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Chapter 1 General Introduction 

 

 

1.1 Background 

A lot of researchers believe that we are encountering problem with energy sources, 

(oil, coal, et.al.) becoming scarcer.1,2 Energy is closely related to the development of 

our society. It is said that people are impossible to reach the present level of wellbeing 

and quality of life without energy source. Fossil fuels, which are the most utilized, 

useful source of energy are facing a downside. However, our energy system is still not 

prepared for it since highly concentrated forms of energy are both in short supply and 

act important roles in our industrial system. Because energy is the foundation of all 

activity, this dysfunction propagates throughout all of our daily life and interactions 

with environment, manifesting as problems: deforestation, ocean acidification, 

biodiversity loss, mass poverty, pollution of water and air, diseases, water table 

depletion and so on 

If there is no enough energy resources, the modern economic development will be 

significantly restricted. Additionally, the more critical problem is that fossil fuels are a 

source of pollution of the environment in many cases and have great impact on air. As 

a consequent, the energy problem has several impact bellows: 

(1) Major oil producers tend to conceal their ability of supply, in order to reveal the 

importance of oil prices 

(2) Global warming has become unmistakably important, especially climate changes, 

and rising sea levels.  

Thus, it is urgent to develop a kind of alternative sustainable, renewable energy 

source to support modern society. In order to fulfill these demands, recent researchers 

are focusing new energy (e.g. lithium ion battery (LIB), fuel cell, photovoltaic 

generation system) development. In these, although LIB is most widely used secondary 

battery for further energy source, while the further utilization is limited by immature 

technology such as ageing, safety problem.3 One more attractive alternating solution is 

the polymer electrolyte fuel cells. Although there are many types of fuel cells, such as 
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phosphoric acid fuel cells, alkaline fuel cells, solid oxide fuel cells, polymer electrolyte 

fuel cells are receiving the most attention for automotive and small stationary 

applications.4-7 Compared with other energy sources, PEFCs has following 

advantages:8,9 

(1) Non-pollutant, the only by-product at point of use is water 

(2) Low operation temperature (80°C), compactable 

(3) Operating times are much longer than with batteries 

Since PEFCs have various advantage compared to conventional energy sources. 

PEFCs are expected to become the alternating energy sources in the 21st century. 

In this manuscript, we focus the ionomer/electrode interface to investigate the 

properties and morphology of polymer electrolyte in form of thin film. 

 

 

1.2  Current Development of Polymer Electrolyte Fuel Cells (PEFCs) 

The PEFCs has received extraordinary attention as a new generation power converter, 

which are expected to be applied to automotive power and stationary power of 

microelectronics. As the high energy density and low operation temperature, PEFC is 

expected to be one of the most promising energy sources.8,10-12 A fuel cell vehicle (FCV) 

manufactured by Toyota was released at the November 2014. Up to now, global sales 

totaled more 5000 Mirais. 

Figure 1 shows an example schematic image of PEFCs. PEFC use a solid state 

polymer membrane (electrolyte) as a separator. This proton conducting membrane is 

sandwiched between the anode and cathode. A very thin catalyst layer mixed with 

carbon support are cast to either side of the membrane and to the electrodes. The 

membrane electrode assembly is set between the middle separators to fabricate a unit 

cell. Two bipolar plates are positioned to the adjacent electrode, one on each side of the 

MEA. If H2 gas is used as the fuel, it oxidized at the anode and release electrons and 

proton as following equation 

+ -

2H 2H +2e→         [1] 
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The hydrogen reaction is an oxidation reaction because electrons are being liberated by 

the reaction. The generated protons are transported across the electrolyte membrane and 

react with oxygen to generate water 

2 24H 4e O 2H O+ −+ + →        [2] 

The oxygen reaction that occurred in cathode is a reduction reaction because electrons 

are being consumed by this reaction. In particular, multiple elementary reaction 

pathways are possible at each electrode. hydrogen electrode and oxygen electrode can 

be either positive or negative. For a galvanic cell, the anode is the negative electrode 

and the cathode is the positive electrode.1,6,13 

To commercialize successfully PEFCs, the cost must be economically reduced.14-17 

The approach to solve this problem is considered as simplification of reaction system, 

increasing durability and lifetime, improving cell performance, and decreasing the cost 

of the raw material. In all these issues, the most crucial point is to reduce the cost of the 

extremely expensive platinum catalysts. To solve this problem, several strategies have 

been efforted to enhance the activity of Pt-based catalysts through increasing effective 

surface area and/or intrinsic activity site.10,17-20  

Another crucial point is the proton conducting polymer. Since the hydrogen gas has 

to transport through electrolyte membrane, the gas permeation, proton transport 

property  

 

 

1.3  Nafion State 

1.3.1 Perfluoirnated Sulfonic-acid (PFSA) ionomers 

Perfluorinated sulfonic-acid ionomers are members of proton conducting materials 

famous for its significant high proton conductivity, thermal stability and mechanical 

stability. Nafion®, a registered trademark of proton conducting material, is the most 

widely used for various electrochemical devices. Dupont de Nemous was the first one 

in 1962 to develop this proton conducting material. Beside Nafion, PFSAs with short 

side-chain chemistries shown in Figure 2, have received conservable attention to 
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optimize chemical and phsical properties, such as Aquivion, Flemion and other 

improved PFSAs, such as Gore-SELECT, GORE-SELECT and GORE.21-24 

As a kind of diblock copolymer, Nafion consist of semicrystalline polytetrafluoro-

ethylene (-CF2) backbone and a side-chain with a pendant sulfonic acid group, SO3H 

shown in Figure 2.25,26 The molecular weight of the Nafion is not easy to determine 

which is only can be considered it changing all the time. Normally, the equivalent 

weight (EW), defined as the grams of dry polymer per mole of sulfonate acid groups, 

was used to evaluate the relative number of sulfonate groups in Nafion molecule.27 

In fact, proton conductivity, water content, hydrogen stability at high temperatures, 

mechanical/thermal and oxidative stability are important properties that must be 

controlled in the practical design of these membranes.11,28-30 Since the Nafion /catalyst 

interface act as a chemical reaction field, it is crucial to further understanding the 

interface morphology and various phenomena occurred in this regime.31 

 

 

1.3.2 Phase Separation 

Different with monomer, one of the most unique feature of a diblock copolymer is 

the repulsion of sequences.21 Normally, sequence tend to accumulate, but as they are 

chemically bonded, for which the segregation result in a phase separation only exhibit 

as crosslink of polymer chain. However, in the case of a completely incompatibility 

diblock copolymer system, phase separation occurs: nanodomains rich in A or in B are 

formed and vice versa.21,32,33  

In case of the perfluorinated ion-exchange membrane, hydrophilic domains are 

described as cluster formed by hydrophilic function groups-sulfonate groups where the 

hydrophobic domains consist of the perfluorinated and polyaromatic backbone. It is 

well known that the hydrophilic/hydrophobic phase-separated morphology that support 

PFSAs considerably high ion transport capabilities. As Figure 3 shown, the difference 

in chemical structure of the covalently bonded pendant sulfonate group and CF2 chains 

induce nature hydrophilic/hydrophobic phase separation and it will be enhanced by 

hydration. Under hydrated condition, PFSA membrane separates at nanoscales then 
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form a proton-conducting hydrophilic phase and a nonconductive hydrophobic phase 

with complex morphologies having mesoscale connectivity. 

This phase separation phenomena of PFSAs have been studied extensively by using 

small angle X-ray scattering (SAXS), wide angle X-ray scattering (WAXS) and small 

angle neutrons scattering (SANS).32,34-54 In the case of high humidity level, the 

generally accepted theoretical model is that a continuous water-rich cluster surrounded 

by partially crystallized perfluorinated matrix which acts as physical crosslinks 

preventing a complete dissolution. On the other hand, under comparatively dry 

condition, Nafion tends to form inverted-micelle with the polymer backbones on the 

outside and the sulfonate group lining water channel.  

 

 

1.3.3 Nafion Model 

Over the past two decades, on the basis of information gathered from SAXS and 

WAXS, various models of free-standing Nafion membrane have been proposed. Based 

on the changes in the Nafion ionomer peak position and intensity as a function of 

hydration has been studies by various groups.45,47,55,56  

(a) Cluster-network model: such structural changes was firstly proposed by Hsu, 

who suggest that the coalescence of water-swollen clusters that would result in 

the increased spacing of periodic clusters as shown in Figure 4(a).55,57 

(b) Parallel water channel model: The author Rohr assumed in their simulations that 

the ionomer peak increase due to thickness change was slightly larger than that 

of both lateral dimensions. Based on the simulation, the characteristic ionomer 

peak around 1-2 nm-1 result from long periodic hydrophilic cluster but otherwise 

randomly packed water channels surrounded by partially hydrophobic matrix, 

forming inverted-micelle cylinders shown in Figure 4(b). It is noticeable that 

Nafion with crystallites of 10 vol%, which form physical crosslinks that are 

significantly important for the mechanical properties of Nafion films, are 

elongated and parallel to the water channels.2,58  

(c) Locally flat ribbon-like (ribbon) model: This model was created ideally to 



8 

 

demonstrate the ionomer peaked, around 1-2 nm-1, in SAXS data and measured 

its domain spacing. Based on these results, parameters, such as the d-spacing, 

cluster size et. al. depend on humidity level can be estiamted.27,47,59,60 

(d) Other models: For instance, the structure, at low hydration, correspond exhibit 

connected water-rich spherical hydrophilic domains embedded in hydrophobic 

polymer matrix. As the humidity increased, it tend to form a connected network, 

rod-like polymer shown in Figure 4(d).41 

In early stages, a hydrophilic domain has been considered as a spherical cluster-

network geometry, which was widely accepted in this area. However, recent studies and 

the current state of understanding requires a more general description on phase 

segregation but not a prescribed geometric shape as before. While, if we recognize the 

specific perspective by which a particular model was proposed, a number of valuable 

disparities between the different models may be reconciled. For instance, a rodlike 

model, which was widely accepted, has been refined to the structure that may have e 

possibility of cylinder aggregates. Furthermore, it may assemble locally at low 

humidity.47 

The morphological information and demonstration for Nafion revealed the fact that 

a connected ionic cluster network through which polar solvents and ionic species 

permeate. It is still controversial to preset a certain morphology and geometry of PFSA 

ionomers. It can be said that the morphology of Nafion is complicated. The current 

model summarized in Figure 4 are the model of current research. The data analysis 

techniques utilized in these studies are providing a wealth of new morphological 

information which is can be related to other morphological and/or physical property 

research to give a total elucidation of the PFSA ionomer structure.  

 

 

1.3.4 Thin Film and Interface 

In practical PEFC catalyst layers, proton conducting ionomers are fabricated as layer 

with nanometers thick on the surface of catalyst particles, which is responsible for 

proton transport and gas and/or water transport to and from catalytic active sites.11,18,61-
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67 As the thickness confined to nano levels, its properties significantly depend on 

ionomer thickness and ionomer/substrate interactions.61,68-71 Now days, several effort 

has been conducted toward elucidation of PFSA thin film, which present distinctive 

property compared to free standing Nafion membrane due to confinement effects as the 

film thickness decreased to the domain size of the Nafion ionomer.61,68,69,72-82 In this 

regime, several factor such as thickness, processing, substrate type and humidity are 

considered to have a great impact on film morphology.68,69,77,82-84 

In thin film, ionomer/catalyst interactions and confinement are known to have a great 

impact on the phase separation of diblock-copolymers, Nafion.82,85-87 Thus, self-

assembly Nafion thin film exhibit anisotropy in domain orientation. As a result, 

confinement effects in Nafion films have attracted much attention mainly for two 

reasons:  

(1) To understanding the surface morphology, properties of free-standing membranes, 

where the ionomer is considered to form a distinctive layer 

(2) To further understand the morphology changes and behavior of ionomer films in 

practical PEFCs electrode11,18,61,62,88,89 

Generally, Nafion thin film are fabricated by casting method a diluted Nafion 

dispersion onto a certain substrate, such as SiO2, Au. In other words, the relationship 

between structure and property of PFSA thin-film is strongly influence by fabrication 

processing as well as ionomer/substrate interactions. To probe the thin film cast on 

substrate, techniques such as quartz-crystal microbalance (QCM) and ellipsometry are 

used for weight and thickness measurement, respectively. Recently, grazing-incidence 

small (GISAXS) / grazing-incidence wide angle X-ray scattering (GIWAXS) 

experiments and neutron reflectivity (NR) were developed for thin film morphological 

characterization. Since the investigation of transport property is difficult to conducted 

in thin film, most studies relay on swelling measurements, such as in-situ ellipsometry. 

These results are further supported by nanostructural characterization for anticipating 

ionomer thin-film proton transport behavior.  

Recent research have revealed that when the film thickness topologically confined 

nanometers, significant deviations in its physical properties as well as morphological 
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changes occur compared to free standing Naifon membrane. Compared to free-standing 

membrane, Nafion films thin with thickness under 50 nm exhibit significantly 

decreased thickness swelling, water uptake,31,68,69,73,74,76,78,81-84,90 decreased proton 

conductivity and increased activation energy,67,75-77,84,91,92 lower water diffusion 

rate,74,78,82,90,93,94 lower intrinsic permeation,95higher modulus,96,97 and lower 

permeability.62,89 These trends are pronounced to stronger as the film thickness 

decreased to under 30 nm.31,69,73-75,80 Additionally, confinement effect and the 

interactions between substrate and ionomer affect the molecular ordering of the CF2 

chains, which as confirmed by Fourier-transform infrared spectroscopy,98 neutron 

reflectometry,74,98 and grazing incidence small angle X-ray scattering31,69 results, where 

alignment of CF2 chains and water domain brought in comparatively lower water 

uptake72,76,82,83 and transport processes.72,76,82,83 The above phenomenon observed in 

thin film can be explained by (1) the decreased swelling; (2) anisotropic orientation (3) 

a less phase separated structure. 

It is considered that the thin film is available to use as model system to investigate 

and mimic catalyst/Nafion interface.11,18,61 A good performance ionomer must have two 

points (1) high oxygen permeability (2) high proton conductivity. While in case of thin 

film, the decreased property of oxygen permeability and conductivity is mainly 

determined by the confinement effect, is also strongly influenced by the 

ionomer/catalyst interaction, with chemical affinity (specific adsorption) between 

sulfonate group and Pt substrate. Therefore, elucidating the influence of ionomer on 

transport mechanism under confinement effect and ionomer/substrate interactions is 

still a challenging theme. Additionally, the impact of morphological changes on proton 

transport is strongly dependent on the transport direction in which the conductivity is 

probed along in-plane and out-of-plane direction. For instance, a DPD model of Nafion 

thin film with thickness of 5-10 nm on carbon substrate elucidated anisotropic diffusion; 

higher along the in-plane direction, while lower in out-of-plane direction.99 Considering 

the electrostatic interactions arising from ionic groups, which is responsive to humidity 

level, wetting interactions, a high level of complexity in structure is observed in Nafion 

thin film. As an energy conversion system, additional studies such like operando 
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measurements need to be conducted to reveal the potential impact on morphology and 

properties of intrest. 

