
 

ABSTRACT 
 
LIN, ZHAN. Platinum and Platinum Alloy-Carbon Nanofiber Composites for Use as 
Electrodes in Direct Methanol Fuel Cells. (Under the direction of Professors Xiangwu Zhang 
and Wendy E. Krause.) 
 

In response to the energy needs of modern society and emerging ecological concerns, 

the pursuit of novel, low-cost, and environmentally friendly energy conversion and storage 

systems has raised significant interest. Among various energy conversion and storage 

systems, fuel cells have become a primary research focus since they convert chemical energy 

directly into electrical energy with high efficiency and low pollutant emissions. For example, 

direct methanol fuel cells (DMFCs), which supply the electrical energy by converting 

methanol to energy, are an ideal fuel cell system for applications in electric vehicles and 

electronic portable devices due to their relatively quick start-up, rapid response to catalyst 

loading, and low operating temperature. However, the wide commercial use of DMFCs in 

advanced hybrid electric vehicles and electronic portable devices is hampered by their high 

cost, poor durability, and relatively low energy and power densities. In order to address these 

problems, their research focuses on the development of highly active electrode catalysts 

coupled with a suitable electrode structure for the oxidation of methanol at the anode and the 

reduction of oxygen at the cathode to attain high efficiency of DMFCs, and subsequently 

lowering the cost. In this dissertation, the fabrication of novel platinum and platinum alloy 

nanoparticle-loaded carbon nanofibers (CNFs) for use as electrodes in DMFCs is 

demonstrated through electrospinning, carbonization, and deposition. The resulting CNF-

based electrodes possess the properties of high electroactive surface area, good catalytic 



 

abilities towards the oxidation of methanol and the reduction of oxygen, and great long-time 

stability. As a result, DMFCs using these CNFs-supported platinum and platinum alloy 

nanoparticles as electrodes offer many advantages, such as improved electrocatalytic abilities, 

long-term stability, easy fabrication, low cost, and environmental benignity. Therefore, this 

new technology opens up new opportunities to develop high-performance electrode materials 

in the future for high-performance DMFCs, which are one of the promising power sources 

for consumer devices and electric vehicles, and play a critical role in solving the worldwide 

critical energy issue.   



 

Platinum and Platinum Alloy-Carbon Nanofiber Composites for Use as Electrodes in Direct 
Methanol Fuel Cells 

 

by 
Zhan Lin 

 

A dissertation or thesis submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the 
requirements for the Degree of 

Doctor of Philosophy 

 

Fiber and Polymer Science 

 

 

Raleigh, North Carolina 

March 31, 2010 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 
Prof. Xiangwu Zhang                            Prof. Wendy E. Krause 

Chair of Advisory Committee                               Co-Chair of Advisory Committee 
 

   _______________________________                      ______________________________ 
    Prof. Saad A. Khan                                                  Prof. Samuel M. Hudson 



ii 
 

DEDICATION 

 

To 

my respected parents, 

Fa Lin and Yun Lin, 

who made all of this possible, 

for feeding, teaching, and supporting me. 

 

And also to 

my two elder sisters, 

Xiangming Lin and Xiangling Lin, 

for their advice and help. 

 

Thank you for the love from my family, 

I really appreciate all that you have done. 



iii 
 

BIOGRAPHY 

  

Zhan Lin was born in Fuqing City, Fujian, P. R. China. He completed his middle school and 

high school education in Fuqing No.1 Middel School, and then attended Hefei University of 

Technology in September 1999, and graduated with a batchelor’s degree in Polymer Science 

and Engineering in July 2003. After that, he went to University of Science and Technology of 

China as a graduate student majoring in Applied Chemistry and obtained his Master Degree 

in July 2006. After graduation, he obtained a researcher scientist position in Functional 

Membrane Lab in Hefei, where he did one year of research on the fabrication and design of 

functional polymer materials.    

 

In July 2007, Zhan Lin came to the U.S. and started working toward his Ph.D. degree 

majoring in Fiber and Polymer Science in the Department of Textile Engineering, Chemistry 

and Science at North Carolina State University. His research activities ranged from the 

preparation and characterization of nanostructured carbon or carbon-composite materials and 

their application in energy conversion and storage systems, to the fabrication and 

functionlization of polymer or polymer composite materials for specific utilization.  

     

In addition to his research, Zhan Lin also has many hobbies in his spare time, such as 

working out, swimming, travelling, and hiking. 



iv 
 

ACKNOWLEDGMENTS 

 

The author would like to offer his sincerest appreciation to respected advisors: Professors 

Xiangwu Zhang and Wendy E. Krause, for supervising, supporting, and helping him grow 

during his Ph.D. studies; to his other committee members: Professors Saad A. Khan and 

Samuel M. Hudson, for their wise counsel, advice, and support; and also to the Graduate 

School representative Professor Orlin D. Velev, for his encouragement and communication. 

 

The author also acknowledges funding supports from the National Textile Center, U.S. 

National Science Foundation, and ACS Petroleum Research Fund. 

     

Moreover, the author would like to thank Mr. Liwen Ji, Mr. Quan Shi, Mr. Bingkun Guo, Mr. 

Christopher Bonino, Mr. Yingfang Yao, Mr. Ozan Toprakci, Mr. Narendiran Vitchuli, Mr. 

Guanjie Xu, Mr. Mataz Alcoutlabi, Mr. Andrew J. Medford, Ms. Mariah D. Woodroof, Ms. 

Kyung-Hye Jung, Ms. Bohyung Kim, Ms. Shuli Li, Ms. Yinzheng Liang, Ms. Shu Zhang, Ms. 

Ying Li, Ms. Samantha Shintay, Ms. Jinmei Du, and Ms. Lu Liu at North Carolina State 

University for their earnest cooperation and warmhearted help during his Ph.D. study. 

     

The author also deeply appreciates Mr. Chuck Mooney and Mr. Roberto Garcia in Analytical 

Instrumentation Facility, Mr. Dzung Nguyen and Ms. Birgit Andersen in the College of 

Textiles at North Carolina State University, and Dr. Mark D. Walters in the Shared Materials 

Instrumentation Facility at Duke University for their help in sample characterization. 



v 
 

TABLE OF CONTENTS 

 

LIST OF TABLES ................................................................................................................. xiii 

LIST OF FIGURES ............................................................................................................... xiv 

ABBREVIATIONS ................................................................................................................ xix 

CHAPTER 1. INTRODUCTION ............................................................................................. 1 

1.1. Overview of electrospinning .......................................................................................... 1 

1.1.1. Introduction of electrospining ................................................................................. 1 

1.1.2. Types of nanofibers ................................................................................................. 4 

1.1.2.1. Polymer nanofibers .............................................................................................. 4 

1.1.2.2. Composite nanofibers .......................................................................................... 7 

1.1.2.3. Carbon nanofibers .............................................................................................. 10 

1.1.2.3.1. Electrospun CNFs based on PAN precusor ................................................. 10 

1.1.2.3.2. The applications of CNFs ........................................................................... 12 

1.2. Overview of DMFCs .................................................................................................... 14 

1.2.1. The history of fuel cells ......................................................................................... 14 

1.2.2. Types of Fuel Cells ................................................................................................ 16 

1.2.3. Applications of Fuel Cells ..................................................................................... 17 

1.2.4. Working Principle .................................................................................................. 18 



vi 
 

1.2.5. Comparison of PEMFCs and DMFCs ................................................................... 20 

1.2.6. Membrane Electrode Assembly of DMFCs .......................................................... 21 

1.2.6.1. Electrodes ........................................................................................................... 21 

1.2.6.2. Electrolyte .......................................................................................................... 25 

1.2.6.3. Gas diffusion Layer ............................................................................................ 27 

1.2.6.4. Fabrication of the MEA ..................................................................................... 28 

1.2.7. Reactions in DMFCs ............................................................................................. 30 

1.2.7.1. Methanol oxidation reaction (MOR) ................................................................. 31 

1.2.7.2. Oxygen reduction reaction (ORR) ..................................................................... 34 

1.2.8. Challenges of DMFCs ........................................................................................... 36 

1.2.8.1. Pt alloy catalysts ................................................................................................ 37 

1.2.8.1.1. Pt-Ru ........................................................................................................... 37 

1.2.8.1.2. Pt-Pd ............................................................................................................ 39 

1.2.8.1.3. Pt-Co ........................................................................................................... 40 

1.2.8.1.4. Pt-Fe ............................................................................................................ 43 

1.2.8.1.5. Pt-Ni ............................................................................................................ 45 

1.2.8.1.6. Other Pt-based alloy catalysts ..................................................................... 47 

1.2.8.2. Carbon nanotube- and nanofiber-supported catalysts ........................................ 47 

1.2.8.2.1. Chemical deposition.................................................................................... 48 

1.2.8.2.2. Electrodeposition ........................................................................................ 53 

1.2.8.2.3. Non-covalent method .................................................................................. 55 



vii 
 

1.2.8.2.4. Microwave heating process ......................................................................... 58 

1.2.8.2.5. Other methods ............................................................................................. 61 

CHAPTER 2. OBJECTIVES .................................................................................................. 62 

CHAPTER 3. OVERALL EXPERIMENTAL ....................................................................... 65 

3.1. Chemicals and reagents ................................................................................................ 65 

