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Abstract of the Dissertation 

Development of High Efficiency Bulk Heterojunction Organic Solar Cell and Hydrogen 

Fuel Cell  

by 

Cheng Pan 

Doctor of Philosophy 

in 

Materials Science and Engineering 

Stony Brook University 

2013 

 

With the urgency to conserve finite fossil fuels and control the carbon release within the 

framework of Kyoto agreement regarding global warming effect, the society shows great interest 

for the renewable energy. Varieties of energy generation devices using renewable energy sources 

are then created. However, most of the technologies are still at early stage and the applications of 

these devices are limited due to their relatively low efficiency and high cost.  

For bulk heterojunction (BHJ) solar cell, the disordered morphology within the active layer 

for conventional BHJ solar cell construction significantly prevents the free movement of charge 

carriers, leading to low short circuit current and power conversion efficiency. In this thesis, a 

novel approach that introduces polystyrene that organizes the poly(3-hexylthiophene) (P3HT) 

into columnar phases decorated by [6,6]-phenyl C61-butyric acid methyl ester (PCBM) at the 

interface is presented. This structure represents a realization of an idealized morphology of an 

organic solar cell, in which, both exiciton dissociation and the carrier transport are optimized 
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leading to increased power conversion efficiency. This feasibility of this idea was first tested by 

Molecular Dynamics (MD) simulations and then experimentally realized by optimization of 

ratios between P3HT, PS and PCBM. Columnar structure inside the polymer blends thin film 

was observed under TEM cross section measurement and the power conversion efficiency was 

indeed increased by 30% by constructing this specific structure inside active layer of BHJ solar 

cell. 

For polymer electrolyte membrane (PEM) fuel cell, the utilization of expensive platinum (Pt) 

catalysts limits the cost efficiency while the poisoning effect of Pt catalyst by the impurities in 

reforming hydrogen gas shortens the lifetime of the fuel cell.  In this thesis, thiol-stabilized gold 

nanoparticles are synthesized through classic two-phase method and a monolayer of as prepared 

gold nanoparticles is deposited onto the surface of Nafion○R membrane by Langmuir-Blodgett 

(LB) trough. X-ray reflectivity (XRR) determines the thickness of the monolayer and the fuel 

cell performance results show that the monolayer deposition of gold nanoparticles could not only 

enhance the output power of PEM fuel cells significantly (up to 80%) but also increase the 

tolerance to the impurities in hydrogen gas, which is probably due to the active perimeter sites at 

the interface of gold and Nafion○R  membrane support proven by output gas analysis. Further 

research shows that the activity of this deposited layer is a strong function of surface pressure 

that’s applied for nanoparticles deposition, which indicates the important of direct contact 

between nanoparticles and membrane support.  Meanwhile, similar construction of GO or rGO 

monolayer onto membrane surface can also greatly increase the output power of PEM fuel cells 

with even lower cost than the application of gold nanoparticles, which is mainly due to the 

enhanced ion conductivity for GO deposition and enhanced electron conductivity for rGO 

deposition.



 

v 
 

 

Table of Contents 

Abstract of the Dissertation ........................................................................................................... iii 

List of Figures ................................................................................................................................ ix 

List of Tables ............................................................................................................................... xiii 

List of Abbreviations ................................................................................................................... xiv 

Acknowledgments........................................................................................................................ xvi 

Publications ................................................................................................................................ xviii 

Chapter 1 ......................................................................................................................................... 1 

1.1 Summary ............................................................................................................................ 2 

1.2 World’s energy consumption ............................................................................................. 2 

1.3 Environmental effects ........................................................................................................ 4 

1.4 Solar energy ....................................................................................................................... 6 

1.5 Hydrogen fuels .................................................................................................................. 8 

References ............................................................................................................................. 11 

Chapter 2 ....................................................................................................................................... 15 

2.1 Introduction ..................................................................................................................... 16 

2.2 Working mechanism of solar cells .................................................................................. 18 

2.3 Types of solar cells .......................................................................................................... 22 

2.3.1 Silicon solar cells .................................................................................................. 22 

2.3.2 Non-silicon inorganic thin film solar cells ............................................................ 24 

2.3.3 Dye sensitized solar cell ........................................................................................ 26 

2.3.4 Organic solar cell .................................................................................................. 28 

2.4 Development of organic solar cell ................................................................................... 30 

2.5 Recent research on morphology control for BHJ solar cell............................................. 32 



 

vi 
 

References .............................................................................................................................. 37 

Chapter 3 ....................................................................................................................................... 43 

3.1 Introduction ..................................................................................................................... 44 

3.2 Molecular dynamics (MD) simulation ............................................................................ 46 

3.3 Neutron scattering and analysis ....................................................................................... 51 

3.4 AFM characterization and analysis ................................................................................. 58 

3.5 TEM characterization and analysis.................................................................................. 60 

3.6 Conclusion ....................................................................................................................... 65 

References ............................................................................................................................. 66 

Chapter 4 ....................................................................................................................................... 68 

4.1 Introduction ..................................................................................................................... 69 

4.2 Experiment....................................................................................................................... 69 

4.3 Results and discussion ..................................................................................................... 70 

4.4 Conclusion ....................................................................................................................... 74 

References ............................................................................................................................. 75 

Chapter 5 ....................................................................................................................................... 77 

5.1 Introduction ..................................................................................................................... 78 

5.2 Mechanism of hydrogen fuel cell .................................................................................... 79 

5.2.1 Reactions at anode and cathode of hydrogen fuel cell .......................................... 79 

5.2.2 Mechanism of separation of ions and electrons .................................................... 80 

5.3 Impure gas effect on hydrogen fuel cell .......................................................................... 82 

References ............................................................................................................................. 85 

Chapter 6 ....................................................................................................................................... 87 

6.1 Introduction ..................................................................................................................... 88 

6.2 Synthesis of gold nanoparticles via two phase method ................................................... 90 



 

vii 
 

6.3 Characterization of gold nanoparticles ............................................................................ 92 

6.3.1 TEM sample preparation and characterization ...................................................... 92 

6.3.2 Langmuir-Blodgett trough..................................................................................... 93 

6.4 Determination of nano-sized gold platelets formation by X-ray reflectivity and TEM .. 95 

References ............................................................................................................................. 99 

Chapter 7 ..................................................................................................................................... 102 

7.1 Introduction ................................................................................................................... 103 

7.2 Experiment..................................................................................................................... 103 

7.3 Results and discussion ................................................................................................... 105 

7.4 Conclusion ..................................................................................................................... 113 

References ........................................................................................................................... 114 

Chapter 8 ..................................................................................................................................... 116 

8.1 Introduction ................................................................................................................... 117 

8.2 Materials and Experiments ............................................................................................ 119 

8.2.1 Synthesis of Graphene Oxide .............................................................................. 119 

8.2.2 Preparation of Graphene Oxide and Reduced Graphene Oxide Solutions .......... 120 

8.2.3 Coating the Nafion Membrane ............................................................................ 122 

8.3 Results and discussion ................................................................................................... 123 

8.3.1 TEM characterization .......................................................................................... 123 

8.3.2 LB film preparation and AFM characterization .................................................. 124 

8.3.3 Fuel cell performance test ................................................................................... 125 

8.4 Conclusion ..................................................................................................................... 126 

References ........................................................................................................................... 128 

Chapter 9 ..................................................................................................................................... 133 

9.1 Concluding remarks ....................................................................................................... 134 



 

viii 
 

9.2 Future Challenges .......................................................................................................... 136 

 

  



 

ix 
 

 

List of Figures 

Figure 1-1 World energy consumption by fuel from 1990 to 2040 ................................................ 3 

Figure 1-2 World energy-related carbon dioxide emissions by types of fuels ............................... 5 

Figure 2-1 Reported timeline of solar cell energy conversion efficiencies .................................. 17 

Figure 2-2 Schematic picture for (a) p-type silicon semiconductor with gallium as doping; (b) n-

type silicon semiconductor with arsenic as doping ....................................................................... 19 

Figure 2-3  Scheme of a p–n junction in thermal equilibrium with zero-bias voltage applied..... 20 

Figure 2-4 A typical I-V curve for a properly working solar cell under solar illumination ......... 22 

Figure 2-5 Cross-section structure of CdTe solar cell .................................................................. 25 

Figure 2-6 Structure of a multijunction GaAs solar cell and absorption range for each layer ..... 26 

Figure 2-7 Schematic structure and main processes in dye-sensitized solar cells ........................ 27 

Figure 2-8 Schematic of process of photocurrent generation in organic solar cell with energy 

level diagram for each component ................................................................................................ 29 

Figure 2-9 The structure of a bulk heterojunction organic solar cell ............................................ 32 

Figure 2-10 Ideal morphology for bulk heterojunction organic solar cell .................................... 34 

Figure 2-11 Fabrication of templated bulk heterojunction solar cells .......................................... 36 

Figure 3-1 Proposed morphology of active layer ......................................................................... 45 

Figure 3-2 Morphologies obtained by MD simulations ................................................................ 50 

Figure 3-3 Morphologies obtained by MD simulations at higher filler concentrations ............... 50 

Figure 3-4 Snapshot of simulation systems .................................................................................. 51 

Figure 3-5 Number fraction of fillers in each partition along z direction for different degrees of 

repulsion with the non-photoactive phase ..................................................................................... 51 

Figure 3-6 Scheme of procedures for preparation of bilayer thin film for neutron scattering ...... 52 

Figure 3-7 Neutron reflectivity profiles  and the corresponding volume fraction profiles ........... 54 

Figure 3-8  Electron density functions .......................................................................................... 57 



 

x 
 

Figure 3-9 Scheme of atomic force microscopy and comparison of surface morphology ........... 59 

Figure 3-10 AFM topography images for films spun cast on HF etched Si wafers at 700rpm .... 60 

Figure 3-11 Transmission Electron Microscopy (TEM) images of spun cast films floated and 

annealed on TEM grids ................................................................................................................. 62 

Figure 3-12 Transmission Electron Microscopy (TEM) images of spun cast films ..................... 63 

Figure 3-13 Scheme of procedures for preparation of cross-section sample for TEM ................. 64 

Figure 3-14 TEM images of focused ion beam cross sections obtained from films spun cast on 

HF etched Si wafers at 700rpm ..................................................................................................... 65 

Figure 4-1 Picture of a real BHJ solar cell device that is ready for test ....................................... 70 

Figure 4-2 AFM topography images for films spun cast on PEDOT/PSS coated ITO glass at 

700rpm .......................................................................................................................................... 71 

Figure 4-3 Current density versus voltage to characterize the performance ................................ 73 

Figure 5-1 Scheme of hydrogen fuel cell’s structure .................................................................... 79 

Figure 5-2 Chemical structure of Nafion membrane .................................................................... 81 

Figure 5-3 Cluster network model inside Nafion membrane........................................................ 82 

Figure 5-4 Illustration of the effect of CO on a proton exchange membrane fuel cell ................. 83 

Figure 5-5 CO content in equilibrium in according to CO2 percentage in H2 under 1 bar, 80 °C

....................................................................................................................................................... 84 

Figure 6-1 Reported catalytic activities (in mmol/gAu s, left axis) for CO oxidation at 273 K as a 

function of Au particle size (d, in nanometers) for different support materials ........................... 88 

Figure 6-2 Calculated fractions of Au atoms at corners (red), edges (blue), and crystal faces 

(green) in uniform nanoparticles consisting of the top half of a truncated octahedron as a function 

of Au particle diameter ................................................................................................................. 90 

Figure 6-3 Picture of two phase solution after stirring for 3 hours ............................................... 91 

Figure 6-4 (a)TEM images and (b)core size distribution histogram of gold nanoparticles. The 

average core size is 2.85± 0.53nm ................................................................................................ 92 

Figure 6-5 (a) HRTEM image of thiol-stabilized gold nanoparticles (b) magnified image of one 

nanoparticle (c) electron diffraction of the particle ...................................................................... 93 



 

xi 
 

Figure 6-6 Picture of Langmuir-Blodgett trough in the lab .......................................................... 94 

Figure 6-7 Isotherm curve for thiol-stabilized gold nanoparticles................................................ 95 

Figure 6-8 (a) Scheme of working principle of X-ray reflectivity; (b) X-ray reflectivity original 

data (bubble) and fitting curve (red line) ...................................................................................... 97 

Figure 6-9 TEM characterization of LB film lifted up at the surface pressure of (a) 2 mN/m; (b) 3 

mN/m; (c) 10 mN/m...................................................................................................................... 98 

Figure 7-1 Scheme of depositing gold platelets onto the surface of Nafion membrane ............. 103 

Figure 7-2 (a) Fuel cell kit from h-tec; (b) Electrical circuit for hydrogen fuel cell test station 104 

Figure 7-3 (a) Internal structure of industry use fuel cell with water management; (b) Heat press 

for preparation for membrane electrode assembly (MEA); (c) Single stack fuel cell with 7.8 cm
2
 

active area; (d) Three stacks fuel cell with 50 cm
2
 active area ................................................... 105 

Figure 7-4 Fuel cell performance dependence on flow rates of hydrogen ................................. 106 

Figure 7-5 (a) Picture of a half coated (left half) Nafion membrane; (b) Fuel cell performance 

comparison .................................................................................................................................. 107 

Figure 7-6 Polarization curve and output power density in according to the current density for (a) 

single stack fuel cell; (b) three stacks fuel cell ........................................................................... 108 

Figure 7-7 Maximum output power dependence on surface pressure chosen to deposit the gold 

platelets ....................................................................................................................................... 109 

Figure 7-8 Enhancement percentage for fuel cell with pure Nafion membrane and gold coated 

Nafion membrane in according to the cathode input gas ............................................................ 111 

Figure 7-9 Fuel cell performance with uncoated and coated Nafion membrane for pure H2 gas 

input and mixture H2/CO2 gas input respectively ....................................................................... 112 

Figure 7-10 Gas chromatography analysis for CO2 content comes out form the anode side with 

and without the presence of gold platelets .................................................................................. 113 

Figure 8-1 One of the chemical reduction ways from GO to rGO ............................................. 118 

Figure 8-2 Solid graphene oxide sheets ...................................................................................... 120 

Figure 8-3 Graphene oxide solution (left) and reduced graphene oxide solution (right) ........... 121 

Figure 8-4 TEM characterization of (a) graphene oxide and (b) reduced graphene oxide ......... 123 

Figure 8-5 Isotherm curve of graphene oxide from Langmuir-Blodgett trough ......................... 124 



 

xii 
 

Figure 8-6 AFM characterization of (a) graphene oxide (b) reduced graphene oxide coated onto 

silicon substrate ........................................................................................................................... 125 

Figure 8-7 Comparison of fuel cell performance between fuel cells that use uncoated, GO coated 

and rGO coated Nafion membrane ............................................................................................. 126 

 

  



 

xiii 
 

 

List of Tables 

Table 1-1 World’s Reserves of Fossil Fuels and Estimated Years of Extraction Remaining ........ 4 

Table 3-1. Neutron Scattering Parameters .................................................................................... 56 

Table 4-1. Device performance comparison between different samples ...................................... 73 

Table 6-1 X-ray reflectivity fitting parameters for thiol-stabilized gold nanopariticles ............... 98 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xiv 
 

 

List of Abbreviations 

 

PV                                                                     photovoltaic 

eV                                                                     electron voltage 

Si                                                               silicon 

D                                                                       electron donor 

A                                                                       electron acceptor 

PCE                                                                   power conversion efficiency 

HOMO                                                              highest occupied molecular orbital 

LUMO                                                               lowest unoccupied molecular orbital 

FF                                                                       fill factor 

CdTe                                                                  cadmium telluride 

CdS                                                                    cadmium sulfide 

CIGS                                                                  copper indium gallium selenide 

GaAs                                                                  gallium arsenide 

DSSC                                                                 dye sensitized solar cell 

TCO                                                                   transparent conducting oxide 

TiO2                                                                   titanium dioxide 

Pt                                                                        platinum 

Al                                                                       aluminum 

Au                                                                      gold 

Mg                                                                     magnesium 

Ca                                                                      calcium 



 

xv 
 

ITO                                                                    indium tin oxide 

BHJ                                                                    bulk heterojunction 

P3HT                                                                 poly (3-hexylthiophene-2,5-diyl) 

PCBM                                                                [6,6]-Phenyl C61 butyric acid methyl ester 

MD                                                                    molecular dynamics 

TEM                                                                  transmission electron microcopy 

HRTEM                                                            high resolution transmission electron microscopy 

Fcc                                                                     face centered cubic 

AFM                                                                  atomic force microscopy 

NR                                                                     neutron reflectivity 

PEMFC                                                             polymer electrolyte membrane fuel cell 

CO                                                                    carbon monoxide 

CO2                                                                   carbon dioxide 

H2                                                                                                         hydrogen 

O2                                                                        oxygen 

DFT                                                                  density functional theory 

H2O                                                                   water 

MEA                                                                 membrane electrode assembly 

GO                                                                    graphene oxide 

rGO                                                                   reduced graphene oxide 

 



 

xvi 

 

 

Acknowledgments 

 

    I would first thank my advisor, Prof. Miriam H. Rafailovich. She is a fantastic mentor 

throughout my research in Stony Brook University. She can indicate the right way for me when I 

was lost in my research and she is always willing to discuss with me about my new research 

ideas and topics. She also encourages and supports me to present my research results in national 

conferences, which significantly benefits my academic career.   

