoming montmorillonite 

(SWy-2) obtained from the Source Clay Minerals Repository, University of Missouri, Columbia, with 

a cation exchange capacity (CEC) measured by the Co(II) procedure equal to 80 mequiv per 100 g clay 

and particle size around 200 nm. The second clay was a synthetic trioctahedral hectorite, Laponite 

(Lap), produced by Laporte Industries Ltd with the lowest CEC 48 mequiv per 100 g clay and the 

smallest particle size (20 nm). SWy-2 montmorillonite was fractioned to <2 μm by gravity 

sedimentation and purified by well-established procedures in clay science [39]. Sodium-exchanged 
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samples (Na+-SWy-2) were prepared by immersing the clay into 1 M solution of sodium chloride. 

Cation exchange was complete by washing and centrifuging four times with dilute aqueous NaCl. The 

samples were finally washed with distilled deionized water and transferred into dialysis tubes in order 

to obtain chloride-free clays and then dried at room temperature. 

Finally, Nafion solution (20 wt % in mixture of lower aliphatic alcohols and water) were purchased 

from Aldrich. 

3.2. Composites Membranes Preparation 

The composite membranes were prepared from 20 wt % Nafion® solution according to the 

following processes: (i) 1 g of Nafion solution was heated at about 60 °C to remove all the solvents 

(water, isopropanol, etc.); (ii) Nafion resin was redissolved with 10 mL DMF until become a clear 

solution; (iii) the filler was dispersed in the same solvent under stirring for 1 day and added slowly to 

the solution of Nafion; (iv) the final solution was ultra-sonicated for 1 h and then stirred at 60 °C to 

ensure complete mixing; finally (v) casting on a petridisk at 80 °C overnight was performed in order to 

obtain a homogeneous membrane. The hybrid membrane is removed from the petridisk by immersing 

the glass plate in deionised water for several minutes. In order to reinforce the membrane, this was 

sandwiched and pressed between two Teflon plates and put in oven at 150 °C for about 15 min. 

Composite membranes produced by casting were subsequently treated by rinsing in: (i) boiling HNO3 

solution (1 M) for 1 h to oxidize the organic impurities, (ii) boiling H2O2 (3 vol.%) for 1 h in order to 

remove all the organic impurities, (iii) boiling deionized H2O for 40 min three times, (iv) boiling 

H2SO4 (0.5 M) for 1 h to remove any metallic impurities, and again (v) boiling deionized H2O for  

40 min twice to remove excess acid. According to McMillat et al., [40] an ulterior purification 

procedure was performed in order to ensure the removal of paramagnetic contaminants which are 

particularly damaging to an NMR experiment, such as the presence of copper that we found by 

Electron Paramagnetic Resonance analysis. By this procedure membranes were soaked in EDTA 

solution (0.001 M) for 1 day after followed by a thorough rinse. Then soaked in 2 M HCl at a 

temperature of 80 °C for 2 h followed by boiling in fresh distilled-deionized water to remove any 

residual acids and again repeated the treatment with EDTA. Finally, rinsing in boiled deionized water 

three times to remove residual EDTA and stored at room temperature at fully hydrated state. 

3.3. Characterization Techniques 

NMR measurements were performed using a Bruker AVANCE 300 wide bore NMR spectrometer 

working at 300 MHz on 1H and the spectra were obtained by transforming the resulting free-induction 

decay (FID) of single π/2 pulse sequences. Self-diffusion coefficients of water were performed with a 

Diff30 NMR probe by using the pulsed gradient spin-echo (PGSE) method [41]. This technique 

consists of two rf pulses, Hahn-echo sequence π/2 − τ − π with two identical pulsed-gradients, the first 

applied between the 90° and 180° rf pulse (during the dephasing) and the second after the 180° rf pulse 

(during the rephasing) but before the echo. Following the usual notation, the gradients have magnitude 

g, duration δ, time delay ∆, and the factor (∆ − (δ/3)) is the diffusion time over which the 

molecular displacements are monitored. The attenuation of the echo amplitude is represented by the  

Stejskal-Tanner equation:  
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A = exp[−γ2g2Dδ2(∆ − (δ/3)] 

where D is the self-diffusion. For the investigated samples, the experimental parameters, ∆ and δ, are 

10 and 1 ms, respectively. The gradient amplitude, g, varied from 10 G·cm−1 to 600 G·cm−1. All PGSE 

data were well described by a single exponential and, for accurate treatment of experimental error, D 

was determined by regressing the theoretical echo-attenuation onto the experimental data  

(i.e., resonance integrals). Finally, longitudinal relaxation times (T1) of water were measured on the 

same spectrometer by the inversion-recovery sequence (π − τ − π/2). Both self-diffusion and T1 

measurements were conducted by increasing temperature step by step from 20 °C to 140 °C, with steps 

of 10 °C, and leaving the sample to equilibrate for about 20 min.  

Prior to the NMR measurements, membranes were dried in oven, weighed and then immersed in the 

various aqueous methanol solutions, in pure water and in pure methanol, at room temperature (in the 

results section it will be explicated the different kind of solutions prepared and the motivations). Upon 

being removed from the solutions they were quickly blotted dry with a paper tissue (to eliminate most 

of the free surface liquid). The liquid content value was determined using a microbalance and recorded 

as: uptake% = [(mwet − mdry)/mdry] × 100. 

At this point the membranes were loaded into a 5 mm NMR Pyrex tube and sealed. In order to 

minimize the evaporation of the solvent from the membrane with increased temperature, a “cap” of 

Teflon was placed just above the membrane. Thus, the free volume available to the evaporated solvent 

was minimized. 

For the electrochemical characterization, the electrodes used were composed of commercial  

gas-diffusion layer-coated carbon cloth for high temperature (HT-ELAT, E-TEK) and low temperature 

operation (LT-ELAT, E-TEK) at the anode and cathode, respectively. Unsupported Pt-Ru  

(Johnson-Matthey) and Pt (Johnson-Matthey) catalysts were mixed under ultrasounds with 15 wt % 

Nafion ionomer (Ion Power, 5 wt % solution) and deposited by a doctor blade technique onto the 

diffusion media for the anode and cathode, respectively. A Pt loading of 2 mg·cm−2 was used for all 

MEAs, both at the anode and cathode. The MEAs were obtained by a hot pressing method between 

electrodes and the different membranes (filler-free recast Nafion, Lap-Nafion and SWy-Nafion 

composite membranes) at 130 °C and 30 kg·cm−2 for 1.5 min. The thickness of the membranes used 

for the electrochemical tests was about 50 µm. The MEAs were tested in a 5 cm2 single cell (Fuel Cell 

Tech., Inc.) connected with an Autolab PGSTAT 302 Potentiostat/Galvanostat (Metrohm) equipped 

with a frequency response analyzer (FRA) module of impedance. The impedance measurements were 

performed under potentiostatic control in a frequency range between 20 kHz and 0.1 Hz by frequency 

sweeping in the single sine mode. The amplitude of the sinusoidal excitation signal was 0.01 V. The 

series resistance was determined from the high frequency intercept on the real axis in the Nyquist plot. 

A 2 M methanol solution was fed at the anode under atmospheric pressure with a flow rate of  

3 mL·min−1, whereas oxygen was fed at the cathode at a flow rate of 100 mL·min−1 under 1.5 bar of 

pressure. The performance of each MEA was measured under steady-state conditions in the 

temperature range 90 °C–110 °C. 
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4. Conclusions  

PGSE and relaxometry in NMR are powerful methods that allow for the measurement of 

multicomponent diffusion and mobility on a molecular scale. Using this technique, self-diffusion 

coefficients and spin-lattice relaxation times of methanol and water in Nafion and nanocomposite 

membranes were measured as a function of methanol solution concentration and temperature. In order 

to discriminate between the NMR signals of methanol and water, the membranes were equilibrated in 

solutions CH3OD/D2O and CD3OD/H2O, at 2 M and 4 M concentrations.  

The results achieved on the filler-free Nafion and on two hybrid membranes based on smetic clays, 

Laponite and Swy-2, with different particle size and cation exchange capacity (CEC), have been 

analyzed and compared. 

In the filler-free Nafion, the methanol diffusion, both at 2 M and 4 M concentration, is higher than 

water and, at high temperature (100–130 °C), when the water signal almost disappears, the methanol 

still maintains a discrete mobility.  

Swy montmorillonite particles inside the membrane demonstrate being a physical barrier for 

methanol cross-over, reducing the methanol diffusion with an evident blocking effect yet, nevertheless 

ensuring a high water mobility up to 130 °C and over several hours. However, the solution uptake data 

highlight a strong swelling membrane effect demonstrating the high chemical affinity of the methanol 

towards the polymer that allows a diffusion, even if lower than water, up to temperatures above 100 °C 

and that increases with increasing methanol solution concentrations. 

Nanocomposite membrane based on the Laponite clay showed a different behavior both for water 

and methanol with respect to Swy. The smaller CEC and particle size of this synthetic clay result in 

both lower water retention capacity of the membrane and obstruction toward the methanol, 

respectively. This is confirmed by the slightly higher cell resistance of the cell based on this membrane 

compared to Swy-based membrane by using 2 M methanol concentration.  

We conclude that, despite the obstruction effect due to the dispersion of suitable hydrophilic layered 

nanoparticles in Nafion, the main contribution to the diffusion of methanol is its high uptake in the 

polymer. Therefore, to enhance the performance and the efficiency of a DMFC, it is necessary to develop 

membranes which absorb less methanol while maintaining, however, a high proton conductivity. 
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1. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are pro-
mising candidates for both vehicle applications and local on-
site power generation system in the future, due to their high
energy efficiency as well as high power density, even at
relatively low operation temperatures. The electrolyte in these
systems is a proton conducting polymer membrane. The
development of high-performance electrolyte membrane is
critical to achieve the optimal power density and efficiency of a
PEMFC. In fact, the ohmic loss of the membrane is one of the
most significant cause of overpotential in the fuel cell opera-
tional current range. PEMFCs operating in the typical
60�80 �C temperature range face problems including poor
carbon monoxide (from reformed hydrogen or methanol as
fuels) tolerance and heat rejection. These drawbacks can be
overcome by increasing the operation temperature range up to
110�130 �C,1,2 but this leads to an unacceptable decrease in
the proton conductivity of the electrolyte due to water loss.3

As a rule, the following properties of polymeric membranes
need to be optimized for use in fuel cells: (1) high proton
conduction; (2) good mechanical, chemical and thermal
strength requiring the selection of suitable polymer backbone;

(3) low gas permeability, which is dependent on material and
thickness of the membrane.

Nafion (a registered trademark of E. I. du Pont de Nemours
and Co.) is the electrolyte that has been most extensively
studied in PEMFC applications. However, the most significant
barrier to run such polymer electrolyte fuel cell at elevated tem-
peratures ismaintaining the proton conductivity of themembrane,
which depends critically on the presence of water: the conduc-
tivity of a dry membrane is several orders of magnitude lower
than that of a fully saturatedmembrane. According to the literature
several membrane properties may benefit from the presence of
homogeneously dispersed organic/inorganic fillers such as hygro-
scopic inorganic oxide (SiO2, TiO2, ZrO2), zeolite, heteropoly
acids, and zirconium hydrogen phosphate to enhance the water
retention property.3�13

Recent studies have shown that polymer nanocomposites
based on layered clay nanoparticles exhibit reduced gas perme-
ability due to the presence of impermeable clay platelets as well as
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ABSTRACT: Toward an enhanced water-retention of polymer
electrolyte membranes at high temperatures, novel organo-
modified clays were prepared and tested as fillers for the
creation of hybrid Nafion nanocomposites. Two smectite clays
(Laponite and montmorillonite), with different structural and
physical parameters, were loaded with various cationic organic
molecules bearing several hydrophilic functional groups (�NH2, �OH, �SO3H) and incorporated in Nafion by solution
intercalation. The resulted hybrid membranes were characterized by a combination of powder X-ray diffraction, FTIR spectroscopy,
and thermal analysis (DTA/TGA) showing that highly homogeneous exfoliated nanocomposites were created where the individual
organoclay layers are uniformly dispersed in the continuous polymeric matrix. In this paper, water-transport properties were
investigated by NMR spectroscopy, including pulsed-field-gradient spin�echo diffusion and spectral measurements conducted
under variable temperature. Organo-montmorillonite nanofillers demonstrate a considerable effect on the Nafion polymer in terms
both of water absorption/retention and water mobility with a remarkable behavior in the region of high temperatures
(100�130 �C), denoting that the surface modifications of this clay with acid organic molecules significantly improve the
performance of the final composite membrane. 1H NMR spectral analysis allowed a general description of the water distribution in
the system and an estimation of the number of water molecules involved in the hydration shell of the sulfonic groups as well as that
absorbed on the organoclay particles.
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structural changes in the polymer induced by the clay
nanofillers.14�16 Among layered silicates, smectite clays are
attractive candidates as Nafion additives because of their
nanometer size, proton conductivity, good thermal stability
and potential to reduce fuel (e.g., methanol) permeability.17,18

Smectite clays are a class of layered aluminosilicate minerals
with a unique combination of swelling, intercalation, and ion
exchange properties. They consist of an octahedral alumina
layer fused between two tetrahedral silica layers (about
1 nm).19,20 The monovalent ions located between the clay
layers allow the absorption of polar solvent, like water, with
good retention capacity so, when incorporated into a polymer
membrane, they help to prevent the loss of the hydration water
not only at high temperatures but also under low relative
humidity environment. The charge on the layers affects many
fundamental properties of the clays, including water holding
(an important property for the creation of Nafion nanocom-
posite membrane), cation fixation, swelling ability, cation
exchange capacity, and high surface area. Moreover, the properties
of the smectite nanoclays can be tailored using simple chemical
methods such as intercalation with organic or inorganic guest
molecules. Their surface properties, for example, can be easily
modified through treatment with an organic surfactant. As a
result the presence of the surfactant expands the interlayer gallery
rendering the nanoclay compatible with hydrophobic media and
polymer matrices. Because of their distinctive structure and
properties, these organic�inorganic hybrid materials (so-called
“organo-clays”) can be utilized in a wide variety of applications
including, construction of modified electrodes, biosensors or bio-
catalysts,21�23 adsorbents for environmental remediation (e.g.,
removal of heavy metal ions for water24) but also as nanofillers for
polymer reinforcement.25�27 Thus, a strategy toward the improve-
ment of the water retention of the Nafion membrane is the
incorporation in the polymermatrix hybrid nanofillers of modified
clays bearing organic functionalities with high affinity for Nafion
and increased sites for water trapping.

In the present work, various organo-modified clays were
prepared and tested as nanofillers for the creation of novel
hybrid Nafion composites. The clays used were a synthetic clay
(Laponite) with low layer charge density and small particle size
(20 nm), and a natural montmorillonite (SWy-2) with medium
layer charge density and high particle size (200 nm). Three
cationic organic molecules, 3-amino-1-propanesulfonic acid,
2-{[2-hydroxy-1,1-bis(hydroxymethyl) ethyl]amino}ethane-
sulfonic acid and serine, were used for the clay modification and
the resulting organo-modified derivatives were incorporated in
Nafion by solution intercalation (membranes with pristine clays
were also synthesized for comparison). Themodification is based
on the functionalization of the clay surfaces by various functional
groups (�NH2,�OH,�SO3H) that can effectively (1) increase
the concentration of acidic (hydrophilic) functional groups

(sulfonic, hydroxyl, etc.) on the surfaces of the clayminerals and
thus improve the proton conductivity through the membrane
and, (2) enhance their compatibility with polymeric materials,
since silicate clays are hydrophilic and have little affinity for
hydrophobic polymers like the hydrophobic phase of Nafion.

The organofillers and the nanocomposite membranes were
investigated by a combination of powder X-ray diffraction, FTIR
spectroscopy and thermal analysis (DTA/TGA) while the char-
acteristics of the membranes were studied in terms of morpholo-
gical analysis by scanning electronic microscopy (SEM), and,
mainly, in terms of transport properties by NMR spectroscopy,
in order to study of the water dynamics inside the electrolyte
membranes, which is one of the key aspects in the evaluation of
these materials.10,28�31 For this purpose the pulse-field-gradient
spin�echoNMR (PFGSE-NMR)method32 was employed in this
work to obtain a direct measurement of water self-diffusion
coefficients on the water-swelled membranes in a wide tempera-
ture range (25�130 �C). This technique together with the 1H
NMR spectra have provided a general description of the water
behavior: how it is shared in the polymer structure, effects of the
nanofillers and their surface modifications, interactions between
water molecules and hydrophilic groups present and, finally, a
quantitative estimate of the hydration number, i.e., number of
water molecules solvating the hydrophilic sites both in the
maximum hydration regime and in quasi-dehydration conditions.

2. EXPERIMENTAL SECTION

2.1. Materials. Two smectite clays with different structural
and physical parameters (structural formula, particle size and
cation exchange capacity) were used.33,34 The first was a natural
Wyomingmontmorillonite (SWy-2) obtained from the SourceClay
Minerals Repository, University of Missouri (Columbia), with a
cation exchange capacity (CEC)measured by theCo(II) procedure
equal to 80 mequiv per 100 g of clay and particle size around
200 nm. The second clay was a synthetic trioctahedral hectorite,
Laponite (Lap), produced by Laporte Industries Ltd. with a CEC
of 48 mequiv per 100 g clay and a particle size of 20 nm. SWy-2
montmorillonite was fractioned to <2 μm by gravity sedimenta-
tion and purified by well-established procedures in clay science.35

Sodium-exchanged samples (Na+-SWy-2) were prepared by
immersing the clay into 1 N solution of sodium chloride. Cation
exchange was complete by washing and centrifuging four times
with dilute aqueous NaCl. The samples were finally washed with
distilled deionized water and transferred into dialysis tubes in order
to obtain chloride-free clays and then dried at room temperature.
For the chemical modification of the pristine clays three organic

molecules were used: 3-amino-1-propanesulfonic acid (SULF),
2-{[2-hydroxy-1,1-bis(hydroxymethyl) ethyl]amino}ethanesulfonic
acid (TES) and serine (SER). Their structural formulas are shown
in Table 1.