 

 

1.4  Nanomorphology Features 

1.4.1 Small/Wide Angle X-ray Scattering (SAXS/WAXS)  

Small/Wide angle X-ray scattering (SAXS/WAXS) is a technique by which 

nanoscale density differences in a sample can be quantified. Figure 5(a) shows the 

simplified schematic of a SAXS/WAXS measurement. The scattered radiation is 

measured in transmission mode within an angular angle. The intensity is recorded as a 

function of the q, scattering wave vector, which characterize the distance in Fourier 

space. 

Over the past decades, several morphological results obtained by a varieties of 

scattering and/or diffraction analysis method of PFSA ionomer has been released t to 

give a reasonable elucidation of PFSA ionomers in term of the nanostructure 

organization under a variety of environmental condition or physical states. 

In Figure 5(b), we summarized the useful information can be extracted from 

scattering profile are list below: 

(1) A widen peak, around 0.2 nm-1<q<1 nm-1, corresponding to the intercrystalline 

spacing between the crystalline domains of the polymer matrix, generally called 

matrix knee. 

(2) The single peak, around q=1-2 nm-1, corresponding to a structural correlation 

length for hydrophilic domains formed by aggregation of sulfonate groups and 

interpreted as the spacing between hydrophilic domains on the order of 

nanometers. 

(3) The amorphous and crystalline WAXS peaks appear at q=12.4, can be interpreted 

to the inter spacing of the fluorocarbon (-CF2-) chains and the peak around 26 

nm-1 are illustrated as the intracrystalline spacing of the fluorocarbon (-CF2-) 

chains in the crystalline structure,  

SAXS/WAXS analysis is difficult due to the backgournd that scattering method only 
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provide data in inverted space. The conversion of raw data to real space in three-

dimensional space is necessary. Additionally, due to the fact that the relative random 

hydrophilic/hydrophobic phase separation, peaks (ionomer peak, 

amorphous/crystalline peak) has amorphous-like widen peak. As a result, the 

quantitative interpretation of the scattering results is controversial. Therefore, the 

researchers are required to compare the experimentally obtained scattered profiles with 

that predicted by conceptive models assumed for the structure. While, the SAXS/XRD 

patterns of these polymers generally obtained extremely limited information. Mot 

research groups have focus on elucidating the influence of swelling, post-treatment on 

the scattering profiles for comparison and validation of conceptive model as mentioned 

above. Moreover, recent studies of the morphological continuum from the dry condition 

through the hydrated condition, have accumulated valuable questions about the 

organization of hydrophilic and hydrophobic domains and so on of the morphology of 

PFSA. 

Recalling the previous search used SAXS,32,34,35,44,45,47,48,56 these distinctive models 

have each certain hypothesis result in significantly difference in quantitative and/or 

qualitative detail. Finally, some of these results have weathered the test time but still 

remain the focus of debate. The perspective continuesly focus continues on 

fundamental elucidation of the structure nature of the hydrophilic (ionic) domains, 

especially the cluster size, shape, and spatial distributions. Although the ionic 

hydrophilic cluster are known as a result from the hydrophilic/hydrophobic phase 

separation between polar and nonpolar constituents of the diblock copolymer, Nafion, 

the concept or the illustration of dispersed ionic clusters or contiguous hydrophilic ionic 

domains rely on the perspective of the method used to probe. 

 

 

1.4.2 Grazing Incidence Small/Wide Angle X-ray Scattering (GISAXS/GIWAXS)  

The GISAXS technique was originally introduced by Jonna and his coworkers, but 

it has come to be a widely accepted method for the study of nanostructured thin film 

only in the past 10years.100,101 It is a technique that combines features from SAXS and 
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diffuse X-ray reflectivity.102 One of the key point that distinguishes the GISAXS from 

the transmission method is the reflection scattering wave, which its intensity has almost 

the same amplitude as that of the incident beam. Scattering from the reflected beam is 

called multiple scattering since it is scattered at least two times.103 In case of the 

GISAXS, there are multiple scattering wave in addition to the interferences between 

the scattered radiation the reflected beam and the incident beams. As a result, kinematic 

scattering theory makes an assumption that no multiple scattering is no longer be taken 

into consideration unless the reflectivity is negligible.104 Although the full dynamic 

scattering theory should be taken into account for the grazing-incidence measurement, 

a relatively simpler principle distorted-wave Born approximation (DWBA), has been 

gradually accepted, for the reason that the former does not limit how many times the 

incident photon is scattered, while the latter assumes that it undergoes a maximum of a 

reflection events and a scattering events by a nanostructure object. In briefly, GISAXS 

is a powerful tool for charactering nanoscale structure, orientation, the morphological 

information like the shape and/or size of nanoscopic object at surface or bulky part for 

thin films.  

In order to extract useful information from incidence x-ray scattering pattern, a 

specific grazing incidence angle (αi), must be strictly selected between the critical angle 

of the substrate (αc,s) and the critical angles of the film material (αc,f). In briefly, it could 

be expressed as the following relationship: αc,f <αc,f < αc,s. In practice, the actual choice 

of αi depends on the object to be studied. To obtain high quality data, largest scattering 

cross sections are need to be achieved, which require the incident angle must set to the 

value as close to the critical angle of objective film. However, in case of this, multiple 

scattering effects needs to be considered to properly model the results. If the incident 

angle is more or less above the critical angle of the substrate, dynamic scattering effect 

will be much reduced. 

Different with SAXS, the samples used for GISAXS measurement can be cast on 

various substrate to mimic the reaction field of practical PEFCs. By now, GISAXS is 

still a new tool to investigate the morphology of the Nafion thin film. Up to now, only 

less than 10 papers about Nafion thin film have been published, including wetting 
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interaction83, substrate influence69, confinement effect77, EW of PFSA ionomer31, 

atmosphere impact105. All these investigations give a fundamental insight of 

morphology of Nafion thin film with thickness under 300 nm. In briefly, the 

phenomenon discussed above are related to hydrophilic/hydrophobic phase separation, 

substrate/ionomer interaction et.al and consequently affect the proton transport property. 

 

 

1.4.3 Direct imaging of AFM and SEM 

Accurate visualization technique is need to clarify morphology, although it is still a 

challenge due to sample processing method, radiation damage et al.106,107 By using 

TEM, a phase-separated nanostructure consist of circular domains with thickness under 

10 nm has been visualized in lower humidity level.108-110 Recently, Allen et al. revealed 

that the hree dimensional nanoscale image of PFSA thin film as shown in Figure 7(a) 

by suing cryo-TEM tomography.106 The direct evidence of the three dimensional 

structure and demonstrate some of the previously conceptive model proposed by using 

SAXS/SANS, in practical, the l elongated cylinders are interconnected via sub-domains 

with various size. It should be noticed that this directly obtained structure was measured 

under 100%RH humidity level. For the cases under low humidity level, like the 

spherical domains with weaker connections, it is also expected to be validate. 

Additionally, after the calculation of Fourier transform of images, one can yielded a 

scattering peak result from ionic domain, around q≈1 nm-1, which is comparable to the 

experimental observation. 

 

 

1.5  Proton Transport Properties and Mechanism 

1.5.1 Transport Phenomena 

The transport of proton in PFSA is dependent on humidity level as well as the 

circumstance of water, where the sulfonate site and water interact. In addition to that, 

the segmental motions of the polymer chains also have impact on proton transport, 
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which is temperature sensitive. Therefore, the proton transport consist of multiple sub-

process, (1) firstly, the dissociation of the proton from sulfonate groups (2) secondly, 

the formation of an ion-pair with water and sulfonate group at the molecular scale, (3) 

thirdly, water-mediated transport through the hydrophilic ionic domains at the 

nanoscale (4) long-range mobility within the connected cluster network at the 

mesoscale. In general, proton conduction in PFSA is directly correlated to water 

behavior, humidity level at multiple length from molecular to meso scale and time 

scales, wherein the relationship between conductivity and water diffusivity is possible 

to be developed. 

Over the last decades, although the proton conductivity of PFSA ionomers was 

extensively investigated over 200 papers, the impact of possible interfacial resistance 

on impedance results is still under debate due to fact that the measurement techniques 

and decoupling with contact resistance.111-114 

 

 

1.5.2 Proton Conductivity of Nafion membrane and thin film 

The conventional method to obtain proton conductivity are electrochemical 

impedance, dielectric spectroscopy and for some cases it can be determined from self-

diffusion. If structural diffusion/hopping mechanism exist, the obtained value is 

vehicular conductivity and fails to represent conductivity.25 Previous studies on 

conductivity of Nafion membrane are normally considering these parameters  

hydration,115 thickness,116,117 interfacial resistance,111,113,114 pretreatment,118-122 

annealing.118,119,123-127  

As the proton conductivity in Nafion membrane does not exhibit a totally random, it 

is considered that the proton conductivity is not entirely isotropic. Therefore, the 

anisotropic behavior of proton conductivity of PFSA membranes has been widely 

studied by measuring conductivity along in-plane and out-of-plane direction. The gap 

between in conductivity along in-plane and out-of-plane were discussed by Cooper and 

his cowokers,112,113 who released that the conductivity ratio of is 1.00±0.07 if the out-

of-plane conductivity is corrected. The similar observation was confirmed by Jiang et 
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al.111 and Thompson et al.,128  

Regarding the conductivity values, the most of the previous research about 

conductivity is focus on Nafion 1100 EW. One thing has to noticed that pre-treatment 

induced the changes in conductivity as well as the water-uptake capacity, in which 

annealing treatment tends to reduce a membrane’s water uptake, proton conductivity, 

and whereas these can be increased by preboiling.120,129 115,122,125 Additionally, a 

common tendency in PFSA membrane studies is that the proton conductivity is 

increased with decreasing EW, which is considered that decreased EW induce an 

increase in ion-exchange capacity and charge carriers per sulfonate site.130 On the other 

hand, the d-spacing of ionomer peak is smaller for lower EW ionomers under a certain 

humidity level, which indicate a more well-defined distribution of sulfonate-acid 

groups and shorten proton conducting pathway tortuosity, consequently enhanced 

proton conductivity.131,132 Thus, the increased EW is considered to reduce the fractional 

proton concentration thus further influence on the proton conductivity. While this 

suggest that EW influence proton conductivity through water-uptake, this should not 

get rid of additional role of chemical. 

In case of the Nafion thin film, as the other transport properties, the conductivity of 

Nafion membrane/thin film increase with hydration and temperature shown in Figure 

8. Compared to the freestanding Nafion membrane, the conductivity of recast Nafion 

thin film showed comparatively lower value, which is considered to the confinement 

effect and/or substrate/ionomer interaction.69 As for the recast thin film, thickness can 

be exactly controlled. All previous research proposed that the proton conductivity 

showed not only humidity dependence, but also thickness dependence.66,75,92,133,134 

 

 

1.5.3 Conduction Mechanism 

Although there are variety of proton conductive materials can be used as separator, 

the inherent proton are only solvated by only limited types of solvent. These are 

essentially water, oxyacid anions or oxyacid, heterocycles, or oxide ions. Some of these 

species take part in the formation of proto and the its transport process. The conduction 
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mechanism will be demonstrated in following two parts. 

(1) In homogeneous media, the usually high mobility of protons in aqueous solutions 

has been investigated since last decades. The essential features of the present can 

be refer to the previous work conducted by Eigen et.al.135,136 They firstly 

illustrate that “structure diffusion”, where the excess proton is “tunneling” back 

and forth, is the rate-determining step. There is controversial point that whether 

the region containing the excess proton, which can be considered as a hydrated 

ion. 137  

(2) Most of the fuel cells, operated at comparatively low temperature, depend on the 

properties of heterogeneous separator materials. 

 

1.6  Thermal History 

1.6.1 Thermal Induced Mechanical Transitions 

Dynamic mechanical analysis is a technique sensitive to the stress, which is response 

under an applied sinusoidal strain wave across a wide range of temperature and 

frequency. This technique provides the information of molecular origins of the 

transition temperatures, in other words, such as the glass transition temperature is also 

been revealed by this method.  

Nafion membrane present three thermal transitions temperature: α, β, γ, which is 

corresponded to distinct 3 relaxation mechanism as shown in Figure 10. 

(1) α transition: Tα, around -90 to 120oC, can be assigned to the onset of long-range 

mobility of the chains surrounding the ionic cluster.  

(2) β transition: Tβ is also called the glass transition (-40 to 20oC) of the PFSA matrix, 

which is assigned to the onset of segmental main-chain motion.  

(3) γ transition: Tγ, around -120 to -90oC, is assigned to the local motions of the 

polytetrafluoroethylene backbone.127,131,138-142 

Here, compared to Tγ, Tα and Tβ are more depend on humidity level, EW, side-chain 

chemistry and cation-form of the Nafion ionomer.139,143,144 The Tβ is known as the 

segmental main-chain motion, while the Tα is mainly controlled by the times that an ion 

pair before hopping to neighbouring site.  
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Regarding Tα, increasing humidity level, is linked to decreased Tα because the water 

molecule can act as plasticizer, which is responsible for enhance the mobility of 

hydrophilic cluster thus reduce the onset of ion-hopping.142,145-147 Change in with other 

alkaline cation will induce Tα to higher temperature side. Because their comparatively 

strong electronic interactions, which is considered to stabilizes the electrostatic network, 

will stiffening the ionomer thus restrict its chain mobility.145,148,149 One thing has to be 

noticed that the ion-hopping transition, illustrated as the ionic cluster transition, also 

named as α transition, is different with the conventional Tg.
139,144,150  

As well as shift in Tα, Tβ also shifts to lower temperatures by introducing larger 

counterions, which demonstrate that main-chain motions and electrostatic crosslink are 

coupled through the side-chains.139,143,144,150 

 

 

1.6.2 Temperature Effects and Activation Energy 

It is well known that the temperature has a positive impact on proton transport., 

including water diffusion/self-diffusion and proton conductivity. The temperature 

dependence for a PFSA membrane property of proton conductivity, diffusion et.al., can 

be represented by Arrhenius equation: 

( ) ,
, , exp

aE
D D

RT
   

 =  − 
 

      [3] 

Up to now, several processes related to activation energy of Nafion ionomers are 

extensively investigated. The difficult point is that the assignment of single value of the 

energy of a given process. Previous investigation of Ea for a certain process are list in 

Table 1. 

For instance, the slopes represent the activation energy of Arrhenius plot in term of 

temperature and proton conductivity are Figure 11. Generally, the Ea shows decreasing 

tendency with humidity level because the motion of water, proton, and polymer chains 

are restricted. On the other hand, the effect of hydration on thermal activation is the 

stronger for proton conductivity than the activation energy for self-diffusion of water. 

In practical, the proton transport phenomenon a is complex process, mainly including 
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3 process: (1) water-mediated transport (2) proton hopping and (3) segmental motions 

of chains, these three processes strongly influence on the thermally activated kinetics 

that dependent on humidity.  

The temperature dependence of proton conductivity for Nafion thin film/membrane 

was systematically investigated and reported by Giffin et al, who proposed that the 

conductivity-temperature follows Arrhenius relationship and the determining 

mechanism can be considered as hopping. However, in the case of high temperature 

(>120oC), conductivity of hydrated Nafion exhibit Vogel-Tamman-Fulcher (VTF) 

relationship, which indicate that segmental motion of the polymer chains with long 

range as well as their viscosity were also considered to have a impact on transport 

process, and consequently influence mediating proton exchange.131 The VTF 

relationship can be expressed as following 

( )
0

' 1
= , exp aE

D
R T T

 
 

  − 
− 

      [4] 

Here, Ea’ represent the activation energy, T0 exhibit the thermodynamic ideal glass 

temperature (free volume almost equal to zero).131 Additionally, Ea’ can be used to 

describe the probability of a large increase in free volume formation. 