3.2. Synthesis of CNFs ........................................................................................................ 65 

3.3. Structural characterization ............................................................................................ 66 

3.4. Electrochemical performance ....................................................................................... 67 

CHAPTER 4. ANODE: CARBON NANOFIBER-SUPPORTED PLATINUM BY 

CHEMICAL DEPOSITION ................................................................................................... 68 

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

4.2. Experimental ................................................................................................................ 71 

4.2.1. Chemicals and reagents ......................................................................................... 71 

4.2.2. Synthesis of CNFs ................................................................................................. 72 

4.2.3. 1-AP functionalization and acid treatment of CNFs ............................................. 72 

4.2.4. Synthesis of Pt/CNFs ............................................................................................. 73 

4.2.5. Structural characterization of Pt/CNFs .................................................................. 73 

4.2.6. Electrochemical properties of Pt/CNFs ................................................................. 74 



viii 
 

4.3. Results and Discussion ................................................................................................. 75 

4.3.1. CNF treatment and Pt deposition .......................................................................... 75 

4.3.2. TEM images of Pt/CNFs ....................................................................................... 77 

4.3.3. Pt diameter distributions of Pt/CNFs ..................................................................... 79 

4.3.4. TEM images of Pt/1-AP-CNFs ............................................................................. 81 

4.3.5. XRD patterns of Pt/CNFs ...................................................................................... 82 

4.3.6. Raman spectra of Pt/CNFs .................................................................................... 84 

4.3.7. Electrochemical characterization of Pt/CNFs ....................................................... 85 

4.3.8. Electro-oxidation of methanol on Pt/CNFs ........................................................... 87 

4.3.9. Stability of Pt/CNFs .............................................................................................. 89 

4.4. Summary ...................................................................................................................... 91 

CHAPTER 5. ANODE: CARBON NANOFIBER-SUPPORTED 

PLATINUM-RUTHENIUM BY CHEMICAL DEPOSITION .............................................. 93 

5.1. Introduction .................................................................................................................. 94 

5.2. Experimental ................................................................................................................ 96 

5.2.1. Chemicals and reagents ......................................................................................... 96 

5.2.2. Synthesis of CNFs ................................................................................................. 97 

5.2.3. 1-AP-functionalization of CNFs ........................................................................... 97 



ix 
 

5.2.4. Synthesis of PtRu/CNF catalysts ........................................................................... 98 

5.2.5. Structural characterization of PtRu/1-AP-CNFs ................................................... 99 

5.2.6. Electrochemical properties of PtRu/CNFs ............................................................ 99 

5.3. Results and Discussions ............................................................................................. 100 

5.3.1. CNF treatment and PtRu deposition .................................................................... 100 

5.3.2. TEM images of PtRu/1-AP-CNFs ....................................................................... 104 

5.3.3. Structure comparison of PtRu/1-AP-CNFs and PtRu/AO-CNFs ........................ 105 

5.3.4. XRD patterns of PtRu/CNFs ............................................................................... 106 

5.3.5. XPS spectrum of PtRu/1-AP-CNFs .................................................................... 108 

5.3.6. Raman spectra of PtRu/1-AP-CNFs and PtRu/AO-CNFs .................................. 109 

5.3.7. Electrochemical characterization of PtRu/CNFs ................................................. 110 

5.3.8. Electro-oxidation of methanol on PtRu/CNFs .................................................... 112 

5.4. Summary .................................................................................................................... 114 

CHAPTER 6. ANODE: CARBON NANOFIBER-SUPPORTED PLATINUM BY 

ELECTRODEPOSITION-(I) ................................................................................................ 116 

6.1. Introduction .................................................................................................................... 117 

6.2. Experimental .............................................................................................................. 118 

6.2.1. Preparation of CNFs ............................................................................................ 118 



x 
 

6.2.2. Electrodeposition of Pt nanoparticles .................................................................. 119 

6.3. Results and Discussions ............................................................................................. 120 

6.3.1. FTIR spectra ........................................................................................................ 120 

6.3.2. TEM images ........................................................................................................ 121 

6.3.3. SEM images ........................................................................................................ 121 

6.3.4. Electrochemical performance of Pt/CNF nanocomposites ................................. 124 

6.4. Summary .................................................................................................................... 126 

CHAPTER 7. ANODE: CARBON NANOFIBER-SUPPORTED PLATINUM BY 

ELECTRODEPOSITION-(II) .............................................................................................. 127 

7.1. Introduction ................................................................................................................ 128 

7.2. Experimental .............................................................................................................. 130 

7.2.1. Chemicals and reagents ....................................................................................... 130 

7.2.2. Synthesis of carbon nanofibers ............................................................................ 130 

7.2.3. Electrodeposition of Pt onto carbon nanofibers .................................................. 131 

7.2.4. Electrochemical properties of Pt/carbon nanofibers ........................................... 131 

7.3. Results and Discussions ............................................................................................. 132 

7.3.1. Surface oxidation of carbon nanofibers in 1.0 M H2SO4 .................................... 132 

7.3.2. TEM images of carbon and Pt/carbon nanofibers ............................................... 134 



xi 
 

7.3.3. SEM images of Pt/carbon nanofibers .................................................................. 136 

7.3.4. Electrochemical characterization of Pt/carbon nanofibers .................................. 138 

7.3.5. Electro-oxidation of methanol on Pt/carbon nanofibers ...................................... 141 

7.4. Summary .................................................................................................................... 145 

CHAPTER 8. CATHODE: CARBON NANOFIBER-SUPPORTED 

PLATINUM-PALLADIUM BY ELECTRODEPOSITION ................................................ 146 

8.1. Introduction ................................................................................................................ 147 

8.2. Experimental .............................................................................................................. 148 

8.2.1. Chemicals and reagents ....................................................................................... 148 

8.2.2. Synthesis of CNFs ............................................................................................... 149 

8.2.3. Electrodeposition of Pt-Pd alloy particles onto CNFs ......................................... 149 

8.2.4. Characterization of Pt-Pd/CNFs .......................................................................... 150 

8.2.5. Electrochemical properties of Pt-Pd/CNFs ......................................................... 150 

8.3. Results and Discussion ............................................................................................... 151 

8.3.1. TEM images of CNFs and Pt-Pd/CNFs .............................................................. 151 

8.3.2. SEM images of Pt-Pd/CNFs ................................................................................ 154 

8.3.3. XRD Patterns and XPS analysis of Pt-Pd/CNFs ................................................. 157 

8.3.4. Electrodeposition mechanism of Pt-Pd/CNFs ..................................................... 159 



xii 
 

8.3.5. Oxygen reduction performance of Pt-Pd/CNFs .................................................. 161 

8.4. Summary .................................................................................................................... 163 

CHAPTER 9. CONCLUSIONS ........................................................................................... 165 

CHAPTER 10. FUTURE WORK ......................................................................................... 170 

REFERENCES ..................................................................................................................... 172 

 



xiii 
 

LIST OF TABLES 
 
 
Table 1.1. Electrospun Polymers and Corresponding Literature. ............................................. 5 
 
Table 1.2. Different fuel cells that have been realized and are currently in use or development.
................................................................................................................................................. 16 
 
Table 4.1. Electrochemical characteristics of Pt/AO-CNFs and Pt/1-AP-CNFs. Solution: 0.5 
M H2SO4 for EASA and 0.125 M CH3OH + 0.2 M H2SO4 for other characteristics. Scanning 
rate: 5 mV·s-1. .......................................................................................................................... 87 
 
Table 5.1. Electrochemical characteristics of PtRu/AO-CNFs and PtRu/1-AP-CNFs. 
Solutions: 0.5 M H2SO4 for EASA and 0.125 M CH3OH + 0.2 M H2SO4 for other 
characteristics. Scanning rate: 5 mV s-1. The metal loading is 75 wt%. ................................ 114 
 
Table 7.1. Charge quantities and electrochemically active surface areas of Pt/carbon 
nanofibers with different deposition durations. Solution: 0.20 M H2SO4. Scanning rate: 50.0 
mV·s-1. ................................................................................................................................... 139 
 
Table 7.2. Electrochemical characteristics of Pt/carbon nanofibers with different deposition 
durations. Solution: 0.125 M CH3OH + 0.20 M H2SO4. Scanning rate: 5.0 mV·s-1. ........... 142 
 
Table 8.1. Quantitative data of Pt-Pd alloy particles in Pt-Pd/CNF nanocomposites from EDS 
and XPS analysis................................................................................................................... 153 
 
Table 8.2. Electrochemical characteristics of Pt-Pd/CNF composites with different deposition 
durations. Solution: oxygen-saturated 0.1 M HClO4 at 25 oC. Scanning rate: 5.0 mV·s-1. .. 163 

 
   



xiv 
 

LIST OF FIGURES 
 
 
Figure 1.1. Schematic illustration of a typical setup for the electrospinning. .......................... 1 
 
Figure 1.2. SEM image of typical electrospun nanofibers. ....................................................... 3 
 
Figure 1.3. Schematic illustration of the oxidation of PAN nanofibers at 250-300 oC in air 
environment (a), and the subsequent carbonization at 600-1300 oC in inert atmosphere (b). . 11 
 