    I would also thank my committee members, Prof. Sokolov, Prof. Gersappe and Dr. Nam.  Prof. 

Sokolov helped me a lot with equipment build up and troubleshootings. Prof. Gersappe provided 

solid theoretical explanations for the experimental results, which constitutes the important part of 

my research. Dr. Nam guided me how to assemble a high efficient polymer solar cell device in 

Brookhaven National Lab. In addition, their comments and suggestions provided on my 

dissertation and thesis defense have been extremely helpful and definitely will result in a 

significantly improved dissertation. 

    I would thank my collaborators. Prof. Yimei Zhu and Dr. Kim Kisslinger from Brookhaven 

National Lab helped me with the transmission electron microscopy characterization of my 

samples, which lead to a nanometer scale scope of the structures on the surface and interface. Dr. 

Sushil Satjia and Dr. Bulent Akgun from National Institute of Standards and Technology helped 

me with the neutron scattering, which greatly enhanced my understanding with diffusion 

between different polymer layers. Steve Bennett from Brookhaven National Lab helped me with 

the X-ray reflectivity. Hazem Tawfik from State University of New York at Farmingdale helped 

me with the industry use fuel cell test. Di Xu and Dr. Joseph Ortiz helped me with the theoretical 



 

xvii 

 

simulations for my research. Cameron Akker contributes to the research on graphene-derivative 

fuel cell. 

    I would like to thank all the previous and current members of Prof. Rafailovich’s group for 

their kind help. I want to thank Dr. Ying Liu, Dr. Chang-Chueh Chang, Hongfei Li, Zhenhua 

Yang, Sisi Qin, Kai Yang, Liudi Zhang, Yingjie Yu, Yichen Guo, Linxi Zhang, Yan Xu, Ke Zhu. 

We have been working together for a long time and experienced a wonderful time. I also want to 

thank all my friends that I met in Stony Brook. 

    Finally, I should thank my family. Without their love and support, I would not be able to finish 

my Ph.D. study. I want to give special thanks to my wife, Tianyuan Wu, who is always 

accompanying and encouraging me to conquer all the obstacles on the road.  



 

xviii 
 

Publications 

 

1. C. Pan, H. Li, K. Kao, S. Qin, M. H. Rafailovich. “Gold Nanoparticles Enhancement for 

Polymer Electrolyte Membrane Fuel Cell”, in preparation  

2. C. Pan, H. Li, C. Akker, M. H. Rafailovich. “Langmuir-Blodgett Film of Graphene-

derivatives on Improving the Performance of Polymer Electrolyte Membrane Fuel Cell”, in 

preparation 

3. C. Pan, H. Li, B. Akgun, S. K. Satijia, Y. Zhu, D. Xu, J. Ortiz, D. Gersappe, and M. H. 

Rafailovich. “Enhancing the Efficiency of Bulk Heterojunction Solar Cells via Templated 

Self-Assembly”, Macromolecules 46 (2013) 1812-1819 

4. R. Isseroff, A. Chen, S. Chittabathini, A. Tse, C. Pan, B. Goldman, H. Li, B. Akhavan, J. 

Sokolov, and M. Rafailovich. “Increasing Polymer Solar Cell Active Layer Efficiency and 

Organization by Adding Gold-Functionalized Reduced Graphene Oxide”, MRS Online 

Proceedings Library 1500 (2013): mrsf12-1500 

5. Z. Wu, K Yu, Y. Huang, C. Pan, and Y. Xie. “Facile solution-phase synthesis of γ-

Mn”, Chemistry Central Journal 1 (2007) 8 

6. Z. Wu, C. Pan, T. Li, G. Yang, and Y. Xie. “Formation of uniform flowerlike patterns of 

NiS by macrocycle polyamine assisted solution-phase route”, Crystal Growth and Design 7 

(2007) 2454-2459 

7. Z. Wu, C. Pan, Z. Yao, Q. Zhao, and Y. Xie. "Large-scale synthesis of single-crystal double-

fold snowflake Cu2S dendrites." Crystal Growth & Design 6 (2006) 1717-1719 

8. Z. Wu, Z. Xi, C. Pan, Z. Yao, and Y. Xie “Synthesis and characterization of beta-Ni (OH)(2) 

flower-like patterns”, CHINESE JOURNAL OF INORGANIC CHEMISTRY 22 (2006) 1371-

1374 

 



 

1 

 

 

 

Chapter 1  

 

Prologue 

 

 

 

 

 

 

 

 

 

 

 



 

2 

 

1.1 Summary 

      Fossil fuels, including coal, petroleum, and natural gas, have been dominant energy sources 

for decades and contributed significantly for the development of the society. They are generated 

by anaerobic decomposition of buried plants or animals over millions of years, so they are 

considered as non-renewable energy sources. With the growing energy consumption every year, 

the exploited fossil fuels can hardly meet the demands pressure from both industry and daily life. 

In addition, the utilization of fossil fuels unavoidably brings the environmental issues, such as 

global warming effect and air/water pollution. These factors make it urgent to find renewable 

and clean energy sources as alternative choices. Solar energy and hydrogen fuel are top 

promising candidates since both of them are renewable, clean and abundant. With the most 

recent development in catalyst synthesis and morphology control, the efficiency of devices using 

these energy sources is enhanced significantly, which accelerates the commercial application of 

such devices. In this chapter, related technologies are discussed  

1.2 World’s energy consumption 

       There are five main energy sources that are consumed to meet the demands, including 

liquids (crude oil and biofuels), coal, natural gas, renewables (wind, solar, hydro, etc.) and 

nuclear. Based on the recent released International Energy Outlook 2013 (IEO 2013) report by 

U.S. Energy Information Administration (EIA) [1], the world energy consumption will grow by 

56 percent between 2010 and 2040, reaching over 700 quadrillion Btu (1 quadrillion Btu = 

1.055×10
18 

J). Although renewable energy and nuclear power are the fastest growing energy 

sources, increasing by 2.5 percent every year, fossil fuels will still supply almost 80 percent of 

world energy use in 2040, which is around 560 quadrillion Btu.  
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Figure 1-1 World energy consumption by fuel from 1990 to 2040. Reproduced from Ref [1] 

       However, as mentioned above, fossil fuels are non-renewable energy sources and their 

reserves are limited on earth. The proved reserves of fossil fuels are listed in Table 1-1 based on 

the BP’s “Statistical Review of World Energy” published in mid 2013 [2]. Considering the 

world’s energy consumption rates discussed above, the crude oil will be used up by the year of 

2065 and the natural gas will be extracted three years after that. The reserves of coal will be the 

last one to be exhausted, but only persist for 50 years more. Therefore, it is very urgent to find 

alternative energy sources with huge reserves or renewable properties to satisfy nearly 80 percent 

of world’s energy demands due to the exhaustion of fossil fuels.  
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Table 1-1 World’s Reserves of Fossil Fuels and Estimated Years of Extraction Remaining 

Energy sources Total proved reserves Years of extraction remaining 

Coal 860938 million tonnes 109 

Natural Gas 187 trillion cubic meters 56 

Crude Oil 1669 thousand million barrels 53 

 

      Renewable energy includes sunlight, wind, hydro and geothermal heat etc. The reserve of 

renewable energy on earth, especially solar power and wind power, is much more than fossil 

fuels. Furthermore, renewable energy is available to generate electricity in rural areas that are far 

away from the national electricity grid. Therefore, renewable is very capable of replacing fossil 

fuels as energy consumption sources. However, limited by the cost and technology of utilization, 

only about 11% of global final energy consumption comes from renewable energy sources 

(excluding biofuels) in 2010, according the report provided by EIA. This share is expected to rise 

to 15% in 2040 based on the current growing of renewable energy, but still not enough to 

significantly reduce the reliance on fossil fuels. Accelerating the development of renewable 

energy related technology is in high demand.  

1.3 Environmental effects  

      Due to the chemical components of fossil fuels, combustion of those fuels generates carbon 

dioxide and nitrogen oxides, which are the main components of greenhouse gases. Currently, 

more than 90% greenhouse gas release In U.S. comes from the combustion of fossil fuels [3]. 

The distribution of carbon dioxide emissions by types of fossil fuels is shown in Figure 1-2. The 

greenhouse gases absorb and emit radiation within the thermal infrared range. When these gases 

are concentrated in atmosphere, the earth is covered by a thicker thermal insulation shell and 
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becomes warmer than it is supposed to be.  

The growing carbon dioxide emissions has already lead to the increase of carbon dioxide 

concentration in atmosphere from 280 ppm in 1750 to 392 ppm in 2012 [4], and achieved highest 

increase rate during the last 800,000 years. Considering the current policies and regulations, the 

world’s carbon dioxide emissions are estimated to increase 46 percent by 2040, reaching 45 

billion metric tons per year [1]. To slow down the accumulation of greenhouse gases in 

atmosphere, an international treaty which is called Kyoto Protocol was prompted in 1998 by 

United Nations to set binding obligations on most countries to reduce emissions of greenhouse 

gases [5]. Since the main sources of greenhouse gases come from the combustion of fossil fuels, 

it is necessary to reduce the share of fossil fuels in world’s energy consumption.  

 

Figure 1-2 World energy-related carbon dioxide emissions by types of fuels, reproduced from 

Ref [1] 

       Renewable energy performs much better than fossil fuels regarding the environmental 

aspects. In most cases, utilization of renewable energy generates no emissions, such as solar 

power, wind power, hydro power or harmless emissions, such as hydrogen fuel cell (only pure 
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water is released). This feature makes renewable energy a very environmentally friendly energy 

source to use.  

1.4 Solar energy  

      Solar energy is normally referred as radiant light and heat from the sun. The incoming solar 

energy to the earth is approximately 439 EJ (1 EJ = 1.0×10
18

 J) per hour, which is almost equal 

to the whole primary energy use in the year of 2010 [6]. Apart from the energy that is reflected 

and absorbed by atmosphere, more than 50% of the solar energy travels through the atmosphere 

and is applicable for utilization [7].  

The use of solar energy can trace back to the ancient time when humans learned to use 

woods as fuel to start and keep fire. This is actually indirect application of solar energy since 

most plants that grow on earth absorb sunlight and convert it to chemical energy in the form of 

components consist of carbon, oxygen and hydrogen, which is commonly called as 

“photosynthesis” (the most common chemical reaction equation is shown in Equation 1-1) [8].  

                                                                                                  (1-1) 

The as produced components can support the activities of living plants and will be released 

as heat energy during combustion of the plants or their residuals. With the exploration of similar 

biological materials that can also be used in the same way to generate energy, all these materials 

are classified as “biomass”, which refers to the biological materials derived from living, or 

recently living organisms, and they can either be used directly via combustion to produce heat or 

indirectly used to be converted to different forms of biofuels. Currently only approximately 1.5% 

of global energy production comes from a solar source, and most of it is through biomass [9]. In 
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most rural areas of developing countries, biomass is still the main incoming source of energy for 

their daily life. 

       The second way of using solar energy is called as “concentrating solar power basics”.  

Concentrating solar power technology use mirrors to reflect and focus sunlight onto receivers 

that collect solar energy and convert it to heat [10]. This thermal energy can be utilized to heat 

water or air for heating in buildings. In the 1980s, solar water heaters were being used all over 

the United States since they were proved to be a big improvement over wood and coal-

combustion stoves. However, as large deposits of oil and natural gas were discovered and 

became available at low cost, these solar water systems began to be replaced by heaters burning 

fossil fuels. This concentrating solar power technology can also be used to produce electricity 

[11]. A highly curved mirror is used to focus the sunlight on a tube that contains flowing water. 

The temperature inside tube becomes very high and boils water into steam, which can then be 

used to drive a conventional steam-turbine to generate electricity.  

      Photovoltatic technology is a very important application of solar energy, which directly 

converts solar power to electricity due to the photovoltatic effects for semiconductors [12]. When 

the sunlight is incident upon the surface of semiconductor materials, the electrons that stay at the 

valence band absorb photons from sunlight and are excited to the conduction band. As a result, 

this leaves behind a positively charged electron hole, which attracts the excited electron by 

Coulomb force and forms an exciton. Due to the force of electrical field built up due to the P-N 

junction in the semiconductor, the electron and hole are separated and the electrons can be 

captured in the form of electric current [13]. The energy consumption from photovoltaic power 

has reached 67.4 GW in 2011 and is growing very fast [14]. Conventional solar cells are mostly 

made from crystalline silicon and are the most efficient. Second-generation solar cells are called 
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thin-film solar cells since they are made from amorphous silicon and nonsilicon materials such as 

copper indium gallium selenide (CIGS) [15]. The layers of these thin film solar cells are only a 

few micrometers thick and possess good flexibility, which makes it promising for building 

integration and other special purposes [16]. The third-generation solar cells are made from 

variety of new materials, including solar dyes and photoactive polymers. Besides flexibility and 

light weight features, these solar cells are 1,000 times thinner than silicon cells and the 

production process is usually under room temperature [17], which means much less energy 

consumption compared to silicon solar cells production.  Moreover, most of these solar cells are 

produced by solution process method, making them much easier to manufacture than silicon ones 

[18]. However, due to the low power conversion efficiency, these third generation solar cells are 

not cost effective enough for wide applications. How to enhance the efficiency of them is one of 

the major goals of this thesis.     

1.5 Hydrogen fuels  

      As the lightest element on the earth, pure hydrogen possesses the highest energy density by 

weight (123 KJ/kg) among all available fuels [19]. In fact, hydrogen is an energy carrier, like 

electricity, rather than an energy source, because it does not exist naturally and must be 

manufactured via gas reforming, electrolysis or other specific ways [20]. Limited by the energy 

conversion law, hydrogen production always requires more energy than can be retrieved from the 

hydrogen as a fuel afterwards [21]. Even though, hydrogen is still considered as renewable 

energy due to its extraordinarily huge reserve on earth and benefit to the environment. Hydrogen 

is the most abundant chemical element on earth, and most of it exists in molecules such as water 

and organic compounds because hydrogen readily forms covalent compounds with most non-

metallic elements [22]. Varieties of technology have been developed to produce pure hydrogen 
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from water or hydrogen rich organic compounds, which makes the sources of pure hydrogen 

become incredibly wide [23][24]. Moreover, the utilization of hydrogen as fuels is very 

environmentally friendly. From the chemical Equation 1-2 for the usage of hydrogen fuel in 

combustion engine or hydrogen fuel cells, the only by products are water and heat (there may be 

little amount of nitrogen oxides generated during combustion of hydrogen fuels due to the high 

temperature and nitrogen exists in the air) [25].  

                                                                                                          (1-2) 

Since the combustion of pure hydrogen can release a lot more power than fossil fuels with 

the same weight of fuel loading, it is first utilized as the fuels to power the rockets into the space 

[26]. Hereafter, with the wide application of polymer electrolyte membrane that can conduct 

hydrogen ions through the membrane, the hydrogen fuel cells have been developed and widely 

applied on portable devices, transportation vehicles, backup power and distributed generation 

due to its light weight, high energy density and low operation temperature [27].   

The primary hydrogen production method used in industry is through steam reforming, 

which consumes non-renewable sources, such as coal and natural gas, to produce hydrogen. The 

chemical reaction for natural gas reforming is shown in Equation 1-3, 1-4 [28].  

                                                                                                                  (1-3) 

                                                                                                                  (1-4) 

        As one of the fossil fuels, natural gas is non-renewable sources and has limited reserve. 

Moreover, this process generates considerable carbon release. Therefore, this traditional way of 

producing hydrogen is somehow opposite to the primary purpose, which requires renewable and 

clean energy. Moreover, the outlet gas from gas reforming usually contains up to 25% of carbon 
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dioxide in the hydrogen gas and removal of it to achieve high purity is very costly [29]. Instead 

of gas reforming, water electrolysis is a much more environmentally friendly way to generate 

hydrogen. The chemical reaction for water electrolysis is shown in Equation 1-5. The precursors 

are only pure water and some electrolytes (usually alkaline, such as sodium hydroxide). Under 

the direct electrical current, water can be split to hydrogen gas and oxygen gas. Since the outlet 

gas from hydrogen generator is hydrogen with some alkaline solution, it is very easy to separate 

them and get very pure hydrogen (purity higher than 99.9%) [30]. The challenge remains for this  

                                                            
                   
                                                              (1-5) 

method is the cost and the source of the electricity. Currently, the average electricity 

consumption to produce 1 cubic meter (under standard condition) is 4.5 kWh [31], which is still 

much higher than natural gas considering the cost to generate same amount of energy. Moreover, 

75% of the electricity is generated by combustion of fossil fuels all over the world [32]. If the 

electricity that used for water electrolysis comes from combustion of fossil fuels, it does not 

actually solve the problem. Therefore, renewable energy sources, such as solar energy and wind 

energy, are used to provide electricity for hydrogen manufacture [33][34]. Since the power 

generated by solar or wind is intermittent and difficult to store, converting these renewable 

energy to hydrogen and use it to reproduce energy when necessary is actually a good solution for 

energy storage. In this way, the hydrogen fuel can finally be considered as a renewable fuel for 

application. Although there is only 5% of commercial hydrogen is produced renewably now, this 

area is attracting attention and growing very fast [35]. 
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2.1 Introduction 

Solar cells are electrical devices that can directly convert solar energy to electricity by the 

photovoltaic effect. It is a more effective way of utilizing solar energy than concentrating method 

since it’s a one-step energy transfer process with less energy loss. Due to the significant 

advantages compared to fossil fuels, solar cells have been developing very fast in recent years. 