Table 1. Organic Molecules Used for the Chemical Modification of SWy and Lap Clays
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Finally, Nafion solution (20 wt % in mixture of lower aliphatic
alcohols and water) and N,N-dimethylformamide (DMF)) were
purchased from Aldrich and used as received.
2.2. Preparation of Organo-Modified Clay Nanofillers. For

the preparation of the organoclays, aqueous 1 wt % clay
suspensions were reacted under vigorous stirring with aliquots
of the above organic molecules solutions in water such that the
amount of the cationic molecule added to corresponds three
times the CEC of the clay. The mixtures were stirred for 24 h,
centrifuged, washed with water, and air-dried by spreading on
glass-plates. The products are designated as follows: SWy/
TES, SWy/SER, and SWy/SULF and Lap/TES, Lap/SER, and
Lap/SULF.
2.3. Composites Membranes Preparation. The composite

membranes were prepared from 20 wt % Nafion solution
according to the following processes: (i) 1 g of Nafion solution
was heated at about 60 �C to remove all the solvents (water,
2-propanol, etc.); (ii) Nafion resin was redissolved with 10 mL of
DMF until become a clear solution; (iii) the filler was dispersed
in the same solvent under stirring for 1 day and then added slowly
to the solution of Nafion; (iv) the final solution was ultrasoni-
cated for 1 h and then stirred at 60 �C to ensure completemixing;
finally (v) casting on a Petri dish at 80 �C overnight was
performed in order to obtain a homogeneous membrane. The
hybrid membrane is removed from the petri dish by immersing
the glass plate in deionized water for several minutes. In order to
reinforce the membrane, this was sandwiched and pressed
between two Teflon plates and put in oven at 150 �C for about
15 min. All composite membranes produced by casting were
subsequently treated by rinsing in: (i) boiling HNO3 solution
(1 M) for 1 h to oxidize the organic impurities, (ii) boiling H2O2

(3 vol %) for 1 h in order to remove all the organic impurities,
(iii) boiling deionized H2O for 40 min three times, (iv) boiling
H2SO4 (0.5 M) for 1 h min to remove any metallic impurities,
and again (v) boiling deionized H2O for 40 min twice to
remove excess acid. According to McMillan et al.36 an ulterior
purification procedure was performed in order to ensure the
removal of paramagnetic contaminants which are particularly
damaging to an NMR experiment, such as the presence of
copper that we found by electron paramagnetic resonance
analysis. By this procedure membranes were soaked in EDTA
solution (0.001M) for 1 day after followed by a thorough rinse.
Then soaked in 2 M HCl at a temperature of 80 �C for 2 h
followed by boiling in fresh distilled�deionized water to
remove any residual acids and again repeated the treatment
with EDTA. Finally, rinsing in boiled deionized water three
times to remove residual EDTA and stored at room temperature at
fully hydrated state.
2.4. Characterization Techniques. The X-ray powder dif-

fraction data were collected on a D8 Advanced Bruker diffract-
ometer by using Cu Ka (40 kV, 40 mA) radiation and a
secondary beam graphite monochromator. The patterns were
recorded in a 2θ range from 2� to 40�, in steps of 0.02� and
counting time 2 s per step. Infrared spectra were measured with
a FT-IR 8400 spectrometer, in the region of 400�4000 cm�1,
equipped with a DTGS detector. Each spectrum was the
average of 32 scans collected at 2 cm�1 resolution. Samples
were in the form of KBr pellets containing ca. 2 wt % samples
while membranes measured as received. Thermogravimetric
(TGA) and differential thermal (DTA) analysis were per-
formed using a Perkin-Elmer Pyris Diamond TG/DTA. Sam-
ples of approximately 5 mg were heated under air from 25 to

850 �C, at a rate of 10 �C/min. The morphological studies were
performed by using a QUANTA FEG 400 F7, FEI microscope
operating in the e-SEM mode. The SEM images were acquired
collecting the backscattered electrons induced by using 10 keV
electron beam and 0.4 mbar of water humidity.
NMR measurements were performed on a Bruker NMR

spectrometer AVANCE 300 Wide Bore working at 300 MHz
on 1H. The employed probe was a Diff30 Z-diffusion 30G/cm/A
multinuclear with substitutable RF inserts. The spectra were
obtained by a single π/2 pulse sequence. The NMR pulsed field
gradient spin�echo (PFG-SE) method32 was used to measure
self-diffusion coefficients. This technique consists of two rf
pulses, Hahn-echo sequence (π/2�τ�π), with two identical
pulsed-field gradients, the first applied between the 90� and 180�
rf pulse (during the dephasing) and the second after the 180� rf
pulse (during the rephasing) but before the echo. Following the
usual notation, the pulsed-field gradients have magnitude g,
duration δ, and time delay Δ (different from the degree of ionic
association). The attenuation of the echo amplitude is repre-
sented by the Stejskal-Tanner equation:

AðgÞ ¼ Að0Þ exp½ � γ2g2Dδ2ðΔ� ðδ=3Þ�
where D is the self-diffusion coefficient and γ is the nuclear
gyromagnetic ratio and A(0) is the amplitude of the echo at g = 0.
Note that the exponent in the equation is proportional to the
mean-squared displacement of the molecules over an effective
time scale (Δ � (δ/3)). For the investigated samples, the
experimental parameters, Δ and δ, are 10 and 1 ms, respectively.
The gradient amplitude, g, varied from 10 to 600 G cm�1. In this
condition the uncertainty in the self-diffusion measurements is
∼3%. It is worth noting that a Gaussian self-diffusion of water
(i.e., not restricted diffusion) has been observed also for a diffusion
time (Δ) longer than 40 ms. (See the Supporting Information,
Figure S1).
Both self-diffusion and spectra measurements were con-

ducted by increasing temperature step by step from 20 to
130 �C, with steps of 20 K, and leaving the sample to equilibrate
for about 20 min.
Prior to the NMR measurements, membranes were dried in

oven, weighed and then immersed in distilled water at room
temperature. Upon being removed from the water they were
quickly blotted dry with a paper tissue (to eliminate most of the
free surface liquid). The water content value was determined
using a microbalance and recorded as:

uptake % ¼ ½ðmwet �mdryÞ=mdry� � 100

At this point, the membranes were loaded into a 5 mm NMR
Pyrex tube and hermetically sealed.

3. RESULTS AND DISCUSSION

3.1. Structural Investigation.For the surface modification of
the parent smectite clays a simple procedure was followed.
Positively charged molecules are introduced into interlayer
space of layered clay minerals by ion exchange procedure where
charge balancing cations (e.g., Na+) are replaced by the organic
cations. The introduced organic cations are held strongly by
electrostatic forces with the negatively charged clay surfaces and
the final conformation depends on the shape, size, and total
charge of the organic cations and also on the charge density of
the clay surface. In our case, the intercalation procedure involves
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an initial pre-equilibrium reaction in which the primary (SULF
and SER) or secondary (TES) amino groups of the organic
molecules are protonated:

The protonated organic molecules were readily adsorbed on
the clay surfaces, by ion exchange. The monovalent Na+ ex-
changeable cations are replaced easily by the protonated amino
molecules according to the following reaction:

where the bold lines represent the clay platelets.
X-ray diffraction (XRD) measurements provide a powerful

tool to understand not only the changes in the interior of the clay
microenvironment, and thus reveal the successful modification of
the parents nanoclays, but also to evaluate the type of composites
created after the incorporation of the hybrid layered fillers in the
Nafion matrix. Figure 1 shows in comparison the XRD patterns
of pristine clays before and after the intercalation of the organic
molecules as well as the filler-free Nafion and the nanocompo-
sites prepared with the organoclays at 3 wt % filler to polymer
loading. The XRD data show an increase of the basal spacing
(d001) of both clays after insertion of the three guest materials.
More specifically, in the case of Laponite samples, the basal
spacing d001, which is 12.7 Å in the pristine clay, becomes 15.6,

14.8, and 17.5 Å in the modified clays with SULF, TES, and
SER, respectively. If we consider that the thickness of a clay
layer is 9.6 Å,37 these values correspond to intersheet separa-
tions (L) of 6.0, 5.2, and 7.9 (where L = d001 � 9.6 Å) for Lap/
SULF, Lap/TES, and Lap/SER, respectively. This increment in
the interlayer space is indicative of the intercalation of the three
cationic molecules into the Laponite interlayers where the guest
molecules adopts an inclined orientation (at a certain angle)
between the clay surfaces. The XRD results for the other
organoclays with SWy-2 montmorillonite are analogous with
the increment in the d-spacing to be more pronounced. XRD
patterns of SWy/TES and SWy/SER show d001 spacings of 17.9
and 17.7 Å, which corresponds to intersheet separations of 8.3
and 8.1 Å, respectively. These higher d-spacings of the mon-
tmorillonite organoclays implying that the organic cations are
lying in the interlayer space of the mineral in a more upward
position (higher angle) compared with the corresponding
organoclays with Laponite. This is probably due to the higher
CEC of montmorillonite compared to Laponite which desig-
nates that the amount of intercalated molecules is much higher
in the case of montmorillonite leading to higher d-spacings
compared to Laponite samples. Finally, when the montmor-
illonite clay was treated with SULF solution (SWy/SULF), two
d001 spacings are observed at 21.6 Å (Δ = 12.0 Å) and 15.5 Å
(Δ= 5.9 Å) arising from two different conformations of the
SULF cations within the clay layers. The intersheet separation
of 12.0 Å is probably due to the formation of a double-layer
arrangement of the SULF molecules in the interlayer space
while the value of 5.9 Å—which is almost half of the previous
one—arises from the formation of a single layer arrangement.
Similar mixed phases have been observed during the intercala-
tion of organic surfactants (alkylammonium derivatives)38,39 or
other polar molecules such as ethylene glycol.40

Moreover, the XRD patterns (Figure 1) of all nanocompo-
site membranes show clearly a broad band centered at 17�
distinctive of the Nafion polymer arrangement.41,42 The
absence of the d001 diffraction peak, characteristic of the

Figure 1. XRD patterns of pristine clays, organo-modified clays, filler-free Nafion and nanocomposite membranes with 3 wt % organoclay nanofillers.
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modified clays, in the patterns of the final nanocomposites
indicates that the ordered structure of the layered mineral is
effectively eliminated after mixing with the polymeric mass.
This means that the use of all the organo-modified clays lead to
the creation of exfoliated nanocomposites where the indivi-
dual clay layers loose their stacking and are uniformly dis-
persed in the continuous polymeric matrix. Furthermore, the
broad band around 17� loose its intensity in the XRD patterns
of all the nanocomposite membranes indicating changes in
morphological features of the Nafion due to differences in
crystallinity of the perfluorocarbon backbone. In fact, as
shown in Figure S2 of the Supporting Information, this broad
band can be fitted to the experimental data using two distinct
diffraction peaks: a large amorphous halo centered at ca. 16�,
and a superimposed Bragg peak centered at 17.5� correspond-
ing to the crystalline fraction of the perfluorocarbon back-
bone.18 The ratio between these two peaks provides a measure
of the amount of crystallinity in the membrane. The crystal-
linity of all nanocomposite membranes is lower than that of
pristine Nafion membrane indicating that the presence of
modified clay nanoplatelets leads to membranes with essen-
tially more amorphous structure.
The presence of nanofiller in the final composites was revealed

also with FT-IR spectroscopy. Figure 2 shows the FT-IR spectra
of Nafion�SWy/TES membrane in comparison with the filler-
free Nafion, modified clay (SWy/TES), pristine clay (SWy) and
TES molecule. Initially, the spectrum of the SWy/TES presents
the characteristic bands of SWy and TES cations confirming the
presence of organic molecules in the modified nanofiller. In
addition, the pattern of Nafion�SWy/TES presents all the
characteristic bands of the Nafion and the modified clay, without
significant changes, confirming the presence of the organoclay
(SWy/TES) in the final composite membrane. More specifically,
the appearance of the peaks at 463 and 1022 cm�1 which
correspond to Si�O and Si�O�Si vibrations of the clay lattice
are indicative of the existence of the phyllomorphous mineral
in the final composite. Similar spectra were observed for all
nanocomposites membranes prepared using the other organo-
modified clays.

The thermo-gravimetric curves, derived from TGA measure-
ments, were used to determine the amount of adsorbed water in
the organoclays. From the weight loss up to 120 �C, the
percentage of adsorbed water was calculated for all organo-
modified clays. The adsorbed water was found 7.7, 8.9, and
9.2wt% for Lap/TES, Lap/SER, andLap/SULF, respectively, while
lower values were estimated for organo-montmorillonites, 2.5,
3.0, and 5.9 wt % for SWy/TES, SWy/SER, and SWy/SULF,
respectively. The higher water content of organo-Laponite
samples originates from the different structural and the physico-
chemical properties of the two parent clays. In general, it is well-
known43 that Laponite clay adsorbs more water than montmor-
illonite (or other smectite clays) due to multilayer water adsorption
on the external surface of this high surface area material.
Furthermore, TGA was used also to reveal the homogeneous
distribution of the organoclay platelets in the Nafion matrix.
TGA results (Figure 3) show that in the case of Nafion�SWy/
TES loaded with 3 wt % nanofiller, the decomposition of Nafion
was shifted to higher temperatures. The higher thermal resis-
tance of the nanocomposite than that of pure Nafion membrane
is due to the strong interaction of polymer main chains with
modified nanofiller which in fact provides evidence for the
homogeneous dispersion of the organo-modified silicate plate-
lets in the polymeric matrix.42,44 Similar results were observed for
all the series of nanocomposites (not shown here) indicating that
all organoclay nanofillers are distributed homogenously in the
polymer matrix.
3.2. Morphological Analysis. In this study, SEM was used to

observe the surface morphology of the nanocomposite mem-
branes (Figure 4) based on both SWy and Lap organoclays.
Starting from Nafion�SWy (Figure 4a), the first observation
concerns the difference between the superior and inferior edges
(first image) as well as the two surfaces of the membrane (second
image shows the superior surface): one side is smooth, compact
and uniform while the other side is particularly wrinkled and
spongy even if, no aggregates or agglomerates are visible inside
the polymeric matrix but rather a porous structure typical of the
clays. This result is imputable to the casting procedure used to
prepare the membranes where, during the 8�10 h of the solvent
evaporation process, the filler particles tend to settle on the
substrate. In general, it is known that the preparation procedure
of composite membranes by dispersion of preformed particles
followed by film casting is a very simple method, but it is usually

Figure 2. FT-IR spectra of pristine (SWy) clay, TES surfactant, SWy/
TES organoclay, filler-free Nafion, and nanocomposite membrane with
3 wt % SWy/TES.

Figure 3. TGA curves of filler-free Nafion and nanocomposite mem-
brane with 3 wt % SWy/TES.
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difficult to avoid the formation of particle agglomerates inside the
polymeric matrix and, consequently, membranes containing
nonhomogeneous dispersions of microsized particles are usually
obtained.5

The organo-modification of the smectite clays produces
some modest morphological changing in the composite mem-
branes. In particular, SWy/TES (Figure 4b) shows a spongy
structure on the entire section of the film and on both surfaces
which are wrinkled even if with different intensity. Instead,
SWy/SULF and SWy/SER nanocomposites show less signifi-
cant changes (Figure 4, parts c and d, respectively) and have a
morphology more similar to Nafion�SWy composite, with
one side smooth and featureless, the other side spongy.
However, going in detail, both these two nanocomposites
present a structure less compact and in Nafion�SWy/SER
some particles are also visible. Finally, Laponite composites
show a quite different structure also by considering that the
particles size is about ten times smaller than montmorillonite.
Nafion�Lap/TES (Figure 4e) is uniform, smooth and homo-
geneous on the whole volume without pores or agglomerates,
hence there is a very good dispersion of the clay platelets in the
polymeric matrix. Nafion�Lap/SULF (Figure 4f), instead,
shows more spongy texture with a well evident weaving and
with a little deposit of clay sheets on the substrate. However,

TGA measurements, discussed previously, have provide an
evidence for the homogeneous dispersion of the organo-
modified silicate platelets in the polymer, therefore, although

Figure 4. SEM images of the Nafion�organoclays composite membranes.

Figure 5. Self-diffusion coefficients of water confined in Nafion nano-
composite membranes based on SWy pristine clay, SWy/organo-
modified clays and filler-free Nafion for comparison, from 20 �C up to
130 �C. In the graph are also plotted the data collected at 130 �C after
several hours.
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a certain amount of nanofiller is deposited on the substrate
(depending on the type of organoclay), the rest is evenly
distributed and this will allow a vast improvement of the
nanocomposite’s performance compared to the filler-free
Nafion.
3.3. NMR Study on SWy�Organoclays Nanocomposites.

