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Abstract 

Fuel cells are the key technology in the move towards a ñhydrogen societyò in Japan. 

Polymer electrolyte membrane fuel cells (PEMFCs) are to date the most commercially 

successful type of fuel cell. They are currently being utilized to a limited extent in fuel 

cell vehicles (e.g. FCV MIRAI, Toyota), and micro-combined heat and power plants (e.g. 

ENE-Farm). Their limited commercialization in broader fields is largely due to their high 

cost, stemming from the materials used, e.g. the platinum electrocatalyst and the Nafion® 

proton exchange membrane (PEM). Decreasing the cost of fuel cells can be directly 

achieved by using cheaper materials, or indirectly by improving device performance and 

lifetime. Here we attempt this by finding novel membrane materials.  

Any new fuel cell membrane material must satisfy three major conditions. First, it must 

be possible to reproducibly manufacture sufficiently mechanically stable membranes in a 

scalable manner. Second, such membranes must fulfill the basic requirements for fuel cell 

operation, namely: water uptake, ionic conductivity, electronic insulation, and sufficient 

gas barrier properties. Third, it should be possible to incorporate the materials into 

membrane electrode assemblies (MEAs), where they can be evaluated for their fuel cell 

performance. Here, two novel low dimensional ionic conductors are investigated as new 

membrane materials for PEMFCs and alkaline anion exchange membrane fuel cells 

(AAEMFCs); i.e., graphene oxide (GO) and nanocellulose. 

In Chapter 1 a detailed introduction about fuel cells is given, including the history and 

operating principles of fuel cells. The background of graphene oxide and nanocellulose 

is discussed. The experimental methods used in this work are explained in Chapter 2. 

GO is explored in detail as a membrane material in Chapter 3. First, membranes are 

prepared by vacuum-filtration, and their morphology, chemical composition, and 

mechanical properties are investigated. Next, the suitability of GO membranes for fuel 

cell applications is determined by measuring the water uptake, conductivity, and 

hydrogen gas barrier properties, compared with Nafion. In particular the conductivity 

(and permittivity) is systematically investigated over a wide temperature and humidity 

range by impedance spectroscopy and blocking measurements, giving insight into the 

conduction mechanisms. Finally, GO membranes are incorporated into MEAs and their 

fuel cell performance is measured. The dependence of fuel cell performance on membrane 
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thickness is investigated, and very thin, electrode-supported membranes are investigated 

using novel spray-based fuel cell fabrication techniques. 

In Chapter 4 the application of GO membranes in AAEMFCs is investigated. First, GO 

in dispersion is reacted with potassium hydroxide in order to introduce mobile OH- ions, 

then vacuum filtered to make membranes. The morphology, chemical composition, 

thermal stability, water uptake and mechanical properties of alkaline treated GO (GOKOH) 

are investigated. Next, the suitability of GOKOH membranes for alkaline fuel cell 

applications is determined by measuring the water uptake, ion exchange capacity, 

conductivity, and hydrogen gas barrier properties, compared with the original GO, and 

commercially available anion exchange membrane. In particular the conductivity is 

systematically investigated over a wide temperature and humidity range by impedance 

spectroscopy, giving insight into the conduction mechanisms. The dominant charge 

carrier is confirmed using blocking measurements. Finally MEAs are fabricated and 

investigated for their performance in an alkaline fuel cell. 

Chapter 5 deals with the application of nanocellulose as a fuel cell membrane material. 

Two varieties of nanocellulose are studied, namely: cellulose nanofibers (CNF), and 

cellulose nanocrystals (CNCs). First, nanocellulose papers are prepared by vacuum-

filtration of nanocellulose water dispersions, and their morphology, chemical 

composition and mechanical properties are investigated. Next, the suitability of 

nanocellulose paper for fuel cell membrane applications is investigated by hydrogen gas 

barrier measurements, water uptake, and conductivity measurements, and the results are 

compared with Nafion. In particular, the conductivity is systematically investigated over 

a wide temperature and humidity range by the aid of impedance spectroscopy, and the 

conduction mechanism is elucidated via activation energy determination. Finally MEAs 

are fabricated with nanocellulose membranes and their fuel cell performance is 

investigated.  

In Chapter 6, the main empirical results are summarized, the conclusions of this work are 

outlined, and the prospects for application of these novel materials are discussed. Finally, 

the planned future directions of this work are considered. 
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1 Introduction 

1.1 The Hydrogen Society 

Japan introduced a roadmap towards broad utilization of hydrogen as a major energy carrier, 

in order to become a hydrogen-based society. This long-term strategic roadmap ends in 2050 

and is divided into three phases.1ï3  

Phase one is the commercialization of fuel cells and expansion of hydrogen usage, mostly 

based on fuel cell vehicles. Commercialization of FCVs started in December 2014 with the 

sale of Toyotaôs FCV MIRAI.4 In 2020 the price for fueling a FCV should be comparable or 

even lower compared to fueling a hybrid car, and in 2025 the price for FCVs should be in the 

same range as for hybrid vehicles today. 

Phase two is the establishment of mass supply of hydrogen gas, and the introduction of 

hydrogen power generation. Hydrogen will be imported from overseas and by the mid-2020s 

a price of 30 JPY per Nm3 hydrogen should be achieved. A demonstration project for 

importing hydrogen from overseas is planned by Kawasaki Heavy Industries. Liquid 

hydrogen, produced from lignite in Australia, shall be transported to Japan using a special 

liquefied hydrogen transport ship.5 Another possibility to produce and distribute 

decentralized hydrogen, as shown by Mitsubishi Kakoki Kaisha Ltd. in a sewage treatment 

plant in Fukuoka, Japan. They constructed and now operate the first hydrogen production 

plant using biogas from a sewage treatment plant, with a capacity of 65 FCV refills a day.6 

From 2030 hydrogen produced abroad from surplus energy shall be delivered to Japan. 

Phase three is the establishment of a CO2-neutral hydrogen supply chain. This phase covers 

R&D and demonstration projects. Establishment of CO2-neutral hydrogen production using 

renewable energy is expected from 2040 (e.g. from wind energy in South America or 

hydroelectric power in North America). 

Hydrogen related markets are expected to increase from approximately 1 trillion JPY in 2030 

to 8 trillion JPY in 2050, with large potential for the economy of Japan.2 Transforming to a 

hydrogen society will have many benefits for Japan. The high efficiency of fuel cells will 

lead to a huge energy conservation and thus reduce energy costs for companies and the 

public.2 Using hydrogen as a major energy carrier will increase energy security, as it can be 
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produced from various sources; is a by-product of several processes; and it can be imported 

from countries with low geopolitical risk. If produced in Japan, the self-sufficiency rate of 

Japan will be increased and Japan may become fully independent from overseas energy 

imports in the future.2 Hydrogen powered fuel cells do not emit harmful exhaust gases such 

as e.g. CO2, leading to a reduction of greenhouse gases and environmental burdens. Even 

completely CO2-neutral hydrogen production could be achieved, if enough renewable energy 

resources are available.2 The economy of Japan is strongly dependent on exports, and their 

previous major industries (e.g. consumer electronics) are struggling due to strong 

competition from Korea and China. However Japan is leading the world in fuel cell 

technology and development, having a strong global competitiveness shown by the large 

amount of patents held.2 This technological knowhow will preserve existing jobs, create new 

jobs, and help to strengthen Japanôs economy. Additionally, hydrogen production in Japan 

by renewable energy could help to develop the economy in rural areas with less industry, and 

could potentially help prevent rural depopulation. 

Sales of the Toyota FCV MIRAI have officially started. The Tokyo Olympics in 2020 is a 

huge chance for Japan to show the world their achievements towards becoming a hydrogen-

fueled society. However there are many obstacles to be overcome, and many of these are 

related to the most important component of the hydrogen society; namely, an electrochemical 

device that converts the chemical energy of hydrogen into electric energy. This is the fuel 

cell. 

In the following chapters, the definition, history, theory, and general overview of fuel cell 

types and operation principles will be explained in detail. In particular the two kinds of fuel 

cell used in this work will be focused upon. 

 

1.2 Fuel Cell - Definition and History 

A fuel cell is an electrochemical device that converts the chemical energy of a fuel directly 

and continuously into electrical energy, as long as the reactants are supplied to the cell and 

the products are removed.7ï9 An important difference compared to regular batteries is that 

the reactants are not stored inside the fuel cell but are supplied from outside the cell.9 Fuel 

cells offers several advantages compared to other power generators, such as high efficiency, 
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pollution-free operation (when operated with hydrogen), low noise and low maintenance due 

to reduced numbers of moving parts.10,11 

The history of the fuel cell started about 170 years ago. The German scientist Christian 

Friedrich Schönbein discovered the fuel cell effect (current produced by the combination of 

hydrogen and oxygen) and described it in 1839.8,12ï15 Based on Schºnbeinôs work the 

Englishman Sir William Grove invented his ñgas voltaic batteryò, basically the first working 

fuel cell (Figure 1.1a), in 1842.8,14ï16 Nearly 100 years later, in 1932, Francis Thomas Bacon 

developed the precursor of the alkaline fuel cell at Cambridge University, based on the work 

Ludwig Mond and Charles Langer, and in 1959 his ñBacon cellò, the world first alkaline fuel 

cell was patented (Figure 1.1b).8,15,17  Also at the end of the 1950s the first proton exchange 

membrane fuel cells were developed at General Electric and with the development of the 

proton exchange membrane Nafion® (E.I. DuPont de Nemours & Co.) this fuel cell type 

became one of the most used in a wide area of applications.8,14 In 1959, the worldôs first fuel 

cell powered vehicle was presented by the U.S. machinery manufacturer Allis-Chalmers. 

They built a fuel cell powered tractor based on Baconôs alkaline fuel cell with a 15 kW stack, 

capable of pulling ~1.5 tons of weight (Figure 1.2a).18 In 1967 General Motors unveiled their 

ñElectrovanò, a 1966 GMC Handivan powered by a 150 kW alkaline fuel cell system and 

fueled with liquid hydrogen and pure oxygen (Figure 1.2b). The worldôs first fuel cell 

passenger car achieved a maximum speed of 105 km/h and a cruising range of 200 km.18,19 

NASA used fuel cells from 1965 in their Gemini and Apollo missions and an alkaline fuel 

cell system was used on the Space Shuttles until they were taken out of service in 2011 

(Figure 1.1c).8,14,15,20,21 For other applications the use of fuel cells was still too expensive. 

With the oil crises in the mid-70s and an increasing environmental awareness, the interest in 

new energy sources increased and the application of fuel cells in other fields than space 

applications (e.g. automobile application were investigated).8,14 First large-scale commercial 

application of fuel cells were micro combined heat and power plants. Most successful are the 

ENE-Farm systems in Japan, from companies such as Toshiba, Panasonic, JX Nippon Oil or 

Aisin.22 Those systems contain PEMFC or SOFC stacks and have a power output of ~700 W 

while reaching overall efficiencies of Ò 95%, with durabilities of over 60,000 hours.22 The 

demonstration project and customer testing of ENE-Farm fuel cell systems started in 2005, 

leading to their commercialization in 2009.23 Their sales numbers increased from ~3000 
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units/year to ~29,000 units/year in 2014, and in September 2014 more than 100,000 units had 

been sold and installed in Japan in total.23 In 2009 with the Antares DLR-H2 the first fuel 

cell powered aircraft performed start, flight and landing using only fuel cell power, showing 

the suitability of fuel cell systems also for civil aviation.24 In December 2014, over 170 years 

after Groveôs first fuel cell, Toyota Motor Corporation started after many years of fuel cell 

development and on-road testing (Figure 1.1d) the commercial sale of their fuel cell vehicle 

the FCV MIRAI (Figure 1.2c).4 Over one thousand pre-orders and the upcoming sales start 

of the FCV MIRAI in US and Europe induced Toyota to increase the production numbers of 

the FVC MIRAI from 700 in 2015 to 3,000 cars in 2017.25 It seems that the start of Japan 

becoming a hydrogen society has been successful. Could this be the road towards a global 

hydrogen society? 

In the following chapter, the theory and operation principles of fuel cells will be explained. 

 

 

Figure 1.1. Fuel cell history from the very first fuel cell (1842) to the stack of Toyotaôs fuel 

cell car FCHV (2004). a) Schematic of Groveôs gas voltaic battery.16 b) Baconôs alkaline 

fuel cell (5 kW) from the 1960.26 c) Fuel Cell system of the Space Shuttle (12 kW).27 d) Fuel 

cell stack of Toyotaôs FCHV (90 kW).  

 

a) b) 

c) d) 
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Figure 1.2. Generations of fuel cell vehicles. a) The worldôs first fuel cell powered vehicle, 

an Allis-Chalmers tractor with a 15 kW AFC stack, in 1959.26 b) General Motorôs 

ñElectrovanò with a 150 kW AFC stack, the worldôs first fuel cell powered passenger car in 

1967.28 c) Toyota FCV MIRAI with 114 kW PEMFC stack, first commercial fuel cell vehicle 

in the world, in 2014. 

 

1.3 Fuel Cell - Theory 

Heart of a fuel cell is the so-called membrane electrode assembly (MEA). This consists of 

two electrodes containing electrocatalyst layers, separated by an electrolyte, as schematically 

shown in Figure 1.3. Electrochemical reactions take place at the electrodes, while the 

electrolyte has the task to reliably separate the reactants from each other, and to conduct 

specific ions. The hydrogen-oxygen reaction is a common example to explain the chemical 

and thermodynamic reaction in fuel cells and the fuel cell principle is schematically shown 

in Figure 1.3.7ï9,29ï32 Hydrogen is supplied to the anode where it is electrochemically oxidized 

via the hydrogen oxidation reaction (HOR). The released electrons flow around an external 

electric circuit and the protons diffuse through the proton-conducting electrolyte to the 

c) 

a) b) 



6 

cathode. Oxygen (usually air) is supplied to the cathode. Oxygen is electrochemically 

reduced via the oxygen reduction reaction (ORR) by taking up electrons coming from the 

anode via the external circuit and recombine with the protons diffusing through the 

electrolyte, to form water. The reactions occur with corresponding change of Gibbs free 

energy, ȹG, and the resulting electromotive force (EMF), or reversible open circuit voltage, 

E0, can be seen in Figure 1.3. 

 

 

Figure 1.3. Schematic of the working principle of a hydrogen operated fuel cell with 

electrode reactions; the change in Gibbs free energy; and the resulting theoretical cell 

voltage. 

 

The theoretical electrical work done by a fuel cell is equal to the change in ȹG during the 

reaction, and the EMF (i.e. E0) and can be calculated by: 

 
Ὁ

ЎὋ

ᾀ Ͻ Ὂ
 ( 1.1 ) 

 

where z is the number of electrons released by the HOR and F is the Faraday constant (96,485 

C/mol).7,9,29ï32 The EMF for the hydrogen-oxygen reaction is ~1.23 V. 
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The Nernst equation describes the thermodynamic reaction in fuel cells (considering changes 

in ȹG with temperature, reactant pressure and concentration) and can be used to calculate the 

reversible cell voltage, E, of a fuel cell:8,9,11,30  

 

Ὁ Ὁ
Ὑ Ͻ Ὕ

ᾀ Ͻ Ὂ
Ͻ ÌÎ 

ὴ Ͻ ὴ
Ⱦ

ὴ
 ( 1.2 ) 

 

with maximum EMF at standard pressure (1 bar) and temperature, T, (K), gas constant R 

(8.314 J K-1 mol-1), and partial pressure, p, of the gases (reactants and product). The 

calculated EMF, also known as the Nernst voltage, is the theoretical reversible voltage at any 

particular temperature and pressure. 

Figure 1.4 is a representation of a typical polarization curve of a fuel cell. The open circuit 

voltage is lower than the theoretical value due to hydrogen crossover, and electrical short 

circuit current.11,33ï35 The hydrogen cross-over causes a mixed cathode potential due to the 

formation of a half-cell electrochemical reaction ( ( ᴾ ς( ςÅ ), which is mainly 

responsible for the large voltage drop. Additional hydrogen reacts directly with oxygen, 

leading to a reduced O2 surface concentration and thus lower oxygen partial pressure.33 The 

OCV generally decreases with increasing temperature, mainly due to the drop of partial 

pressure of the reactants.9,33 When load is applied, the cell voltage drops due to other 

additional losses, also termed as overvoltage (or overpotential), as can be seen in Figure 1.4. 

At low current densities the cell voltage drops rapidly and non-linearly, due to activation 

losses caused by slow electrode kinetics, especially for the ORR.11,35,36 The activation losses 

are lower at higher operation temperature, because the reactants have a higher possibility to 

overcome the necessary activation energy due to higher thermal activity.36 At intermediate 

current density, the cell voltage decreases linearly and with lower gradient, due to losses in 

the electrolyte and electrodes. The voltage drop in this area arises mainly from the electrolyte 

resistance but also the contact resistance and interfacial resistances between e.g. the 

electrolyte and the electrocatalyst layer, as well as a minor contribution from the resistance 

of the electronically conductive components such as the catalyst-support, gas diffusion layer 

(GDL), and bipolar plates.11,35ï37 At very high current density, the cell voltage drops quickly, 

caused by limitations in mass transport of reactants at the electrode surface.11,35,36 At high 

current densities the reactant consumption is very high and their concentration will drop if 
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not supplied at a sufficient rate. This concentration decrease reduces the reversible cell 

voltage (via the Nernst equation), as well as increasing the activation losses.36  

 

Figure 1.4. Representative polarization curve of a fuel cell, showing regions of different loss 

mechanisms. 

 

The maximum thermodynamic efficiency of fuel cells is defined as the ratio of Gibbs free 

energy ȹG (the product of temperature T and entropy, ȹS) and the enthalpy of the reaction, 

ȹH:7,9,11 

 
–

ЎὋ

ЎὌ
Ͻ ρππϷ ( 1.3 ) 

 

Compared to heat engines, the fuel cell efficiency decreases with increasing operation 

temperature.8,11 The highest theoretical efficiency (83%) is obtained when pure hydrogen is 

reacted with pure oxygen, forming liquid water.11 Fuel cells achieve electric efficiencies 

between ~50 and 70%. Compared with large conventional heat engines, even small fuel cells 

achieve relatively high fuel efficiencies.7,38 

As the aforementioned efficiency is only a theoretic value, it is more practical to calculate 

the actual cell efficiency (ɖcell), by dividing the cell voltage (Ucell) by the reversible open 

circuit voltage (E0):
11 

 
–

Ὗ

Ὁ
Ͻ ρππϷ ( 1.4 ) 
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In order to increase the useful voltage and power of a fuel cell, single MEAs are usually 

connected in series to form so-called fuel cell stacks, by using bipolar plates, as schematically 

shown in Figure 1.5.8,9,11 The MEA and the bipolar plates form repeat units and the stack is 

terminated by single flow field and end plates. The flow field, bipolar plates, and end plates 

are described in more detail in Chapter 1.5.3. 

In the next chapter, an overview of the different fuel cell types containing more information 

on e.g. electrolyte materials and operation temperature will be given. 

 

 

Figure 1.5. Schematic of a fuel cell stack.  

 

1.4 Overview of Different Fuel Cell Types and Applications 

Fuel cells are commonly named after their electrolyte material, and can be divided into low 

temperature and high temperature varieties.8,11,20 

 

Table 1.1 gives an overview over the different fuel cell types. Figure 1.6 shows the different 

fuel cell technologies regarding their difference in fuel, water production and ion flow 

direction. In this work, polymer electrolyte membrane fuel cells (PEMFCs) and alkaline fuel 

cells (AFCs) are investigated, and therefore these two fuel cell types will be explained in 

more detail in Chapter 0 and 1.6. In the next chapter the most popular type of fuel cell, the 

PEMFC will be explained in more detail. 
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Table 1.1. Overview of different fuel cell technologies.11,20,39 

Type Electrolyte 
Operation 

Temperature (°C) 

Mobile 

Ion 

Electrical 

Efficiency (%) 
Fuel 

Primary 

applications 

Alkaline 
Fuel Cell 

(AFC) 

Potassium hydroxide 

solution (35-50% 

KOH), or anion 
exchange membranes 

50 - 200 OH- 50 - 60 Hydrogen 
Spacecraft and 

military 

applications 

Proton 

Exchange 
Membrane 

Fuel Cell 

(PEMFC) 

Proton exchange 

membranes (polymer) 
30 - 100 H+ 50 - 60 Hydrogen 

Transportation, 

stationary, 
portable 

devices, 

submarine 

Direct 
Methanol 

Fuel Cell 

(DMFC) 

Proton proton 

exchange membranes 

(polymer) 

20 - 90 H+ ~25 Methanol 

Portable power 

supply and 

devices 

Phosphoric 

Acid Fuel 

Cell (PAFC) 

Concentrated 
phosphoric acid 

~220 H+ 37 - 55 Hydrogen Stationary 

Molten 
Carbonate 

Fuel Cell 

(MCFC) 

Carbonate salt 

mixture 
~650 CO3

2- 45 - 60 
Hydrogen or 

hydrocarbons 
Stationary 

Solid Oxide 

Fuel Cell 

(SOFC) 

Solid ceramics e.g. 

yttria stabilized 

zirconia 

600 - 1000 O2- 45 - 65 
Hydrogen or 
hydrocarbons 

Stationary 

 

 

Figure 1.6. Schematic of different fuel cell technologies showing the differences in used fuel 

and ion flow direction. 
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1.5 Proton Exchange Membrane Fuel Cells 

1.5.1 Characteristics of Proton Exchange Membrane Fuel Cells 

Figure 1.7 shows the principle of a polymer electrolyte membrane fuel cell (PEMFC) with 

the corresponding electrode reactions. The MEA consists out of two electrodes coated with 

an electrocatalyst, separated by a proton conducting electrolyte membrane e.g. Nafion®. 