Figure 2-1 shows the efficiency of different types of solar cells in according to the years [1]. 

Under the extensive efforts, the highest efficiency for III-IV based multijunction solar cells in lab 

research has achieved 44.0%, 30% higher than the efficiency achieved 10 years ago, which 

indicates the fast technology changing in this area. However, according to the U.S. Energy 

Information Administration (EIA)’s report “Levelized Cost of New Generation Resources in the 

Annual Energy Outlook 2013”, solar energy will still be 55.3% more expensive than coal in 

2017 due to the high cost of solar cell device manufacture [2]. Therefore, developing low cost 

solar cells with acceptable power conversion efficiency is the biggest challenge that remains to 

be solved.   

In order to develop such solar cells, it is very important to fully understand the working 

mechanism of solar cells. Generally, when the sunlight is absorbed at the P-N junction of 

semiconductor material, the new hole-electron pair (also called as “exciton”) is formed. Under 

the electrical field of P-N junction, the generated hole-electron pair is separated and the hole 

flows to P-type area while the electron flows to N-type area [3]. At this point, if there is an 

external electrical circuit built up, the current is formed. This is the basic working mechanism of 

solar cells and is named as “photovoltaic effect” [4]. Upon this mechanism, the power 

conversion efficiency of solar cells relay on (1) how efficient the hole-electron pair can be 
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generated; (2) how strong the electrical field of P-N junction can reach to separate hole-electron 

pair; (3) how freely hole and electron can move inside the semiconductor [5].   

 

Figure 2-1 Reported timeline of solar cell energy conversion efficiencies, reproduced from 

National Renewable Energy Laboratory (USA) 

Due to the specific applications and availability of materials, different types of solar cells 

have been developed. They are usually divided by the materials that are utilized to manufacture 

the major part of the solar cells. Silicon solar cell is the earliest type of solar cells and is the most 

prevalent type currently. It possesses very high power conversion efficiency and is becoming 

cost effective thanks to the cost reduction of silicon production [6]. Thin films solar cells, 

including cadmium telluride solar cell, copper indium gallium selenide solar cell, gallium 

arsenide multijunction solar cell, dye sensitized solar cell and organic solar cell, etc., possess 

good flexibility, ease of large scale processing and relatively low cost advantages [7]. The most 
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promising application for thin films solar cells is integration of such solar cells into the parts of 

buildings, such as roof, windows, doors, etc.  

As a newly developed type of solar cells, organic solar cell attracts great attention due to its 

low manufacture cost, compatibility with different substrates and possibility of tailoring 

molecular properties [8]. Related research covers the organic chemistry synthesis, semiconductor 

polymer physics, nano-science, materials characterization and engineering [9]. Its power 

conversion efficiency increases from 1% in 1986 to 11% in 2012 under the extensive efforts [10]. 

However, a lot of work still needs to be done to further enhance the performance of BHJ solar 

cells with less cost of manufacture.  

2.2 Working mechanism of solar cells 

      As mentioned in introduction, photovoltaic effect is the crucial key for the function of solar 

cells. This effect occurs only when light is absorbed by a semiconductor material. The energy of 

the photons is then transferred to electrons in the valence band of the semiconductor, exciting 

them into the conduction band and leading to the formation of electron-hole pair [11][12]. Only 

photons with energy that is higher than the band-gap energy of the semiconductor can induce the 

excitation. Therefore, if the semiconductor possesses a smaller band gap, more incident photons 

can be absorbed and generate more electron-hole pairs. As a result, the current is higher while 

the voltage across the solar cell is lower. If the semiconductor has a larger band gap, the voltage 

becomes higher while the current becomes lower. It is considered that the optimal band gap for 

achieving highest power conversion efficiency is about 1.5 eV since most of the photons have 

energy between 1 eV and 3eV [13].  

      However, no useful electric energy takes place in an isolated semiconductor because the 

excited electron ends up with recombining with a hole in the valence band, emitting its excess 
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energy as photoemission or heat. A charge separation junction, known as p-n junction is needed 

to extract the electricity from the excited charge carriers. A p-n junction is an interface where 

two types of semiconductor material, p-type and n-type in contact with each other [14]. The 

addition of trivalent electron acceptor impurities (usually described as “doping”), such as boron, 

aluminum or gallium to an intrinsic semiconductor creates p-type semiconductor with the 

deficiencies of valence electrons, which are called “holes” (Figure 2-2a). In p-type 

semiconductors, holes are the majority carriers and electrons are the minority carriers. When the 

intrinsic semiconductor is doped with electron donor impurities such as antimony, arsenic or 

phosphorous, which contribute free electrons and greatly increase the conductivity, an n-type 

semiconductor is formed (Figure 2-2b). In this type of semiconductors, the majority carriers are 

electrons and holes are the minority carriers [15].  

 

Figure 2-2 Schematic picture for (a) p-type silicon semiconductor with gallium as doping; (b) n-

type silicon semiconductor with arsenic as doping 
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Due to the concentration gradient of charge carriers at the junction, different charge carriers 

diffuse across the junction between p-type and n-type region until an equilibrium is reached 

where the electric field is created to prevent further diffusion of charge carriers [16].  This 

internal electric field acts as a charge separation barrier to efficiently force electrons generated 

by light in p-region migrate into n-region and force holes generated in n-region migrate into p-

region before the recombination of electrons and holes (Figure 2-3). In this way, the light energy 

is converted into electricity and can be fed into an external load.  

 

Figure 2-3  Scheme of a p–n junction in thermal equilibrium with zero-bias voltage applied. 

Electron and hole concentration are reported with blue and red lines, respectively. The electric 

field is shown on the bottom, the electrostatic force on electrons and holes and the direction in 

which the diffusion tends to move electrons and holes. Reproduced from en.wikipedia 

       The ideal I-V curve of a solar cell can be obtained by the equation below (Equation 2-1):  

                                                                                                                     (2-1) 

where I and V are the external current and voltage; q is the electronic charge; kB is the 

Boltzmann constant; Isc is the short circuit current; I0 is the reverse saturation current of the diode 
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[17]. When the resistance of the circuit is zero, the external current achieves the maximum value 

Isc. When the resistance of the circuit rises, a voltage is generated across the solar cell and keeps 

increasing until the resistance close to infinite and the current falls to zero, where we call it open 

circuit voltage, Voc. A typical I-V curve of a properly working solar cell based on this equation is 

shown in Figure 2-4. The maximum power point is the point on the curve where the square area 

above the curve (shown as shadow in the figure) reaches the maximum.  The power conversion 

efficiency can then be calculated by the equation 2-2: 

                                                
    

      
 

          

      
                                              (2-2) 

where Pmax is the maximum power output, Pinput is the input power, FF is the fill factor (defined 

as the ratio of the actual maximum power to the product of the short circuit current and open 

circuit voltage),     is the short circuit current, Voc is the open circuit voltage [18]. 
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Figure 2-4 A typical I-V curve for a properly working solar cell under solar illumination 

 

2.3 Types of solar cells 

      Solar cell technology has been developed for more than 100 years since the first solid state 

photovoltaic cell was built, and there are a lot of different types of solar cells designed within 

this period. This part will generally introduce the major members of this big family.  

2.3.1 Silicon solar cells 

      Currently, the most popular material in solar cell manufacture is silicon since it has low band 

gap (1.11eV at 300K) [19] and is very stable. Silicon solar cells are divided into three types 

based on the crystallinity of the silicon material: monocrystalline, polycrystalline and amorphous 

silicon solar cells. Monocrystalline silicon has homogenous crystalline framework and the crystal 

lattice of the entire silicon is continuous with no grain boundaries, which makes the 
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monocrystalline solar cell possess the highest power conversion efficiency (up to 24%) [21] 

among these three silicon solar cells. However, due to the high price of monocrystalline silicon 

and complicated manufacture process, the cost of monocrystalline solar cell is very high and 

difficult to be cut down regarding the current technology.  

Polycrystalline silicon consists of a lot of small silicon crystals. To save the silicon 

materials and reduce the cost, thin films of polycrystalline silicon are deposited onto cheap 

substrate by chemical vapor deposition technologies, such as low pressure chemical vapor 

deposition (LPCVD) and plasma-enhanced chemical vapor deposition (PECVD) [22]. The size 

of the silicon crystals deposited onto the substrate has to be large in order to achieve high power 

conversion efficiency. With the development of processing technology, the efficiency of such 

solar cell can reach 19% [23]. 

     Amorphous silicon is the non-crystalline allotropic form of silicon and can be deposited onto 

different substrates at low temperature. Its manufacture cost is much lower than crystalline 

silicon and very promising for large scale production. However, the efficiency of amorphous 

silicon solar cell is limited by its low absorption to long wavelength sunlight irradiation due to its 

1.7eV band gap [24]. Furthermore, its efficiency decays with the increasing time under light, 

which is called light-induced degradation effect. To solve these problems, several thin-films of 

amorphous silicon are stacked on top of each other and each layer is tuned to absorb a specific 

frequency of light. Through this way, the efficiency of amorphous silicon solar cell rises to 13% 

[25], which makes it very cost effective for large scale production and application.  
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2.3.2 Non-silicon inorganic thin film solar cells 

      In order to find alternatives for silicon solar cell, many non-silicon thin film solar cells have 

been developed, including cadmium telluride (CdTe) solar cell, copper indium gallium selenide 

(CIGS) solar cell and gallium arsenide (GaAs) solar cell [26].  

CdTe solar cell possesses high power conversion efficiency since its band gap (about 1.5eV) 

[27] is perfectly matched to the distribution of photons in the solar spectrum in terms of optimal 

conversion to electricity. In a typical CdTe solar cell, CdTe is usually used as p-type layer in 

contact with n-type cadmium sulfide (CdS) layer. After adding top and bottom contacts, a CdTe 

solar cell is ready for use. When CdTe solar cell is scaled-up to make large area products called 

modules, higher current is desired. By inserting an additional layer, which is known as 

transparent conductive oxide (TCO), the movement of charge carriers across the top of the cell is 

facilitated and thus makes it qualified for large scale application [28]. The structure of CdTe 

solar cell is shown in Figure 2-5. Currently, the record efficiency for a laboratory CdTe solar cell 

is 18.7% and the commercial CdTe modules have efficiencies between 10% and 15.8% [29]. 

Since the manufacture of CdTe solar cell is much lower than crystalline silicon and the 

efficiency of it is acceptable, CdTe solar cells become the second most abundant technology in 

the world marketplace after crystalline silicon, representing 6% of the 2011 world market [30]. 

However, since the cadmium is extremely toxic, its recycling and negative impacts on 

environment remain as big concerns during production, which significantly limits its further 

application [31].  
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Figure 2-5 Cross-section structure of CdTe solar cell 

      CIGS solar cell utilizes copper indium gallium selenide (common components: CuIn1-

xGaxSe2) as semiconductor material deposited on a glass or plastic substrates. Because CIGS has 

a high absorption coefficient (more than 10
5
/cm) for photons with 1.5eV or higher energy [32], 

the semiconductor layer can be made very thin compared to other materials, thus saving a lot of 

materials and reducing the cost. CIGS films are usually deposited via co-evaporating copper, 

gallium and indium onto a substrate at room temperature or a heated substrate. The deposited 

films are then annealed with a selenide vapor to form the final CIGS layer. The record efficiency 

for CIGS solar cell is around 20%, which is the highest among all thin film solar cells [33].  

      GaAs solar cell utilizes a series of III-V compounds, including gallium, arsenide, Indium and 

Germanium as semiconductor thin film deposited onto the substrates. Several p-n junctions can 

be created with different combination between those elements and each junction is adjusted to 
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absorb a different wavelength of light, which greatly enhances the absorption range and thus 

significantly increases the efficiency [34]. One example of multijunction GaAs solar cell is 

shown in Figure 2-6. Due to its specific multijunction structure, the absorption of sunlight almost 

covers the whole range and makes it to reach 30% efficiency in the lab [35][36].  

 

Figure 2-6 (a) structure of a multijunction GaAs solar cell. There are six important types of 

layers: pn junctions, back surface field (BSF) layers, window layers, tunnel junctions, anti-

reflective coating and metallic contacts; (b) spectral irradiance vs wavelength over the AM 1.5 

spectrum and absorption range for each layer of multijunction GaAs solar cell. Reproduced from 

Ref [36]. 

2.3.3 Dye sensitized solar cell 

      The dye sensitized solar cell (DSSC) consists of a mechanical support coated with a 

transparent conducting oxide (TCO) electrode, on which dye-sensitized nanocrystalline titanium 

dioxide (TiO2) are deposited to form a mesoporous network in contact with the an electrolyte 

containing iodide (I
-
)/tri-iodide (I3

-
) redox couple between TCO and a platinum (Pt) counter 

electrode [37]. When sunlight is absorbed by dye molecules adsorbed on the TiO2, the excited 

dye molecules inject electrons into the conduction band of the TiO2. The injected electrons then 

flow towards the transparent electrode where they are collected for powering a load and are re-
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introduced into the cell via the counter electrode on the back, flowing into the electrolyte. The 

dye molecules recover to neutral state by grabbing electrons from I
-
, which is then oxidized to I3

-
. 

I
-
 is then reproduced by the reduction of I3

-
 with electrons re-enter the cell from counter electrode 

[38].  

 

Figure 2-7 (a) Schematic structure and (b) main processes in dye-sensitized solar cells. 

Reproduced from Ref [37]. 

DSSC attracts great interests due to its low manufacture cost, ease of processing and long 

stability. Its efficiency is usually above 10% and the cost is only 1/5-1/10 of silicon solar cells 

[39]. However, the research in this area is relatively new and more work has to be done to scale 

up the production and replace the Pt counter electrode with cheaper alternatives without 

significantly sacrificing efficiency.  
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2.3.4 Organic solar cell 

      An organic solar cell is a type of solar cell that utilizes conductive organic polymers or small 

organic molecules for sunlight harvest and charge transportation to produce electricity by the 

photovoltaic effect. The materials that used for organic photovoltaics commonly possess large 

conjugated systems. Their molecular structure consistently presents a backbone along which the 

carbon atoms are sp
2
-hybridized (carbon atoms covalently bond with alternating single and 

double bonds) and thus form a delocalized bonding π orbital with a π
*
 antibonding orbital. The 

delocalized π orbital represents the highest occupied molecular orbital (HOMO), while the π
*
 

orbital represents the lowest unoccupied molecular orbital (LUMO). The difference of energy 

level between HOMO and LUMO is the band gap of organic electronic materials, which is 

usually in the range of 1-4 eV [40][41][42].  

      The organic solar cell consists of a transparent electrode, typically a conducting oxide such 

as indium-tin oxide (ITO), organic light-absorbing layer, and a second electrode (i.e. Al, Mg, Ca). 

The organic layer usually contains two different organic semiconductors, one is used as electron-

donor (D) and the other is used as electron-acceptor (A). Electron-donor semiconductor material 

exhibits a high-lying HOMO energy, while electron-acceptor material possesses a low-lying 

LUMO energy. The process of photocurrent is shown in Figure 2-8. Here the electron-donor 

material is poly (3-hexylthiophene-2,5-diyl) (P3HT) and the electron-acceptor is [6,6]-Phenyl 

C61 butyric acid methyl ester (PCBM). When the organic layer absorbs photon from sunlight, the 

electron-hole pair (exciton) is formed and diffuses towards the donor-acceptor interface, where 

the electron-hole pair separates into free charge carriers: electron and hole. These carriers then 

transport towards different electrodes for collection. The two semiconductor materials have 

differences in HOMO and LUMO, which set up electrostatic forces at the interface. When 
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chosen properly, the differences can generate stronger electric fields that may break up the 

electron-hole pair more efficiently. The difference of energy level between HOMO of electron 

donor and LUMO of electron acceptor is defined as open circuit voltage (Voc) for organic solar 

cell. 

 

Figure 2-8 Schematic of process of photocurrent generation in organic solar cell with energy 

level diagram for each component. 

The key advantages of organic solar cell are identified as:  

(1) Flexibility and light weight of the PV modules; 

(2) Convenient integration into other products, e.g. windows, backpack, military uniform; 

(3) Significantly lower manufacture costs compared to conventional inorganic technologies 

(4) Ease of processing by using state of the art printing tools 
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(5) Short energy payback times and low environmental impact during manufacture and 

operations [43] 

In organic semiconductors, the interaction between organic molecules is much weaker 

compared to silicon semiconductors. It is difficult to form continuous conduction and valence 

band in the bulk via combination of HOMO and LUMO of different molecules. The 

transportation of charge carriers relies on charges’ hopping from molecule to molecule. As a 

result, the charge carrier mobility strongly depend on the morphology and can vary over several 

orders of magnitude when going from highly disordered amorphous films (typically, 10
-6

 to 10
-3

 

cm
2
 V

-1
 s

-1
) to highly ordered crystalline materials (>1 cm

2
 V

-1
 s

-1
) [41]. Moreover, the 

dissociation of exciton is crucial to the efficiency of the organic solar cell. As mentioned above, 

the generated excitons must diffuse to the interface of electron donor and electron acceptor to 

realize separation of electron and hole. The diffusion length for excition is usually around 10 nm 

[44]. Therefore, if the generated exciton is too far away from the interface, electron and hole will 

recombine and release the energy it absorbs, which has no contribution to the photocurrent.  