Figure 1.4. Schematic of the fuel cell voltage versus current density (a) and the power density 
versus current density (b). ....................................................................................................... 19 
 
Figure 1.5. Schematic illustration of the Membrane Electrode Assembly (MEA) in a DMFC.
................................................................................................................................................. 22 
 
Figure 1.6. Schematic illustration of the three-phase boundary formed by the reactant liquid 
and gas, the catalyst particle, and the ionic conductor in a porous electrodes of a MEA. ...... 23 
 
Figure 1.7. Oxygen reduction and undesired methanol oxidation with internal short circuit 
created by crossover at the cathode. ....................................................................................... 26 
 
Figure 1.8. The model procedures of the MEA fabrication. ................................................... 29 
 
Figure 1.9. Schematic illustration of possible reaction paths and possible reaction products 
for the methanol oxidation (˝*˝ indicates the intermediate product). ..................................... 31 
 
Figure 1.10. Schematic illustration of possible intermediates and their chemical potentials for 
the ORR. ................................................................................................................................. 35 
 
Figure 1.11. Cyclic voltammetry of PtxRuy electrodes in a 1.0 M CH3OH + 0.5 M H2SO4 
solution at 25 °C (A). Scan rate is 0.01 V s-1. Plot (B) of current from (A) versus Ru 
composition at substrate potentials of 0.55 and 0.75 V. ......................................................... 38 
 
Figure 1.12. Comparison of electrocatalytic properties of the Pd-Pt nanodendrites, Pt/C 
catalyst (E-TEK), and Pt black (Aldrich). .............................................................................. 40 
 
Figure 1.13. Polarization curves for the oxidation of an equal volume mixture of 1 M 
methanol + 1 M KOH solutions at room temperature by Pt/C and Pt-Co/C. ......................... 42 
 
Figure 1.14. Polarization curves of the ORR in Tafel coordinates obtained on a thin layer 
rotating disk electrode in 0.5 M H2SO4, 60°C: HiSPEC(40 wt% Pt, 1), and Pt-Co-Cr (20 wt% 
Pt, 2). ....................................................................................................................................... 43 



xv 
 

 
Figure 1.15. Mass activity (□), (110/111) peak ratio (○), and dissolution loss of total Cu and 
Fe (∆) plotted against heating time at 900 °C in Pt-Fe-Cu catalysts. ..................................... 44 
 
Figure 1.16. TEM images of Pt-Ru-Ni nanoparticles prepared by the water-in-oil 
microemulsion (a), and histograms of particles (b). ............................................................... 46 
 
Figure 1.17. Scheme of the mechanism of Pt deposition via the oxidation of HNO3 + H2SO4 
on CNTs. ................................................................................................................................. 49 
 
Figure 1.18. A. TEM images of Pt/CNT composite with different Pt content: 40.6 (a, inset: 
enlarged image of panel a), 24.0 (b), 19.1 (c), and 3.1 wt% (d). B. Cyclic voltammograms of 
the methanol oxidation on Pt/CNT composites and commercial E-TEK Pt/C catalyst in 2 M 
CH3OH + 1 M H2SO4 at 20 mV S-1 at room temperature. ...................................................... 50 
 
Figure 1.19. TEM micrographs of Pt/ CNTs prepared by the HCHO method (a) and the EG 
method (b), respectively, and Pt/XC-72 prepared by the EG method (c). .............................. 51 
 
Figure 1.20. I-V curves comparing the performance of Pt-Ru nanocomposites at a loading of 
1.5 mg cm-2 with (triplicate) and without (solid line) CNF supports as anode catalysts in 
DMFCs. ................................................................................................................................... 53 
 
Figure 1.21. Schematic diagram illustrating the procedure of electrodepositing Pt 
nanoparticles onto a CNT or CNF. .......................................................................................... 54 
 
Figure 1.22. SEM images of as prepared Pt/CNF electrode using multi-cycle CVs in 2.0 M 
H2PtCl6 + 0.5 M H2SO4 solutions (a), and Pt/CNFs prepared with the electrodeposition 
potentials -0.2 V (vs. Ag/AgCl/4.0 M KCl) in 5.0 mM H2PtCl6·xH2O + 1.0 M H2SO4 
solutions (b). ........................................................................................................................... 54 
 
Figure 1.23. Cyclic voltammograms of Pt/RuO2·xH2O/CNT (a), PtRu/Vulcan (b), Pt/CNT (c), 
and Pt/Vulcan (d). ................................................................................................................... 56 
 
Figure 1. 24. SEM image of a Pt-loaded CNF mat and its optical micrograph in the inset (a), 
and TEM image of a Pt-loaded CNF and its cross section in the inset (b). ............................ 57 
 
Figure 1.25. CVs of methanol electrooxidation over the microwave synthesized Pt/CNTs and 
E-TEK Pt/C catalysts in 2 M CH3OH + 1 M H2SO4 at a scan rate of 20 mV s−1 at room 
temperature. ............................................................................................................................ 59 
 
Figure 1.26. Electrocatalytic activity of Pt-Ru catalysts loaded on platelet (a), herringbone (b), 
tubular CNFs (c), and carbon black Vulcan XC72R (d). Open and solid symbols represent 
voltage and power density, respectively. ................................................................................ 60 



xvi 
 

 
 
Figure 4.1. Schematic diagram of the synthesis of Pt/UT-CNFs (a), Pt/AO-CNFs (b), and 
Pt/1-AP-CNFs (c).................................................................................................................... 76 
 
Figure 4.2. TEM images of UT-CNFs (a), Pt/UT-CNFs (b), Pt/AO-CNFs (c), Pt/1-AP-CNFs 
(d), and high resolution TEM image (e) and EDS spectrum (f) of Pt/1-AP-CNFs. Inset in (e) 
is the electron diffraction pattern. The Pt loading amount is 20 wt %. ................................... 78 
 
Figure 4.3. Diameter distributions of Pt nanoparticles on Pt/UT-CNFs (a), Pt/AO-CNFs (b), 
and Pt/1-AP-CNFs (c). The Pt loading amount is 20 wt%. .................................................... 80 
 
Figure 4.4. TEM images and Pt diameter distributions of Pt/1-AP-CNFs with Pt loading 
amount of 40 (a) and 60 (b) wt%, respectively. ...................................................................... 82 
 
Figure 4.5. XRD profiles of Pt/AO-CNFs (a) and Pt/1-AP-CNFs (b). ................................... 83 
 
Figure 4.6. Raman spectra of Pt/UT-CNFs (a), Pt/AO-CNFs (b), and Pt/1-AP-CNFs (c). .... 84 
 
Figure 4.7.  Current-potential curves of Pt/AO-CNFs (a) and Pt/1-AP-CNFs (b) in 0.5 M 
H2SO4 at 50 mV·s-1. ................................................................................................................ 86 
 
Figure 4.8.  Current-potential curves of Pt/AO-CNFs (a) and Pt/1-AP-CNFs (b) in 0.125 M 
CH3OH + 0.2 M H2SO4 at 5 mV·s-1. The Pt loading amount is 20 wt %. .............................. 88 
 
Figure 4.9. Stability of Pt/AO-CNFs (a) and Pt/1-AP-CNFs (b) in 0.125 M CH3OH + 0.2 M 
H2SO4 at 5 mV·s-1 from 0.0 to 1.0 V (vs. Ag/AgCl/4.0 M KCl). The Pt loading amount is 20 
wt %. ....................................................................................................................................... 90 
 
 
Figure 5.1. Schematic diagram of the deposition of PtRu electrocatalyst on 1-AP-CNFs. .. 100 
 
Figure 5.2. TEM images of CNFs (a), PtRu/1-AP-CNFs with metal loadings of 25 (b) and 50 
(c) wt%, high resolution TEM image and inserted electron diffraction pattern (d) and EDS 
spectrum (e) of PtRu/1-AP-CNFs (metal loading: 25 wt%). ................................................ 102 
 
Figure 5.3. Diameter distributions of PtRu nanoparticles on PtRu/1-AP-CNFs with the metal 
loadings of 25 (a) and 50 (b) wt%, respectively. .................................................................. 103 
 
Figure 5.4. TEM images and PtRu diameter distributions of PtRu/1-AP-CNFs (a) and 
PtRu/AO-CNFs (b), respectively. The metal loading is 75 wt%. ......................................... 105 
 
Figure 5.5. XRD profiles of CNFs (a), PtRu/AO-CNFs (b), and PtRu/1-AP-CNFs (c). The 



xvii 
 

metal loading is 75 wt%. ....................................................................................................... 107 
 
Figure 5.6. XPS spectrum of PtRu/1-AP-CNFs in the binding energy of 250-550 eV. The 
metal loading is 75 wt%. ....................................................................................................... 108 
 
Figure 5.7. Raman spectra of CNFs (a), PtRu/AO-CNFs (b), and PtRu/1-AP-CNFs (c). The 
metal loading is 75 wt%. ....................................................................................................... 109 
 
Figure 5.8.  Current-potential curves of PtRu/AO-CNFs (a) and PtRu/1-AP-CNFs (b) in 0.5 
M H2SO4 at 50 mV·s-1. The metal loading is 75 wt%. ........................................................... 111 
 