 

 

1.7  Outline of the Present Thesis 

In this manuscript, the present thesis consists five chapters, demonstrating the 

nanostructure-property relationship of high performance proton transport Nafion thin 

film to further understanding catalyst/ionomer interface phenomena and give a design 

policy for high oxygen reduction reaction electrode. 

In chapter 1, polymer electrolyte fuel cells and the fundamental insight of 

perfluorinated sulfonic-acid ionomers, especially the interfacial phenomenon occurred 

in Nafion thin film was introduced in detail. 

In chapter 2, The morphology changes of Nafion thin films with thicknesses from 

10–200 nm on Pt substrate with various annealing histories (unannealed to 240oC) were 

systematically investigated using grazing incidence small angle X-ray scattering 



20 

 

(GISAXS) and grazing incidence wide angle X-ray scattering (GIWAXS). The results 

revealed that the hydrophilic ionic domain and hydrophobic backbone in Nafion thin 

films changed significantly when the annealing treatment exceeded the cluster 

transition temperature, which decreased proton conductivity, due to the constrained 

hydrophilic/hydrophobic phase separation, and increased crystalline-rich domain. This 

research contributed to the understanding of ionomer thermal stability in the catalysts 

layer, which is subjected to thermal annealing during the hot-pressing process 

significantly changed under dry condition while shown no significant difference in wet. 

In chapter 3, The electrochemical reactions occur on the carbon-supported platinum 

covered by a proton conducting polymer electrolyte. Thus, it is important to clarify the 

correlation between proton conductivity and morphology of the polymer electrolyte on 

Pt or carbon. In this study, the properties of thin films (50–200 nm) of Nafion, which is 

the typical polymer electrolyte, were investigated on platinum and carbon substrates. 

Grazing-incidence small/wide angle X-ray scattering and electrochemical impedance 

spectroscopy were used to extract morphological and proton transport information. 

Self-designed interdigitated array electrodes were utilized to test and compare the 

proton conductivity on the Pt and carbon substrates. Based on the results, the difference 

in anisotropic behavior of Nafion thin films on each substrate were explored, which 

exhibit that the proton conductivity of Pt-supported Nafion thin films has more well 

defined hydrophilic domain structure than that of carbon supported thin films along in-

plane direction and while it showed the opposite trend in the out-of-plane direction. 

These datasets and analyses represented a thorough study of the behavior of Nafion thin 

films on model substrates of interest, i.e., Pt catalyst/carbon electrodes. These results 

are expected to further understanding the difference in term of proton transport pathway. 

In chapter 4, The dispersion of perfluorinated sulfonic acid ionomers in catalyst inks 

is an important factor controlling the performance of catalyst layers in membrane 

electrode assemblies of polymer electrolyte fuel cells. The effect of water/alcohol 

compositions on morphological properties and proton transport were investigated by 

grazing incidence small angle X-ray scattering, grazing incidence wide angle X-ray 

scattering, and electrochemical impedance spectroscopy. The thin films cast by high 
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water/alcohol ratio Nafion dispersion has high proton conductivity and well-defined 

hydrophilic/hydrophobic phase separation, which indicates that proton conductivity 

and morphology of Nafion thin films are strongly influenced by the state of dispersion. 

This finding will help to further understanding of the morphologic and proton transport 

property of Nafion thin films with different water/alcohol ratio, which has implications 

for the performance on Pt/Nafion interface. 

In chapter 5, Thin perfluorosulfonated ion-conducting polymer, Nafoin®, in energy-

conversion devices have limitations in functionality attributed to confinement-driven 

and substrate/polymer interactions. In this study, we performed grazing incidence small 

X-ray scattering (GISAXS), grazing incidence wide angle X-ray scattering (GIWAXS) 

and electrochemical impedance spectroscopy (EIS) to investigate the function of water, 

the plasticization effect, in 50 and 200 nm-thick Nafion thin film with under a wide 

temperature range from 25oC to 120oC. The changes in order-disorder transition is an 

indicator for sulfonate groups relaxation with implication on proton transporting 

property, which is confirmed by EIS as well. Compared to the thin films under dry 

condition, water molecule act as plasticizer which improve the mobility of ionic 

domains and hydrophobic domains as temperature increased. Such observation is less 

pronounced in thinner Nafion thin films due to the relative strong ionomer/substrate 

interaction. 

In chapter 6, based on our results shown in chapter 2-5, we summarized conclusion 

and prospect for the future polymer electrolyte fuel cells. 
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Table 1 Previous research method of Nafion thin film 

Method Thickness Compared with membrane 

NR voltammetry 60 nm Substrate impact 

QCM 20-80 nm Lower diffusion coefficient 

EIS 14-1121 nm Decreased conductivity 

AFM 230 nm Higher modulus 

GISAXS 4-160 nm Lower phase separation 

Ellipsometry 17-1000 nm Lower water content 
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Table 2 The activation energy for various process measured for PFSA listed 

based on the measurement type 

property/process term Range [kJ/mol] Form 

proton conductivity κ 9-22 Membrane 

proton conductivity κ 20-115 Thin film 

self-diffusion (PSGE-NMR) D’ 11-23 Membrane 

self-diffusion (MD simulation) D’ 11-20 Membrane 

permeation and diffusion k 15-30 Membrane 

sorption and diffusion Dd 20-31 Membrane 

gas permeation P 15-49 Membrane 

DMA, mechanical properties E 10-12 Membrane 

relation time τ 40-60 Membrane 
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Figure 1 The schematic image of basic parts of PEFC in automotive application. 
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Figure 2 The chemical structure of typical PFSA ionomers used in PEFCs. 
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Figure 3 The nanoscale of Nafion structure under hydrated condition and the key 

parameters governing their phase-separated morphology and properties. 
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(a) 

(b) 

(c) 

(d) 

Figure 4 Proposed conceptive modeling of Nafion : (a) cluster-network model (b) 

parallel water channel model in hydrated membrane by simulation (c) locally flat 

ribbon-like model discussed by Kreuer (d) evolution morphology from spherical 

domains to rod-like aggregate in dispersion.  
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(a) 

(b) 

Figure 5. (a) Simplified schematic of a SAXS/WAXS measuremen. (b) Characteristic 

peaks and their values are shown in the plot along with SAXS/WAXS peaks. 
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(a) 

(b) (c) 

Figure 6 (a) Schematic image of GISAXS measurement (b) GISAXS pattern of 

Nafion thin film with various thickness under 100%RH 298K. (c) The structure--

swelling relationship change in case of Nafion thin film. 
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Figure 7 (a) 3D Nanostructure of hydrated Nafion film obtained through cryo-TEM 

tomography (b) STEM image of baseline Nafion XL membrane showing the 

reinforcement layer and additives. 
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(a) (b) 

(c) (d) 

Figure 8 Previous investigation of proton conductivity of Nafion thin film (a) 

dependence of the conductivity of recast Nafion thin film on the thickness under 80oC 

and 60oC. Solid marks show bulk Nafion 117 membrane. The proton conductivity of 

Nafio thin film with various thickness ranging from (b) 4-300 nm, (c) 4-160 nm, (d) 

20-400 nm, at 25oC as a function of relative humidity. The dot line shown in (b) and (c) 

exhibit the bulk Nafion 117 membrane under 100%RH. 
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(a) 

(b) 

Figure 9 The proton conduction mechanism under (a) lower hydrated and (b) high 

hydrated condition. 



33 

 

 

 

 

  

Figure 10 Typical temperature scan profiles from DMA showing the storage 

modulus and tan(δ)for Nafion and an illustration of thermomechanical transitions 

associated with PFSA morphology.  
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Figure 11 The Arrhenius plot of (a) Nafion membrane and (b) Nafion thin film with 

various thicknesses and humidity level.   
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Chapter 2 Morphology Change of Perfluorosulfonated Ionomer on Thickness and 

Thermal Treatment condition 

 

2.1  Introduction 

Proton electrolyte fuel cells (PEFCs), a promising energy source, has attracted 

attention due to its high energy density, compactness, and low operating temperature.1-

3 In PEFCs, an oxygen reduction reaction (ORR) occurs on the carbon-supported 

platinum (Pt/C) covered by proton-conducting perfluorosulfonated ionomers. Among 

these electrolyte materials, Nafion is the most widely used proton conducting material 

in electrochemical systems due to its high proton conductivity and mechanical 

stability.4-5 Since the ionomer/electrode interface plays a role in the electrochemical 

reaction field, controlling the morphology of the ionomer thin film on the Pt/C catalyst 

is directly related to ORR activity.6 

Nafion consists of a hydrophobic polytetrafluoroethylene backbone (-CF2-) with 

perfluorinated chains on either side that are terminated by hydrophilic sulfonic acid 

groups (-SO3H). 7-8 In the presence of water, the hydrophilic phase forms an ionic 

domain responsible for proton transport, while the hydrophobic phase aggregates and 

provide a high-stability polymer.9-11 For the past two decades, several researchers have 

investigated Nafion properties like thermal stability12-13 and proton conductivity.14-15 

For the H+ form perfluorosulfonic acid ionomer, this nanophase-separated structure 

leads to two relaxation behaviors: the ionic clustered transitions temperature (Tα) (100–

120oC) and the polymer matrix transition temperature, Tβ (around -60–23oC).16-17 

Considering electrode fabrication, the catalyst layer undergoes hot-pressing to 

increase the contact of membrane components, and the setting temperature usually 

exceeds the Tα.18-22 Nafion forms a semi-continuous ionomer of nano-order thickness 

that covers the Pt/C aggregates.6 As the ionomer thickness approaches the domain size 

of the copolymers, surface interactions and the confinement effect can significantly 

influence the domain orientations and cause ionomer anisotropy behavior.7, 23-27 

Consequently, the properties of Nafion thin films can differ from those of free-standing 
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Nafion membranes. Confined Nafoin thin film has a lower proton conductivity and 

higher oxygen permeation resistance, which is correlated to overall PEFC 

performance.16, 28-33 Thus, it is crucial to reveal the phenomena occurring within the 

interfacial regime during thermal treatment. 

Crystalline structures can be caused by thermal annealing, which involves heating a 

membrane above its Tα, thereby giving the polymer chains enough mobility to reorient 

and pack themselves into a semi-crystalline structure.34 Increased the crystallinity of 

Nafion membranes has been studied in relation to its impact on smaller d-spacing,35-39 

water uptake reduction,35, 37-42 lower gas permeability,39 and proton conductivity.12, 43-

44 The morphology of annealed Nafion thin films with the thickness of 55 nm on Au 

substrate was investigated via GISAXS by Kusoglu et al.23 The hydrophilic ionic 

domain was constrained compared to the pristine Nafion after an 146oC annealing 

treatment above Tα. Several studies have been conducted to understand the relationship 

between the morphological information and physical properties of a free-standing 

membrane. However, the quantitative relationship between morphology and proton 

transporting properties of Nafion thin films, especially on Pt substrate, have not been 

systematically investigated. 

In this work, Nafion thin films with thicknesses of 10 nm to 200 nm on platinum (Pt) 

substrate that underwent various annealing treatments from unannealed to 240oC were 

fabricated to model the catalyst/ionomer interface regime. The correlation between 

morphology and proton transporting properties were systematically investigated by 

grazing incidence small angle X-ray scattering (GISAXS)/grazing incidence wide angle 

X-ray scattering (GIWAXS) and electrochemical impedance spectroscopy, respectively. 

These results provide fundamental insight into using thin film on Pt substrate to 

optimize the post-treatment temperature in PEFC design. 

 

2.2 Experimental 
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Sample preparations 

The Nafion dispersion solution was prepared by diluting 5 wt% Nafion (Aldrich, 

equivalent weight (EW)=1,100 stock dispersion) to 0.1 wt%, 0.27 wt%, 0.45 wt%, and 

1.6 wt% with 99.5% 1,1,1,3,3,3-hexafluoro-2-propanol (Wako Pure Chemical 

Industries, Ltd). Then, Nafion thin films of varying thickness were fabricated using the 

spin-cast method on cleaned interdigitated array electrodes and the as-prepared Pt 

substrate. The prepared Nafion-thin films were annealed at 120oC, 160oC, 200oC, and 

240oC under dry N2 for 1 h.  

 

Proton conductivity 

Self-designed interdigitated array electrodes were fabricated by the Osaka Vacuum 

Industrial Co., Ltd., and their geometry detail is shown in Figure S1. As shown in Figure 

S1, a 100 nm Pt layer was precisely deposited between Au electrodes with 0.008 mm 

spacing to avoid direct contact. By using self-designed interdigitated array electrodes, 

ionomer proton conductivity on Pt can be measured. Before using the electrodes, they 

were soaked in an acetone solution for at least 1 h and then sonicated for 5 min each in 

isopropanol (Wako Pure Chemical Industries, Ltd.), acetone (Wako Pure Chemical 

Industries, Ltd.), and Millipore water. Finally, the interdigitated array electrodes were 

washed with isopropanol, acetone, and Millipore water three times and then dried at 

60°C. The thin films were fabricated by dropping 150 μl prepared Nafion dispersion 

onto the interdigitated array electrodes, and then the sample was immediately spun at 

800–1600 rpm for 2 min. 

The electrochemical impedance spectroscopy was performed on the Nafion thin 

films on the interdigitated array electrodes under 80% relative humidity at 25oC in an 

N2 atmosphere with a VSP-300 Multi Potentiostat/Galvanostat (Bio-Logic). An 

alternating amplitude potential and frequency range was set at 100 mV and 7 MHz to 

0.01 Hz, respectively. To capture the Nafion thin films resistances, the collected 
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impedance data were fitted using analysis software EC-lab (V.11.21) and an equivalent 

circuit as shown in Figure S3. The proton conductivity of the Nafion thin films (σ) was 

calculated using the following equation 

( )

1

1f

d

R l N t
 = 

−
        [1] 

where Rf is the film resistance estimated by the fitting of the impedance spectra, d is 

the distance between two adjacent Au electrodes, l is the electrode length, N is the 

electrode number, and t is the film thickness.  

 

GISAXS/GIWAXS  

First, a 20 nm Cr buffer layer was deposited on P-doped Si substrate (1 cm × 1 cm) 

using a magnetron sputter (MSP-30T, Vacuum Devices Inc., Japan) in an Ar 

atmosphere and with 150 mA for 1 min 47 s. Then, to mimic the Pt catalyst surface, a 

30 nm Pt layer was fabricated in the same manner on the prepared Cr/Si substrate in an 

Ar atmosphere. The thin films were fabricated using the same electrochemical 

impedance spectroscopy procedure as mentioned previously. 

The prepared Nafion thin films were placed into a cell connected to a humidity 

controller system for the GISAXS/GIWAXS. The relative humidity was controlled by 

transporting hydrated N2 gas to maintain a constant humidity level of 80% RH at 25oC. 

GISAXS and GIWAXS were performed in beamline BL40B2 at SPring-8, Hyogo, 

Japan. The X-ray energy was 12.4 keV, and the incident X-ray angle was at 0.14o. The 

GISAXS 2D image was collected with a Dectris Pilatus imaging plate (0.172 mm x 

0.172 mm, C9729DK-10) and a flat panel sensor (0.05 mm, Hamamatsu Photonics K. 