Hydrogen is supplied as the fuel to the anode and at the cathode air or pure oxygen is supplied. 

At the anode, hydrogen is catalytically split, releasing protons (H+) and electrons (HOR). The 

protons permeate through the electrolyte and the electrons flow via an external electric circuit 

with load to the cathode. There the oxygen reacts with the electrons and the protons forming 

water (ORR). The reactions at the electrodes and the overall reaction are shown in Figure 1.7. 

 

Figure 1.7. Schematic of the working principle of a polymer electrolyte membrane fuel cell 

(PEMFC) with electrode reactions, change in Gibbs free energy and the resulting theoretical 

cell voltage. 

 

Currently PEMFCs are one of the most commercially viable fuel cell options and most car 

manufactures are focusing on PEMFC development, due to the high power density (300-

1000 mW/cm2), low operation temperature (80 to 100°C), fast start-up (cold-start capability), 

cycling stability, quick load response and long operation time.7ï9,20 

However PEMFCs have several disadvantages. They are expensive due to the usage of 

platinum (Pt) as an electrocatalyst, which is necessary due to the relatively low operation 
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temperature and resulting sluggish cathode kinetics. For example, for an 86 kW PEMFC 

stack, approximately 50% of the total cost is from the electrocatalyst.7 Other components 

such as the proton conducting membrane and the bipolar plates are also expensive.9,40,41 An 

operation related problem is water management in PEMFCs, since the proton conductivity 

of the electrolyte (and thereby the cell performance) strongly depends on adequate 

humidification. Thus PEMFC systems require active water management.7,9 Another 

electrocatalyst related problem is the high sensitivity of Pt to CO poisoning, leading to 

reduced catalytic activity.9,20 

In short, the high cost and susceptibility of the Pt electrocatalyst to CO poisoning, are still 

barriers to wide-spread commercialization of PEMFCs.42ï45 Currently the main commercial 

application of PEMFCs is in stationary residential combined heat and power fuel cell systems 

(e.g. Enefarm, Japan), and in fuel cell vehicles (e.g. Toyota FCV MIRAI, Japan).  

The following chapters will explain in more detail the components of the membrane electrode 

assembly and especially the most widely used PEMFC membrane, Nafion®. 

 

1.5.2 Membrane Electrode Assembly 

As mentioned in Chapter 1.5.1, the membrane electrode assembly (MEA) of a PEMFC 

consists of two electrodes equipped with an electrocatalyst-coated gas diffusion layer, and a 

proton conducting membrane, as schematically shown in Figure 1.8. In the following 

chapters properties and function of proton exchange membranes (PEMs), electrocatalysts, 

and gas diffusion layers (GDLs) will be explained in more detail. 

 

 

Figure 1.8. Schematic of a membrane electrode assembly (MEA) of a PEMFC. 
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1.5.2.1 Proton Exchange Membranes 

The electrolyte is a central part of the fuel cell, and a bottleneck in achieving high 

performance. Requirements that have to be fulfilled by any electrolyte material are:7ï10 

¶ High ionic conductivity 

¶ Low electronic conductivity 

¶ Low fuel cross-over (hydrogen) 

¶ Chemical stability in the harsh fuel cell environment 

¶ Sufficient mechanical strength  

¶ Simple fabrication (low cost) 

¶ Ecological compatible 

Some of the requirements are easier to fulfill then others. In particular, the requirement of 

chemical stability in the harsh environment of a fuel cell is very challenging.9 Additional 

aspects are low cost and ecologically compatible fabrications, especially in view of 

commercialization. 

Proton exchange membranes (PEM) are permeable to cations but reject anions, due to 

negatively charged groups, e.g. PO3
2- and SO3

-, which are attached to the membranes 

backbone.10,46 There are various commercially available proton conducting membranes such 

as Nafion® (E.I. DuPont de Nemours & Co., Inc.), FlemionTM (Asahi Glass, Japan), 

Neosepta-FTM (Tokuyama, Japan) and AciplexTM (Asahi Kasei Chemicals Corporation, 

Japan).44,47 In particular, they are a fundamental component in PEMFCs, providing 

mechanical support, sufficient gas barrier, an electron barrier, and high through-plane ionic 

conductivity.41,48 Nafion® is a perfluorinated ionomer membrane consisting of a fluorinated 

carbon backbone with perfluoro-side chains, terminating in sulfonic acid groups (it is a 

registered trademark of E.I. DuPont de Nemours). This is by far the most-used membrane in 

PEMFCs, due to high proton conductivity (> 0.1 S/cm), good mechanical properties and 

excellent chemical stability and durability.8,41,44,49  

However, also Nafion has several demerits, and therefore the search for alternative 

electrolyte materials is highly active. A major issue is that the proton conductivity strongly 

relies on adequate humidification. Dehydration decreases the conductivity, whilst the 



14 

changing water content also leads to membrane shrinkage and swelling, in turn leading to 

deterioration of the electrolyte-electrocatalyst interface.44,50,51 Additionally, at higher 

operation temperatures, the mechanical stability of Nafion is reduced due to the low glass 

transition temperature (~110°C).52ï55 Another temperature-related disadvantage is the 

increase of fuel cross-over with increasing operation temperature. Fuel cross-over is the 

movement of fuel from the anode through the membrane to the cathode where it is oxidized, 

leading to mixed potential at the cathode, resulting in loss of performance and efficiency.56ï

58 Furthermore cross-over leads to peroxide radical production at the cathode, and associated 

catalyst-layer and membrane degradation.58 The direct reaction of hydrogen and oxygen can 

also lead to hotspots in the MEA, resulting in pinhole formation in the membrane, destroying 

gas-tightness, and creating safety problems.58 Fuel cross-over increases with operation 

temperature, leading to a conflict.57 On the one hand, higher temperature is desired in order 

to facilitate proton conduction and reaction kinetics (in which situation the expensive 

electrocatalyst could be replaced with non-precious catalysts). On the other hand, fuel cross-

over should be kept low for maintaining high efficiency and durability. Finally, the cost of 

Nafion is still far higher than the targets set by the U.S. Department of Energy (DOE) of ~20 

$/m2, and the high cost of Nafion is not expected to change, due to the strict reaction 

conditions and the use of fluorine in the production process.41,59 

The DOE has set several technical targets for fuel cell membranes in transport applications 

by 2020 (e.g. 120°C operation temperature, area-specific proton resistance of 0.02 ɋ cm2, 

hydrogen and oxygen cross-over of 2 mA/cm2).59 These targets focus on a new generation of 

PEMFCs, i.e. so-called high temperature polymer electrolyte membrane fuel cells (HT-

PEMFCs) in which the operation temperature is between 100 to 200°C.60 HT-PEMFCs offer 

several advantages compared with regular PEMFCs, as the reaction kinetics are accelerated, 

allowing the use of non-precious catalysts. Higher CO tolerance allows the use of reformed 

fuel. Additionally, system simplification is possible, since active water management is not 

required at above boiling point.7,60 However elevated operation temperature exacerbates the 

aforementioned temperature-related disadvantages of Nafion. Therefore, for next generation 

fuel cells, new membrane materials are needed, which maintain sufficient proton 

conductivity, mechanical stability and durability at high temperature and low humidity. 

Several attempts have been made to find a suitable alternative electrolyte to replace or at least 
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compete with Nafion. Good reviews on recent developments and methods in this field have 

been written by Zhang and Shen,61 and by Peighambardoust et al.44 Promising materials are 

polybenzimidazole (PBI), and sulfonated polyether ether ketone (SPEEK). These have 

sufficiently high proton conductivity and their temperature stability up to 400°C.44,60,61 The 

great value of Nafion as electrolyte in PEMFC applications is that it outperforms nearly all 

other electrolyte materials in a total sum of fuel cell electrolyte requirements mentioned at 

the beginning of this chapter, especially in terms of conductivity, mechanical stability and 

durability. For this reason, and maybe also due to the fact that nearly all car manufactures are 

focused on Nafion-based fuel cell vehicles, is Nafion still the most used membrane in 

PEMFCs today. 

In Nafion, two types of proton conduction contributions have been identified; one inside the 

pores similar to conduction in bulk water, and the other near the surface of the pores, hopping 

along SO3
- groups (with higher activation energy).62 Surface protons are not transported 

directly between SO3
- groups due to the relatively large distance, therefore a single H3O

+ ion 

is required to act as a bridge. This can be denoted as a carrier-mediated Grotthuss 

mechanism.62,63  

Two basic transport mechanisms are responsible for proton transport in the bulk-like water, 

depending on the hydration level of the electrolyte: proton hopping (i.e. the Grotthuss 

mechanism);64,65 and the vehicle mechanism (i.e. en masse movement of ions),66,67 

schematically shown Figure 1.9. In the Grotthuss mechanism, protons hop between water 

molecules via formation and cleavage of hydrogen bonds. The rate-limiting step is the 

cleavage of hydrogen bonds, with an activation energy of about 0.11 eV.65 The Grotthuss 

mechanism dominates at high water content (where sufficient water pathways result in a 

bulk-like state) and is much faster than the vehicle mechanism.68ï70 For Nafion, in which the 

Grotthuss mechanism is dominant at high humidification, the activation energy for proton 

transport is between 0.05 and 0.15 eV.51,65,69ï72 

In the vehicle mechanism, protons ñpiggybackò on a diffusing water molecule (e.g. as H3O
+), 

and net transport of protons occurs via a counter diffusion of unprotonated water 

molecules.66,67,73 At low water content and elevated temperature this is the dominating 
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transport process.67,74,75 The vehicle mechanism has higher activation energy compared to 

the Grotthuss mechanism (i.e. 0.5 to 0.9 eV).76,77 

In the next chapter the other two components of the MEAs (the electrocatalyst layer and the 

GDL) will be briefly explained. 

 

 

Figure 1.9. Schematic representation of the Grotthuss mechanism and the vehicle mechanism 

for proton transport in PEMs. 

 

1.5.2.2 Electrocatalyst Layer 

The electrocatalyst layer is where the chemical reactions in the fuel cell occur. The hydrogen 

oxidation reaction (HOR) occurs at anode and the oxygen reduction reaction (ORR) occurs 

at the cathode, as described in Chapter 1.5.1.7,9 The requirements of the electrocatalyst layer 

are: high catalytic activity; large surface area; both electric and ionic conductivity; high 

stability; and resistance to poisoning.9,40 

A commonly used catalyst in PEMFCs is platinum (Pt).7,9,11,40 The amount of Pt used in fuel 

cells has decreased over the years, from ~10 mgPt/cm2 in the 1960s, to ~0.2 mgPt/cm2 in recent 

years.11 Today, commercial PEMFCs with power densities of 500 to 700 mW/cm2 contain 

about 0.2 to 0.4 mgPt/cm2 of electrode area.7 Platinum catalyst is still responsible for about 

50% of the total fuel cell stack cost, and therefore a lot of research is being performed on 

non-noble metal catalysts. Graphene has been intensively investigated recently, and Liu et al. 

recently investigated nitrogen-doped graphene foam as non-precious catalyst for the ORR. 
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Their catalyst showed a mass activity of 0.46 A/gcatalyst (at 0.6 V) indicating the potential of 

this new noble-metal-free catalyst.43 Pt particles (2 to 3 nm in diameter) are usually decorated 

onto a carbon catalyst support material with high surface area, such as carbon black (e.g. 

Vulcan XC-72).9,40 SEM and TEM images of carbon black and carbon black decorated with 

platinum (Pt/CB) are shown in Figure 1.10. 

An electrocatalyst ink is formed by mixing the electrocatalyst material with an electrolyte 

(generally Nafion ionomer solution), alcohol, and water. This ink is then deposited onto the 

electrolyte membrane via screen printing, spray-deposition or painting, to form a 10 to 30 

µm thick electrocatalyst layer.7,9 

 

 

Figure 1.10. a) SEM image of carbon black. b) TEM image of Pt/CB.78  

 

1.5.2.3 Gas Diffusion Layer 

Gas diffusion layers (GDLs) are responsible for distributing the reactant gases across the 

entire electrocatalyst layer; for the electrical connection between the end plate or the bipolar 

plate (current collector) and the electrocatalyst layer; draining liquid water from the cathode 

catalyst layer; and protecting the thin electrocatalyst layer.7,9,11,79 Typically GDLs consist of 

a) 

b) 
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carbon paper or carbon cloth (e.g. 200 to 500µm thick), with high porosity (> 70%), and can 

contain a thin microporous layer (for example consisting of carbon powder and a 

hydrophobic material such as Teflon).7,9,11,79 The later prevents flooding of the fuel cell at 

high current densities (e.g. 0.5 to 1 A/cm2) by facilitating water removal.7,9 The GDL is 

usually attached to the electrocatalyst layer by a hot-pressing process (e.g. at ~130°C and ~7-

9 MPa). The ensemble of the above components is called a membrane electrode assembly 

(MEA).9 Figure 1.11 shows laser microscope and SEM images of carbon paper without (a-

b) and with (c-d) microporous layer. 

 

 

Figure 1.11. Laser microscope (left, GDL surface) and SEM images (right, GDL cross-

section) of two different gas diffusion layers: a-b) carbon paper made up of randomly 

orientated carbon fibers; and c-d) carbon paper coated with a microporous layer. 

 

1.5.3 Hardware for Fuel Cell Assembly 

The MEA is the central part of a fuel cell, however additional hardware must be used in order 

to complete the setup and make a complete fuel cell. Figure 1.12a is a schematic of a single 

cell fuel cell comprising end plates; flow field plates; MEA; and gaskets. Figure 1.12b and 

10c show a NEDO single cell holder, with steel end plates, graphite gas flow field plates, and 

PTFE gaskets. In the following chapters the flow field and end plate will be explained briefly. 

a) b) 

c) d) 
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Figure 1.12. a) Schematic of a single cell fuel cell structure. b-c) NEDO single cell holder. 

 

1.5.3.1 Flow Field Plates 

The flow field plates supply and distribute the reactants across the surface of the electrode, 

acting as a current collector, mechanical support for the MEA, and for heat management (due 

to the high thermal conductivity of the materials used).9,11,80,81 Flow field plates can be 

divided into monopolar and bipolar plates, depending whether the fuel cell is a single cell 

with one MEA, or a fuel cell ñstackò, consisting of a plurality of MEAs.9,11,80,81 Flow field 

plates contain flow channels for the reactants; monopolar plates have channels on one side 

for only one reactant; and bipolar plates have channels on both sides for both reactants. They 

can also be equipped with internal channels for liquid/air coolant for additional optimized 

heat management.9,11,80,81 Typical gas flow channel geometries are serpentine flow which is 

a) 

b) 

c) 
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most common, parallel flow, or interdigitated flow.9,11,80,81 An example of a monopolar flow 

field plate is shown in Figure 1.13. In the case of a fuel cell stack, bipolar plates are used to 

connect a plurality of MEAs with each other.9,11 Compared to monopolar plates, bipolar 

plates are responsible for distribution of both reactants within the stack and across the 

electrode area, and they electronically connect the anode and cathode of the two MEAs 

(hence the term bipolar).9,11,80ï82 Bipolar plates contribute most to the volume and weight of 

a fuel cell stack (by ~80%), which makes the material selection very important.11,82 Dense, 

non-porous graphite, metals (e.g. stainless steel) or composite materials (metal or carbon-

based) can be used to fabricate flow field plates.7,11,80ï82 However most car makers use metal-

based bipolar plates, as they can be fabricated to be very thin, increasing the volumetric 

power density of their fuel cell stacks.7  

 

 

Figure 1.13. Flow field plate (graphite) with a PTFE gasket. 

 

1.5.3.2 End Plates 

Fuel cell end plates terminate MEAs forming a complete fuel cell unit and have to provide a 

uniform contact pressure over the whole area and all components in order to achieve low 

contact resistance and good sealing properties.83 They are responsible for reactant supply to 

the flow field plates, current collecting, and heat removal.11,83 End plates have inlets and 

outlets for reactants and liquid/air coolant as well as current terminals. Because of the high 

force required for clamping the fuel cell together, end plates are generally large and usually 

fabricated from metals such as stainless steel or aluminum.83 Sometimes additional current 
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collectors made from e.g. brass may be used. Figure 1.14 shows an example of a stainless 

steel endplate with additional current collector (brass). 

 

 

Figure 1.14. End plate (stainless steel) with an additional current collector (brass). 

  

1.6 Alkaline Fuel Cells 

1.6.1 Characteristics of Alkaline Fuel Cells 

Figure 1.15 shows the principle of an alkaline fuel cell (AFC). Much like a PEMFC, the 

MEA of an AFC also consists of two electrodes equipped with an electrocatalyst and an 

electrolyte. However in this case, the electrolyte is an anion conductor, not a proton conductor. 

Hydrogen is supplied as a fuel to the anode, and in this case pure oxygen rather than air is 

generally supplied to the cathode. Hydroxyl ions (OH-) are generated from water and 

incoming electrons at the cathode, by the ORR. These OH- ions permeate through the 

electrolyte to the anode. At the anode protons are produced from H2 by the HOR, and 

electrons are released flowing via the external circuit to the cathode. The protons recombine 

with the hydroxyl ions from the membrane, forming water. Two essential differences of 

AFCs compared to PEMFCs are that anions move from the cathode to the anode, and that 

water is produced at the anode and consumed at the cathode.7ï9,11,84,85 

The first practical AFCs utilized aqueous electrolytes e.g. KOH, which presented various 

challenges in terms of sealing and separation.8,9,11,84,86,87 Later, alkaline matrix electrolytes 

and alkaline anion exchange membrane fuel cells (AAEMFCs) were developed, with several 

advantages over PEMFCs.84,86ï92 
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Figure 1.15. Schematic of the working principle of an alkaline fuel cell (AFC) with electrode 

reactions and the resulting theoretical cell voltage. 

 

Due to lower overpotential for the ORR a high operation voltage, high power densities (e.g. 

500 to 800 mW/cm2), and high efficiencies (e.g. up to 60%) can be achieved even at relatively 

low temperature (~60°C).7,9,85,87 Non-noble metal, or metal-free catalysts can be used due to 

faster reaction kinetics of the ORR at the cathode.7ï9,11,84,93 The alkaline environment is less 

corrosive than acid, allowing the usage of iron alloys in AFCs.8,11 Fuel crossover is reduced 

because electroosmotic drag is in the opposite direction compared with PEMFCs.86 These 

factors can drastically reduce the cost of AAEMFCs compared with PEMFCs. 

A major disadvantage of the AFC is the necessity to use pure oxygen instead of air, as CO2 

in the air leads to a rapid formation of carbonate (K2CO3), which blocks the electrode, 

destroys the active catalyst layers, and leads to a fast and irreversible performance loss in the 

cell.7,9,85,87 Another disadvantage is related to the high rate of water production at the anode. 

Excess water can dilute the liquid electrolyte, or in case of AAEMFCs flood the electrode, 

both leading to performance loss.9,84 

The first fuel cell powered vehicles were the Allis-Chalmers tractor in 1959, and the General 

Motors Electrovan in 1966, and these both used AFC technology. AFCs were also used in 

the US space program by NASA from 1965, until the decommissioning of the Space Shuttle 
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Orbiter in 2011 and were therefore the first long-term application for fuel cell 

techology.8,14,15,18ï21  

Very recently, the number of publications on AFCs is again increasing, probably due to the 

fact that AFCs using non-precious catalysts have the potential to result in extremely cheap 

fuel cells. Development challenges for wide spread commercialization include improving 

conductivity and stability, as well as fabrication of suitable non-precious catalysts.85 The 

Japanese car manufacture Daihatsu Motor Corporation presented a fuel cell truck prototype 

using an AFCs fueled with hydrazine hydrate at the Tokyo Motor Show in 2013, showing 

that industry is also very interested in AFC technology.94 

 

1.6.2 Components of Alkaline Fuel Cells 

1.6.2.1 Alkaline Anion Exchange Membranes 

Alkaline anion exchange membranes (AAEMs) have to fulfill the same requirements as 

PEMs, as listed in Chapter 1.5.2.1, with the difference that in AAEMs the charge carrier is a 

negatively charged ion such as OH-.46,48,85,87 There are currently several commercially 

available anion exchange membranes in production such as Tokuyama A 201 (Tokuyama Co. 