2.4 Development of organic solar cell 

 The first generation of organic solar cell is single layer organic solar cell. Only one organic 

electronic layer is placed between two electrodes with different work function, typically a layer 

of indium tin oxide (ITO) with high work function and a layer of low work function metal (i.e. 

Al, Mg, Ca). The difference of work function between two electrodes constitutes an electric filed 

and forces the separation of hole and electron when the organic layer absorbs light and form 

excitons. However, the electric field formed by two electrodes cannot efficiently break up 

excitons and thus the efficiency of this type of organic solar cell is very low (<0.1%) [45].  
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      The second generation of organic solar cell is bilayer organic solar cell. This type of organic 

solar is first reported by Deng in 1986. By introducing two layers of organic semiconductors, one 

is electron-donor (regarded as p-type) and the other one is electron-acceptor (regarded as n-type), 

the efficiency of the solar cell is significantly enhanced. Due to the differences in HOMO and 

LUMO energy level between two organic semiconductors, the electrostatic forces are generated 

at the interface between two layers. If chosen properly, the electrostatic force will be strong 

enough to break up the excitions more efficiently than the single layer organic solar cell, leading 

to more than 1% efficiency [45]. This discovery is a breakthrough in the history of organic solar 

cell’s development. All types of organic solar cells that designed afterwards are based on this 

idea. The problem with this type of solar cell is: only the excitons that are generated near the 

interface between two layers can be efficiency separated since the thickness of organic solar cell 

is usually around 100 nm, which is much higher than the diffusion length of excitons (10nm). A 

large fraction of excitons recombine before they arrive the interface and therefore is difficult to 

achieve high efficiency.  

      In order to conquer the problems addressed above, bulk heterojunction organic solar cell is 

developed by the researchers. In this type of organic solar cell, the electron donor and acceptor 

are mixed together to form a polymer blend (Figure 2-9), which is inserted between two 

electrodes. A layer of hole conductive material is usually placed under the polymer blend thin 

film for better hole conductivity. Much larger interface area between electron donor and acceptor 

is created due to the interpenetrating network inside the polymer blend, and thus significantly 

increase the dissociation efficiency of excitons, leading to higher power conversion efficiency 

than the previous two types of organic solar cells.  However, due to the disorder structure inside 

the active layer, considerable fraction of donor and acceptor are isolated or far away from 
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electrodes. This nanomorphology may lead to the trap of charge carriers within the separated 

materials or a long conduction path which causes possible recombination of the electron and hole,   

unavoidably affecting the efficiency of the cell. Therefore, the internal morphology control is the 

key to enhance the efficiency of bulk heterojunction organic solar cell [46].  

 

Figure 2-9 The structure of a bulk heterojunction organic solar cell. As depicted in the diagram, 

(1) exciton created by incident light diffusing towards a D–A interface; (2) hole drifting towards 

electrode; (3) electron moving towards electrode; (4) hole trapped in an isolated island of organic 

molecule. Charge carriers can sometimes be trapped within the randomly separated materials and 

fail to reach the electrodes. Reproduced from Ref [46] 

2.5 Recent research on morphology control for BHJ solar cell 

      As mentioned in 2.3.4 and 2.4, morphology control of BHJ solar cell is quite important for 

the efficiency of the BHJ solar cell. Earlier studies have attempted to optimize the morphology of 

the active layer in BHJ solar cell by thermal annealing, components ratio adjustment and solvent 

effect. 
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 Thermal annealing of as-cast organic thin film can make the surface of the film become 

rougher. Yang Yang’s research indicates that higher roughness of the film surface will give 

higher efficiency device due to the increased contact area between the polymer film and the 

metal cathode, which may result in a more efficient charge collection at the interface [47]. The 

increased surface roughness may also enhance internal reflection and improve light harvest to 

increase the device efficiency. In fact, the increased interface area is quite limited due to the 

change of roughness. It is also argued that thermal annealing may increase the light absorption 

and carrier mobility because of the ordered structure and enhanced crystallinity after annealing.  

Component ratio adjustment between electron donor material and acceptor material has 

direct impact on the domain size of separated phase. If the electron donor and acceptor are not 

perfectly miscible, phase separation occurs in the thin film that is spun cast on the substrate after 

thermal annealing. There are electron donor-rich phase and electron acceptor-rich phase inside 

the thin film. Since the diffusion length of exciton is around 10nm, the domain size of phase 

separation should not be bigger than this value. Otherwise, certain fraction of excitons will 

recombine and cannot contribute to the photocurrent [48].  

Since organic electronic materials possess different solubility in different solvents, the 

crystallinity of these materials in the as cast thin film may depend on the solvent chosen to 

dissolve them. The higher crystallinity can lead to faster carrier mobility and thus increase the 

efficiency of the solar cell.  

Although three methods mentioned above are easy to operate, they can only create minor 

change to the morphology of the BHJ solar cell and the resulted enhancement of the efficiency is 

quite limited. The ideal morphology for BHJ solar cell is shown in Figure 2-10. Donor and 
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acceptor materials are phase separated with highly ordered column structure and interpenetrate 

network is required to achieve large interface area. The distance between two columns is twice of 

diffusion length of exciton, around 20nm [49], to make sure the generated excitons can 

efficiently diffuse into the interface between donor and acceptor. Besides, all donor material are 

interconnected and have direct contact to the ITO electrode, which is the hole collector, while all 

acceptor material should have interconnection and direct contact to the Al electrode, which is the 

electron collector. This ideal structure is estimated to possess 1.5 times higher quantum 

efficiency than the disordered morphology [50].  

 

Figure 2-10 Ideal morphology for bulk heterojunction organic solar cell 

      In order to achieve this structure, researchers are trying to build up the structure similar to the 

ideal morphology. McGehee et al. first reported that the hole mobility in regioregular P3HT can 

be enhanced by a factor of 20 by infiltrating it into straight nanopores (20 nm in diameter) of 

anodic alumina [51]. However, when the pore size shrinks to 10 nm, the hole mobility of P3HT 
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decreases which may because of the cut of polymer chain at this small scale. C.T. Black later 

demonstrated that his group successfully confined blended P3HT and PCBM within nanometer-

scale cylindrical pores via the alumina template [52]. It is found that the supported short-circuit 

photocurrent density was nearly doubled compared to equivalent unconfined volumes of the 

same blend and increases the P3HT hole mobility in the blend by around 500 times. Since the 

alumina is insulator, the current density is only 80% of the short circuit current density of 

unconfined P3HT/PCBM device. Black’s group then replace alumina wall with TiO2, a 

semiconductor, as radial contacts in order to improve the electron mobility of such construction 

[53]. In this way, the short circuit current reaches 14.6 mA/cm
2
, generating almost 80% of the 

maximum possible photocurrent for a 1.85eV band-gap light absorber and thus increasing the 

efficiency of the device by 70% compared to the confined device without TiO2 contacts.  

     The template method is a very promising way to achieve the ideal morphology inside the 

active layer of BHJ solar cell. However, direct contact for electron acceptor with electrode 

cannot be created via this way. Moreover, the use of template significantly increases the cost of 

the solar cell manufacture and it may be not suitable for the scale-up production.   
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Figure 2-11 (Color) Fabrication of templated bulk heterojunction solar cells. (a) Cross sectional 

view of a 300nm tall nanoporous alumina template. Inset: top view. (b) Schematic template 

transfer procedure. (c) SEM image of nanoporous alumina template (beige) filled with an organic 

semiconductor (purple) on V2O5 (blue)/ITO (green). (d) SEM image of completed template bulk 

heterojunction solar cell. Reproduced from Ref [52]. 
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3.1 Introduction 

     As discussed in Chapter 2, there is an ideal morphology for BHJ organic solar cell to achieve 

excellent charge carrier transportation and high power conversion efficiency. However, the 

current methods for morphology control either create only minor changes to the morphology or 

need intensive efforts. Finding a simpler way that can significantly modify the morphology to 

ideal condition in the active layer of BHJ organic solar cell remains a challenge for the 

researchers.  

     Considering the active layer of BHJ solar cell is a system consists of polymer (P3HT) and 

nanoparticle (PCBM), which is also known as “nanocomposites” ,  it is important to understand 

the specific properties of nanocomposites. The key to discussion of nanoparticle-polymer 

composites is a consideration of enthalpic and entropic interactions when functionalized 

nanoparticles are introduced into the polymer system [1]. Recent investigations of nanoparticles 

in immiscible mixtures show that nanoparticles can be used to stabilize evolving morphologies 

and/or arrest domain coarsening [2]. More specifically, the nanoparticles formed a monolayer 

around the interface between two immiscible components. Rafailovich and co-workers observed 

a significant reduction in the domain size in phase separated binary blends using clays modified 

with organic ligands as a result of the localization of the clay sheets at the interface between the 

immiscible components [3]. Nanoparticles have also been shown to have effects on the phase-

separation kinetics in polymer mixtures. Tanaka et al.showed that nanoparticles are able to 

significantly change the coarsening dynamics of mixtures [4]. Theoretical studies of 

nanoparticle-filled mixtures indicate the existence of different pattern formation at early stages of 

phase separation and a subsequent slowing of domain growth afterwards [5] [6]. Further studies 

have shown that when nanoparticles are present in an immiscible polymer blend, they 
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preferentially segregate to the interfaces, allowing the interface to produce a template for the 

particle segregation [7]. Therefore it is postulated that if one or both of the phases were 

photoactive polymers, then if carrier particles were added, a structure for heterojunction solar 

cells could be formed where a direct pathway to the electrodes could be templated for the carrier 

particles (Figure 3-1). 

     The advantages of this structure are: 

(1) Interface area between electron donor (P3HT) and electron acceptor (PCBM) is much larger 

than that of the conventional BHJ solar cell and ensure the high efficiency of excitons 

dissociation; 

(2) Continuous phase of P3HT promises the efficient transportation of holes and the direct 

contact to the ITO electrode ensure the hole collection; 

(3) Segregation of PCBM along the interface promises the efficient transportation of electrons 

and the connection to the Al contact is good for electron collection 

. 

Figure 3-1 Proposed morphology of active layer by introducing a secondary polymer into the 

nanocomposites to build up columns of P3HT while the PCBM nanoparticles segregate at the 

interface between two immiscible polymers. Pink columns represent P3HT, white columns 

represent secondary polymer phase and red spheres represent PCBM. 
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3.2 Molecular dynamics (MD) simulation 

    To test our hypothesis, that the introduction of an additional polymer would create the 

morphology that we desire, we initiated a series of MD simulations. MD simulation is a 

computer based simulation of physical movements of atoms and molecules in the context of N-

body simulation. Considering the interaction between atoms and molecules, the motion of the 

atoms/molecules is given based on the theoretical physical principle. In most cases, the 

movement of atoms and molecules are determined by numerically solving the Newton’s 

equations of motion for a system of interacting particles, where forces between the particles and 

potential energy are defined by molecular mechanics force fields.  

In our simulations, the two polymers, and the nanoparticle were confined to a thin film 

bounded by two hard surfaces. Our systems consist of linear polymer chains, with N = 32 

segments, which corresponds to chains below the entanglement length found in literature [8]. We 

use the Kremer and Grest model [9] for polymers where the monomers of the polymer chain 

interact through a Lennard-Jones potential V(r), of the form:  

                                              V(r) = 4ε[(σ/r)
12

 – δ(σ/r)
6
]                                                (3-1) 

where σ and ε are the Lennard-Jones parameters and the separating distance r, is governed by r < 

r
c
 = 2.5.  The potential is zero for r > r

c
. δ is a parameter that is used to control the 

incompatibility of the two polymers, when δ< 1 the repulsive term in the LJ potential dominates 

and the two polymers will phase separate [10]. In the rest of this paper, will we use ,   and τ = 

(m
2
/)

1/2
 in order to set length, energy, and time scales, respectively (where m is the mass of an 

atom).  Adjacent monomers along the chain are coupled by an additional FENE potential which 

prevents chain breaking and yields realistic dynamics for the polymer [9]. The FENE (Finite 

Extendable Non-linear Elastically) takes on the form: 
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           VCH(r) = -0.5KR0
2
 ln(1-(r/R0)

2
)                                                 (3-2) 

where K = 30 and R0 = 1.5 [11][12].
 
A modified form of the Lennard-Jones potential was used 

to model the nano-filler particles [13][14]: 

                     V(r) = 4fp[(/(r-s))
12

 – δ(/(r-s))
6
]                                                   (3-3) 

where s controls the size of the nano-filler; s = (f –)/2, f and  are the size of the nano-

filler and polymer, respectively, and fp is the interaction energy between the polymer and the 

nano-fillers.  Here the δ term is used to increase the repulsion between the nanofiller and the 

polymer. Modifying the parameter, s increased the nano-filler sizes (In all our simulations, f 

was kept fixed at 2.0). Increasing values of fp implies an increase in the attraction between the 

nano-filler and the polymer chains, this interaction was held at fp = 2.0, in order to prevent 

cluster formation of the nano-fillers (nano-filler to nano-filler coupling) in the systems [15]. We 

note that we have used this model to study homopolymer nanocomposites systems [14][16][17] 

and in this paper we have extended it to study polymer blends.  

For all the systems shown in this paper we used a system of size 32 x 32 x 16 in the x, y and 

z directions respectively. The simulation box was chosen such that the thickness was roughly 7 

times the radius of the polymer (as was used in the experiments). We used periodic boundary 

conditions in the x and y directions, while the z direction was bounded by walls, consisting of 

two layers of 111 fcc atoms. The interaction parameter, , between the wall atoms and the 

polymers and the nanofillers was fixed at = 4.0. We used a fifth order predictor corrector 

algorithm with a time interval of t= 0.005. Constant temperature was maintained at T = 

1.1(Kb/) by using a Langevin thermostat.  
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For the first set of simulations, we used volume fraction of filler ranging from =0.0%, 

3.13%, and 12.52%. We introduced a slight repulsion between the two polymers by setting  = 

0.75. We kept the polymer-surface interactions to be the same for both polymers, (at =4.0) and 

for the nanoparticle, we kept the interaction between the nanoparticle and the two polymers to be 

identical (at fp=2.0). In all these simulations we started from a completely mixed state ( = 1.0) 

and then equilibrated the system (in the NPT ensemble) for at least 4 x 10
4
 . Once our system 

was equilibrated, and we determined this by monitoring the radius of gyration of the chains (Rg), 

and the diffusion of the center of mass of the polymer (on the order of several Rg’s), we then 

reduced the value of  to 0.75 and re-equilibrated for another 4 x 10
4
 , under NVT conditions. 

Snapshots of our system at different timesteps are shown in Figure 3-2 . As can be seen from the 

figure, an initially mixed state evolves into two columnar phases, which ultimately merge to 

form a single columnar structure. What should also be noted from the figure is that most of the 

nanoparticles tend to segregate to the interface between the two phases. For most of the 

simulations that we have run (typically starting from 3-5 random initial states), we see the system 

starting off with multiple columns and then merging into one, as would be expected during phase 

separation. However we see instances in systems with =12.52%, that the two columns do not 

merge. We think this is a result that is also expected, as a larger number of fillers (segregated to 

the interface) can lower the local interfacial tension and possibly stabilize multiple columns. We 

note that this is something that is typically observed when copolymer compatibilizers are used in 

polymer blends, where the domain sizes decrease. If even higher concentration of filler at 

=25.04% (all other parameters remaining the same) were used we see this phenomena again (as 

expected). In Figure 3-3, the two columns persist even after twice the normal equilibration time 

(to 8 x 10
4
 ). We recognize that this is a function of the initial starting point, and so is not an 
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equilibrium structure, as even at these higher concentrations we see cases that merge into a single 

column. However, we anticipate that in the experimental results, since the chains are longer and 

kinetic effects are more pronounced, we will always see multiple columns. It is important to 

recognize, that in all cases, these columns span the complete thickness of the film, and the 

nanoparticles segregate to the interface between the polymers. 

    For the next set of simulations, we examined the effect of changing the interaction between 

the nanoparticle and the polymer phases. We chose an interaction that made the nanoparticle 

slightly repulsive to one phase (the non-photoactive polymer), by introducing a parameter f, 

which reduces the attractive portion of the L-J potential. Any value of f < 1 denotes a repulsive 

interaction between the nanoparticle and the non-photoactive phase. We performed our usual 

equilibration procedure using a filler volume fraction =12.52% (and f =1) Once the system 

has been equilibrated we then reduce the values of  to 0.75 and f to 0.9. As can be seen from 

the snapshots after 4 x 10
4
 (Figure 3-4), far more nanoparticles are localized at the interface 

between the two phases with f =0.9. To quantify the localization of the nanoparticles we 

constructed a simulation geometry in which we have a system with polymer A on top, and 

polymer B at the bottom (inset in Figure 3-5). We divided the simulation box into 16 partitions 

along the z direction and plotted the filler fractions in each partition (Figure 3-5). As we decrease 

the value of f, we notice that almost all the nanoparticles are now present in the photoactive 

polymer. However, at lower values of delta, the amount of nanofiller at the interface decreases, 

implying that there is an optimum value of interactions that can be tailored by choosing the non-

photoactive polymer appropriately. 
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Figure 3-2 Morphologies obtained by MD simulations. In both (a) and (b) and (c) the blue 

represents the photoactive polymer, and the larger spheres (black) represent the nanofiller 

particles. The other polymer (non-photoactive) is not shown for clarity. In all these simulations 

the volume fraction of filler was =3.13%. (a) Initial state before phase separation. (b) Snapshot 

at 2 x 10
4
 . (c) Snapshot at 4 x 10

4
 , note how the two columns have merged. 