K. Japan). The X-ray exposure time for the Nafion thin films in the GISAXS and 

GIWAXS was 100 s and 10 s, respectively. The distance between the samples and the 

detector was set at 2200 mm and 60 mm for GISAXS and GIWAXS, respectively. 
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Silver behenate and CeO2 were used to calibrate the beam center and the distance 

between the samples and detector for the GISAXS and GIWAXS, respectively. In the 

GISAXS/GIWAXS, the scattering vector q, was defined as the following equation: 

  

cos 2 cos cos
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y f
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q      [2] 

where the λ is the wavelength of the incidence X-ray. The detailed 

GISAXS/GIWAXS setup is shown in Figure S2.  

 

Thickness Characterization 

The thickness of the Nafion thin films was examined by ellipsometry (FE-5000, 

Ostuka, Electronics Co., Ltd). The Cauchy model was used to estimate the thickness of 

the prepared Nafion thin films.24 

  ( ) 2 4

B C
n A

 
= + +         [3] 

Here, λ is the wavelength and A, B, and C are the material coefficients that can be 

determined by fitting the equation to the refractive incidence. The thickness of the 

prepared Nafion thin films were 10 nm, 30 nm, 50 nm, and 200 nm. 

2.3 Results and Discussion 

The thickness of the prepared Nafion thin films were 10 nm, 30 nm, 50 nm, and 200 

nm, which were characterized by ellipsometry combined with Cauchy model fitting. 

Figure 1 shows the proton conductivity of the Nafion thin films before and after the 

annealing treatment at various temperatures under 80% RH at 25oC. The 

electrochemical impedance spectra are shown in Figure S3. For the Nafion thin films 

with 200 nm thickness, the proton conductivity decreased from 23 mS/cm-1 (unannealed) 

to 5.92 mS/cm-1 as the annealing temperature increased to 240oC. For thin films with a 
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thickness of 50 nm, the conductivity declined smoothly; unannealed thin films with a 

thickness of 50 nm had a conductivity of 7.9 mS/cm-1, and after annealing at 240oC, the 

conductivity decreased to 2.7 mS/cm. However, for the 10 nm thick Nafion thin film, 

proton conductivity of the unannealed film decreased from 2.3 mS/cm-1 to 1.1 mS/cm-

1 after an annealing treatment at 240oC. The conductivity of the samples annealed at 

240oC was approximately one order of magnitude lower than that of the unannealed 

ones. The arrow presented in Figure 1 shows the region in which proton conductivity 

significantly decreased: at 120–160oC for 200 nm-thick films, 160–200oC for 50 nm-

thick films, and 200–240oC for 30 nm and 10 nm-thick films. Similar results were 

observed by Karan, who revealed that the proton conductivity of Nafion thin film with 

a thickness of 160 nm and 60oC annealing treatment decreased drastically compared to 

that of a thinner Nafion film with a thickness of 10 nm.20 

To examine the morphological changes of Nafion thin films with varying thicknesses 

and annealing temperatures, GISAXS and GIWAXS were performed on the Nafion thin 

films. Figure 2 exhibits the GISAXS 2D profiles of the Nafion thin films with different 

thicknesses and annealing treatment temperatures under 80% RH 25oC. The scattering 

Figure 1. Proton conductivity of Nafion thin films with various thicknesses ranging from 

10–200 nm before and after an annealing treatment at 120–240 oC. The conductivity was 

examined under 80% RH at 25oC. The arrow shows the region where proton conductivity 

significantly decreased. 
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patterns were plotted as scattering vector q in 2D. The unannealed Nafion thin film 200 

nm in thickness exhibited a scattering ring around q=1.5-2 nm-1. The scattering peak is 

attributed to the ordered structure of hydrophilic domains in Nafion thin films, which 

is named the “ionomer peak”.45 The ionomer peak observed in the Nafion thin film 200 

nm in thickness was weaker in the Nafion thin film 50 nm in thickness, and it was even 

less pronounced in the Nafion thin films with thicknesses below 30 nm. For the Nafion 

thin films with 200 nm and 50 nm thicknesses, the ionomer peak generally weakened 

when the annealing temperature increased to 160oC and 200oC, respectively. In contrast, 

the scattering pattern of the Nafion thin films with 30 nm and 10 nm thicknesses did 

not exhibit obvious changes after the annealing treatments. 

To further understand how the ionic domain orientation change was influenced by 

thickness and annealing treatment, 1D line-integrated analyses along the equatorial (in-

plane) and meridional directions (out-of-plane) were extracted from the GISAXS 2D 

profiles. The typical 1D line profile along the in-plane direction is shown in Figure S4. 

The scattering vector q expressed in reciprocal space can be converted to d spacing, 

which is the distance of the periodic structure in real space, using equation [4]. 

2
d

q


=          [4] 

To further understand the shift in the ionomer peak observed in Figure S4, the ionomer 

peaks were fitted using the Gaussian function along the in-plane and out-of-plane 

directions to extract their precise positions. In Figure 3(a), the d-spacing along the in-

plane direction for film with a thickness of 200 nm decreased from 4.1 nm to 3.5 nm 

with an increase in annealing temperature, which indicates that the hydrophilic domain 

shrank significantly. The unannealed 50 nm-thick Nafion thin film had smaller d-

spacing (3.6 nm) than that of the thin film with a thickness of 200 nm, and the d-spacing 

decreased to 3.3 nm as the annealing temperature increased to 240oC. However, there 

is no ionomer peak observed in the case of 10 nm-thick film. Similar annealing effects 
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on thin films have also been observed in previous research, as reported by Kusoglu and 

Karan.20, 23 

Suppressed proton conductivity can be directly explained by the results of the 

GISAXS. The ionomer peak in the GISAXS reflects the growth of the hydrophilic 

domain which is responsible for proton and water transport and is gradually suppressed 

as annealing temperature increases and abrupt suppressed when annealing temperature 

exceeds the Tα. Ionomer/substrate interactions were significantly higher when film 

thickness was below 30 nm because the polymer chain mobility was severely limited 

in both the in-plane and out-of-plane directions, thus enhancing the polymer chain 

orientation and consequently increasing the Tα. Therefore, the conductivity and 

Figure 2 GISAXS 2D patterns of Nafion thin films of various thicknesses and annealing 

conditions measured under 80% RH at 25oC. 
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GISAXS results support the conclusion that thinner films under 30 nm in thickness are 

comparatively stable and less sensitive to annealing treatments because the chains 

become topologically confined as the film thickness approaches the crystalline size. 

To quantitatively compare the intensity of the ionomer peak along the meridional 

and equatorial axes, I1 and I2 are utilized, respectively. We normalized the curves by 

setting the integrated intensity around the ionomer peak to q=1-2 nm-1. It is assumed 

that I1 (out-of-plane) and I2 (in-plane) are both Gaussian distribution functions of the 

azimuthal angle, φ, shown in Figure S4, with peaks along the meridional (φ=0o) and 

equatorial (φ=90o) directions. The I1(φ) and I2(φ) were then used to determine the 

normalized integral intensity, I(q), which is defined by following equation.46 

2

0
( ) ( )2 sini iI q I q d



           [5] 

The normalized integral intensity of the ionomer peak along the meridian (i=1) and the 

equator (i=2) was evaluated using Equation [5]. In this study, the meridian and equator 

scattering patterns represent the in-plane and out-of-plane directions. The estimated 

normalized integrated intensity of 30–200 nm-thick Nafion thin films with various 

annealing treatments was shown in Figure 3(c). For the 10 nm and 30 nm-thick films, 

it is extremely difficult to extract the contribution from the ionomer peak due to the 

lack of ionomer peak discernibility. Overall, the results in Figure 3(c) clearly show that 

the ionic domain along the out-of-plane direction makes less of a contribution 

(I1(qionic)/{I1(qionic) + I2(qionic) < 50%) compared to that of the in-plane direction, which 

indicates that the hydrophilic ionic domain is more inclined to be aligned parallel to the 

Pt substrate. Additionally, for a given thickness, the I1(qionic) (%) value slightly 

increased with an increase in annealing temperature and then decreased after a certain 

a temperature (50 nm: 200°C, 200 nm: 160°C), reflecting that the hydrophilic ionic 

domain tends to be random after the Tα has been exceeded. 
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Annealing treatment affects the hydrophilic ionic domain in the Nafion thin films 

and the crystallinity of the hydrophobic CF2 backbone. To examine the molecular 

aggregation in the hydrophobic domain of the Nafion thin films, GIWAXS was 

performed under 80% RH at 25oC. The GIWAXS 1D line profiles along the in-plane 

direction extracted from 2D GIWAXS patterns are shown in Figure S6. In temperature-

dependent wide angle X-ray scattering (WAXS) studies, the disappearance of the 

Figure 3. The plot of ionomer peak d-spacing extracted from Figure S4 along the (a) 

in-plane and (b) out-of-plane directions. (c) I1(qπ) were calculated on the basis of 

I1(qionic)/{I1(qionic) + I2(qionic) × 100, which indicates the ionic domain contribution along 

the out-of-plane direction. 
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crystalline peak was observed above the melting temperature at around 250–300oC. 

Thus, the annealing process does not to cause the film to melt in this study, which is 

also confirmed by the ellipsometry (not shown).35-36 In the GIWAXS patterns of the 

Nafion thin film, board peaks attributed to the combination of CF2 chain amorphous 

and crystalline structures appear at q=10.5 nm-1 and 12 nm-1, respectively.23, 47 For 

further investigation, the board peak observed in Figure 5 could be deconvoluted into 

the amorphous and crystalline peaks. The degree of crystallinity of the Nafion thin films, 

χc, can be estimated based on previous research.48 In this study, both crystalline and 

amorphous components are calculated along the in-plane and out-of-plane directions 

using Equation [5]. As shown in Figure 4, the degree of crystallinity, χc, generally 

increased with an increase in annealing temperature and was heavily dependent on 

thickness. Although the degree of crystallinity along the out-of-plane direction 

exhibited a slightly higher value, there is no obvious anisotropic behavior observed. For 

the 200 nm-thick Nafion thin films, χc significantly increased to 61% after the annealing 

Figure 4. The GIWAXS 2D patterns of Nafion thin films with various thicknesses and 

annealing temperatures under 80% RH at 25oC. 
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temperature increased to 160oC and then slightly increased as the temperature continued 

to increase. For 50 nm-thick Nafion thin films, χc gradually increased as the annealing 

treatment increased and then increased by almost 80% after the annealing treatment at 

200°C. The 10 nm-thick Nafion thin film results differed from the other samples and 

exhibited a unique behavior in that the crystalline peak did not appear until the 

annealing temperature increased to 240oC. The crystallinity of dispersion cast Nafion 

N112 and N117 film membranes has been reported to be 55-75%,19, 49-50 which is 

comparable to that of  the ≥ 50 nm-thick unannealed Nafion thin films in the study. 

Therefore, the degree of crystallinity of the Nafion thin films estimated here is 

reasonable and correctly reflects the nanostructure of the hydrophobic domain. The 

annealing treatment involves heating the thin films above their Tα, thereby giving the 

polymer chains enough mobility to reorient and pack themselves into crystallites.34 This 

behavior can be linked to the formation of crystallinity in Nafion thin films, where the 

high crystallinity increased the mechanical energy for hydrophilic/hydrophobic phase- 

Figure 5. The calculated degree of crystallinity for the Nafion thin films with various 

thicknesses and annealing treatments along the (a) in-plane and (a) out-of-plane directions. 
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separation. Annealing at temperatures above the Tα induced crystallinity in thin films 

and limited the hydrophilic/hydrophobic phase separation. These changes are consistent 

with the reduced conductivity due to a stronger mechanical force in the mechanical and 

chemical energy balance that controls proton transport.20, 51 The difference in Tα 

between this study and previous work is related to wettability. 

Herein, we promote a conceptual model to further understand the morphological 

changes related to Tα in terms of hydrophilic and hydrophobic phase variations after 

different annealing treatments. For Nafion thin films with thicknesses of 10 nm, 30 nm, 

50 nm, and 200 nm, Tα exists in three ranges as shown in Figure 6: (1) 120–160°C for 

film 200 nm in thickness, (2) 160–200°C for film 50 nm in thickness, and (3) 200–

Figure 6 The schematic image of Nafion thin film morphology variation for different 

film thicknesses and annealing temperatures under 80% RH 25oC. dx and dz represents 

the average d-spacing of the hydrophilic domain along the in-plane and out-of-plane 

directions, respectively. The temperature at which morphology significantly changes 

showed a dependence on film thickness. The cluster transition temperature of the bulk 

Nafion membrane is 105–120oC.52-54 
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240oC for film 30 nm or 10 nm in thickness. As thickness decreased, Tα increased due 

to the amplified hydrogen bonding interactions between the ionomer and Pt substrate. 

 

2.4 Conclusion 

This study systematically investigated the morphological and proton transporting 

properties of Nafion thin films on Pt substrates with various thicknesses and annealing 

treatments via GISAXS/GIWAXS and the electrochemical impedance method. Both 

the morphology and proton transporting properties of the films were significantly 

changed after annealing them above the cluster transition temperature. The temperature 

at which the conductivity significantly decreased is consistent with the temperature at 

which the ionic domain constrained and subsequently enhanced structural crystallinity. 

For the 200 nm-thick film, morphology changes due to bulky dominant properties 

occurred at the lowest temperature. Since there are strong electrostatic interactions 

between the ionomer and substrate, as the film thickness approached the characteristic 

polymer domain size, the thickness-confined Nafion thin films under 30 nm required a 

significantly higher temperature to induce morphology changes. The findings of this 

study are expected to further the understanding of catalysts/ionomer interfacial 

phenomena during the hot-pressing process in PEFCs. 
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Figure S1. The geometry of interdigitated array (IDA) electrodes used for EIS 

measurements. 
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Figure S2. The schematic image of GISAXS/GIWAXS measurement. Continuous N2 

flow was transport into chamber with 25 μm PEEK film to maintain constant humidity 

level. In this way, GISAXS and GIWAXS patterns were collected at the same time.  
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Figure S3. The Nyquist plot of prepared Nafion thin-films with thickness and post-

treatment (a) unannealed, (b) 120°C (c) 160°C (d) 200°C and (e) 200 nm with various 

annealing temperature. The EIS measurements were performed under 80%RH at 25°C. 

(f) The equivalent circuit model used for the fitting of the Nyquist plots. 
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Figure S4. The 1D line-profile of the Nafion thin-films with various thicknesses ((a):10 

nm, (b): 30 nm, (c):50 nm, (d):200 nm) before and after annealing with various 

temperatures. 
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Figure S5. The illustration of normalization method used in this manuscript. Ionomer 

peak was extracted from the scattering from in 2D pattern(left) to azimuthal plot and 

fitted with Gaussian function. 