NMR self-diffusion coefficients of water confined in organo-
montmorillonite composite membranes are showed in Figure 5;
diffusion data of filler-free Nafion are also reported for compar-
ison. The measurements were collected in the temperature range
20�130 �C on membranes completely swelled in pure water up
to reach their maximum uptake values (these values are reported
in the Table 2 for each membrane).
SWy-2 montmorillonite and its organoclays demonstrate a

considerable effect on the Nafion polymer in terms both of water
absorption/retention and water mobility. It is well-known, and it
is corroborated also from the Figure 5, that filler-free Nafion
membrane starts to lose water at about 80 �C so, at temperatures
above 100 �C the conductivity go down to values no longer
useful to permit the ordinary working of the cell. The presence of
the clay nanofiller, both with and without surface modification,
produces a noteworthy improving of the membranes perfor-
mances. In fact, if we observe the water diffusion coefficients of
Nafion�SWy/TES and Nafion�SWy/SULF, they increase qua-
si linearly up to 100 �C reaching values more than 1 order of
magnitude higher than filler-free Nafion. At 130 �C is clear a
slight decreasing of the diffusivity caused from the water evapora-
tion from themembranes. However, it is extremely significant the
behavior of such nanocomposites in this temperature’s region
since the self-diffusion coefficients remain constants for several
hours at quite high values.
The reduction of the diffusivity after 100 �C, despite the

increase of the temperature, can be explained by considering
that the hydrophilic pores of Nafion polymer and the acid
nature of the organoclay particles provide numerous proton
exchange sites in the polymeric system. Therefore, the water
self-diffusion coefficient measured is a weighted average from
the different water species coexisting (bounded or hydrated
water and bulk water45,46) in fast exchange rate with respect to
the NMR times (see Figure S1 in the Supporting Information
regarding the diffusion decay lines). In heating, it is reasonable
to expect that the evaporation essentially affects the bulk/”free”
water, i.e., the most mobile water so, after 100 �C, the biggest
contribution to the diffusion comes from the hydrated water
resulting in a lower D.
In any case, stating that in these measurements there is no

additional humidification of the membranes, it denotes that this
clay material can retain water and thus can maintain a certain
level of humidity in the membrane and surface modifications
with acid organic molecules significantly improve the perfor-
mance of the final composite system.

In order to investigate on the water distribution in the
membranes (hydration and bulk waters) as well as on the
evaporation dynamics, we show the 1H NMR spectra acquired
on Nafion�SWy/TES from 20 �C up to 130 �C (Figure 6). In
the graph are also reported the spectra acquired at 130 �C after 2
and 4 h, respectively. Spectra were referenced against pure water
set at 0 ppm and were acquired with the same number of scans to
compare their intensities. As can be seen, the proton’s signal is
quite large (fwhm is about 1 kHz) and asymmetric, typical of a
multiple components configuration, i.e., different “types” of
water coexist in the system. Actually, a certain amount of water
is involved in the primary hydration “shells” of the SO3

� groups
of Nafion47,48 as well as of the organo-modified filler’s hydro-
philic groups (oxygen and hydroxyl surface groups of clay and
hydroxyl, amino and sulfonic groups of TES). The uptake of
additional water fills the volumes of membrane’s pores forming
higher order hydration layers and, experiencing negligible elec-
trostatic interactions, behavesmore bulk-like. The different states
of water within the hydrophilic pores can be difficult to discern
because of the fast rate of proton exchange in acidic water and for
this reason we “see” only one peak. The intensity of this peak
decreases with increasing temperature because of the water
evaporation from the membrane, with a pronounced drop above
100 �C; when it reaches 130 �C, the intensity of the residual
signal remains constant for several hours (obviously without any
supplying humidity), and this is responsible for the proton
diffusion that we are able to detect at these high temperatures.
In all the spectra, until 100 �C, this asymmetrical signal

(Figure 7A) can be fitted well to the experimental data with
three Lorenzian peaks, one narrower (peak-1), attributed to the
bulk-like water, and two broader (peak-2 and peak-3), assigned to
the bound water, i.e. the hydration water to the sulfonic acid
groups of both the Nafion and TES molecules, and to the clay’s
hydrophilic groups, respectively. This peak-picking is argued
from the broadness and area of the peaks: at room temperature,
the amount of bulk water in completely swelled membranes is
surely predominant and having less restricted molecularmotions,
results in a line width reduction. Furthermore, it is obvious that
the water evaporation involves mainly the bulk water, in fact, at
130 �C, its contribution to theNMR signal (peak-1) disappear while
the two broader components are still observed by peak-fitting.

Table 2. Maximum Water Uptake of Filler-Free Nafion and
SWy-Composites

membrane maximum water uptake (wt %)

Nafion�SWy/SULF 50

Nafion�SWy/TES 48

Nafion�SWy/SER 35

Nafion�SWy 45

Nafion 24

Figure 6. Temperature evolution of high-resolution 1H NMR spectra
of the water confined in Nafion�SWy/TES nanocomposite acquired
from 20 �C up to 130 �C (at this last temperature also after 2 and 4 h).
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By considering the area of these three peaks we estimate that the
amount of water lost from themembrane at 100 �C is about 46 wt
% of the total water initially absorbed. From this amount, 23 wt %
arises from peak-1, 17 wt % from the peak-2 and about 6 wt %
from the peak-3. At 130 �C only about 18 wt % of water remains
in the membrane, shared between the hydration to the SO3

�

groups of the polymer and the hydrophilic clay surfaces (peak-2
and peak-3), while the bulk water is completely evaporated. The
variation of the areas of these three peaks as a function of
temperature is showed in Figure 7B. Up to 100 �C, the area of
all signals decreases even if the peaks 1 and 2 show a greater
reduction than peak-3 (which remains almost unchanged), while
at 130 �C the proton spectrum is fitted by only two peaks (2 and
3) and their area remains constant for several hours. It is also
interesting to show the trend of the chemical shift of the spectral
signal, and hence of the three peaks fitting, with the temperature
(Figure 7C). The reported chemical shift values were referenced
to the distilled water shifts at the same temperature as the
membrane. By comparing with the area’s plot, a certain corre-
spondence is noticeable: there is a downfield shift of the
resonance during the heating and an abrupt change after
100 �C. This is obviously caused by the strong evaporation of
water from the membrane, which in turn causes a structural
change of the system (hydrophilic pores size and redistribution
of water), but most likely there is also an effect due to the glass
transition of the polymer (the Tg of Nafion-112 membrane is
around 110 �C). However, at 130 �C the chemical shift of the
signal remains invariable for several hours, indicative of the fact
that no important altering, e.g., ulterior water leaking, is happen-
ing in the system.
At this point, we groped to make a quantitative analysis

starting from these spectral data to estimate the number of water
molecules involved in the hydration shell of the sulfonic acid

groups of Nafion polymer as well as that absorbed on the
organoclay nanoparticles. Taking into account the complexity
of the system and to the hydrogen-bonding effects which the
protons are subjected, establish the exact chemical shifts is
arduous, however, by considering the concepts of electronega-
tivity (of oxygen and sulfur atoms) and proton acidity, the
resonance frequency of the protons (of the water) on the clay’s
surface is expected downfield shift respect to protons hydrating
the sulfonic groups. Therefore, we can most likely attribute peak-
2 to the water molecules hydrating the SO3

� groups (hSO3
�) and

the peak-3 to the water molecules absorbed on the organo-
modified clay particles (hclay).The moles of SO3

� groups present
in the Nafion/Swy-TES system originate almost entirely from
Nafion and only for a negligible amount from TES molecules
used to functionalize the montmorillonite clay. Even with an
overestimation, i.e. by considering that the stechiometric amount
of TES (which corresponds to three times the CEC of the clay) is
all intercalated in the clay, and by considering the filler to
polymer loading (3 wt %), this quantity is about 6% of the total
moles:

mmol of SO3
� ¼ ð0:2 from NafionÞ + ð0:012 from TESð3wt%;3CECÞÞ

¼ 0:212

Table 3 reports a schematic description of the water distribu-
tion in the system taking into account the initial water uptake of
the membrane (5.5 mmol of absorbed water) and the areas ratio
of the NMR peaks at 20 �C and then at 130 �C. The hydration
numbers obtained by this calculation, about 9H2O/SO3

�mol/mol
in the maximum hydration state and 1.8 H2O/SO3

� mol/mol
in the very low hydration state, are in agreement with the
literature;49,50 therefore, the peak fitting and the related attributions
are appropriate.

Figure 7. (A) Peak-fitting of the 1H NMR spectra of the water confined in Nafion�SWy/TES nanocomposite; (B) plot of the areas of three peaks
(resultants from the peak-fitting) vs temperature; (C) chemical shift of the three peaks (resultants from the peak-fitting) vs temperature.
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Temperature evolution of the spectra of water confined in
Nafion�SWy/SER and Nafion�SWy/SULF membranes are
shown in Figure 8. Once again it is visible at high temperatures,
above 100 �C, the residual signal of the protons of the hydrating
water the hydrophilic groups which, thanks to an appreciable
mobility, can ensure the ionic transport in the membrane through,
for example, the Grotthus mechanism, where proton mobility in
water is connected to rotationofwatermoleculeswithin a constantly
changing network of hydrogen bonds (structural diffusion).51,52

Nafion�SWy/SULF presents the higher water uptake to-
gether with the higher self-diffusion coefficients. This excellent
performance may be due, among other things, to: (i) the
formation of a double-layer arrangement of the SULF molecules
in the interlayer space (by XRD spectra) allowing to have a
greater number of hydrophilic sites inside the polymeric system
and (ii) this SWy-organofiller showed the highest capacity to
absorb water (see TGA results).
The same data analysis procedure used for the spectra of

Nafion�SWy/TES, gave approximately similar results in terms
of hydration water to the sulfonic groups even if, in the case of
SWy/SER nanocomposite we find an inferior hydration number
than SWy/SULF certainly imputable to the higher water loss at
130 �C. This outcome is reflected on the diffusion and in general
on the performance of the electrolyte membrane as saw in
Figure 5. In fact, the rapid drop of the diffusion is hypothesized
to be related to a blocking effect (the particles can obstruct the
hydrophilic polymer channels) that becomes a significant factor
when the water content in the membrane is very low, i.e., when
the hydrophilic domains sizes are reduced.

3.4. NMR study on Laponite�Organoclays Nanocompo-
sites. Concerning the organo-Laponite-based nanocomposites,
the diffusion coefficients of the water confined in the various
membranes are reported in Figure 9. The water uptake of all
these membranes is about 30 wt % and , therefore, definitely
lower than the organo-montmorillonite based membranes even
if, as we reported in the TGA measurements, the water absorp-
tion of the Laponite organoclays is higher than the montmor-
illonites. In our view, the exfoliation that the clay platelets
undergo when dispersed in the polymer matrix not only modifies
their characteristic properties, but also induces an alteration on
the polymeric structure. This result strengthens the idea that the
structure of the composite plays a key role in the membrane
performance and that the enhanced absorption is not merely a
consequence of the fact that the filler’s nanoparticles are more or
less hygroscopic, but is also attributable to their effect on the
porous structure of the polymer. However, even with a relatively
low water content, the membrane prepared with pristine Lapo-
nite clay without any modification shows a good diffusion
behavior in all the temperature range and it is able to preserve
an excellent performance at 130 �C for several hours without any
further humidification. The introduction of SULF molecules in
the clay’s interlayers does not improve at all the performance of
the composite that, in fact, follows exactly the trend of the first
one. The result is even worse when Laponite clay is organo-
modified with TES and SER molecules: Nafion�Lap/SER has a
collapse of the diffusion around to 130 �C, while Nafion�Lap/
TES already at lower temperatures begins to show a loss of the
water diffusion. Above 100 �C, practically, this reaches values
comparable to those of the Nafion, although maintains a mini-
mum water content on which we can still measure the diffusion
after 2 h that it was at 130 �C. This behavior could be explained
taking into account that the cationic exchange capacity (CEC) of
Laponite is lower respect to SWy, therefore, the amount of
organic molecules attached to the Laponite’s surface is consider-
ably lower than the correspondent organo-montmorillonites. For
example the small amount of intercalated TES molecules in
Laponite does not alter the hydrophilicity of the final organoclay
as results from TG data: the adsorbed water which is 11 wt % in
the pristine Laponite is reduced to 7.7 wt % in the case of Lap/
TES.This reduction in the hydrophilicity of the nanofiller is probably

Table 3. Water Distribution and Hydration Numbers in the
Nafion�SWy/TES Nanocomposite System

20 �C
water uptake 48 wt % f 5.5 mmol

from the areas ratio of the peaks 1, 2 and 3:

bulk 42.6 wt % f 2.34 mmol

hclay 22.5 wt % f 1.2 mmol

hSO3
� 34.8 wt % f 1.9 mmol w (1.9/0.212) = 9H2O/SO3

� mol/mol

130 �C
∼18 wt % of the initial water uptake remain in the membrane

from the areas ratio of the peaks 2 and 3:

hclay ∼ 11 wt % f 0.6 mmol

hSO3
� ∼ 7 wt % f 0.38 mmol w (0.38/0.212) = 1.8H2O/SO3

� mol/mol

Figure 8. Temperature evolution of high-resolution 1H NMR spectra
of the water confined in (A) Nafion�SWy/SULF and (B) Nafion�
SWy/SER nanocomposite membranes, acquired from 20 �C up to
130 �C (at this last temperature also after 2 and 4 h).

Figure 9. Self-diffusion coefficients of water confined in Nafion nano-
composite membranes based on Lap pristine clay, Lap/organo-modified
clays, and filler-free Nafion for comparison, from 20 �C up to 130 �C. In
the graph are also plotted the data collected at 130 �C after several hours.
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responsible for bad performance of the organo-Laponite Nafion
membranes.

4. CONCLUSIONS

Nafion hybrid membranes based on organo-modified smec-
tite clays were synthesized by solution intercalation and char-
acterized by different techniques. One synthetic (Laponite) and
one natural (montmorillonite) layered aluminosilicate minerals
with different physical and structural properties were modified
with various organic acid molecules in order to increase the
concentration of hydrophilic functional groups and the com-
patibility with the polymeric matrix. XRD results show that fully
exfoliated nanocomposites were created, where the individual
organoclay layers are uniformly dispersed in the continuous
polymeric matrix.

SEM analysis showed two main morphologies of the nano-
composites depending on the clay-filler used: one more smooth,
compact and uniform even if there is a small deposit of filler on
the substrate, the other with more wrinkled and spongy texture
with a well evident weaving; however, in both case no aggregates
or agglomerates are visible inside the polymeric matrix. The
nanocomposite membranes with the second type of morphology
showed both better diffusion performance and water retention at
high temperatures.

The dynamic behavior of water confined in the nanocompo-
site membranes, in a wide temperature range (20�130 �C), was
studied by NMR (self-diffusion and 1H spectra). It was pointed
out the noteworthy improving of the water retention and
mobility when the organo-montmorillonites are used as fillers
in the Nafion polymer. This result derives from a synergy
between the hydrophilicity of the organoclays and the capacity
to induce an alteration on the polymeric structure. But, the most
important feature is the behavior above 100 �C: these nanocom-
posites can retain a small amount of ” still mobile” water for
several hours without any further humidification, which suggests
that a significant proton conductivity can be ensured by electro-
lytic membranes in high temperatures condition.

Organo-Laponite fillers do not improve the electrolyte per-
formance respect to the pristine clay without any organo-
modification, this is probably due to very low amount of organic
molecules able to be intercalated in this clay.

Finally, an accurate analysis of the 1H NMR spectra put in
evidence the different “types” of water coexisting in a compo-
site membrane: water filling the pore volumes which behaves
more bulklike, hydration water to the sulfonic acid groups of
the polymer and the water absorbed on the organoclay
nanoparticles.The hydration numbers obtained from these
spectral data are about 9 H2O/SO3

�mol/mol in the maximum
hydration state and 1.8 H2O/SO3

� mol/mol in the very low
hydration state.
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SUPPORTING INFORMATION 

 

As described in the experimental section, the NMR pulsed field gradient spin-echo (PFG-SE) 

method was used to measure the water self-diffusion coefficients in the Nafion and composites 

membranes. The attenuation of the echo amplitude in this sequence is represented by the Stejskal-

Tanner equation:  

 

Figure S1shows the decay lines of –ln[A(g)/A(0)] vs. g
2
(the other parameters are constants) which 

are used to calculate the self-diffusion coefficients (D), for all the temperature range explored and 

for the most representative membranes studied. 

