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ABSTRACT 

Proton transport properties of Nafion 212 and Nafion 115 membranes have been 

studied using current sensing atomic force microscopy to reveal changes of the ionic domains 

and the local ionic conductivity distribution in the membranes due to the aging.  

The current sensing atomic force microscopy (CSAFM) is a novel technique which 

can map morphological and electronic structures of materials on nanometer scales. The 

technique has been employed in this work to study the ionic structures of Nafion membranes 

which consist of proton conductive hydrophilic side chains embedded in non-conductive 

hydrophobic backbones. The hydrophilic side chains aggregate forming ionic domains which 

could be interconnected when the membrane adsorbs water. We used CSAFM to image the 

ionic channel network and monitor their changes in a thermal aging process.  

The results reveal that the thermal aging process undergoes two steps: First, the ionic 

channels on the membrane surface changes from cluster-like to chain-like structure, 

accompanied by an increase of the conductance of the membrane. The observed changes can 

be explained in terms of reorientation of ionic channels near the membrane surface from 

perpendicular to parallel to the surface as the annealing temperature approaches the glass 

transition of the membranes. Second, as the annealing continues, the chain-like structure of 
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the proton channels persists but the conductance of the membranes decreases. The observed 

conductance decreasing can be explained by sulfonic acid group decomposition due to 

produce sulfonic acid anhydride. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Fuel Cell 

Global environmental concerns and the ever-increasing demands for fossil and 

electrical energy have created significant challenges for energy sustainability and urgent 

needs for revolutionary innovations in renewable energy technologies. Besides various 

alternative renewable energy technologies, such as solar panels, wind blades, geothermal 

heating pump, etc, the fuel cells are considered as the one of the most promising and 

environmentally friendly energy-conversion solutions that offer high fuel economy, higher 

efficiency, and substantially lower CO2 emission for solving current issues due to use of 

fossil fuels. [1, 2]  

All different types of fuel cells have the same operating principals. Figure 1 illustrates 

the configuration of proton exchange membrane and chemical reaction at the catalyst. At the 

anode, a fuel such as hydrogen is oxidized into proton and electrons while at the cathode, 

oxygen is reduced to oxide species and these then react from the water. Depending upon the 

electrolyte, either protons or oxide ions are transported through an ion conducting but 

electronically insulating electrolyte while electrons travel round an external circuit delivering 

electrical power. [3] 

 



2 
 

                     

Figure 1. Configuration and chemical reaction of typical fuel cell 

 

 There are several different types of the fuel cell, which all have the same basic 

operating principle. The configuration of the fuel cells is that the electrolyte is located 

between two electrodes and the electrodes connected with external circuit which produces 

electric power. [3, 4, 5, 6] There are five types of fuel cells which are most widely studied 

and used. The five types of fuel cell are alkaline fuel cells (AFCs), phosphoric acid fuel cells 

(PAFCs), molten carbonate fuel cells (MCFCs), solid oxide fuel cells (SOFCs), and the 

polymer electrolyte membrane (PEM) fuel cells. [2, 3, 4, 5] 

Alkaline fuel cells (AFCs) are one of the first developed fuel cell and were used for 

the early U.S. space program [3, 7, 8]. AFCs are low operating temperature fuel cell. Because 

of the low operating temperature, they do not need precious metal catalysts such as platinum. 

[8] So, various non-precious metals such as copper and nickel are used for accelerating the 

reactions. [8] Even though many advantages, AFCs have a couple of disadvantages. First, the 
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AFC system easily is poisoned by carbon dioxide. Even a small amount of carbon dioxide 

easily drops the AFC performance. Second, pure hydrogen and oxygen are needed to operate 

AFCs. AFCs use an aqueous solution of either sodium or potassium hydroxide as the 

electrolyte, with hydrogen as the fuel and air or pure oxygen as the oxidant, and have an 

operating temperature of around 70oC. [2] The carbon with a potassium catalyst is used for 

the electrodes of fuel cell. The basic chemistry of the alkaline fuel cell is given below. 

Anode: 2H2+4OH-→4H2O+4e 

Cathode: O2+4e+2H2O→4OH-  

The AFCs have still many important advantages even if their importance and research 

interest are decreasing. [3] 

 Phosphoric acid fuel cells (PAFCs) are one of the early commercialized fuel cells 

because they have three significant advantages: they are relatively clean, they reform 

hydrocarbon, and they clean-up coal gas from gasifier [9]. PAFCs consist of proton-

conducting electrolyte and platinum (Pt) or Pt alloy catalyst. The electrolyte, concentrated 

phosphoric acid (H3PO4), is a proton conductor, thus protons migrate from the anode to the 

cathode. Phosphoric acid also known as inorganic acid has thermal, chemical, and electrical 

stability and has low volatility. [9, 10] Unlike alkaline fuel cell, it has tolerance for CO2 in 

the fuel and oxidant. Typically, operating temperature of the PAFCs is between 150oC and 

200oC. Since the electrolyte is in liquid form, it must be protected water by the hydrophobic 

electrode. This is generally achieved by using polytetrafluoroethylene (PTFE) solution. In 

addition, the electrode must have good conductivity. For these reasons, electrodes are made 

of PTFE-bonded Pt/C. [3, 9, 10] A summary of the electrodes’ reactions are 
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Anode: 2H2→4H++4e 

      Cathode: O2+4H++4e→2H2O  

  Overall: 2H2+O2→2H2O 

The PAFC stack consists of series of ribbed bipolar plates, the anode, electrolyte 

matrix, and cathode. The ribbed bipolar plate works as the separator of the single PAFC and 

electrical connector. Also the ribbed bipolar plate provides gas supply to anode and cathode. 

The PAFC stack contains 50 or more single PAFCs. The stack must include cooling system to 

remove heat from the cell operation. Usually cooling is done by water and air. The water 

cooling system is usually used in the 100-KW class and above because it has disadvantage. 

The disadvantage of water cooling system is that the water treatment is needed to prevent 

corrosion of the cooling pipes and blockage developing in the cooling loops and it rises 

manufacturing cost. For small fuel cell systems, the air cooling system is used. [3, 9] 

Typically, cell performance is affected by pressure, temperature, reactant gas. Also, the 

performance strongly depends on the purity of the gases. Even if small amounts of carbon 

monoxide are included H2 gas, carbon monoxide seriously poisons the anode and the electro-

catalytic activity of Pt electrode. Also, hydrogen sulfide and carbonyl sulfide from purity of 

fuel gases and coal gasifiers in PAFC power plant become cause of efficiency drop because 

of the hydrogen sulfide absorbs on Pt and blocks the active sites for H2 oxidation. The goal of 

the cell performance is that the cell continuously operates 40000 hours. For this purpose, the 

degradation rate must be 

ΔVlifetime(mV)= -3mv/1000 hours. 

Among the various fuel cell types the molten carbonate fuel cells (MCFCs) have 

incompatible advantages for industrial applications as well as for dispersed power supply 
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because they can be used for stationary generation of electric energy together with the 

production of highly valuable heat. [11] MCFCs have a molten potassium carbonate 

electrolyte which requires an operating temperature of around 65oC. In recent years, a porous 

sintered Ni-Cr/Ni-Al alloy is used as an anode and Lithiated NiO is used as a cathode. They 

run on a mixture of hydrogen and carbon monoxide which is formed by internally reforming 

practical hydrogen fuels within the fuel cell. At the anode, the carbonate ions are converted 

back into CO2. There is therefore a net transfer of CO2 from cathode to anode; one mole of 

CO2 is transferred along with two Faradays of charge or two moles of electrons. [3] A 

summary of the electrodes’ reactions are given below: 

        Anode: 2H2+2CO2-
3→2H2O+2CO2+4e  

Cathode: O2+2CO2+4e→2CO2-
3 

        Overall: 22222 COOHCOO
2
1H +→++  

The stack configuration of the MCFCs is different from other fuel cells. One of the 

most significant differences is the aspect of sealing because the MCFC stack is composed of 

various porous and non-porous components. Thus it is very important that the sealing of the 

stack makes the good flow distribution of gases between individual cells, uniform 

distribution within each cell, and good thermal management to reduce temperature gradients 

throughout the stack. [3]  
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Figure 2. The stack configuration of molten carbon fuel cell 

 

Solid oxide fuel cells (SOFCs) typically contain two porous electrodes, interposed 

between electrolytes made of a particular solid oxide ceramic material. [13] The operating 

temperature of a SOFC is 600oC-1000oC. There are two advantages due to high operating 

temperature of the SOFC. The first advantage, the SOFCs do not need pernicious material 

catalyst such as platinum. Therefore, carbon monoxide does not represent a harmful 

substance for the anode. The second advantage, hydrocarbons are internally reforming. The 

reaction is written by: 

( ) 222zyx Hz2x
2
yxCOOHz2xOHC 








−++→−+ . 

This reaction is endothermic and thermal energy is accepted from the overall reaction 

(exothermic reaction) of the fuel cell. Thus almost no energy is lost from the fuel cell 

operation. [3, 4, 5, 6, 13] A summary of the electrode reaction is given below 
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     Anode: 2H2+2O=→2H2O+4e 

Cathode: O2+4e→2O= 

            Overall: H2+CO+O2→H2O+CO2+ΔE 

There are two types of geometrical designs of the cell which are flat planar and 

tubular design. In flat planar, the electrodes, the electrolyte and the current collectors, are 

present as a flat planar geometry and arranged in the sandwich configuration as shown figure 

3 (a). The advantages of this configuration are that the structure of the cell is simple, 

relatively easy and inexpensive to construct and the power density is relatively high. 

However, this design has a couple of problems. First, because each component has a different 

thermal expansion coefficient, cracking is induced in the cell. So, the maximum active 

surface is limited as some hundred cm2. Second, cell has high contact resistance between 

electrode and electrolyte. The third, because of the geometrical configuration, it is very 

difficult to find proper materials which can be fulfill the chemical and physical properties.  

Because of the disadvantages of flat planar, the tubular design of the cell is recently 

used (figure 3 (b)). The design of tubular is the overlap of the three cylinders such as cathode, 

electrolyte, and anode as shown figure 3 (b). One end of the cylinder is closed and another 

end of the cylinder is opened. From the opening, air is provided through a tube. The anode is 

not fully covered electrolyte and has disconnection. That part is inter-connected to the 

cathode and connects with the anode from the next cell. [13] The advantages of the tubular 

design are no sealing problem, and reduction of shear stress. 