 

  



68 

 

 

Figure S6. The 1D line-profile extracted from GIWAXS for the Nafion thin-films with 

various thicknesses ((a):10 nm, (b):30 nm, (c):50 nm, (d):200 nm) before and after 

annealing with various temperatures. 
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Chapter 3 Elucidation of Substrate Influence on Morphology and Proton 

Transportation of Perfluorosulfonated Ionomer Thin Film 

 

 

3.1 Introduction 

Research activities in energy generation, conversion, and storage have dramatically 

increased due to the need for a sustainable energy infrastructure.1-4 Among these new 

energy sources, polymer electrolyte fuel cells (PEFCs) are known for their high current 

density and use in sustainable stationary energy solutions.5-8 In typical polymer 

electrolyte fuel cells, the electrochemical reactions occur on the carbon-supported 

platinum (Pt/C) covered by a solid-state proton conducting electrolyte. Among proton 

conducting materials, perfluorinated sulfonic-acid ionomer (Nafion), is one of the most 

widely used due to its high proton conductivity, and its thermal and chemical stability.9-

11 On the Pt/C catalyst, Nafion forms a semi-continuous film with nano-order thickness, 

and mass transport of such as protons, water, and oxygen, is performed through the 

film.12-16 Controlling the structure of the Nafion thin-film on the Pt/C catalyst is 

important because the mass transport properties depend on the structure. 

Nafion is composed of a hydrophobic polytetrafluoroethylene backbone (-CF2-) with 

perfluorinated ether side-chains terminated by hydrophilic sulfonic acid groups (-

SO3H). The sulfonic acid groups exhibit high proton conductivity in a hydrophilic ionic 

domain.14, 17-18 Free-standing Nafion membranes, which are a few hundred micrometers 

thick, have been widely investigated in past decades.19-21 Several studies have revealed 

that cluster-networks or the parallel water channel model well describe the 

nanostructure in the Nafion membrane and proton conductivity ranging from ~10-1 to 

~102 mS/cm is exhibited under 10–100% relative humidity at 25°C.22-23 

However, Nafion thin-films on the Pt/C catalyst have a different structure from the 

free-standing Nafion membrane because of a strong confinement interaction between 

Nafion and the catalyst.24-27  The proton conductivity of the Nafion thin-films is 1–2 

orders of magnitude lower than that of a free-standing Nafion membrane and shows 

strong thickness-dependence under a certain relative humidity.13, 18, 28 The confinement 
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effect is known to influence the phase behavior of uncharged block-copolymer 

systems.29-35 In thin-films, both interactions with the substrate, and thickness 

confinement as small as the characteristic domain size of the copolymers, can cause 

anisotropy in the orientation of domains, resulting in morphologies that differ from that 

of the bulk membrane. 36-38  

In Nafion thin-films with thickness ranging from 35 to 80 nm cast on Pt over a C 

substrate, an ionomer peak attributed to the hydrophilic domain was observed in 

grazing-incidence small-angle X-ray scattering (GISAXS) experiments.24-27 Among the 

results, the ionomer peak of Nafion thin film on Pt substrate showed the best-defined 

shape, while thin films on carbon substrate exhibited the most isotropic behavior among 

all sample on Au and Pt substrates. This was confirmed by Hicker using in situ 

ellipsometry.32, 39 Other neutron experiments indicated that ionomer thin films are 

composed of alternating water-rich and Nafion-rich layers at the Nafion/SiO2 interface, 

while such multilayer lamellae structure were not observed for Nafion on Au and Pt 

surfaces.40 These results suggest that thickness and substrate/film interactions control 

the reorganization and alignment of a phase-separated nanostructure, thereby altering 

the water-transport swelling properties.32, 40-42 Although many studies have focused on 

the Nafion/substrate interfacial region, these have been limited to substrate dependency 

issues and to morphological changes due to substrate differences. 

This work systematically analyzes the effect of confinement on platinum and carbon 

structures in Nafion thin films 10-200 nm thick on substrates. The morphology and 

proton conductivity of Nafion thin films were investigated using GISAXS/GIWAXS 

and electrochemical impedance, respectively. The confinement effect on the proton 

transport property of different substrates is discussed. 

 

3.2 Experimental 

 

Sample preparations 
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The Nafion dispersion solution was prepared by diluting 5 wt% Nafion (Aldrich, 

equivalent weight (EW) = 1100 stock dispersion) to 0.1-1.6 wt% with 99.5% 

1,1,1,3,3,3-hexafluoro-2-propanol (Wako Pure Chemical Industries, Ltd.). All diluted 

solutions were given 30 min to equilibrate.  

For conductivity measurements, as-prepared Nafion dispersion thin films were spin-

cast onto as-prepared interdigitated array electrodes, of which details will be introduced 

below. As-prepared Nafion dispersion was dripped onto interdigitated array electrodes 

rotating at 800-1600 rpm for 2 min via the spin-cast method. 

For GISAXS/GIWAXS measurements, a 20 nm Cr buffer layer was deposited on P-

doped Si substrate (1×1 cm) using a Magnetron sputter device (MSP-30T, Vacuum 

Devices, Inc., Japan) under Ar gas at 8.0 ×10-1 Pa and 150 mA, for 1 min 47 s. Then, 

to mimic the Pt catalyst surface, a 30 nm Pt layer was fabricated in the same way on 

the as-prepared Si@Cr substrate under Ar gas at 8.0×10-1 Pa. Next, a 55-nm carbon 

layer was added to the same Si substrate used above, by the vacuum deposition method 

(VC-100S, VACUUM DEVICE). The same method was used to cast the Nafion thin 

films aforementioned. The rotation condition was set at 800-1600 rpm for 2 min. 

 

Proton conductivity  

Self-designed interdigitated array electrodes were fabricated by Osaka Vacuum 

Industrial Co., Ltd., of which the geometric details are shown in Figure S1. As shown 

in Figure S1, a 100 nm Pt layer was precisely deposited between Au-tooth electrodes 

with 0.008 mm spacing to avoid direct contact. Interdigitated array electrodes over 

carbon substrates were fabricated using the same method as aforementioned. Before 

being used, the interdigitated array electrodes were soaked in acetone solution for at 

least 1 h; then were sonicated for 5 min in isopropanol (Wako Pure Chemical Industries, 

Ltd.), acetone (Wako Pure Chemical Industries, Ltd.), and Millipore water, in 

succession. Finally, the interdigitated array electrodes were washed again in a sequence 
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of isopropanol, acetone, and Millipore water three times; then dried at 60 °C for at least 

2 h.  

The proton conductivity of the Nafion thin-films applied to the interdigitated array 

electrodes was measured using electrochemical impedance spectroscopy under a flow 

of dry N2 gas through water tank. All measurements were conducted at 25 °C with 20-

90% relative humidity (RH). The impedance data were collected by applying an 

alternative potential of 100 mV over a frequency ranging from 7 MHz to 0.01 Hz using 

a multi-potentiostat (VSP-300, Bio-logic). For equivalent circuit model design and data 

fitting, EC-lab (Version 11.18, Bio-logic) software was adopted.  

 

GISAXS/GIWAXS  

GISAXS and GIWAXS measurements were conducted in Spring at the BL40B2 

beamline in Hyogo, Japan, where 12.4-keV X-ray GISAXS/GIWAXS measurements 

were conducted with 80% RH and at 25 °C. The GISAXS 2D image was collected with 

a Dectris Pilatus imaging plate (0.172 mm ×0.172 mm, C9729DK-10) and the 

GIWAXS detector used was a flat panel sensor (0.05 mm, Hamamatsu Photonics K. K., 

Japan). The sample-to-detector distance was set at 2200 mm and 60 mm for GISAXS 

and GIWAXS, respectively. GISAXS and GIWAXS were measured at an incidence 

angle 0.14° and the exposure time was 100 s for all samples. Silver behenate and CeO2 

were used for calibration of the beam center and sample detector distance for GISAXS 

and GIWAXS, respectively. The experimental setup is shown in Figure S2 (supporting 

information). 

 

3.3 Results and Discussion 

Figure 1 shows the proton conductivity of Nafion thin films cast on Pt and carbon 

substrates at 25 °C and various RH values. The collected Nyquist plot are shown in 

Figure S5 in the supporting information. Both Pt- and carbon-supported Nafion thin 
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films exhibit thickness dependence. Compared to the carbon-supported films, the Pt-

supported films showed higher conductivity values at the same RH. In the case of 50-

nm-thick films, proton conductivity of the Pt-supported specimen was almost an order 

of magnitude higher than that of the carbon-supported specimen. However, as the 

thickness approached 200 nm, the difference in proton conductivity of Pt and carbon-

supported films reduced by an order of magnitude. This trend indicates that the bulk 

structure of the ionomer has more influence on the conductivity than its interaction with 

the substrate, as the thickness increases. Karan and Nagao's groups reported that the 

conductivity of Nafion thin film on SiO2 showed similar tendencies and values.13, 18 

Thus, it is considered that the results in Figure 1 correctly reflect the actual differences 

in conductivity on these different substrates.  

GISAXS measurements were performed to examine the morphological change of 

Nafion thin films relative to their thickness. Comparisons of GISAXS 2D patterns of 

Nafion thin films on Pt and carbon substrates are shown in Figure 2. The scattering 

patterns are plotted in two dimensions as a function of the scattering vector q, which is 

defined in equation (1). 
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Figure 1 The Proton conductivity of Nafion thin films on Pt and carbon substrates with 

a variety of thicknesses and relative humidity at 25 °C 
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Here, λ represents the wavelength of the incident X-rays. The thickest film exhibited a 

scattering ring at q ~1.5–2 nm-1, which is assigned to the ordered structure of the 

hydrophilic domains in Nafion thin film, and is called the “ionomer peak”.30 

Examination of the Pt- and carbon-supported samples at high humidity (Figure 2) 

demonstrates that increasing thickness seems to cause more significant changes in films 

on Pt substrates than in films on carbon substrates.  

To explore the variation of ionomer peaks in relation to the film thickness, line 

integral analysis was utilized to extract the I-q line profile. The cut lines along the 

Figure 2 GISAXS 2D patterns of Nafion thin films with a variety of thicknesses (50-

200 nm) and substrate (Pt, carbon) measured at 80% RH and 25 °C. 
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equatorial and meridional direction reflect the ordered structure in-plane and out-of-

plane, respectively. The as-obtained line-profiles of the Nafion thin films on Pt and 

carbon are shown in Figure 3. It was found that the ionomer peak on Pt had a better-

defined and sharper ionomer peak than carbon along the in-plane direction (a and b), 

suggesting a better-defined order in the ionic domain. However, when the film 

thickness decrease, the ionomer scattering peaks were not obvious, which indicate the 

existence of a less-ordered domain structure due to the strong confinement effect. 

Similar tendencies were found in the out-of-plane direction (Figure 3c and d) as well.  

Ionomer conductivity is a strong function of the humidity level and the proximity of 

adjacent ionic clusters. The former can be related to the relative humidity, and the latter 

can be interpreted as d-spacing. The latter is also a precursor and indicator of the ease 

of forming an H-bond network. Such a network is critical, especially with low relative 
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Figure 3 GISAXS 1D line-profile along the in-plane: (a) Pt and (b) Carbon, and out-

of-plane: (c) Pt and (d) Carbon 
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humidity.42 The ionomer peak observed in Figure 3 was fitted to a Gaussian function, 

and the peak position values along the in-plane and out-of-plane directions were 

estimated (Figure 3(a)). The scattering vector q, expressed in reciprocal space, was 

converted to d-spacing in real space using the following equation: 

2
d

q


=           [2] 

As shown in Figure 3(a), the ionomer peak shifted to higher d-spacing values with 

increasing film thickness in both samples owing to the growth of the ionic domains. 
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Figure 4 (a) d-spacing of hydrophilic ionic domain extracted from Figure 3 in-plane 

and out-of-plane with 80% RH at 25 °C. (b) Ratio of the ionomer contribution along 

the out-of-plane direction. The values were calculated on the basis of I1(q) / (I1(q) + 

I2(q)) × 100. 
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Along the in-plane direction, the d-spacing of the ionic domains in Pt- and carbon 

supported films increased from 3.9 to 4.6 nm and from 3.5 to 3.7 nm, respectively.  

Periodic ionic domains and semi-crystalline hydrophobic structures were formed in 

the 50-nm-thick films, which led to higher conductivity values. For the Nafion thin 

films with thickness over 110 nm, the hydrophilic domains grew considerably because 

of the relatively stronger nanophase separation than that in the thinner films. The 

hydrophilic domains, which act as the protonic path, grew larger with increasing 

humidity and thickness, leading to a lower activation energy of the proton conduction 

process.  
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Figure 5 GIWAXS line-profile extracted from 2D patterns of Nafion thin films in-

plane: (a) Pt and (b) Carbon, and out-of-plane: (c) Pt and (d) Carbon. 
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In order to quantitatively comparison of the intensity of ionomer peak along 

meridional and equatorial axes, represented as I1 and I2, respectively, we normalized 

the curves using the integrated intensity of ionomer peak with same method as our 

previous work.38 I1 (out-of-plane) and I2 (in-plane) are assumed to be Gaussian 

distribution functions of the azimuthal angle φ, with peaks along the meridional (φ = 

0°) and equatorial (φ = 90°) direction, respectively. The obtained I1 (φ) and I2 (φ) were 

then used to determine the normalized intensity I(q), as defined by the following 

equation.43 

2

0
( ) ( )2 sini iI q I q d



          [3] 

The normalized intensity of the ionomer peak along the meridian (i = 1) and the 

equator (i = 2) was evaluated using equation (3). An illustration of a typical azimuthal 

plot fitting is shown in Figure S6. For all samples, a low χ2 value (≤ 2.19) was 

obtained.  
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Figure 6 The Crystalline-rich phase proportion in Nafion thin films of various 

thicknesses and on different substrates along (a) In-plane and (b) Out-of-plane 

directions. 
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As shown in Figure 4(b), the I1(q) (%) increased with decreasing thickness, 

regardless of substrate, which indicate that the contribution of out-of-plane component 

comparatively increased as decreasing thickness. Additionally, the I1(q) on the Pt was 

comparatively lower than that on the carbon, which suggest that the hydrophilic domain 

in Pt-supported Nafion is more orientated. Furthermore, it might indicate the 

hydrophilic domains grew better along the in-plane direction on Pt than on carbon. The 

hydrophilic domains in Nafion thin films show different anisotropic behavior 

depending on the substrate. The substrate influences the crystalline phase of the 

fluorocarbon backbone as well as the hydrophilic ionic domains in the Nafion films. To 

examine the molecular aggregation in the hydrophobic domains of the Nafion films, 

GIWAXS measurements were performed at 25 °C and 80 % RH. Figure S7 shows the 

2D GIWAXS patterns and Figure 5 shows the GIWAXS line profiles of the Nafion thin 

films on Pt and carbon substrates. 

Figure 7 Schematic image of Nafion thin film structure with different morphological 

behavior on carbon and Pt substrates. 
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The influence of the substrate was evident from variation of a scattering halo 

indicative of amorphous/crystalline component. For instance, the line profiles (Figure 

5(a)) showed that increasing thickness caused a crystalline peak  to appear near q = 11 

nm-1, which was next to the amorphous peak at 9.5 nm-1.29, 44-45 This thickness-induced 

crystalline order, with a characteristic spacing around 0.5 nm, corresponds to the (-CF2-) 

backbone chains of the polytetrafluoroethylene crystallites, similar to the typical wide 

angle X-ray scattering peak observed for the free-standing Nafion membranes.29 These 

crystallites form a crystalline structure, which leads to physical crosslinking of the (-

CF2-) backbone and consequent reduction in the proton conductivity. The formation of 

a crystalline order was observed in Figure 5 by the shifts in the crystalline peak around 

q = 11 nm−1. For both Pt- and carbon-supported thin films, as the film thickness 

decreased to 50 nm, (Figure 5(a) and (b)), the crystalline order is expected to decrease, 

because the backbone chains become topologically confined at such a thickness.33 

Additionally, in case of Pt-supported Nafion thin films, it is notable that the observed 

amorphous/crystalline peak in out-of-plane component is more defined and sharper 

than that of in-plane component. The opposite phenomenon was observed for carbon-

supported thin films. 