We can observe that the decay lines are straight for all the systems and, mainly, for all the 

investigated temperatures. This feature is very important in order to use the above equation to 

calculate D, and to confirm the Gaussian self-diffusion behaviour of the water confined in the 

hydrophilic pores of the membranes. Furthermore, it supports the consequence that in such complex 

systems, with a multiple-component water configuration, we measure only one diffusion value 

which is a weighted average from the different water species in fast rate of proton exchange. 
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Figure S1. Decay lines of –ln[A(g)/A(0)] vs. (γgδ)
2
(∆-δ/3) for various temperatures of four Nafion co
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Graphene Nanocomposites
Graphene-Based Nafi on Nanocomposite Membranes: 
Enhanced Proton Transport and Water Retention 
by Novel Organo-functionalized Graphene Oxide 
Nanosheets

  Apostolos   Enotiadis  ,     Kristina   Angjeli  ,     Noemi   Baldino  ,     Isabella   Nicotera  ,   *     
 and   Dimitrios   Gournis   *   
 Novel nanostructured organo-modifi ed layered materials based on graphene oxide 
carrying various hydrophilic functional groups (-NH 2 , -OH, -SO 3 H) are prepared 
and tested as nanofi llers for the creation of innovative graphene-based Nafi on 
nanocomposites. The hybrid membranes are characterized by a combination of 
analytical techniques, which show that highly homogeneous exfoliated nanocomposites 
are created. The pulsed fi eld gradient NMR technique is used to measure the water 
self-diffusion coeffi cients. Remarkable behavior at temperatures up to 140  ° C is 
observed for some composite membranes, thereby verifying the exceptional water 
retention property of these materials. Dynamic mechanical analysis shows that hybrid 
membranes are much stiffer and can withstand higher temperatures than pure Nafi on. 
  1. Introduction 

 It is well known that carbon materials such as amorphous 

carbon, nanotubes, fi bers, and graphite can be used as sorb-

ents/sieves, catalytic substrates, and nanofi llers due to their 

low mass in combination with very high (2500 m 2  g  − 1 ) and 

easily modifi ed (chemically) surface area, thermal stability, 
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and mechanical properties. [  1  ]  On the other hand, the main 

attention in polymer research over the last two decades has 

been focused on the development of novel composites to 

enhance several properties of neat polymeric matrices using 

molecular or nanoscale reinforcement. [  2  ]  Homogeneous dis-

persion of the nanoadditives and utilization of their high 

available surface area (per unit mass) for interaction with the 

polymer are key objectives for the preparation of polymer 

nanocomposites with improved mechanical, thermal, elec-

trical, and barrier properties. Inorganic layered structures, 

such as nanoclays, [  3  ]  layered double hydroxides, [  4  ]  carbon-

based nanofi llers (e.g., carbon nanotubes), [  5  ]  and hybrid fi llers 

such as carbon nanotubes rooted on smectite clays, [  6  ]  have 

been successfully applied to numerous potential applications 

in the automotive, aerospace, construction, and electronic 

industries. [  7  ]  In this regard, the development of a nanodis-

persion of graphene-based materials in a polymer matrix 

has opened a new and interesting area in materials science 

in recent years. [  7  ,  8  ]  The pristine graphite is inaccessible in 

the interlayer space and has a tendency to agglomerate in a 

polymer matrix, [  9  ]  thus reducing the use of this material. 

To avoid this problem, the functionalization of graphite by 

chemical oxidation, thereby creating a hydrophilic graphite 
Verlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 21, 3338–3349
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derivative with covalently attached oxygen-containing groups 

(hydroxy, epoxy, and carboxy) on its layers, called graphite 

or graphene oxide (GO), [  10  ]  is a particularly attractive solu-

tion since it can improve the solubility and processability 

as well as enhance the interactions with organic and inor-

ganic guest molecules. GO and reduced GO have been used 

so far as nanoadditives in various polymers, such as epoxy 

resins, poly(methyl methacrylate), polypropylene, polyeth-

ylene, polystyrene, and polyamides, and also in conductive 

polymers like polyaniline, poly(styrenesulfonate), Nafi on 

etc., thereby increasing the mechanical, electrical, and barrier 

properties. [  7  ,  8  ,  11–13  ]  

 Nafi on (a registered trademark of E. I. du Pont de 

Nemours and Co.) is a perfl uorosulfonic polymer that shows 

signifi cant properties, such as high ionic conductivity, ion-

exchange capacity, and stable structure, thus making possible 

its use in numerous applications (fuel cells, electrochemical 

devices, sensors etc.). Nafi on is a common electrolyte that has 

been most extensively studied in proton exchange membrane 

fuel cells (PEMFCs) for both vehicle applications and local 

on-site power generation systems in the future. The most 

signifi cant barrier of polymer electrolytes at elevated tem-

peratures is the proton conductivity of the membrane, which 

depends critically on the presence of water. In fact, PEMFCs 

operating in the typical 60–80  ° C temperature range face 

problems including poor carbon monoxide (from reformed 

hydrogen or methanol as fuels) tolerance and heat rejection. 

These drawbacks can be overcome by increasing the opera-

tion temperature range up to 120–130  ° C, but this leads to 

an unacceptable decrease in the proton conductivity of the 

electrolyte due to water loss. To enhance the water reten-

tion property, hydrophilic nanofi llers, such as titania, [  14  ]  zir-

conia, [  14  ,  15  ]  silica, [  16  ]  alumina, [  16  ]  clays (organo-modifi ed or 

not), [  17  ]  zeolites, [  18  ]  and carbon nanotubes, [  19  ]  have been suc-

cessfully applied for the creation of Nafi on nanocomposite 

membranes. At the same time, GO does not exhibit any sig-

nifi cant ionic or electronic conductivity [11a]  but can be easily 

converted in a high proton conductor via the intercalation 

of organic molecules in the interlayer space of GO, thereby 

creating novel hybrid organo nanofi llers with high proton 

conductivity. This can be implemented by taking advantage 

of the concept of intercalation chemistry, which involves the 

insertion of suitable robust organic and/or inorganic spe-

cies between the layers. Towards this aim, the attachment of 

organic molecules on the GO surfaces containing hydrophilic 

groups such as -SO  H, -COOH, and -OH is expected to 
    Scheme  1 .     Schematic representation of the synthetic procedure. SULF  =  3-amino-1-
propanesulfonic acid, VAL  =  5-aminovaleric acid, TES  =  2-{[2-hydroxy-1,1-bis(hydroxymethyl)-
ethyl]amino}ethanesulfonic acid, SER  =  2-amino-3-hydroxypropanoic acid or serine.  
3

improve not only the proton conduc-

tivity of the resulting nanocomposite 

membranes—by increasing the concen-

tration of acidic (hydrophilic) functional 

groups of GO—but also their mechan-

ical, chemical, and thermal strength while 

increasing the compatibility with the poly-

meric membrane. Recently, by synthesizing 

sulfonated GOs through a microwave-

assisted sulfonation method (introduction 

of sulfonic acid groups directly on GO 

layers) and incorporation into a Nafi on 

matrix, Choi et al. [  20  ]  showed that these 2D 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 21, 3338–3349
nanofi llers controlled the state of water confi ned in nanoscale 

ionic channels of Nafi on. As a result, nanocomposite mem-

branes showed high proton conductivity and low methanol 

permeability at high temperature. 

 Based on the above, in this work a series of novel nano-

structured organo-modifi ed layered materials based on GO 

were prepared and tested as nanofi llers for the creation of 

novel hybrid Nafi on nanocomposites. Four aliphatic amine 

derivatives containing various functional groups, such as sul-

fonic, carboxy, and hydroxy groups, were covalently bonded 

via the amide functionality on the GO surfaces and the 

resulting organo-modifi ed GO nanofi llers were incorporated 

in Nafi on by solution intercalation (membranes with pristine 

GO were also synthesized for comparison). The nanocompos-

ites as well as the modifi ed nanofi llers were characterized by 

a combination of powder X-ray diffraction (XRD), Raman 

and Fourier transform infrared (FTIR) spectroscopies, dif-

ferential thermal analysis (DTA)/thermogravimetric analysis 

(TGA), and scanning electron microscopy (SEM) while the 

transport properties of the membranes were investigated by 

NMR spectroscopy. Finally, the mechanical properties of the 

polymeric fi lms were tested by dynamic mechanical analysis 

in a wide temperature range.   

 2. Results and Discussion  

 2.1. Characterization of the Organo-Modifi ed GO Nanofi llers 

 Organo derivatives of GO were prepared and tested as nano-

fi llers in Nafi on polymer to increase the water retention 

properties, and thus the proton conductivity, of the fi nal nano-

composite membranes, as well as to improve their mechan-

ical, chemical, and thermal properties. Our starting material 

was produced by oxidizing powdered graphite to obtain 

exfoliated hydrophilic single-layer fl akes of GO. The GO was 

then reacted with the corresponding acidic amine derivatives, 

which were covalently bonded to the GO surfaces resulting 

in the formation of organo-modifi ed GO nanofi llers. Interac-

tion of primary or secondary aliphatic amines with GO takes 

place mainly through chemical grafting of the amine end 

groups to the GO surfaces via nucleophilic substitution reac-

tions on the epoxy groups of GO. [  10  ,  21a,b  ]  A schematic repre-

sentation of the reactions for the organo modifi cation of GO 

is presented in  Scheme    1  .  
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    Figure  1 .     XRD patterns of pristine graphite, GO and organo-modifi ed 
GOs.  
 The XRD patterns of the pristine graphite, the oxidized 

GO, and the fi nal organo-modifi ed GO using the four dif-

ferent amines are shown in  Figure    1  . The pattern of pure 

graphite exhibits a peak at 26.6 °  with a basal spacing  d  002   =  

3.34 Å while in the case of GO a 001 refl ection peak appears 

at 12.0 °  with a basal spacing of  d  001   =  7.3 Å. Treatment of GO 

with the four amine derivatives increases the  d  001  spacing of 

GO due to the successful insertion of the guest molecules in 

the interlayer space of the layered material. More specifi -

cally, in the case of GO-TES, the basal spacing  d  001 , which 

is 7.3 Å in the pristine GO, becomes 8.1 Å corresponding to 

an intersheet separation of   Δ    =  8.1 − 6.1  =  2.0 Å, where 6.1 Å 

is the thickness of the GO monolayer. [  10  ,  21c,d  ]  This is indica-

tive of the successful intercalation of the TES molecules into 

the graphene interlayers. A similar increment is observed for 

GO-SER ( d  001   =  8.2 Å) while in the case of the two linear pri-

mary amines (SULF and VAL) the  d  001  spacings were found 

to be 8.1 and 8.6 Å for GO-SULF and GO-VAL, respec-

tively. For these two linear amine derivatives the intersheet 

separation is calculated to 2.0 Å for GO-SULF and 2.5 Å for 

GO-VAL, thus indicating that the two guest molecules adopt 

a slightly inclined orientation between the GO surfaces. By 

using the following equation, [  10  ]   d  001   =  6.1  +   L   ×  sin  θ   (where 

 L  is the length of the linear amine molecule and   θ   the hydro-

carbon chain inclination), which refers to an interdigitated 
0 www.small-journal.com © 2012 Wiley-VCH Ve

    Figure  2 .     FTIR (left) and Raman (right) spectra of pristine graphite, GO, an
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confi guration of the organic molecules within the GO layers, 

for SULF and VAL with molecule lengths 6.63 and 7.20 Å 

(calculated through minimization of energy using Chem3D 

Ultra v. 8.0.1 for XRD patterns of pristine graphite, GO, and 

organo-modifi ed GOs) the chain inclination is calculated as 

  θ    =  18 and 21 ° , respectively. On the other hand, by considering 

a bilayer formation of the organic molecules in the interlayer 

space of GO, the inclination of SULF and VAL molecules is 

estimated to be   θ    =  8.7 and 10 ° , respectively, using a similar 

formula to the above ( d  001   =  6.1  +  2  ×   L   ×  sin  θ  ).  

 The FTIR spectra of the pristine materials and the 

organo-modifi ed derivatives are shown in  Figure    2   (left). 

The pure graphite is an IR-inactive solid in all the frequency 

range while the GO exhibits the following characteristic IR 

features: a weak band at 1620 cm  − 1  assigned to the C�O 

stretching vibrations of the COOH groups, a strong band 

at 1396 cm  − 1  assigned to the O—H deformations of the 

C—OH groups, a strong band at 1062 cm  − 1  attributed to 

C—O stretching vibrations, and a weak band at 1230 cm  − 1  

assigned to asymmetric stretching of C—O—C bridges in 

epoxy groups and/or to deformation vibrations of O—H in 

the carboxylic acid groups. [  10  ,  22  ]  The presence of all these 

characteristic vibrations confi rms the successful oxidation 

of the pristine graphite. In the case of organo-GO samples, 

the same bands are also present while the intensity of the 

band at 1230 cm  − 1  decreases due to the nucleophilic substitu-

tion reactions between the amine end groups of the organic 

molecules and the epoxy groups of the GO, thus confi rming 

the successful functionalization of this material. Moreover, 

at high frequencies (Figure  2  inset), the organo-GO deriva-

tives exhibit two extra bands at 2927 and 2856 cm  − 1  due to 

asymmetric and symmetric stretching vibrations of CH 2  

groups, respectively, thus revealing the presence of the amine 

derivatives in the solid nanofi llers. Furthermore, Raman 

spectroscopy is a widely used tool for the characterization 

of carbon products. As shown in Figure  2  (right), the Raman 

spectrum of pristine graphite displays a prominent G band 

at 1580 cm  − 1  corresponding to the fi rst-order scattering of 

the tangential stretching (E 2g ) mode, while the D band at 

1353 cm  − 1  is very weak and originates from disorder in the 

sp 2 -hybridized carbon atoms, characteristic of lattice distor-

tions in the graphene sheets. [  23a  ]  In the Raman spectrum 

of GO the G band is broadened and shifted to 1594 cm  − 1  
rlag GmbH & Co. KGaA, Weinheim
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    Figure  3 .     Photographs of Nafi on nanocomposite membranes prepared by dispersing GO in a) DMF solvent and b) alcoholic solution of Nafi on. 
c) SEM images of Nafi on nanocomposite membranes loaded with 3 wt% GO, GO-SULF, and GO-VAL.  
whereas the D band at 1363 cm  − 1  becomes the prominent 

feature in the spectrum, which testifi es the creation of sp 3  

domains due to the extensive oxidation. [  23a  ]  The intensity 

ratio of the D and G bands is a measure of the disorder, as 

expressed by the sp 2 /sp 3  carbon ratio. The  I  D / I  G  intensity 

ratio was found to be 0.90 in the case of GO while the ratios 

of the fi nal hybrid fi llers have similar values in the range of 

0.94–0.98. These fi ndings indicate that the graphitized struc-

ture of GO remains unaffected by the covalent attachment of 

amine molecules on the graphene layers.  

 To estimate the amounts of aliphatic amine derivatives 

introduced in GO, thermal analysis (DTA/TGA) measure-

ments were performed (see Supporting Information, Figure S1) 

on all the organo-GOs (GO-SULF, GO-TES, GO-VAL, and 

GO-SER) as well as the pristine GO. Based on these data, 

the weight loss observed in the temperature range 280–400  ° C 

is attributed to the thermal decomposition of the aliphatic 

amine molecules [  23b  ]  and is calculated to be 22.2, 18.1, 14.5, 

and 18 wt% for GO-SULF, GO-TES, GO-VAL, and GO-SER, 

respectively. Furthermore, data analysis elucidates the 

increased hydrophilic nature of these novel nanofi llers. The 

thermogravimetric curves, derived from TGA measurements, 

were also used to determine the amount of adsorbed water 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 21, 3338–3349
in the organo-GOs. From the weight loss up to 120  ° C, the 

percentage of adsorbed water was calculated for all organo-

modifi ed GOs. The adsorbed water was 15, 17, 17.5, and 

19 wt% for GO-VAL, GO-TES, GO-SULF, and GO-SER, 

respectively, while a lower value (11 wt%) was observed for 

pristine GO.   

 2.2. Characterization of the Hybrid Nanocomposite 
Membranes  

 2.2.1. Preparation and Morphology 

 The production of a homogeneous colloidal suspension of 

GO powder is an important challenge to allow its broad use 

for both fundamental studies and in polymer nanocomposite 

applications. [  11a  ,  24  ]  In this study, the choice of the proper sol-

vent was long and complex but indubitably primary for the 

preparation of homogeneous and advantageous composite 

membranes based on this inorganic nanofi ller. Organic sol-

vents such as dimethylformamide (DMF) and dimethylaceta-

mide (DMA), which are two of the most widely used solvents 

for the preparation of nanocomposite electrolyte membranes 

based on Nafi on with various types of fi llers, completely failed 

in the specifi c case of GO materials.  Figure    3  a and b shows 
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characteristic photographs of two GO-based composite mem-

branes prepared using DMF and an alcoholic solution of the 

Nafi on, respectively, as described in the Experimental Sec-

tion. As evident, DMF is completely inappropriate to achieve 

homogeneous dispersion in the polymer matrix, and similar 

results were obtained by using many other solvents such as 

DMA, tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), 

acetonitrile, and also water. On the contrary, the membranes 

prepared without any other solvent, but simply by dissolving 

the GO nanofi ller in the alcoholic solution (mixture of 1-

propanol and ethanol in water, in about 1:1 weight ratio) of 

the Nafi on, are quite homogeneous with a uniform dispersion 

of the nanofi ller in the membrane. Most likely this is due to the 

partially hydrophobic nature of the alcohols that fi nds greater 

chemical affi nity with the carbon layers of GO, while the water 

solvates the hydrophilic groups on the surface. Organo-modi-

fi ed GOs showed the same diffi culties, like pristine GO, in being 

dissolved in these solvents; therefore, all the nanocomposite 

membranes in this work were prepared by using the method 

of nanofi ller dispersion directly in the alcoholic solution of 

Nafi on. The morphology of all the nanocomposite membranes 

was studied by SEM. Figure  3 c shows SEM images of three 

nanocomposite membranes, Nafi on/GO, Nafi on/GO-SULF, 

and Nafi on/GO-VAL, prepared with 3 wt% fi ller-to-polymer 

loading. What is immediately evident in all the samples is a 

structure that is particularly wrinkled and spongy, more accen-

tuated in GO and GO-VAL composites, while it is smoother 

in the Nafi on/GO-SULF. Therefore, the organo modifi cation 

of the GO particles does not generate any important morpho-

logical change in the nanocomposite membranes. It is impor-

tant to note that no big agglomerates are visible through the 

section or on the surface; this means that these particles can 

be dispersed homogeneously in the polymeric matrix, thereby 

maintaining submicrometric dimensions.    