 



8 
 

      

        (a)                                         (b)  

Figure 3. Two types of solid oxide fuel cell stack design. (a) Flat planar design of solid oxide 
fuel stack (b) Tubular design of solid oxide fuel cell stack design 
 

 Among various types of fuel cells, the proton exchange membrane, also called 

polymer electrolyte membrane (PEM) fuel cells, offer many advantages which include high-

density power, lower weight and volume, and lower operating temperatures which allow 

them to start quickly. [14-15] The characteristics of PEM fuel cells make them particularly 

suitable for potential power source applications ranging from centralized and distributed 

power generation to fuel cell engines for transportation and batteries for portable electronic 

devices. [16-17] 

The polymer electrolyte membrane (PEM) fuel cells also known as proton 

conducting or solid polymer fuel cells (SPFCs) have ion conducting polymer as electrolyte 

and a catalyzed porous electrode and considered as the most promising type of fuel cells 

because their various advantages such as compact construction, large current density, solid 

electrolyte, low working temperature, and fast start-up. The electrode is bonded to the 
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electrolyte so the anode-electrolyte-cathode assembly is one item and very thin. The actual 

PEM fuel cells are membrane electrode assemblies (MEAs) which are series connection of 

single PEM fuel cells. Like AFCs, the mobile ion in the membrane is H+ or proton. The 

operating temperature is typically low (80oC). As the alkaline fuel cell, the electrodes are 

made from carbon with a platinum electro-catalyst. The PEMFCs are poisoned by carbon 

monoxide, so a complex and expensive fuel processor is required to convert practical 

hydrocarbon fuels into hydrogen and carbon dioxide, removing all traces of CO. [3, 12]  

Typical, electrode reaction of PEMFCs is shown below. In the anode, supplied 

hydrogen decomposes into protons and electrons and protons moves to the cathode following 

ionic channels in the membrane, and electrons move to the cathode following external circuit. 

In the cathode, protons and electrons from the cathode and oxygen produce water. This 

reaction occurs continuously.  

Anode: 2H2→4H++4e 

      Cathode: O2+4H++4e→2H2O 

     Overall: 2H2+O2→2H2O+ΔE 

 

 

Figure 4. Stack configuration of proton exchange membrane fuel cell 
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The PEMFC stack configuration is the parallel connection of single cells, flow field 

plate (bipolar plate), and cooling plate as shown in figure 4 [18]. The bipolar plate has 

several functions in the fuel cell stack. [3, 18] They separate the single cells in the stack, 

distribute the fuel and oxidant in the stack, provide structural support, conduct heat from 

active cells to the cooling cells, and carry current away from the each cell [3, 18]. The 

topologies and materials have to satisfy these functions.  

Topologies can include flow field, internal manifolding, internal humidification, and 

integrated cooling. [18] The requirements of materials for bipolar plate are the basis of 

chemical compatibility, resistance to corrosion, cost, density, electronic conductivity, gas 

diffusive/impermeability, manufacturability, stack volume/kW, material strength, and thermal 

conductivity. [18] Mainly two materials which are graphite-composite and coated metallic 

plates are satisfied the requirement of the bipolar plate. [3] For the maintaining proper 

operating temperature, the cooling plate is embedded to the stack. The air cooling is usually 

used for the small system and the water cooling system is used for large system. The PEM 

fuel cell stack generally several aspects are required. Most of all the reactants must be 

uniformly distributed to each cell. The second, the required temperature must be maintained 

in each cell. The third, the stack has minimum resistive loss. The forth, the reactant gas must 

be sealed. Finally, the stack has to have mechanical sturdiness. [3, 19]  

 

1.2 Proton Exchange Membrane 

Among a lot of elements of PEMFC stack, the heart of PEMFC is the polymer 

electrolyte membrane. Typically, the membrane is placed between catalyst electrodes and it 

acts as both the gas separator and proton conductor. As a separator, the membrane prevents 
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that the electrodes in a fuel cell from coming in contact with each other and provides the 

isolation between the fuel and oxidant gas streams which are essential for energy conversion 

in electrochemical reactions. As an electrolyte, the membrane acts as an ionic medium 

allowing the protons generated at the anode in the hydrogen oxidation reaction to migrate to 

the cathode where they are needed for the oxygen reduction reaction. 

The Nafion which is perfluorosulfonate cation exchange membrane developed by E. I. 

du Pont de Nemours and Co is recently the most widely used because it has chemical and 

thermal stability, and high proton conductivity. [20] The construction steps of the electrolyte 

material are as follows. The first step is the perfluorination. This process is that the 

polyethylene is modified by substituting fluorine for hydrogen. The modified polymer from 

the process is called PTFE or Teflon. The second step is the sulphonate process. In this step, a 

side chain, ending with sulphonic acid HSO3 is added into PTFE. The end of side chain is an 

SO3
- because HSO3 group is ionically bonded with PTFE. There is a strong mutual attraction 

between the cation and the anion because of the presence of SO3
- and H+. The result is that 

the side chain molecules tend to cluster within the overall structure of the material [3, 20]. 

The process is illustrated in figure 5.  
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Figure 5. Synthesizing process of Nafion® 

 

Because the sulphonated side chains are highly hydrophilic, one end of molecules 

mixes with water. The absorption of large quantities of water is brought to the hydrophilic 

region near the sulphonic acid group. Within this region, protons weakly attracted by the 

SO3- groups and they can easily move and dilute acid created. So, the membrane contains 

two different phases which are dilute acid region and strong hydrophobic structure. The 

chemical structure of Nafion® is given below. 

 

Since the uniqueness of the Nafion chemical structure due to phase separation such as 
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hydrophobic backbone and hydrophilic side chain, understanding of morphology of the 

Nafion is important. The morphological structure of the Nafion has been studied and debated 

since the 1970’s. In that decade, the structure of ionomers models, the interpretation of ionic 

domain morphology, was established based on a small angle X-ray scattering experiment for 

studying for morphological characterization. [23, 24] The morphology of Nafion is described 

by these models which are a cluster-network model, modified core-shell, lamellar model, 

sandwich like model, and rod like model. 

Gierke and co-works studied morphological structure of the Nafion in the 

unhydrolyzed sulfonyl fluoride precursor form, the hydrolyzed sulfonic acid form, and 

neutralized metal sulfonate form using small angle X-ray scattering (SAXS) and wide-angle 

X-ray diffraction (WAXD) [25, 26, 28]. From this study, they found crystalline organization 

within the fluorocarbon matrix from the un-hydrolyzed sulfonyl fluoride precursor form and 

it contained ionic cluster within a semi-crystalline matrix from the hydrolyzed sulfonic acid 

form [26]. Also, other groups’ result also showed ionomer peak intensity variation and shift 

water contents by SAXS and WAXD results. [25-27]  

Based on these studies, they insisted that the ionic cluster model is the best 

description of the water swollen morphology of Nafion®. [25-30] From the ionic cluster 

model, the ionic cluster is roughly 2 nm radius spherical shape with an inverted micellar 

structure as shown in figure 6. They proposed that the spherical ionic clusters are 

interconnected by 1 nm diameter narrow channels, the ionic cluster network, in considering 

of the high ionic permselectivity and the requirement of a percolation pathway for ionic 

transport in the Nafion.  

A schematic of the cluster network model is as shown in figure 6. However, it is not 
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the best description of actual morphology of the Nafion because the geometry of cluster 

adopts an expedient such as spherical shape for the ionic cluster [25]. Also, the other studies 

including transmitting electron microscopy did not show actual geometry of the cluster. Thus, 

there are no experimental evidences of the existence of the ionic channels and clusters. 

Nevertheless, the model did provide a crude picture of the microscopic morphology of the 

Nafion it has been improved in subsequent years by others. [25]  

 

       

Figure 6. Cluster network model of the morphological structure of Nafion®  

 

Fujimura and co-works studied the origin of two maxima known from the study of 

the Nafion morphology and the origins of the ionomer peak using SAXS and WAXD. The 

two maxima from the different origins are that the scattering maximum at small angles and 

the scattering maximum at large angles, relatively which can be assigned to interface 

between crystalline structures and can be assigned to the ionic cluster [19]. The result agrees 

well with the previous scattering studies except finding of the sulfonate form of ionomer, 

ionic cluster, at dry state and microscopic degree of swelling was found rather than 
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macroscopic degree of swelling as the water contents increases. [23-25]  

Based on their study, Fujimura et al. conclude that the core-shell model is the best 

description of the Nafion morphology. Figure 7 illustrates the core shell model. In this model 

the ionic cluster consists of two phases such as the core and shell. The ion-rich core is 

surrounded by the ion-poor shell which consists of perfluorocarbon chain. The core-shell 

particles are distributed on the in a matrix of fluorocarbon chain [23-25]. 

 

 

Figure 7. Core shell model of the morphological structure of Nafion®  

 

During the swelling and de-swelling process, the morphological and dimensional 

changing of the Nafion was observed from the SXAS analysis. Based on the observation, the 

cluster network model and the core-shell model were proposed. However, the explanations 

are required for the linear variation of Bragg spacing changing with water content and 

recoverable plastic flow in swelling/de-swelling. Thus Litt proposed a reevaluation of Nafion 
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morphology, lamellar model. [25, 26] Litt showed that the d spacing is proportional to the 

volume of absorbed water. [25, 26]  

By this observation, Starkweather suggests bilayer structure of Nafion morphology. 

[27] In this model, the ionic domains are defined as hydrophilic “micelle” layers separated by 

thin, lamella PTFE-like crystallites. As water absorbs between the lamella and separates them, 

the increase in d spacing between ionic domains is expected to be proportional to the volume 

fraction of water in the polymer and the swelling behavior should be completely reversible, 

thus eliminating the requirement of morphological reorganization. 

The lamellar model provides a simple and convenient explanation of the swelling 

morphology of the Nafion, However, the lamellar model is over simplified since Litt ignored 

low maximum from the crystalline which is inter-lamellar long spacing. [25] Also, the other 

studies showed that the inter-lamellar long spacing is not identical with inter cluster spacing. 

[28] Recently, a modified model was proposed based on the lamellar model by Houbold et al. 

They proposed a sandwich model by synchrotron SAXS studies using acid form of the 

Nafion® 117 samples. [25, 29]  

In this result, the scattering cross section data is fitted to a layered model whose 

basic structure element is a sandwich as sown figure 8. The outer portion of this sandwich 

consists of the side chains, including the sulfonic acid groups (shell region), and inner liquid 

portion consists of the water/methanol molecules (core region). Using the model fit, they 

calculate lateral dimension a and b and total thickness (core (c) + shell (s) region) of the 

model. Then a and b is between 15 and 45 Å and total thickness is about 60 Å. From their 

result, c and s thickness varies as concentration of methanol in the water. In the methanol 

swollen membrane, core the region becomes smaller and shell region is extended. [29]  
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Figure 8.  Sandwich model of morphological structure of Nafion® 

 

Gebel et al. studied the structural evaluation of the Nafion from dry state to swollen 

state by SAXS and SANS. The result reveals several things in the swelling and de-swelling 

process. First, a structural inversion occurs at 0.5 water fraction. Second, the structure of the 

Nafion® varies with the amount of water contents. At low water contents, spherical domains 

of water is embedded in the polymer matrix and at high water contents, the structure is a 

connects the network of polymer rods. [35] Based on the small angle analysis and energetic 

consideration, he proposed the conventional swelling and de-swelling mechanism.  