 

Figure 3-3 Morphologies obtained by MD simulations at higher filler concentrations =25.04% 

(In these snapshots, the top wall is not shown and only the photoactive polymers (blue) were 

shown for clarity. (a) Snapshot at 4 x 10
4
. (b) Snapshot at 8 x 10

4
 . Note that we do not see any 

merging of the columns at these filler concentrations.  
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Figure 3-4 Snapshot of simulation systems. In both (a) and (b) we fixed the volume fraction of 

fillers at =12.52%, =0.75 (between the polymers) and ran the simulation for 4 x 10
4
. To 

distinguish between nanofillers at the interface and the ones in the non-photoactive polymer, 

fillers at A-B interfaces are black, while those distributed in the non-photoactive phase are 

yellow. (a) Simulation system with f =1.0. (b) Simulation systems with f =0.9. 

 

Figure 3-5 Number fraction of fillers in each partition along z direction for different degrees of 

repulsion with the non-photoactive phase. was 0.75 between polymer A and B, volume fraction 

of filler =12.52%. The inset shows the geometry of polymer A and B that were used in this test.  

3.3 Neutron scattering and analysis 

      To test these simulations, we first wanted to confirm that the interface does indeed template 

nanoparticle segregation, and that this effect is generic for a pair of incompatible polymers. We 

started with a simple  bilayer geometry, where a 40nm thick layer of P3HT was first spun cast on 
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an  HF etched silicon wafer and covered with another layer of deuterated PS (Mw=50K) floated 

from the surface of a distilled water bath.  The scheme of procedures is shown in Figure 3-6.    

 

Figure 3-6 Scheme of procedures for preparation of bilayer thin film for neutron scattering 

Three types of samples were formed; one in which the PCBM was added to the dPS layer, 

another where the PCBM was added to the P3HT layer, and a bilayer without PCBM. All 

samples were annealed above the glass transition temperature of PS for at least 90 minutes. The 

neutron reflectivity data are shown in Figure 3-7, together with the electron density (Figure 3-8) 

and concentration profiles which provided the best fits to the data.  The scattering length density 

profiles, used to generate the concentration profiles are given in the supplementary materials. 

The parameters obtained from the neutron reflectivity data are summarized in Table 3-1. From 

the figure we can see that in the absence of PCBM a stable interfacial width of 1.5nm between 

the two polymers is reached within 90 minutes. Upon addition of PCBM in the dPS layer we 
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obtain the PCBM distribution shown in Figure 3-7e. From the figure we see that after 90 minutes 

of annealing, a 16 nm thick layer of PCBM is observed at the polymer/polymer interface, and 

another PCBM rich layer is observed to segregate at the Si interface, as previously reported by 

Karim et al. for a single PS/C60 layer where the favorable interactions between nanoparticles and 

the Si surface were found to stabilize the film against dewetting [18]. The bimodal distribution of 

the nanoparticles indicates that they are mobile in the PS phase, and diffuse towards the P3HT 

phase, where a layer becomes pinned at the interface, while the particles in the bulk become 

depleted by the favorable interaction with the Si surface. In Figure 3-7c we show the reflectivity 

spectra of the bilayer sample, when the PCBM is in the P3HT phase. Here we find no diffusion 

of the PCBM into the dPS phase, confirming that the nanoparticles prefer the P3HT phase. From 

the Figure 3-7f we can see that in this case as well, two layers approximately 2-4 nm thick have 

formed, at the polymer/polymer interface and the Si interface. We believe that the thicker layer 

formed at the polymer/polymer interface when PCBM is placed in the dPS phase is a result of a 

diffusion hindered process. However, regardless of the polymer phase where the PCBM is placed 

initially, a layer will be formed at the phase interface to reduce the overall energy of the system, 

in agreement with the predictions of the model shown in Figure 3-6. Furthermore, the data from 

the experiments indicate that the distribution of filler particles are similar to those suggested by 

Figure 3-6, where there is a slight repulsion between the nanoparticles and the PS phase, 

resulting in almost no nanoparticles diffusing to that phase when they are started out in the P3HT 

phase. 
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Figure 3-7 Neutron reflectivity profiles (left) and the corresponding volume fraction profiles 

(right) which provided the best fits for the data for bilayer samples:  (a) The dPS layer is floated 

on top of the P3HT layer which is spun cast on HF etched Si. (b) A layer containing dPS and 

PCBM in a 1:1  weight ratio blend floated onto a P3HT layer spun cast onto an HF etched  Si 

wafer. (c)  A dPS layer is floated onto a P3HT layer containing 50% w/v PCBM, spin cast onto 

an  HF etched Si wafer.  Samples labled “as cast” (red) were dried in vacuum below Tg of all 

components, at T= 50 °C. The other samples were annealed in a vacuum of 10
-7

 Torr at 150 °C 
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for 5min (blue), 15min (olive), 30min (orange) and 90min (purple) and labeled accordingly.  The 

volume fraction of dPS is shown in black, P3HT in blue and PCBM in red. As cast samples are 

shown as dash lines and samples annealed for 90 minutes are shown as solid lines.  

As to the sampled-PS/PCBM (top layer)/P3HT (bottom layer), volume fraction in accordance 

to the depth of Z direction is calculated by: 

                   

       
        

          

           
       

          

  

              

           
        

           

          
        

           

  

where   is the volume fraction for each component,  dPS,   PCBM,  P3HT is the standard scattering 

length density for dPS, PCBM and P3HT,  Z is the real scattering length density at certain depth 

of Z direction 
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Table 3-1. Neutron Scattering Parameters. T1 is the thickness of PCBM layer at the interface 

between dPS and P3HT; T2 is the thickness of PCBM layer at the bottom; Interfacial width is the 

width between two polymer layers 

sample T1 (nm) T2 (nm) interfacial width (nm)  

dPS on P3HT 0 0 1.5  

dPS/PCBM on P3HT 16.1 7.7 4.4  

dPS on P3HT/PCBM 2.2 4.2 0.4  
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Figure 3-8  Electron density functions which provided the best fits to the neutron scattering data 

shown in Figure 2, plotted versus the distance from the sample surface. (a) The dPS layer is 

floated on top of the P3HT layer which is spun cast on HF etched Si. (b) A layer containing dPS 

and PCBM in a 1:1 weight ratio blend floated onto a  P3HT layer spun cast onto an HF etched  

Si wafer. (c)  A dPS layer is floated  onto a  P3HT layer containing 50% w/v PCBM, spin cast 

onto an  HF etched Si wafer.  Samples labled “as cast” were dried in vacuum below Tg of all 

components, at T= 50 °C. The other samples were annealed in a vacuum of 10
-7

 Torr at 150 °C 

for 5min, 15min, 30min and 90min and labeled accordingly. 

 



 

58 

 

3.4 AFM characterization and analysis  

       Having determined that our experimental parameters are in the same phase space as the 

model parameters, we next proceeded to test whether we would also observe the columnar 

structures predicted by the model.  We spun cast 1:1 weight ration mixtures of P3HT and PCBM, 

1:1 weight ratio mixtures of the polymers or 1:1:1 weight ratio mixtures of the polymers and 

PCBM onto HF etched Si wafers and annealed them in UHV (ultra high vacuum) for one hour at 

150°C. The morphology of the samples was first checked with atomic force microscopy (AFM). 

We first compare the difference of surface morphology between the sample without secondary 

polymer-polystyrene and with polystyrene. The AFM images are shown in the Figure 3-9. It is 

found that the surface of P3HT/PCBM thin film is very flat after thermal annealing. No 

significant topographical difference can be observed for this sample. However, after introducing 

a secondary polymer which is immiscible with P3HT, obvious phase separation can be detected 

by AFM. The AFM images for polymer blends (P3HT and PS) samples without and with PCBM 

nanoparticels are shown in Figure 3-10. From the figure we can see that the polymers have phase 

segregated in topographically high and low domains. In figure 3-10c and 3-10d we show cross 

sectional scans of magnified sections of the images, from where we can see that the boundaries 

between phases are different between the samples without and with PCBM. In the absence of 

PCBM we find that the segregation occurs with a raised rim surrounding the discontinuous phase 

followed by slight depression between the spherical segregated regions. When PCBM is present 

we find a pronounced depression around the discontinuous phase followed by a slight peak in the 

continuous phase.  If we assume that the continuous phase is PS and the spherical domains are 

mostly P3HT, then based on the results of the simulation and the neutron reflectivity data, we 

would expect that the interfacial regions be enriched in PCBM. From the NR data we find that 

PCBM is incompatible with PS, hence the morphology is then consistent with PS forming a rim 
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as it dewets the P3HT regions, but when PCBM is present, forming a depression, as the PS is 

excluded from the PCBM. But since these images just reflect topography contrast, they cannot be 

used to determine the location of the PCBM, or confirm the chemical differences between the 

domains.   

 

Figure 3-9 Scheme of atomic force microscopy and comparison of surface morphology between 

P3HT:PCBM=1:1 (weight ratio) sample and P3HT:PCBM:PS =1:1:1 sample.  
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Figure 3-10 AFM topography images for films spun cast on HF etched Si wafers at 700rpm (a) 

PS/  P3HT blend thin film with 1:1 weight percent and (b)  PS, P3HT and PCBM blend film 

blended in a  1:1:1 weight percent ratio. Inset is the magnified image of the area where we obtain 

the cross sectional information (c) and (d) corresponding to samples (a) and (b). The area at the 

edge of one of the domains is marked by red arrows, which correspond to the region marked in 

the same manner on the cross sectional scan. 

 

3.5 TEM characterization and analysis  

  In order to confirm the location of the PCBM transmission elector microscopy (TEM) was 

performed on both thin films and cross sectional areas.   In Figure 3-11, the TEM images of 

P3HT: PS=1:1 (weight ratio) and P3HT: PS: PCBM=1:1:1 (weight ration) are presented. 

Significant difference at the boundary of the domain can be observed. In Figure 3-12 we show 

TEM images of the same sample with the presence of PCBM, which were floated and annealed 

on the TEM grids.  In Figure 3-12a we show low magnification images, where the denser P3HT 

phase appears darker than the PS phase, due to the mass-absorption scattering mechanism, 

providing contrast without additional staining. Addition of PCBM introduces additional contrast 
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throughout the P3HT phase, and a clear ring is observed at the interface between PS and P3HT.  

It should be noted that the ring is present even when small amount of PS are trapped inside the 

P3HT domains. The clear interface ring is approximately 16 nm thick composed of PCBM is 

clearly visible. In this image we can also see clusters of PCBM throughout the P3HT phase, and 

occasional clusters still trapped in the PS phase. A region with increased PCBM concentration is 

also seen in the vicinity of the interface, whose thickness and PCBM content is similar to the 

layer observed with neutron reflectivity in Figure 5b. When the films are formed by spin casting, 

all phases are miscible in the toluene solvent and hence PCBM is found in both phases in the as 

cast films. Annealing produces a situation similar to the one observed with neutron scattering, 

where a layer of PCBM is trapped at the interfaces, hindering the diffusion of the PCBM from 

the PS phase in the P3HT phase. 
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Figure 3-11 Transmission Electron Microscopy (TEM) images of spun cast films floated and 

annealed on TEM grids :  (a) Symmetric binary blend film of PS and P3HT blend thin film with 

1:1 weight/volume ratio; (b) Tertiary blend film of PS, PCBM and P3HT mixed in a 1:1:1 ratio; 

(c) Higher magnification for PS:P3HT=1:1 sample; 
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Figure 3-12 (a) Transmission Electron Microscopy (TEM) images of spun cast films floated and 

annealed on TEM grids of tertiary blend film of PS, PCBM and P3HT mixed in a 1:1:1 weight 

ratio. Note the dark edge present  at the interface of two phases in the large (A) and small (B) 

phase segregated regions indicating larger concentrations of PCBM, which is more electron 

dense than either polymer matrix. Note PCBM is mostly segregated in the P3HT phase, with 

smaller regions still in the PS phase (C).  Insert: High magnification image of area A showing the 

width of the PCBM interfacial region.  (b) Electron scattering density which provides the best fit 

to the neutron scattering spectra obtained from the shown in Figure 2b. The width of the 

polymer/polymer interface corresponding to the PCBM rich region is marked. 

In order to obtain side views of the samples, focused ion beam (FIB) cross-section samples 

are prepared by spinning cast P3HT and PCBM with 1:1 weight ratio onto the clean silicon wafer, 

followed by Ga ion beam mill and lift out technique [19] utilizing FEI Helios focused ion beam 



 

64 

 

system (as shown in Figure 3-13). The samples are then observed under transmission electron 

microscopy JEOL 1400 and shown in Figure 3-14. From the figures we can clearly see that 

regardless of the presence of PCBM, the phase segregated structures are cylindrical, spanning 

both interfaces, and higher magnification images of the features where PCBM is present show 

particles segregated at both the Si and polymer interfaces.          

 

Figure 3-13 Scheme of procedures for preparation of cross-section sample for TEM 
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Figure 3-14 TEM images of focused ion beam cross sections obtained from films spun cast on 

HF etched Si wafers at 700rpm;  (a) The 1:1 weight ratio PS / P3HT  binary blend film   and  

(b)the 1:1:1 weight ratio PS, P3HT and PCBM tertiary blend film.   

3.6 Conclusion 

      In conclusion, by introducing a secondary polymer which is immiscible with neither P3HT 

nor PCBM, the self assembled columnar structure within the polymer blend thin film is achieved. 

We first test our idea by molecular dynamics simulation to predict the morphology in according 

to the different preference to each other and nano fillers. Then polystyrene is chosen since it is 

immiscible with neither P3HT nor PCBM that most possible to create columnar structure with 

PCBM segregated along the interface between two polymers. The proposed structure is then 

confirmed by neutron scattering, AFM and TEM measurement, which opens the door to apply 

this structure on the real BHJ solar cell device.  

 

a 
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4.1 Introduction 

      As we successfully confirm the construction of columnar structure by mixing P3HT, PCBM 

with PS, our next step naturally comes to the application of this promising structure on the real 

BHJ solar cell device. The procedures of sample preparation and performance test are described, 

as well as the analysis of the results. If this specific structure indeed enhance the power 

conversion efficiency, possible mechanisms should be discussed which is beneficial for further 

optimization.  

4.2 Experiment 

For device fabrication, indium tin oxide (ITO) coated glass slide is polished in UV O-zone 

for 10 minutes. A 50nm-thick poly(3,4-ethylenedioxythiophene) : poly(styrenesulphonate) 

(PEDOT:PSS) layer is spun cast onto the ITO glass at 5000 rpm for 45 seconds and was baked at 

140 °C for 10 minutes on the hot plate exposed to the air. 13.8mg/mL P3HT and PCBM of 1:1 

weight ratio and 13.8mg/mL polystyrene, P3HT and PCBM with 1:1:1 weight ratio (dissolved in 

chlorobenzene) are spun cast onto PEDOT:PSS layer separately at 700 rpm for 45 seconds. Both 

of them are spun cast in the air. Aluminum electrode with 100 nm thickness is then deposited 

onto the sample at 1 Å/s speed in PVD at pressure lower than 3×10
-7

 Pa. The whole device is 

then annealed in vacuum oven at 150 °C for 1 hour, followed by erasing one side edge and 

painting the conductive silver paste. The picture of as-prepared sample is shown in Figure 4-1. 

The performance of solar cell device was tested by a 150W solar simulator (Oriel) with an AM 

1.5G filter for solar illumination. The light intensity was calibrated to 100 mW cm
-2

 by a 

calibrated thermopile detector (Oriel).   
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Figure 4-1 Picture of a real BHJ solar cell device that is ready for test, where 1 represents the 

active layer thin film, 2 represents the Al electrode contact, 3 represents the silver paste for good 

conductivity. 

4.3 Results and discussion 

Films of P3HT/PCBM/PS compositions were spun cast on the standard PEDOT/PSS 

substrates in preparation for the production of BHJ solar cells. Since the sample morphology 

may differ on different substrates we imaged these samples again with scanning force 

microscopy. In Figure 4-2 we show the topographical images, which appear very similar to those 

observed on the Si substrates, including the raised/depressed rim phenomenon for samples 

without and with PCBM, confirming the presence of PCBM at the interfaces.  In Figure 4-2c and 

4-2d we also show the lateral force images where the harder sections correspond to the 

continuous phase, while the softer, darker regions correspond to the discontinuous spherical 
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domains. Since the glass transition temperature of PS, Tg~100°C, while Tg of P3HT in blend 

film is Tg~50°C [20], the PS is expected to be the harder phase.   

 

 

 

Figure 4-2 AFM topography images for films spun cast on PEDOT/PSS coated ITO glass at 

700rpm (a) PS/P3HT blend thin film with 1:1 weight and (b)  PS, P3HT and PCBM blend film 

blended in a  1:1:1 weight ratio with lateral force images. Lateral force images corresponding to 

zoomed in region delineated by the red squares ; (c) for  the sample shown in (a) and (d)  for the 

sample shown in (b). 