Ltd.), Aciplex (Asahi Chemical Industry Co.), Selemion (Asahi Glass Co. Ltd.), and FuMA-

Tech FAD (FuMA-Tech GmbH).87 However, none of these dominate in the same way as 

Nafion does in PEMFCs, since no membrane so far satisfies all the necessary performance 

requirements in terms of conductivity, durability, gas permeability and cost.  

AAEMs have usually a lower conductivity compared to PEMs due to the lower ion mobility 

(µ) of OH- compared to H+
 (20.64 x 10-8 vs 36.23 x 10-8  m2s-1V-1) and lower dissociation 

level of the ammonium hydroxide groups.85 The conductivity of the above-mentioned 

commercially available AAEMs ranges from 6 to 12 mS/cm at 25°C.87 Non-commercial 

AAEMs have achieved much higher conductivities, exceeding even those of Nafion. 

However, they lack in other properties, especially stability, which impedes 

commercialization.87 Low conductivity and poor stability are major problems for AAEMs to 

overcome.85 
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Most commercially available anion exchange membranes are composed of a fluorocarbon or 

hydrocarbon polymer backbone, with positively charged functional side groups (e.g. ïNH3
+, 

ïNRH2
+, ïNR3

+), which have a selective permeability for anions.46,48 Common preparation 

methods are: grafting vinyl monomers onto polymer films followed by subsequent chemical 

modification; graft copolymerization of vinyl monomers onto polymers by plasma 

irradiation; or UV-polymerization  methods.46 The preparation of anion exchange 

membranes is generally quite complicated and expensive, and the carcinogen chloromethyl 

methyl ether is often used. Therefore the field is widely open for new membranes with good 

mechanical, gas barrier, and ion conducting properties. Three different transport mechanisms 

are assumed to be responsible for OH- transport in alkaline membranes: a Grotthuss-like 

mechanism similar to proton exchange membranes; diffusion and convection; and surface 

site hopping.84,87,95ï98 The activation energy for OH- transport is higher compared to H+, 

ranging from 0.12 to 0.22 eV.72,97,99 

 

1.6.2.2 Other Components of Alkaline Fuel Cells 

The electrode design in AFCs is different depending if the system uses a circulating 

electrolyte, or a solid AAEM. For AFCs using AAEMs the electrode design is quite simple 

and similar to PEMFCs. In this case a mixture of electrocatalyst, anion conducting polymer, 

alcohol and water is directly deposited onto the membrane and the GDL is attached by hot-

pressing. 

Electrodes used in circulating electrolyte-type AFCs are more complicated and the most 

commonly used type are PTFE-bonded gas diffusion electrodes.100 In case of 3 layer design 

the electrode consists out of an active layer (electrocatalyst layer), gas diffusion layer (GDL) 

and a backing layer (BL).92,100,101 The electrocatalyst layer contains the carbon-supported 

catalyst which is bonded together with small PTFE particles.11,101 Similar to PEMFCs, the 

electrocatalyst is deposited on a catalyst support material with high surface area such as. 

carbon black (e.g. Vulcan XC72R).92,102 As mentioned in Chapter 1.6.1, non-precious 

catalyst or metal-free catalyst can be used as well as platinum, due to the improved reaction 

kinetics of the ORR in alkaline media.7ï9,11,84,93 Porous nickel is most commonly used for the 

HOR at the anode, and silver is a promising catalyst for the cathode due to its high activity 
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for ORR, high electric conductivity and low cost.100ï102 Manganese oxides or perovskite-type 

oxide materials are also being investigated as alternative catalysts for AFCs.101 Recently, 

carbon-based catalysts (such as nitrogen-doped graphene) is being investigated for the 

catalytic properties in ORR.43 In AFCs the GDL has the task of supplying the reactant gases 

to the catalyst layer, and also preventing electrolyte-leaking (known as weeping).11,101 

Weeping is diffusion of the liquid electrolyte through the electrode, entering the gas 

stream.8,101 GDLs are mostly made out of mixtures of porous PTFE and carbon.11,101 The BL 

electronically connects the electrode with the flow field/endplate or bipolar plate, and in the 

case of monopolar design is usually a metal mesh or foam (e.g. nickel). In case of bipolar 

design, regular carbon paper or carbon cloth can be used.11,101 Required properties of the BL 

are high conductivity, mechanical strength, corrosion stability and gas permeability.92,101 

Flow field, bipolar and end plates have the same tasks as those used in PEMFC and similar 

design as discussed in Chapter 1.5.3. A special component in liquid electrolyte AFCs is the 

electrolyte frame. This is placed between two electrodes and the liquid electrolyte is 

circulated through it via an external pump.11,103 Frame, pump, pipes valves etc. need a high 

corrosion resistance toward the circulating alkaline electrolyte.8 

 

1.7 Low Dimensional Proton Conductors 

The concept of low dimensional proton conductors has not been widely explored to date, 

although there are isolated examples of such materials. Low-dimensional proton conductors 

are defined here as an ionic conductor with at least one spacial dimension lower than 100 nm. 

For example this could include proton conducting nanoparticles such as one-dimensional 

proton conducting nanofibers or two-dimensional proton conducting nanosheets. The proton-

conducting pathway may be across the surface of individual low dimensional particles, or 

through a layer comprising a multitude of such particles. The proton conducting network can 

also be considered to be low-dimensional in the case where e.g. mono- or multilayer water is 

in between sheet-like structures or crystals, or a 1D network of water ñwiresò in solid-state 

nanopores.104 This is in contrast to the conducting pathways in e.g. Nafion, where large 

amounts of bulk water (i.e. 3D conduction pathways) in the hydrophilic pores are desired 

because of the great conductivity contribution of the Grotthuss mechanism.104,105 Some 
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examples of low-dimensional proton conductors are minerals, clays, ceramics and metal-

organic frameworks.  

There are various possible benefits of utilizing low dimensional proton conductors compared 

with conventional proton conductors. Some of these will be elucidated through the 

experiments performed in this study. For example, one-dimensional water wires have 

interesting properties due to the interactions between the water molecules themselves, as well 

as due to nanoconfinement by the solid-state framework.106 1D water wires consist of 

hydrogen-bonded water molecules oriented parallel with the pore walls and can be found e.g. 

in zeolites or carbon nanotubes.106ï111 Proton diffusion in 1D water wires occurs via 

Grotthuss mechanism and is about 40 times faster than in bulk water.106,107,112 If this effect 

can be channeled, it could be promising for application in electrochemical devices. However 

a bottleneck that limits the protonic conduction is the high energy barrier (~10 kcal/mol) that 

the proton has to overcome to enter the nanoconfined state. 1D water wires are more 

directional and ordered compared to bulk water, leading to stronger hydrogen bonds.106 

Additional effects such as e.g. van der Waals interactions between the pore and water 

molecules, or long-range dipolar interactions between water molecules lead to further 

increased stability of the water chain.106 Therefore water molecules are difficult to remove 

from the water wire, which could mean better water retention properties at elevated 

temperatures. Low-dimensional proton conductors can be used for preparing defined and 

ordered proton pathways (unidirectional ion transport) and thus artificial ion channels by 

precise crystal growth (high crystallinity), arrangement and stacking/supramolecular 

engineering.113,114 Crystallinity going along with an alignment of the proton conduction 

planes/pathways can significantly influence the proton conducting properties,114 and proton 

conducting properties of material as bulk and incorporated into nanoconfined pores are often 

different.115 Compared to PEMs, the mechanical stability can be maintained at temperatures 

above 120°C due to the higher temperature stability of the framework.114 Using nanoscale 

proton conductors offers great possibilities in view of design,114 e.g. for micro electro 

mechanical systems (MEMS). Low dimensional proton conductors offer a great opportunity 

in view of basic science. As it is possible to incorporate proton conducting media into a well-

defined and ordered framework, low dimensional proton conductors offer the possibility for 
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gaining more knowledge and deeper understanding about proton conduction mechanisms as 

well as system modeling.114,115 

Despite the potential advantages of low dimensional proton conductors, they have not been 

applied at a large scale as fuel cell electrolytes because the proton conduction is usually far 

lower than common PEMs such as Nafion, as shown in Table 1.2. Other problems arise from 

the open and porous structure, which is not as strong as dense polymeric materials, and may 

lead to poor gas barrier properties.114 

Table 1.2 shows an overview of different low dimensional proton conductors listing their 

class, dimensions, typical observed conductivity range, associated ionic species, assumed 

conduction mechanism and determined activation energy. In the following Chapters (1.7.1 

to 1.7.4) zeolites, zirconium phosphate hydrate, clays and beta-alumina will be described 

briefly. Graphene oxide and nanocellulose were investigated in this work, and as new 

materials for fuel cell electrolytes these materials will be described in Chapter 1.8 and 0 in 

more detail. 

 

Table 1.2. Overview of some low dimensional proton conductors. 

 Class 
Thickness/Diameter (nm) 

[Lateral Size (nm)/Aspect ratio] 

Conductivity 
(S/cm) 

[Temperature] 

Ionic 

Species 

Conduction 

Mechanism 

Activation 
Energy 

(eV) 

Zeolite 
[116ï123] 

Porous 
Inorganic  

Few to several hundred 
[Very low aspect ratio]  

10-6 - 10-4 [RT] 
0.6 [120°C] 

Various 
ions e.g. 

Na+, K+, 

H+ and 
OH- 

Vehicle  0.3 - 0.5 

Zirconium 
phosphate 

hydrate 
[104,120,124,125] 

Inorganic 

metal 
phosphate 

Amorphous state: 

< 100 

Crystalline state: 
~103 ï 106 

[High aspect ratio] 

5x10-6 - 6x10-3 

[RT] 
H+ Vehicle  0.3 - 0.7 

Clay 
[120,126ï131] 

Layered 
inorganic  

Few nanometer  
[Ten to several thousand]  

10-4 and 10-2 
[RT] 

Various 
cations 

e.g. Li+, 

Na+ and 
Ca2+ 

Grotthuss  0.06 - 0.17 

ɓ-Al2O3 and 
ɓò-Al2O3 
[120,132ï134] 

Ceramic 

metal oxide 

100 - 10000 

[Very low aspect ratio] 

10-2 - 10-1 [RT] 

1 [300] 
Na+ Ion jump  

+ 

Grotthuss  

0.1 - 0.3 
10-11 [RT] 

10-6
 [500°C]  

H3O
+ 

Graphene 
oxide 

[135ï137] 

Layered 

carbon 

~1 (monolayer) ï 105 

[< 30 µm flake size]  

2x10-4 [RT] 

9x10-4 [90°C]  
H+ Grotthuss 0.05 - 0.14 

Nano-
cellulose 

[138] 

Biological 
organic 

polymer 

Several tens to few hundred 

[few hundred to several thousand] 

10-5 [RT]  

5x10-3 [120°C] 
H+ Grotthuss  0.21 - 0.24 
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1.7.1 Zeolites 

Zeolites are hydrated minerals consisting of a three-dimensional negatively charged 

aluminosilicate anion framework with usually metal cations from the alkaline or alkaline-

earth metal group, and water trapped in the microporous 3D structure (at temperatures up to 

400°C).120,139ï141 The crystalline structure is ordered at a molecular level, and typical particle 

sizes range from a few nanometers up to several hundred nanometers with very low aspect 

ratio, depending on the crystallization time.116ï119 There are over 40 known natural zeolites 

and a multitude of synthetic zeolites, which may also contain rare earth elements or organic 

cations.139ï142 Figure 1.16 shows a schematic of the crystal structure and SEM image of the 

synthetic zeolite ZSM-5. The proton conductivity of zeolites is usually in the range of 10-6 to 

10-4 S/cm and strongly dependent on the hydration state.120ï122 However in tin-mordenite 

(obtained by heating the zeolite species H-mordenite with tin(II)chloride dihydrate in oxygen 

atmosphere) a conductivity of 0.6 S/cm was measured at 120 °C.123 Proton conduction in 

zeolites is assumed to occur via a vehicular mechanism, due to the measured high activation 

energies (0.3 to 0.5 eV).120 Sadakiyo et al. demonstrated the fabrication of an anion conductor 

by introduction of alkylammonium hydroxide into zeolitic imidazolate, with a OH- 

conductivity of 2.3 x 10-8 S/cm at 25°C.143 Zeolites, with their molecular sieving properties, 

are widely used as e.g. hydrocracking catalysts in the oil industry, in automotive emission 

control, as water filters, in odor control, and for radioactive waste cleanup.142,144 

 

 

Figure 1.16. a) Schematic of the regular, porous structure of a zeolite crystal (ZSM-5).145 b) 

SEM image of ZSM-5 zeolite crystals.146 

 

b) a) 
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1.7.2 Zirconium Phosphate Hydrate 

Zirconium phosphate hydrate (Zr(HPO4)2·nH2O) is a crystalline layered compound and 

belongs to the group of metal phosphates.104,120,124,147 It can be synthesized at low 

temperatures by direct precipitation of soluble zirconium(IV) salts with phosphoric acid, 

followed by hydrolysis.147 Their well-ordered structure is determined by the strong 

interactions between phosphate groups and the metal ions, allowing self-assembly from the 

nano to macro scale.124 A typical particle size with high aspect ratio is < 0.1 µm for more 

amorphous hydrates, and ~1 µm to 1 mm for more crystalline state hydrates.120 Figure 1.17 

shows a schematic of the structure and SEM image of Ŭ-zirconium phosphate. The 

conductivity of zirconium phosphate at room temperature is in the range of 5 x 10-6 to 6 x 10-

3 S/cm.104,120 The proton conducting mechanism seems to be a mixture of Grotthuss and 

vehicular mechanism, since the activation energy of 0.3 eV is too high for a pure Grotthuss-

type mechanism, and the strongly increasing activation energy (up to 0.7 eV) at temperatures 

above 200°C indicates a dominating vehicular mechanism.120 Casciola and Constantino 

observed a strong conductivity decrease by two orders of magnitude with decreasing 

humidity and an increase in activation energy for pellicular zirconium phosphate in the same 

range as reported above, indicating the strong dependence of hydration on conductivity, as 

well as conduction mechanism.125 

 

 

Figure 1.17. a) Structure of Ŭ-zirconium phosphate.148 b) SEM image of Ŭ-zirconium 

phosphate.149  

 

b) a) 
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1.7.3 Clays 

Clay minerals such as kaolinite, smectite or vermiculite are hydrous aluminium 

phyllosilicates and can exist in amorphous, disordered or crystalline form.150 They occur in 

a stacked multilayer structure of shared tetrahedral and octahedrally structured sheets, and 

protonated water layers (single and multilayer are formed within the 2-dimensional network, 

leading to a maximum interlayer spacing of 13 nm).120,151 Typical particle sizes range from 

several tens of nanometers to a few microns (e.g. ~120 nm to ~4 µm) and the thickness of 

the individual layers is only a few nanometers.120,126,127 Figure 1.18 shows a schematic of the 

structure and SEM image of montmorillonite, which belongs to the group of smectite clays. 

Ionic conductivity at room temperature varies between 10-4 and 10-2 S/cm and is strongly 

dependent on water content (ion exchange can be performed).120,128ï131 Interlayer spacing 

increases with increasing humidification as mono- and multilayers of water are formed 

between the clay sheets.129 Activation energy is in range between 0.055 and 0.17 eV, 

indicating that a Grotthuss mechanism is the most likely proton transport process.130,131 

 

 

Figure 1.18. a) Structure of the clay material montmorillonite.148 b) SEM image of 

montmorillonite clay.152  

 

1.7.4 Beta-Alumina 

ɓ-Al2O3 and ɓò-Al2O3 are proton conducting but electronic insulating ceramics with two 

different crystal structures (ɓ-Al2O3 hexagonal and ɓò-Al2O3 rhombohedral), resulting in 

different chemical stoichiometry and conductivity.120,133,153 Their structure is characterized 

by spinel blocks, octahedral and tetrahedral layers of oxygen and aluminum ions, connected 

via conduction planes that contain highly mobile sodium ions. In the case of a ɓ-Al2O3 unit 

b) a) 
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cell there are two spinel blocks connected via one conducting plane (Figure 1.19a), whereas 

in a ɓò-Al2O3 unit cell three spinel blocks are connected via two conducting planes (Figure 

1.19b).104,133,153 Typical crystal sizes range from a few hundred nanometers to a few 

microns.132 Figure 1.19c shows a SEM image of polycrystalline ɓò-Al2O3. ɓ-Al2O3 and ɓò-

Al2O3 are sodium ion conductors and were investigated as battery electrolytes in sodium-

sulfur or sodium-nickel chloride batteries, but their sodium ions are also 

exchangeable.104,120,133 Sodium ion conductivity depends strongly on temperature and 

increases from 25°C to 300°C by two orders of magnitude. Conductivity is in the range of 

10-2 to 3 x 10-1 S/cm for single crystal ɓ-Al2O3 and 10-2, to as much as 1 S/cm for single 

crystal ɓò-Al2O3.
133 The conductivity of polycrystalline ɓ-Al2O3 and ɓò-Al2O3 is lower 

compared to the single crystalline forms, probably due to an additional grain-boundary effect. 

The values are in the range of 10-3 to 7 x 10-2 S/cm for polycrystalline ɓ-Al2O3,
 and around 4 

x 10-1 S/cm at 300°C for polycrystalline ɓò-Al2O3.
120,133 The activation energy for single and 

polycrystalline ɓ-Al2O3 and ɓò-Al2O3 are in the same range (~0.1 to 0.3 eV).133 Sodium ions 

are exchangeable with other mono- and bivalent cations, however the resulting ionic 

conductivity is much less compared to sodium conductivity (e.g. at room temperature 10-11 

S/cm for H3O
+ and 6.5 x 10-5 S/cm for K+).120,154 Activation energy for cation exchanged ɓ-

Al2O3
 and ɓò-Al2O3 is 0.15 and 0.24 eV. 

 

 

Figure 1.19. a-b) Stacking structure with corresponding conduction planes of ɓô-alumina (a) 

and ɓò-alumina (b).155 c) SEM image of polycrystalline ɓò-alumina.156  

 

c) a) b) 
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1.8 Graphene Oxide 

1.8.1 Introduction 

Graphene is a single layer of graphitic carbon (Figure 1.20a), and since its discovery in 2004 

by Geim, graphene has become an intensively researched topic in materials science due to its 

extraordinary properties, e.g. high intrinsic mobility and high Youngôs modulus.157ï161  

In graphene each carbon atom is linked to three other carbon atoms via covalent bonding, 

forming a perfectly planar honeycomb-like hexagonal lattice, due to their planar sp2-

hybridized carbon.161,162 Hybridization characterizes the mixing behavior of molecular 

orbitals and in case of graphene, one 2s-orbital hybridizes with two 2p-orbitals (2px and 

2py) to form three planar sp2-orbitals, oriented at 120° to each other.161ï163 One electron 

remains free in the 2pz-orbital normal to the molecular plane (forming a highly delocalized 

ˊ-orbital). The sp2-orbitals overlap with sp2-orbitals of neighboring carbon atoms forming ů 

-bonds, primarily responsible for the high mechanical stability of graphene. The 2pz-orbitals 

(ˊ-orbitals) form ˊ-bonds with 2pz-orbitals from neighboring carbon atoms. This results in 

strengthening of the sigma-bonds and thus the structure of graphene. Additionally the ˊ*- 

and ˊ-bands fill the band gap between ů*- and ů-bands, making graphene extraordinary 

conductive.161ï164 

Despite graphene being only one atom thick (~0.1 nm) and thus the thinnest known 

material,157,160,161,165 Lee et al. showed that graphene is the strongest material ever measured, 

with an intrinsic strength of 130 GPa and a Youngôs modulus of 1.0 TPa.166 Chen et al. 

reported extraordinary high intrinsic electron mobility (200 000 cm2 V-1 s-1) and charge 

carrier density (1012 cm-2),167 the highest ever reported carrier mobility of a semimetal or 

semiconductor.161 Graphene is highly transparent e.g. transmittance of 2 nm thick graphene 

films > 95%, and this increases linearly with decreasing thickness.161,168 Li et al. showed that 

freshly prepared graphene is more hydrophilic than previously assumed (water contact angle 

~37°), however its hydrophilicity decreases quickly due to hydrocarbon contamination from 

the ambient air.169 
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Graphene can be prepared by various methods e.g. mechanical exfoliation from graphite, 

chemical vapor deposition of hydrocarbons on catalytic metal surfaces, annealing of SiC 

crystals, or reduction of graphite/graphene oxide.157,158,170 

Applications for graphene range from flexible and transparent electronic devices and 

circuits,171 ultracapacitors,172 membranes for sea water desalination,173 solar cells,174 body 

motion sensors,175 and medical applications such as composite materials for bone tissue 

engineering.176 Graphene is also an interesting material for use in PEMFCs as e.g. a catalyst 

support, or as a non-precious catalyst due to its large surface area, high conductivity, and 

chemical stability.42,177,178 For example, graphene-like foam has been used as catalyst support, 

showing a high electrochemical surface area and high mass activity compared with carbon 

black supports.42,179,180 Liu et al. reported the usage of defective nitrogen-doped graphene 

foam as cathode catalyst for PEMFC application, showing a promising possibility for metal-

free catalysis.43 Defective nitrogen-doped graphene foam was also investigated as non-

precious catalyst in alkaline media, displaying extremely high durability compared with 

commercial Pt/CB catalysts.93 

An interesting variation on graphene is graphene oxide (GO),158,181,182 first reported by 

Brodie in 1859.183,184 A commonly accepted model of the structure of GO (Figure 1.20b) is 

based on the work of Lerf and Klinowski.185,186 In their model GO is a carbon material that 

consist of aromatic non-oxidized carbon in a graphene-like structure and oxidized benzene 

rings. The oxidized region contains epoxy and hydroxyl groups on the basal plane, and 

carboxyl and hydroxyl groups terminate the edges. GO is thus a structure of mixed sp2 and 

sp3-hybridized carbon. In sp3-hybridized carbon, the 2s orbital hybridizes with all three 2p-

orbitals (2px, 2py and 2pz) forming four sp3-orbitals in tetrahedral arrangement with an angle 

of 109.5° between the orbitals. Due to this sp3-hybridization and the covalently bonded 

oxygen containing groups, the GO sheets are distorted (whereas in graphene the sp2-

hybridization results in a perfectly flat lattice).182,187 sp3-hybridized carbon is electronically 

insulating due to the large energy gap between the ů*- and ů -bands (5.3 eV) and the loss of 

the free ˊ-electron.164,188 GO is often assumed to be completely insulating, however the 

conductivity is strongly dependent on the sp2/sp3 hybridization ratio and thus the oxygen 

content.  
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Graphite oxide can be prepared by different methods. In Brodieôs preparation method in 1859, 

graphite powder was treated with potassium chlorate (in a ratio of 1:3) in concentrated 

fuming nitric acid at 60°C, for four days.183,189 In 1898 the method was slightly modified and 

simplified by Staudenmaier, who added concentrated sulfuric acid as an oxidizing agent, 

adding potassium chlorate in several steps.189,190 Hummers developed a much faster 

preparation method in 1958, by oxidizing graphite with potassium permanganate and sodium 

nitrate in concentrated sulfuric acid.189,191 His method is currently the most popular due to 

the fast reaction time (several hours compared to several days) and safer preparation method, 

since the evolution of explosive chlorine dioxide is avoided and no acid fog formation 

occurs.189 The aforementioned methods results in graphite oxide, a three-dimensional 

structure. To exfoliate the three-dimensional graphite oxide into two-dimensional single 

layer graphene oxide external energy is applied e.g. ultrasonic treatment or stirring.182 The 

lateral dimensions of GO produced via the Hummers method are limited to < 30 µm due to 

periodic cracking of the topmost GO layer,135 and the thickness of a monolayer GO produced 

using this method is approximately 0.67 nm.136  

 

Figure 1.20. Structures of graphene (a) and graphene oxide (b).192 TEM images of 

graphene oxide (c,d). 