The mechanism is illustrated in figure 9. In the dry membrane, the spherical ionic 

clusters are distributed on the membrane. The diameter of each cluster is 1.5 nm and center to 

center distance of two clusters is 2.7 nm. With absorption of water, the clusters become 

spherical water pool for minimizing the interfacial energy between polymer and water as 

shown in figure 9. The diameter of the spherical water pools is 2nm and inter aggregate 

distance is 3nm. In this case, the inter-aggregate distance refers that each cluster still 
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separated and ionic conductivity is extremely small. Between 0.3 to 0.5 water fractions, the 

spherical ionic domains are connected with cylinders of water dispersed in the polymer 

matrix. As the diameter of the ionic domain increases from the 4nm to 5nm, ionic 

conductivity is also increased. At 0.5 water fractions, the structure is inverted and then 

network of rod-like polymer aggregate appears. Between 0.5 and 0.9 water fraction, the 

connected rod-like network swells. Due to increasing of the water swollen, the distance 

between rods is decreased. Thus, the overall number of rods is decreased. [25, 35]  

Nevertheless this model explained well the swelling and de-swelling mechanism. 

There is no thermodynamic justification for phase inversion process at 0.5 water fraction. 

Also, they did not explain the drastic change near phase inversion point. [25] Further study 

was done by Rollet and Lubatat. [25, 36, 37] Rollet et al. studied phase behavior in the 

hydrated Nafion by SANS. Based on the observation, he concluded that the best description 

of the hydrated Nafion is that aggregated polymer surrounded by water. [25, 35]  

Lubatat studied hydrated Nafion® by SAXS and SANS. This study supported the 

assumption that the swelling process simply involves a dilution of the scattering entities as 

suggested earlier by Gebel. The result indicated that the structure between 1 nm and 100 nm 

of the Nafion can be described in terms of elongated polymeric aggregates connected at 

larger scale to form a film. During the water swelling process two separated regimes were 

found in agreement with the result of Litt et al. The elongated polymeric aggregate is 

coherent with the evolution of the structure as a function of the water content change to 

solution. [25, 37] 
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Figure 9. Rod like model of morphological structure Nafion® 

 

The most widely accepted microscopic morphological model of Nafion® is the water 

channel model which was proposed by Klaus et al. The water channel model was established 

based on the simulation. Using the previous SAXS, WASX, and NMR data, he calculated the 

morphological structure of Nafion® by numerical fast Fourier transformation method. [34] 

This model explains good proton conductivity and mechanical properties of Nafion well. The 

structure of ionic channels is cylindrical inverted micelles. The ionic channels are parallel 

with their neighbor. The densely packed ionic channels are stabilized by the relatively 

straight helical backbone segment as shown in figure 10. The diameter of water channel 

distributed between 1.8 nm and 3.8 nm with an average 2.4 nm. The channel diameter of the 

water channel model is relatively larger than other models. The relatively large diameter in 

the water channel model can explain good proton conductivity of Nafion well. The diffusion 

of water in Nafion at H2O = 20% is only one order of magnitude slower than in bulk water. 

The previous models could not explain the diffusion of water in Nafion® at 20% because in 

relatively narrow channels, the significant obstacles to water diffusion presents. The ionic 
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channel diameter in the water channel model is relatively wide compare with other models. 

The relatively wide, parallel channels have a large hydrodynamic component of 

water/methanol transport.  

The crystallites, which are repeated at 10-20 nm, are crucial component of the 

structure of the Nafion membranes. The repeat is perpendicular to the chain axis, given that 

the scattering intensity is on the equator for oriented Nafion samples. The thickness of 

crystallite is 2-5nm and the cylindrical crystallite is elongated. The crystallites are physically 

linked with backbone and give good mechanical properties in the membrane. The crystallites 

are 13% of volume in the membrane. Even though the water channel model explains well 

good proton conductivity and mechanical properties of Nafion, the experimental evidences 

for the model is not enough.  

 

 

Figure 10. The Water Channel Model of morphological structure of Nafion® [38] 
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1.3 Aging Mechanism of the Nafion Membrane 

Over the past decade, the significant progress of highly efficient and reliable 

technologies of PEMFC has been achieved. [1, 3, 5, 6, 12, 22, 39-48] However, there are still 

many technical and economic barriers such as relatively high cost, lack of durability, and 

reliability of wide operating conditions. [49] One of most important technical barriers is the 

durability of PEMFCs under a wide range of operating conditions. For different applications, 

the requirements for fuel cell lifetime vary significantly, ranging from 5000h for cars to 

20000h for buses and 40000h of continuous operation for stationary applications. For 

automobile, because of harsh operation conditions of dynamic load cycling such as 

frequently startup/shutdown and freeze/thaw, the goal is very challenging for current fuel cell 

technology. [12]  

The PEMFCs are structurally stable system because it does not have mobile parts. So 

degradation of its component is crucial for stability of fuel cell system. [12] Among many 

components of fuel cell, the polymer electrolyte membrane is most essential component. The 

durability and reliability of membrane are strongly depending on the membrane aging. So, 

understanding of the membrane aging is crucial to solve the rack of durability and reliability 

of the PEMFC. The aging is classified as thermal, mechanical, and chemical aging.  

The mechanical aging is related to failure of each element of the PEMFC. Major 

failure is a result of the membrane imperfection, catalyst migration, and electrode and 

electrolyte interface decomposition. [12] They usually occur as a result of congenital 

membrane defects and the improper membrane electrode assembly fabrication process. The 

local areas corresponding to the interface between the lands and channels of the flow field or 

the sealing edges in the PEMFC, which are subjected to excessive or non-uniform 
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mechanical stresses, are also vulnerable to small perforations or tears. Overall dimensional 

changes under various humidification conditions also contribute to performance deterioration 

while the fuel cell is operating. Also, this mechanical aging induces the chemical and thermal 

aging. For instance, the gas crossover in the membranes increases when the membranes have 

a small amount of pinholes. The increasing of the gas crossover induces the chemical aging 

of the membranes. So it can be ameliorated by improving the membrane fabrication 

condition and the fuel cell assembling process. Thus, understanding mechanical aging 

process is very important to prevent the failure and improve the manufacturing process of the 

Nafion®.  

Cleghorn et al. did a life time test of the PEMFC under high humidification. The 

PEMFC continuously operated under 70oC and 100%RH. The result was that 66% of the 

original cathode electrochemical area was lost due to increasing transport losses in the fuel 

cell. [36] The MEA performance was tested under mid humidification, non-saturated 

humidification, by Jingrong Yu et al. [51] The experiment was conducted under 75oC and 

fully humidified H2 and air at 70oC. The result showed a decrease of active surface area of Pt 

catalysts became the cause of significant increment of H2 crossover. [51]  

Several studies of PEMFC were performed under low humidification. They reported 

that the decreasing of cell performance occurs between membrane cell interfaces. Eiji Endoh 

et al. reported that carbon radicals generated under continuous operation will become a 

reason of cell failure. [52] Jingroung Yu et al. showed that agglomeration of Pt particles is 

due to the cell degradation. [51] The constrained membrane in an assembled fuel cell 

experiences in-plane tension resulting from shrinkage under low RH and in-plane 

compression during swelling under wet conditions.  
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Local pinholes and perforations are the crucial reason of physical aging of the 

membrane. The pinholes are produced during fuel cell operating process. Mechanical stress 

induces degradation at weak part of the membrane because of wet/dry cycling of the fuel cell. 

As a result of the degradation, the pinholes in the membranes are created. [51] A several 

studies report that even development of single pinhole affects cell performance. The pinholes 

caused by degradation creates a hot spot (temperature of hot spot is 4-5K higher than 

surroundings) and the hat spot causes a significant performance drop. After creation of the 

pinholes, if this happens, hydrogen diffuses through the pinhole and creates hydrogen oxide 

at the cathode. Then, a local hotspot is created and cell performance drops. [53-55] The 

results of Huang et al. suggested that mechanical failure of the membrane starts as a random, 

local imperfection that propagates to catastrophic failure. [56] 

Usually, the chemical aging is due to the chemical attack by peroxide (HO.) and 

hydro-peroxide (HOO.) radicals from the chemical reaction on the anode and cathode 

catalysts. These radicals react with the membrane backbone and break H-F bonding. As a 

result of the radical attack, the membrane becomes thinner and the pinholes are created. 

Eventually, the membrane performance is decreased. In low humidity condition, the 

membrane degradation is accelerated under open circuit voltage (OCV). [12] This process is 

listed below. 

        Rf-CF2COOH+HO∙→Rf-CF2+CO2+H2O 

        Rf-CF2∙+HO∙→Rf-CF2OH+Rf-COF+HF 

Rf-COF+H2O→Rf-COOH+HF 

 Many research groups proposed the radical formation mechanism. [57-59] The 

researches showed the radicals formed the anode [47], the cathode [48], or both. From the 



24 
 

study of Hong Wang et al. the hydro peroxide is produced at the anode by oxygen crossover. 

Minoru et al. introduced hydro peroxide forming both anode and cathode. Under OCV, hydro 

peroxide formed at the cathode. The reaction is  

O2+2H++2e→H2O2 

The hydro-peroxide makes that the membrane decomposes at the cathode site and then 

oxygen partial pressure drastically is increased due to the increasing of decomposition. Thus, 

oxygen crossover is increased and the peroxide is produced at the anode voltage. [59] Also, 

the existence of metal ions such as Fe+ and Cu+ creates a more severe effect of decomposition 

of the membrane. These metal ions act like catalyst and produce the peroxide radicals which 

are most reactive species. [59] The forming of the peroxide by the metal ions are givens as 

     H2O2+Fe2+→HO∙+OH-+Fe3+ 

Fe2++HO∙→Fe3++OH- 

 H2O2+HO∙→HO2∙+H2O 

 Fe2
++HO2∙→Fe3++HO2

- 

  Fe3
++HO2∙→Fe2

++H++O2 

Previous studies about the aging mechanism provided precious information to prove 

optimizing the design of the fuel cell and choosing operation conditions. However, the 

fundamental understanding of the aging process is required to slow down degradation and 

improving durability of the membrane. 

Over the past decade, many studies report that thermal aging is related to the 

decomposition ether backbone, side chain, or both in the membrane at high temperatures. 

Surowiec and Bogoczek reported that the Nafion begins to decompose via its side sulfonate 
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acid groups at 280oC from the study of the thermal stability of the Nafion which was 

investigated by using thermal gravimetric analysis, differential thermal analysis, and Fourier 

transform infrared spectroscopy. [60] A similar mechanism is proposed by Wilkie et al [61]. 

From the study of Bauer et al. the back bone of the Nafion starts to decompose around 400oC. 

[62] However, understanding of the membrane aging under low temperature is crucial due to 

proper working temperature of the PEM between 60oC and 80oC for promising the 

maintaining well-hydrated PFSA. Also, around glass transition temperature (80oC) 

membranes, the critical breakdown of membrane is pronounced.  