Figure 5.9.  Current-potential curves of PtRu/AO-CNFs (a) and PtRu/1-AP-CNFs (b) in 
0.125 M CH3OH + 0.2 M H2SO4 at 5 mV s-1. The metal loading is 75 wt%. ....................... 113 
 
 
Figure 6.1. Schematic diagram illustrating the procedure of electrodepositing Pt nanoparticles 
onto CNFs. ............................................................................................................................. 119 
 
Figure 6.2. FTIR spectra of CNFs (a) and oxidized CNFs (b). ............................................ 120 
 
Figure 6.3. TEM images of CNFs (a), Pt/CNFs (b, c), and EDS spectrum of Pt/CNFs (d).  
Electrodeposition potential: -0.2 V. ....................................................................................... 122 
 
Figure 6.4. SEM images and diameter distributions of Pt/CNFs prepared with different 
electrodeposition potentials: (a) -0.2, (b) 0.0, and (c) +0.2 V. .............................................. 123 
 
Figure 6.5.  Current density-potential curves of CNF (a) and Pt/CNF (b) electrodes in the 
0.125 M methanol + 0.20 M sulfuric acid solution at 5.0 mV s-1. The inset shows the 
normalized curves of three Pt/CNF electrodes prepared with different electrodeposition 
potentials: (a) -0.2, (b) 0.0, and (c) +0.2 V. ........................................................................... 125 
 
 
Figure 7.1. SEM image of carbon nanofibers before surface oxidation. .............................. 133 
 
Figure 7.2. Surface oxidation of carbon nanofibers in 1.0 M H2SO4 at the scan rate of (a) 10.0, 
(b) 25.0, (c) 50.0, (d) 75.0, (e) 100.0 mV·S-1, respectively. The relationship between anodic 
peak current (Ipa) and scan rate is shown in the inset. ......................................................... 134 
 
Figure 7.3. TEM images of carbon (a) Pt/carbon (b, c) nanofibers, and EDS spectrum of 
Pt/carbon nanofibers (d).  Deposition time: 1.0 hr. ............................................................. 135 
 
Figure 7.4. SEM images of Pt/carbon nanofibers prepared using different deposition 
durations (a. 0.5, b. 1.0, c. 2.0, d. and e. 3.0 hr).................................................................... 137 



xviii 
 

 
Figure 7.5. CV responses in 0.2 M H2SO4 for carbon and Pt/carbon nanofibers prepared 
using different deposition durations (a: 0.5, b: 1.0, c: 2.0, and d: 3.0 hr). Scanning rate: 50.0 
mV·s-1. ................................................................................................................................... 138 
 
Figure 7.6. CV responses in 5.0 mM K4[Fe(CN)6] + 0.1 M KCl for carbon and Pt/carbon 
nanofibers prepared using different deposition durations (a: 0.5, b: 1.0, c: 2.0, and d:. 3.0 hr).  
Scanning rate: 50.0 mV·s-1. ................................................................................................... 140 
 
Figure 7.7.  Current-potential curves of carbon (a) and Pt/carbon (b) in 0.125 M CH3OH + 
0.20 M H2SO4 at 5.0 mV·s-1. Deposition time: 1.0 hr. .......................................................... 141 
 
Figure 7.8. Anodic peak current as a functional of methanol concentration for Pt/carbon 
nanofibers in 0.50 M CH3OH + 0.20 M H2SO4 at 5.0 mV·s-1. Deposition time: 1.0 hr. ...... 143 
 
Figure 7.9. Anodic peak current density as a function of solution temperature for Pt/carbon 
nanofibers in 0.50 M CH3OH + 0.20 M H2SO4 at 5.0 mV·s-1. Deposition time: 1.0 hr. ...... 144 
 
 
Figure 8.1. TEM images of CNFs (a) and Pt-Pd/CNFs with different deposition durations of 
1.0 (b), 2.0 (c), and 4.0 (d) hours, respectively; and EDS spectrum (e) of Pt-Pd/CNFs with 
1.0 hour deposition. The insets in (b), (c), and (d) show the composites with larger 
magnification. ....................................................................................................................... 152 
 
Figure 8.2. SEM images of Pt-Pd/CNFs prepared with different deposition durations of 1.0 
(a), 2.0 (b), and 4.0 (c) hours. The insets in (a), (b), and (c) show the composites with larger 
magnification. ....................................................................................................................... 155 
 
Figure 8.3. Diameter distributions of Pt-Pd alloy particles in Pt-Pd/CNFs prepared with 
different deposition durations: 1.0 (a), 2.0 (b), and 4.0 (c) hours. Deposition potential: -0.2 V.
............................................................................................................................................... 156 
 
Figure 8.4. XRD patterns of CNFs (a) and Pt-Pd/CNFs (b). Deposition potential: -0.2 V. 
Deposition time: 1.0 hour. ..................................................................................................... 157 
 
Figure 8.5. XPS spectra of Pt-Pd/CNFs in the binding energy of 60-90 (a) and 280-350 (b) eV, 
respectively. Deposition potential: -0.2 V. Deposition time: 1.0 hour. ................................. 158 
 
Figure 8.6. CV responses in oxygen-saturated 0.1 M HClO4 at 25 oC on Pt40Pt60/CNFs (a), 
Pt50Pt50/CNFs (b), and Pt55Pt45/CNFs (c). Scanning rate: 5.0 mV·s-1. .................................. 161 



xix 
 

ABBREVIATIONS 

DMFCs 

Pt 

Ru 

Pd 

CNFs 

CNTs 

MWCNT 

SWCNT 

PAN 

PMMA 

PVP 

PEO 

PVC 

PI 

PE 

PS 

PVA 

PVB 

PC 

PBI 

Direct methanol fuel cells 

Platinum 

Ruthenium 

Palladium 

Carbon nanofibers 

Carbon nanotubes 

Multi-walled carbon nanotubes 

Single-walled carbon nanotube 

Polyacrylonitrile 

Poly(methyl methacrylate) 

Poly (vinyl pyrrolidone) 

Poly (ethylene oxide) 

Polyvinylchloride 

Polyimide 

Polyethylene 

Polystyrene 

Polyvinyl alcohol 

Polyvinylbutyral 

Propylene carbonate 

Polybenzimidazole 



xx 
 

SBS 

DMF 

THF 

LIBs 

CV 

SHE 

MEA 

GDL 

MOR 

ORR 

1D 

2D 

3D 

Co 

Fe 

Ni 

Cr 

Os 

Sn 

Cu 

Rh 

HNO3 

Stryrene-butadiene-styrene 

N,N-dimethylformamide 

Tetrahydrofuran 

Lithium-ion batteries 

Cyclic voltammogram 

Standard hygroden electrode 

Membrane electrode assembly 

Gas diffusion layer 

Methanol oxidation reaction 

Oxygen reduction reaction 

One-dimensional 

Two-dimensional 

Three-dimensional 

Cobalt 

Iron 

Nickle 

Chromium 

Osmium 

Tin 

Copper 

Rhodium 

Nitric acid 



xxi 
 

H2SO4 

EG 

HCHO 

H2PtCl6 

RuCl3 

(NH4)2PdCl6 

1-AP 

K4[Fe(CN)6 

CH3OH 

HClO4 

ATR-FTIR 

XRD 

FESEM 

TEM 

EDS 

EASA 

KCl 

Sodium borohydride 

1-AP-CNFs 

AO-CNFs 

UT-CNFs 

Sulfuric acid 

Ethylene glycol 

Methanal 

Chloroplatinic acid 

Ruthenium chloride 

Ammonium hexachloropalladate 

1-aminopyrene 

Potassium hexacyanoferrate (II) 

Methanol 

Perchloric acid 

Attenuated total reflection fourier transform infrared 

X-ray diffraction 

Field emission scanning electron microscopy 

Transmission electron microscopy 

Energy dispersive X-ray spectroscopy 

Electrochemically active surface area 

Potassium chloride 

NaBH4 

1-aminopyrene functionalized CNFs 

Acid-treated CNFs 

Un-treated CNFs  



1 
 

CHAPTER 1. INTRODUCTION 

 

1.1. Overview of electrospinning 

 

1.1.1. Introduction of electrospining 

 

One-dimensional (1D) nanostructrues with a variety of forms, such as nanotubes, nanowires, 

nanobelts, and nanofibers, have attracted much attention in recent years because of their  

 

 

 

Figure 1.1. Schematic illustration of a typical setup for the electrospinning. 
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novel structures, interesting properties, and fascinating potential applications in many 

areas.[1-3] Among various 1D nanostructures, nanofibers, with diameters ranging from tens 

of nanometers to several micrometers, have been a subject of intensive research for various 

applications, such as composite systems, thin filters, and biomedical applications.[4-7] Many 

methods have been developed to fabricate nanofibers, such as templating,[8, 9] 

self-assembly,[10, 11] phase separation,[12] and electrospinning.[13-16] Among them, 

electrospinning, which produces continuous nanofibers through the action of an external 

electric field imposed on a solution or melt, has been considered as a simple and effective 

method to produce nanofibers.  

 

Figure 1.1 shows the schematic illustration of a typical setup of electrospinning equipment. 