Here, we introduced an indicator: crystalline-rich domain proportion (Pc-rich), to gain 

further insight regarding the relative variation in the semi-crystalline (-CF2-) backbone 

aggregation on different substrates. Figure 6 shows the Pc-rich in various Nafion thin 

films; the Pc-rich values were extracted from the as-obtained 2D scattering parttern 

(Figure S7). The detail of the calculation method is described in Figure S8 and our 

previous study.38 Generally, the Pc showed thickness dependence on both substrates. 

Interestingly, Pc-rich of the thin films on the Pt substrate along the out-of-plane direction 

showed higher values than that on the carbon substrate, while showing the opposite 

trend along the in-plane direction.  

We have shown our conceptual model of the morphology of Nafion thin films with 

thickness ranging from 50-200 nm on Pt and carbon substrates in Figure 7. In the case 

of the Nafion thin film with 50 nm thickness, the hydrophilic domain along in-plane 
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direction in Pt-supported Nafion thin films is comparatively larger than carbon 

supported Nafion thin films. This is because the interaction between the sulfonic acid 

and Pt is relatively strong than the interaction between the sulfonic acid and carbon.[29] 

The development of hydrophilic domain on Pt substrate increase the proton 

conductivity, compared to carbon substrate as shown in Figure 1. The in-plane proton 

conductivity difference between Pt and carbon become small as the thickness of Nafion 

thin-film increases because the interaction between ionomer and substrate become 

relatively small. On the other hand, we proved that the hydrophilic domain along in-

out-of-plane direction in Pt-supported Nafion thin films is comparatively smaller than 

carbon supported Nafion thin films. It is anticipated that the proton conductivity along 

out-of-plane direction in Pt supported Nafion thin films is not as high as in carbon 

supported thin films based on the relationship between the hydrophilic domain and 

proton conductivity of in-plane in Nafion thin films. 

 

3.4 Conclusion 

We focused on a series of Nafion films with thickness ranging from 50 to 200 nm to 

reveal differences in confinement effect and impacts from type of substrate. This was 

done in terms of morphology and proton transport property via GISAXS/GIWAXS and 

the electrochemical impedance method. Within this range of film thickness, 

substrate/ionomer interaction are expected to have a significant impact on the structure 

of the ionomer. Thin films on Pt exhibit completely different anisotropic behavior than 

those on carbon substrate. In the case of Pt, that the hydrophilic ionic domain along the 

in-plane direction is more developed than that along the out-of-plane shows obviously 

significant behavior. Interestingly, as the film thickness reaches, in essence, bulk phase 

(200 nm), the difference in conductivity between carbon and Pt substrates becomes 

almost negligible. It is anticipated that the proton in-plane conductivity in the Nafion 

thin films is higher than out-of-plane conductivity, because the in-plane size of the 

hydrophilic domains is larger than their out-of-plane size. The knowledge about the 
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relationship between the proton transport and morphology of Pt and carbon supported 

Nafion thin films, is useful to design proton transport pathway of practical catalyst. 
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Figure S1. The schematic image of interdigitated array (IDA) electrode used for proton 

conductivity measurement. Au electrodes were deposited on glass substrate. The 

detailed information of IDAs were described in the main text 
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Figure S3. The Raman spectroscopy of carbon substrate of IDA electrodes (yellow), 

TEC10V30E (blue) and graphite (pink). The TEC10V30E and graphite here are used 

as reference. The peak around 1360 cm-1 and 1580 cm-1 are assigned to D band and G 

band. The carbon substrate of IDA electrodes used in this study exhibited amorphous-

like structure. 
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Figure S3. The ellipsometry mapping of cast thin films with various thicknesses on Pt 

((a) 50 nm (c) 110 nm (e) 200 nm) and carbon((b) 50 nm (d) 110 nm (f) 200 nm) 

substrate. The difference in film thickness on Pt substrate was 0.7 nm, 1.7 nm and 2.2 

nm for 50, 110 and 200 nm thick Nafion thin films. For carbon supported thin films, 

the difference was 1.9 nm, 1.7 nm and 6.2 nm for 50, 110 and 200 nm thick Nafion thin 

films. 
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Figure S4. The schematic image of GISAXS/GIWAXS measurement. Continuous N2 

flow was transport into chamber with 25 μm PEEK film to maintain constant humidity 

level. 
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Figure S5. Nyquist plot of Nafion thin film with various thickness and Pt ((a): 50 nm, 

(c): 110 nm, (e): 200 nm,) and carbon ((b): 50 nm, (d): 110 nm, (f): 200 nm) with various 

relative humidity under 25oC via electrochemical impedance method. 
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Figure S6. The illustration of normaalization method used in this manuscript. Ionomer 

peak was extracted from the scattering from in 2D pattern(left) to azimuthal plot and 

fitted with Gaussian function.  
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Figure S7. GIWAXS 2D pattern of Nafion thin film with various thicknesses on Pt and 

Carbon substrate at 25oC 80%RH. 

  



95 

 

 

Figure S8. The typical illustration of crystalline-rich phase proportion fitting results of 

200 nm thick Pt supported Nafion thin films. Azimuthal plot was extracted from 

GIWAXS 2D patterns shown in Figure S3. The in-plane and out-of-plane fit line are 

best-fit curve of the amorphous/crystalline peak.  Ib represents the non-orientation 

component in hydrophobic domain, which is considered as the background. The 

detailed information of calculation procedure was based on our previous work. 
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Chapter 4 The role of water of cast Nafion thin films in morphological and proton 

transport view 

 

 

4.1 Introduction 

Polymer electrolyte fuel cells (PEFCs) have received extraordinary attention for the 

past several decades due to its high efficiency, high power density and zero emission 

as fuel cell vehicles to microelectronics.1-4 In polymer electrolyte fuel cells, oxygen 

reduction reaction (ORR) occurs on carbon-supported platinum (Pt/C) covered by 

proton conductive perfluorosulfonated ionomers. Nafion® is the most well-known 

proton conductive material due to its high proton conductivity, thermal stability and 

mechanical properties.5-9 Nafion consists of a hydrophobic polytetrafluoroethylene 

backbone (−CF2−) with perfluorinated chains on either side that are terminated by 

hydrophilic sulfonic acid groups (−SO3H).10,11 In the presence of water, the hydrophilic 

phase forms an ionic domain responsible for proton transport, while the hydrophobic 

phase aggregates and provides a high-stability polymer.8,9,12 The electrochemical 

properties such as proton conductivity of Nafion thin films on the catalyst is different 

from those of free-standing Nafion membranes.13-15 These are because as the ionomer 

thickness approaches the domain size of the copolymers, the confinement effect caused 

by the ionomer/electrode interaction can significantly influence the domain orientations 

and anisotropy in Nafion thin fillms.16,17 Thus, it is crucial to reveal the relationship 

between the morphology and electrochemical properties in the Nafion thin films on the 

catalyst. 

In the electrode fabrication for PEFCs, Nafion is cast on the Pt/C catalyst by using 

catalyst ink of mixture of Nafion dispersion and Pt/C catalyst and exists as a thin-film 

with a few nanometer thicknesses. It has been reported that the molecular structure and 

properties of the Nafion in the dispersion is influenced by the solvents.18-25 In high 

dielectric constant solvent such as water, the Nafion has a tightly packed structure with 

the sulfonic group on the outside and the perfluorocarbon backbone on the inside of the 

molecule.18,20,21,26 In low dielectric constant solvent such as isopropyl alcohol (IPA), 
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the Nafion has a loosely packed structure with the perfluorocarbon backbone on the 

outside and the sulfonic group on the inside of the molecules.26,27 In mixed solution 

between water and IPA, the molecular structure of Nafion changes from the tightly 

packed structure to the loosely packed structure as the [IPA]/[IPA+water] ratio 

increases.27 These molecular structures  of the Nafion in the dispersion affects the 

electrode performance of PEFCs.24,25,27,28 These solvent effect must also change the 

interaction driving ionomer-particle aggregation in an ink, because inks with different 

water/alcohol ratios exhibits different aggregate sizes.29-31 Ngo.el.al. revealed that the 

aggregate particle size of Nafion molecule decrease with the increasing IPA 

concentration from 20 to 80 wt% of IPA/water solvents via transmission electron 

microscopy.27 The similar tendency was also observed by Neyerlin et.al., who revealed 

that the aggregate size of Nafion molecules increases with increasing water centration.32 

Although, several efforts have been devoted to clarify the molecular structure of Nafion 

in the dispersion with various solvents, or different IPA/water ratio. However, these 

studies focused on the Nafion in dispersion state but not the film. Up to now, it has not 

been clearly understood the relationship among the morphology and proton transport 

properties of Pt supported Nafion thin-film cast by Nafion dispersion with different 

IPA/water ratio. 

In order to analyze the morphology of thin-film Nafion on catalyst, grazing incidence 

small angle X-ray scattering (GISAXS) / grazing incidence wide angle X-ray scattering 

(GIWAXS) are powerful tools.16,33-36 Our group also proved that the quantitative 

relationship between morphology and proton transporting properties of Nafion thin 

films with various thicknesses after annealing treatment on Pt substrate by using these 

techniques combined with Pt deposited interdigitated array electrodes.37 Those tools are 

useful to understand the relationship between morphology and proton conductivity of 

Nafion thin films cast on Pt electrode by using the Nafion dispersion with different 

water/alcohol ratio. 

In the present work, we examined the correlation between morphology and proton 

transport behavior of spun cast Nafion thin films with different IPA/water fraction. 50, 

110 nm-thick Nafion thin films on Pt substrate cast by Nafion dispersion with different 
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water/alcohol ratio were systematically investigated via GISAXS/GIWAXS and 

electrochemical impedance spectroscopy (EIS) method in terms of morphological 

property and proton transport behavior. 

 

4.2 Experimental 

Proton Conductivity measurement 

The self-designed Pt deposited interdigitated array (Osaka Vacuum Industrial Co., 

Ltd) with the same setup of our previous work was used to measure proton 

conductivity.37 Nafion dispersion was prepared by diluting 20 wt% Nafion solution to 

desired solution, in which the solvent compositions were [IPA]/[IPA+water] 2, 17, 34, 

54 wt% by addition of Millipore water. Then, Nafion thin films were fabricated by spin-

casting method on the interdigitated array electrodes. The thicknesses of as prepared 

Nafion thin films on interdigitated array electrodes were confirmed by ellipsometry 

measurement (OTSUKA ELECTRONICS Co., LTD).  

The proton conductivity of cast Nafion thin films applied to the interdigitated array 

electrodes was measured using EIS under a flow of dry N2 gas through water tank. All 

measurements were conducted at 25 °C with 20-90% relative humidity (RH). An 

alternating amplitude potential and frequency range were set at 100 mV and 7 MHz− 

0.01 Hz, respectively. To capture the Nafion thin film resistances, the collected 

impedance data were fitted using analysis software EC-lab (V.11.21) 

GISAXS/GIWAXS measurement 

The Nafion thin-films for GISAXS/GIWAXS measurements were prepared on Pt 

sputtered Si substrate as previously reported.37 The prepared Nafion thin films were 

placed into a cell connected to a humidity controller system for the GISAXS/GIWAXS. 

The relative humidity was controlled by transporting hydrated N2 gas to maintain a 

constant humidity level of 80% RH at 25ºC. GISAXS and GIWAXS were performed 

in beamline BL40B2 at SPring-8, Hyogo, Japan. The X-ray energy was 12.4 keV, and 
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the incident X-ray angle was at 0.14º. The GISAXS and GIWAXS 2D image was 

collected with a Dectris Pilatus imaging plate (0.172 mm x 0.172 mm, C9729DK-10) 

and a flat panel sensor (0.05 mm, Hamamatsu Photonics K. K. Japan), respectively. The 

X-ray exposure time for the Nafion thin films in the GISAXS and GIWAXS was 100 s 

and 10 s, respectively. The distance between the samples and the detector was set at 

2200 mm and 60 mm for GISAXS and GIWAXS, respectively. Silver behenate and 

CeO2 were used as standard material to calibrate the beam center and the sample-

detector distance for the GISAXS and GIWAXS, respectively. 

 

4.3 Results and Discussion 

The thickness of the as-prepared Nafion thin-films were 50 and 110 nm, which were 

characterized by ellipsometry combined with Cauchy model fitting as we reported 

previously.37 Figure. 1 shows the proton conductivity of the cast Nafion thin films with 

different IPA fraction in the solvent and thicknesses ((a) 110 nm, (b) 50 nm) at 25ºC 

under 20-90%RH. The Nyquist plot are shown in supporting information Figure S1. In 

the case of 110 nm shown in Figure 1(a), the proton conductivity increased as increasing 

relative humidity in range of 20-90%RH over all samples, which exhibited humidity 

dependence as previous work.13 Additionally, the proton conductivity increased with 
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Figure 1. Proton conductivity of Nafion thin films with various thicknesses: (a) 110 

nm, (b) 50 nm, cast by different IPA fraction of Nafion dispersion. The electrochemical 

impedance was conducted under wide range of humidity from 20-90%RH at 25ºC 
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decreasing IPA fraction in cast solution. Comparing the proton conductivity of Nafion 

thin films cast by dispersion with IPA fraction of 54 wt% and 2 wt%, the gap at 20%RH 

showed the most difference (54 wt%: 0.33 mS/cm 2 wt%: 0.70 mS/cm). Similar 

tendency was observed for 50 nm (Figure 1(b)). These results indicate the proton 

conductivity of the Pt-supported Nafion thin films affected by the IPA fraction in cast 

solution. In particular, the difference in proton conductivity between 2 wt% and 54 wt% 

IPA cast thin films was enlarged as thickness comparatively decreased to 50 nm. 

 

To examine the morphology of the as-prepared Nafion thin films cast by dispersion 

with various IPA fraction, GISAXS and GIWAXS measurements were performed on 

the Nafion thin films. Figure 2 exhibits the GISAXS 2D patterns of Nafion thin films 

with thickness of 50 and 110 nm cast by different IPA fraction of Nafion dispersion. 

The scattering patterns are plotted as scattering vector q in 2D and the measured 

intensity is reported as a function of the magnitude of the scattering vector38 
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where αi is the incidence angle. αf and ϴ represent the exit angle along out-of-plane 

and in-plane, respectively. λ is the wavelength of the incidence X-ray. In the case of the 

110 nm-thick Nafion thin films cast by dispersion with 54 wt% IPA fraction, the 

scattering ring appeared around q = 1-2 nm-1. The scattering ring is named as “ionomer 

Figure 2. GISAXS 2D patterns of 50 and 110 nm thick Nafion thin films cast by 

dispersion with various IPA fraction under 80%RH at 25°C 
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peak”, arising from the ordered structure of hydrophilic ionic domain in Nafion thin 

films.39,40 As the IPA fraction decreased to 2 wt%, the ionomer peak significantly 

increased, which indicates that the formation of hydrophilic ionic domain was enhanced. 