The stability of the polytetrafluoroethylene (PTFE)-like molecular backbone below 

150oC has been well known because of the C-F bond and the shielding effect of the 

electronegative fluorine atoms. [63] From the study of F.M. Collette, when the Nafion 

membrane annealed between 80oC and 120oC in the water, 80% of conductivity dropped off 

at 80 days. [64] The NMR result from the Collette’s study shows the SO3H group of 

membrane loss. The results supported as result the decreasing of band at 1060 cm-1, 

corresponding S-O stretching. Moreover, the intensity and the frequency of the band at 1630 

cm-1, corresponding to the bending frequency of water, decreased with aging time whereas 

the frequency of the band at 3500 cm−1, corresponding to the stretching frequency of water, 

increased with aging time. The observation of these water absorbance bands (1630 and 3500 

cm-1) leads us to conclude that the strength and the number of the hydrogen bonds decreases 

upon aging. As anhydrides are much less hydrophilic and polar than sulfonates, less water is 

absorbed by the polymer and the hydrogen bonds formed between sulfonic anhydrides and 

water are weaker compared to those formed with sulfonic acid. The conclusion of the study is 

that the chemical structure of Nafion membrane changes to sulfonic anhydrides formation, 
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creating a crosslink between two side chains. This leads to the decrease of the polymer 

hydro-philicity with a proton conductivity drop off. [64]  

From the study of Alexandra Alentiev, chemical composition changes of the Nafion 

were studied by FTIR. The Nafion® was thermal treated at 95oC. The bands at 1440cm-1, 

which can be attributed to the vibration of ether (–S(O)2–O–) groups, are absent in native 

Nafion®. Also, the Nafion film, which was stored for 14 years, shows same result. Apparently, 

sulfo-ethers and cross-linking can appear during storage, exploitation and thermal treatment. 

[65] Liang et al. studied Nafion® 115 which is thermal treated at 40oC, 120oC, 150oC, and 

180oC respectively for 1.5h. The result was analyzed by FTIR. From the study, thermal 

treated Nafion membranes show that the macromolecule remains micelle structure and SO3H 

is free from the surrounding of the main chain.  

Thermal treatment causes the membrane to change in structure and physical 

properties. At temperature above glass transition temperature, side chain movement brings 

the -SO3H group out of the bulk to the surface to decrease the surface energy. [66] Yuji 

Shibahara et al. reported that sulfonic acid side chain decomposed around 100oC, which is 

near glass transition temperature. [67] The thermal aging process of Nafion 117 membrane 

was analyzed with age moment correlation (AMOC) method and the four-electrode AC 

impedance method. The membrane was thermally treated at 373 K for 12 hours. In the 

lifetime spectra and the FT-IR spectra of the heated and the non-heated samples, significant 

difference does not find from both samples. However, the overall S-parameter, which is the 

ration of the area of the central region of the photo peak and the total photo peak area, was 

increased by heating. The S-parameter from the AMOC data is directly related annihilation 

process of the samples. So the increase of overall S-parameter was found to be the increase 
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of direct annihilation of positrons with low energy electrons. This result manifest that the 

decreasing of proton conductivity is caused by hydrogen bond and chemical bond affected 

production of the sulfonic radicals. The AMOC data refers that pick-off annihilation occurs in 

space forming by the backbones and side chains. This can be possibly explained by several 

reasons. The first, the inverted micellar structure is formed in Nafion. The second estimated 

averaged spherical space diameters for the heated and the non-heated samples were close to 

each other and the evaluated lengths were about 0.74 nm, which is similar to the length of 

side chains. The third, the S-parameter corresponding to the pick-off annihilation showed 

good agreement between both samples. [67] Nevertheless many studies [61-67] reported the 

sulfonic acid side chain decomposition due to thermal annealing other studies [59, 75-85] 

reported the structural changes without the sulfonic acid side chain of the Nafion.  

In spite of many efforts to understand thermal aging mechanism of the Nafion, the 

aging mechanism of the Nafion® near the glass transition temperature have been still 

incomprehensible and many explanation about the Nafion thermal aging are co-exist such as 

decomposition of the sulfonic acid side chain and the surface reorganization without 

decomposition of the side chain. 

The aging of the Nafion membrane induces significant failure on the membrane. The 

mechanical aging of Nafion is mostly related imperfection of membrane such as crack, 

perforation, pinhole due to improper manufacturing process. The mechanical aging is usually 

causes of catastrophic failure at early life. Also, the mechanical aging induces chemical and 

thermal aging. The chemical aging process is due to backbone decomposition in the 

membrane by peroxide or hydro-peroxide attack. The decomposition of the backbone induces 

serious failure of PEMFC. The peroxide or hydro-peroxide is chemically reacting with 
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carboxylate, which is impurity in the backbone of Nafion®. Thus, carboxylate groups cause 

of the chemical aging. The carboxylate groups are attacked in the PTFE is during the 

membrane synthesizing process. The mechanical and chemical aging strongly relate to the 

manufacturing process. Thus, the failures PEMFC due to mechanical and chemical aging of 

the Nafion® can be mitigated by optimize the synthesizing or manufacturing process of the 

Nafion®.  

Thermal degradation of a PEM is directly related to the structure and the fundamental 

properties of the membrane. The membranes are operating at certain temperatures or going 

through temperature cycles that are close to their glass transition temperatures reveal 

accelerated degradation behaviors. The significant structural changes, including 

decomposition of sulfonic acid chains and morphological changes of the ionic channels were 

observed during the thermal aging by many studies. [61-68] Thermal aging is usually 

induced by the PEMFC operating because operating temperature of the PEMFC is close to 

the glass transition temperature of the Nafion. Thermal aging is closely related microscopic 

structural variation in the membrane. Thus, the mitigation of the thermal aging of Nafion is 

impossible without a fundamental understanding of the microscopic morphological structure 

of the Nafion®. 
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CHAPTER 2 

EXPERIMENTAL SETUPS 

 

In this chapter, I will give a detailed description of the experimental setups and 

experimental techniques used in this study.  I will first describe atomic force microscopy 

(AFM). Then I will describe the details of a current sensing microscopy (CSAFM) and 

humidity control system. Finally, I will describe the experimental procedure. 

 

2.1 Atomic Force Microscope 
 

The revolutionary development of the Scanning Tunneling Microscope (STM) has 

given rise to an entire family of Scanning Probe Microscopes (SPM). [69] These atomic 

resolution instruments are differentiated by how the probe tip interacts with the scanned 

surface. The Atomic Force Microscope (AFM) is the most widely utilized member of the 

SPM family. With AFM, a tip mounted on a micro fabricated cantilever scans a substrate; the 

interaction between the tip and the substrate causes the cantilever to deflect. [69] The 

deflection of cantilever was quantified by the measurement of a laser beam which is reflected 

from the end of cantilever to a position sensitive photo detector (PSPD), as shown in Fig 11. 

The cantilever can be directly attached to a XYZ scanner which is made of piezoelectric 

materials so that the tip can move in three dimensions with sub-nanometer resolution. The 

scanner can also be attached to the sample stage directly. In this way, instead of scanning the 

tip, a sample is moved in the horizontal direction (X-Y direction) and in the vertical direction 

(Z-direction) by the scanner. While the scanner scans line by line, the feedback loop which 

controls vertical movement of scanner was controlled by signal from the PSPD. In addition 
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to high-resolution topography, a variety of other signals can be collected from the AFM tip. 

[70] 

An Atomic Force Microscope (AFM) can be operated in a number of different modes, 

depending on the application. The primary modes of operation are contact and non-contact 

modes. In contact mode the AFM tip makes soft physical contact with the sample. As the tip 

approaches the sample surface the inter-atomic forces become very strongly repulsive and 

since the cantilever has a low spring constant, the forces will cause the cantilever to bend 

following the topography of the sample. Therefore, the detection of the position of the 

cantilever leads to a topographic map of the sample surface. In a contact mode, AFM can 

generate the topographic data set by operating in one of two modes: constant-height or 

constant-force mode. In constant height mode the spatial variation of the cantilever deflection 

can be used directly to generate the topographic data set as the scanner height is fixed during 

the scan. In the constant mode the deflection of the cantilever can be used as an input to a 

feedback circuit that moves the scanner up and down in Z, responding to the topography by 

keeping the cantilever deflection constant. [71]  
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Figure 11. Schematic of an atomic force microscope 

 

2.2 Current Sensing Atomic Force Microscopy 
 

Current sensing atomic force microscopy (CSAFM), a novel AFM technique, can be 

used to probe simultaneously the surface morphology and the local conductance variation of 

a sample. The essential component in a CSAFM, aside from those in conventional AFMs, is 

a sensitive electric current measuring loop which connects a conducting probe tip and the 

sample. The probe tip is usually a conventional AFM tip coated with a uniform metal layer 

which acts as the current sensor. As a CSAFM probe tip scans across the surface of a 

membrane in contact mode, the tip traces out the surface morphology and, at the same time, 

senses current flow between the contact of the tip and the plane electrode on the other side of 

the membrane, generating simultaneously a surface morphology and current sensing images. 

The sensed current depends sensitively on the contact between the probe tip and conductivity 

in the membrane. Figure 12 shows the simple schematic of CSAFM which used in this study. 

CSAFM has 10-12A sensitivity in current measurement. AFM tip is coated with uniform a Pt 
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layer.  

 

     

           (a)                                     (b) 

Figure 12. The current sensing atomic force microscope used for this work. (a) Preamp 
module added to a conventional AFM displayed figure 12 (b). (b) Pico Scan CSAFM system. 
 

2.3 Humidity Control System 

Relative humidity (RH) in the environmental chamber can be controlled using the 

humidity control system. The humidity control system is constructed of the series connection 

of the dry air inlet and the water vapor supplier as shown in figure 13. The Honywell HIH-

4010 humidity sensor is used as measuring accurate RH. The accuracy of the sensor is ±3.5% 

RH. RH controlling procedure is following several of steps. First, from the water vapor 

supplier, sufficient water vapors are produced by boiling of the distilled water. Second, the 

water vapors are pushed into the environmental chamber by dry air flow from the dry air inlet. 
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When the RH in the environmental chamber reaches the proper value, inflow of water vapor 

stopped.  

 

 

Figure 13. Schematic of humidity control system 

 

2.4 Experimental Procedure 

In this study, two types of the proton exchange membranes, which are Nafion®115 

and Nafion® 212, were used. Table 1 shows basic mechanical, electrical, and other properties 

of both membranes. The names, Nafion® 115 and Nafion® 212, contain specific information 

about the membranes. The first two digits in the name following Nafion multiplied by 

hundred represent the equivalent weight of the membrane. The equivalent weight (EW) of 

Nafion is determined by the average distance between the side chains along the backbone, 

and is defined as the number of grams of dry polymer per mole SO3 [25]. For instance, 11 

from the Nafion 115 reveal 1100 equivalent weight. The last digit in the name following 

Nafion® multiplied by ten represents thickness of the membrane. For instance, 5 from the 
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Nafion® 115 is 50 micro inches. The Nafion® 115 has thicker than Nafion® 212; the 

thickness of Nafion® 115 is typically 127µm and Nafion® 212 is typically 50.8µm. The 

conductivity of the both membranes is 0.1 Scm-1. Nafion® 115 has better mechanical 

properties compared to Nafion® 212 because the tensile strength of Nafion® 115 is 46 MPa 

and Nafion® 212 is 23 MPa. Both membranes have roughly same specific gravity. Specific 

gravity is the ratio of the density (mass of a unit volume) of a substance to the density (mass 

of the same unit volume) of a reference substance. Nafion® 212 has larger sulfonic acid 

groups compare with Nafion® 115 because equivalent weight of Nafion 115 membrane is 

1100 and 212 membrane is 2100. Water content of Nafion® 115 is 5% and Water uptake is 

38% and Water content of Nafion® 212 is 5.0±3.0% and water uptake is 50.0±5.0%. All 

properties of Nafion 115 and 212 are measured at 50% RH and 23oC. 