 

b) a) 

d) c) 
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Figure 1.20c-d shows high-resolution TEM images of few-layer GO sheet at different 

magnification. At the edges, slightly brighter areas indicate thinner regions, a few 

monolayers thick. Some crumpling and folding is also observed. At high magnification, the 

hexagonal arrangement of the underlying carbon in GO can be resolved in some regions. 

GO has a high hydrophilicity due to hydroxyl groups on the basal plane, and readily forms 

dispersions e.g. in water or organic solvents such as ethanol or acetone; depending strongly 

on the oxygen content and the solvent used.182,193 

Dikin et al. showed that free-standing and flexible GO papers can be easily fabricated by 

vacuum filtration from dispersion,194 by flow-directed assembly of GO sheets onto a filter 

substrate. Cross-sectional investigation by scanning electron microscopy showed that their 

papers had a layered structure of a multiplicity of GO sheets, with an interlayer distance of 

~0.83 nm. The spacing between GO layers in such membranes depends on the degree of 

oxidation and hydration (i.e. how much water is present between the layers), and is generally 

around 0.8 to 1.4 nm.195,196 GO papers have a high Youngôs modulus (32 GPa) and tensile 

strength (up to 133 MPa), however also a high stiffness as the elongation is less than 1%.194  

Since GO can easily be dispersed in water, other thin-film fabrication methods such as bar-

coating, inkjet printing and spraying can be used for preparation of few- and multi-layer GO 

films and membranes.197ï199 Cruz-Silva et al. prepared large-area GO thin films (~1200 cm2) 

by bar coating 0.8 wt% GO dispersion onto a PTFE plate.197 Their films were less 

mechanically stable than those reported by Dikin,194 however they could scroll them up to 

form GO fibers with high toughness (~17 J/m3) and elongation properties (~76% before 

rupture). Le at al. reported graphene electrodes with high specific capacitance (~132 F/g) 

fabricated by inkjet-printing of 0.2 wt% GO dispersion onto titanium foils followed by 

thermal reduction in nitrogen atmosphere.198 Min et al. reported films prepared by spray 

coating of reduced GO ethanol dispersion (0.02 mg/ml) on various substrates such as silicon 

wafers and flexible polycarbonate films. A conductivity of 3 S/cm was achieved for their 

films, with a transmittance of 80%.199 GO membranes have been observed to be completely 

impermeable to many liquids, vapors and gases, whilst allowing unimpeded permeation of 

water.200 Daio et al observed reproducible swelling of GO in humid atmosphere due to water 
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intercalation by using environmental scanning electron microscope, showing GOôs strong 

affinity to water.201  

GO is widely assumed to be an electronic insulator due to the sp3-bonding carbon 

network,158,182 however GO has been shown to be a proton conductor. The carboxyl group 

can act as a proton donor and acceptor, similar to the SO3H-groups in Nafion.62 The through-

plane conductivity of GO membranes incorporated in a membrane electrode assembly was 

reported by Kumar et al. to be 41 to 82 mS/cm (from 25 to 90°C at 100% relative humidity 

(RH)).202 Zarrin et al. reported the in-plane conductivity of GO membranes on the order of 

100 mS/cm (from 20 to 80°C at 100% RH).203 Karim et al. reported the in-plane conductivity 

of GO nanosheets (dropped on a gold electrode and vacuum-dried, measured at 20 to 87°C 

and 95% RH; and 27°C from 40 to 95% RH) with lower values (15 mS/cm at ~80°C and 

95% RH) than previously reported.204 A fuel cell using GO paper was first reported by 

Tateishi et al. who also measured the in-plane and through-plane conductivity (at 25°C from 

2 to 95% RH; and at 30% RH from 20 to 50°C). They reported a maximum in-plane and 

through-plane conductivity of ~100 mS/cm and ~1 mS/cm, respectively (25°C, 95% RH).205 

Recently Hatakeyama et al. reported the in-plane conductivity of single and multilayer GO 

and found an increase in in-plane proton conductivity with increasing membrane thickness 

(max. ~1 mS/cm, 25°C and ~90% RH).206 

Several applications for GO have been investigated such as humidity sensing,207 molecular 

sieves,208 dielectrics,209 and as a precursor for highly conducting flexible films.210 In the next 

chapter a short overview of the application of graphene oxide in fuel cells will be given. 

 

1.8.2 Graphene Oxide in Fuel Cells 

GO is an interesting alternative membrane material for proton exchange membrane fuel cells 

due to its gas barrier and proton conducting properties.200,202 For example, GO has been 

investigated in composite PEMFC membranes with known proton conductors such as Nafion, 

sulfonated poly ether ether ketone (SPEEK) and polybenzimidazol (PBI). Kumar et al. 

reported the preparation of a GO composite membrane by incorporation of 4 wt% GO as a 

nano-filler in Nafion, and investigated its performance as fuel cell membrane at 100°C and 

25% RH.211 The composite membrane-based PEMFC showed higher performance than a 
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recast Nafion-based PEMFC (212 vs 56 mW/cm2) due to improved conductivity and water 

retention capability as well as increased mechanical stability. Chien et al. reported the 

preparation of a GO composite membrane for DMFC applications by dispersion of sulfonated 

GO into a Nafion matrix.212 The incorporation of 0.05 to 5 wt% increased the proton 

conductivity at lower humidity due to improved water retention, whilst leading to lower 

methanol uptake and swelling. Their composite membrane showed better performance in a 

DMFC than Nafion®115 at 1 and 5 M methanol concentrations, probably related to lower 

methanol crossover. Jiang et al. reported that the incorporation of sodium dodecylbenzene 

sulfonate-adsorbed GO (3 to 5 wt%) in SPEEK greatly increased the ion-exchange capacity, 

water uptake and proton conductivity, whilst reducing methanol permeability.213 Their 

membranes showed better performance in DMFCs than Nafion®112 (~60 vs 50 mW/cm2) 

due to increased proton conductivity and reduced methanol crossover. Xu et al. reported the 

incorporation of GO and sulfonated GO (SGO) into phosphoric acid-doped PBI.214 The 

incorporation of only 2 wt% SGO increased the proton conductivity compared to pure PBI, 

e.g. from 23 mS/cm (PBI) to 27 mS/cm (GO) and 52 mS/cm (SGO) at 175°C. They 

incorporated these composite membranes into a PEMFC resulting in higher power densities 

(380 mW/cm2 for GO and 600 mW/cm2 for SGO) than pure PBI (220 mW/cm2) at 175°C. 

Tseng et al. investigated the suitability of GO-incorporated PBI for DMFC applications.215 

Incorporation of GO leads to increased proton conductivity compared to Nafion®117 at 90°C 

(67 vs 23 mS/cm), while reducing the methanol permeability of the composite membranes. 

GO was also used as laminate to reduce e.g. methanol crossover in DMFCs. Lin and Lu 

laminated Nafion®115 with a ~1 µm thick GO layer by transfer printing and hot-pressing.216 

Their laminates displayed a 40% lower methanol permeability compared to Nafion (0.93 x 

10-6 vs 1.57 x 10-6 cm2/s) and increased DMFC power density at 8 M methanol concentrations 

(32 vs 15 mW/cm2). Jessie et al. prepared GO-Nafion laminates by drop- and spin-coating a 

GO-Nafion dispersion onto Nafion®212.217 The laminated membranes show higher DMFC 

performance (~110 vs 55 mW/cm2) and lower fuel permeability (e.g. at 80°C and 2 M 

methanol concentration 1.72 x 10-6 vs 5.33 x 10-6 cm2/s) than Nafion®212.  

The use of membranes in PEMFCs consisting primarily of GO or chemically modified GO 

have also been investigated, but to a much lesser extent. Tateishi et al. first reported the 

performance of a fuel cell using a pure GO paper membrane, achieving a maximum power 
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density of ~13 mW/cm2 at room temperature.205 In their paper they explored the differences 

in in-plane and through-plane conductivity, as well as the dependence of conductivity on 

membrane thickness. Additionally the dependence of OCV on electrocatalyst layer thickness 

was discussed. However their paper lacks discussion on the origin of the low OCV, despite 

the high gas barrier properties of GO. Additionally, they do not report the performance at 

typical PEMFC operation temperatures (~80°C), or measure the durability of their MEA, or 

perform any post-operation characterization. Finally the performance of their Nafion-based 

fuel cell is much lower than usually reported. Functionalized GO membranes have 

demonstrated greater promise; for example Scott and Ravikumar reported a freestanding 

sulfonated GO (SGO) paper membrane achieving an MEA power density of 113 mW/cm2 at 

40°C and 25% RH, reaching approximately half the performance of a Nafion-based PEMFC 

(209 mW/cm2). Their SGO fuel cell showed stable operation up to ten hours and sulfonated 

GO showed higher temperature stability than GO, attributed to stronger interactions between 

the GO layers.218 Gao et al. reported ozonated GO as fuel cell membrane. GO was oxidized 

by passing O3 gas through a GO dispersion, resulting in attachment of oxygen atoms to sp2-

hybridized carbons, increasing the number of oxygen groups such as e.g. hydroxyl or epoxy. 

Ozonation lead to an increased in-plane proton conductivity (~215 vs 150 mS/cm) attributed 

to a smaller sheet size and increased number of pinholes, and better fuel cell performance 

compared to pure GO. However their membranes showed low durability during fuel cell 

operation due to partial reduction in the reducing hydrogen atmosphere.219 

GO has also been investigated for its usage in alkaline anion exchange membrane fuel cells 

(AAEMFCs). Yang and Wang incorporated graphene and sulfonated graphene obtained by 

annealing GO into polyvinyl alcohol (PVA)/chitosan composite. Their composite 

membranes had a maximum ionic conductivity of 93 mS/cm at 80°C and around double the 

tensile strength of pure PVA (62 vs 35 MPa).220 Movil et al. incorporated 

polydiallyldimethylammonium chloride (PDDA)-functionalized GO into PVA-based 

composite membranes and observed the AAEM perfomance.221 The anionic (OH-) 

conductivity was 21 mS/cm at 80°C, around twice that of the pure PVA membrane (11 

mS/cm). The achieved power density was around eight times higher (17 vs 2 mW/cm2). 

Additionally, the incorporation of functionalized GO increased the thermo-mechanical 

stability. Liu et al prepared composite membranes by incorporating quarternized graphenes, 
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obtained by epoxide ring opening reaction of 3-amino- propyltriethoxysilane (APTES)-

functionalized graphene, into aryl polymers. Their membranes showed high Youngôs 

modulus (5240 MPa) as well as tensile strength (205 MPa) and a bicarbonate conductivity of 

18.7 mS/cm was achieved at 80°C, four times higher compared with the pristine reference 

sample.222 Zarrin et al. prepared GO with quaternary ammonium groups by using 

dimethyloctadecyl [3-(trimethoxysilyl)propyl] ammonium chlorite as precursor and 

incorporated the resulting material as nanofiller in a PBI matrix.223 A conductivity of 85 

mS/cm was achieved at 65°C, around three times higher than the commercial AAEM (FAA 

FuMa-Tech), and their AAEMFC achieved a power density of 87 mW/cm2 at 50°C and 100% 

RH, twice the value of the commercial reference (42 mW/cm2). Also, tensile strength and 

Youngôs modulus increased with the incorporation of functionalized GO compare to the 

pristine PBI (43 MPa and 2.1 GPa vs 27 MPa and 1.0 GPa). All the aforementioned work 

was on composite materials. Pure GO-based AAEMs have not been reported to date. 

Such studies in the literature show the potential for GO to be used in fuel cell membranes 

(PEMFCs and AAEMFCs). However, so far no studies have investigated non-composited 

GO membranes at higher temperature under PEMFC operating conditions, where electrode 

kinetics and ionic transport are faster.177 There has been little or no study of the degradation 

mechanisms, and no studies have reported the electrical properties and stability of GO in 

conditions suitable for high temperature proton exchange membrane fuel cell operation (i.e. 

above 90 °C). Furthermore, a systematic study of the contributions of protonic and electronic 

conductivity, and GO stability, over the wide humidity and temperature range expected 

during fuel cell operation, has not been performed. Alkaline fuel cells utilizing a GO-based 

AAEM have not been reported so far. 

 

  



40 

1.9 Nanocellulose 

1.9.1 Introduction 

Cellulose is the most abundant polymer on earth. It is the major constituent of the cell walls 

of plants, and provides structural integrity to trees (Figure 1.21). Wood pulp contains around 

40-50% cellulose, cotton around 90 wt%, and it can even be produced by bacteria.224 

Cellulose is a simple biopolymer made up of carbon, oxygen and hydrogen (Figure 1.22).225ï

227 The polymer chains group together during biosynthesis to form microfibrils via 

intermolecular hydrogen bonds and van der Waals forces. These microfibrils have diameters 

up to several tens of nanometers, with lengths of several microns.225,227ï229 Due to the strong 

intra- and intermolecular hydrogen-bonding network, they exhibit high mechanical strength 

(up to 1080 MPa) and are highly stable.227,228 In the presence of pectin or lignin these 

microfibrils cluster together to form thicker macrofibrils with a diameter of up to about 50 

nm. This structure is what gives the cell wall in plants high stiffness and strength.227,228,230 

Cellulose is a renewable, biodegradable and non-toxic polymer that has been utilized by 

mankind for thousands of years. Papyrus is a cellulose-based paper and was used to write on 

as early as 3000 BC. With the discovery of papermaking from wood-bark and cloth in China 

in 105 AD, cellulose became the most important material for writing documents.229 Pure 

cellulose was first isolated and named in 1837 by Anselme Payen.231 

Despite the microstructure of cellulose fibers being known, it was not possible to isolate the 

individual microfibrils until the late seventies. In 1977 Turbak et al.,232,233 ran wood pulp 

fibers through a high pressure milk homogenizer and observed cellulose nanofibers for the 

first time. This ignited a strong scientific and economic interest in using this material for 

alternative applications. Cellulose nanofibers (CNFs) are generally produced from purified 

cellulose fiber pulps by mechanical treatments such as high pressure homogenization, 

grinding, ultrasonic treatment, or cryocrushing.225,228,234 The high energy consumption of the 

mechanical treatment can be reduced by certain pre-treatments e.g. oxidation pre-treatment, 

which facilitate the process and reduces energy consumption to values around 1000 

kWh/ton.234 CNFs contain both amorphous and crystalline regions of cellulose and have a 

high aspect ratio.228,235 
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Another form of cellulose can be obtained via hydrolysis of CNFs in e.g. hydrochloric or 

sulfuric acid, to form cellulose nanocrystals (CNCs).226,235,236 In this process the amorphous 

regions of the CNFs are dissolved, leaving only shorter, more crystalline regions. The CNC 

dimensions can vary depending on the source of cellulose and the hydrolysis conditions 

(ranging from e.g. 3 to 5 nm width and 50 to 500 nm length).226,228 Due to their negatively 

charged surface (sulfuric acid reacts with the hydroxyl groups forming sulfate esters), CNCs 

can be dispersed readily in water.226,235,237 Figure 1.22 shows schematics of the chemical 

structure of natural cellulose, cellulose after the pulping process, and crystalline cellulose 

(CNC) obtained by acid hydrolysis. 

 

 

Figure 1.21. Cellulose, the major constituent of the cell walls of plants. 
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Figure 1.22. Chemical structure of cellulose: a) naturally occurring cellulose; b) with 

carboxylic acid functional groups formed during the pulping process; c) with sulfate ester 

groups formed during acid hydrolysis.192 

 

Just as conventional wood pulp is used to make paper, nanocellulose can be processed to 

form ñnanocellulose paperò.  In 2008 Henriksson reported nanocellulose paper produced 

from wood pulp via an enzymatic hydrolysis pretreatment, combined with mechanical 

beating and mechanical homogenization. The resulting paper had very high toughness, a 

Youngôs Modulus of 13.2 GPa, and high tensile strength (214 MPa). The excellent 

mechanical properties were related to the nanofiber network.238 In 2009, Nogi et al. fabricated 

nanocellulose paper with high transparency (71.6% at ɚ = 600 nm), and the optical properties 

were maintained even after heating up to 150°C.239,240 They showed that the nanocellulose 

paper could be written on and folded just like conventional paper. Nanocellulose paper has 

good oxygen barrier properties, which can be tailored by thermal or chemical treatment.241,242 

Fang et al. used nanocellulose paper as a substrate for solar cells due to their ultrahigh optical 

transparency and low optical haze.243 Koga et al. reported the fabrication of highly 

b) 

a) 

c) 
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transparent conductive networks of silver nanowires and carbon nanotubes on cellulose 

nanofiber paper, offering new possibilities for future paper electronics.244 Recently Choi et 

al. reported the use of nanocellulose as a separator membrane for flexible lithium ion batteries, 

enabling new possibilities for next-generation energy storage in field of wearable consumer 

electronics.245 Other application such as bio-composites, bio-medicine and gas barrier films 

for e.g. food packaging are also being investigated.242,246,247  

In the next chapter, the application and investigation of nanocellulose in fuel cells science is 

reported. 

 

1.9.2 Nanocellulose in Fuel Cells 

Nanocellulose paper could be an alternative ionomer membrane for fuel cells due to the low 

cost, good gas barrier properties, mechanical toughness and acidic oxygen functional groups. 

For example, cellulose has been investigated in composites with Nafion. Jiang et al. blended 

Nafion with bacterial cellulose resulting in proton conductivity of 71 mS/cm at 100% RH 

and 30°C.248 When used in a PEMFC, their membranes exhibited slightly improved power 

density of 106 mW/cm2 compared to pristine Nafion (~100 mW/cm2) at room temperature, 

attributed to reduced activation and ohmic overpotentials. However, the OCV was lower 

(0.91 V) than for pristine Nafion (~1.0 V). Hasani-Sadrabadi et al. incorporated acid-

hydrolyzed cellulose nanocrystals into Nafion and investigated the performance as a DMFC 

membrane.249 The cellulose-composite maintained its proton conductivity at elevated 

temperature up to 120°C (~170 mS/cm) as the incorporation of acid-hydrolyzed cellulose 

nanocrystals prevents dehydration, whereas the conductivity of Nafion decreases at 

temperatures > 100°C (~120 mS/cm at 120°C) due to loss of water. Methanol cross-over 

through the composite membrane is approximately one order of magnitude less than for 

Nafion®117 (2.33 x 10-7 vs 2.0 x 10-6 cm2/s). At 5 M methanol concentration, the power 

density of the cellulose-composite DMFC (91 mW/cm2
 ) was nearly twice that of the 

performance of a DMFC using Nafion®117, attributed to the reduced methanol cross-over. 