 2.2.2. Structural Characterization 

 A powerful tool to evaluate the type of composites created 

after the incorporation of the hybrid layered nanofi llers in 

the Nafi on matrix is XRD.  Figure    4   shows the XRD patterns 
42 www.small-journal.com © 2012 Wiley-VCH V

    Figure  4 .     XRD patterns of fi ller-free Nafi on and nanocomposite 
membranes with 3 wt% nanofi llers.  
of the fi ller-free Nafi on and the nanocomposite membranes 

prepared with 3 wt% GO and organo-GO nanofi llers. All the 

patterns show clearly a wide peak centered at 18 °  distinctive 

of the Nafi on polymer arrangement (crystalline peak scat-

tering from the polyfl uorocarbon chains of Nafi on). [  25  ]  Except 

for the Nafi on/GO-TES membrane, the absence of the 001 

diffraction peak in the diffraction patterns of all the nano-

composites indicates the creation of fully exfoliated struc-

tures where all the individual graphene platelets lose their 

stacking after mixing with the polymeric mass (fully exfoli-

ated nanocomposites). Organo-modifi ed GO nanoplatelets 

are incorporated in the Nafi on matrix by physical forces, 

such as electrostatic or van der Waals interactions. In the 

case of Nafi on/GO-TES, a low-intensity 001 refl ection peak 

appeared at 11.2 °  ( d  001   =  7.9 Å) indicating that a small frac-

tion of GO platelets retain their stacking while the majority 

exist in fi ne dispersion between the polymer chains (creation 

of partially exfoliated nanocomposites). Furthermore, com-

pared to fi ller-free Nafi on, in the XRD patterns of all the 

nanocomposite membranes the broad band around 17 °  loses 

its intensity. This indicates changes in morphological features 

of the Nafi on due to differences in crystallinity of the per-

fl uorocarbon backbone of Nafi on from the presence of the 2D 

graphene-based nanofi llers. This broad band can be fi tted to 

the experimental data (see Supporting Information, Figure S2) 

using two distinct diffraction peaks: a large amorphous halo 

centered at approximately 16 ° , and a superimposed Bragg 

peak centered at 17.5 °  corresponding to the crystalline frac-

tion of the perfl uorocarbon backbone. [  17a  ,  c  ]  The crystallinity 

of all nanocomposite membranes is lower than that of pris-

tine Nafi on membrane, which indicates that the presence 

of GO nanosheets (organo-modifi ed or not) leads to mem-

branes with essentially more amorphous structure.    

 Figure 5   (left) shows the Raman spectra of the nano-

composite membranes and of the fi ller-free Nafi on for com-

parison. The two characteristic peaks at 1350 and 1595 cm  − 1  

corresponding to graphite D and G bands, respectively, 

reveal the presence of the graphene-based nanofi llers in the 

fi nal nanocomposite membranes. Moreover, thermal analysis 

was also used to reveal the homogeneous distribution of the 

organo-GO platelets in the Nafi on matrix. Figure  5  (right) 

shows the DTA/TGA curves under air of the nanocomposite 

Nafi on/GO-SULF and the fi ller-free Nafi on. From the weight 

loss in the TGA curve it is calculated that until 280  ° C the 

total mass loss of the nanocomposite corresponds to about 

11 wt% while in case of fi ller-free Nafi on it is calculated to 

be about 6 wt%. This difference can be attributed to com-

bustion of the SULF molecules that are attached on the GO 

surfaces and the removal of oxygen-containing groups of GO. 

Furthermore, from the TGA curves above 300  ° C, it is clear 

that in the case of nanocomposite loaded with 3 wt% GO-

SULF, the decomposition of the perfl uorocarbon backbone 

of Nafi on is shifted to higher temperatures. In addition, the 

DTA curve of the fi ller-free Nafi on membrane shows the 

main exothermic peak at 385  ° C, while in case of nanocom-

posite this exothermic peak is shifted at higher temperatures 

(395  ° C). The higher thermal resistance of the nanocomposite 

than that of the pure Nafi on membrane is due to the strong 

interaction of polymer main chains with modifi ed GO layers, 
erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 21, 3338–3349
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    Figure  5 .     Left: Raman spectra of fi ller-free Nafi on and nanocomposite membranes with 3 wt% nanofi llers. Right: TGA/DTA curves of fi ller-free Nafi on 
and Nafi on/GO-SULF.  
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which provides evidence for the homogeneous dispersion of 

the graphene-based platelets in the polymeric matrix. Similar 

thermal improvement has been observed with other layered 

nanoadditives such as aluminosilicate clays. [  17c  ,  25b  ,  26  ]  Analo-

gous results were observed for all the series of nanocom-

posites (not shown here), thus indicating that all graphene 

nanofi llers (apart from GO-TES) distributed homogeneously 

on the polymer matrix.    

 2.2.3. NMR (Diffusion, T 1 , and Spectral) Investigation 

 The strong relationship between water uptake of the elec-

trolyte and the self-diffusion coeffi cients is well known. [  14  ,  15  ]  

In general, electrolyte membranes that absorb more water 

exhibit higher diffusivity at room temperature, while an 

increased amount of adsorbed water is not necessary for 

good proton conductivity at high temperatures (above 80  ° C). 

 Table    1   illustrates the maximum water uptake reached for 

fi ller-free Nafi on and nanocomposite membranes. A small 

increase in the water uptake is observed for GO-SER 

(29 wt%), GO-TES (29 wt%), and GO-VAL (31 wt%) nano-

composites, as well as for the GO nanocomposite (27 wt%) 

compared to neat Nafi on membrane, which absorbs about 

24 wt% of water. The improvement in the water absorption 

is considerably higher in the case of Nafi on/GO-SULF nano-

composite, which reaches the value of 50 wt% (the reason for 

this behavior is explained below).   

 Figure 6  a shows the water self-diffusion coeffi cients of 

all nanocomposites measured by the pulsed fi eld gradient 
© 2012 Wiley-VCH Verlag Gm

   Table  1.     Maximum water uptake of the fi ller-free Nafi on and nanocom-
posite membranes with 3 wt% fi ller - to - polymer loading. 

Membranes Water uptake 
[wt%]

Nafi on 24

Nafi on/GO 27

Nafi on/GO-TES 29

Nafi on/GO-SER 29

Nafi on/GO-VAL 31

Nafi on/GO-SULF 50
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(PFG) NMR technique on completely swelled membranes, 

in the temperature range 20–140  ° C. In particular, this graph 

displays the water mobility in Nafi on nanocomposite mem-

branes loaded with 3 wt% GO or organo-modifi ed GO nano-

fi llers in comparison with the fi ller-free Nafi on. As expected, 
3343www.small-journal.combH & Co. KGaA, Weinheim

    Figure  6 .     Self-diffusion coeffi cients D (a) and longitudinal relaxation 
times T1 (b) as a function of the temperature (from 20 to 140  ° C) of the 
water confi ned in completely swelled membranes of fi ller-free Nafi on 
and nanocomposite membranes with 3 wt% loading of nanofi llers (GO, 
GO-SULF, GO-VAL, GO-SER, and GO-TES). Inset in (a): graph of the data 
collected at 140  ° C after several hours.  
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at temperatures over 60–80  ° C, the water diffusion in the 

fi ller-free Nafi on decreases rapidly due to water evaporation 

from the membrane. The presence of unmodifi ed GO plate-

lets as fi ller in the polymer does not improve the perform-

ance of the membrane. On the contrary, at 60  ° C almost all 

the water is lost from the composite and, practically, over 

this temperature no NMR signal is possible to measure its 

diffusion coeffi cient. Similar behavior has been observed by 

Giannelis et al. [  11a  ]  who showed that Nafi on reinforced with 

5 wt% unmodifi ed GO does not improve the conductivity of 

the membrane. On the other hand, the benefi ts from the sur-

face modifi cation of GO sheets with an organic molecule such 

as aminopropanesulfonic acid (SULF) are evident. Nafi on/

GO-SULF nanocomposite shows water diffusion coeffi cient 

values that are very high in all temperature ranges investi-

gated. The diffusion increases linearly up to 100  ° C and soon 

after, due to the evaporation of a certain amount of water 

from the membrane, it decreases slightly but remains con-

stant, especially after several hours at 140  ° C.   

 To clarify the water diffusive behavior in all the studied 

systems, we need to provide some information concerning 

the diffusion coeffi cients measured: 1) the water confi ned in 

the hydrophilic pores of the membranes shows a Gaussian 

self-diffusion behavior for all the investigated temperatures 

(the decay lines of the experimental data, ln A ( g ) vs.  g  2 , are 

straight); as a consequence 2) we measure only one diffu-

sion value, which is a weighted average between bound water 

and bulk-like water at a fast rate of proton exchange during 

the diffusion time. On the basis of these considerations, the 

reduction of the diffusion at temperatures above 100  ° C can 

be explained by taking into account the fact that the water 

evaporation reasonably affects the bulk water because it is 

more “free” from electrostatic interactions; therefore, its con-

tribution to the diffusion coeffi cient decreases, while the con-

tribution of the bound water prevails. 

 It is important to underline that these measurements, 

as described in the Experimental Section, are conducted 

without providing additional humidifi cation to the sample 

during heating. Therefore, this performance at high temper-

atures is truly remarkable and implies that a small amount 

of water (bound water) remains in the membrane, which 

ensures proton mobility and thus conductivity. This result can 

be ascribed to two effects: 1) the increment of the number of 

acid sites in the electrolyte is refl ected in its ability to absorb 

and hold more water at high temperatures; and 2) the pres-

ence of organic molecules with sulfonic end groups makes the 

fi ller more compatible with the polymer and allows better dis-

persion, especially within the hydrophilic channels of Nafi on. 

Moreover, increasing the loading of GO-SULF from 3 to 

6 wt% (see Supporting Information, Figures S3 and S4) has a 

negative impact both in terms of water uptake (which falls to 

about 20 wt%) and proton diffusion at medium temperatures. 

This outcome can be directly related to the molecular confi ne-

ment in the vicinity of the organic/inorganic interface, which 

drastically hinders the mobility of the polymer chains, [  11a  ]  and 

to an obstruction effect that limits the mobility of the water 

in the ionic domains. 

 The Nafi on/GO-VAL nanocomposite shows a perform-

ance analogous to that of Nafi on/GO-SULF: the coeffi cients 
4 www.small-journal.com © 2012 Wiley-VCH V
are slightly lower [  14a  ,  24  ]  even if the sample absorbs much less 

water (the water uptake is about 30 wt% versus 50 wt% 

for the GO-SULF). By increasing the amount of GO-VAL 

nanofi ller to 6 wt% (see Supporting Information, Figure S4), 

the diffusion at 25  ° C is lower than that for the nanocom-

posite loaded with 3 wt% due to the consistently lower water 

uptake (about 20 wt%), and after 50–60  ° C this membrane 

loses almost all the absorbed water. Therefore, once again, 

the increase in the fi ller loading does not give any improve-

ment; on the contrary, for the reasons given before, it com-

pletely destroys the performance of the resulting composite. 

Finally, GO-SER and GO-TES nanocomposites show dis-

appointing results: for example, Nafi on/GO-SER shows an 

initial performance very similar to that of GO-VAL, but at 

80  ° C most of the water evaporates from the membrane and 

the proton NMR signal is not suffi cient for determining the 

 D  coeffi cient. Instead, Nafi on/GO-TES nanocomposite main-

tains a certain amount of water up to 100  ° C but after this 

temperature the signal is lost. These data are indicative of 

systems not able to absorb/retain water, although both these 

fi llers contain characteristic hydrophilic groups. This behavior 

is probably due to differences in the size and the stereochem-

ical confi guration of the four amine molecules. The TES and 

SER molecules occupy more volume, and thus surface, which 

inhibits the accessibility of water molecules in the remaining 

hydrophilic acid sites of the GO layers and thus reduces the 

insertion of more water molecules in the interlayer space of 

GO. On the other hand, in the case of primary amines SULF 

and VAL, which are linear molecules, the hydrophilic sites of 

the GO are more easily accessible by water molecules, which, 

in combination with the additional acidic functional groups 

of the organic molecules that have been added to the system, 

greatly enhances the total amount of absorbed water. 

 Figure  6 b shows the temperature dependence of the NMR 

longitudinal (or spin–lattice) relaxation times ( T  1 ) of water 

in the saturated nanocomposite membranes. Compared to 

diffusion,  T  1  refl ects more localized motions including both 

translation and rotation on a timescale comparable to the 

reciprocal of the NMR angular frequency ( ≈ 1 ns); therefore, 

higher  T  1  values suggest more facile molecular rotational 

and translational motion. Nafi on/GO-SULF and Nafi on/

GO-VAL nanocomposites with 3 wt% nanofi ller show higher 

relaxation times, which indicates that the functionalization 

of GO surfaces with such molecules produces fi llers able to 

increase the water absorption/retention properties and to 

facilitate molecular movements. On the contrary, GO-SER 

and GO-TES nanofi llers as well as pristine GO show  T  1  

values lower by almost one order of magnitude, that is, a con-

siderable reduction of the local water mobility that, as seen 

before, is refl ected in the diffusion coeffi cients. At high tem-

peratures the problem of water evaporation remains; these 

nanocomposites cannot retain water, and thus both diffusion 

and relaxation times fall down. Once again, these data dem-

onstrate that the benefi cial effects of some organo-modifi ed 

GO particles (SULF and VAL) with respect to others (TES 

and SER) are attributable to structural modifi cations of the 

polymeric matrix, which facilitate more water motions with 

improved water-retention ability, and it is not merely a conse-

quence of the fact that these particles are hygroscopic. 
erlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 21, 3338–3349
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    Figure  7 .      1 HNMR spectral temperature evolution of the a) GO-SULF, 
b) GO-VAL, and c) GO-TES nanocomposites and chemical shift versus 
temperature.  
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 The proton NMR spectra collected on the various mem-

branes can be useful to understand what happens when the 

temperature increases.  Figure    7   displays the temperature evo-

lution of the  1 H NMR spectra of the GO-SULF, GO-VAL, 

and GO-TES nanocomposites at 3 wt% fi ller loading. These 

spectra were referenced against pure water set at 0 kHz, and 

were acquired with the same number of scans. For all the 

nanocomposites, one large, asymmetric peak was observed, 

the shape of which changes from one membrane to another. 

Due to the fl uorinated character of the Nafi on, the  1 H NMR 

signal arises essentially from the water absorbed by the mem-

brane since the contribution of the hydrogen atoms of the 

sulfonic acid group and those of the organo fi llers is practi-

cally negligible.  

 The asymmetric shape of the signal (non-Lorentzian 

curve) implies that different “types of water” coexist. It is 

well known that in a hydrated Nafi on membrane, where the 

hydrophobic/hydrophilic duality for the matrix materializes in 

a nanoscale phase separation in hydrophobic and hydrophilic 

domains, [  27  ]  water is shared between the solvation of the 

SO 3  
 −   hydrophilic groups (as well as the hydrophilic groups 

of the organo-modifi ed nanofi llers in the case of nanocom-

posites) and bulk-like water. [  28  ]  As we explained before, the 

distinction between the different states of water within the 

hydrophilic pores can be diffi cult to discern so what we see is 

only one peak, the shape of which is explicative of the com-

plexity of the system and of the different structural modifi -

cations that each fi ller produces on the polymeric matrix. 

The intensity of this peak decreases upon heating due to 

the water evaporation from the membrane even though, 

at 140  ° C in the GO-SULF and GO-VAL nanocomposites, 

there is still a discrete signal that remains unchanged for sev-

eral hours and which is responsible for the proton diffusion 

revealed. However, what is interesting to note is the trend of 

the chemical shift of the peak versus temperature (insets in 

Figure  7 ) and how it is closely related to both the amount of 

water present in the membrane and the self-diffusion coef-

fi cients. The temperature contributes to the proton resonance 

variation because it affects the lifetime of the hydrogen bond. 

The heating causes a downfi eld shift of the resonance, and 

as a result a decrease of the chemical shift is observed. This 

reduction is more accentuated in the GO-SULF nanocom-

posite since is the membrane with higher water uptake 

(50 wt%), which corresponds to the higher chemical shift at 

room temperature (about 1.5 ppm); GO-VAL and GO-TES 

nanocomposites follow with 31 and 29 wt% water uptake, and 

0.7 and 0.3 ppm chemical shift, respectively. The changing of 

the slope of that trend takes place at 120  ° C for GO-SULF, 

80  ° C for GO-VAL, and 60  ° C for GO-TES nanocomposites, 

which corresponds to a signifi cant loss of water and therefore 

to an analogous reduction of the diffusion (see Figure  6 a). 

 From these observations and from the comparative 

analysis of the diffusion data we can assert that before the 

minimum, the contribution to the chemical shift is mostly 

that of the bulk-like water, and the temperature effect is in 

fact practically that obtained for pure water. The increasing 

of the chemical shift soon after is explainable by consid-

ering that the residual water remaining in the membranes 

is the water bound to the hydrophilic groups; consequently, 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 21, 3338–3349
the concentration of H  +   ions (the acidity of the water is a 

well-known property of water in Nafi on) and the effect of 

induced fi elds by the polar groups (sulfonic, hydroxy, etc.) 

prevail on the temperature and bring an upfi eld shift of the 

resonance. In a nutshell, the variation of the chemical shift 

of the water resonance line with temperature might give sig-

nifi cant information on the temperature dependence of the 

liquid water as well as on the “states” of the water confi ned 

in such membranes. In addition, this NMR analysis points to 

a strong correlation between the temperature behavior of the 
3345www.small-journal.comH & Co. KGaA, Weinheim
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 D  coeffi cients and the chemical shift: an increase of the diffu-

sion corresponds to a decrease of the chemical shift (and vice 

versa) with an unexpected symmetry.   