 

 Thickness 
(μm) 

Conductivity 
(Scm

-1
) 

Tensile 
Strengths 

(MPa) 

Specific 
 Gravity  

Equivalent 
Weight 
(g/mol) 

Glass Transition 
Temperature 

(
o
C) 

Nafion 115 127 0.1 46 2.98 1100 90-150 

Nafion 212 50 0.1 23 2.97 2100 90-150 

Table 1 Mechanical and chemical property of the Nafion® 115 and Nafion® 212 membranes 

 

In this measurement, the current sensing atomic force microscope (CSAFM) was used 

for obtaining information of the proton conductance and the ionic cluster variation in the 

Nafion 115 and Nafion 212 membranes during thermal aging. Figure 15 illustrates the 
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experimental setup of the current sensing atomic force microscope for this study. A pristine 

Nafion membrane is gently adhered to a sample holder using conductive carbon paint. The 

carbon paint is used for two purposes: one is adhesion to a membrane and a sample holder 

and another is applying bios voltage to the membrane. The membrane is placed on a heater 

which is embedded in a sample stage. The schematic of sample holder is as shown in figure 

14.  

 

 

Figure 14. Schematic of a sample holder 

 

The sample holder which includes Nafion membrane is installed into CSAFM. The Pt 

coated tip and the catalyzed membrane consist of the mini fuel cell as shown in figure 15. An 

ionic current can flow from the AFM tip across the membrane reaching the electrode on the 

opposite of the membrane. As the CSAFM tip scans on a membrane surface, the directly 

detected ionic current probes the ionic conducting properties in the local region of the 

membrane in contact with the AFM tip. Conductance images, which are obtained using the 

CSAFM on a Nafion®, reveal local ionic conductivity variations on the membrane. In this 

configuration, the Pt-coated tip works as a catalyst and an electrode. As a catalyst, the Pt-
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coated tip supplies protons into the membrane by oxidization of hydrogen.  

The electrolysis of water is used for supplying fuel into the mini fuel cell. The 

electrolysis is performed applying by DC 1.5 V to the tip and the membrane. In order to 

verify the performance of the mini fuel cell, three different mini fuel cell configurations were 

tested: the non Pt-coated tip and the catalyzed membrane, the Pt-coated tip and the non-

catalyzed membrane, and the Pt-coated tip and the catalyzed membrane. Figure 16 (a) is a 

result of the performance of the fuel cell with the non-Pt coated tip and the catalyzed 

membrane. In this setup, the conductance on the membrane is under the resolution limit of 

the CSAFM system. The result indicates that the mini fuel does not work because there is no 

catalyzing reaction at the tip. Figure 16 (b) is a result of the performance of the mini fuel cell 

with the Pt-coated tip and the non-catalyzed membrane. In this setup, the fuel cell also does 

not show any performance because of no catalyzing reaction at the catalyst layer next to the 

cathode. Figure 16 (c) is a result of the performance of the fuel cell with the Pt-coated tip and 

the catalyzed membrane. The image from this setup well displays local conductance variation 

on the membrane. These results clearly show that the mini fuel cell with the Pt-coated tip is 

the effective method to study the membrane.  
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Figure 15. Schematic of CSAFM in measurement 

 

 

              (a)                    (b)                      (c) 

Figure 16. Different configurations for mini fuel cell performance test. (a) The figures 
illustrate the mini fuel cell configuration which consists of the non-Pt coated tip and 
catalyzed membrane (top), a corresponding current sensing image (middle), and line profile 
(bottom). (b) The figures illustrate the mini fuel cell configuration which consists of the Pt-
coated tip and non-catalyzed membrane (top), a corresponding current sensing image 
(middle), and line profile (bottom). (c) The figures illustrate the mini fuel cell configuration 
which consists of the Pt-coated tip and catalyzed membrane (top), a corresponding current 
sensing image, and line profile. 
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The samples were prepared in two steps in this study. The first step is that each 

sample is annealed at four different temperatures: 90°C, 100°C, 110°C, and 120°C. During 

the annealing process, the sample stage with the Nafion membrane is covered by an 

aluminum foil cap for maintaining constant temperature around the membrane. Then the 

membrane on the stage is placed to the environmental chamber and annealed at the proper 

temperature. In the second step is that the membrane is for cooled at least two hours in the 

environmental chamber after heater is turned off.  

The humidity in the chamber is adjusted to 50% RH using the humidity control 

system. After RH stabilized at 50%, CSAFM obtained 5x5 μm topographic and current 

sensing images simultaneously. This cyclic process, annealing and measuring, was done until 

the conductance of the membrane became zero. 
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CHAPTER 3 

EXPERIMENTAL RESULT 

 

This experiment focused on the changing of the ionic channel network of the Nafion 

membrane due to the thermal aging process. For studying the thermal aging, the membranes 

were annealed at four different temperatures (90oC-120oC) until the membrane conductance 

approached to zero.  

The series of images (from the 17 to 106) show the development of conductance 

variation of the Nafion 115 and Nafion 212 membrane surface at each thermal annealing 

temperature. There are about 10 images of each membrane at each temperature (90oC-

120oC); they are labeled accordingly in the list of illustrations. The (a) and (b) from each 

figure indicate the conductance image (a) and the topography (b) by the CSAFM. The color 

bar in the (a) is a display the magnitude of the conductance (current, nA). So, the bright color 

indicates the high conductive region and dark color indicate the low conductive region. The 

conductance image expresses well the heterogeneous structure of the Nafion membrane due 

to phase separation as hydrophobic backbone and hydrophilic side chain. The bright color 

reflects the high density of the ionic clusters and dark color shows the low density of ionic 

cluster on the membrane surface. The color bar in the figure (b) is display the magnitude of 

the membrane height. The color changing from the dark to bright indicates the height 

changing from low to high region.  

The images were a result of the contact mode AFM in which a constant force was 

applied to the membrane during the scanning by adjusting the vertical position of the probe 

tip. The mechanical stiffness variation caused by the heterogeneous structure of the 
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membrane does not affect the images because typically the effective contact area between the 

tip and the membrane is larger than the size of a typical ionic cluster (or domain) on the 

membrane. Constant contact area between the tip and the membrane surface was mostly 

maintained during the imaging process. Thus, the current sensing would reflect the variation 

of local conductivity on the membrane surface, and the variation is directly related to the 

ionic connection between the probe tip and the electrode across the membrane [68, 69].  

Figures 17, 31, 45, and 55 are the pristine Nafion 115 membranes. Both the 

conductance and the topographic images of the membrane do not show any structural unity. 

Also, each conductance and topographic image do not show any relation. Thus, the 

convolution effect by the tip is ignorable of the study. The convolution is that the tip image is 

projected into an AFM image. The ionic cluster network structure of the pristine membrane 

should be randomly composed, which can be shown at the current sensing images (17, 31, 45, 

55 (a)). The four different images do not show any structural resemblance. This is due to the 

quasi-crystallinity and the randomly close packed ionic clusters expressed from the water 

channel model. The maximum current of the pristine Nafion 115 membrane is roughly 0.5 

except in figure 17 (a). The reason of the comparably low maximum current of figure 17 (a) 

might be due to an imperfection of the membrane during the manufacturing process. The 

topographic images (17, 31, 45, 55 (b)) do not show any particular structure on the 

membrane. Figures 63, 75, 87, and 99 are the images from the pristine Nafion 212 

membranes. The current sensing and topographic images do not show any structural unity 

such as Nafion 115 membrane. The current sensing images of pristine Nafion 212 membrane 

also represent random structure. The maximum current is about 0.6 nA. The topographic 

images of the Nafion 212 membranes do not reveal any structural ordering.  
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The other images are annealed Nafion 115 and Nafion 212 membranes at different 

annealing temperatures. The specific information of each image is listed under the images. 

The annealing membranes show the development of the structural evolution from the current 

sensing images. After the membranes were annealed, the structure on the membrane clearly 

displays separation of the conductive and non-conductive regions such as filament structure. 

The filaments on the membrane are independent of the annealing times and temperatures. 

The width of a filament is approximately 100 nm. The filament shape might be explained by 

the re-organization of the cylindrical ionic cluster near the membrane surface by thermal 

annealing. This assumption is supported by many recent spectroscopy studies for the Nafion 

membrane near glass transition temperature. [75-85] Around glass transition temperature of 

the Nafion membrane, only the hydrophilic sulfonic acid groups have mobility because the 

side chain and back bone of the membrane have different relaxations due to the 

heterogeneous structure of the Nafion.  

Kundu et al. studied mechanical properties of the thermally treated the Nafion 

112 membranes using dynamic mechanical testing. [70] The dynamic mechanical 

testing measures stiffness loss of the membrane (storage modulus) and the increase of 

viscoelasticity (loss modulus). The results from their study represent that the storage 

modulus is continuously lost from 90oC and the loss modulus shows variation 

between 90oC and 150oC. These result represent that the membrane is continuously 

loses stiffness while alpha transition is occurs between 90oC and 150oC. They insist 

that the reason of the change is the increasing mobility of the ionic clusters. The 

mobility increasing of the sulfonic acid groups induce the structural evolution on the 
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membrane.  

The maximum current of each current sensing image varies with annealing 

temperatures. The maximum current variation of each current sensing image at each 

temperature follows the same trend. The maximum current on the membrane is initially 

increased by annealing and goes to the maximum approximately 10 hours annealing. After 

the current reaches a maximum, the current gradually decays and reaches to zero. There is no 

structural change in the topographic images by thermal annealing. It is clearly indicated by 

the topographic images of pristine and the annealed membrane.  

Each image (c) refers to the line profile (cross-section of the selected region) of the 

conductance image and topography. The black solid line is from the conductance images and 

the red dot is from the topography. The line profiles offer a close view of the images. All the 

line profiles of current sensing and topographic images expose that these images do not have 

any similarity. The line profiles from the current sensing images display the evolution of 

filament structure on the membrane. After the filament structures have evolved, they do not 

show any changes because of annealing time as shown in the line profiles. Each line profile 

of the current sensing images from annealed membranes contains 10 to 20 filaments. The 

number and width of chains on the line profile are independent of annealing times and 

temperatures as shown in figure 17 to 106 (c). The line profile from the topographic images 

does not represent any morphological variation by thermal annealing.  

The figure (d) from each image depicts the conductance distribution of the images. 

The conductance distribution from each CSAFM image is derived from each current sensing 

image. The conductance distribution mainly reflects the contact probability of the contact 

between the tip and the ionic clusters on the membrane surface, which connects to the proton 
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channel network in the membrane. When the tip is in contact with the membrane, the end of 

the tip is in contact with a small amount of the ionic clusters which connect to the ionic 

channel network over the membrane. Each ionic channel branches out or merges with others 

over a short distance in the ionic channel network in a Nafion membrane. The proton current 

flows out from the contact between the CSAFM tip and the membrane and then spreads over 

a large portion of the network before reaching the opposite electrode [62, 86]. Thus, the 

conductance distribution from each image shows the ionic clusters changing because of the 

thermal annealing of the membrane.  