Generally, the electrospinning equipment consists of three components: a high-voltage power 

supply, a spinneret, and a collector. Direct current power supply is typically used in the 

electrospinning, though the use of alternating current power supply is also possible.[17, 18] 

The spinneret was connected to a syringe filled with polymer solution or melt, which was 

pushed by a syringe pump. Under the external high voltage, a pendent droplet of polymer 

solution or melt at the nozzle of the spinneret became highly electrified, and the induced 

charges on the surface made the droplet deformed into a Taylor cone. When the applied 

electric field overcomes the surface tension of the droplet, a charged stream of polymer 

solution or melt was ejected. The stream grows longer and thinner because of bending 

instabilities or splitting until it was deposited on the collector in the form of nanofibers. A 

typical diameter of electrospun nanofibers is ranging from tens of nanometers to a few 
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micrometers,[17, 19] as shown in Figure 1.2. 

 

 

 

Figure 1.2. SEM image of typical electrospun nanofibers. 

 

The origin of electrospinning can be traced back to the early 1930s, when Formhals patented 

his first invention relating to an apparatus for producing artificial filaments using electric 

charges.[20, 21] However, it was difficult to completely dry the fibers after spinning because 

of the short distance between the spinning and collection zones, and a less aggregated web 

structure. In the 1960s, fundamental studies on the jet forming process were initiated by 

Taylor, who studied the shape of the polymer droplet produced at the tip of the needle when 

an electric field is applied.[22] The shape is a cone and the jets are ejected from the vertices 

of the cone, which was referred as the “Taylor Cone.” In the 1970s, Baumgarten reported the 

electrospinning of acrylic fibers with nanoscale diameters.[23] However, at that time, the 

focus of this technology was shifted to studying the structural morphology of nanofibers, this 

technology has not received much more academic attention after a decade. In the 1990s, a 
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major upsurge in research on the electrospinning took place due to increased knowledge on 

the potential applications of nanofibers in various areas, such as high efficiency filter media, 

catalyst substrates, protective clothing, and adsorbent materials.[21] 

 

1.1.2. Types of nanofibers 

 

The electrospinning has demonstrated the fabrication of a broad range of thin fibers, such as 

polymer nanofibers, composite nanofibers, and ceramic nanofibers, which have charming 

applications in various fields due to their unique features and properties, such as high surface 

area, complex porous structure, and extremely long fiber length.[3, 16, 24, 25] The scope of 

possibilities presented by electrospinning encompasses a multitude of new and interesting 

concepts, which are developed at breakneck speed. The following subsections show several 

types of electrospun nanofibers reflected by the skyrocketing numbers of scientific 

publications and patents.  

 

1.1.2.1.  Polymer nanofibers 

 

Research activities on the electrospinning of polymer nanofibers have been conducted with 

different polymeric solutions and melts. Polymers with attractive chemical, mechanical, and  
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Table 1.1. Electrospun Polymers and Corresponding Literature.[21] 

 

No Polymer Solvent Comments 
1 Polyethylene 

oxide 
 

Water/chloroform 
 

Jaeger et al. studied the morphological 
characteristics of electrospun 
polymeric fibers in the diameter range 
of 200–800 nm.[26] 

2 Polyethylene 
terephthalate 

Mixture of 
dichloromethane 
and trifluoroacetic 
acid. 

Reneker and Chun demonstrated the 
spinning of polyethylene terephthalate 
fibers of 300 nm in diameter with 
cylindrical structures.[19] 

3 Polyaniline/PEO 
blends 
 

Chloroform 
 

Norris et al. produced fine fibers with 
desired conductivity by using 
Polyaniline/PEO polymeric blends. 
The fiber diameters were in the range 
of 950 nm to 2.1 µm.[27] 

4 Polystyrene 
 

Tetrahydrofuran 
(THF) 

MacDiarmid et al. have electrospun 
polystyrene using THF as a solvent to 
produce nanofibers with a minimum 
diameter of 16 nm and an average 
diameter of 30.5 nm.[28]  

5 Polybenzimidazole 
(PBI) 
 

N,N-Dimethyl 
Acetamide 
 

Kim and Reneker electrospun aromatic 
heterocyclic PBI polymer by 
electrospinning and produced 
birefringent fibers of approximately 
300 nm in diameter.[29] 

6 Nylon 6 and 
Nylon 
6-montmorillonite 
(NLS) 
 

1,1,1,3,3,3-hexa 
fluoro-2-Propanol 
(HFIP) and 
DMF 
 

Fong et al. experimented with the 
spinning of NLS with HFIP and DMF 
and observed cylindrical fibers along 
with some ribbon shaped fibers with 
thickness of 100–200 nm and width of 
10 µm.[30] 
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Table 1.1. Continued 

 

No Polymer Solvent Comments 
7 Polyvinyl chloride 

 
THF, DMF 
 

Lee et al. studied the effect of volume 
ratio of mixed solvents on the structure 
and morphology of electrospun 
fibers.[31] 

8 Polyurethane 
 

DMF Demir et al. prepared polyurethane 
urea copolymer solution in DMF and 
observed that the average fiber 
diameter (AFD) increases with the 
solution concentration.[32] 

9 Polycaprolactone 
 

Acetone Reneker et al. studied the onset of the 
bending instability during spinning and 
observed the formation of a closed 
single and double loop fiber structure 
called “Garland‘.[33] 

10 Styrene-Butadiene- 
Styrene (SBS) 
triblock copolymer 
 

75% THF and 25% 
DMF 
 

Fong and Reneker examined the 
morphology of fibers with respect to 
micro phase separation and 
experimented with annealing for 
accelerating the ordering process and 
stress relaxation.[34] 

11 Poly-L-Lactide 
 

Dichloromethane 
 

Zeng Jun et al. electrospun PLA fibers 
and observed the cylindrical 
morphology of fibers with diameters 
ranging from 800 nm-2400 nm.[35] 

 

electrical properties like high conductivity, high chemical resistance, and high tensile 

strength have been spun into ultrafine fibers by the electrospinning process and their 

potential applications in many areas like drug delivery, membrane filtration, optical fibers, 
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tissue scaffolds, sensors, and energy storage have been examined.[36-39] Some types of the 

polymers, including synthetic and biodegradable polymer, are summarized in Table 1.1 for a 

quick and cursory review according to their corresponding literature. 

 

1.1.2.2.  Composite nanofibers 

 

Composite nanofibers, consisted of nanoscale polymer matrix and inorganic fillers, can 

combine both the advantages of the polymer materials such as light weight, excellent 

flexibility, and good moldability, and of inorganic materials such as high strength, good heat 

stability, and high chemical resistance.[25, 38] As a result, these composite nanofibers have 

improved the mechanical, electrical, optical, thermal, and magnetic properties of materials, 

and hence they can be excellent candidates for multi-functional applications that include 

tissue engineering, biomedical devices, semiconductor nanowire synthesis, membrane 

filtration, and energy conversion and storage systems.[3, 39]  

 

In tissue engineering, the biomedical role of nanofibers has extended into various specific 

applications. For example, biodegradable polymers can be directly electrospun onto an 

injured location of skin to form a fibrous mat dressing. The further introduction of composite 

materials into the electrospun mats can amplify their functionality by strategic incorporation 

of specific species. For example, Fujihara et al., synthesized a new type of guided bone 

regeneration membranes by electrospinning polycaprolactone (PCL) and PCL/CaCO3 
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composite nanofibers.[40] They concluded that membranes rich in PCL had better cell 

attachment and proliferation than those of CaCO3 rich membranes. Another example is that, 

synthetic polymer/DNA composite scaffolds for therapeutic application in gene delivery 

were electrospun from poly(lactide-co-glycolide) (PLGA) and 

poly(D,L-lactide)-poly(ethylene glycol) (PLA-PEG).[41] Variations in the PLGA to 

PLA-PEG ratio were observed to vastly affect the overall structural morphology, rate and 

efficiency of DNA release from 68 to 80% of the initially loading. The synthetic tensile 

moduli and strain resemble those of skin and cartilage. 

 

Semiconductor nanowire is the next category of electrospun composites, which has also 

expanded possible applications for nanofibers. For example, 1D metal oxides have been 

extensively researched due to their improved electro-optical, electro-chromic, ferroelectric, 

catalytic, and gas sensing properties. The first report of electrospinning metal oxide 

composite fibers was made by Dai et al., in 2002.[42] Alumina borate solution, which was 

mixed with polyvinyl alcohol (PVA) to form a viscous gel, was electrospun. Composite 

nanofibers were calcinated above 1000 oC to form pure Al4B2O9, Al18B4O33, and stable phase 

of α-Al2O3. Titanium dioxide (TiO2) was the next metal oxide electrospun into composite 

nanofibers by Li et al. in 2003.[43] Titania sol-gel was directly added to an alcohol solution 

containing polyvinylpyrrolidone (PVP) and electrospun to form composite nanofibers. Pure 

metal oxide nanofibers were achieved by a heat treatment at 500 oC in air for 3 hours. 