 2.2.4. Dynamic Mechanical Analysis Investigation 

 The effect of GO and GO organo-modifi ed nanofi llers on the 

mechanical properties of the Nafi on membrane was investi-

gated by temperature ramp tests.  Figure    8   reports the tem-

perature evolution of the storage modulus and tan  δ   of the 

fi ller-free Nafi on and some representative nanocomposites 

(Nafi on/GO, Nafi on/GO-VAL, and Nafi on/GO-SULF). Pris-

tine Nafi on membrane shows a decline of storage modulus 

during heating and a relaxation event at about 125  ° C, which 

can be attributed to the  α -relaxation characteristic of the 

polar group clusters (the low-temperature  β  relaxation is out-

side the temperature range used in our measurements). [  29  ]  

This relaxation temperature remains almost unaltered in both 

the Nafi on/GO-VAL and Nafi on/GO-SULF nanocomposites 

(127 and 121  ° C, respectively), while it clearly shifts at higher 

temperature, around 137  ° C, for the Nafi on/GO membrane. 

This implies that it is thermomechanically more stable than 

unmodifi ed Nafi on membrane.  
www.small-journal.com © 2012 Wiley-VCH 

    Figure  8 .     Storage modulus E ′  (top) and tan  δ  versus temperature 
(bottom) of fi ller-free Nafi on and nanocomposite membranes loaded 
with 3 wt% GO, GO-SULF, and GO-VAL.  
 From the literature, it is known that above 115  ° C the net-

work of hydrophilic clusters becomes extremely mobile, and 

the clustered structure fi nally collapses due to loss of water 

under dry and hot conditions. [  30  ]  This high mobility of the 

backbone and cluster network is shown by a high value of the 

loss tangent for unmodifi ed Nafi on membrane, which reaches 

values of 0.62, as shown in Figure  8  (bottom). Instead, all 

the nanocomposites exhibit a strong decrease of the tan  δ   
value, down to 0.43 for Nafi on/GO-VAL, 0.37 for Nafi on/

GO-SULF, and 0.30 for Nafi on/GO. Such a result could be 

related to the presence of the nanofi llers within the pores of 

the Nafi on membrane and to their interactions with the poly-

meric chains, thus creating a membrane with lower fl exibility; 

consequently, it becomes more stiff and can withstand higher 

temperatures. 

 By observing the  E  ′  modulus trend with the temperature, 

both Nafi on/GO-VAL and GO-SULF show a slight decline 

above 100  ° C with respect to the Nafi on/GO composite; 

therefore, the organo modifi cation of the GO produces 

membranes with higher solidity and without changing the 

 α -relaxation temperature of the polymer, in agreement with 

the literature. [  29  ]  In fuel cell applications, a nanocomposite 

membrane with high modulus might permit the employment 

of a thinner membrane, thus avoiding problems connected to 

the electrolyte resistance. [  17b  ]  Finally, increasing of the fi ller 

loading from 3 to 6 wt% does not change the mechanical 

behavior of the Nafi on/GO-VAL sample, while it even has a 

negative effect in the case of the GO-SULF nanocomposite 

(see Supporting Information, Figure S5).     

 3. Conclusion 

 Novel Nafi on hybrid membranes based on organo-

functionalized GO were synthesized by solution intercala-

tion and characterized by different techniques. Functionaliza-

tion of GO with amino derivatives having different terminal 

groups (5-aminovaleric acid, 3-amino-1-propanesulfonic acid, 

 N -[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid, 

and serine) was performed to increase not only the number 

of acid sites and consequently the water retention of the pro-

duced nanocomposite membranes, but also to improve the 

compatibility with the polymeric membrane. XRD results 

show that fully exfoliated nanocomposites were created while 

the crystallinity of all nanocomposite membranes was lower 

than that of pristine Nafi on membrane, thus indicating that the 

presence of GO nanosheets (organo-modifi ed or not) leads to 

membranes with essentially more amorphous structure. Vibra-

tional spectroscopies (Raman and FTIR) reveal the pres-

ence of the 2D nanofi llers in the fi nal composite membranes. 

Thermal analysis indicates that graphene-based nanocomposite 

membranes show higher thermal resistance than that of pure 

Nafi on membrane due to the strong interaction of polymer 

main chains with modifi ed GO layers, which provides evidence 

for the homogeneous dispersion of the organographene plate-

lets in the polymeric matrix. Nanocomposite membranes show 

a wrinkled and spongy structure as evidenced by SEM images. 

 The positive effect of the synthesized organo-modifi ed 

GO nanofi llers on Nafi on properties was demonstrated by 
Verlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 21, 3338–3349
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NMR diffusion measurements. In particular, functionaliza-

tion of GO with the SULF and VAL molecules resulted in 

composite membranes with high water diffusion coeffi cients 

over a wide range of temperatures (25–140  ° C) and also 

promoted a higher hydration level with respect to fi ller-free 

Nafi on, as revealed by water uptake measurements. How-

ever, the crucial outcome of this study is the behavior of 

these nanocomposites under very high temperature condi-

tions. Nanocomposite membranes are able to retain a certain 

amount of water for several hours at temperatures as high 

as 140  ° C without any further humidifi cation. Diffusion and 

spectral analysis (line shape and chemical shift) have pointed 

out that the remaining water strongly interacts electrostati-

cally with the hydrophilic groups present in the composite 

systems (“acid water”) but, at such high temperatures, the 

thermal molecular energy ensures a diffusion high enough 

to guarantee good proton conductivity. This result is very 

attractive in view of the potential application in fuel cells for 

transportation, where the cell stack must be able to perform 

without external humidifi cation, which is a source of addi-

tional cost and complexity to the system. On the contrary, the 

other two nanocomposites prepared with the GO-TES and 

GO-SER fi llers, even if they contain the same hydrophilic 

groups as SULF and VAL, did not show the same behavior 

probably due to differences in their size and stereochemical 

confi guration. 

 Finally, the mechanical investigation of the nanocompos-

ites indicated that the organo modifi cation of the GO pro-

duces membranes more structured and with higher stiffness 

than the fi ller-free Nafi on, which is a highly desirable charac-

teristic for use in fuel cell applications.   

 4. Experimental Section 

  Materials : Nafi on as a 20 wt% dispersion in water and lower 
aliphatic alcohols was supplied by Aldrich. The organic com-
pounds used for the synthesis of the organo-GO were: 3-amino-1-
propanesulfonic acid (denoted SULF), 2-amino-3-hydroxypropanoic 
acid or serine (SER), 2-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]
amino}ethanesulfonic acid (TES), and 5-aminovaleric acid (VAL), 
all of them purchased from Aldrich. 

  Preparation of GO : Aqueous dispersions of GO were produced 
using a modifi ed Staudenmaier’s method [  31  ]  from graphite powder. 
In a typical synthesis, powdered graphite (10 g, purum, powder 
≤0.2 mm; Fluka) was added to a mixture of concentrated sulfuric 
acid (400 mL, 95–97 wt%) and nitric acid (200 mL, 65 wt%) while 
cooling in an ice-water bath. Potassium chlorate powder (200 g, 
purum,  > 98.0%; Fluka) was added to the mixture in small por-
tions while stirring and cooling. The reaction was quenched after 
18 h by pouring the mixture into distilled water, and the oxidation 
product was washed until the pH reached 6.0 and fi nally dried at 
room temperature. According to elementary analysis data, the C/O 
atomic ratio of the resulting product was 2.6. [  32  ]  

  Synthesis of Organo-Modifi ed Graphene Oxides : For the prep-
aration of organo-GO nanofi llers, GO (100 mg) was dispersed in 
water (100 mL), followed by the addition of aliquots of 300 mg of 
the above amine derivatives in 40 mL of water (samples denoted 
as GO-SULF, GO-TES, GO-VAL, and GO-SER). After stirring for 24 h, 
© 2012 Wiley-VCH Verlag GmbHsmall 2012, 8, No. 21, 3338–3349
the organo-modifi ed GOs were washed with water, separated by 
centrifugation, and air-dried by spreading on glass plates. 

  Preparation of Composite Membranes : Nafi on hybrid nano-
composites were prepared by the solvent casting method. Two 
procedures were followed to obtain a homogeneous colloidal sus-
pension of GO powder (and organo-modifi ed GO) in the Nafi on: 
1) dispersion of the nanofi llers and the polymer in an organic sol-
vent (such as DMF, DMA, THF, DMSO, acetonitrile, etc.); 2) use of 
the same solution in which Nafi on polymer was dispersed, that 
is, a mixture of water and propanol as purchased, to disperse 
directly the various fi ller powders. In the fi rst procedure, an appro-
priate amount of Nafi on solution was dried at about 60  ° C and 
then redissolved in the organic solvent (DMF, DMA, etc.) until a 
clear solution was obtained. The fi ller was dispersed in the same 
solvent under stirring and ultrasonication and then added slowly 
to the polymer solution. The fi nal solution was sonicated for 
1 h and then stirred at 60  ° C for several hours to ensure complete 
mixing. Finally, the suspension was cast on a petri dish at 80  ° C 
overnight. In the second procedure, the fi ller was directly added to 
the Nafi on solution (as purchased), ultrasonicated for 1 day, and 
stirred for another day at room temperature until a clear solution 
was obtained. After that, the dispersion was cast on a petri disk 
at 80  ° C overnight to remove the solvents. The hybrid membranes 
were removed from the petri disk by immersing the glass plate in 
deionized water for several minutes. 

 To reinforce the membrane, it was sandwiched and pressed 
between two Tefl on plates and placed in an oven at 150  ° C for 
about 15 min. All composite membranes produced by casting 
were subsequently treated by rinsing in: 1) boiling HNO 3  solu-
tion (1  M ) for 1 h to oxidize the organic impurities, 2) boiling H 2 O 2  
(3 vol%) for 1 h to remove all the organic impurities, 3) boiling 
deionized H 2 O for 40 min three times, 4) boiling H 2 SO 4  (0.5  M ) 
for 1 h to remove any metallic impurities, and again 5) boiling 
deionized H 2 O for 40 min twice to remove excess acid. According 
to MacMillan et al. [  33  ]  an additional purifi cation procedure was 
performed to ensure the removal of paramagnetic contaminants, 
which are particularly damaging to NMR experiments, such as the 
presence of copper that we found by electron paramagnetic reso-
nance analysis. By this procedure membranes were soaked in eth-
ylenediaminetetraacetic acid (EDTA) solution (0.001  M ) for 1 day 
followed by a thorough rinse. Then they were soaked in HCl (2  M ) 
at 80  ° C for 2 h followed by boiling in freshly distilled–deionized 
water to remove any residual acids, and the treatment with EDTA 
was repeated. Finally, rinsing in boiled deionized water was carried 
out three times to remove residual EDTA and the membranes were 
stored at room temperature in the fully hydrated state. 

  Characterization Techniques : X-ray powder diffraction data 
were collected on a D8 Advance Bruker diffractometer by using Cu 
K α  (40 kV, 40 mA) radiation and a secondary-beam graphite mono-
chromator. The patterns were recorded in a 2  θ   range from 2 to 60 ° , 
in steps of 0.02 °  and counting time 2 s per step. Infrared spectra 
were measured in the region of 400–4000 cm  − 1  with a FTIR 8400 
spectrometer equipped with a deuterated triglycine sulfate (DTGS) 
detector. Raman spectra were recorded with a micro-Raman system 
RM 1000 Renishaw using a laser excitation line at 532 nm (Nd-YAG) 
in the range of 1000–2400 cm  − 1 . A power of 1 mW was used with 
1  μ m focus spot to avoid photodecomposition of the samples. TGA 
and DTA were performed using a Perkin–Elmer Pyris Diamond TG/
DTA system. Samples of approximately 5 mg were heated under air 
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from 25 to 850  ° C, at a rate of 10 ° C min  − 1 . Morphological studies 
were performed by using a QUANTA FEG 400 F7 FEI microscope 
operating in the e-SEM mode. The SEM images were acquired by 
collecting the backscattered electrons induced by using a 10 keV 
electron beam and 0.4 mbar of water humidity. 

  1 H NMR measurements were performed on a Bruker NMR 
spectrometer AVANCE 300 Wide Bore working at 300 MHz. Self-
diffusion coeffi cients of water were obtained by using the pulsed 
fi eld gradient spin-echo (PFGSE) method [  34  ]  with a gradient pulse 
length   δ   ranging from 0.8 to 1.2 ms, a delay time for diffusion 
  Δ   of 10–12 ms, and varying the gradient amplitude from 10 to 
700 G cm  − 1 . Under these conditions the uncertainty in the self-
diffusion measurements was  ≈ 3%. 

 Longitudinal relaxation times ( T  1 ) of water were measured by 
the inversion–recovery sequence (  π   −   τ   −   π  /2). Both self-diffusion 
and  T  1  measurements were conducted by increasing the tem-
perature step by step from 20 to 140  ° C, with steps of 20  ° C, and 
leaving the sample to equilibrate for about 15 min. Prior to the 
NMR measurements, membranes were dried in an oven, weighed, 
and then immersed in distilled water at room temperature. Upon 
removal from the water they were quickly blotted dry with a paper 
tissue (to eliminate most of the free surface liquid). The water con-
tent was determined by using a microbalance and recorded as: 
uptake%  =  [( m  wet  −  m  dry )/ m  dry ]  ×  100. At this point the membranes 
were loaded into a 5 mm NMR Pyrex tube and hermetically sealed. 

 Dynamic mechanical analysis was carried out using a TTDMA 
instrument (Triton Technology, UK) equipped with a fi lm/fi ber ten-
sion clamp. The response, as a function of temperature, was meas-
ured by subjecting a rectangular fi lm to a temperature ramp test 
from 25 to 200  ° C at a rate of 5  ° C min  − 1 . A periodic sinusoidal dis-
placement was applied to the sample and the resultant force was 
measured. This measurement included the amplitude of the sig-
nals and also the phase difference between them. [  35  ]  The damping 
factor, tan  δ  , is defi ned as the ratio of loss ( E  ″ ) to storage ( E  ′ ) mod-
ulus. The study was performed by applying 1 Hz frequency and a 
small sinusoidal mechanical elongation. The  α -relaxation tempera-
ture ( T  g ) of a material can be taken as either the peak of the loss 
modulus versus temperature curve or the peak of the tan  δ   versus 
temperature curve. In the present work,  T  g  was obtained from the 
peak of tan  δ   versus temperature data.   
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S1. DTA/TGA curves of organo-modified GOs.  

Figure S1 shows the DTA/TGA of a GO-SULF, GO-TES, GO-VAL and GO-SER as well as 

the pristine GO. DTA curve of pristine graphene oxide exhibits two exothermic peaks at 250 
oC and 500 oC, attributed to the removal of oxygen containing groups (first peak) and to 

carbon combustion (second peak). The exothermic peak due to decomposition of graphene 

layers is very sharp with high intensity while in the case of the organo-GOs the peaks are 

broader and are shifted at lower temperatures due to the decomposition of the organic 

molecules. The TGA curves of the functionalized graphene materials show a considerable 

weight loss in the temperature range 280-400 °C due to the decomposition of the covalently 

grafted organic molecules. Finally, organo-GO fillers adsorb more water than the pristine GO 

as derived from the weight loss up to 120 oC. 
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S2. Deconvolution of XRD patterns.  

Figure S2 shows the deconvolution of the XRD diffractograms at 2Θ= 10-24ο of Nafion 

membranes. Fit curves of experimental data are deconvoluted into an amorphous (~16o) and 

crystalline (17.5o) scattering peaks. 
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S3. Maximum water uptake of Nafion/GO-SULF and Nafion/GO-VAL nanocomposite 

membranes with 6 wt% filler to polymer loading. 

 

Membranes Water uptakes (wt%) 
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VAL 

20 31 

Nafion/GO-
SULF 

20 50 

 

 

 

S4. Self-diffusion coefficients as function of the temperature (from 20 °C up to 140 °C) of 

the water confined in Nafion nanocomposite membranes loaded with 6 wt% GO-SULF 

and GO-VAL. For comparison, in the graph are also plotted the data of the composites with 3 

wt% of loading. 
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S5. Storage modulus, E’, vs. temperature of Nafion/GO-SULF and Nafion/GO-VAL 

nanocomposites at 6 wt% filler loading in comparison with the 3 wt% loading. 
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Abstract 
Polymer Electrolyte Fuel Cells (PEFCs) fed with H2/air represent a highly efficient energy 
source at low environmental impact and it is suggested their use at temperatures above 80°C, 
due to an enhancement of electrochemical kinetics rates, waste heat recovery and catalyst 
tolerance for reformed hydrogen. For this aim, several Nafion membranes containing different 
fillers have been investigated. In this work, a new class of layered double hydroxide (LDH) 
nanoparticles as inorganic fillers was studied to be introduced in a Nafion matrix. LDHs with 
Mg2+/Al3+ metal cations (with metal ratio 2:1) and different countervailing anions (CO3

2-, ClO4
-, 

NO3
- ) in the interlayer space were synthesised and composite membranes were prepared by a 

standardised casting method. Such membranes were characterised in terms of chemical-
physical and electrochemical properties. In addition, a deep investigation on the water transport 
properties within the polymeric membranes was performed by a NMR technique. Interlayer 
anions affect the lambda value (mol H2O/mol SO3H) resulting in higher values compared to the 
recast Nafion, meaning a better hydration. Fuel cell tests performed in drastic conditions (1.5 
abs. bar and 50%RH) at 100°C highlighted the influence of the different interlayer anions in 
composite membranes and a good performance was obtained for membrane containing LDH-
ClO4 with a power density of 300mW/cm2 at 0.6V at 100°C. 