Almost all conductance distribution shows a Gaussian like distribution. Some of them 

show small peak near the zero conductance such as figure 20, 21, 22, and 23 (d). This zero 

peak could be affected by certain types of insulating materials on the membrane. These 

materials block contact between the tip and membrane. The CSAFM system only measured 

the conductance of the insulating materials. So, the system could not detect conductance at 

the position. Figures 21 (a) and (b) clearly proves this assumption. The black circle, which is 

in the bottom middle of the CSAFM image, corresponds with the white circle which is in the 

same position of the topography. The Gaussian like distribution of almost all images is 

explained by Poisson distribution. In probability theory and statistics, the Poisson distribution 

is a discrete probability distribution that expresses the probability of a given number of 

events occurring in a fixed interval of time and/or space when these events occur with a 

known average rate and independently of the time since the last event [87]. For specific 

intervals at such a distance, area or volume, Poisson’s distribution also can be used. If the 

expected number of occurrences in this interval is μ, then the probability that there are 

exactly n occurrences is equal to 
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n
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nP       (1) 

In this equation, the symbol μ has important meaning. The symbol μ is the average number of 

counts per unit time. For large number of μ, the Poisson distribution is approximated to be 

the normal distribution. [87] 

( )
µ
µµ

πµ
µ 2

2

2

1

!

−
−−

≅
x

e
x

ex , large μ      (2) 

In this study, we assume that each radius of the tip is always constant during scanning. 

Because of the constant tip radius, the current at each pixel on the current sensing image is 

related to the number of the ionic clusters in contact with the tip. Because it reflects contact 

probability between the ionic clusters and the tip, the conductance distribution mainly 

reflects the contact probability of the tip and ionic clusters on the membrane surface, which 

connects to the proton channel network in the membrane. The current sensing image is a 

collection of the expectation value of the fixed area (tip radius). So, conductance distribution 

should follow a Poisson distribution P(n,μ), where μ is the average number of clusters in 

contact with the tip. The contact radius of the tip is roughly 8 nm and the radius of the ionic 

cluster is approximated 2.4 nm. So, four or more clusters always keep in contact with the tip 

when the tip radius is constant. In this case, Poisson distribution can be approximated to be a 

Gaussian distribution. Thus, many images of conductance distribution of this study show a 

Gaussian-like distribution. However, this assumption cannot explain all conductance 

distributions, because it is over simplified. In actuality, the contact radius changes during 

scanning because of deformation of the tip. The cluster radius and distribution of clusters 

were approximated by the water channel model. These unexpected effects induce the non-
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Gaussian-like distributions. 

At all annealing temperatures, the variation of current distribution by annealing time 

shows the same patterns. During the annealing, the distribution shape is sustained and the 

peak value (mean value) is initially shifted to a high conductance for 10 hours and then 

gradually shifted to low conductance. The full width at half maximum of the conductance 

distribution becomes wider since annealing starts and it becomes widest after approximately 

10 hours. After 10 hours the full width at half maximum becomes narrow.  
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Figure captions   

From figure 17 to figure 106 

(a). Current sensing images of Nafion® 115 and Nafion® 212. The imaging conditions were 

identical to all images (room temperature under a 50% relative humidity). 

 

(b). Topographic images of Nafion® 115 and Nafion® 212. The imaging conditions were 

identical to all images (room temperature under a 50% relative humidity). 

 

(c). Line profiles of current sensing and topographic images of Nafion® 115 and Nafion® 212. 

Red dot and black solid line represent, respectively, the cross section of selected line of 

current sensing and topographic images 

 

(d). Conductance distribution of each current sensing image of Nafion® 115 and Nafion® 212. 
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Figure 17. Nafion® 115, Pristine 
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Figure 18. Nafion® 115 annealed at 90°C for 10 hours 
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Figure 19. Nafion® 115 annealed at 90°C for 25 hours 
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Figure 20. Nafion® 115 annealed at 90°C for 31 hours 
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Figure 21. Nafion® 115 annealed at 90°C for 37 hours  
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Figure 22. Nafion® 115 annealed at 90°C for 49 hours  
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Figure 23. Nafion® 115 annealed at 90°C for 60 hours  
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Figure 24. Nafion® 115 annealed at 90°C for 66 hours  



51 
 

               
            (a)                                        (b) 

  0 1 2 3 4 5
-0.2

0.0

0.2

0.4

0.6
 

X(µm)

Cu
rr

en
t(n

A)

-0.10

-0.05

0.00

0.05

0.10

0.15

He
igh

t(µ
m

)

              
0.0 0.1 0.2 0.3 0.4 0.5

0.00

3.50x10-3

 

 

Re
lat

ive
 Fr

eq
ue

nc
y

Current(nA)  
            (c)                                         (d) 

Figure 25. Nafion® 115 annealed at 90°C for 77 hours  
 
 

                 
            (a)                                           (b) 

 0 1 2 3 4 5
0.04

0.08

0.12

0.16

0.20
 

X(µm)

Cu
rr

en
t(n

A)

-0.09

0.00

0.09

He
igh

t(µ
m

)

                
0.0 0.1 0.2 0.3 0.4

0.0

5.0x10-3

 

Re
lat

ive
 F

re
qu

en
cy

Current(nA)  
            (c)                                           (d) 

Figure 26. Nafion® 115 annealed at 90°C for 94 hours  
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Figure 27. Nafion® 115 annealed at 90°C for 111 hours  
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Figure 28. Nafion® 115 annealed at 90°C for 117 hours  
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Figure 29. Nafion® 115 annealed at 90°C for 123 hours  
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Figure 30. Nafion® 115 annealed at 90°C for 129 hours  
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Figure 31. Nafion® 115, Pristine 
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Figure 32. Nafion® 115 annealed at 100°C for 6 hours  
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Figure 33. Nafion® 115 annealed at 100°C for 11 hours  
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Figure 34. Nafion® 115 annealed at 100°C for 21 hours  
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Figure 35. Nafion® 115 annealed at 100°C for 31 hours  
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Figure 36. Nafion® 115 annealed at 100°C for 36 hours  
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Figure 37. Nafion® 115 annealed at 100°C for 46 hours  
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Figure 38. Nafion® 115 annealed at 100°C for 56 hours  



58 
 

              
           (a)                                          (b) 

 
0 1 2 3 4 5

0.00

0.05

0.10
 

X(µm)

Cu
rr

en
t(n

A)

-0.04

0.00

0.04

He
igh

t(µ
m

)

                
0.00 0.03 0.06 0.09 0.12

0.00

1.10x10-2

 

 

Re
lat

ive
 Fr

eq
ue

nc
y

Current(nA)  
            (c)                                         (d) 

Figure 39. Nafion® 115 annealed at 100°C for 65 hours  
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Figure 40. Nafion® 115 annealed at 100°C for 70 hours  
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Figure 41. Nafion® 115 annealed at 100°C for 79 hours  
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Figure 42. Nafion® 115 annealed at 100°C for 84 hours  
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Figure 43. Nafion® 115 annealed at 100°C for 89 hours  
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Figure 44. Nafion® 115 annealed at 100°C for 94 hours  
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Figure 45. Nafion® 115, Pristine 
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Figure 46. Nafion® 115 annealed at 110°C for 6 hours  
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Figure 47. Nafion® 115 annealed at 110°C for 14 hours  
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Figure 48. Nafion® 115 annealed at 110°C for 17 hours  
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Figure 49. Nafion® 115 annealed at 110°C for 21 hours  
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Figure 50. Nafion® 115 annealed at 110°C for 25 hours  
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Figure 51. Nafion® 115 annealed at 110°C for 33 hours  
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Figure 52. Nafion® 115 annealed at 110°C for 37 hours  
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Figure 53. Nafion® 115 annealed at 110°C for 45 hours  
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Figure 54. Nafion® 115 annealed at 110°C for 49 hours  
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Figure 55. Nafion® 115, Pristine 
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Figure 56. Nafion® 115 annealed at 120°C for 4 hours 
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Figure 57. Nafion® 115 annealed at 120°C for 10 hours  
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Figure 58. Nafion® 115 annealed at 120°C for 13 hours  
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Figure 59. Nafion® 115 annealed at 120°C for 19 hours  
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Figure 60. Nafion® 115 annealed at 120°C for 22 hours  
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Figure 61. Nafion® 115 annealed at 120°C for 25 hours  
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Figure 62. Nafion® 115 annealed at 120°C for 34 hours  
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Figure 63. Nafion® 212, Pristine 
 
 

               
           (a)                                          (b) 

   
0 1 2 3 4 5

0.00

0.05

0.10

0.15

0.20
 

X(µm)

Cu
rr

en
t(n

A)

-0.08

0.00

0.08

0.16

He
igh

t(µ
m

)

                 
0.00 0.05 0.10 0.15 0.20

0.0

7.0x10-3

 

 

Re
lat

ive
 Fr

eq
ue

nc
y

Current(nA)  
           (c)                                          (d) 

Figure 64. Nafion® 212 annealed at 90°C for 5 hours  
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Figure 65. Nafion® 212 annealed at 90°C for 19 hours  
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Figure 66. Nafion® 212 annealed at 90°C for 26 hours  
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Figure 67. Nafion® 212 annealed at 90°C for 37 hours  
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Figure 68. Nafion® 212 annealed at 90°C for 60 hours  
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Figure 69. Nafion® 212 annealed at 90°C for 70 hours  
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Figure 70. Nafion® 212 annealed at 90°C for 89 hours  
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Figure 71. Nafion® 212 annealed at 90°C for 99 hours  
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Figure 72. Nafion® 212 annealed at 90°C for 105 hours  
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Figure 73. Nafion® 212 annealed at 90°C for 115 hours  
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Figure 74. Nafion® 212 annealed at 90°C for 122 hours  
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Figure 75. Nafion® 212, Pristine 
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Figure 76. Nafion® 212 annealed at 100°C for 10 hours  
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Figure 77. Nafion® 212 annealed at 100°C for 15 hours  
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Figure 78. Nafion® 212 annealed at 100°C for 31 hours  
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Figure 79. Nafion® 212 annealed at 100°C for 41 hours  
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Figure 80. Nafion® 212 annealed at 100°C for 46 hours  
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Figure 81. Nafion® 212 annealed at 100°C for 51 hours  
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Figure 82. Nafion® 212 annealed at 100°C for 56 hours  
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Figure 83. Nafion® 212 annealed at 100°C for 61 hours  
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Figure 84. Nafion® 212 annealed at 100°C for 66 hours  
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Figure 85. Nafion® 212 annealed at 100°C for 76 hours  
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Figure 86. Nafion® 212 annealed at 100°C for 86 hours  
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Figure 87. Nafion® 212, Pristine 
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Figure 88. Nafion® 212 annealed at 110°C for 8 hours  
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Figure 89. Nafion® 212 annealed at 110°C for 11 hours  
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Figure 90. Nafion® 212 annealed at 110°C for 15 hours  
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Figure 91. Nafion® 212 annealed at 110°C for 19 hours  
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Figure 92. Nafion® 212 annealed at 110°C for 26 hours  
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Figure 93. Nafion® 212 annealed at 110°C for 34 hours  
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Figure 94. Nafion® 212 annealed at 110°C for 38 hours  
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Figure 95. Nafion® 212 annealed at 110°C for 42 hours  
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Figure 96. Nafion® 212 annealed at 110°C for 50 hours  
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Figure 97. Nafion® 212 annealed at 110°C for 54 hours  
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Figure 98. Nafion® 212 annealed at 110°C for 59 hours  
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Figure 99. Nafion® 212, Pristine 
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Figure 100. Nafion® 212 annealed at 120°C for 3 hours  
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Figure 101. Nafion® 212 annealed at 120°C for 6 hours  
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Figure 102. Nafion® 212 annealed at 120°C for 12 hours  
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Figure 103. Nafion® 212 annealed at 120°C for 15 hours  
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Figure 104. Nafion® 212 annealed at 120°C for 18 hours  
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Figure 105. Nafion® 212 annealed at 120°C for 27 hours  
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Figure 106. Nafion® 212 annealed at 120°C for 30 hours  
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Figure 109 to 114 were calculated from the conductance distribution of each image.  