Moreover, many other metal oxides, such as MoO3/WO3,[44] Co3O4,[45] and SiO2,[46] have 

also been reported on the preparation of composite nanofibers through electrospinning.  
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Moreover, composite nanofibers have also been widely used in other topics of nanofiber 

research, such as membrane filtration application and structural-strengthening composite 

synthesis. For example, Hsu et al. reported that composite nanofibers have an advantage of 

being electrostatically charged to modify the ability of electrostatic attraction of particles 

without increasing pressure drop to further improve filtration efficiency.[47] In order to 

prepare composite nanofibers with desirable mechanical and electrical properties, carbon 

nanotubes (CNT) and other materials are arguably the most fascinating materials to be 

dispersed in a nanofiber matrix to form composite materials. The electrospinning process was 

used by Ayutsede et al. to prepare CNT-reinforced spider silk.[48] With strengths 

approaching 4GPa and a strain-to-failure exceeding 35%, spider silk has been recognized as a 

model of a strong, tough fiber. Single wall carbon nanotubes (SWCNTs) were successfully 

dispersed in transgenic spider silk with various combinations of silk proteins to form 

spinning dope for electrospinning. The mechanical properties of the SWNT-reinforced fibers 

show an increase in Young’s modulus up to 460% in comparison with the un-reinforced 

aligned fiber with only 0.5-5 wt% of SWNT in a silk matrix. Moreover, Reneker et al., 

observed for the first time that the orientation of the CNTs within the nanofibers was much 

higher than that of the PAN polymer crystal matrix.[49] This suggests that not only surface 

tension and jet elongation but also slow relaxation of the CNTs in the nanofibers is a 

determining factor in the orientation of CNTs.  
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1.1.2.3. Carbon nanofibers 

 

To date, many polymers have been electrospun to form ultrafine fibers as precursors for 

carbon nanofibers (CNFs), including polyethylene oxide, nylon, polyethylene glycol, 

polyethylene terephthalate, and polyacrylonitrile.[26, 27, 50, 51] Among these polymers, 

polyacrylonitrile (PAN) is a relatively tough, insoluble, and high-melting temperature 

polymer with good resistance to aging, chemicals, water, and cleaning solvents, which make 

it widely used in many applications such as engineering plastics, ultrafiltration membranes, 

and sensors.[52-56] Most importantly, PAN becomes an excellent precursor for producing 

carbon fibers because of its high dielectric constant and high carbon yield, and the resultant 

carbon fibers are suitable for a wide range of applications ranging from lithium ion batteries, 

fuel cells, to biological/chemical sensors.[57-60] Thererfore, compared with other polymer 

carbon precursors, such as pitch and rayon, PAN-based fibers are the most suitable precursors 

for producing high-performance carbon fibers. 

 

1.1.2.3.1. Electrospun CNFs based on PAN precusor 

 

CNFs can be produced by thermally treating electrospun PAN nanofibers. The process of 

converting PAN nanofibers to CNFs is typically achieved by chemically modifying its 

structure through two heat treatment steps, the oxidation of PAN at 250-300 oC in air 

environment and subsequent carbonization at 600-1300oC in inert atmosphere (Figure 1.3).  
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Figure 1.3. Schematic illustration of the oxidation of PAN nanofibers at 250-300 oC in air 

environment (a), and the subsequent carbonization at 600-1300 oC in inert atmosphere (b). 
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As shown in Figure 1.3a, PAN becomes a crosslinked structure through dehydrogenation and 

cyclization reactions, and the resultant fibers are called as oxidized PAN nanofibers.[54] The 

oxidized PAN nanofibers are then heat treated in an inert atmosphere, such as nitrogen or 

argon, at 600-1300 oC (Figure 1.3b). During this process, the non-carbon elements are 

removed in the forms of methane, hydrogen, hydrogen cyanide, water, carbon dioxide, and 

ammonia etc.,[54] which result in the formation of CNFs. The resultant CNFs have higher 

density, reduced diameter, and 40-50 % of their original weight compared to the original 

PAN nanofibers.[61, 62] The CNFs can be directly used in this state, or can undergo 

additional heat treatments up to 3000 oC to yield graphitic structures.[63] 

 

1.1.2.3.2.  The applications of CNFs 

 

CNFs have been used in various areas, such as reinforced composites, biosensor, and 

rechargeable lithium-ion batteries (LIBs), due to their special physical and chemical 

properties (e.g., high conductivity, large surface area, inherent and induced chemical 

functionalities, and good biocompatibility).  

 

In the case of CNF-reinforced composites, Tandon et al. enhanced the thermomechanical 

properties of conventional aerospace materials IM7 by making carbon nanofiber-reinforced 

composites (IM7/CNFs) using the filament winding technique.[64]  Finegan et al. improved 

the strength and stiffness of polypropylene (PP) by incorporating CNFs in a PP matrix.[65]  
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Prolongo et al. synthesized epoxy/CNF composites with different proportions of CNFs 

functionalized with amino group.[66] It was found that the CNF dispersion is enhanced with 

the functionalization process up to nanofibers contents of 1 wt%, and the addition of CNFs 

causes increases in the coefficient of thermal expansion and the glassy storage modulus of 

composites. 

 

Potentially, CNF-based biosensors have extensive applications, e.g., glucose and hydrogen 

peroxide biosensors. Wu et al. reported a CNF-based amperometric glucose sensor with 

excellent catalytic activity of soluble CNFs, which was obtained with a simple nitric-acid 

treatment and with electro-reduction of dissolved oxygen at a low operating potential.[67] Li 

et al. studied the effect of CNF microstructure on the electrochemical sensing of hydrogen 

peroxide.[68] Three types of CNFs, e.g., platelet-like CNFs (PCNFs), fish-bone-like CNFs 

(FCNFs), and tube-shaped CNFs (TCNFs), were investigated, and the results revealed 

significant diversity of electrocatalytic activity of these CNFs toward the oxidation of 

hydrogen peroxide, which could have resulted from differences of the CNFs in morphology, 

texture, and crystalline structure. 

 

To increase energy and power densities as well as other electrochemical performance of 

rechargeable lithium-ion batteries (LIBs), novel carbon nanomaterials as CNFs, have been 

considered as promising candidates for anode materials in rechargeable LIBs.[69-71]  For 

example, Kim et al. reported the fabrication of electrospun CNFs, which have a capacity of 

450 mAh g-1,[72] however, this capacity is still relatively low. Many approaches to improve 
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the electrochemical performance of CNFs have been used to incorporate them with 

higher-capacity anode materials. For examples, Fan et al. reported an ordered, nanostructured 

SnO2/carbon composite, which displayed better cycling performance than that of nanosized 

counterparts without carbon matrix.[73] These hybrid materials delivered an initial charge 

capacity of 1347 mAh g-1 and a subsequent capacity of more than 500 mAh g-1. Wu et al. 

electrochemically synthesized manganese oxide electrodes composed of interconnected 

nanowires from manganese acetate solution at room temperature without any template and 

catalyst.[74, 75] The reversible capacity of such materials is about 600 mAh g-1 after 

annealing at 100 °C, and the electrodes’ reversible capacity reaches 800 mAh g-1after 

annealing at 300 °C, which remains nearly constant even after 100 cycles. 

 

In addition to the applications mentioned above, CNF-based materials are playing an 

increasingly important role in many other fields, e.g., catalysis, electrical and optical systems, 

fuel cells, solar cells, and supercapacitors.[39, 76, 77] 

 

1.2. Overview of DMFCs 

 

1.2.1. The history of fuel cells 

 

The concept of fuel cell has existed for more than a hundred years and has attracted more and 
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more attention in recent decades due to high-energy demands, fossil fuel depletions, and 

environmental pollution throughout the world. The first fuel cell was reported in 1838 by 

William Robert Grove, who discovered that when arranging two platinum electrodes with 

one end of each immersed in a container of sulfuric acid and the other ends separately sealed 

in containers of oxygen and hydrogen, a constant current would flow between the electrodes. 

Then he combined several of these cells in a series circuit and called it a "gas battery".[78] In 

the 1880s, designs for workable gas batteries began to emerge from laboratories in Europe 

and the US. In 1889, Mond and Carl Langer described their experiments with a fuel cell 

using coal-derived ‘Mond-gas’ and attained 6.45 mA cm-2 at 0.73 V vs. SHE.[79] However, 

the poisons caused by the impurities of hydrogen and the high cost of Pt catalyst made the 

fuel cell impractical. It should be noted that these challenges are still faced by the present 

fuel cell industry. Despite these challenges, there were still many researchers worked on the 

possibility of converting coal or coal gas directly into electricity by use of the ‘gas battery’. It 

wasn’t until 1933 that direct coal fuel cells were principally abandoned in favor of alkali 

electrolyte fuel cells, also named “Bacon Cell” now. In 1939, Bacon built a cell that used 

nickel gauze electrodes and operated it under pressure as high as 3000 psi, and in 1958 he 

also demonstrated an alkali fuel cell in a stack of 10-inch diameter electrodes using alkali 

electrolytes, which was settling on potassium hydroxide instead of using acid electrolytes.[80, 

81] Though expensive, Bacon's fuel cell proved reliable enough to attract the attention of the 

U.S. space program of National Aeronautics and Space Administration (NASA) in the 1960s. 