Jiang et al. immersed bacterial cellulose biofilms into H3PO4 or phytic acid. Their membranes 

achieved proton conductivities at 20°C of 80 and 50 mS/cm, respectively, and PEMFC power 

densities of 17.9 and 23 mW/cm2, respectively, at 25°C.250 Durability measurements were 
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not performed, thus a leaching out of the acid with resulting performance decrease could not 

be excluded. 

Lin et al. modified bacterial cellulose membranes with 2-acrylamido-2-methyl-1-

propanesulfonic acid (AMPS) using ultraviolet light-induced grafting polymerization and 

investigated the performance in a DMFC membrane.251 Their membranes showed about half 

the methanol permeability of Nafion®115 (5.64 x 10-7 vs 1.33 x 10-6 cm2/s) and a maximum 

proton conductivity at room temperature of 29 mS/cm, lower than for Nafion®115 (39 

mS/cm). A power density of only 16 mW/cm2 was achieved when operated at 2 M methanol 

concentration, about one third the value achieved by the Nafion-based DMFC (~45 mW/cm2), 

most likely due to the lower proton conductivity. 

Kasai et al. showed that cross-linked cellulose sulfate membranes have half the methanol 

permeation compared to Nafion®112 at 3 M methanol concentration, due to reduced solvent 

uptake (~0.7 x 10-6 vs 1.4 x 10-6 cm2/cm). 252 Conductivity increased with the number of 

sulfate groups, reaching a maximum of 81 mS/cm at room temperature and approaching the 

conductivity of Nafion (~100 mS/cm). For some reason their membrane was not assembled 

into an MEA or investigated in DMFC operation conditions. 

Finally, Smolarkiewicz et al. doped cellulose with imidazole, achieving a proton conductivity 

of approximately 2 x 10-3 mS/cm at 160°C under anhydrous conditions.253 Despite the fact 

that their imidazole-doped cellulose membrane exhibits reasonable conductivity under these 

harsh conditions and are thermally stable up to ~200°C, it was not investigated as membrane 

in HT-PEMFCs. 

In all the aforementioned studies, dopants were used to increase the proton conductivity, or 

cellulose was used as a nanofiller to improve the properties of Nafion. Only Smolarkiewicz 

et al. measured the proton conductivity of a pure cellulose reference sample. Their 

microcrystalline cellulose pellets, compressed at room temperature under a pressure of 10 

MPa, had a maximum conductivity of 2x10-6 mS/cm at 70°C (humidity not defined).253 Most 

of the above studies were performed at room temperature, whereas PEMFCs generally 

operate at much higher temperature. To the best of our knowledge the proton conductivity of 

nanocellulose membranes has not yet been investigated, especially at higher temperature, 

over a wide range of relative humidity, and with activation energies to give insight into the 
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conduction mechanism. Pure, unadulterated cellulose or nanocellulose membranes have not 

been investigated for application in hydrogen fuel cells. 

 

1.10 Objectives of this Study 

The objective of this study is the investigation and characterization of two novel low-

dimensional proton conductors as fuel cell electrolytes for PEMFCs and AAEMFCs. 

Specifically graphene oxide (GO) and nanocellulose are investigated for their general fuel 

cell electrolyte related properties such as proton conductivity, mechanical strength, water 

uptake gas barrier properties, and performance as membranes in PEMFCs. Additionally, GO 

is chemically modified and applied as an AAEM. In addition to electrochemical 

characterization, all materials are characterized for their chemical composition, structure and 

morphology by aid of methods such as X-ray photoelectron spectroscopy, X-ray diffraction, 

atomic force microscopy, and scanning electron microscopy.  
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2 Experimental 

2.1 Sample Preparation 

2.1.1 Graphene Oxide Membranes 

Graphene oxide (GO) membranes were prepared by vacuum-filtration from GO dispersion 

onto Millipore filters (pore size 0.025 µm, 35 mm diameter), as shown Figure 2.1a. After 

filtration and 48 hours drying at room temperature the GO membranes could be easily peeled 

off the filter yielding freestanding and flexible membranes (Figure 2.1b-c). The thickness of 

the membranes was adjusted by varying the amount of GO dispersion used for filtration. The 

approximate relationship was that 1 mg GO corresponded to 0.6 µm membrane thickness. 

For this work, GO dispersions were purchased from Graphene Supermarket. The properties 

of the dispersion were provided by the supplier (apart from the oxygen content which was 

measured in our lab) and are listed in Table 2.1.  

 

Table 2.1. Properties of as-purchased GO dispersion. 

Supplier 
Graphene 

Supermarket 

Monolayer Content (%) > 60 

C/O ratio 3.95 

Flake Size (µm) 0.5 - 5 

Concentration (mg/ml) 5 

Price per 100 ml (JPY) 10,200 

Oxygen Content (at%)* 

*Measured in our lab 
22.5 
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Figure 2.1. a) Vacuum-filtration of graphene oxide (GO) dispersion. b-c) Free-standing and 

flexible GO membranes. 

 

2.1.2 Nanocellulose Membranes 

Cellulose nanofiber (CNF) and cellulose nanocrystal (CNC) slurry (3.0 wt% and 11.8 wt% 

solids, respectively, shown in Figure 2.2a-b) was purchased from the University of Maine, 

US. Both slurries were diluted with purified water as follows: 

100.2 g of the CNF slurry was mixed with 500 ml of purified water and magnetically stirred 

for 24 hours at 500 rpm. The dispersion was vacuum-filtered onto Millipore filters (pore size 

0.1 µm, 35 mm diameter). After filtration the CNF membranes were hot-pressed for 20 min 

(110°C at 1.1 MPa) and then carefully peeled from the filter. The resulting membranes are 

freestanding, flexible and foldable like regular cellulose-based paper. 1 mg of CNF 

corresponds to an average membrane thickness of 0.12 µm. 

52.9 g of the CNC slurry was mixed with 500 ml of purified water and stirred for 24 hours 

at 500 rpm. The dispersion was vacuum-filtered onto Millipore filters (pore size 0.1 µm, 35 

mm diameter). After filtration the CNF membranes were dried for 24 hours at room 

temperature and then carefully peeled of the filter. The resulting membranes are freestanding, 

but quite brittle and highly transparent. 1 mg of CNC corresponded to an average membrane 

thickness of 0.09 µm. 

Figure 2.2c shows CNF and CNC nanocellulose membranes/paper in comparison with 

regular printer paper (all similar thickness, ~90µm). 

a) b) 

c) 
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Figure 2.2. a) CNF slurry (3.0 wt% solids). b) CNC slurry (11.8 wt% solids). c) Appearance 

of prepared CNF and CNC papers in comparison to regular printer paper (all similar 

thickness, ~90 µm). 

 

2.2 Experimental Techniques for Material Characterization 

2.2.1 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a useful measure to investigate the topography of 

material. Instead of light it uses electrons to scan the sample and forms a highly magnified 

image with possible resolution up to 10 or 50 Å.2,3 The first SEM was invented in Germany 

by Manfred von Ardenne in 1937.4ï6 Figure 2.3a-b shows the principle of SEM. High vacuum 

environment is used to avoid interaction with other molecules in the air. An electron gun 

produces and accelerates electrons to a typical energy of 1 to 40 keV. Via a combination of 

lenses and objective apertures this electron beam is focused on the sample surface. Scan-coils 

precisely control the electron beam position to allow controlled scanning of the sample 

surface. Secondary electrons, backscattered electrons and characteristic x-rays (produced by 

interaction of electron beam with the sample surface) are detected, amplified and the signal 

b) 

 

a) 

 

c) 
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is converted into an image. In this work a Hitachi SEM S-5200 (Figure 2.3c) was used to 

investigate surface and cross-section of membranes and membrane electrode assemblies. 

 

 

Figure 2.3. a-b) Principle of scanning electron microscopy. c) Hitachi SEM S-5200. 

 

2.2.2 Laser Scanning Microscopy 

Laser scanning microscopy is a non-destructive technique for investigation of surfaces, with 

the ability of quantifying surface features.6,7 Confocal microscopy, the basic concept of laser 

microscopy was developed at in the mid-1950s by Marvin Minsky, a postdoctoral student at 

Harvard University.6 Compared to conventional optical microscopy, laser scanning 

microscopy offers several advantages such as e.g. the capability to collect serial optical 

sections from the sample as well as analysis of three-dimensional (3D) surface structures, 

including surface roughness.6,7 

The principle of laser scanning microscopy is shown in Figure 2.4a. A laser is used as a light 

source for contrast improvement, as it reduces unnecessary scattered light due to high light 

density on a small point.8 The laser is beamed onto the sample via a pinhole aperture, 

dichromatic mirror and an objective lens, and the sample surface is scanned in a defined focal 

plane. The reflected light from the sample (fluorescence emission light) passes back through 

the dichromatic mirror towards the detector pinhole aperture. The light-source pinhole 

c) a) 

b) 
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aperture, the scanning point and the detector pinhole aperture are confocal i.e. they have the 

same focus point. Reflected fluorescence emission light outside the focal position is blocked 

at the detector pinhole, resulting in a clear and high contrast image.6ï8 

In this work, the surface roughness of samples was observed using an Olympus LEXT 3D 

OLS 4000 laser scanning microscope (Figure 2.4b). For determination of the roughness 

profile, a short wave Gaussian profile filter with a cut-off length of ɚ = 80 µm and an 

evaluation length of 700 µm was used.  

 

 

Figure 2.4. a) Principle of laser scanning microscopy.9 b) Olympus LEXT 3d OLS 4000. 

 

2.2.3 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a powerful technique to determine the chemical 

composition (elemental analysis and chemical bonding states) of near the surface of materials, 

to a depth of 2 to 5 nm.10,11 It was developed in the 1960s at University of Uppsala (Sweden) 

by the Nobel prize winner Kai Siegbahn and his research group.12,13 Its principle is based on 

the photoelectric effect,14,15 as shown in Figure 2.5a. A sample material is irradiated with X-

rays; common X-ray sources are Mg KŬ (1253.6 eV) and Al KŬ (1486.6 eV).10 The incident 

X-rays hit the surface and excite electrons in the atoms of the material. These excited 

electrons gain enough energy to escape from the sample surface if their binding energy is 

lower than the energy of the incident X-ray energy (in case of Al KŬ this is 1486 eV), and if 

they are near the surface. The kinetic energy of an ejected photoelectron is determined by an 

analyzer and the binding energy Ὁ  is calculated using Ὁ Ὤ Ͻ ὺ Ὁ ,16 with kinetic 

b) a) 
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energy of the photoelectron Ὁ , X-ray energy Ὤ Ͻ ὺ and the electron binding energy Ὁ . 

Each element has a characteristic binding energy, and thus it is possible to determine the 

chemical composition of the sample. The measurement is conducted in ultrahigh vacuum in 

order to reduce the impact of surface contamination e.g. absorbed gases, and to avoid energy 

loss of electrons.10 

In this work two XPS devices were used; KRATOS Analytical ESCA-3400 (Figure 2.5b) with 

Mg KŬ radiation (12 kW, 10mA) and ULVAC-PHI 5000 Versa Probe II (Figure 2.5c) with 

Al KŬ radiation (15 kV, 25 W). 

 

 

Figure 2.5. a) Principle of X-ray photoelectron microscopy (XPS).17 b) KRATOS Analytical 

ESCA-3400 c) PHI 5000 Versa Probe II. 

 

  

a) 

b) c) 
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2.2.4 X-Ray Diffraction 

X-ray diffraction (XRD) is a measurement technique which uses X-rays to investigate the 

crystallinity of a material, i.e. the crystal structure and orientation, or the spaces between 

atomic layers.18 The principle is based on the Bragg equation (W.H. and W.L. Bragg, 1913, 

Nobel prize in 1915), which describes the position of X-ray scattering peaks in angular 

space:18,19 

 ςὨ Ͻ ÓÉÎ — ὲ Ͻ ‗ ( 2.1 ) 

 

with interlayer spacing d, angle between incident and scattering X-ray ɗ, positive integer n 

and X-ray wavelength ɚ. XRD apparatus consists of three main parts: an X-ray source (in 

case of our device Cu KŬ radiation), a sample stage, and an X-ray detector. The sample is 

irradiated with X-rays. When hitting an atom in the lattice/crystal structure of the sample, the 

X-rays are reflected, i.e. diffracted. The intensity of diffracted X-rays is measured by the 

detector. In order to investigate different diffraction angles, the X-ray source and the detector 

are rotated as schematically shown in Figure 2.6a. The X-rays are diffracted from many 

locations/atoms in the sample, resulting in scattering in all directions. However the diffracted 

X-rays are in phase at certain angles, and these are dependent on the spacing between atomic 

layers. At this angle the X-ray signal is amplified, giving a characteristic high intensity 

diffraction peak.20 For example, the interlayer spacing between GO sheets can be obtained 

from the diffraction peak angle by using Braggôs equation.21 X-ray diffraction was measured 

using a Rigaku Smartlab X-ray Diffractometer (Figure 2.6b) with Cu KŬ radiation (ɔ = 1.5418 

Å, 0.01°/step). 

 

 

Figure 2.6. a) Principle of X-ray diffraction (XRD). b) Rigaku Smartlab X-ray Diffractometer. 

a) b) 
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2.2.5 Raman Spectroscopy 

Raman spectroscopy is a technique used to investigate vibrational motions in molecules in 

order to obtain information about chemical structures, physical forms and material properties 

such as e.g. crystallinity.22 The principle, schematically shown in Figure 2.7a, is based on 

inelastic scattering of monochromatic light and it is named after inventor and Physics Nobel 

Prize winner Sir Chandrasekhara Venkata Raman, who discovered inelastic scattering of 

light in 1923.22,23 

A Raman system comprises a laser source, sample lighting and collection optics, a 

wavelength filter and a CCD detector. Laser light is irradiated onto a sample and interacts 

with the molecules (absorption or scattering). Most of the light is scattered back unchanged 

(Rayleigh scattering), however a very small amount is scattered at a different wavelength 

(Raman scattering and anti-Stokes scattering). Rayleigh and anti-Stokes scattered light are 

filtered from the signal using a notch filter, and remaining Raman signal is detected.22,24,25 

The Raman spectrum, a characteristic fingerprint of an observed material, is obtained by 

plotting the intensity of the Raman scattered light as a function of its frequency difference 

from the excitation wavelength (wavenumber shift). In this work a RENISHAW inVia Raman 

Microscope (Figure 2.7b) with 532 nm laser excitation wavelength was used. 
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Figure 2.7. a) Principle of Raman spectroscopy. b) RENISHAW inVia Raman Microscope. 

 

2.2.6 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a non-destructive method to investigate surfaces of 

conducting and insulating materials on an atomic scale.26ï29 AFM was invented in 1985 by 

Binnig et al. at Stanford University, and its principle is based on Hookeôs law.28ï30 Figure 

2.8a shows the principle of AFM with beam-deflection method (the most commonly used 

method).26 The main components of the device are the cantilever with a scanning tip (usually 

silicon or silicon nitrite), a laser source, a position-sensitive detector (quartered photodiode) 

with evaluation electronics and a 3-axis-movable sample stage. The sample stage moves 

slowly in the horizontal direction and the sample surface is scanned with the tip of the 

cantilever. During scanning, normal and lateral forces act on the tip, leading to bending and 

torsion of the cantilever.26,27 A laser beam is focused onto the upper side of the cantilever, 

where it is reflected. The deflection of the laser beam is detected by the photodiode and a 

topographic image is created by plotting the position of the scanning tip versus the 

a) 

b) 
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deflections.26,27,29 AFM has a very high resolution (vertical resolution ~1 ᴠ, lateral resolution 

~30 ᴠ),29,30 allowing the structural investigation of nanomaterials. 

In this work a Seiko Instruments scanning probe microscope unit (SPA300HV, Figure 2.8c) 

with a SPI 3800 N probe-station (Figure 2.8d) and SN-AF01 cantilevers (SiN, 100 µm tip 

height, Figure 2.8b) was used to investigate the surface of nanocellulose for their morphology 

and surface roughness. AFM samples were prepared by dropping 100 µl of nanocellulose 

dispersion onto 1 cm2 silicon substrates and the assessed area was 4 µm x 4 µm. The average 

roughness was calculated by using 10 horizontal and 10 vertical line roughness profiles. 

 

 

Figure 2.8. a) Principle of atomic force microscopy. b) Microscope image of an SN-AF01 

cantilever (SiN, 100µm height). c) Seiko Instruments scanning probe microscope unit 

SPA300HV with SPI 3800 N probe station. d) SPI 3800 N probe station with laser attachment 

and camera unit. 

 

2.2.7 Thermogravimetric Analysis 

Thermo-gravimetric analysis (TGA) and differential thermal analysis (DTA) are used to 

investigate the behavior of materials during combustion and pyrolysis, by measuring the 

a) b) 

c) d) 



74 

change in sample mass (TGA) and the temperature difference between the sample and an 

inert reference material (DTA) during heating at a constant rate.31,32 

The device consists of a highly precise balance (e.g. ± 0.1 µg) with two sample holders 

containing thermocouples, within a furnace (Figure 2.9a).31 The sample crucible comprises 

ceramic (e.g. AlO3) or metal (e.g. Pt, or aluminum), depending on the operation temperature. 

The furnace is flooded with gas to create a specific atmosphere, usually air or nitrogen. Mass 

change during heating occurs when the sample e.g. loses water by evaporation, oxidative 

decomposition in air, or thermal decomposition in nitrogen atmosphere.31 The TGA curve is 

usually normalized and starts at 100% sample weight. Difference in temperature between 

sample and reference may occur from processes such as glass transition, melting or 

evaporation of incorporated water. The exothermic or endothermic character of the process 

is shown by the DTA curve and characteristic temperatures e.g. glass transition temperature 

can be determined.31 

In this work a Thermo plus EVO2 TG8121 (Rigaku, Figure 2.9b) with a constant heating rate 

of 5 K/min was used. Samples were placed in Al2O3 crucibles (5 mm diameter, 5 mm height, 

Figure 2.9c). The data was evaluated using the program Thermo plus EVO Analysis. 

 

 

Figure 2.9. a) Schematic of a TGA Device. b) Rigaku Thermo plus EVO2 TG8121; c) internal 

balance beams with holders. 

 

a) 

b) c) 
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2.2.8 Ion Exchange Capacity Measurements 

The H+ IEC of GO membranes was performed by immersing and sonicating the dry GO 

membrane in 1M NaCl solution to exchange the acidic protons of GO with Na+. The released 

protons were titrated to neutral pH with 0.01 M NaOH solution. The OH- IEC was obtained 

by redispersing a dry GOKOH membrane in 15 mL of milli-Q H2O with the assistance of 

sonication. The dispersion was titrated back to the original pH of GO solution (å3.5) using 

0.01 M HCl solution. The IECs (in mmol/g) were determined from the following equation, 

where Vx and Cx are the volume and concentration, respectively, of NaOH or HCl: 

 
Ὁ

ὠ ὅ

-ÅÍÂÒÁÎÅ 7ÅÉÇÈÔ
 ( 2.2 )  

 

2.2.9 Water Uptake and Swelling Measurements 

Water-uptake is an important factor in fuel cell membranes, since the proton conductivity 

usually strongly relates to the amount of absorbed water. Strong swelling on the other hand 

can lead to deterioration of the electrolyte-electrocatalyst interface. 

In this work, water uptake and swelling (i.e increase in thickness) were measured on samples 

with a size of 10 x 10 mm. For each material, five samples were measured for reproducibility. 

Samples were first vacuum dried at 60°C for two hours. The mass was then determined using 

an analytical balance (Mettler Toledo, ± 0.1 mg, Figure 2.10a) and the thickness was 

determined using a micrometer (Mitutoyo, ± 1 µm, Figure 2.10b). Samples were then placed 

into a water bath at room temperature for one hour. After saturation, excess surface water 

was removed carefully with a tissue, and the mass and thickness were measured again. The 

alkaline GO membranes displayed strong swelling in water, affecting the mechanical 

properties to the extent that handling freestanding samples was impossible. Therefore the 

membranes in Chapter 4.3.5 were supported on silicon wafers and a water droplet was placed 

over the membrane covering it completely. After saturation, excess water was carefully 

removed using a tissue and the mass was measured. Water uptake (WU) was calculated using 

Equation ( 2.3 ), where mwet and mdry are the wet and dry masses, respectively: 

 
ὡὟ Ϸ

ά ά

ά
Ͻ ρππϷ ( 2.3 ) 
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Swelling (Sw) was calculated by using Equation ( 2.4 ), where Twet and Tdry are the wet and 

dry thicknesses of the samples, respectively: 

 
Ὓύ Ϸ

Ὕ Ὕ

Ὕ
Ͻ ρππϷ ( 2.4 ) 

 

 

Figure 2.10. Mettler Toledo analytic balance. b) Mitutoyo micrometer. 