When the proton current from the single ionic channel on the membrane surface to the 

opposite electrode is σ and the average number of the contacting clusters with the tip is λ, the 

peak value Cpeak and full width at half maximum (FWHM) ΔC can be calculated from a 

Gaussian distribution. The peak value Cpeak is the average number multiplied by the current at 

single cluster and ΔC is FWHM of the normal distribution multiplied by single current from 

the conductance distribution as shown in equation 3 and 4. 

λσ=peakC                    (3) 

σλ2ln22=∆C               (4) 

Then the current at the single channel and average number of the clusters in contact with the 

tip are 

2ln8

)( 2C∆
=σ                    (5) 

( )2
2ln8

C

Cpeak

∆
=λ                (6) 

    

Figures 107 and 108 plot the peak value variation of each annealing temperature from 

the Nafion® 115 and Nafion® 212. All plots show the same tendency, initially the peak value, 

which refers to the mean conductance, increased to the maximum value. Then, the maximum 

value started to decay and reached to zero. The increment time of the peak value is roughly 

10 hours for all annealing temperatures for both membranes. This phenomenon is reported in 

many studies [88, 89]. Hensley et al. reported the effect of thermal annealing of the Nafion 

membranes by the X-ray scattering study [88]. He annealed commercial Nafion membranes 
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for 3 hours. When the Nafion 115 membrane was annealed at 90oC, conductivity of the 

membrane was increased by about 20%. The conductivity increment is due to enhancement 

of water permeability, proton conductivity, and equilibrium water sorption increase. However, 

he could not explain the conductivity increment related to the morphological (ionic channel 

network) variation, which is crucial for understanding membrane aging. My understanding of 

the conductivity increment of the membrane is related to the ionic channel network 

reorganization near the membrane surface. When the membranes are annealed, the ionic 

channel networks, which are the randomly distributed in the membrane start to diffuse and 

reorganize to parallel to the membrane. The connectivity of the each ionic channel network 

should be increased, so that water and protons may easily pass through the network. The 

increasing of permeability of protons into membrane induces the conductance increasing of 

the membrane.  

After the peak value reaches the maximum, the peak value starts to decay and goes to 

zero. The decay rate depends on the annealing temperature. The decay time is 130 hours at 

90oC, 80 hours at 100oC, 50 hours at 110oC, and 30 hours at 120oC for Nafion 115 membrane. 

Nafion 212 membranes also show similar decay time except for 90oC and 100oC. At 90oC 

and 100oC annealing temperature, decay time of the Nafion 212 membranes are longer than 

the Nafion® 115. This should be related to EW differences of the two membranes as 

previously mentioned. The peak value decay might be due to the morphological change of 

ionic clusters in the membrane surface. The proton permeability, which is related proton 

conductivity, is reduced while the morphology of ionic clusters changes.  

Figures 109 and 110 are full width at half maximum (FWHM) for Nafion 115 and 

Nafion 212 membranes. When the difference of each pixel on the current sensing image is 
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relatively large, the FWHM of conductance distribution is relatively large. Similarly the 

difference of pixels is relatively small because FWHM is affected by deviation of the current 

at each pixel. Thus, FWHM on the membranes represents conductance roughness of the 

membrane. If the conductance discrepancy of each pixel is large which represent a wide 

FWHM, than the conductance defines the rough state; otherwise it is a smooth state. All of 

the graphs from Nafion 115 and Nafion 212 membranes show the same variation. The 

FWHM, conductance roughness, increases for 10 hours and then it continuously decreases to 

zero. All membranes show the similar conductance roughness increasing rate while the 

membrane is annealing. However, the decreasing rate of conductance roughness depends on 

the annealing time. By increasing annealing time10oC, the decreasing rate is 20 hours shorter. 

The increasing of roughness can be explained by reorganization of the ionic clusters. During 

the ionic channel network reorganization, the ionic channels form an inter-connection in the 

membrane. Different numbers of inter-connection should be formed for each ionic cluster. 

The variety of inter-connection of the ionic channel should be possible by thermal annealing. 

One possibility is that the ionic channel near the membrane is connected to many other ionic 

channels inside of the membrane and branches out to the end of the membrane. In this case, 

the probability of the proton passing through the network will be high and then the measured 

conductance of that point (pixel) is higher than any other pixels. Another possibility is that 

the ionic channel near the membrane is connected to only a few channels. Then low 

conductance will be recorded at the pixel because the probability of the proton passing 

through the network is relatively small. Another possibility is that the ionic channel is 

connected to other ionic channels but the connection is only inside the membrane. In this 

case, the proton conductance becomes zero. In the early stage (from 0 hours to 10 hours) of 
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annealing, the ionic channel inter-connection should be increased. The increasing of the 

conductance roughness is due to coexistence of the many connection possibilities of ionic 

channels.  

There are two possible explanations about decreasing of the conductance roughness 

on the membrane. The first explanation is that the numbers of ionic clusters in contact with 

tip become smaller due to thermal annealing. By decreasing the number of the ionic clusters 

in contact with the tip, the discrepancy of conductance between each pixel becomes smaller 

and smaller. Eventually, the discrepancy of conductance between each pixel becomes zero 

and the conductance on the membrane becomes perfectly smooth. When the thermal energy 

is increased, the clusters decomposition is increased and the decreasing rate of roughness 

becomes smaller by increasing the annealing temperatures.  

The second explanation is that the permeability of proton in the single channel can 

vary. The permeability of protons determines the conductance of the single channel. The 

permeability change influences the conductance variation of each pixel. This permeability 

variation might be explained by the changing geometry of a single ionic cluster. So, 

continuous deformation of the ionic cluster induces reduction of permeability. Due to the 

permeability reduction, the difference of each pixel becomes smaller. The continuous 

reduction of permeability in the single channel induces the continuous conductance 

decreasing in difference of each pixel. Both hypotheses explain the conductance roughness 

decreasing mechanism well by thermal annealing. 
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Figure 107. Peak Value of Nafion® 115 at each annealing time  
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Figure 108. Peak value of Nafion® 212 at each annealing time 
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Figure 109. Full width at half maximum of the Nafion® 115 at each annealing time 
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Figure 110. Full width at half maximum of the Nafion® 212 at each annealing time 
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Figure 111 and 112 plot current variation in a single channel by each annealing 

temperatures of Nafion® 115 and Nafion® 212. The current in a single channel is calculated 

from equation 5 using the peak value and FWHM in the conductance distribution. If protonw 

easily pass through ionic cluster channels, the current in a single channel will be high, 

otherwise it will be low. So, the current in a single channel is directly related to proton 

permeability and the figures 111 and 112 represent the proton permeability variation of the 

membrane. All plots of the Nafion 115 and Nafion 212 membranes display the same variation 

tendency. When the annealing of the membrane is started, the current in a single channel also 

starts increasing. After 10 hours annealing time, the current in a single channel reaches 

maximum value. After it reaches a maximum value, it gradually decreases. The decay rate of 

the membranes depends on the annealing temperatures. Decay rate difference of each 

annealing temperature is about 20 hours. The variation of the current in a single channel 

reflects that proton permeability initially increases and then gradually decreases. The 

increasing of the current in a single channel can be explained by the reorganization of the 

ionic channels. When the membrane is annealed, the mobility of ionic channels increases and 

organizes into stable state. While the ionic channels are organized, the connectivity of each 

channel is enhanced. Due to the enhancement of the connectivity, the proton easily passes 

through the channels. Thus, the proton permeability is increased and the current in a single 

channel is increased. Proton permeability is directly related to the geometry of the ionic 

cluster. So, the current change in a single channel can be due to the geometrical change of the 

ionic clusters. The structure of the ionic cluster is inverted micelles which include sulfonic 
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acid groups. If sulfonic acid groups are decomposed by the thermal annealing, the geometry 

of the ionic clusters is deformed and the proton permeability is reduced by this ionic cluster 

deformation. Thus, the current in a single channel is decreased. This hypothesis explains the 

decay of the current in a single channel well; however, there is another possible explanation. 

The current in a single channel was calculated using the peak value, mean current on the 

membrane. If the number of the ionic clusters in contact with the tip is reduced, then the 

mean current on the membrane is decreased. Because of the decreasing mean current, the 

current in a single channel is also decreased. Figure 111 and 112 show that the membrane 

aging is clearly related to the variation of the ionic cluster but the specific ionic cluster 

variation mechanism is unclear.  
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Figure 111. Current at single channel of the Nafion® 115 at each annealing time 
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Figure 112. Current at single channel of Nafion® 212 at each annealing time 
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Figures 113 and 114 plot the average number of clusters in contact with the tip at each 

annealing temperature. Each point in the plot was calculated using equation 5. In the Nafion 

115 membrane, the average number of clusters in contact with the tip is roughly 20 at 90oC to 

110oC. At 120oC, the number of clusters in contact with the tip is about 30 for the Nafion 115 

membrane. In the Nafion 212 membrane, the average number of clusters in contact with the 

tip is 15 from 90oC to 110oC and 30 at 120oC. Another point, both greater and less than 20, 

was affected by the tip deformation. The tips used in this study were coated by a soft Pt layer. 