The space program gave fuel cells a kick-off development and successfully used them in 

supplying energy for space vehicles. Currently, researchers, who are developing various fuel 
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cells for automobiles, buses, and cell phone towers etc., are expecting to see that fuel cells 

could play a practical and realistic role in the generators of power for all manner of electrical 

devices in a clean, quiet and petroleum-free way.[82, 83] 

 

1.2.2. Types of Fuel Cells 

 

Table 1.2. Different fuel cells that have been realized and are currently in use or 

development.[84] 

 

 AFC PEMFC DMFC PAFC MCFC SOFC 

Operating 

temp.[85] 
<100 60-120 60-120 160-220 600-800 800-1000 

Anode 

reaction 

H2+2OH-→ 

2H2O+2e- 
H2→2H++2e- 

CH3OH+H2O→ 

CO2+6H++6e- 
H2→2H++2e- 

H2+CO3
2-→ 

H2O+CO2+2e- 

H2+O2-→ 

H2O+2e- 

Cathode 

reaction 

1/2O2+H2O+2e-

→2OH- 

1/2O2+H++2e-

→H2O 

3/2O2+6H+ + 6e-

→3H2O 

1/2O2+2H++2e-→ 

H2O 

1/2O2+CO2+2e- → 

CO3
2- 

1/2O2+2e-→ 

O2- 

Applications 

Transportation 

Space 

Military 

Energy storage systems 

Combined heat and 

power for 

decentralized 

stationary power 

systems 

Combined heat and power for stationary 

decentralized systems for transportation

Realized 

Power 

Small plants 

5-150kW 

Small plants 

5-250kW 

Small plants 

5kW 

Small-medium 

plants 

50kW-11MW 

Small plants 

100kW-2MW 

Small plants 

100-250kW 

Charge 

Carrier in 

Electrolyte 

OH- H+ H+ H+ CO3
2- O2- 
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The fuel cells can be classified according to the operating temperatures, which include 

low-temperature and high-temperature fuel cells. Low-temperature fuel cells are alkaline fuel 

cell (AFC), polymer electrolyte fuel cell (PEMFC), direct methanol fuel cell (DMFC) and 

phosphoric acid fuel cell (PAFC). The high-temperature fuel cells are operated at 

temperatures 600-1000 oC and two different types have been developed: molten carbonate 

fuel cell (MCFC) and solid oxide fuel cell (SOFC). An overview of different fuel cell types is 

given in Table 1.2 in order of increasing operating temperature.[84] 

 

1.2.3. Applications of Fuel Cells 

 

Fuel cells have been used extensively and successfully in the U.S. space program and now 

efforts are made to commercialize them in other applications. Possible applications of fuel 

cells are listed below.[86] 

 Transportation: 

• Buses and cars 

• Other vehicles 

 Portable electronics: 

• Laptops 

• Cell phones 

• Other portable electronics 

 Stationary power: 
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• Power generating stations 

• Auxiliary units 

• Distributed power generations 

• Combined heat and power generation systems 

 

1.2.4. Working Principle 

 

A fuel cell is an electrochemical cell where electrochemical reactions are characterized by 

the thermodynamic equilibrium potential described by the Nernst equation. Due to mixed 

potential formation and other parasitic processes, a fuel cell is always lowering in the 

thermodynamic value even under no-current conditions. When current flows, a deviation 

from the open circuit voltage, the overpotential, occurs corresponding to the electrical work 

performed by the cell. One limiting factor for the overpotential is the finite rate of reactions 

at the electrodes; others reasons, i.e., mass transport hindrance, are also present in the 

systems and are described in terms of potential losses.[84]  

 

For a redox reaction at one electrode, the current density (j) is given by the Butler-Volmer 

equation: 

 

j jO exp αAFη/RT exp αCFη/RT      (1.1) 
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where jO is the exchange current density, αA and αC the transfer coefficients for the anodic and 

cathodic reaction, respectively, F the Faraday constant, η the overpotential, R the molar, and 

T the temperature.  

 

The anode overpotential (ηa) and cathode overpotential (ηc) are: 

 

η  U j U ,  with ηa > 0 (the oxidation of fuel)       (1.2) 

η  U j U ,  with ηc < 0 (the reduction of oxygen)     (1.3) 

 

 

 

Figure 1.4. Schematic of the fuel cell voltage versus current density (a) and the power density 

versus current density (b).     
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where Ua (j) and Uc (j) are the exchange potentials of the anode and cathode, and Uo,a and Uo,c  

the thermodynamic equilibrium potentials of the anode and cathode, respectively.[87] The 

fuel cell voltage is the difference between the two half cell potentials, which is showed in 

Figure 1.4a. Due to the losses in both half cell reactions, the cell voltage is also not ideal and 

decreases with increasing current density. A typical graph of power density vs. current 

density plot is seen in Figure 1.4b, which is a useful representation in comparing the 

performance of different fuel cells. 

 

1.2.5. Comparison of PEMFCs and DMFCs 

 

Among low-temperature fuel cells, Proton Exchange Membrane Fuel Cells (PEMFCs) and 

Direct Methanol Fuel Cells (DMFCs) have been considered to be the most effective energy 

conversion devices in supplying reliable clean energy. PEMFCs transform the chemical 

energy liberated during the electrochemical reaction of hydrogen and oxygen to electrical 

energy. However, the production, storage, and transportation of hydrogen and the cost, 

reliability and durability issues have prevented PEMFCs from commercially available at the 

current technological stage.[88] DMFCs, using liquid and renewable methanol fuel, have 

been considered to be a good candidate of an effective energy conversion device in terms of 

fuel usage and feed strategies.[89, 90] Compared with PEMFCs, the capacity of the methanol 

storage and the magnitude of power density in DMFCs are much higher. Moreover, the liquid 

methanol fuel is easily stored and transported because it does not need high pressure or low 
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temperature since methanol is a liquid from -97.0 °C to 64.7 °C (-142.9 °F to 148.4 °F),[91] 

which simplifies the fuel cell system. 

 

1.2.6. Membrane Electrode Assembly of DMFCs 

 

A DMFC is an electrochemical device, in which methanol and oxygen are converted into 

waste products carbon dioxide and water, producing electricity and heat in the process. A 

typical DMFC consists of three basic components, e.g., electrodes, polymer electrolyte 

membrane, and gas diffusion layer (GDL), which are assembled into a Membrane Electrode 

Assembly (MEA) shown in Figure 1.5.[92] 

 

1.2.6.1. Electrodes 

 

The porous structure with catalyst at both the anode and cathode electrodes in DMFCs are 

always needed to ensure the reactant liquid and gas to reach the active zones where the 

catalyst is in contact with the ionic and electronic conductor. The catalyst is usually made of 

Pt particles dispersed in carbon materials, which allows for the oxidation of methanol and the 

reduction of oxygen. 
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Figure 1.5. Schematic illustration of the Membrane Electrode Assembly (MEA) in a DMFC. 

 

The requirement of a good electrode in a MEA is a three-phase boundary, where the reactant 

liquid and gas, the catalyst particles, and the ionic conductor have good contact with each 

other, which is showed in Figure 1.6. The catalyst particles always face the electrolyte and 

must be in direct contact with an electronic conductor to ensure effective electrons transfer 

during reactions. Carbon materials, which supply good electronic conductivity, are usually 

used as the supporter for the catalyst particles. Moreover, in order to ensure good contact of 

most catalyst particles with electrolyte as NafionTM, the three-phase boundary is always made 
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by impregnating the catalyst-support powder with a ionomeric binder (usually NafionTM 

solution) before assembling the electrodes onto the MEA.  

 

 

 

Figure 1.6. Schematic illustration of the three-phase boundary formed by the reactant liquid 

and gas, the catalyst particle, and the ionic conductor in a porous electrodes of a MEA. 

 

The anode in the MEA is a negatively charged electrode with the catalyst (e.g., Pt) dispersed. 

When methanol is fed into the electrode, it is oxidized on the surface of the catalyst to form 

protons and electrons, which is known as the Methanol Oxidation Reaction (MOR) . The 
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protons flow through the electrolyte to reach the cathode; at the same time, the electrons flow 

through the electrical circuit and reach the cathode, during which the electricity is produced.  

 

However, the major problem related to the anode electrode is CO poison, which occurs due 

to adsorption of the species to the active sites of the Pt catalyst particles so that no sites are 

available for further reaction with methanol.[93, 94] In order to reactivate the surface of Pt 

catalyst particles, CO needs to be further oxidized to CO2. 

 

In order to solve the problem of the CO poison, numerous research activities on different 

areas, such as new catalyst structure and catalyst support, have been conducted to develop 

novel CO-tolerant catalysts.[95-99] Among various CO-tolerant catalysts, the catalysts based 

on Pt-Ru alloys have been widely studied.[100-105] The mechanism of CO oxidation and 

CO tolerance on the surface of Pt-Ru catalysts has been investigated and clarified by several 

groups, which will be further discussed in detail in the following chapters. Among various 

catalyst supports, CNTs and CNFs have been widely investigated as the promising support 

materials in place of carbon black for catalysts in DMFCs, due to their unique 1-dimensional 

structure, high electronic and thermal conductivities, and good electrochemical stability.[106, 

107]  

 

The cathode in the MEA is a positively charged terminal, in which the electrons are 

conducted from the external circuit to meet with the protons and oxygen to form water 

molecules, which is known as Oxygen reduction reaction (ORR). This reaction, or 
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combination, is also realized on the surface of dispersed catalyst (e.g., Pt). 