Figure 4-3 shows the comparison of the performance between the average output of five 

devices manufactured the in the standard manner without PS and five devices manufactured with 

PS and having films with the columnar structure within the active layer, where we find an 

average enhancement of 32.0% ± 6.5% in the conversion efficiency. The increase of short circuit 
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current Jsc and fill factor FF% is mainly attributed to the enhancement of the charge-carrier 

transport and reduced recombination kinetics after building up the columnar structure in active 

layer. It is notable that the open circuit Voc is enhanced as well, which reflects an improvement in 

the materials properties. The relatively low values for the control are typical for those previously 

reported for devices where the spin coating and electrical measurements are done in air [21]. 

Furthermore, the film thickness of the control sample was 50nm determined by ellipsometry 

compared to optimal thickness around 100nm from other literature values [22][23], because for 

the polymer blend samples, the amount of active P3HT polymer and PCBM was 30% less 

(13.8mg/ml compared to 20mg/ml). The highest efficiency of our control device is 1.1%, which 

is very comparable to 1.2% reported by van Bavel et al [24]. with the same thickness of active 

layer while the other parameters remain almost the same.  
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Figure 4-3 (a) Current density versus voltage to characterize the performance of a control 

P3HT/PCBM 1:1 weight by volume binary blend device (black trace) and the 1:1:1 

P3HT/PS/PCBM tertiary blend film device (red trace) modified device. (b) Schematic showing 

the structure of the modified BHJ solar cell. The surface image was obtained from the two 

dimensional AFM scan of the film coated onto the PEDOT:PSS layer.  

Table 4-1. Device performance comparison between different samples. VOC is open circuit 

voltage, JSC is short circuit current, FF is fill factor and PCE is power conversion efficiency 

which is calculated based on Equation 2-2 

 VOC (V) JSC (mA/cm
-2

) FF (%)   PCE (%) 

control 0.538±0.005 4.083±0.222 47.2±0.8 1.035±0.052 

with PS 0.603±0.005 4.455±0.168 50.5±1.9 1.355±0.031 

 

This result seems at first counter-intuitive, as we have added an insulated component into the 

active layer which could result in a worse performance for photovoltaics [25]. However, in our 

case the inert polymer results in a percolated columnar structure which improves the properties. 
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We note that similar effects have been seen when inert polymers are used to fabricate low-

percolation threshold field-effect transistor (FET) [26]. Other literature suggests that adding 

insulated polymers into the conjugated polymers could provide efficient charge transport [27]. In 

our case, we believe that the columnar structure of P3HT with abundant PCBM particles at the 

interface provides the high interfacial area which enhances the ability of exciton dissociation and 

charge separation [28]. Furthermore, this columnar structure has good contact with collection 

electrodes and we do not compromise the efficient charge transportation for both holes and 

electrons. In this way, better performance can be predicted even with the addition of an insulated 

polymer to the active layer of BHJ solar cell.  

4.4 Conclusion 

 In conclusion, a columnar structure within the active layer is achieved by phase separation 

between polystyrene and P3HT with the PCBM mostly aggregated at the interface between two 

phases, which is established by AFM, TEM cross-section and neutron reflectivity. This structure 

provides the large interfacial area between electron donor and acceptor, which enhances the 

exciton dissociation efficiency and carrier transportation. The as-prepared solar cell device 

exhibits the better Jsc and fill factor, leading to the higher efficiency. Since most of the PCBM 

stays at the interface even after long time annealing, this system potentially possesses thermal 

stability under operating conditions. 
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Hydrogen Fuel Cell Basics  
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5.1 Introduction 

Hydrogen fuel cell is a device which can directly convert chemical energy in hydrogen to 

electrical energy under low temperature with the presence of catalysts. A polymer membrane, 

usually Nafion membrane, is utilized to separate ions and electrons, while two electrodes with 

certain loading of carbon black and platinum (Pt) catalyst are placed at both sides of the 

membrane to collect electrons (Figure 5-1). Therefore, hydrogen fuel cell is also called as 

“polymer electrolyte membrane fuel cell” or “proton exchange membrane fuel cell” with 

“PEMFC” as the abbreviation in both situations. The use of hydrogen fuel cell can greatly reduce 

the carbon dioxide release since the only emission from it is only pure water and heat. Moreover, 

it can be operated under low temperature and is very suitable to be applied on portable device. 

According to the DOE report, hydrogen fuel cell possesses 60% efficiency for transportation 

application and 35% efficiency for stationary, and is widely used in backup power, transportation 

vehicles and distributed generation [1]. However, the application of fuel cell is limited by its 

high cost mainly due to the use of expensive catalyst, and the sensitivity to the impurities (such 

as carbon monoxide and carbon dioxide) [2]. This chapter will discuss the working mechanism 

of hydrogen fuel cell, challenges for hydrogen fuel cell and current research on improving the 

performance of hydrogen fuel cell.  
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Figure 5-1 Scheme of hydrogen fuel cell’s structure 

5.2 Mechanism of hydrogen fuel cell 

5.2.1 Reactions at anode and cathode of hydrogen fuel cell 

      Generally, the reactions of hydrogen fuel cell contain: hydrogen oxidation reaction occurs at 

the anode and oxygen reduction reaction occurs at the cathode (E
Ɵ
 is the standard electrode 

potential): 

Anode:  H2 – 2e
-
 
                 
      2H

+
   E

Ɵ
 = 0 V                                                   (5-1) 

Cathode: 1/2O2 + 2H
+
 + 2e

-
 
                    
        H2O   E

Ɵ
 = 1.229 V                       (5-2) 

Total reaction: H2 + 1/2 O2 
                
          H2O   E

Ɵ
 = 1.229 V [3]               (5-3) 

Hydrogen oxidation occurs readily on platinum-based catalysts. The kinetics of this reaction 

are very fast (rate constant about 10
-5

 molsec
-1

cm
-2

) [3] [4] and, in a fuel cell, hydrogen oxidation 

is usually controlled by mass transfer limitations [5]. Hydrogen oxidation also involves the 

adsorption of the gas on the catalyst surface followed by dissociation of the molecule and an 

electrochemical reaction to form two protons as shown below [6]: 
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2Pt(s) + H2 
                 
      2Pt-Hads                                                                      (5-4) 

Pt-Hads 
                 
       H

+
 + e

-
 +Pt(s)                                            (5-5) 

where Pt(s) is the free surface site on platinum and Pt-Hads is an absorbed hydrogen atom on the Pt 

active site.  

The oxygen reduction reaction actually can proceed by two pathways in aqueous electrolytes, 

one is shown in Equation 5-2 which is called “four-electron pathway”, and the other one is 

shown below known as peroxide pathway [7]: 

O2 + 2H
+
 + 2e

-
 
               
      HOOH        E

Ɵ
 = 0.670 V                         (5-6) 

HOOH + 2H
+
 + 2e

-
 
               
      2H2O   E

Ɵ
 = 1.77 V                           (5-7) 

                             or     2HOOH
               
      2H2O + O2                                                                                          (5-8) 

The rate constant of oxygen reduction reaction is very low and it is the rate determine step 

for hydrogen fuel cell reaction. In order to speed up the oxygen reduction reaction kinetics to 

reach a practically usable level for a fuel cell, a cathode catalyst is needed since the adsorption of 

an oxygen species to the surface of the catalyst is essential for electron transfer [8]. At the 

current stage, platinum based materials are proven to be the most efficient catalysts.  

5.2.2 Mechanism of separation of ions and electrons 

        As mentioned above, a polymer membrane is used to separate ions and electrons in 

hydrogen fuel cell, which is usually referred as Nafion membrane, first discovered by Walther 

Grot of DuPont Company in late 1960s [9]. Nafion is a sulfonated tetrafluoroethylene based 

fluoropolymer-copolymer (Figure 5-2). A tetrafluoroethylene (Teflon) backbone gives Nafion its 

mechanical strength while the sulfonate groups as termination onto a tetrafluoroethylene (Teflon) 

backbone make Nafion possess ion conductivity [10].  
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Figure 5-2 Chemical structure of Nafion membrane 

Nafion membrane allows positive ions, typically protons, to go through while the electrons 

are not permitted as a result of 4nm diameter clusters of sulfonate-ended perfluoroalkyl ether 

groups organized as inverted micelles arranged on a lattice as shown in Figure 5-3 [11]. These 

micelles are connected by pores or channels of about 1nm in size. These channels with –SO
-3

 

groups invoke inter cluster ion-hopping of positively charged species. Studies have shown that 

proton transport in Nafion depends on water content of the membrane. Proton conductivity in the 

membrane increases by nearly 6 orders of magnitude from dry to fully hydrated, which is mainly 

due to the fact that water will bind with the –H in sulfonate group via hydrogen bonding, leaving 

behind –SO3
-
 group. More water means more –SO3

-
 groups in the tunnels and thus can enhance 

the ion conductivity [12]. Improvements in the membrane structure and conductivity are made by 

producing composite membranes. This can be done by reinforcing the perfluorosulfonic 

membrane with PTFE components or impregnating a membrane with a solution or a solid 

powder to decrease the permeability of the reactant gases [13]. Another way is to dissolve the 
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membrane into an appropriate solvent and to mix it with another substance. After recasting the 

composite membrane can be used in a fuel cell [14].  

 

Figure 5-3 Cluster network model inside Nafion membrane. Reproduced from Ref [11]. 

5.3 Impure gas effect on hydrogen fuel cell 

      Although the hydrogen oxidation process is a fast electrochemical reaction, some problems 

may arise in a fuel cell when impure hydrogen is used. Operating a fuel cell with pure hydrogen 

exhibits the best power output but pure hydrogen is very expensive and difficult to store. 

Alternatives to pure hydrogen usually come from reformed hydrogen gas from natural gas, 

propane, or alcohols. Even though the reformed gas is purified, some contaminants, such as 

carbon monoxide (CO) and carbon dioxide (CO2) species can persist in the gas feed. Carbon 

monoxide can poison the catalyst by blocking active sites on the catalyst’s surface [15][16]. 

Consequently, sites are no longer available for hydrogen adsorption and subsequent oxidation. It 

is known that when CO content is larger than 25 ppm, it has severe effects on Pt catalyst (Figure 

5-4) [16].  
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Figure 5-4 Illustration of the effect of CO on a proton exchange membrane fuel cell. Reproduced 

from Ref [16] 

 

With the presence of carbon dioxide, a reverse water gas shift reaction occurs:  

CO2 + H2 
                 
      CO + H2O                                     (5-9) 

The CO content in equilibrium in according to the CO2 percentage in H2 is shown in Figure 5-5 

[17]. It shows that when the CO2 content reaches 25%, the concentration of CO is more than 50 

ppm. Therefore, both CO and CO2 can significantly affect the performance of fuel cell. CO and 

CO2 resistance system is desired to conquer the negative effects and thus increase the 

commercial potential of hydrogen fuel cell.  
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Figure 5-5 CO content in equilibrium in according to CO2 percentage in H2 under 1 bar, 80 °C 

with water saturated. Reproduced from Ref [17]. 
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6.1 Introduction 

      Bulk gold has been studied for decades and it is always considered as inert metal for 

chemical activity. However, due to the development of nano technology in recent years, it is 

surprising to find that when the size of gold nanoparticles shrinks to nanometer scale and placed 

on specific substrate, gold nanoparticles exhibit extraordinary catalytic properties, especially the 

selective oxidation of carbon monoxide (Figure 6-1). It is clear that the activity is strongly 

dependent on the size of the Au nanoparticles, and that only catalysts with Au particles below 5 

nm show catalytic activity [1]. Furthermore, it can also be seen that the activity varies depending 

on the support.  

 

Figure 6-1 Reported catalytic activities (in mmol/gAu s, left axis) for CO oxidation at 273 K as a 

function of Au particle size (d, in nanometers) for different support materials. The supports are 

indicated by the symbol shape: open symbols correspond to reducible supports, closed symbols 

to irreducible supports. The solid curve shows the calculated fraction of atoms located at the 
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corners of nanoparticles as a function of particle diameter for uniform particles shaped as the top 

half of a regular cuboctahedron. Reproduced from Ref [1]. 

      Studies have shown that Small particles have a relatively large number of low-coordinated 

Au atoms, which are located at the edges and, in particular, at the corners of particles [1][2]. The 

density functional theory (DFT) simulation analysis indicates that these Au atoms are able to 

bind CO and oxygen, which is a prerequisite for a catalytic reaction [3][4]. It is therefore 

conceivable that at these sites the CO oxidation reaction is possible at room temperature – the 

barriers are small and, importantly, the intermediates and CO2 that are formed are only weakly 

bound, so it is not necessary to have a high temperature to keep parts of the surface free [5][6][7]. 

This hypothesis is then confirmed by the investigation of fraction of gold atoms at corner, edges, 

and crystal faces in according to the size of the gold nanoparticles (Figure 6-2). It is found that 

only the increasing trend of corner atoms in according to the particle diameter can perfectly 

match the catalytic activity change due to the change of particle size shown above, which means 

the fraction of corner atoms with low coordination number plays the crucial role in determining 

the catalytic activity of the gold nanopariticles for CO oxidation [8][9].  

     Therefore, in order to make gold nanoparticles active for CO oxidation, it is necessary to limit 

the size of particles below 5 nm and maximize the fraction of corner atoms with low 

coordination number. Platelet shape gold nanoparticles can be the promising candidates to 

achieve the best activity [10][11][12]. In our experiment, thiol-stablized gold nanoparticles are 

first prepared via classic Burst method, followed by spread onto the water-air interface to 

construct platelet shaped gold particles. Multiple characterizations have been conducted to prove 

the formation of such desired gold platelets.  
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Figure 6-2 Calculated fractions of Au atoms at corners (red), edges (blue), and crystal faces 

(green) in uniform nanoparticles consisting of the top half of a truncated octahedron as a function 

of Au particle diameter. The insert shows a truncated octahedron and the position of 

representative corner, edge, and surface atoms. Reproduced from Ref [2]. 

6.2 Synthesis of gold nanoparticles via two phase method 

The thiol-functionalized gold nanoparticles are synthesized through the two-phase method 

developed by Brust et al [13]. In the two-phase method, an aqueous solution of H[AuCl4] · 3H2O 

(1.1 mmol in 36 mL of H2O) was mixed with a solution of tetraoctylammonium bromide 

(TOABr) in toluene (4.8 mmol in 96 mL of toluene). The two-phase mixture was vigorously 

stirred until all the tetrachloroaurate was transferred into the organic layer. Then 2.0 mmol 

decanethiol was added into the mixture. A newly prepared aqueous solution of sodium 

borohydride (12 mmol in 30mL of water) was added at a rate of 2mL/min under vigorous stirring; 
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the organic phase at the top layer changed color from orange to deep brown within a few minutes. 

The chemical reaction equations are shown in Equation 6-1 and 6-2. After stirring for 3h, the 

organic phase was separated and evaporated to 5mL in a rotary evaporator. Then the 5mL 

concentrated solution was mixed with 200mL ethanol to remove excess thiol and dark brown 

precipitate was formed at the bottom. The precipitate was got by centrifuging and washed with 

ethanol four times. It was then dried in a vacuum desiccator over night. 

)()()()()( 56441785641784 MeHCAuClHCNMeHCHCNaqAuCl       (6-1) 

)())((

)(43)()(

562512

562512564

MeHCSHHCAu

aqmClmeMeHCSHHnCMeHCmAuCl

nm

 

          (6-2) 

 

Figure 6-3 Picture of two phase solution after stirring for 3 hours. The dark phase is toluene 

phase which contains gold nanoparticles. The transparent phase is water. 
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6.3 Characterization of gold nanoparticles 

6.3.1 TEM sample preparation and characterization 

      Dried thiol-stabilized gold nanoparticles was dissolved and diluted by toluene. One drop of 

gold nanoparticles solution was released on 3.05mm copper mesh grid and then dried in the air. 

Transmission electron microscopy (TEM) measurement was performed on FEI BioTwinG
2
 

Transmission Electron Microscope. Figure 6-4 shows that uniform size of gold nanoparticles 

were synthesized by two-phase method. Further calculation by using Image J software gives the 

core size distribution (Figure 6-4 (b)). The calculated average size of as-prepared nanoparticles is 

2.85± 0.53 nm. HRTEM image and electron diffraction pattern that shown in Figure 6-5 indicate 

high crystallinity (fcc) for as prepared gold nanoparticles, with the cell parameter of 4.07 Å, 

which is almost the same as the standard reference for crystalline gold (4.0786 Å from X-ray 

diffraction).   

 

Figure 6-4 (a)TEM images and (b)core size distribution histogram of gold nanoparticles. The 

average core size is 2.85± 0.53nm. 
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Figure 6-5 (a) HRTEM image of thiol-stabilized gold nanoparticles (b) magnified image of one 

nanoparticle (c) electron diffraction of the particle.  

6.3.2 Langmuir-Blodgett trough 

       Sun et al. have shown that when thiol-protected palladium nanoparticles are dispersed at the 

interface of water and air, they change shape from sphere to platelet with three layers of 

palladium atoms [14]. This method may be applicable for gold since its property is similar to 

palladium. In order to create water-air interface for dispersion of gold nanoparticles, a tool called 

“Langmuir-Blodgett trough” is utilized. LB trough can be used to build up monolayer of 

molecules on the surface of water and detect surface pressure behavior due to the compression. It 

can also be used to deposit single or multiple monolayers onto a solid substrate [15]. The picture 

of LB trough we used is shown in Figure 6-6. It usually consists of a trough made of Teflon, two 

compression barriers, surface pressure sensor and substrate holder.  
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Figure 6-6 Picture of Langmuir-Blodgett trough in the lab, where 1 is Teflon trough, 2 is 

compression barrier, 3 is surface pressure sensor, 4 is the substrate holder.  