 
Keywords: LDH, Nafion membranes, NMR, Proton conductivity, PEMFCs. 
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1. Introduction 

 

Polymer electrolyte membrane fuel cells (PEMFCs) are promising 

environmentally friendly and efficient power sources for a wide range of different 

applications [1]. Proton conducting PEMs attract considerable attention because they 

are key-components in polymer electrolyte membrane fuel cells. The most widely 

employed proton-conducting polymer today is Nafion (a registered trademark of E. I. 

du Pont de Nemours and Co.). However the proton conductivity of Nafion membrane 

above 80 
o
C decreases drastically, proton conduction in turn, is dependent on hydration 

level of the membrane, technical need for maintaining the humidification of the 

membrane is established, since fuel cell operation at higher temperature (typically 

130°C) and under low relative humidity is desirable. The preparation of hybrid 

inorganic-organic materials where a suitable filler is dispersed in a perfluorinated 

ionomer is one of the most promising methods to deal the drawbacks of the state-of-

the-art proton-conducting membranes. Over the last years, several approaches have 

been attempted to improve the performance of Nafion at temperatures near and above 

the normal boiling point of water. Generally, Nafion conductivity is assigned to 

hydrated protons around the anionic sulphonic acid groups when these are fully 

hydrated, but the conductivity decreases when more drastic conditions than 

conventional ones are used, such as an increase of the temperature above 100°C 

produces a dehydration of membrane or a weakening of the polymeric matrix. The need 

In this context, great efforts have been made to develop composite films containing 

hygroscope parts and/or proton conductors (hydrophilic fillers) that increase water 

retention and conductivity above the critical temperature. They include incorporation of 

a various of fillers such as hygroscopic inorganic oxide (SiO2, TiO2, ZrO2), zeolite, 

heteropoly acids, zirconium hydrogen phosphate, layered additives such as 

Montmorillonite (MMT) and other clays (organomodified or not) to enhance the water 

retention property.[2-17] 

Layered double hydroxides (LDHs) belong to a class of nano-sized materials, of 

anionic clay family, with a unique combination of physicochemical properties that 

make them valuable nanostructures in diverse fields. [18-21] A typical chemical 
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structure of anionic (or hydrotalcite-type) clay can be represented as [M1−x
(II)

 M x
(III)

 

(OH)2]
x+

[A 
m-

x/m]·nH2O, where M
(II)

 is a divalent metal cation (Mg, Mn, Fe, Co, Ni, Cu, 

Zn, Ga) and M
(III)

 is a trivalent metal cation (Al, Cr, Mn, Fe, Co, Ni, and La). A
m−

 

represents an interlayer anion, such CO3
2−

, OH
−
, NO3

−
, SO4

2-
 or ClO4

−
.
 
[22-24] The 

anionic clays structure is similar to brucite Mg(OH)2 structure, and crystallize in a 

layer-type lattice. Such LDHs have an anion exchange capacity, which depends on the 

isomorphic substitution of Mg
2+

 ions by higher valence cations. As a consequence, the 

layers have a fixed positive charge and neutrality is obtained, for example, by hydrated 

anions present in the galleries. [25] The positive charge of the layers affects many 

fundamental properties of the LDHs, including anion exchange capacity, anion fixation, 

swelling ability, water holding, and high specific surface areas. These materials have 

the natural ability to absorb organic or inorganic guest anionic species (and even 

neutral polar molecules) from solutions, and it is this anion “storage” that gives unique 

properties to LDHs, which can be used in a wide range of applications, such as in the 

field of catalysis photochemistry, electrochemistry, polymerization, magnetization, 

biomedical science, and environmental applications. [22-23, 26-28] Moreover another 

important feature of LDH is their ionic/protonic conductivity, which makes them 

potentially useful for sensors, adsorbents, polymer stabilizers, as well as solid 

electrolyte materials for intermediate temperature fuel cell and other device 

applications. [29-30] Moreover, these synthetic layered nanostructures have been used 

by the scientific community as nanofillers in order to prepare polymer nanocomposite 

materials, enhancing mainly the thermal and mechanical properties of initial polymeric 

materials (such as polypropylene, polyethylene, poly(methyl methacrylate).[31] 

Recently, polyelectrolyte nanocomposites with LDH have been extensively studied in 

order to improve the proton and methanol transport of pristine polymers. Wang et al 

prepared Mg-Al LDH intercalated with vinyl benzene sulfonate (VBS) anions and 

incorporated into polymer electrolyte based on acrylonitrile-sodium styrene sulfonic 

copolymer to decrease the methanol crossover, and enhance the electrical 

performance.[32] On the other hand, the group of Tsotsis [33] studied the addition of 

hydrotalcites nanoparticles in the polymer matrix of sulfonated – Polyetherethercetone 

(SPEEK), preparing membranes with low cost, increasing the proton conductivity and 

decreasing significantly the methanol permeability to 4.4 x 10
-7

- 6.24 x 10
-7

 cm
2
/s, a 

value one order of magnitude lower than this of the pure polymer (~ 2.4 x 10
-6

 cm
2
/s). 
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Lee and Nam introduced LDHs nanoparticles into a Nafion membrane in order to 

improve the direct methanol fuel cell (DMFC) performance at high feed concentrations 

of methanol. [34-35] 

In this work, high proton conducting Nafion nanocomposite membranes were 

developed using Mg
2+

/Al
3+

 layered double hydroxides as nanofillers. LDHs with a 2:1 

Mg
2+

/Al
3+

 metal ratios and various interlayer anions (CO3
2-

, ClO4
-
, NO3

-
) were 

prepared and incorporated in Nafion matrix, in order to evaluate the effect of 

nanofiller’s chemical composition in the performance of the final nanocomposite 

membranes. Composite membranes were synthesized by solution intercalation with 3 

wt% LDH loading (with respect to the polymer). The pristine LDHs and the 

nanocomposite membranes were investigated by a combination of powder X-ray 

diffraction, FTIR spectroscopy and thermal analysis (DTA/TGA). The characteristics 

of the membranes were studied mainly, in terms of transport properties by NMR 

spectroscopy, in order to study the water dynamics inside the electrolyte membranes, 

which is one of the key aspects in the evaluation of these materials.[36-40] Moreover, 

physico-chemical characterizations were carried out to investigate the effect of the 

filler-polymer interaction at higher temperature than conventional (80°C), in particular 

the water retention and distribution in such operative conditions. Membrane electrode 

assembly (MEA) testing is the principal means of characterization pertaining to its 

electrochemical performance and proton conductivity.  

 

 

2. Experimental 

 

2.1 Synthesis of inorganic fillers 

LDH nanofillers have been synthesized by co-precipitation of Mg
2+

 andAl
3+

 salts, in 

the presence of the appropriate anion, using an aqueous solution of sodium hydroxide. 

The Mg
2+

:Al
3+ 

metal ratio was adjusted to 2:1, in particular, in 100ml of aqueous 

solution containing Mg(NO3)2∙6H2O (0.05 mol),  Al(NO3)3∙9H2O (0.025 mol) and 

sodium salt of carbonate or nitrate anions (Na2CO3 or  NaNO3 : 0.045mol) was added 

drop wise an aqueous solution of NaOH (2.5M) until pH value reached to 10. For the 

synthesis of LDH with perchlorate as interlayer anions, an aqueous solution (100 ml) 
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containing Mg(ClO4)2 (0.05 mol) and Al(ClO4)3∙9H2O (0.025 mol) was used, followed 

by the addition of aqueous 2.5 M NaOH solution (pH=10). The resulting precipitated 

LDH materials were stirred at 60 °C for 24 h and subsequently separated by 

centrifugation, washed several times with water and finally were dried in air at 80°C for 

24 h. In the case of nitrate and perchlorate anions, the synthetic procedure was done 

under nitrogen gas flow and using decarbonated-deionized water. 

 

2.2  Membranes Preparation 

For membrane manufacture, a 5wt% Nafion
®
 solution (Ion Power LQ1105) was used. 

The original solvents were completely eliminated by a rotary evaporator, in order to 

obtain a dry residue. Successively, it was diluted in dimethylformamide (DMF) as a 

solvent with a final concentration of 10 wt%. For composite membranes preparation a 

nominal amount of 3 wt% of filler was added to the polymeric solution before the 

reconcentration step. The filler was previously dispersed in the same solvent of the 

polymer under magnetic stirring, for about 18 h at room temperature. The solutions 

were then slow reconcentrated until a suitable viscosity was reached to be stratified 

with a doctor-blade. The obtained film was dried at 80°C for 3h to eliminate the 

solvent. 

All the prepared membranes underwent a thermal treatment up to 155°C to increase the 

crystallinity of the polymer and consequently the mechanical properties.  

All composite membranes produced by casting were subsequently treated by 

rinsing in: (i) HNO3 solution (1:1 vol) at 80°C for 30 min. to oxidize the organic 

impurities, (ii) boiling in deionized H2O for 15 min., (iii) H2SO4 (1 M) at 80°C for 30 

min to remove any metallic impurities, (iv) boiling in deionized H2O for 15 min three 

times to remove excess acid. According to McMillat et.al[41] an ulterior purification 

procedure was performed in order to ensure the removal of paramagnetic contaminants 

which are particularly damaging to an NMR experiment, such as the presence of copper 

that we found by Electron Paramagnetic Resonance analysis. By this procedure 

membranes were soaked in EDTA solution (0.001M) for 1 day after followed by a 

thorough rinse. Then soaked in 2 M HCl at a temperature of 80°C for 2 h followed by 

boiling in fresh distilled–deionized water to remove any residual acids and again 

repeated the treatment with EDTA. Finally, rinsing in boiled deionized water three 

times to remove residual EDTA and stored at room temperature at fully hydrated state.  
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In Table 1 the prepared membranes are reported. 

Table 1. Developed membrane characteristics 

Membrane Filler Thickness, m 

Nrecast - 55 

NLDH-NO3 Mg/Al-LDH-NO3
2-

 71 

NLDH-CO3 Mg/Al-LDH-CO3
2-

 64 

NLDH-ClO4 Mg/Al-LDH-ClO4
-
 47 

 

 

2.4 Electrodes and MEAs Preparation 

The electrodes were produced by spraying [42] the catalytic ink onto a commercial Gas 

Diffusion Layer (SGL Sigracet-24BC). A 50% Pt/C (Alfa Aesar) was utilised as an 

electrocatalyst. The same Platinum (Pt) loading of 0.5 mg cm-2 for anodes and 

cathodes was used. Membrane-Electrode assemblies (MEAs) were manufactured by 

hot-pressing the electrodes onto the membrane at 125°C and 20kg/cm
2
. 

 

2.5 Characterization of nanofillers 

The X-ray powder diffraction data were collected on a D8 Advanced Bruker 

diffractometer by using CuKa (40 kV, 40 mA) radiation and a secondary beam graphite 

monochromator. The patterns were recorded in a 2-theta range from 2
o
 to 60

o
, in steps 

of 0.02
o
 and counting time 2sec per step. Infrared spectra were measured with a FT-IR 

8400 spectrometer, in the region of 400-4000 cm
-1

, equipped with a DTGS detector. 

Thermogravimetric (TGA) and differential thermal (DTA) analysis were performed 

using a Perkin Elmer Pyris Diamond TG/DTA. Samples of approximately 5 mg were 

heated under air from 25 to 850 °C, at a rate of 10 °C/min. 

2.6 Membranes Characterization 

 

2.6.1. Self-diffusion coefficient measurements 

NMR measurements were performed on a Bruker NMR spectrometer AVANCE 300 

Wide Bore working at 300 MHz on 
1
H. The employed probe was a Diff30 Z-diffusion 

30 G/cm/A multinuclear with substitutable RF inserts. The spectra were obtained by a 

single /2 pulse sequence. The NMR pulsed field gradient spin-echo (PFG-SE) method 

[43] was used to measure self-diffusion coefficients. This technique consists of two rf 
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pulses, Hahn-echo sequence with two identical pulsed-field gradients, the 

first applied between the 90and 180rf pulse (during the dephasing) and the second 

after the 180rf pulse (during the rephasing) but before the echo. Following the usual 

notation, the pulsed-field gradients have magnitude g, duration , and time delay  

(different from the degree of ionic association). The attenuation of the echo amplitude 

is represented by the Stejskal-Tanner equation:   

A(g) = A(0) exp[-2
g

2
D2

( - (/3)] 

where D is the self-diffusion coefficient and  is the nuclear gyromagnetic ratio and 

A(0) is the amplitude of the echo at g = 0. Note that the exponent in the equation is 

proportional to the mean-squared displacement of the molecules over an effective time 

scale ( - (/3)). For the investigated samples, the experimental parameters,  and , 

are 10 and 1 ms, respectively. The gradient amplitude, g, varied from 10 to 600 G cm
-1

. 

In this condition the uncertainty in the self-diffusion measurements is  3%.  

Longitudinal relaxation times (T1) of water were measured by the inversion-recovery 

sequence (π-τ-π/2). Both self-diffusion and T1 measurements were conducted by 

increasing temperature step by step from 20 to 130 C, with steps of 20 C, and leaving 

the sample to equilibrate for about 15 min. Prior to the NMR measurements, 

membranes were dried in oven, weighed and then immersed in distilled water at room 

temperature. Upon being removed from the water they were quickly blotted dry with a 

paper tissue (to eliminate most of the free surface liquid). The water content value was 

determined using a microbalance and recorded as described in the following formula: 

Wup, % = [(mwet - mdry) / mdry] ∙ 100 

At this point the membranes were loaded into a 5 mm NMR Pyrex tube and 

hermetically sealed. 

 

2.6.2. Membranes Ion Exchange Capacity (IEC) 

The acid-base titration was performed to determine the membrane Ion Exchange 

Capacity (IEC, meqSO3H/g dry polymer) and was based on the neutralization of H
+
 

ions becoming from the acid SO3H groups. The experimental procedure is described 

elsewhere[44]. The IEC was calculated using the following formula: 

IEC = (Vtit∙[M]) / mdry 
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where:  IEC =  Ion Exchange Capacity (meq -SO3H/m(g); Vtit = titrant volume (ml); [M] 

= titrant concentration (M); mdry = dry mass of the sample (g); 

 

2.6.3. Membranes Water Uptake,  and dimensional variations 

The membrane water retention (Wup,%) was calculated as reported above, at three 

different temperatures (30°C, 80°C and 95°C). The dry mass (mdry), was measured by 

drying the sample in a vacuum oven at 80°C for 2 h. The wet mass (mwet) was 

determined after immersion of the dried sample in distilled water at 30°C for 24 hours, 

while at 80°C and 95°C for 2 h.  

The  value, expressed as the number of H2O moles per SO3H moles, was calculated by 

the ratio between water uptake and IEC.  

The dimensional variations were calculated at the same conditions of water uptake, by 

measuring the thickness, the width and the length variation between the dried and wet 

samples.  

 

2.7. Electrochemical methods 

 

2.7.1. Proton Conductivity 

The proton conductivity was measured in the temperature range 80-120°C at reduced 

humidification (50% RH) using a commercial cell (Bekktech)[44]. The measurements 

were carried out in the longitudinal direction of the sample with a four-probes 

technique and calculated using the formula: 

 = L/(R∙W∙T) 

where: L = 0.425 cm, fixed distance between the two Pt electrodes; R = resistance in ; 

W = sample width in cm; T = sample thickness in cm. 

 

2.7.2. Fuel cell tests 

The prepared MEAs were tested in a 25 cm
2
 commercial single cell in a range of 

temperature 80°C-100°C with humidified H2/air gases at 1.5 abs. bar and 50%RH. The 

polarisation curves were performed in a galvanodynamic mode with a constant 

stoichiometry. The gas fluxes were fixed at 1.5 times and 2 times the stoichiometric 

value for the fuel and the oxidant, respectively. The cell resistance was measured at the 
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open circuit voltage (OCV) with an Agilent milliohmmeter (mod. 4338B) at a 

frequency of 1 KHz. 

Electrochemical impedance spectroscopy (EIS) was performed by using a 

potentiostat/galvanostat (AUTOLAB PGSTAT30) equipped with a frequencies 

response analyzer (FRA module) and a 20A BOOSTER. All impedance measurements 

were performed in the potentiostatic mode of fuel cell operation at a constant potential 

of 650mV. The impedance spectra were obtained varying the frequency of the voltage 

perturbation signal from 0.1 Hz to 100 kHz, by using amplitude of 10mV for the 

perturbing signal. 

 

 

3. Results and Discussion 

3.1. Structural characterization of the fillers 

The structure of layered double hydroxides was characterized using powder X-ray 

diffraction and FT-IR spectroscopy. Figure 1a shows the XRD patterns of Mg/Al-LDH 

with Mg
2+

/Al
3+ 

 ratio 2:1 and CO3
2-

, NO3
-
 or ClO4

-
 as interlayers anions. The diffraction 

patterns exhibit the characteristic (00l) reflections of LDHs layers such as (003) and 

(006) which are related to the interlayer space of LDH. The distance between two 

consecutive layers is defined by the size of ions presented in the interlayer space, and 

calculated from the basal spacing d003 by subtracting the thickness of a single layer 

(0.48 nm)[23], from the XRD patterns of Mg/Al-LDH with CO3
2- 

, NO3
- 

and ClO4
- 

interlayer anions, where the basal spacing d003 is 0.75, 0.88 and 0.92 nm, respectively. 

The corresponding interlayer space is equal to 0.27, 0.40 and 0.44 nm, in that order, 

confirming the presence of the different anions into the LDH interlayers. 