 

2.2.10 Gas Barrier Measurements 

Gas barrier properties of fuel cell electrolytes are important, as fuel crossover reduces the 

performance and efficiency of fuel cells, as well as compromising safety. 

Permeability (P) can be expressed as the product of the diffusion (D) and solubility (S) 

coefficient and the dependence of transport parameters in organic polymers is typically 

described by Arrhenius-vanôt Hoff equations:33,34  

 ὖ Ὀ Ͻ Ὓ ( 2.5 ) 

 Ὓ Ὓ Ͻ Ὡ
Ў

Ͻ  ( 2.6 ) 

 Ὀ Ὀ Ͻ Ὡ
Ў

Ͻ  ( 2.7 ) 

 ὖ ὖ Ͻ Ὡ
Ў

Ͻ  ( 2.8 ) 

 

where DHS is the enthalpy of sorption and ED and EP are respectively the activation energies 

of diffusion and permeation. From the four formulas EP = ED + DHS can be received by 

transformation. In general diffusion coefficient is stronger dependent on temperature than the 

a) b) 
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solubility coefficient and ED is therefore bigger than the absolute value of DHS. For organic 

polymers a typically observed behavior is therefore that permeability increases with 

increasing temperature.33,34 

For gas permeance measurements, the membrane area was masked with kapton and alumina 

tapes to provide a sample circle of desired diameter and area (d = 1 cm, A = 0.785 cm2) as 

shown in Figure 2.11a. To prevent bending under vacuum, the membrane is placed on a 

porous polycarbonate support filter (1.2 µm pore size). Dry hydrogen permeation through 

the test membranes was measured at different temperatures using a GTR-11A/31A gas 

barrier testing system (GTR Tec Corporation, Japan, Figure 2.11c). The part of the machine 

where test gas is sampled (GTR-31AKU, Figure 2.11b) uses differential-pressure method for 

film permeability testing where gas permeation is induced by the vacuum on the permeate 

side and extra pressure applied at the feed side, as shown in Figure 2.11d. Total pressure 

difference was set to 200 kPa. In order to obtain gas concentration sufficient for detection 

using gas chromatography, the sample collection time after vacuuming the sweep side of the 

membrane was 30 minutes. The gas collected was transferred to a gas chromatograph and 

the volume of gas was measured. The gas sampling system is combined with a gas 

chromatograph, with a thermal conductivity detector (TCD) (Yanaco G3700T, Japan), as 

shown in Figure 2.11e. Operation parameters of the gas chromatograph are listed in the Table 

2.2. Both permeance in GPU units and permeability in barrer units were estimated for 

membranes of different thickness,35 and compared to the reference Nafion membrane. 

Operation parameter of the gas chromatograph are shown in Table 2.2. 
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Figure 2.11. Gas permeation measurement system: a) Schematic of the permeation cell; b) 

Schematic of the GTR-11A/31A gas permeation measurement system; c) Graphene oxide 

membrane mounted in the system; d) Permeation cells of the gas permeability analyzer; e) 

Schematic of gas permeability analyzer GTR-11A/31A. 

 

Table 2.2. Gas chromatograph operation parameter. 

Column 
Porapak Q packed column,  

2 m, 1/8 inch, mesh 50/80 

Oven temperature (¯C) 60 

Detection method TCD 

Detector temperature (¯C) 150 

Detector current (mA) 40 

Current polarity Negative 

Carrier gas Ar 

Carrier gas pressure (kPa) 110 

Carrier gas flow (cc/min) 30 

a) b) 

c) 

d) e) 
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2.2.11 Tensile Strength Testing 

Tensile strength and elongation (strain) until rupture are both important mechanical 

properties regarding membrane-handling, MEA preparation and cell longevity, because they 

give information about the ñwork performanceò (i.e. the amount of deformation the 

membrane will bear without failure). Tensile strength testing is a method to determine 

mechanical properties such as tensile strength, Youngôs Modulus and flexibility of a material. 

A specimen with defined length, width and thickness is slowly extended until rupture, while 

monitoring the tension with a force gauge. The tensile strength at rupture (ů) was calculated 

using: 

 
„

Ὂ

ὃ
 ( 2.9 ) 

 

where F is the applied force, and A is the initial cross-sectional area of the sample. Strain (Ů) 

was calculated using: 

 
‐

ὒ

ὒ
Ͻ ρππϷ ( 2.10 ) 

 

where L is the length of the sample during elongation and L0 is the initial sample length.  

Elastic modulus E is defined as the slope of the stress-strain curve in the elastic region and 

was calculated using: 

 Ὁ
„

‐
 ( 2.11 ) 

 

In this work a hydraulic testing machine with 5 N force gauge (SHIMPO FGO-C-TV, Figure 

2.12a) was used with an elongation speed of 10 mm per minute. Samples can be cutted by 

using a dumbbell shape specimen cutter (Figure 2.12b). 

 

a) b) 
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Figure 2.12. a) Hydraulic Testing Machine SHIMPO FGO-C-TV with 5 N force gauge. b) 

Dumbbell shape specimen cutter. 

 

2.2.12 Impedance Spectroscopy 

Impedance spectroscopy is a small-signal excitation technique with the assumption of a linear 

current-voltage relation. It is a non-destructive technique that can also provide valuable 

information about electrochemical systems such as batteries and fuel cells.36ï39 

An AC amplitude voltage (± 10 mV to ensure a pseudo-linear response) with changing 

frequency is applied to a conducting sample and its response, i.e. a phase-shifted AC current 

signal is measured and converted into impedance. This is usually plotted as Nyquist plot, 

with both real and imaginary impedences.36,40,41 The use of impedance spectroscopy to 

determine the conductivity of solid electrolytes was first used by Bauerle in 1969 when 

investigating yttria-stabilized zirconia,36,42 and is now a common technique to precisely 

investigate the conductivity of new fuel cell electrolytes.43 

To investigate the conductivity of the electrolytes studied here, impedance spectroscopy 

measurements were performed using a commercially available membrane testing system 

shown in Figure 2.13a (Scribner Associates Inc., MTS 740) coupled with an impedance 

analyser (TOYO Corporation, Solartron SI 1260). For through-plane conductivity 

membranes with 10 x 30 mm sample size were measured over an AC frequency range of 30 

MHz to 1 Hz, with an AC amplitude of ± 10 mV. Gas diffusion electrodes (E-TEK, High 

Temperature ELAT, E-W, 18 x 5 mm) between the membrane and platinum electrodes of the 
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testing rig (Figure 2.13b) were attached using conductive carbon paint (SPI Supplies, 

colloidal graphite, Part #05006-AB). The cell was uniaxially compressed with a pressure of 

1.074 MPa to obtain a good contact between the membrane and electrodes. A schematic of 

the 2-electrode/4-terminal cell setup is shown in Figure 2.13e. This electrode-membrane 

arrangement comprises two electrode-membrane interfaces and the membrane as bulk. For 

in-plane conductivity measurement another testing rig (Figure 2.13c) was used, with a total 

distance of 5 mm between the platinum electrodes. 

The impedance spectra were evaluated using Zview (Scribner Associates Inc.). The 

frequency dependent data is fitted using equivalent circuits to determine membrane 

resistance and capacitance. This analysis is aided by the use of Nyquist plots where the X-

axis represents the real part of the impedance, and Y-axis represents the imaginary part. The 

Nyquist plots of our measurements generally show two semicircles, dependent on the 

measured frequency. Due to the larger capacitance of the thin electrode/membrane interface 

as compared to the relatively thicker membrane, the time constant (given by resistance 

multiplied by capacitance) is typically larger for the electrodes. Therefore, the impedance arc 

attributed to the electrode typically occurs at low frequency (i.e. the inverse of time constant), 

and the membrane impedance is found at higher frequency, as depicted by the right and left 

arcs in Figure 2.13d.39,40 The diameter of this high frequency semicircle is equivalent to the 

resistance of the membrane. This simplified impedance plot can be modeled by an equivalent 

circuit comprising a series of two parallel RC-circuits, with the possibility in replacing the 

capacitor by a constant phase element (Figure 2.13d). 
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Figure 2.13. a) Membrane test system MTS 740 (right) with Solartron impedance analyzer 

(left). b) Electrode setup of the MTS 740 for through-plane conductivity measurements with 

Pt-blocking electrodes. c) Electrode setup of the MTS 740 for in-plane conductivity 

measurements. d) Representative impedance spectra of GO membrane at 30°C and 100% 

RH showing measurement data and fitting curve with equivalent circuit. e) Schematic of the 

MTS 740 electrode setup for through-plane conductivity measurement with corresponding 

electrode/membrane interfaces and representative equivalent circuits. 

 

a) 

b) c) d) 

e) 
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2.3 Membrane Electrode Assembly Fabrication and Characterization 

2.3.1 Membrane Electrode Assembly Fabrication 

The membrane electrode assembly (MEA) fabrication process for Nafion-based, GO-based 

and nanocellulose-based MEAs is nearly identical and is schematically shown in Figure 

2.14a. Electrocatalyst ink was prepared by mixing Pt/C electrocatalyst (Tanaka Kikinzoku 

Kogyo K.K., 46.2 wt% Pt) with 5 wt% Nafion solution (Wako, Japan), ethanol (Chameleon, 

Japan), and deionized water. The Nafion to catalyst mass ratio utilized was 0.28 : 0.72. For 

example, 100 mg Pt/C was mixed with 836 µl Nafion solution, 475 µl deionized water and 

4274 µl ethanol. The catalyst ink was stirred overnight, then sonicated before use for 30 min 

(SMT Corporation, Ultra Sonic Homogenizer UH-600). The membranes were placed onto a 

movable hot-plate (60°C), covered with a PET mask to create an electrode size of 0.5 cm2 

and the catalyst ink was sprayed directly onto the membranes (Nordson K.K. Spraying Device 

with an A7A spray gun, nozzle size 0.5 mm, Figure 2.14b) by using pulse spray mode (spray 

cycle 100 ms, 15 ms ñgun delayò, 50 ms ñgas onò and 20 ms ñgun onò setting). Two carbon 

papers with the same size of electrode area were placed next to the electrode as a reference, 

in order to determine the amount of electrocatalyst deposited onto the electrode area. The 

deposited electrocatalyst weight was determined by using an analytical balance (Mettler 

Toledo, XP2UV, ± 0.1 µg). The catalyst loading was 0.3 mgPt/cm2 for both electrodes. For 

all MEAs (apart from GO-based MEAs), hydrophobic carbon paper (E-Tek, EC-TP1-060T, 

d = 0.8 cm, thickness ~180 µm) gas diffusion layers (GDLs) were attached to the 

electrocatalyst layers by a two-step hot-pressing process (sinto Digital Press CYPT-10, 

Figure 2.14c). In the first step the MEA was pre-hot-pressed without a GDL at 132°C and 

0.3 kN for 180s. Then the GDLs were attached by hot-pressing at 132°C and 0.6 kN for 20s. 

For GO-based MEAs gas diffusion layers (GDLs) were precisely positioned over the 

electrocatalyst layers, but not hot-pressed to avoid loss of oxygen in the GO, which can occur 

at temperatures as low as 70°C.44 
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Figure 2.14. a) General fabrication process of a membrane electrode assembly. b) Nordson 

K.K. Spraying Device. c) Sinto Digital Press CYPT-10. 

 

2.3.2 Membrane Electrode Assembly Characterization 

The prepared MEAs (0.5 cm2 electrode size, ~35 mm diameter) were placed into a single cell 

holder (Figure 2.15a). A rubber o-ring was placed between the anode flow field and the anode 

of the MEA, and the cell was compressed with a force of 0.5 N by using a torque-gauge. The 

o-ring is necessary to seal the anode side and prevent hydrogen leakage. The fuel cell was 

then installed in a home-made PEMFC test system comprising an oven, heated gas pipes, and 

a humidifier (heated water bath and gas bubbler). Depending on the electrolyte, different 

preconditioning steps were used. 

GO-based MEAs were preheated at 30°C (no gas flow) for one hour, followed by 

preconditioning (i.e. humidification) for 30 minutes at 30°C and a nitrogen gas flux of 100 

ml/min (at 95% RH). The gas flux was changed to hydrogen and air (100 ml/min, 95% RH) 

and after 15 minutes a performance test was conducted.  

a) 

b) c) 
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Nanocellulose-based MEAs were preheated at 80°C (no gas flow) for two hours, followed 

by preconditioning (i.e. humidification) for one hour at 80°C and a nitrogen gas flux of 100 

ml/min (95% RH). The gas flux was changed to hydrogen and air (100 ml/min, 95% RH) 

and after 15 minutes a performance test was conducted.  

Polarization curves, power density and durability of MEAs in this work were investigated 

using a potentiostat (Amtek, VersaSTAT 4). Polarization curve measurements were 

performed at different load current rates (i.e. from 0.1 to 0.5 mA/s), depending on the 

performance of the MEA. The measurement is performed starting from OCV with 0 mA load 

current. With increasing load current e.g. at 0.5 mA/s, the cell voltage drops, resulting in a 

typical polarization curve shape with steep and strongly changing slope at low current density 

due to activation losses and a linear region due to ohmic losses of the cell (compare Figure 

1.4). At high current density, a strong drop in cell voltage is generally observed due to mass 

transport losses. The minimum cell voltage at which the measurement is terminated is 0.16 

V. Three to five measurements, depending on if the power density further increased or not, 

were performed before the durability of the MEAs was observed. 

For the prepared MEAs durability measurements were conducted as follows. From the 

previously measured polarization curves and power density measurements the load current 

at a cell voltage of 0.5 V was selected to be used as constant load current value. The 

measurement started from OCV with 0 mA load current, then the electric load with 

determined current value was connected to the fuel cell in one step. The measurement was 

stopped when the cell voltage dropped under 0.3 V, or after at least 10 hours in case of better 

durability. 15 min after the durability measurement, the OCV was noted and a polarization 

curve measurement was performed. To evaluate changes in performance before and after 

durability measurement, the OCV and power density were compared with pre-measurement 

values. 
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Figure 2.15. a) Cell holder used in our laboratory. b) Potentiostat VersaSTAT 4 (Amtek). 

 

  

a) b) 
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3 Graphene Oxide Membrane Fuel Cells 

3.1 Introduction and Motivation 

As described in the introductory Chapter 1.5.2.1, the development of novel fuel cell 

membranes is necessary for accelerating the commercialization of fuel cells and the 

realization of a hydrogen society. Graphene oxide (GO) was mentioned as a potential 

material for fuel cell membrane application, due to its proton conduction, mechanical 

strength, and high gas barrier properties. 

Here we present a detailed characterization of GO membranes via scanning electron 

microscopy (SEM), laser microscopy, X-ray photoelectron spectroscopy (XPS), Raman 

spectroscopy, and X-ray diffraction (XRD). We report water-uptake, tensile strength, and gas 

barrier properties of GO compared to Nafion. 

A detailed analysis of the through-plane electrical conductivity of GO paper is performed by 

aid of electrical impedance spectroscopy, relevant to fuel cell and ionomer applications, over 

a wide temperature range (30 to 120°C) and humidity range (0 to 100% RH). By aid of 

blocking layer measurements the mixed electronic-protonic conductive behavior of GO is 

examined. The capacitance is extracted from impedance data, and related to the water content 

of the GO paper, measured using in situ gravimetric analysis. 

Performance of a pure graphene oxide membrane fuel cell (GOMFC) operating at up to 80°C 

is investigated. Lastly an electrode-supported GOMFC with high power density is prepared 

by a novel spraying process, a step towards fully-printable fuel cells. 

 

3.2 Sample Preparation and Nomenclature 

GO membranes with various thicknesses were prepared from a graphene oxide (GO) solution 

(Graphene Supermarket, 5 mg/ml, flake size 0.5 to 5 µm) by vacuum-filtration onto Millipore 

membrane filters (35 mm diameter, 0.025 µm pore size). After filtration the membranes were 

dried at room temperature for 48 hours and then peeled-off the filter resulting in freestanding 

and flexible pure GO membranes. Herein the face of the membrane previously attached to 

the filter is referred to as the underside, and the air-exposed face is referred to as the upper 
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side. Membrane thickness was measured with a micrometer, and 10 ml GO suspension (i.e. 

50 mg) led to a membrane thickness of around 36 µm, corresponding to a density of 1.44 

g/cm3. The detailed fabrication process for Nafion-based and GO-based membrane electrode 

assemblies (MEAs) is described in the experimental Chapter 2.3.1. 

 

3.3 General Material Characterization 

3.3.1 Scanning Electron Microscopy 

SEM was used to probe the morphology and structure of the GO membrane surface and cross-

section. Figure 3.1a-c shows the upper side of the membrane. A wrinkled surface with 

structural features of approximately 20 µm in length and several µm in width is observed. 

The reason for this wrinkled surface can be attributed to the tetrahedral structure of sp3-

hybridized carbon; surface tensions introduced during drying; and/or surface charges. The 

underside of the membrane is smoother and nearly featureless (Figure 3.1d). This is 

attributed to the flow-directed assembly onto a smooth filter surface, leading to a flat 

arrangement of GO sheets over the whole filter area. On the upper side, the GO sheets are 

not confined by a flat surface and are therefore more exposed to surface tensions and 

configuration change to minimize stress. Figure 3.1e-f shows the cross-section of the GO 

membrane. It can be clearly seen that the GO membrane consists of a plurality of graphene 

oxide layers closely stacked together. The single GO layers have wrinkled edges as a result 

of the sp3-hybridization. 
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Figure 3.1. SEM images of a GO membrane. a-c) Upper side surface at different 

magnifications. d) Surface of the underside. e-f) Cross-section of a GO membrane at different 

magnifications showing the layered structure. 

 

  

a) b) 

c) 

f) 

d) 

e) 
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3.3.2 Laser Microscopy and Surface Roughness 

Linear roughness measurements were conducted using laser microscopy. Figure 3.2a shows 

the GO surface at 5x magnification (upper side). Wrinkles are uniformly distributed across 

the surface, likely induced by stresses imposed by surface tension during drying. At 100x 

magnification (Figure 3.2b), the wrinkles can be seen in greater detail, and are very similar 

to the SEM image. The 3D projection in Figure 3.2c illustrates the wrinkled texture more 

clearly and Figure 3.2d shows height distribution over the measured area. Both 3D images 

are magnified by 3x in the z-axis to display the structure more clearly. The peak to trough 

distance is approximately 4 µm.  

For a quantitative evaluation of the membrane surfaces, roughness measurements were 

conducted. The arithmetic average height Ra, defined as the average absolute deviation of the 

roughness irregularities from the mean line, is 0.5062 (± 0.0261) µm for the upper side of the 

membrane, and 0.1832 (± 0.0150) µm for the underside. This surface roughness is larger than 

that measured for Nafion (0.052 µm). This increased roughness and thus the total area of the 

interface, possibly leading to increased mechanical interaction between the membrane and 

the electrocatalyst layer, resulting in improved adhesion and reduction of the contact 

resistance.1 
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Figure 3.2. Laser microscopy images of the GO membrane surface: a) 5x magnification; b) 

100x magnification; c) 3D projection; and d) Colored 3D projection with height profile. 

 

a) b) 

c) 

d) 
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3.3.3 X-Ray Photoelectron Spectroscopy 

XPS was measured for elemental and chemical analysis. In the wide scan, two major peaks 

at binding energies of approximately 284.5 and 532.0 eV are observed (Figure 3.3a), 

attributed to C1s (74.8 at%) and O1s (25.2 at%) components. The peak at ~480 eV is noise. 

Figure 3.3b shows the C1s spectrum of GO, deconvoluted into six peaks, attributed to 

different types of C bonds. The C1s related peaks assigned in the following paragraph are in 

accordance with Tien et al. observations.2 The largest peak is attributed to sp3-hybridized C-

C/C-H bonds at 284.2 eV (41.0%) and thus to the carbon backbone of GO. The next largest 

peak is attributed to epoxy groups C-O-C at 286.1 eV (24.5%), followed by hydroxyl groups 

C-OH at 285.1 eV (15.7%). Epoxy and hydroxyl groups are thought to be the dominant 

species on the basal plane of GO, resulting in strong binding to water via hydrogen bonds.3 

Carbonyl C=O at 287.1 eV (8.3%) and carboxyl groups O-C=O at 288.2 eV (5.5%) are also 

present with lower intensities. The lowest peak in the C 1s spectrum is attributed to sp2-

hybridized C=C bond at 283.5 eV (5.0%), and due to its small magnitude, this indicates that 

the proportion of free electrons is very low, in contrast with the significantly larger peaks 

typically observed in unoxidized graphene. The O 1s (Figure 3.3c) signal is deconvoluted 

into five peaks. The strongest peak at 531.9 eV is attributed to C-O bonds (38.0%), followed 

by O-H at 532.8 eV (22.4%), and C-OH at 531.1 eV (21.0%). C=O bonds at 530.2 eV (9.3%) 

and adsorbed water at 533.7 eV (9.3%).4 The higher energy oxygen groups (e.g. epoxides) 

in this GO sample are potentially easily removed in reducing conditions (e.g. PEMFC anode 

operating conditions), with consequent modification of GO electrical properties, as discussed 

in the MEA characterization section (3.5). 
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Figure 3.3. a) XPS wide scan spectra of GO. b) Component analysis of the C 1s peak of GO. 

c) Component analysis of the O 1s peak of GO. 