Similar tendency was observed in 50 nm Nafion thin films because the growth of 

hydrophilic domain along in-plane direction was significantly confined as film 

thickness approach to domain size.  

To further understand how the ionic domain orientation changes, 1D line-integrated 

analyses along the equatorial (in-plane) and meridional directions (out-of-plane) were 

extracted from the GISAXS 2D profiles by the same manner as previous report.37 For 

the in-plane direction analysis, the distance of cut line was set as q=0.45 nm-1 from 

beam center to avoid the influence from Yoneda peak. For the out-of-plane analysis, the 

scattering position shift along qz direction could be caused by refraction of X-ray. We 

confirmed the peak shift along qz direction was negligibly small by calculating the d-

spacing taking distorted wave born approximation into consideration.37 The typical 1D 

line profiles along the in-plane direction are shown in Figure 3. The scattering vector q 

expressed in reciprocal space can be converted to d-spacing, which is the distance of 

the periodic structure in real space, using equation [2]. 

2
d

q


=          [2] 

The line profiles along in-plane direction shown in Figure 3 clearly presented the 

difference of morphology in these Nafion thin films with various thicknesses and IPA 
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Figure 3. 1D in-plane lineprofile of Naifon thin films cast by Nafion dispersion with 

various IPA fraction extracted. ((a):110 nm, (b): 50 nm) 
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fraction. The intensity of ionomer peak found in all 50 nm and 110 nm-thick Nafion 

thin films increased as decreasing IPA fraction to 2wt% and the peak position slightly 

shifted to lower q side to about 1.56 nm-1 and 1.48 nm-1, respectively. Similar tendency 

was observed in case of out-of-plane direction (Figure S2). 

The Gaussian function was used to fit the ionomer peak to extract d-spacing of 

ionomer peak. The typical fitting results are shown in Figure S3. The obtained d-

spacing vs. IPA fraction plot is shown in Figure 4(a), (b). For 50 nm and 110 nm Nafion 

thin films, d-spacing along in-plane direction increased to 3.0 nm and 4.4 nm, 

respectively, as IPA fraction decreased to 2 wt%. Although the d-spacing value along 

out-of-plane direction shown in Figure 4(b) basically exhibited the similar tendency as 

Figure 4(a), the value of out-of-plane was slight lower, compared to that along in-plane 

direction. Overall, d-spacing showed monotonically decreasing relationship with an 

increase of IPA fraction of cast Nafion dispersion, which indicates that the 

alcohol/water ratio in Nafion dispersion directly affects the spacing of order hydrophilic 

ionic domain in cast Nafion thin films. Furthermore, as the d-spacing along in-plane 
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Figure 4. The d-spacing of ionomer peak extracted from lineprofile along (a) in-plane and 

(b) out-of-plane direction under 80%RH with different IPA fraction. Figure 4(c) present 

the ratio of contribution of hydrophilic ionic domain along out-of-plane component. 
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direction showed higher value than of out-of-plane direction under the same condition 

(IPA fraction, thickness), which indicate that the hydrophilic domain behaves 

anisotropically.  

To quantitatively compare the intensity of the ionomer peak along the meridional and 

equatorial axes, I1 and I2 were utilized, respectively. We normalized the curves by 

setting the integrated intensity around the ionomer peak to q=1-2 nm-1with the same 

method as we reported previously.37 It is assumed that I1 (out-of-plane) and I2 (in-plane) 

are both Gaussian distribution functions of the azimuthal angle, φ, shown in Figure S4, 

with peaks along the meridional (φ=0°) and equatorial (φ=90°) directions. The I1 (φ) 

and I2 (φ) were then used to determine the normalized integral intensity, I(q), which is 

defined by the following equation41 

2

0
( ) ( )2 sini iI q I q d



         [3] 

The normalized integral intensity of the ionomer peak along the meridian (i=1) and 

the equator (i=2) was evaluated using Equation [4]. In this study, the meridian and 

equator scattering patterns represent the in-plane and out-of-plane directions. The 

estimated normalized integrated intensity of ionomer peak around 1-2 nm-1 for 50 and 

110 nm-thick Nafion thin films with various IPA fraction was shown in Figure 4(c). 

Generally, for both 50 and 110 nm, the contribution of orientated component along out-

of-plane direction, I1(q) (%), are slightly increased with increasing IPA fraction. Such 

result exhibited that the IPA fraction in casting solution make impact on orientation of 
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Figure 5. GIWAXS 1D lineprofile ((a):110 nm, (b): 50 nm,) of Nafion thin film cast 

by Nafion dispersion with different IPA fraction extracted from 2D patterns shown in 

Figure S5 
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nanostructure of cast film. Considering the absolute intensity of scattering pattern 

shown in Figure 2, it is clear that the film cast by lower IPA fraction solution is more 

inclined to orientated to be aligned parallel to Pt substrate than that film cast by high 

IPA fraction solution. Similar result was observed by previous report conducted by 

Cleve et.al., who suggest that the film cast with lower IPA fraction induced more 

orientated Pt/ionomer interfacial structure due to the Pt-sulfonate interaction.28 

To examine the molecular aggregation in the hydrophobic domain of the Nafion thin 

films, GIWAXS was performed under 80% RH at 25ºC. The GIWAXS 1D line profiles 

along the in-plane direction extracted from 2D GIWAXS patterns (Figure S5) are shown 

in Figure 5. In the GIWAXS patterns of the Nafion thin film, board peaks attributed to 

the combination of CF2 chain amorphous and crystalline structures appear at q=10.5 

nm-1 and 12 nm-1, respectively.33,42 For 50 nm-thick Nafion thin films shown in Figure 

5(b), amorphous / crystalline peak were found in all samples and decreased as 

increasing IPA fraction, which indicates that the growth of ordered hydrophobic 

structure was enhanced as decreasing IPA fraction of Nafion cast dispersion. Compared 
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Figure 6. The estimated crystalline-rich phase proportion of Nafion thin films with 

different IPA fraction along (a) in-plane and (b) out-of-plane direction extracted from 

GIWAXS 2D patterns. 
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to 50 nm samples, the amorphous / crystallinity peak observed in 110 nm (Figure 5(a)) 

exhibited comparatively sharp due to the fact that bulky properties begin to dominate 

thin films morphology.34 For further investigation, the board amorphous / crystallinity 

peak observed in Figure 5 was deconvoluted into the amorphous and crystalline peak. 

As our pervious report, crystalline-rich phase proportion, Pc, was introduced here to 

describe the morphology changes as a function of IPA fraction. The Pc of the Nafion 

thin films can be estimated based on previous research.37 The typical fitting results were 

shown in supporting information (Figure S6). As shown in Figure 6(a), the Pc along in-

plane direction generally decreased with an increase in IPA fraction for a given 

thickness. In the case of the 110 nm-thick Nafion thin films, Pc gradually decreased to 

20.4% as the IPA fraction increased 54 wt%. In the case of the 50 nm-thick Nafion thin 

films, Pc gradually decreased to 10.1% as the IPA fraction increased to 54 wt%. 

Compared to 110 nm, 50 nm-thick thin films exhibited lower Pc due to the disordered 

domain structure as aforementioned. Similar tendency was observed in Pc of out-of-

plane direction shown in Figure 6(b). Additionally, the Pc along the out-of-plane 

direction exhibited a slightly higher value than in-plane direction, indicating anisotropic 

behavior due to the ionomer/substrate interaction. Figure 6 clearly shows that the 

Figure 7 The schematic model of Nafion thin films cast by dispersion with different IPA 

fraction 
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crystalline structure of the thin films, depends on dispersion of IPA fraction, thereby 

implying that state of dispersion influence the structural order of hydrophobic domain 

in Nafion.  

Here we discuss the correlation between the IPA fraction and morphology in the 

Nafion thin-films. This study shows that both the morphology and proton conductivity 

of Nafion thin films is influenced by IPA fraction of cast dispersion. It has been reported 

that the morphology of the Nafion molecules in the dispersion changes with the 

IPA/water ratio.43 In the low IPA content, the polar sulfonic groups interact with the 

water and the non-polar perfluorocarbon backbones association with each other, 

resulting in a tightly packed structure with the sulfonic group on the outside and the 

perfluorocarbon backbone on the inside of the Nafion molecules.  In the increasing 

IPA content, the non-polar perfluorocarbon backbones interact with the IPA and the 

polar sulfonic groups association with each other, resulting in a loosely packed structure 

with the perfluorocarbon backbone on the outside and the sulfonic group on the inside 

of the Nafion molecules. Considering the previous reports, in the present study, Nafion 

molecules in the 2 wt% IPA fraction dispersion have the tightly packed structure with 

hydrophilic/hydrophobic phase separation because that the large amount of water 

interacts with sulfonic groups. On the other hand, Nafion molecules in the 54 wt% IPA 

fraction dispersion have the loosed packed structure with low hydrophilic/hydrophobic 

phase separation. In the case of 2 wt% IPA fraction dispersion, the tightly packed 

structure with sulfonic group on the outside of Nafion molecules, enhances the 

development of hydrophilic/hydrophobic phase separation in the Nafion thin-film 

because the sulfonic groups interacts with the surface of Pt substrate.28,34 On the other 

hand, in the case of 54 wt% IPA fraction dispersion, the loosely packed structure of 

Nafion molecules, relatively inhibits the development of hydrophilic/hydrophobic 

phase separation in the Nafion thin-film. In particular, the effect of the molecular 

structure on the thin-film morphology is pronounced when the thickness of Nafion thin-

film is small. These morphological difference of the Nafion thin-films, which are 

influenced by the Nafion molecular structure in the various IPA fraction dispersion 

results in the proton conductivity difference. The tendency of domain size various with 
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IPA or water content is consistent with the previous work conducted by Berlinger et. al., 

who also suggested that the average cluster size increase with increasing water 

content.32 In high IPA content solvent, as aforementioned, Nafion molecules tend to 

form tightly packed structure with high hydrophilic/hydrophobic phase separated 

structure. In case of this, it is anticipated that proton transport pathway is well grown, 

which is related to comparatively high proton conductivity. On the other hand, low IPA 

content solvent result in loosed paced structure where the proton transport pathway is 

restricted due to the low hydrophilic/hydrophobic phase separation. 

 

4.4 Conclusion 

In this study, we systematically investigated the alcohol/water effect in Nafion thin 

film with thickness of 50-110 nm in terms of morphology and proton transport property 

via GISAXS/GIWAXS and EIS method. It is obvious that the water/alcohol ratio in cast 

dispersion directly affect the morphology, connectivity of hydrophilic, 

hydrophilic/hydrophobic phase separation as well as proton transport behavior in cast 

films. As IPA fraction decreased to 2wt%, the growth of hydrophilic domain of cast 

Nafion thin films is accelerated accompany with formation of crystalline-rich phase in 

hydrophobic domain, which indicate the strongly hydrophilic/hydrophobic phase 

separation. On the other hand, Nafion thin films cast by 54 wt% IPA fraction exhibited 

the lowest phase separation, proton conductivity value. All these results indicate the 

fact that the morphology of cast thin films are strongly influenced by the dispersion 

state in solution. The findings of this study are expected to further the understanding of 

catalysts/ionomer interfacial phenomena during the optimized dispersion fabrication 

process in PEFCs. 
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Figure S1. Typical Nyquist plot of Nafion thin films with thickness of 110 nm cast by 

various IPA fraction of Nafion dispersion (a): 2 wt% (b): 17 wt% (c): 34 wt% (d): 54 

wt% under 20-90%RH at 25oC. 
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Figure S2. 1D out-of-plane line-profiles of Nafion thin films cast by Nafion dispersion 

with various IPA fraction extracted. ((a):110 nm, (b): 50 nm) 
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Figure S3. Typical Gaussian fitting result of 1D line profile of 110 nm-thick Nafion 

thin film cast by dispersion with 2 wt% IPA fraction. The isotropic background was 

subtracted before Gaussian fitting. 
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Figure S4. (a) The illustration of normalization method used in this manuscript. 

Ionomer peak, defined as 1.5-2.5 nm-1, was extracted from the scattering from 2D 

pattern to azimuthal plot and fitted with Gaussian function for both in-plane and out-

of-plane component. The typical fitting results of 110 nm-thick Nafion thin films ((b): 

2 wt% (c): 17 wt% (d): 34 wt% (d) 54 wt%) are shown above. Isotropic background 

was subtracted 
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Figure S5. GIWAXS 2D patterns of Nafion thin film cast by dispersion with various 

IPA fraction. 
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Chapter 5 Plasticization effect in Nafion thin film on Pt substrate 

 

 

5.1 Introduction 

Finding sustainable solutions to the looming energy crisis on both small and 

environmental friendly has become one of the most urgent challenges to reduce our 

dependence on conventional energy source1-4 PEFCs, a next generation energy 

conversion system, offer the advantages of high power density with zero-emission, 

which is considered as the one of the most promising energy source in the future. In 

practical PEFCs, oxygen reduction reaction occurs (ORR) the interface of carbon-

supported Pt covered by proton conducting electrolyte. Nafion, a benchmark of 

perfluorosulfonated ionomer (PFSI), is the most commonly used as ion conducting 

electrolyte material in PEFSs due to its high proton conductivity, high thermal and 

mechanical properties.5-8 As ionomer/catalysts act as a reaction field in PEFCs, which 

is essential parts to improve efficiency and performance, therefore elucidation of the 

structure of Nafion on the Pt/C catalysts is related to oxygen reaction reduction 

activity.9-11 

 Nafion consists of hydrophobic perfluorocarbon backbone (-CF2) and hydrophilic 

sulfonate side chains (-SO3H). The physical properties of these materials are dictated 

by the coulombic interactions between the ion-pairs along the backbone. These 

electrostatic interactions lead to the formation of stable ionic associations that behave 

in many ways as cross-links. In particular, the relaxation behavior of these materials is 

greatly affected by the associations, and the resulting aggregates (multiplets), and has 

been the focus of several rheological studies.12-15  

Up to now, several studies have shown that the rheological behavior of these 

materials can be altered simply by changing the degree of neutralization or through the 

choice of counterion, factors that can be expected to influence the strength of the 

associations.16-18 In particular, and pertinent to later discussion, early patent literature 

describes the neutralization of ionomers with alkyl ammonium ions and subsequent 
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changes in the rheological properties. In addition, Weiss et al. observed a decrease in 

the viscosity of alkylamine neutralized polystyrene ionomers with an increase in the 

bulkiness of the counterion and found that electrostatic interactions predominate for 

smaller counterions, while plasticization effect is more important as the counterion 

becomes sufficiently bulky.19 These, and other studies, show that by changing the 

overall number and strength of the electrostatic interactions, a large degree of control 

can be exerted over the relaxation processes in these materials.20-24 

Recent simulations of ionomer self-assembly by Kumar provide some basic insights 

into the nature of these fluids.25 Upon cooling process, there is first a thermal transition, 

termed as “Tα”, depend on the ion valence and size asymmetry of ion, where the 

counterions pair with the ions on the chain backbone to form small ion-multiplet 

structures that remain quite mobile. The long-range interactions of the small ion-

multiplet structures lead to the supermolecular assembly of the small ion-multiplets in 

a well-defined order-disorder transition upon further cooling characterized by a 

maximum in the specific heat and a sharp drop in the mobility of counterions that have 

been incorporated into the self-assembled structures.26 Pages et.al. suggest that this 

transition can be identified with the “cluster Tg” or α transition temperature.12-18 The 

second, lower Tg, is naturally attributed to the conventional Tg of the polymeric 

structures with the large-scale supermolecularly assembled ionomer multiplet 

structures. The description put forth by the simulations of Kumar et al. It is apparent 

that the “self-assembly” of the ion pairs into supermolecular structures that they observe 

upon cooling corresponds to the same process involved in destabilization of the 

electrostatic network upon heating. At temperatures in the vicinity of the α-relaxation, 

an obvious destabilization of the electrostatic network may occur which results in the 

activation of a dynamic network facilitated through the ion hopping process. In contrast, 

the β-relaxation was associated with the onset of hydrophobic segmental motions 

(basically backbone motions) within the framework of a static physically cross-linked 

network of chains.27-30  

The two predominant relaxation processes governing the melt rheological behavior 
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of ionomers. Generally, they are (1) the terminal relaxation time of the polymer chains 

and (2) the average lifetime of the ionic associations. The terminal relaxation time is 

dictated by the time that an ion pair resides in an aggregate before “hopping” to another 

aggregation site. This process was named as “ion-hopping”. Ion-hopping has been 

identified as a basic phenomenon in the mechanism for the cluster α-relaxation process 

in Nafion membrane. 