This Pt layer can easily deform; it should be ground away from the tip due to the friction 

between the tip and membrane. Also, something could be adhered to the tip. The result which 

is the constant average number of clusters in contact with the tip during the annealing process 

represents the overall ionic clusters in the membrane which are always constant. It is very 

important to understand the aging mechanism of the membrane because it indicates that there 

is no number of ionic clusters change on the membrane and the deformation of individual 

ionic cluster induces the aging of the membrane.  
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Figure 113. Average number of clusters in contact with tip at each annealing time in  
Nafion® 115 
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Figure 114. Average number of clusters in contact with tip at each annealing time in  

Nafion® 212 
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Table 2 is a summarization of the peak value decaying of the Nafion 115 and Nafion 

212 membrane. Two membranes show different decay times. The decay time difference of 

both membranes is 30 hours, 20 hours, 10 hours, and 0 hours relative to 90 oC, 100 oC, 110 oC, 

and 120oC annealing temperatures. The decay time difference might be related to the 

equivalent weight (EW) difference of the membranes. Nafion 212 membrane has a larger EW 

then Nafion 115 because EW is 1100 at Nafion 115 and 2100 at Nafion 212. EW difference 

of both membranes induces numbers of ionic cluster difference in the Nafion 115 and Nafion 

212 membranes. If we assume the decay is related to structural change of the ionic clusters, 

the membrane which has a larger ionic cluster must have a longer decay time. So, the 

relatively longer decay time of the Nafion 212 membrane can be explained by larger EW. 

Table 3 shows that the decay time difference becomes shorter due to annealing temperature. 

It should be related to the mobility of the sulfonic acid group in the ionic cluster. At low 

temperatures, the mobility is relatively small so the EW effect is dominant in the membrane. 

However, EW effect in the membrane becomes smaller and the mobility effect becomes 

dominant at higher temperatures. Thus, the decay time difference is shorter by increasing of 

annealing temperatures. 

Table 3 is a comparison of the ionic cluster radius between the water channel model 

and my study. The ionic cluster radius was calculated from the effective contact area between 

the tip and membrane divided by the average number of the ionic clusters in contact with the 

tip. From the water channel model, the morphology of the ionic clusters is expressed by the 

randomly close-packed inverted micelles. So, the contact area of the tip divided by the 

average number of clusters in contact with the tip gives the radius of the ionic cluster. The 

result of my calculation is 1.78 and 2.06 relatively for Nafion 115 and Nafion 212 membrane. 
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This result agrees with the radius of the ionic cluster (1.8~3.5nm) in the water channel model. 

The radius difference of the Nafion 115 and Nafion 212 membrane is due to EW difference in 

the membrane. The Nafion 212 membrane EW is twice as large when compared with the 

Nafion 115 membrane. The ionic clusters in the Nafion 212 membrane consist of a 

comparably larger number of the sulfonic acid group. Thus the radius of the ionic cluster in 

the Nafion 212 membrane is larger than Nafion 115 membrane.  

Table 4 shows the radius difference of the ionic cluster at each annealing temperature. 

From 90oC to 110oC, the radius of the ionic cluster is 1.78 nm and 2.06 nm respectively for 

the Nafion 115 and 212 membranes. At 120oC, the radius of the ionic cluster is reduced to 1.4 

nm for both membranes. The mechanism of the reduction of the radius of the ionic cluster is 

unclear. 

 

 
Table 2. Summarization of the peak value decaying 

 

 

 90oC 100 oC 110 oC 120 oC 

Nafion 115 80(Hours) 60(Hours) 40(Hours) 20(Hours) 

Nafion 212 110(Hours) 80(Hours) 50(Hours) 20(Hours) 

Decay Time Difference 30(Hours) 20(Hours) 10(Hours) 0(Hours) 
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 Water channel model Nafion 115 Nafion 212 

Cluster radius 1.8~3.5nm 1.78nm 2.06nm 

Table 3. Comparison of the ionic cluster radius 
 

 Nafion 115 Nafion 212 

90oC -110oC 1.78nm 2.06nm 

120oC 1.4nm 1.4nm 

Table 4. Radius difference of the ionic cluster at each annealing temperatures 
 

Figure 115 illustrates the conductance and current sensing image variation during the 

thermal aging of the membrane. The conductance in the membrane shows different variations 

at maximum value (approximately 10 hours annealing time). The conductance on the 

membrane is increased from 0 to 10 hours. While the conductance on the membrane is 

increased, the current sensing image shows drastic change such as the randum structures on 

the current sensing image changes to the filament structures. During this change, FWHM and 

the current in a single channel are increased; however, the average number of the ionic 

clusters in contact with the tip is remains constant. The conductance on the membrane is 

continuously decreased after 10 hours. While the conductance on the membrane decreases, 

the current sensing image shows the developed filament structures. FWHM and the current in 

a single channel gradually decay simultaneously. The average number of the ionic clusters in 

contact with the tip does not change in this interval. 
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Figure 115. Conductance and current sensing image variation 

 

The aging process of the Nafion membrane can be explained as two steps. Figure 116 

and 117 show the simple model of the aging process at each step. Figure 116 (a) and (b) 

illustrate the ionic channel reorganization while the conductance increases. The glass 

transition temperature of the Nafion membranes changes in the range of 100oC-150oC which 

depends on the water uptake by the membrane. [86] As the temperature is close to this range, 

the mobility of molecules should increase rapidly, making the proton channels easier to 

rearrange to form a stable state. From the study of Schmidt-Rohr et al., the ionic channel 

network is explained by the parallel proton channel model using the SAXS and SANS 

measurement. [37] This model provides a unified view of the ionic structure; however, it is 

not clear whether such a configuration, presumably formed in the fabrication of the 

membranes, is a stable one. [89] Between ionic channels, the effective interaction is the 
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repulsive force and van der Waals force at short and long range [90]. For pristine membranes, 

the short water channels (ionic channels), are randomly distributed in the membrane and  

each water channel makes networks as shown in figure 116 (a). When the annealing 

temperature become close to the glass transition temperature of the Nafion membrane, the 

ionic channels are diffused and rearranged into a stable state. For the ionic channels near the 

membrane surface, the ionic channels create are reorganized from perpendicular to parallel 

with the membrane surface because the interaction between the membrane interface and the 

ionic channels is attractive. The interaction is due to image charge which is created by the 

interface. These channels in parallel to the membrane surface might be open on one side 

forming a groove on the surface, which should increase the contact probability of the 

channels and the probe tip, and get more channels connected in parallel across the membrane 

as shown in figure 116 (b). [90] The increased connectivity of ionic channels by the re-

organization of the ionic channels improves proton permeability. Thus, conductance in the 

membrane is increased by thermal annealing. This phenomenon is reported in many other 

studies. [87, 88, 92] Casciola et al. studied thermal annealing of Nafion 117 membrane [92]. 

The result shows the same trend as this study. The conductivity was initially increased and 

then gradually decreased. The conductivity change of the membrane is due to the axis 

rotation of the ionic channel network. Hensley et al. studied the annealing effect of 

commercial Nafion® 111 and Nafion® 115 by XRD. The result of their study shows that the 

conductivity of the membrane was increased during 3 hours annealing. The water and proton 

permeability of ionic clusters were increased due to the structural change of the ionic cluster 

and the water and proton permeability increasing induces in the increase conductivity. 

However, both studies did not report clear evidence of the conductivity variation due to 
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structural change of the ionic clusters. 

 

           
                   (a)                             (b) 

Figure 116 Simple model of ionic channel network re-organization 
 

Figure 117 illustrates a simple model of sulfonic acid group decomposition. While the 

conductance on the membrane is decreasing, FWHM and the current in a single channel also 

show a decrease; however, the average number of clusters in contact with the tip does not 

change. The rational explanation is that the morphological change of the ionic clusters 

induces the conductance variation. The morphological change of ionic clusters should be 

explained by the sulfonic acid group decomposition. Thus, the conductance drop during 

thermal annealing should be explained by the sulfonic acid group decomposition process in 

the membrane. The sulfonic acid group decomposition induces a reduction of proton 

permeability in the ionic channels. The proton conductivity is decreased by the reduction of 

the proton permeability. The sulfonic acid group decomposition on the low temperature range 
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(90-150oC) is reported in several studies [38, 64, 67]. These studies insist that the 

conductance drop due to thermal aging is strongly related to sulfonic acid group 

decomposition. Collette et al. studied the aging of Nafion 112 membrane under 80oC by IR 

and NMR. They found that the conductivity of the membrane droped 80% for 20 days when 

the membrane was annealed at 80oC. During the conductance drop in the membrane, the 

sulfonic acid group decreased and sulfonic acid anhydride increased according to the NMR 

measurement. The sulfonic acid group decomposition is directly related in the forming of 

sulfonic acid anhydride [60]. The anhydride formation on the membrane is also observed by 

Alentiev et al. study [61]. So, the sulfonic acid group decomposition process can be 

explained using the formation of sulfonic acid anhydride. From the water channel model, the 

structure of the ionic channels on the membrane is inverted micelles. The water channel is 

surrounded by hydrophobic PTFE, which has hydrophilic sulfonic acid tails. The sulfonic 

acid tail (SO3
-) is embedded into the water channel as shown in figure 117. In pristine 

membranes, the sulfonic acid tails are in equilibrium by van de Waals force. When the 

membrane is annealed near glass transition temperature (90-150oC), the mobility of the 

sulfonic acid tails is increased. This increased mobility should promote the sulfonic acid 

anhydride formation by increasing the probability to obtain the optimized distance between 

the two nearest neighboring sulfonic acid tails. Due to the formation of the anhydride, the 

sulfonic acid tails are decomposed. Even though the anhydride formation in the water 

channels explained well decomposition of the sulfonic acid group, there is no direct 

experimental evidence from this study.  
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Figure 117. Simple model of conductance decaying 
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CHAPTER 4 

SUMMARY AND DISCUSSION 

 

The aging mechanisms of the Nafion® 115 and Nafion® 212 were studied using the 

current sensing atomic force microscopy (CSAFM). In order to study thermal aging of both 

membranes, they are annealed at four different temperatures 90oC, 100oC, 110oC, and 120oC. 

The result of this study is characterized by the CSAFM images and conductance distribution 

at each CSAFM image.  

The results show that the aging mechanism follows two steps; structural changing of 

the ionic channel network and sulfonic acid group decomposition. At the early stage, which is 

annealed within 10 hours, the conductance and conductance roughness (FWHM) in the 

membrane increases and the current in a single channel increases due to increasing of inter-

connection between ionic channels, but the average number of the ionic clusters in contact 

with the tip does not change. The CSAFM image shows that the ionic clusters are reoriented 

near the membrane surface. These results reveal that ionic channels near the membrane 

surface are aligned parallel to the membrane interface. Due to the alignment of ionic 

channels, the connectivity of each ionic channel is increased. The conductance on the 

membrane is increased as the result of increasing connectivity of each ionic channel.  

After the early stage, the conductance of the membrane decays and reaches to zero. In 

this stage, FWHM and the current in a single channel gradually decay; however, the average 

number of the ionic clusters in contact with the tip is constant. The conductance decay due to 

thermal annealing can be explained by the morphological variation of the ionic channels. 

When the membranes are continuously annealed, the mobility of the sulfonic acid groups 
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forming ionic channels is increased. The increasing mobility of ionic channels induces 

sulfonic acid anhydride is formation. The proton permeability is reduced as the formation of 

sulfonic acid anhydride. The result of proton permeability reduction, the conductance in the 

membrane is decreased. These models provide a plausible explanation about the thermal 

aging mechanism of Nafion membrane. However, the experimental evidence is not sufficient 

to support these models. So, further research will be required.  
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