 

a) 

b) 

c) 
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3.3.4 Raman Spectroscopy 

Raman spectroscopy was used to compare the atomic and electronic properties of GO with 

graphene.5 Raman spectra of GO and graphene are shown in Figure 3.4 and the position of 

Raman active bands, intensity ratio I(D)/I(G) and the full width at half maximum (FWHM) 

of the G peak (G) can be seen in Table 3.1. Raman spectra of GO shows two strong Raman-

active bands. The G band (~1594 cm-1) represents in-phase vibrations of the sp2-carbon 

network. The D band (~1347 cm-1) is due to the breathing mode of six-atom rings, and 

represents the disorder caused by edges or defects in the carbon network.6ï8 The G band is 

actually made up of both a G and Dô band, but due to the effect of broadening it appears as a 

single band.8 At higher wave numbers (> 2600 cm-1) three less intense, overlapping peaks 

are observed. The 2D and 2Dô peaks are second order bands of the D and Dô band, and they 

are inversely proportional to the number of defects. Their intensity drops severely as the sp2 

carbon network is destroyed, and thus in sp3-dominated GO their intensity is relatively low.8 

There is a clearly visible D+Dô band, indicating a high concentration of defects. 5,8 Because 

the 2D, D+Dô and 2Dô bands strongly overlap, it was not possible to determine exactly the 

2D and 2Dô positions.  The intensity ratio of the D and G peaks [I(D)/I(G)] is an indicator of 

the proportion of defects.5,9,10 For comparison we measured a commercially available 

graphene powder sample (CheapTubes.com, Grade 4) herein defined as GG4, which displayed 

three strong Raman-active bands; the G band (~1572 cm-1); the 2D band (~2696 cm-1) and 

the D band (~1344 cm-1). Due to the strong 2D band, the low intensity D band, and the narrow 

G band with small Dô band (which is related to defect concentration, e.g sp3), we can assume 

that GG4
 has a very low defect concentration compared to GO and thus the nearly perfect sp2 

network of graphene.7 The D+Dô and 2Dô bands are not visible in GG4. The full width at half 

maximum (FWHM) of the G band (22 cm-1) is smaller than in GO (69 cm-1), with a lower  

I(D)/I(G) ratio, indicating less disorder.5 In conclusion, GO is as expected highly defective 

compared to GG4. However, these defects are an indicator of a greater proportion of 

hydrophilic oxygen groups, and therefore a greater number of potential proton conduction 

sites.  The spurious peak at ~2380 cm-1 in the GG4 signal is noise, most likely generated from 

interaction of the detector with a cosmic ray. 
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Figure 3.4. Wide scan Raman spectra of GO and GG4. 

 

Table 3.1. Position of Raman active bands, intensity ratio I(D)/I(G) and the full width at half 

maximum of the G peak FWHM (G). All units are in cm-1 unless otherwise stated. 

 GO GG4 

D band 1347  1344  

G band 1594  1572  

D + Dò - 2449  

2D band 2700  2696  

D + Dô band 2914  - 

I(D)/I(G) [dimensionless] 0.932  0.365 

FWHM (G) 69  22 

 

3.3.5 X-Ray Diffraction 

Figure 3.5 shows the XRD pattern of GO measured in ambient air (~60% RH). There is a 

broad major peak at 2ɗ = 11.6°, corresponding to an inter-planar distance between the GO 

layers of 0.761 nm, which is in the range of reported values in literature (6 to 12 Å).3,11ï14 

The broad peak of GO in comparison to graphene and graphite arise from the more 

amorphous nature of GO.15 The inter-planar distance is more than twice as large as the 

interlayer spacing for graphene/graphite (peak at 26.5° and 0.336 nm), due to the presence of 

the surface oxygen groups, which act as spacers between the layers,16 further confirming a 

significant level of bound oxygen in GO, as well as intercalated water.3,14,17 Lerf et al. showed 

by aid of XRD analysis that the interlayer spacing of graphic oxide increases with increasing 

https://en.wikipedia.org/wiki/%C3%85


99 

humidity and they reported interlayer spacings of 8 Å at 45% RH, 9 Å at 75% RH, and 11.5 

Å at 100% RH.12 Daio et al. performed in-situ SEM and in-situ STEM investigation on the 

swelling behavior of a GO membrane at different temperatures and humidity.17 They reported 

reproducible thickness increase (increasing RH) and decrease (decreasing RH) with a 

swelling amplitude of ~10 µm from 30 to 95% RH. 

 

 

Figure 3.5. XRD patterns graphene (Grade 4), graphite and graphene oxide. 

 

3.3.6 Water Uptake and Swelling 

Water uptake and swelling measurements were performed because proton conductivity is 

generally attributed to a water-mediated proton transport mechanism (e.g. the Grotthuss 

mechanism),18,19 and is expected to improve with increasing hydration. The change in 

physical dimensions with increasing humidity and the corresponding strain can impact fuel 

cell applications. For example, excessive swelling may lead to deterioration of the 

membrane-electrocatalyst interface, or membrane failure.20 Figure 3.6 shows the water 

uptake and swelling of GO and Nafion. The water uptake of GO is approximately 20 times 

higher than Nafion (325.6 ± 22.1 wt% compared to 15.4 ± 0.6 wt%). Swelling (i.e. the 

increase in thickness of the GO membrane) was 197.8 ± 39.4%; also around 20 times higher 

than that of Nafion (10.4 ± 1.1%), and GO resembles a hydrogel-like structure. The higher 

water uptake of GO compared with Nafion indicates a larger driving force for water 

absorption, meaning that the GO membrane may maintain high proton conductivity even 

https://en.wikipedia.org/wiki/%C3%85
https://en.wikipedia.org/wiki/%C3%85
https://en.wikipedia.org/wiki/%C3%85
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under lower humidity conditions. For example Kumar et al. reported strongly increased fuel 

cell performance for GO-Nafion composite membranes compared to recast Nafion at 120°C 

and 25% RH (212 vs 56 mW/cm2), explained by the increased water retention properties and 

thus maintained proton conductivity.21 

On the other hand, the greater degree of swelling of GO might increase the risk of 

deterioration of the membrane-catalyst interface if the membrane is repeatedly hydrated and 

dried and warrants further study.20 

 

 

Figure 3.6. Water uptake (a) and swelling (b) of graphene oxide and Nafion. 

 

a) 

b) 
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3.3.7 Tensile Strength Measurements 

Tensile strength and elongation (strain) until rupture are both important mechanical 

properties regarding membrane handling, MEA preparation and fuel cell longevity, because 

they give information about the ñwork performanceò (i.e. the amount of deformation the 

membrane will bear without failure). Figure 3.7a shows the stress-strain curves for five GO 

membrane samples. All the curves have similar shape, confirming the reproducibility of the 

measurement. The curve progression can be divided into four different regions: a 

straightening region; an elastic region; an extended elastic limit (where plastic deformation 

begins); and a plastic region up until fracture. At low stress, GO displays a non-linear elastic 

elongation up to a stress of approximately 10 MPa. This straightening region is suggested to 

be induced by a high concentration of water molecules in the interlayer spacing.22,23 Based 

on their hydrogen bonds with the GO sheets, water molecules respond to the applied strain 

by reorientation, decreasing the elastic modulus of the membrane.23 At higher stress, an 

approximately linear elastic elongation occurs, up to around 28 to 32 MPa, and 6.5 to 8.5% 

strain. A stretching of the wrinkled GO sheets is assumed to be responsible for this elastic 

elongation.23After this elastic elongation region, there is an extended tensile elastic limit 

(from approximately 7 to 18% strain) where the strain increases rapidly with only a very 

small increase in force. It is proposed that this phenomenon is a result of individual GO sheets 

sliding over each other in the presence of water molecules, which act as a lubricant.11,23 

Finally there is a region where the GO sheets appear to grip again possibly because the 

density of water molecules decreases to a point where the lubrication effect no longer 

dominates (above 30 MPa), before plastic elongation continues forming microcracks within 

the GO sheets,23 with a fast increase in stress until rupture at around 50 MPa and 20% strain. 

The stress-strain curves of Nafion (Figure 3.7b) can be separated into two regions: an elastic 

region, and a plastic region up until rupture. The Nafion samples exhibit an elastic elongation 

until around 6 MPa and 7% strain, after which the stress increased with plastic elongation 

nearly linearly until rupture at approximately 30 MPa stress and 400 to 425% strain, which 

is similar to values mentioned in literature.24 The average tensile strength of GO membranes 

was 54.5 ± 3.3 MPa, compared with 30.7 ± 0.4 MPa for Nafion (nominal value 32 MPa).25 

The GO membrane has approximately double the strength of Nafion. However, as can be 

observed in the stress-strain curve, the elasticity of the GO membrane is very low compared 
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to Nafion (Figure 3.7). The strain of the GO membrane before rupture is only 22 ± 1%, 

compared with 411 ± 14% in Nafion. The elastic modulus of the GO membrane (i.e. the slope 

of the stress-strain curve in the elastic region) is 680 ± 9.7 MPa for GO, compared with 94.9 

± 8.5 MPa for Nafion (nominal value 266 MPa, measured at lower humidity).25 Summarizing 

these tensile strength results (Figure 3.8), Nafion exhibits lower tensile strength and elastic 

modulus than GO membranes, but exhibits much higher elongation and therefore can resist 

more deformation before failure occurs. However, it is noted that the electrodes and the 

interface between electrodes and Nafion will likely not tolerate such extreme deformations. 

GO membranes exhibit a very large tensile strength and elastic modulus, but are very stiff, 

characterized by fracture at only 20% elongation, and are thus less resistant to severe 

deformation. 

 

Figure 3.7. Stress-strain curve of GO (a) and Nafion (b) membranes. The insets show an 

enlarged plot of low strain regions for both samples. 

a) 

b) 



103 

 

Figure 3.8. Tensile strength (a) and strain until rupture (b) of GO and Nafion. 

 

3.3.8 Gas Barrier Properties 

For fuel cell applications, crossover of fuel from the anode to cathode is an important issue 

as it reduces the OCV and leads to performance loss,26ï28 and should therefore be avoided. 

Gas barrier properties are therefore an important criteria for a membrane to be suitable as 

fuel cell electrolyte. Figure 3.9 shows the hydrogen gas barrier properties of GO and Nafion 

and their dependence on temperature. GO has higher hydrogen gas barrier properties 

compared with Nafion by approximately three orders of magnitude. However, this is contrary 

to a previous study by Nair et al., which claims that GO is completely impermeable to liquids 

and gases except water.16 In their work permeability was investigated using two different 

a) 

b) 
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approaches. In the first approach small containers were filled with gas at low over pressure 

(< 100 mbar) and the pressure change was recorded. Over several days no noticeable changes 

were observed. In a second approach gas permeation was tested by mass spectrometer, 

however, again, no permeation was detected. The reason for the contrary results can simply 

be related to the difference in the magnitude of pressures used. Nair et al. used a pressure 

< 100 mbar whereas in our work a total pressure difference between feed and permeate side 

was 200 kPa, thus 20 times higher. Therefore we conclude that our results are reliable due to 

higher amount of detectable permeate. 

For both samples the permeability increases with increasing temperature. This is typical 

behavior for organic polymers.29 As described in the experimental Chapter 2.2.10, 

permeability is a product of the diffusion and solubility coefficients. Since this increases with 

temperature we can conclude that the diffusion increase with temperature is faster than the 

decrease in solubility. The higher gas barrier properties in GO compared with Nafion should 

result in a higher OCV in MEAs. Additionally GO could be used as coating layer for 

increasing hydrogen barrier of hydrogen-storages or pipes. 

 

 

Figure 3.9. Dependence of the hydrogen permeability on temperature for graphene oxide 

and Nafion. Dashed lines are linear fits of the measurement data. 
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3.4 Impedance Spectroscopy 

3.4.1 Electrical Conductivity 

Graphene oxide paper has a multilayer structure, providing mechanical strength as well as 

the porosity necessary for hydration.30 For good proton conductivity, and low electronic 

conductivity, it is assumed that a high degree of oxidation is preferable. Conductivity 

measurements were performed through-plane, i.e. normal to the orientation of the GO sheets. 

Typical impedance spectra are semicircular at high frequencies and have a larger ñtailò at 

low frequencies, as shown in Figure 3.10a. In order to obtain an equivalent circuit to fit the 

membrane resistance, a model of the electrode setup was developed. The sample setup in the 

MTS 740 electrical measurement device is shown in Figure 3.10b.31 The distance between 

the anode source electrode and the cathode sensor electrode is very large (~3 mm) relative to 

the membrane thickness (~10 to 100 ɛm). Therefore the cathode voltage sensor electrode 

measures the potential of the cathode current source electrode, and vice versa for the anode 

electrodes. In essence, these are effectively two-electrode measurements with four leads, 

used in order to minimize lead resistance. 

Therefore the electrical measurements measure two electrode impedances in series with the 

GO electrolyte impedance (Figure 3.10b). These resistances can be modelled by a series of 

three R//CPE circuits (a resistor, R, in parallel with a constant phase element, CPE). For the 

symmetric electrodes studied here, this can be further simplified to two R//CPE circuits in 

series.32 The membrane and electrode CPE values are denoted as Qm and Qint, respectively. 

CPEs are used rather than capacitors to model the slightly depressed nature of the semicircle 

arcs, which typically arise from a distribution of time-constants resulting from heterogeneous 

physical properties, e.g. dielectric constant and resistivity.33,34  

Fits to the impedance spectra are shown in Figure 3.10a (solid lines). The electrical 

conductivity (s) of the high frequency (left-most) arc was calculated from the extracted 

resistance R (ɋ) by using the membrane thickness L (cm), the effective cross-sectional area 

A (cm2) and Equation ( 3.1 ): 

 
„

ὒ

Ὑ Ͻ ὃ
 ( 3.1 ) 
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The corresponding capacitance was derived from the CPE elements using Equation ( 3.2 ), 

see references.34,35 

 
  

ὅ  ὗ Ͻ Ὑ Ͻ ÓÉÎ 
ὲ Ͻ “

ς
 ᷄ ‫ ‫  ( 3.2 ) 

 

where n and Q are extracted from the fitting routine, and n represents the deviation from 

purely capacitive (i.e., when n = 1) behavior. Angular frequencies (ɤ) have to be in the range 

of the angular frequency at the highest point of the impedance arc (ɤp). In the present 

measurement, values for n of the membrane impedance were approximately 0.9, representing 

close to ideal capacitive behavior. 

The diameter of the high frequency impedance arc, corresponding to the resistance, increases 

approximately linearly with increasing membrane thickness (Figure 3.10a). This 

demonstrates that this contribution to the impedance spectra arises from the membrane, while 

the low frequency arc (corresponding to the electrode) remains nearly constant in diameter. 

Since the electrode/membrane interface is very thin compared to the thickness of the 

membrane, the measured interface capacitance (Cint ~10 nF) is expected to be much larger 

than that of the membrane (Cm ~0.1 nF), resulting in a larger time constant Ű (= RC), and thus 

lower characteristic frequency (1/t) for the electrode contribution, as indeed is found.36,37 

The electrode impedance is not discussed further in this thesis. Taking the ratio of membrane 

resistances (14.70, 18.67 and 29.82 ɋ) to membrane thickness (29, 42, and 64 µm) and cross-

sectional area (0.45 cm2) yields an average GO resistivity of 2.1 kɋ cm at 30°C and 100% 

RH. In the cases of low humidity and elevated temperature, a second, smaller high frequency 

arc was observed, which is related to electronic conduction and discussed later in Chapter 

3.4.2. 
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Figure 3.10. a) Impedance spectra for 29, 42 and 64 µm thick GO paper at 30°C and 100% 

RH. The diameter of the high frequency arc increases with increasing membrane thickness, 

confirming that it corresponds to conduction within the GO paper. b) Electrode setup of the 

membrane test system MTS 740 with corresponding electrode/membrane interfaces and 

representative equivalent circuits. 

 

The humidity and temperature dependence of conductivity was investigated for a 14 ɛm thick 

GO paper (Figure 3.11a). The temperature was increased from 30 to 90°C whilst humidity 

was decreased isothermally at each temperature, after pre-treatment for four hours at 100% 

RH at each temperature. The conductivity decreases slightly with decreasing humidity from 

100% to 40% RH for all temperatures, indicating water-mediated proton transport, as 

previously suggested by other studies38ï42, and denoted ñhigh RHò in the figure. Furthermore, 

the large electrode resistance (e.g. see Figure 3.10a) is consistent with a conduction 

mechanism that is associated with ion transport, as opposed to electronic transport, in which 

ohmic contacts are expected to result in much smaller electrode impedance. For RH < 40%, 

the conductivity surprisingly increases by approximately one order of magnitude with 

decreasing RH, denoted ñlow RHò in the figure. Additionally, conductivity increases with 

increasing temperature in all cases (except at 90oC, as discussed later), reaching maximum 

values of 0.5 mS/cm at 90°C and 100% RH (high RH), and 5.7 mS/cm at 80°C and 0% RH 

a) 

b) 
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(low RH). Arrhenius plots of conductivity are shown in Figure 3.11b, and activation energies 

(EA), consistent with the following equation for hopping type conduction,43 were extracted 

from the Arrhenius plots, as shown in Figure 3.11c: 
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where ůo is a pre-exponential factor and k is the Boltzmann constant. Partial fitting of the data 

was performed at high temperatures and low humidity due to conductivity outliers in this 

range. A significant increase in slope in the Arrhenius plot at 60°C is observed, indicating 

two thermally activated regimes. As reported in the figure, EA ~0.05 to 0.14 eV were observed 

at low temperature (regime 1), in good agreement with values reported for proton 

conductivity in Nafion (0.093 to 0.145 eV)44,45, as well as the energy required for cleaving 

hydrogen-bonds in the Grotthuss conducting mechanism (~0.113 eV).19 At higher 

temperature (regime 2), EA is approximately 0.25 eV, increasing to 0.88 eV with decreasing 

humidity. At high RH, the larger activation energy indicates a change in proton conduction 

mechanism, as described later in the discussion. Finally, at low RH, electronic conductivity 

becomes dominant, as elaborated on later with electron blocking measurements. 

As opposed to the trends for other temperatures, the conductivity at 90°C and low humidity 

exhibited lower values than expected. In order to explore this behavior further, measurements 

were performed at higher temperature (120°C) on the same membrane, following the 90°C 

measurement. As shown in Figure 3.12a, at 120°C the conductivity increases with decreasing 

humidity over the entire RH range. Under these conditions, the impedance spectra no longer 

exhibited semi-circular arcs; instead all the data points fell on approximately the same point 

on the real axis with approximately zero imaginary impedance (Figure 3.12b). Furthermore, 

after testing, the GO paper was metallic-grey in color as opposed to the typical starting matte-

black color (inset Figure 3.12a). These observations are consistent with reduction of the 

graphene oxide paper (i.e. formation of rGO), with a consequent dramatic increase in 

electronic conduction. There is further evidence for this in the fuel cell measurements, as 

discussed later.30 The activation energy at 0% RH during cool down from 120 to 30°C was 

found to be ~3 meV, around one order of magnitude less than before the 120°C measurement 

step, and in range of the activation energy expected for semiconductor behavior.46 
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Figure 3.11. a) GO membrane paper conductivity dependence on humidity at different 

temperatures. Measurements were performed using isothermal steps of high to low humidity 

with increasing temperature. b) Arrhenius plot of conductivity for 100 to 0% RH (with steps 

of 10% RH). Dashed lines are linear fits from which the slope yields the activation energy. 

c) Activation energy of conductivity and capacitance extracted from Arrhenius plots. 

a) 

b) 

c) 
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Figure 3.12. a) Upper graph shows conductivity dependence on humidity at 120°C. The 

chamber was pressurized at 230 kPa total pressure. The inset image shows the membrane 

before and after measurement. The lower graph shows an Arrhenius plot obtained during a 

cool down process at 0% RH (120 to 30°C). b) Impedance spectra of GO at 120°C. 

Disappeared low frequency semi-circle indicates dominating electronic conductivity. 

 

3.4.2 Electron Blocking Measurements 

In order to separate the electronic and protonic contributions from the total conductivity, 

electron blocking (proton conducting) layers were employed on both sides of the GO 

membrane. A 10 µm thick GO paper sample was sandwiched between two Nafion®212 

membranes which act as electron blocking layers, schematically shown in Figure 3.13a-b. 