Figure 1b displays the FT-IR spectra of Mg/Al-LDH with Mg
2+

:Al
3+

 ratio 2:1 and 

different interlayer anions. All spectra show two broad absorption bands: one at the 

frequency region of 3000-3700 cm
-1

 due to stretching vibration modes of hydroxyl 

groups of LDH’s layers and a second at the frequency region of 1635cm
-1

 due to 

bending vibration modes of interlayer water molecules.[23, 45-46] In the spectrum of 

LDH with CO2
3-

 as interlayer anions, there is also a shoulder at 3050 cm
-1

 due to the 

stretching vibration modes of hydroxyl groups of the interlayer water molecules which 
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interact with the carbonate ions.[45, 47] This shoulder does not exist in the spectra of 

LDH with nitrates and perchlorates anions, which are not only larger in size than the 

carbonates, but they have a lower valence [48] resulting in weaker interactions with the 

interlayer water molecules. Moreover, in the low frequency region, at 500-1000 cm
-1

, 

in all spectra appear absorption bands due to the vibration modes of hydroxyl groups 

that are mainly influenced by the divalent and trivalent metal in the LDH’s layer 

structure (see Table 2). [45] Finally, the presence of the different interlayer anions into 

the LDH structure can be revealed by the presence of the characteristic bands of the 

corresponding interlayer anions in the spectra of LDHs (CO3
2-

: 1367, 871, 663, ClO4
-
: 

1145, 1112, 1090, NO3
-
: 830, 1384 cm

-1
)[47]. The correlative attribution of vibrational 

peaks detected for all LDH is summarized in Table 2. In conclusion, the combination of 

XRD and infrared results confirms the successful synthesis of LDH nanofillers having 

various compensating interlayer anions. 
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Figure 1: (a) XRD patterns of Mg / Al-LDH with Mg
2+

/Al
3+

 ratios 2:1 and different 

interlayer anions (CO3
2-

, NO3
-
 and ClO4

-
).(b) IR spectra of 2:1 Mg/Al-LDH with 

different interlayer anions. 

 

 

Table 2: FTIR assignments of Mg/Al-LDHs with the different interlayer anions. 

 Mg/Al-LDH-CO3
2-

 Mg/Al-LDH-ClO4
- 

Mg/Al-LDH-NO3
-
 

Mg-OH 605 628 630 

Al-OH 949,789,552,448 946 448 

Anions CO3
2-

: 1367, 871, 663 ClO4
-
: 1145, 1112, 1090 NO3

-
: 830, 1384 

 

In order to verify the presence of the interlayer anions of Mg/Al-LDH in the composite 

membranes, after their treatment with the strong acids during the preparation procedure 

of the membranes, in Figure 2 are shown the FT-IR spectra of filler-free Nafion and N-

LDH membranes, with NO3
-
 ions, after the treatment of the nanocomposite membrane 

with acids (HNO3 and H2SO4). The presence of the characteristic bands of NO3
-
 (830, 

1384 cm
-1

) indicates that these anions did not exchange and remained into the interlayer 

space of Mg/Al-LDH. 
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Figure 2:  FTIR spectra of Nafion filler free membrane,, Nafion-Mg/Al-LDH 

membrane with metal ratio 2:1 and the NO3
-
 ions after the treatment with strong acids, 

HNO3 and H2SO4   

 

3.2. Analysis of the nanocomposite membranes 

Optimization of the water uptake and polymer swelling is essential for successful 

operation in a fuel cell at high temperatures. LDH-composite membranes showed a 

slightly higher water uptake than the recast Nafion, which can be attributed to the 

hydrophilicity of LDHs due to the hydroxyl groups present in the layered structure. 

Thermogravimetric curves were used to determine the amount of adsorbed water and in 

addition to reveal the homogenous distribution of the Mg/Al-LDH platelets in the 

Nafion matrix. TGA results (Figure 3), show a higher water loss (17 wt%) of the N-

LDH(NO3
-
) from 20 to 120 °C, compared to the recast membrane (10 wt.%), indicating 

the higher ability of the nanocomposite to retain water. Furthermore, nanocomposite 

displays a higher thermal resistance  than the recast Nafion since the polymer 

decomposition is shifted to higher temperatures. This is due to the strong interactions 

between the polymer chains and the nanoparticles which in fact provides evidence for 
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the homogeneous dispersion of the Mg/Al-LDH platelets in the polymeric matrix.[49-

50] Similar results were obtained also for the other two composites. 
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Figure 3: TGA curves of pure Nafion membrane and Nafion-Mg/Al-LDH 

nanocomposite membrane with 2:1 metal ratio and NO3
-
 ions, in hydrated state. 

 

Further information about the water distribution inside the membranes could be 

provided by  data, which express the water molecules coordinated per sulphonic 

groups. 

In Table3 the IEC values for the composite membranes compared to the Nafion recast 

are reported. The insertion of filler produces a reduction of IEC values because no 

additive exchangeable protons are introduced. Moreover, the  values of N-LDH 

membranes are more sensitive to the temperature increase than N-recast, depending on 

the LDH anions. In particular, at 95°C the  values increase as follows: 

NO3<ClO4<CO3. This behavior could be correlated to the different capability of the 

interlayer anions to coordinate water molecules. These data are quite in accordance 

with NMR data as it is shown below, taking into account the different technique of 

measurements, e.g.  measurements are performed in liquid water. 

 

Table 3:  Ionic exchange capacity and  variations at different temperatures for 

composite and pure recast Nafion membranes 

Membrane IEC 30°C 80°C 95°C 
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meq/g mol H2O/SO3H

 

mol H2O/SO3H

 

mol H2O/SO3H

 

N-recast 1.28 9 18 19 

NLDH-NO3 1.27 9 19 22 

NLDH-CO3 1.16 12 24 35 

NLDH-ClO4 1.19 13 27 32 

 

 

The introduction of the filler also affects the water uptake and dimensional variations, 

in particular at high temperature, as shown in Figure 4. Obviously, the water uptake 

values are in accordance with the  data. A different trend is visible for the volume 

percentage variation, in fact the values increase in the following order: NLDH-CO3< 

NLDH-NO3<N-recast<NLDH-ClO4. This means that the anions of the filler entrap the 

water molecules in a different way, in accordance to the NMR data, that are discussed 

below. In fact, the membrane with the highest D (NLDH-CO3) retains more water but 

the lowest volume percentage is measured, meaning that the water is predominantly 

bounded to the filler. On the contrary, in the membrane NLDH-ClO4, with the lowest 

D but similar water uptake of NLDH-CO3, the filler weakly coordinates the water 

molecules. This behavior indicates that the water molecules not bounded to the filler 

are mainly located in the polymer matrix, causing an increase of the volume % at the 

critical temperature of 95°C. 
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Figure 4: Chemical-physical variation at 95°C for composite membranes compared to 

filler free one. 

 

PFG-NMR technique was used in this study to investigate the transport properties of 

the water absorbed in the nanocomposite electrolyte membranes in order to consider 

the effect of the LDH materials as hygroscopic nanofillers inside the Nafion polymer. 

Figure 5 displays the plot of the water self-diffusion coefficients measured on 

completely swollen membranes (at the maximum water uptake, reported in the legend, 

achievable from each one at room temperature) in the temperature range 20-130 °C. 

The graph compares the diffusivity of water measured in the filler-free Nafion and in 

the composites obtained by dispersing 3 wt% of Mg/Al-LDH with the three different 

intercalated anions, CO3
2-

, NO3
-
, ClO4

-
. 

The effect of the intercalated anion seems to be a key factor not only, as previously 

seen, for the water uptake of the membranes, but mainly for the ability of the composite 

to keep in a hydrated state in the region of high temperature. 

For example, the composite NLDH-ClO4 has shown the highest degree of water 

absorption (27 wt% compared to 21 wt% of the recast Nafion), but this does not 

correspond to an equally high diffusion; in particular, at a temperature above 80 ° C the 

diffusion coefficient collapses to a greater extent than in the recast Nafion, and at 130 ° 

C there is no longer a sufficient NMR signal to be able to perform a measurement. 
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Different behavior was instead obtained for the other two composites: the NLDH-CO3 

has the highest diffusion throughout the temperature range 20-100 ° C, while NLDH-

NO3 is much like the recast Nafion. At 130 °C the diffusion coefficients of water are 

almost identical, however, leaving the membranes for 1 hour at this temperature 

(obviously without any source of humidification, if not that of vapor present in the 

NMR tube), on the filler-free Nafion we cannot see any proton signal while the two 

composites have a weak signal but sufficient for the measurement; even NLDH-NO3 

after 2 hours there is still mobile water in the membrane with a coefficient D unaltered.  

Clearly, the water present at 130 ° C is not bulk water but strongly bounded water to 

the hydrophilic groups of the system, sulphonic groups of the polymer and especially 

the hydroxyl groups contained in the interlayer space of LDH. Nitrate and carbonate 

anions show to have a superior ability to retain water than perchlorate anion, probably 

due to its greater charge delocalization that, as a consequence, affects the 

microstructure of the complex system “filler-polymer”. 
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Figure 5: Self-diffusion coefficients of water confined in the LDH-composite 

membranes with different interlayer anions, NO3
-
, CO3

2-
, ClO4

-
, from 20 °C up to 130 

°C. Filler-free Nafion is also reported for comparison.  
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Figure 6: Arrhenius plot of water longitudinal relaxation times (T1) measured in the 

temperature range from 20 °C up to 130 °C for recast Nafion and Mg/Al-LDH 

composite membranes at the maximum water uptake 

 

Longitudinal (or spin-lattice) relaxation time (T1) is affected by the strength of the spin 

interactions and the correlation time of the molecular tumbling (rotational diffusion). 

The stronger the interaction, the shorter the T1. In liquid samples with low viscosity, the 

shorter the tumbling correlation time, the longer relaxation T1. Because the molecular 

correlation time c depends on temperature, when doing variable temperature 

measurements, one often observes a minimum in T1 when c 1, where  is the NMR 

frequency.[51] However, in the extreme narrowing limit (very fast motion and very 

short correlation time), i.e. when c <<1, well above the T1 minimum, higher T1 

values reflect more facile molecular rotational and translational motion on a time scale 

comparable to the reciprocal of  (~1 ns). 

Figure 6 reports the Arrhenius plot of the longitudinal relaxation times (T1) of water 

collected on the nanocomposite membranes and recast Nafion in the same diffusion 

temperature range, 20-130 °C. The relaxation times of water in the composites are 

longer compared to the polymer recast and this is related to the greater hydration due to 

the presence of a larger number of hydrophilic sites. The T1 gives a good discrimination 
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on the intercalated anion: the nitrate followed by perchlorate, and finally the carbonate. 

The nitrates and perchlorates ions are not only larger in size than the carbonates, but 

they have a lower valence [52] resulting in weaker interactions with the interlayer water 

molecules, additionally, the divalent anions are more strongly held in the interlayer 

than the monolayer anions [53]. This entails higher roto-translational degrees of 

freedom of the molecules of water in composites nitrates and perchlorates, while the 

double negative charge of the carbonate stiffens the molecular conformations and 

makes movements slower lowering the T1. 

It is worth making a further observation at high temperatures, above 100 °C, where the 

T1 decreases as a result of the evaporation of a certain amount of water, thus the 

measured times are related to the molecules more "linked" to the acid sites of the 

system. The composite with the perchlorate shows a more drastic reduction of the T1 

associated with a significant loss of hydration water, as is also apparent from the 

diffusion and spectral signal intensity, and the remaining water molecules are strongly 

interacting with the anions of the filler and consequently very little mobile. 

For all membranes, the proton conductivity increases up to 100°C and then a different 

behavior is recorded (Figure 7). In fact, composite membranes decrease the 

conductivity by increasing the temperature, while a further increase is revealed only for 

the N-recast. This behavior could be associated to the different water distribution inside 

the membranes, as above discussed for water uptake and volume % variations. 
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Figure 7: Proton conductivities comparison at low humidity level as a function of 

temperature 
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The polarisation curves at 80°C and 100%RH are reported in Fig.8 a. It is highlighted 

that the performance is quite similar for all the samples. In fact, in these optimal 

operative conditions for this kind of polymer, the inorganic introduction effect is 

negligible respect to the polymeric matrix. 
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Figure 8 a-c: Polarisation curves at fixed stoichiometry in the temperature range 

80°C-100°C with low pressure and humidification 

 

When the humidification is reduced until to 50%RH the effect of the filler presence 

becomes more evident (Figure 8-b). The NLDH-ClO4 presents a similar performance 

than the previous operative conditions, while the other samples reduce their 

performance, in particular the NLDH-CO3.  

A further increase of temperature (Figure 8c) enhances this behaviour, in fact all the 

performance are reduced, in particular a drop of the performance for NLDH-CO3 is 



19 

 

recorded, with a limiting current of 350 mA/cm2. The other two composite membranes 

show better performance than N-recast, meaning that the filler introduction has a 

beneficial effect in these drastic conditions. This trend is in accordance with the cell 

resistance (R) and open circuit voltage (OCV), as reported in tab.4 

 

Table 4:  Electrochemical parameters for prepared membranes obtained in fuel cell 

operative conditions 

Membrane 80°C 100%RH 80°C 50%RH 100°C 50%RH 

 Rcell 

( cm
2
) 

OCV 

(V) 

Rcell 

( cm
2
) 

OCV 

(V) 

Rcell 

( cm
2
) 

OCV 

(V) 

N-recast 0.115 0.985 0.475 1 0.825 0.968 

NLDH-NO3 0.099 0.985 0.533 0.952 0.43 0.976 

NLDH-CO3 0.18 0.985 1.05 0.985 0.602 0.935 

NLDH-ClO4 0.134 0.982 0.205 0.999 0.410 0.982 

 

In any case the NLDH-ClO4 shows the best performance at each temperature, with a 

power density of 300mW/cm2 at 0.6V at 100°C. As expected from the ex-situ 

membranes characterisations, the NLDH-CO3 would have to be the most promising 

membrane, but the fuel cell electrochemical tests contradict this expectation. This 

evidence could be due to instability of the filler containing CO3
2-

 as anions in this 

electrochemical environment. As a consequence, the stability of the membrane could be 

affected, justifying a progressive reduction of single cell performance. 

In tab.5 the comparison between the ex-situ (Bekktech cell) and in-situ (EIS in single 

cell) proton conductivity in different operative conditions is reported. 

It is evident that the proton conductivity at 80°C and full humidification corresponds to 

the ex-situ measurement at the same temperature and 50%RH, for all membranes 

except for NLDH-ClO4 that is lower. Comparing the in-situ and ex-situ results at the 

same operative conditions a discrepancy in the data is more evident. In fact, the in-situ 

conductivity is always lower than ex-situ, due to the different technique of 

measurements. Moreover, these results seem to indicate that a lower humidification 
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level reaches the membrane during fuel cell operation. This effect could be caused by a 

not optimised electrodic structure for working at low humidification level[54]. 

Moreover, it is worthy to be noticed that, as reported in literature [55] all the ex-situ 

measurements do not always predict the fuel cell performance. In fact, despite ex-situ 

measurements (water uptake, water diffusion coefficients, proton conductivity, etc.) 

supply important information on the basic membrane properties other parameters 

(current density, gas composition, cell design, etc.) affect the performance under fuel 

cell operation. 

 

Table 5:. In-situ and Ex-situ proton conductivity data for developed membranes at 

different temperatures and humidification. 

  Proton conductivity (mS/cm) 

Membrane method 80°C 100%RH 80°C  50%RH 100°C 50%RH 

N-recast 

In-situ 15.7 11.6 7.59 

Ex-situ - 15.7 20.1 

NLDH-NO3 

In-situ 18.9 8.11 11.4 

Ex-situ - 19.0 23.5 

NLDH-CO3 

In-situ 19.7 9.48 18.3 

Ex-situ - 19.2 24.3 

NLDH-ClO4 

In-situ 23.5 20.9 8.95 

Ex-situ - 12.0 18.3 

 

 

 

4. Conclusions 

 

Composite Nafion membranes containing layered double hydroxides (LDHs) with 

different compositions as inorganic fillers, have been prepared and investigated for 

PEM fuel cells applications. Structural characterization of nanofillers and hybrid 

membranes proves the successful synthesis of Nafion-LDH nanocomposites. The 

chemical-physical characteristics of the used filler define the properties of the 
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corresponding composite membranes; in fact, the λ values at 95°C are higher than N-

recast membrane, indicating an improved capability to coordinate water molecules for 

composite membranes. In particular, the different fillers possess a diverse capability to 

coordinate water molecules in relation to the interlayer anion: the carbonate ion has a 

higher valence resulting in stronger interactions with the interlayer water molecules. 

The water uptake values are in accordance with the λ data, while the volume variation 

data have a different trend and are in accordance to the NMR data. The discussed trend 

indicates that the water molecules not bounded to the filler are mainly located in the 

polymer matrix, causing an increase of the volume percentage at the critical 

temperature of 95°C and strongly influencing the proton conductivity. Furthermore the 

study of the water transport mechanism showed that some nanocomposite membranes 

possess a noteworthy behavior at 130 ° C retaining a small amount of "still mobile" 

water for a couple of hours without any further humidification.  

Fuel cell tests in conventional operative conditions are less affected by the filler 

introduction, which, instead, strongly affects the performance in drastic conditions and 

in relation to the used interlayer anion. On the basis of the above discussed results, the 

most promising membrane seems to be the NLDH-ClO4 that supplies a power density 

of 300mW/cm2 at 0.6V and 100°C. 
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