In this study, we investigated the morphological and proton transporting behavior in 

Nafion thin films with the thickness of 50 and 200 nm under a series temperature 

ranging from 25-120°C under wet conditions to revealed the effect of plasticizer, water 

molecules. The electrochemical impedance was utilized to collect the information of 

proton transport behavior under wet condition upon heating. Additionally, we used 

GISAXS and GIWAXS to obtain a direct measure of morphological information, such 

as the d-spacing of hydrophilic and hydrophobic periodic structure and characterize the 

ion-hopping process. 

 

5.2 Experimental 

 

Sample preparation 

 

The pretreatment of geometry detail of self-designed interdigitated arrays electrodes 

were described in our previous leterature.32 5 wt% Nafion dispersion was diluted to 

desired concentration with 1,1,1,3,3,3-Hexafluoro-2-propano (Wako). Then, spin 

casting method was used to fabricate Nafion thin film. The spin coater equipment was 

Opticoat MS-A100 (MIKASA CO., LTD). As-prepared Nafion dispersion was dropped 

on Si@Cr@Pt substrate immediately after chuck spun at 800-1600 rpm for 2 min. After 

the rotation returned to rest, each sample was placed under airflow until completely 

dried. The as-prepared thin film was placed into a cell connected to a humidity 

controller system. The steady humidity was made by transporting hydrated N2 gas.  

First, 20 nm Cr buffer layer was deposited on P doped-Si substrate (1 cm x 1cm) by 
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using Magnetron sputter (MSP-30T, Vacuum Devices Inc. Japan) under 8.0 x10-1 Pa 

Ar atmosphere, 150 mA, 1 min 47 s. Then, to mimic the Pt catalyst surface, 30 nm Pt 

layer was fabricated in the same way on the as-prepared Cr/Si substrate under Ar 

atmosphere 8.0 x10-1 Pa, 150 mA, 1 min 23 s.  

 

Proton conductivity 

 

The proton conductivity of the prepared Nafion thin-films on the interdigitated array 

electrode was measured by EIS method under hydrated N2 gas flow condition. The 

humidity gas with constant flow rate (relative humidity: 80% at 25°C) was continuously 

transferred into self-designed chamber where IDA electrodes was set up. The 

temperature range was set as 25-125°C. The impedance data were collected by applying 

an alternative potential of 100 mV over a frequency ranging from 7 MHz-0.01 Hz by 

multi potentiostat (VSP-300, Bio-logic). For equivalent circuit model design and data 

fitting, EC-lab (Version 11.18, Bio-logic) software was adopted. The detailed of fitting 

model was described in our previous work.32 

 

GISAXS/GIWAXS 

 

GISAXS and GIWAXS measurement were conducted in beamline BL40B2 at Spring, 

Hyogo, Japan att BL40B2 and X-ray with 12.4 keV were sued. The GISAXS 2D image 

was collected with a Dectris Pilatus imaging plate (0.172 mm x 0.172 mm, C9729DK-

10) and GIWAXS detector was used flat panel sensor (0.05 mm, Hamamatsu Photonics 

K. K. Japan). GISAXS and GIWAXS were measured at an incidence angle 0.14o and 

the exposure time was 100s for all samples. The silver behenate and CeO2 were used 

for calibration of beam center and sample detector distance for GISAXS and GIWAXS, 

respectively. 

 

 

5.3 Results and Discussion 
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Figure. 1 shows the Arrhenius plot of proton conductivity for Nafion thin-films with 

thicknesses of 50 nm and 200 nm. The collected EIS spectra were shown in Figure S3 

in the supporting information. Generally, it is obvious that the proton conductivity 

increased as increasing temperature, which showed strongly dependent on temperature 

for both 50 nm and 200 nm-thick films. In the case of 200 nm, conductivity gradually 

increased under 80°C, after then it obviously increased with a larger slop and reached 

1.76 S·cm-1·K as temperature increased 125°C. Compared to 200 nm, 50 nm showed 

the similar tendency but comparatively decreased proton conductivity value on the 

whole temperature range. Different with 200 nm-thick thin films, the point that the 

proton conductivity significantly increased is almost at 105°C, which showed a higher 

value than that of 200 nm thin films. Such a phenomenon is considered to be linked 

with the increased mobility of sulfonic groups as the temperature approached to thermal 

transition. For comparison, the plot extracted from previous work conducted by Siroma 

et al., who conducted the proton conductivity of Nafion thin films on SiO2 substrate 
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Figure 1. The Arrhenius plot of Proton conductivity as a function of temperature (25-125°C.) for 

the Pt-supported Nafion thin films with thicknesses of 50 nm and 200 nm. Hollow circle and square 

represent the Arrhenius plot of proton conductivity for Nafion thin films with various thicknesses 

under constant relative humidity of 85% reported in previous leterature.33 
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were incorporated in Figure 1. Despite the different substrate, the curve shown in Figure 

1 showed the similar tendency. Since the thickness of film.   

Comparisons of 2D GISAXS patterns of Nafoin thin films with the thickness of 50 

and 200 nm at a various temperature ranging from 25-120°C, are shown in Figure 2((a), 

(b)). The scattering ring around q=1.5-2 nm-1 is defined as the ionomer peak due to the 

formation of periodic structure of hydrophilic ionic domain. The scattering patterns are 

plotted in two-dimension as a function of the scattering vector q, which is defined as 

the following equation [2] 
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Here, λ presents the incidence wavelength. In case of 200 nm 2D patterns, ionic 

domain was clearly observed at 25°C and evidently almost disappeared after 80°C. 

Figure 2. GISAXS 2D patterns of Pt-supported Nafion thin films substrate under different 

temperature ranging from 25-120°C. 
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However, 50 nm showed similar tendency with different temperature(100°C) at which 

the conductivity significantly increased. Such phenomenon is considered to be 

correlated to the increased mobility caused result from high temperature. Compared to 

our previous work, in which we annealed 50 and 200 nm thick. 

Furthermore, 1D intensity lineprofile was extracted from Figure 2 to give an insight 

of variation of hydrophilic ionic domain along in-plane and out-of-plane direction 

shown in Figure 3. The scattering vector q expressed in reciprocal space was converted 

to d-spacing in real space by using Equation 

   
2

d
q


=          [3] 

the d is the spacing of periodic structure in real space. In the case of 50 nm thin film 

along in-plane direction (Figure 3(a)), as temperature increased, the intensity of the 

ionomer peak relatively gradually decreased and almost disappeared after 100ºC. On 

the other hand, in case of the 200 nm-thick Nafion thin film, the reduction of ionomer 

peak accompanying with increasing temperature is more pronounced and the tune point 

that the peak intensity significantly decreased changed to 80ºC.  

2D GIWAXS patterns of Nafoin thin films with the thickness of 50 and 200 nm at a 
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Figure 3. GISAXS 1D in-plane direction lineprofile of Pt-supported Nafion thin films with 

thicknesss of (a) 50 and (b) 200 nm at 25-120°C 
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various temperature ranging from 25-120°C, are shown in Figure 4. In the GIWAXS 

patterns of the Nafion thin film, board peaks attributed to the combination of CF2 chain 

amorphous and crystalline structures appear at q=10.5 nm-1 and 12 nm-1, respectively. 

It is obvious that, the increased temperature also caused the morphological changes in 

hydrophobic backbone in Pt-supported Nafion thin films. Generally, the increased 

temperature caused the hydrophobic backbone turn in less-ordered structure as 

temperature exceed above Tα. To investigate further the hydrophobic nanostructural 

variation, 2D scattering patterns was reduced 1D lineprofile  as shown in Figure 5. 

Compared to 200 nm-thick Nafion thin films, 50 nm required higher temperature to 

cause the amplitude of the motions of backbone due to the relatively stronger 

ionomer/electrode interactions as temperature exceed Ta. And the transition 

temperature is lower than that of our previous work,32 which evidence that the water 

Figure 4. GIWAXS 2D patterns of Pt-supported Nafion thin films substrate under different 

temperature ranging from 25-120°C. 
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molecule works as the plasticizer. This effect is strongly depend on the thickness of the 

cast film due to the fact the specific adsorption of Pt/sulfonate groups. 

 Herein, we promote a conceptual model to further understand the morphological 

changes related to Tα in terms of hydrophilic and hydrophobic phase variations upon 

increasing temperature For Nafion thin films with thicknesses 50 nm and 200 nm, the 

transition temperature are obviously reduced as the existence of water molecule which 

play as a role of plasticizer since the water molecule increased the mobility of side 

chains in Nafion. As the thickness confined to the size of hydrophilic/hydrophobic 

domain ionomer/electrode interaction become dominate and require more heat energy 

to cause morphological changes as we shown in Figure 6. 

Figure 6. The schematic images of Pt-supported Nafion thin films with various 50 and 200 nm 

under wet conditions. 
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Figure 5. GIWAXS line profile along in-plane and out-of-plane direction of Nafion thin films 

with thickness of 50 nm and 200 nm. 
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5.4 Conclusion 

We focused on the plasticization effect of water in Nafion films with thicknesses of 

50 and 200 nm at various temperature ranging from 25-120°C via GISAXS/GIWAXS 

and EIS method. As a result, the proton conductivity increased significantly as 

temperature increased over the transition temperature, Tα. Long-range mobility of the 

counterions was closely linked with the R-relaxation in these materials measured by 

GISAXS and GIWAXS The thinner the film is, the stronger substrate/ionomer 

interaction affects the mobility of the hydrophilic domain formed by the affinity of 

sulfonic groups. The compelling evidence confirmed by GISAXS/GIWAXS exhibited 

that the hydrophilic ionic domain and hydrophobic backbone turned to less phase-

separated structure as the temperature exceed Tα. These data provide further 

fundamental understanding of the link between electrostatic interactions and dynamics 

in PFSI materials 
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Figure 1. GISAXS 2D patterns of Nafion thin films with various thicknesses on 

different substrate under 20%RH. 
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Figure S2. The schematic image of GISAXS/GIWAXS measurement. Continuous N2 

flow was transport into chamber with 25 μm PEEK film to maintain constant humidity 

level. 
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Figure S3. Nyquist plot of Nafion thin film with thickness of 50 nm and 200 nm on Pt 

substrate under 25-120oC via electrochemical impedance method. 
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Chapter 6 General Conclusion 

 

 

Polymer electrolyte fuel cells are widely used in various electronic devices, 

vehicles, stationary energy supplement. For further utilization, it is still need to improve 

the energy density, durability and industrial cost. Therefore, this work concentrated on 

fundamental research in term of ionomer/electrode interfacial regime, especially 

interfacial phenomena in proton conducting electrolyte. 

In chapter 1, the overview of PEFCs and recent progress in Nafion membrane 

and thin film for the past two decades. Especially the background introduction for 

proton transport phenomenon and its mechanism in ionomer/electrode interface was 

briefly introduced.  

In chapter 2, the morphological property and proton conductivity of Nafion 

thin film cast on Pt substrate with various thermal and thickness condition were 

systematically evaluated by GISAXS/GIWAXS and electrochemical impedance 

method. It is cleared that Nafion thin film with thicknesses under 30 nm formed a 

comparatively stable state upon annealing treatment compared to the bulky-like Nafion 

thin films with thickness of 200 nm. The temperature at which morphology and proton 

transporting properties significantly changed strongly depend on film thickness. 

In chapter 3, different type of substrate impact on morphological and proton 

transporting properties of Nafion thin film was discussed. The findings demonstrate a 

complex interplay between the perfluorosulfonic-acid ionomer and the various 

substrates. Compared to Nafion thin films cast on C substrate didn’t exhibit anisotropic 

behavior. Au showed similar trend with Pt with suppressed growth of ionic domain. 

These results indicate that sulfonate groups have a great interact with substrate thus the 

morphology significantly influence by their property. 

In chapter 4, The swelling phenomenon in ionomer thin films interacting with 

a substrate is more complex than that in the microscale due to the infl uence of the 

interface. The interactions between the ionomer moieties and the substrate control the 

polymer chains’ orientation at the interface, which diminishes beyond a critical 
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thickness and results in “bulk-like” behavior. This also explains why the 3M PFSA 

chemistry favors phase separation, especially for fi lms thinner than 50 nm. The reason 

is that the shorter side-chains bring the backbone main chains closer to the substrate, 

resulting in increased interactions between the substrate and sulfonic-acid groups. This 

behavior favors phase separation and potentially leads to a more effi cient packing of 

nanodomains. that governs their strength and nature. It is known that metallic substrates 

exhibit stronger interactions for Nafion than those of Si examined herein. Yet, even 

though substrates have additional influence on the thin-film’s structure and properties, 

it is the thickness, and therefore the confi nement, that dominates the overall fi lm 

behavior; the changes in swelling/uptake due to the substrate are smaller in magnitude 

than the changes caused by the thickness. 

In chapter 5, The morphology of Nafion thin film on different substrate 

present behavior. Nafion thin film on metallic substrate Au, Pt exhibited more 

anisotropy behavior than that on carbon. While, in case of the comparatively 

hydrophilic SiO2 substrate, the ionic domain strongly orientated along out-of-plane 

direction and exhibit extraordinary anisotropic behavior. These results indicate the 

morphology of Nafion thin films with thicknesses from 5-200 nm are strongly affected 

by type of substrate. It is considered that the physical properties such as proton 

transportation and oxygen diffusion also influenced by substrate. 

In chapter 6, the results of previous studies were summarized. 

GISAXS/GISAXS provide a new insight and effective way to investigate Nafion thin 

film in term of morphology. By combing with EIS, the correlation of physical property 

and nanostructure can be established. This thesis mainly focuses on the correlation of 

structure-property relationship in proton conducting material, Nafion thin film. For 

deep understanding about interfacial phenomena based on kinetics, such as factors 

influence on oxygen permeation is required to enhance high performance of PEFCs. 
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