 

The relationship between surface pressure and area for the thiol-stabilized gold nanoparticles 

was determined by using a KSV 5000 LB trough under room temperature. A 1 mg/ml gold 

nanoparticles/toluene solution was prepared and 200µL was spread onto the surface of water by 

glass syringe.  The surface pressure versus area (   ) isotherms of gold nanoparticles is shown 

in Figure 6-7, where we can see that the surface pressure remains stable at the beginning (gas 

phase) and goes up sharply later since the molecules are getting close enough to interact with 

each other (liquid phase) and form a monolayer on the surface. If the barrier continues to 

compress, the monolayer collapses and part of the layer may go over the other part of the layer 

and slow down the increasing speed of surface pressure (solid phase).  For gold nanoparticles, 

monolayer starts forming at surface pressure of 1.09 mN/m and collapses at surface pressure of 

15.80 mN/m.  
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Figure 6-7 Isotherm curve for thiol-stabilized gold nanoparticles. The scheme of different 

particle distribution on the surface of water is also presented  

 

6.4 Determination of nano-sized gold platelets formation by X-ray reflectivity and TEM  

In order to determine whether the gold nanoparticles with platelet shape are really formed at 

the interface of water and air, the particles have to be deposited onto some substrate and 

examined in depth profile. Therefore, Si wafers were used as substrate and the layers were 

deposited onto the substrate at surface pressures of 2mN/m, 3mN/m and 10mN/m. The depth 

profiles were then measured using the X-ray reflectivity on Beamline X10B at the BNL-NSLS 

facility. The data together with the curves fitted to the functions are shown in Figure 6-8 and the 

fitting parameters are shown in Table 6-1.  From the results we can see that that at surface 
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pressures of 2 and 3mN/m a monolayer of particles is formed and at the higher pressures of 

10mN/m, two layers of particles separated by a layer of thiols, were found to deposit onto the 

substrate, indicating collapse of the structure. When a single monolayer is deposited the 

thickness was found to be 1.85 nm, which is significantly smaller than the particle diameter, 

2.85±0.53 nm, measured from the TEM images obtained from the particles prior to spreading at 

the air/water interfaces. This layer was found to have thiols only at the air interface and appeared 

to have only Au at the SiO2 interface. At the high pressures, the data was best fit to a two layer 

model, where the first layer was similar in thickness to the monolayer samples, and a second 

layer, nearly twice the thickness of the first layer, and separated by a layer of thiols, is seen to 

form above it. In the table we also list the parameters obtained from lifting a monolayer onto the 

Nafion membrane of a fuel cell, from which we can see that the parameters of the films are the 

same as those obtained on the Si wafers. The x-ray reflectivity results were also confirmed using 

TEM analysis of the films lifted from the LB trough. From Figure 6-9 we can see that at the 

onset of the plateau (2mN/m) the particles form islands scattered along the water surface, and an 

incomplete layer is seen, at higher pressures (3mN/m) the islands come together, completing the 

monolayer with uniform surface coverage. At higher pressures a collapsed multi layer structure 

is seen, as illustrated in the cartoons below each image 

      Similar results were previously reported for Pd NPs by Sun et al who also analyzed the LB 

films using extended X-ray absorption fine structure (EXAFS) [14]. The EXAFS data indicated 

that the particles were initially spherical after synthesis, but those that had been spread at the air 

water interface assumed an oblate shape, which was best fit to truncated cuboctahedron with a 

2:1 aspect ratio. The thickness of the particles deduced from EXAFS was in good agreement 

with that measured from reflectivity. Hence the Au particles lifted onto the Nafion membrane by 
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this procedure offer a good approximation to platelet morphology of the particles proposed by 

Mavrikakis et al [17].  From the data we can also see that the Au/water interface is highly 

unstable and when collapsed, the particles recombine to form a layer with the same thickness as 

the original particles. Hence these particles also had the potential of being highly reactive, and 

effective at catalyzing, also in agreement with the predictions of Mavrikakis et al [18].  

 

Figure 6-8 (a) Scheme of working principle of X-ray reflectivity; (b) X-ray reflectivity original 

data (bubble) and fitting curve (red line). The inset is the surface morphology on the substrate. 
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Table 6-1 X-ray reflectivity fitting parameters for thiol-stabilized gold nanopariticles, where t 

is the average thickness of a layer and δ is the dispersion component 

 2 mN/m 3 mN/m 10 mN/m 

 t (nm) δ (×10^6)  t (nm) δ (×10^6) t (nm) δ (×10^6) 

Si  2.239  2.239  2.239 

SiO2 1.71 2.31 1.71 2.31 1.71 2.31 

Au/thiol 1.58 4.33 1.74 4.33 1.85 4.33 

thiol 0.52 0.95 0.62 0.95 0.96 0.95 

Au/thiol     3.45 3.03 

thiol     0.70 0.85 

 

 

 

Figure 6-9 TEM characterization of LB film lifted up at the surface pressure of (a) 2 mN/m; (b) 3 

mN/m; (c) 10 mN/m. The proposed morphologies at different surface pressure are also presented. 
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7.1 Introduction 

      After the preparation method of nano-sized gold platelets is successfully established, the next 

step is to apply these particles on the PEM fuel cell and test the performance. In order to form a 

uniform monolayer of gold platelets and possess high catalytic activity, the gold platelets were 

deposited directly onto the Nafion membrane with flat and hydrophobic surface (Figure 7-1).  

The membrane was first tested in a fuel cell kit from h-tec with different cathode input gas, 

followed by test in single stack and three stacks industry use fuel cells. Membranes lift up at 

different surface pressures were also tested to determine the performance dependence on surface 

pressure.  

 

Figure 7-1 Scheme of depositing gold platelets onto the surface of Nafion membrane 

7.2 Experiment 

      A 5cm x 5cm sheet of Nafion 117 was allowed to hydrate for 10 minutes, and then immersed into 

the Langmuir-Blodgett trough. The solution that contains gold nanoparticels was dispersed all over 

the surface of water within the trough. After waiting for 10 minutes for the solvent evaporation, the 

barriers were initiated to compress. Once the coating target pressure had been reached, the dipper 
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was set to pull the Nafion membrane out of the water at a rate of 2mm/min. The coated Nafion 

membrane was stored in a dry petri dish and sealed until it could be tested in a fuel cell. 

The first fuel cells used to test the membranes were demonstration fuel cell kits obtained 

from h-tec with platinum-coated carbon electrodes. The coated Nafion membrane was secured in 

the fuel cell and the input hydrogen gas flow rate set to 40ccm at 5 psi pressure. A circuit 

containing a variable resistance box, ammeter, and voltmeter was connected to the anode and 

cathode of the fuel cell (Figure 7-2). Air/pure oxygen gas/oxygen-CO2 mix gas were allowed to 

enter the cathode respectively. The hydrogen fuel cell was connected and tested at resistances 0Ω, 

1Ω, 2Ω, 3Ω, 4Ω, 5Ω, 6Ω, 7Ω, 8Ω, 9Ω, 10Ω, 15Ω, 60Ω, 240Ω, and infinite resistance for the 

circuit voltage and current. Three data values for current and voltage were collected at each 

resistance at the point when current and voltage stabilized. 

 

Figure 7-2 (a) Fuel cell kit from h-tec; (b) Electrical circuit for hydrogen fuel cell test station 

     The coated membranes were then tested in industry use fuel cells, including a single stack 

fuel cell and three stacks fuel cell with membrane electrode assembly (MEA) and better water 

management (Figure 7-3).  
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Figure 7-3 (a) Internal structure of industry use fuel cell with water management; (b) Heat press 

for preparation for membrane electrode assembly (MEA); (c) Single stack fuel cell with 7.8 cm2 

active area; (d) Three stacks fuel cell with 50 cm2 active area 

7.3 Results and discussion 

Membranes with and without Au NPs coatings were then inserted into a single h-tec PEM 

fuel cell, where the power output could be measured across a variable resistance bridge. The 

optimum H2 flow rate, was first determined and found to be 40ccm (cm
3
/min) (Figure 7-4). Fast 

hydrogen flow can accelerate the dry out of Nafion membrane and dramatically reduce the ion 

conductivity [1] while low flow rate cannot provide enough hydrogen, leading to the worse 

performance.  
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Figure 7-4 Fuel cell performance dependence on flow rates of hydrogen 

 

The fuel cell performance comparison between the fuel cell with pure Nafion membrane and 

the one with gold coated Nafion membrane is shown in Figure 7-5. The source of cathode gas is 

the air in the surrounding environment with pressure at atmospheric pressure. The results 

indicate that with the presence of gold platelet particles, the fuel cell indeed generate about 50% 

more output power.   
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Figure 7-5 (a) Picture of a half coated (left half) Nafion membrane; (b) Fuel cell performance 

comparison between the fuel cell with pure Nafion membrane and the one with gold coated 

Nafion membrane. 

 

The gold coated membrane was then heat pressed with electrodes to form MEA and tested in 

industry use fuel cell. From the Figure 7-6 (a) we can see that single stack cell maximum power 

output was increased by the presence of NPs from 24 mW/cm
2
 to 36 mW/cm

2
, while the 

maximum current was increased from 160 mA/cm
2
 to 200 mA/cm

2
, or 50% and 25% 

respectively. In Figure 7-6 (b) we plot the results where the membranes in a 3 stacks cell were 

coated with particles. Here we see an enhancement of 40% and 55% as well indicating that the 

stack construct does not interfere with the processes upon which the Au NPs are acting. 
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Figure 7-6 Polarization curve and output power density in according to the current density for (a) 

single stack fuel cell; (b) three stacks fuel cell.  

     In Figure 7-7 we plot the maximum power output as a function of the pressure with which the 

Au NPs were lifted from the air/water interface. From the figure we can see that the max power 

rises monotonically with surface pressure till the pressure corresponding to a complete surface 

monolayer is reached. Addition pressure, which results in bilayers formation decreases the 

maximum power, such that when multiple layers have formed the output is reduced to that of the 

uncoated control, From the X-ray reflectivity results we know that only the first monolayer is in 

direct contact with membrane. The results show that the power is directly proportional to the 

surface coverage, as long as a monolayer has not formed. Once the monolayer has formed the 

output decreases in direct proportion to the formation of the second layer, which seems to block 

the effect produced by the first layer.  
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Figure 7-7 Maximum output power dependence on surface pressure chosen to deposit the gold 

platelets 

      It is known that the current output of these cells is limited by the buildup of the CO products 

[2][3][4][5]. It has also been previously established that gold platelets are very effective at 

catalyzing the CO oxidation reaction. Hence we postulated that the gold nanoparticles on the 

membrane were effective in catalyzing the reduction of CO back to CO2, and as predicted by 

Mavrikakis et al [6][7], only the platelet shaped particles were effective in the catalysis. In order 

to test this hypothesis, we measured the differential in performance between fuel cells with 

coated and uncoated Nafion membrane when the cell was operated in pure O2, air and O2/CO2 

mixture gas (O2 : CO2 = 6:1 by volume) at the cathode respectively. The data, plotted in Figure 

7-8 shows the relative enhancement, as defined by:  

Enhancement=  
            

        
                                                       (7-1) 
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Where Pnp is the maximum output power for fuel cell with gold coated Nafion membrane, Pcontrol 

is the maximum output power for fuel cell with pure Nafion membrane. We find that when the 

content of carbon dioxide in the cathode input gas increases (0% CO2 content in pure oxygen, 

more than 300 ppm CO2 content in air, 14% CO2 content in the mixture), the gold platelets 

coating become more effective on enhancing the output power of the fuel cell, which means the 

function of gold platelets coating here is strongly related to content of carbon dioxide. 

Considering the catalytic activity of gold platelets on CO oxidation, the possible mechanism is 

proposed as: the unutilized sites of Pt catalyst may catalyze the reduction of carbon dioxide at 

cathode side when it accumulates [5][8][9], which leads to the formation of carbon monoxide 

and blockage of active sites on Pt surface [10][11]. It prevents the adsorption of oxygen and thus 

reduces the performance of fuel cells. However, with the presence of gold platelets which is 

proven to be highly selective for carbon monoxide oxidation, this poisoning effect will be 

minimized and increases the performance of fuel cells. The enhancement that observed for pure 

oxygen is probably due to the tunneling effect of monolayer of gold that can increase the charge 

transfer between membrane and electrode as reported in the reference.  

CO2 + 2H
+
 + 2e

-
 
              
       CO + H2O                                                       (7-2) 

COad + H2O  
                 
           CO2 +2H

+
 + 2e                                                 (7-3) 
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Figure 7-8 Enhancement percentage for fuel cell with pure Nafion membrane and gold coated 

Nafion membrane in according to the cathode input gas 

As discussed in Chapter 5, the hydrogen gas prepared by natural gas reforming usually 

contains considerable amount of CO2. If this reformed gas is used in hydrogen fuel cell, reversed 

water/gas shift reaction will occur and generate CO (Equation 7-4),  

CO2 + H2 
            
     CO + H2O                                      (7-4) 

which immediately poisons the catalyst at the anode. It is proven that our gold platelets are 

effective at oxidizing the CO formed at cathode, so we postulated that it may also take effect at 

anode side. Therefore, we test the fuel cell with uncoated and gold platelets coated Nafion 

membrane with H2/CO2 mixture gas (14% CO2 in volume) and compare the performance change 

with the one using pure hydrogen as anode gas input. The results are shown in Figure 7-9, which 

indicate that with the presence of gold coating, the performance does not significantly change 
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even there is around 14% CO2 content in the hydrogen gas, while an obvious performance drop 

is observed when uncoated Nafion membrane is used. In order to confirm the gold platelets 

indeed catalyze the CO oxidation reaction, we analyzed the content of carbon dioxide from the 

output gas of the anode by gas chromatography (Figure 7-10). It is shown that without gold 

platelets, the CO2 content decreases, which is mainly due to the reversed water gas shift reaction 

that consumes CO2. However, with the presence of gold coating, the CO2 content slightly 

increases instead of decreasing, which means the gold induced CO oxidation indeed occurs and 

generates CO2 as the compensation for the consumption.  

 

Figure 7-9 Fuel cell performance with uncoated and coated Nafion membrane for pure H2 gas 

input and mixture H2/CO2 gas input respectively 
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Figure 7-10 Gas chromatography analysis for CO2 content comes out form the anode side with 

and without the presence of gold platelets 

7.4 Conclusion 

In conclusion we have shown that by using LB film technology, it is possible to produce 

platelet shape gold nanoparticles which act as highly efficient catalysts for the CO oxidation 

reaction when a monolayer of particles is deposited onto the Nafion membrane of fuel cells and 

thus dramatically increase the performance of the fuel cell. The particles can also minimize the 

decrease in fuel cell performance when highly impure streams of H2 gas are used, making the 

technology of PEM fuel cells more accessible for commercial use with reformed hydrogen gas. 
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8.1 Introduction 

Graphene is only one atom thick and arranged in a flat, honeycomb lattice structure [1]. 

Graphene and its derivative compounds such as graphene oxide and reduced graphene oxide 

have been of great interest to the researchers for their incredible mechanical, electrical, thermal, 

and optical properties [2][3][4][5]. Graphene shares the same honeycomb carbon lattice structure 

as graphite, but instead consists of several graphene layers stacked upon one another. Therefore, 

the physical properties of graphene are also different from those of graphite [6][7]. At first, 

graphene was loosely understood for its role in various stacked chemical compounds including 

graphite intercalation compounds. It was not until the latter half of the 20th century that the 

separation of graphene drew interest and its properties as an independent material became a topic 

of study. The first experimental exfoliation of graphene sheets has been attributed to Andre Geim 

and Konstantin Novoselov for their work at the University of Manchester in 2004 [8]. Geim and 

Novoselov demonstrated that the mechanical exfoliation of graphene was possible by using of 

Scotch tape to remove atomic layers from graphite until a single layer remained. In 2010 Geim 

and Novoselov were awarded the Nobel Prize in Physicsfor their research as it provided key 

foundational information about the properties of graphene [9][10][11]. Since then, research into 

the effect of graphene and its derivative compounds on various processes has proliferated.  

     Graphene oxide and reduced graphene oxide inherit the honeycomb carbon lattice structure of 

graphene, but are characterized by various functional groups attached throughout their surface 

[12][13]. Chemically, graphene oxide is derived from graphite oxide and refers to the single 

layers that are exfoliated from graphite oxide when it is dissolved in a basic solution [14]. 

Reduced graphene oxide is created when a graphene oxide solution is treated with a reducing 

agent (Figure 8-1) [15]. Similar to raw graphene, graphene oxide and reduced graphene oxide do 

not have a specific molecular weight as a result of their lattice structure. The chemical structures 
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of the two compounds have also not been confirmed at the molecular level due to limitations in 

measuring equipment [16][17]. 

 

Figure 8-1 One of the chemical reduction ways from GO to rGO. Reproduced from Ref [15]. 

 

While the chemical structures of GO and RGO are not completely understood, several of the 

physical properties of the two substances have been tested experimentally [18][19][20]. When 

added to a water solvent, graphene oxide is hydrophilic and dissolves readily when sonicated. 

Graphene oxide is an electrical insulator as a result of its sp
2
 hybridized bonding across its 

surface. Graphene oxide can be suspended in other organic solvents, but often experiences 

difficulty unless it is further functionalized with diisocyanate and effectively made amphiphilic 

[21][22].  