The impedance of this layered structure was measured using similar procedures as described 

a) 

b) 
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above. This method is not commonly utilized in the measurement of PEMs, but gives a vital 

insight into the conduction mechanisms at play. At intermediate to low frequencies during 

the impedance measurement, protons pass through the Nafion layer into the GO layer and 

then into the other Nafion layer. Considering that the resistance to the redox reaction at the 

interfaces (Zint,e/i) is expected to be quite large (no catalysts are present), the resistance to ion 

transport in this frequency range is expected to be equal to the resistive components of the 

sum of Nafion (Zi,naf), GO (Zi,GO), and their interfacial (Zint,i2) ionic impedances. At lower 

frequencies, electrode impedances are expected to become evident (as shown in Figure 3.10a 

for non-blocked membranes). This type of cell and impedance measurement has previously 

been discussed and used to examine the ionic conductivity of oxide ion conductors.47ï51 

The impedance spectra for the non-blocked and blocked measurements are shown in Figure 

3.13c-d (a small, additional high frequency contribution is found for the non-blocked 

measurements, discussed later). After subtracting the resistance of Nafion (determined from 

measurements on a Nafion membrane), the pure ionic conductivity of GO was calculated 

from the blocking measurements and is shown in Figure 3.14a. At high humidity, the 

conductivity of the unblocked and electronically blocked membrane are nearly identical, as 

expected for dominant proton conduction and indicating that the interfacial ionic resistance 

(given in Zint,i2) is indeed negligible. As humidity decreases, the blocked conductivity 

decreases by about four orders of magnitude, yet the conductivity of the unblocked 

membrane at first slightly decreases but then increases. These results are consistent with a 

loss of proton conductivity with decreasing humidity (as expected for water-mediated proton 

conduction), and a rise in electronic conduction via the sp2 regions of the GO sheets. 

Furthermore, the activation energy, Ea, for ionic conduction (Figure 3.14b), agrees well with 

the values expected for proton conduction, as described above. Figure 3.14c shows the 

calculated electronic conductivity and the dependence of ionic transference number (i.e. the 

ratio of ionic to total conductivity) on humidity, derived from the blocking measurements. 

The electronic contribution decreases and the ionic transference number increases with 

increasing humidity. At higher temperatures, higher RHôs are required to achieve the same 

ionic transference number, consistent with the loss of water upon heating to higher 

temperatures for a given RH (discussed later in Chapter 3.4.5). 
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Turning back to the impedance spectra in Figure 3.13, a small additional high frequency 

contribution to the total impedance was found for non-blocked samples measured in low 

humidity. The additional response is not observed in the electronic blocking measurements, 

also shown in the figure. Considering that the dominant conduction mechanism in low 

humidity is electronic, and the feature is not present in electronic blocking measurements, 

the additional arc is likely related to an electronic conduction process. Two separate 

contributions to the impedance spectra for electronic conduction may be expected: one for 

conduction within the GO sheets at high frequency, and another for conduction between GO 

sheets, across an interface.52,53 The activation energy for the small high frequency component 

in low RH (10 to 50% RH) is approximately 0.1 to 0.3 eV. 

 

 

Figure 3.13. Equivalent circuits for (a) the non-blocking case, and (b) with the addition of 

Nafion ñblockingò electrodes. These appear to be blocking by virtue of the large interfacial 

impedance for electronic incorporation into GO (Zint,i2) via water redox reactions. c-d) 

Impedance spectra of GO without (c) and with Nafion blocking layer (d) at 60°C and 50% 

RH. 

a) b) 

c) d) 
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Figure 3.14. a) Conductivity of GO with and without Nafion blocking layers, showing the 

prevalence of electronic conductivity at low humidity. b) Arrhenius plot of the GO membrane 

covered with Nafion blocking layers and activation energy. c) Electronic contribution to 

overall conductivity and ionic transference number in dependence on humidity. 

a) 

b) 

c) 
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3.4.3 In-plane Proton Conductivity 

In order to determine if the proton conductivity within GO paper is isotropic or anisotropic, 

the in-plane proton conductivity (ůIP) was measured at 100% RH from 30 to 90°C and 

compared to the values of the through-plane conductivity (ůTP). The sample had a width of 5 

mm and a thickness of 18 µm, and the ůIP was calculated using following equation: 
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where L is the distance between the two platinum electrodes (5 mm), R the measured 

resistance and A the cross-sectional area of the sample (0.09 mm2). 

Figure 3.15 shows the in-plane and through-plane conductivity of GO and Nafion. The in-

plane proton conductivity of GO is around two orders of magnitude higher compared to 

through-plane conductivity over the whole temperature range, in agreement with previously 

reported values.41,54 The conductivity anisotropy of GO is ůIP/ůTP = 155 on average, much 

higher than in Nafion (ůIP/ůTP = 2.9). The measured value for Nafion is in range of anisotropy 

values mentioned in literature (ůIP/ůTP = 1.8 to 5),55ï57 however no values for comparison are 

to be found for GO. 

The high anisotropy in conductivity for GO is linked to the large anisotropy in the dimensions 

of the GO sheets (i.e nanoscale thickness versus microscale lateral size) as well as the highly 

lamellar structure of the multilayer GO paper. This model supports the role of functional 

groups on the surface of the GO sheets acting as hopping sites as compared with bulk 

Grotthus water-mediated proton transfer, as schematically shown in Figure 3.16, and also 

assumed by Ravikumar and Scott.58 This could also be indicated by the slightly higher 

activation energy (Figure 3.15) compared with the pure Grotthus-type conduction 

mechanism. In the case of though-plane conductivity, protons must repeatedly hop from one 

GO layer to the next in a tortuous route via pores, defects and edges.54 In the case of in-plane 

conduction, protons can travel in a single plane of water molecules between GO sheets, with 

dense hydrogen-bonding network enabling fast proton transport. The in-plane conductivity 

reaches a maximum of 49.8 mS/cm at 70°C, and decreases with further increase in 

temperature. The reason for this decrease may be due to reduced water uptake at elevated 
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temperature, as later shown in Chapter 3.4.5, resulting in a discontinuous hydrogen-bonding 

network, as well as missing water bridges for surface hopping along functional groups. It is 

important to mention that the in-plane conductivity of GO is approximately as high as the 

through-plane conductivity of Nafion. If this can be exploited, GO could become highly 

competitive as a proton conductor. However it is an engineering challenge to construct 

devices utilizing the in-plane conductivity of GO rather than the through-plane conductivity. 

 

 

Figure 3.15. Conductivity and Arrhenius plot of the in-plane and through-plane conductivity 

of Nafion and graphene oxide at 100% RH. Dashed lines are linear fits from which the slope 

yields the activation energy. 

 

 

Figure 3.16. Proton transport in GO. Proton conduction modes in the interlayer water (bulk 

water) and transport along the oxygen groups on the surface.59 
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3.4.4 Capacitive Contributions 

In addition to the conductivity discussed above, trends in the capacitive behavior of GO paper 

with temperature and relative humidity were also analyzed from the same set of 

measurements. The capacitance was determined from impedance measurements with the aid 

of Equation ( 3.2 ). This shows a strong increase by around two orders of magnitude with 

decreasing humidity for all temperatures, and is in range of several hundreds of pF to several 

hundreds of nF, as shown in Figure 3.17. Previous researchers have observed a similar trend 

with Nafion, though with capacitance changes only on the order of tens of percent.45,60 The 

relative permittivity of GO paper (ŮGO) was calculated from the capacitance using the 

following equation, with membrane thickness (d), permittivity of vacuum (Ů0 ~8.85 x 10-12 

F/m) and active electrode area (A). 
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Figure 3.17a shows the ŮGO dependence on humidity and temperature (also reported in Table 

3.2). The permittivity has a wide range (around two orders of magnitude) from ~10 at 100% 

RH to several thousand at 10% RH, exceeding the typical permittivity of Nafion (7 to 30),61 

and water (~80)62 by a hundred-fold. 

The activation energy for capacitance was extracted from the Arrhenius plot of Figure 3.17b 

and reported along with the values for conductivity in Figure 3.11c. Within error, the trend 

and absolute values for capacitance and conductivity activation energies are similar, 

indicating the same source, namely displacement of protons and/or electrons. Similar to the 

Arrhenius plot for conductivity, the Arrhenius plot for the capacitance related activation 

energy can be divided into two regimes: one ranging from 30 to 60°C with relatively low 

activation energies close to zero (regime 1), and one from 60 to 90°C, with larger activation 

energies (regime 2). In regime 2 the activation energy increases with decreasing humidity 

from 0.17 to 0.77 eV. 

Capacitance at 0% RH is not reported, as instrumental contributions to capacitance and/or 

inductance distorted the small impedance response from the sample caused by the high 

electronic conductivity in this condition. 
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Figure 3.17. a) Dependence of permittivity of GO on temperature and humidity. b) Arrhenius 

plot of permittivity for 100 to 10% RH (with steps of 10% RH). Activation energy for 

permittivity values is shown in Figure 3.11c. 

 

Table 3.2. Relative permittivity of GO paper at 100, 60 and 30% RH from 30 to 90°C. 

Temperature 

(°C) 

Humidity 

100% 60% 30% 10% 

30 6.8 65.2 231 4174 

40 7.1 43.9 223 4835 

50 7 40.4 208 5932 

60 7.4 45 237 6431 

70 9.1 66.5 469 6107 

80 10.8 94.3 853 4582 

90 11 122.5 826 3044 

a) 

b) 
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that reported for the ratio of water per SO3H-group in Nafion.69,70 At 71°C the water uptake 

is strongly decreased and ranges from 0.47 at 12% RH to 0.72 at 30% RH, and by 

extrapolation, only ~1.7 at 100% RH. The increase in permittivity with decrease in water 

content is evident when relative permittivity (from Figure 3.17a) is replotted against ɚ, using 

the permittivity values at 30 and 70°C respectively, as shown in Figure 3.18b. Extrapolated 

values for ɚ at 100% RH taken from linear fits to the data in Figure 3.18a are also shown. 

 

 

Figure 3.18. a) Water uptake of GO at different relative humidity reported in mass of water 

per mass of GO (left axis) and number of water molecules per GO unit cell (ɚ, right axis). b) 

Permittivity dependence on the number of water molecules per GO unit cell (ɚ). 

 

a) 

b) 
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3.4.6 Discussion: Electronic and Capacitive Behaviour of Graphene Oxide 

With the aid of blocking measurements, proton conductivity was clearly established in the 

GO membranes. As expected, in the high RH range, proton conductivity increased with 

increasing RH, and below 60oC, the activation energies for proton migration agreed well with 

those typically ascribed to the Grotthuss type mechanism. At temperatures above about 60oC 

in high RH, activation energies increased, indicating a change in conduction mechanism to 

e.g. the vehicle or proton surface hopping mechanisms.45,71,72 The former mechanism is 

suggested to be more accessible at higher temperatures due to increased molecular mobility, 

while the latter mechanism may arise from the loss of water observed in Figure 3.18. Similar 

observations have been made for Nafion, where surface bound water at low RH (i.e. low 

water content) is suggested to have a high activation barrier for proton hopping.73 Figure 

3.16 shows a schematic representation of proton transport in GO via the vehicle mechanism, 

Grotthuss type mechanism, and proton hopping along functional groups on the surface. 

Turning to the low RH range, a significant contribution from electronic conductivity is 

clearly apparent, becoming the dominant charge carrier at the lowest RHôs. The increase in 

electronic conductivity with decreasing RH is believed to arise from a loss of the insulating 

water phase between the GO sheets, and thus reduced barrier to electron transport between 

sheets.74 It is worth noting that the spacing between GO sheets is expected to decrease with 

water loss in the spring-loaded setup, as observed previously.17 A similar RH dependence is 

also observed for the membrane partially reduced at 120oC, where a higher RH leads to a 

decrease in electronic conductivity. The relatively steep activation energy at 0% RH in the 

higher temperature regime may arise from semiconducting behavior of the GO and/or 

behavior consistent with the sample becoming increasingly reduced (and therefore 

increasingly electronically conductive) upon heating. 

Transport in reduced GO (rGO) has been found to occur via variable-range hopping and in 

the case of well-reduced GO by band-like transport.75 In other words, one might expect a 

higher activation energy for electronic conductivity in GO with higher oxygen contents. After 

partial reduction at 120oC, the electronic conductivity still shows a slight thermal activation 

(Figure 3.12a), albeit lower than the steep temperature dependence described above, 

consistent with the above interpretation. Interestingly, in the range of 40 to 60% RH in Figure 
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3.14, GO is a mixed ionic and electronic conductor (MIEC). Hatakeyama et al. recently 

suggested that reduced GO with added sulfonate groups exhibits MIEC behavior.76 MIEC 

materials are attractive as single phase electrodes due to their ability to provide electrons and 

carry protons, simultaneously needed for the oxygen reduction reaction (ORR). 

Dielectric permittivity was found to increase by more than 2 orders of magnitude with 

decreasing RH. While Nafion also exhibits an increase in capacitance with decreasing RH, 

the relative change is only a few tens of percent, as mentioned earlier.45,60 In the present 

mixed conducting system, the mechanism for the large permittivity change with decreasing 

RH is not known, although the similarity of permittivity and conductivity activation energies 

(Figure 3.11c) suggests that the mechanisms for both processes may be related. In other 

words, the permittivity may reflect contributions from both the water-like layers (e.g. dipolar 

relaxation involving proton motion) and the GO itself (e.g. ñpseudo-capacitanceò described 

later and/or electrical double layer capacitance), with relative contributions dependent on 

humidity. The following discussion hypothesizes possible causes for the behavior; further 

work beyond the purview of the present study would be needed to confirm mechanisms. 

In terms of the contribution from water: under the highest RH, the water content is large in 

the GO paper, and as a result one expects dipolar polarization within water layers to dominate 

the permittivity. Since the values are lower than for pure water, dipoles may be hindered from 

fully polarizing in response to the electric field, leading to a lower permittivity. Loss of water 

may alleviate the water rotational confinement, leading to the initial observed increase in 

permittivity. The large increase in permittivity upon dehydration may be related to changes 

that take place within the 2D layered structure of the GO paper membrane. For example, at 

high RH, the GO platelets which make up the paper are largely isolated via the proton 

conducting water interlayer. Upon partial loss of water, some of the platelets may be expected 

to become electronically connected, leading to: 1) the increased electronic conductivity 

observed in Figure 3.14; and 2) a possible interdigitated network of electrically connected 

GO sheets similar to that used in multilayer capacitors.77 This latter possibility may give rise 

to the very large increase in GO permittivity with water loss.  

Additionally, the capacitance of carbon-based materials has been reported to consist of 

double-layer capacitance due to charge accumulation in the electrode-electrolyte-interface 
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and a pseudo-capacitance, which is induced by faradaic reactions involving oxygen 

groups.78ï80 The double-layer capacitance was shown to increase with increasing electronic 

conductivity whereas the pseudo-capacitance strongly depends on the oxygen groups. 

However, synergistic effects of electronic conductivity and defect density were also 

observed.78,79 If such mechanisms are active in the present study, one may expect the double-

layer capacitance to dominate in lower humidity conditions and in reduced samples with 

lower oxygen contents. Since the above capacitance sources are electrode related, this effect 

is more likely evident at low frequency. 

 

3.5 Membrane Electrode Assembly Characterization 

A GO membrane was assembled into an MEA to test the performance in a GOMFC (Figure 

3.19a), i.e. a PEMFC analogue in which the Nafion membrane is replaced with GO, in a 

temperature range from 30 to 80°C. This is the first time that a GOMFC operated at elevated 

temperature has been reported in the literature.30 

Figure 3.20 shows the dependence of the polarization curve and the current-power density 

curve, on temperature. The high open circuit voltage (OCV) of 1.01 V at 40°C (compared to 

Nafion, equal to 0.98 V) is very promising. This high OCV clearly indicates that this 

membrane is a predominant protonic conductor under these conditions, as any dominant 

electron transport through the membrane would result in a significant voltage drop. 

Additionally, it also indicates low fuel crossover. The OCV, however, decreases from a 

maximum of 1.01 V at 40°C, to 0.42 V at 80°C. This potential drop may be partly due to a 

loss of oxygen groups with a corresponding decrease in proton conductivity as discussed in 

detail above, as well as an increase in electronic conductivity.  

From 30 to 80°C, the gradient of the slope of the polarization curve (i.e. the resistance) 

increases, behavior that is not in agreement with the expected increase in conductivity with 

increasing temperature observed in Figure 3.11a. We propose that the GOMFC may suffer a 

loss of oxygen-containing groups due to the strongly reducing hydrogen conditions at the 

anode. A partial reduction of the GO membrane could also result in an increase in electronic 

conductivity, leading to a direct flow of electrons from the anode to the cathode, 

correspondingly reducing the OCV.81 Additionally, rupture of the membrane may occur 
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under reducing conditions, resulting in gas leakage across the membrane, with a 

corresponding drop in OCV.  

The maximum power density (MPD) at 30°C is 33.8 mW/cm2, the highest reported value in 

the literature for a pure GOMFC. The improved performance compared to a previously 

reported value (13 mW/cm2, for a ~20 ɛm thick membrane)41 could be attributed to the fact 

that the GO membrane in this work is thinner, as discussed later. For comparison, a Nafion-

based PEMFC was fabricated and operated under the same conditions (Figure 3.21a), and 

the MPD was found to be only twice the value for the present GOMFC. With increasing 

temperature the MPD decreases to 23.2 mW/cm2 at 40°C, and 5.5 mW/cm2 at 50°C. At 80°C 

the MPD is just 0.18 mW/cm2. Again, the degradation in fuel cell performance with 

increasing temperature may be due to loss of oxygen-containing groups such as epoxy and 

hydroxyl in the reducing hydrogen atmosphere, even at temperatures as low as 40°C. In 

support of this hypothesis, a discoloration of the membrane was clearly observed after the 

measurement, especially on areas exposed to hydrogen (Figure 3.22). To investigate this 

discoloration, we conducted XPS measurements on the membrane after MEA operation. At 

the anode, the discolored region had an oxygen content of 15.0 at%, whilst at the cathode the 

oxygen content was 24.3 at%.  This decrease in oxygen content of the GO membrane at the 

anode (from 25.2 at% before MEA tests) supports the idea that reduction of the GO occurs 

at elevated temperature, and the reduction is more pronounced under reducing hydrogen gas 

conditions. It is worth reiterating, that these are the first reported elevated temperature 

measurements of a GOMFC, possibly due to a reluctance to report this observed deterioration 

in performance. 

Lastly, the thickness dependence of GO membrane fuel cell performance was investigated 

using a thicker, 50 µm membrane (as opposed to the 16 µm membrane discussed above). In 

Figure 3.21a, the thicker membrane clearly has a much lower maximum power density (~3.5 

mW/cm2) which indicates that membrane thickness plays a key role in performance of these 

cells (as opposed to being limited by electrode kinetics). Additionally, the performance of a 

GOMFC with thinner membrane is approaching the performance of Nafion-based PEMFCs 

at room temperature (membrane thickness 50.1 µm) prepared under the same conditions 

(namely that the GDL was not attached by hot-pressing). If hot-pressed, power density of 
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Nafion PEMFCs is about twice the value of not hot-pressed MEAs. This highlights the 

advantage of creating thin, mechanically robust, and gas tight GO membranes. 

A durability test was performed on the 50 ɛm thick GO membrane under constant load (2 

mA), at 30°C (Figure 3.21b). The cell voltage decreased steadily to just 26% of the initial 

value after 80 minutes. After the durability test, the maximum power density decreased to 

~0.5 mW/cm2. This decrease in performance over time is attributed to reduction of the GO, 

as previously discussed. However, the high OCV measured after the load was removed 

indicates that the membrane maintained its gas barrier properties. We are currently 

investigating methods to increase the stability of the oxygen functional groups to offer better 

resistance to reduction and high temperature stability. 

Post-operation SEM investigation of the MEA cross-sections was performed. Figure 3.19b 

shows the strong variation in thickness of GDL, electrocatalyst layers and GO membrane. 

Figure 3.19c-d shows clearly the layered structure of the GO membrane. 

 

 

Figure 3.19. a) Graphene oxide membrane fuel cell (GOMFC). b) Cross-section of the 

GOMFC shown in Image (a). c-d) Cross-section of a GOMFC showing the layered structure 

of the GO membrane. 

 

a) b) 

c) d) 
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Figure 3.20. Polarization curves and power density of the GOMFC at different temperatures: 

a) 30 to 50°C; and b) 60 to 80°C. 

 

a) 

b) 
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Figure 3.21. Polarization curves and power density for 16 and 50 ɛm thick GOMFCs, and 

a 50.1 ɛm thick Nafion-based PEMFC at 30ÁC. b) Durability measurement of a 50 ɛm thick 

GOMFC with 2 mA load current at 30°C. 

 

 

Figure 3.22. Discoloration of the GO membrane after fuel cell operation. 

a) 

b) 




















































































































