Reduced graphene oxide is similar to graphene oxide, but has several of its planar functional 

groups removed either through mechanical or chemical means. An effective reducing agent for 

graphene oxide is sodium borohydride which has demonstrated an ability to remove most of the 

hydroxyl and carboxyl groups throughout the surface of the carbon honeycomb lattice [24]. 

When these functional groups are removed and the graphene oxide is reduced, its properties 

change dramatically. The reduced graphene oxide becomes more electrically conductive than 
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graphene oxide [25] and also slightly hydrophobic. Both graphene oxide and reduced graphene 

oxide are valuable for their unique properties as derivative forms of graphene.  

Improved production methods have greatly decreased the price of graphene and made 

interdisciplinary experimentation with graphene compounds possible. However, the effectiveness 

of graphene oxide and reduced graphene oxide on fuel cell performance when coated on a 

Nafion membrane has not yet been thoroughly explored. 

In this experiment, we apply two derivative forms of graphene, graphene oxide and reduced 

graphene oxide, to the Nafion membrane in a PEM fuel cell to test if they have any positive 

effect on fuel cell power output. It will be necessary to find a suitable solvent for graphene oxide 

and reduced graphene oxide so that the nanosheets can be distributed well on the surface of a 

Langmuir-Blodgett trough [26]. Also, because of graphene oxide and reduced graphene oxides’ 

tendency to sink to the bottom of the water subphase, suitable procedure must be developed to 

maximize the concentration of the nanosheets on the surface of the water. 

8.2 Materials and Experiments 

8.2.1 Synthesis of Graphene Oxide 

Solid graphene oxide was synthesized through a modified Hummer’s method [27][28] with 

several of the specificities in both material usage and procedural timings adapted from the 

methods used by Cote, Kim and Huang [26]with slight modifications reflected below. The solid, 

dark graphene oxide sheets produced by this procedure are shown in Figure 8-2. One gram of 

powdered graphite (Bay Carbon Inc., 99%, 200 mesh) was added to 23mL of sulfuric acid 

(Sigma-Aldrich, 98%) in a battery jar and placed into an ice bath. The mixture was continuously 

stirred as 0.5 grams of sodium nitrate (Sigma-Aldrich, 99%) and 3.0 grams of potassium 

permanganate (Sigma-Aldrich, 97%, 325 mesh) were added to it. The battery jar was removed 



 

120 

 

from the ice bath and stirred for one hour at 35°C until the mixture formed a thick, medium-dark 

paste. Exactly 23mL of de-ionized water was carefully added into the paste causing it to react 

wildly and jump to a temperature of 95°C. After the temperature of the suspension cooled to 

60°C (after about 15 minutes), another 35mL of deionized water was added. The dilute 

suspension was treated with 2.5mL of hydrogen peroxide (Sigma-Aldrich, 30%). A wash of 

10mL of hydrochloric acid (Sigma-Aldrich, 36%) was added to the solution and stirred slowly 

for 5 minutes. The mixture was filtered and the filtrate was washed with de-ionized water six 

more times before being vacuum-filtered to remove any residual ions. The filtrate was left to dry 

in a vacuum oven for 48 hours at 80°C. The resulting graphene oxide flakes were removed from 

the inside of the jar using tweezers and transferred into glass vials. 

 

Figure 8-2 Solid graphene oxide sheets in the glass vial.  

8.2.2 Preparation of Graphene Oxide and Reduced Graphene Oxide Solutions 

An ethanol/water solvent was chosen for the graphene oxide solution because it allowed the 

graphene oxide nanosheets to readily spread across the surface of the water subphase in the 

Langmuir-Blodgett trough while keeping the nanosheets from sinking to the bottom. To prepare 

the graphene oxide solution, a 1:3 ethanol/water solvent was prepared by adding 3.75mL of 
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ethanol (Sigma-Aldrich, 200 proof) to 11.25mL of de-ionized water. The solvent was combined 

with 15mg of solid graphene oxide then placed into an ultrasonic bath at 40 kHz for 15 minutes. 

The ultrasound-treated solution was then centrifuged at 3000rpm for 10 minutes. The light 

amber-colored supernatant, shown on the left hand side in Figure 8-3, was collected and stored 

for use in the Langmuir-Blodgett trough as the graphene oxide solution. To produce the reduced 

graphene oxide solution, further treatment of the graphene oxide solution was necessary. A 

sodium borohydride solution was prepared by adding 1192mg of NaBH4 (Sigma-Aldrich, 98%) 

to 1.0mL of de-ionized water. With a micropipette, 375μL of the resulting solution were added to 

the graphene oxide supernatant solution. The solution was left to stir overnight on a magnetic stir 

plate and removed the following morning when the solution had turned a dark brown color as 

shown on the right in Figure 4. This reduced graphene oxide solution was stored for use in the 

Langmuir-Blodgett trough for membrane coating. TEM samples for graphene oxide and reduced 

graphene oxide are prepared by releasing one drop of the solution onto the TEM grids (Cu, 300 

mesh) respectively.  

 

Figure 8-3 Graphene oxide solution (left) and reduced graphene oxide solution (right) 
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8.2.3 Coating the Nafion Membrane 

In order to coat a membrane using the Langmuir-Blodgett trough, it became necessary to 

develop a procedure that allowed the most amount of graphene oxide or reduced graphene oxide 

nanosheets to be floated on the surface of the de-ionized water subphase at any time so that they 

would adhere to the Nafion membrane during the process of barrier compression. As the 

nanosheets were observed to sink to the bottom of the trough during the barrier compression in 

previous experiments, we developed an alternate method that involved adding more graphene 

oxide or reduced graphene oxide solution during the process of the compression. The procedure 

for adding graphene oxide to the Langmuir-Blodgett trough was identical to that for reduced 

graphene oxide. 1000μL of the solution was spread evenly across a clean water subphase using a 

microsyringe. The barrier compression was set at a rate of 5mm/min and started. At 4 minute 

intervals for the next 36 minutes, 1mL of the solution was added to the Langmuir-Blodgett 

trough for a total of 10mL, at the end of 36 minutes. This procedure resulted in a clean isotherm 

curve and allowed a greater number of the nanosheets to remain on the surface of the water 

during barrier compression.  

After an isotherm curve was obtained, it became possible to coat layers of graphene oxide 

on the Nafion membrane at different target pressures. A 5cm x 5cm sheet of Nafion 117 was 

allowed to hydrate for 10 minutes, and then lowered into the Langmuir-Blodgett trough. The 

addition procedure used to obtain the isotherm curve was used again during the coating. Once the 

coating target pressure had been reached, the dipper was set to pull the Nafion membrane out of 

the water at a rate of 2mm/min. The coated Nafion membrane was stored in a dry petri dish and 

sealed until it could be tested in a fuel cell. The first fuel cells used to test the membranes were 

demonstration fuel cell kits obtained from h-tec with platinum-coated carbon electrodes. The 

coated Nafion membrane was secured in the fuel cell and the input hydrogen gas flow rate set to 



 

123 

 

40ccm at 5 psi pressure. A circuit containing a variable resistance box, ammeter, and voltmeter 

was connected to the anode and cathode of the fuel cell (Figure 7-2). The hydrogen fuel cell was 

connected and tested at resistances 0Ω, 1Ω, 2Ω, 3Ω, 4Ω, 5Ω, 6Ω, 7Ω, 8Ω, 9Ω, 10Ω, 15Ω, 60Ω, 

240Ω, and infinite resistance for the circuit voltage and current. Three data values for current and 

voltage were collected at each resistance at the point when current and voltage stabilized. 

8.3 Results and discussion 

8.3.1 TEM characterization 

         The morphology of graphene oxide and reduced graphene oxide is first observed under the 

TEM. Since both of them mainly consist of carbon, which is an element with low atomic number, 

it is difficult to image them under ordinary TEM. Only the places where the fold of nanosheets 

occurs, there will be some density differential along the vertical direction [1]. In Figure 8-4, this 

fold can be clearly seen, which confirm the nanosheet morphology for both graphene oxide and 

reduced graphene oxide.  

 

Figure 8-4 TEM characterization of (a) graphene oxide and (b) reduced graphene oxide  
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8.3.2 LB film preparation and AFM characterization 

The isotherm curve for graphene oxide is shown is Figure 8-5. The small spikes before 

sudden surface pressure change are due to the addition of solution during the compression 

process. The final surface pressure reaches 18 mN/m, which indicates that our unique procedure 

can effectively keep a sufficient amount of graphene oxide on the surface of water for the further 

coating process.  

 

Figure 8-5 Isotherm curve of graphene oxide from Langmuir-Blodgett trough 

 

In order to observe the morphology of GO and rGO coated onto the substrate, we deposited 

GO and rGO onto silicon substrate at the target surface pressure of 3mN/m, and scanned the 

surface morphology under atomic force microscopy (AFM). The images are shown in Figure 8-6. 

For graphene oxide, a lot of small pieces of nanosheets, probably due to the sonication [29], are 

dispersed all over the surface of the substrate. Reduced graphene oxide seems to have more 
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mechanical strength [30] and larger pieces are found on the surface of substrate even after 

sonication.   

 

Figure 8-6 AFM characterization of (a) graphene oxide (b) reduced graphene oxide coated onto 

silicon substrate. The unit for the length scale is µm 

 

8.3.3 Fuel cell performance test 

   Both of graphene oxide and reduced graphene oxide are then deposited onto Nafion 

membrane at a surface pressure of 3mN/m. The membranes are inserted to the h-tec fuel cell kit 

and the fuel cell performance is tested. Significant power enhancement has been observed for the 

application of coated membrane (Figure 8-7). Both graphene oxide and reduced graphene oxide 

show positive effects on increasing the performance of fuel cell. Since reduced graphene oxide 

possess good electronic properties due to its sp
2
 conjugated structure [31][32], it has been widely 

used for transparent electrode for semiconductors [18][33][34]. Moreover, reduced graphene 

oxide supported platinum catalyst is reported to exhibit high electrochemical activity because the 

perfect two dimension of rGO could create more active sites exposed for catalyzing [35][36]. In 

our case, the function of rGO could be either enhancing the electron transportation between 

membrane and electrode or provide a flat surface support for platinum catalyst or synergistic 
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effects from both. However, for graphene oxide, few reports related to electrochemistry has been 

reported since sheet resistance of it is extremely high due to the oxygen groups and defects of the 

structure [13][31]. The investigation of function of GO in enhancing the performance of fuel cell 

is still ongoing.  

 

Figure 8-7 Comparison of fuel cell performance between fuel cells that use uncoated, GO coated 

and rGO coated Nafion membrane 

8.4 Conclusion 

     In conclusion, we successfully coat the Nafion membrane with graphene oxide and reduced 

graphene oxide nanosheets. Morphologies of them before and after deposition onto substrate are 

observed via TEM and AFM. The coated Nafion membrane is then inserted into fuel cell and the 

performance is tested. Interestingly, both graphene oxide and reduced graphene oxide coating are 

found to significantly enhance the output power of the fuel cell. Function of reduced graphene is 
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explained as either improving the electron transfer within the fuel cell or providing a flat surface 

for platinum dispersion to expose more active sites. However, mechanism for graphene oxide 

enhancement still remains unclear. Further research is on progress in the lab.   
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9.1 Concluding remarks 

      The warning of “energy crisis” has been proposed due to the public concern about the 

exhaustion of fossil fuels. It has never been so urgent for the society to look for alternative 

energy supplies. Renewable energy, such as solar, wind and hydrogen, is considered as the most 

promising candidate to replace fossil fuels. However, the commercialization of energy devices 

that utilize renewable energy is limited due to their low power efficiency and cost effectiveness.     

The first part of this dissertation focuses on enhancing the efficiency of bulk heterojunction 

organic solar cell by a novel approach that introduces polystyrene (PS) that organizes the poly(3-

hexylthiophene) (P3HT) into columnar phases decorated by [6,6]-phenyl C61-butyric acid 

methyl ester (PCBM) at the interface. This structure represents a realization of an idealized 

morphology of an organic solar cell, in which, both exiciton dissociation and the carrier transport 

are optimized leading to increased power conversion efficiency. This research begins with an 

idea to build up ideal morphology within active layer for enhancing the efficiency of BHJ solar 

cell by introducing a second polymer, followed by theoretical simulation- molecular dynamics 

(MD) simulation to figure out that this morphology can be achieved only when the second 

polymer is immiscible with neither P3HT nor PCBM. Neutron scattering investigation helps us 

understand the miscibility between P3HT-PCBM-PS and determine PS is suitable to create 

columnar structure as indicated from MD simulation results. Then, multiple characterization 

technologies, including TEM and AFM, are utilized to confirm the formation of proposed 

structure with the presence of PS. Finally, this structure is applied onto the real BHJ solar cell 

device and the significant enhancement of power conversion efficiency is observed, which 

validates our original idea.  

The second part of this dissertation focuses on increasing the output power of hydrogen fuel 

cell by coating the polymer electrolyte membrane-Nafion with gold or graphene-derivatives. 
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Gold nanoparticles attracts intense of interests due to its active catalytic properties for CO 

oxidation under room temperature. Meanwhile, the CO poisoning effects limit the 

commercialization of hydrogen fuel cell since it leads to poor performance, fast degradation and 

high cost for utilizing pure hydrogen. Therefore, the idea that introduces gold nanoparticles into 

the hydrogen fuel cell system to resist CO poisoning effect comes out naturally. However, not all 

gold nanoparticles are active for CO oxidation. As proposed by theoretical and electrochemical 

chemists, platelet shaped gold nanoparticles with less than 5 nm size possess the highest catalytic 

activity due to the high fraction of corner atoms on the surface of particles that are considered as 

active sites. According to the previous research, when thiol-stabilized gold nanoparticles 

prepared via Brust method are dispersed at the water-air interface, some gold atoms with thiol 

chain will be removed due to the strong hydrophobic properties of thiol group and become 

platelet shape. After these references check, we start with the synthesis of thiol-stabilized gold 

nanoparticles, followed by TEM and HRTEM characterization to confirm they are smaller than 

5nm and are crystallized. The as prepared gold nanoparticles are then dispersed on the water 

surface of Langmuir-Blodgett trough, which helps us create water-air interface and deposit these 

nanoparticles onto certain substrates, followed isotherm curve measurement for determination of 

target pressure where monolayer is formed. The silicon wafers coated with gold nanoparticles at 

different surface pressure are investigated under X-ray reflectivity to check the thickness of 

deposition layer. Combining with the TEM characterization, the formation of gold platelets on 

the substrate and distribution of gold nanoparticles on the surface are determined. Finally, these 

gold platelets are deposited onto the surface of Nafion and tested with fuel cell kit and industry 

use fuel cell. Results are encouraging that gold platelets coating indeed take effects and 

dramatically enhance the performance of both fuel cell kit and industry use fuel. In order to fully 
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understand the function of gold platelets, we first vary the cathode gas feed by changing the CO2 

content and find that gold platelets are most active (highest output power enhancement is 

achieved) when CO2 content is high. Considering the addition of CO2 can generate CO at the 

cathode and poisons the Pt catalyst, it is strong evidence that gold platelets are oxidizing CO to 

resist poison effects. To see whether gold platelets can also help resist CO poisoning from anode 

side, we use H2/CO2 mixture, which is a common combination in reformed hydrogen gas, as 

anode gas feed since CO can be generated from reversed water gas shift reaction. It is found that 

the performance drop is much less when gold platelets are present. The gas chromatography 

analysis further confirms the occurrence of CO oxidation at the presence of gold platelets.  

Graphene and its derivatives are the most popular topics in recent years because they exhibit 

extraordinary mechanical, electrical, optical, thermal properties, which almost cover every aspect 

of materials research. However, few reports have been found discussing about the direct 

deposition of graphene oxide and reduced graphene oxide onto Nafion membrane and its effects. 

Therefore, we make the Nafion membranes coated with graphene oxide and reduced graphene 

oxide. Surprisingly, we find both of them can significantly enhance the output power of the fuel 

cell. Considering their low cost of fabrication and large sources of precursors, they are very 

promising to reduce the loading of noble catalysts on electrodes and thus lower down the cost 

fuel cell manufacture.  

9.2 Future Challenges 

      Although the research work described in this dissertation has made a significant progress in 

enhancing the efficiency of BHJ solar cell and hydrogen fuel cell, there are still many challenges 

remained to be solved. As for BHJ solar cell, since the polystyrene we use to help create 

columnar structure is a non-photoactive polymer and electrical insulator, it cannot generate any 
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exciton and may block the carrier transportation where columns are not totally formed. We are 

considering either to remove it by solvent rinse without changing the morphology or replace it 

with some photoactive polymer to realize the same structure. However, although we establish the 

solvent that can only dissolve polystyrene, it is very difficult to keep the columnar morphology 

after the removal. Meanwhile, the photoactive polymer we found is either very miscible with 

PCBM or has low solubility in the solvent. Further research has to be conducted to solve these 

problems. As for hydrogen fuel cell, the function of gold has been figured out by varying gas 

feed from cathode and anode, but the most direct way should be electrochemical characterization, 

such as cyclic voltammetry. Theoretical simulation, such as density functional theory, would be 

another powerful tool to confirm the proposed mechanism. Both of these two methods are also 

helpful to understand the exact function of graphene oxide and reduced graphene oxide in 

improving the performance of hydrogen fuel cell.  

 