 

ORR is fundamentally complex and very sensitive to electrode surfaces and the presence of 

other adsorbed species. The biggest issue associated with the ORR is its high over-potential 

during reaction, which subsequently results in the sluggish reaction kinetics. Until now, 

Pt-based catalysts are the superior material for the ORR, though a huge variety of catalysts 

have been investigated.[108-110] Moreover, many other factors, such as the composition and 

structure of Pt-based catalysts, catalyst particle size, and the support materials, can greatly 

influence the kinetics of the ORR at the cathode electrode. For example, Pt dispersed on 

carbon or other small Pt particles (such as colloids) exhibit a good performance toward the 

ORR.[111] Furthermore, due to the low operating temperature in DMFCs, the catalyst 

loadings for the ORR are significant to compensate for the slow reaction kinetics. Since pure 

oxygen is rarely available, air is often used in DMFCs as the cathode gas supply. As a result, 

the lower oxygen partial pressure in air leads to a decrease in activity compared to pure 

oxygen. More information on the ORR and its kinetics has been discussed in many literature 

papers, which will be further discussed in detail in the following chapters.  

 

1.2.6.2. Electrolyte  

 

In DMFC, the electrolyte is also known as the proton exchange membrane, which separates 

the anode from the cathode, and allows only the ionic flow and resists the electronic flow in 
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Methanol crossover is related to a number of factors, such as the types of membranes, the 

membrane permeability/thickness, the concentration of methanol in the fuel feed, the 

operating temperature, and the performance of the anode itself.[112-114] In order to decrease 

methanol crossover and improve the performance of DMFCs, many types of novel 

membranes, fluorinated and non-fluorinated membranes such as polybenzimidazole (PBI), 

sulfonated poly(ether-ether) ketone (sPEEK), and polystyrene [115], have been synthesized 

by various research groups.[116-119] For example, the XUSTM membrane is prepared by the 

co-polymerisation of tetrafluoroethylene and vinylene monomers by DowTM, which is 50 µm 

thinner in thickness and has less methanol crossover than NafionTM 117.[120] 

 

1.2.6.3. Gas diffusion Layer 

 

A gas diffusion layer (GDL), which is between the flow field of the bipolar plate and the 

reaction zone of the electrode active layer, is the place where direct and uniform access of 

fuel and oxidant to the catalyst layers occurs. In DMFCs, an effective mass transport of 

reactants to as well as of products from the reaction zone is always required to achieve high 

reaction rates, which stimulate each half reaction with minimal efficiency losses. 

Accordingly, the GDL is always designed to be porous to ensure a homogeneous and 

efficient mass transport over the whole active area of the cell. For example, Thangamuthu et 

al. reported the preparation of porous gas diffusion electrodes using poly(ethylene 

glycol)/SiO2 hybrid materials, which were combined with the carbon-supported Pt catalyst 
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layers through sol-gel processes.[121] They found that there is a optimum composition of 

poly(ethylene glycol)/SiO2 hybrid material, beyond which the cell performance decreased 

continuously due to excess hybrid materials in the catalyst layer blocking the gas diffusion 

channels. However, most of research activities have been conducted on the modeling of the 

complicated two-phase mass transport in the GDL in the electrodes, such as the influence of 

the porosity, the tortuosity, and the thickness of the GDL.[122-124] For examples, Bernardi 

et al. developed one-dimensional (1D) model to the direction of membrane thickness, and 

examined concentration distribution and water management in the GDL; and Yu et al. further 

developed the model from 1D to two-dimension (2D).[125-127] Yi et al. developed heat and 

water transport models that accounted for various operation and membrane hydration 

conditions in the GDL.[128] 

 

1.2.6.4. Fabrication of the MEA 

 

The fabrication of a MEA is an intricate procedure, in which all details of the structure and 

preparation are important since that the function of the electrodes is far more than just 

catalyzing a reaction. Generally, two model procedures, i.e., 1) the application of the catalyst 

layer to the GDL followed by membrane addition, and 2) to the membrane followed by GDL 

addition, are always used to fabricate the MEA, both procedures are showed in Figure 

1.8.[129] 
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Model 1: Application of the catalyst layer to the GDL. 

 
Model 2: Application of the catalyst layer to the Membrane. 

 
Figure 1.8. The model procedures of the MEA fabrication. 
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For the model procedure 1, six manufacturing methods, e.g., sputtering, spreading, spraying, 

catalyst powder deposition, ionomer impregnation, and electrodeposition, have been used for 

the catalyst preparation and application to prepare MEAs.[130-132] For example, Srinivasan 

et al. prepared a catalyzed carbon and PTFE dough using the spreading method, which leads 

to a thin and uniform active layer on the GDL/catalyst assembly for the direct loading of Pt 

catalyst.[133] 

 

For the model procedure 2, six fabrication methods have been developed so far, including 

sputtering, dry spreading, painting, impregnation reduction, evaporative deposition, and 

novel fabrication method.[134-136] For example, Fedkiw et al. deposited (NH3)4PtCl2 onto a 

membrane from an aqueous solution using evaporation method.[137] After the deposiotn of 

the Pt salt, the metallic Pt was produced by immersion of the entire membrane in a NaBH4 

solution, which results in a small loading of Pt catalyst, i.e., ≤0.1 mg Pt/cm2, with good 

performance. 

 

1.2.7. Reactions in DMFCs 

 

How does a DMFC work? The whole procedure of reactions in the MEA of the DMFC is 

showed in Figure 1.2. Generally, the reactions include the methanol oxidation at the anode 

and the oxygen reduction at the cathode, and the overall reaction is the sum of the anodic and 

cathodic reactions to produce the carbon dioxide and water (Equation 1.4). 
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CH OH H O CO 2H O              (1.4) 

 

1.2.7.1. Methanol oxidation reaction (MOR) 

 

At the anode, methanol is oxidized with water on a catalyst layer (e.g., Pt) to form carbon 

dioxide, protons and electrons: 

 

CH OH H O  CO 6H 6e          Eo = 0.02 V vs. SHE     (1.5) 

 

CH3OH

HCOOH*

CH2OH*

CH2O* CO*

COOH*

CHO*

CO2

CHOH* C-OH*

 

 

Figure 1.9. Schematic illustration of possible reaction paths and possible reaction products 

for the methanol oxidation (˝*˝ indicates the intermediate product). 
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The thermodynamic potential of methanol reaction in Equation 1.5 is very close to the 

equilibrium potential of hydrogen, however, the procedure is much more complicated. The 

possible reaction paths and reaction products for methanol oxidation are shown in Figure 1.9. 

 

In General, the methanol oxidation includes five steps: (1) methanol adsorption, (2) C-H 

bond activation, (3) water adsorption, (4) water activation, and (5) CO oxidation. The 

procedure begins in the methanol adsorption and then undergoes successive dehydrogenation 

steps.[138] 

 

CH OH  CH O H e      (1.6) 

CH O  CH O H e   (1.7) 

CH O  CHO H e    (1.8) 

CHO  CO H e      (1.9) 

 

The adsorption of methanol in Equation 1.6 requires multiple active sites on the surface of 

the catalyst, thus a relatively higher potential (i.e., 0.2 V vs. SHE for Pt catalyst) is needed 

for neighboring catalyst sites to become free of protons. Once methanol is adsorbed, the 

removal of the first four protons is quick (Equation 1.6-1.9).[139, 140] However, the 

successive oxidation of CO, which includes the dehydrogenation of water molecule and the 

combination of the oxygen group of water molecule with the adsorbed CO to form of CO2, is 

much slower. 
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H O  OH H e      (1.10) 

HO  O H e          (1.11) 

CO  O CO              (1.12) 

 

Moreover, it should be noted that the formation of OH by water activation in Equation 1.10 

on the Pt catalyst, which is a necessary step for the oxidative removal of adsorbed CO, 

requires a high potential, which limits the use of a pure Pt catalyst in DMFCs. Thus, a second 

metal (i.e., Ru) that can provide oxygenated species at lower potentials for the oxidative 

removal of adsorbed CO is definitely needed. The bi-functional mechanism, which involves 

the adsorption of oxygen containing species on Ru at lower potentials thereby promoting the 

oxidation of CO to CO2, is summarized as follows.[140, 141] 

 

Pt  CH OH Pt CO 4H 4e                (1.13) 

Ru  H O Ru OH H e                   (1.14) 

Pt CO  Ru OH CO Pt Ru H e     (1.15) 

 

The catalytic activity of the Pt-Ru catalyst is strongly dependent on the composition, 

structure, morphology, particle size, and alloyed degree. 
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1.2.7.2. Oxygen reduction reaction (ORR) 

 

At the cathode, the oxygen reacts with protons, which are conducted through the proton 

exchange membrane, and electrons, which are conducted at the anode to an external electric 

circuit, to produce water: 

 

3/2O 6H 6e  3H O      Eo = 1.23 V vs. SHE    (1.16) 

 

Oxygen reduction is much complex and sensitive to electrode surfaces and the presence of 

other adsorbed species. Figure 1.10 shows the possible intermediates and their chemical 

potentials during the ORR.[142] 

 

However, in most literature papers, the oxygen reduction mechanism has been separated into 

two parallel paths: the oxygen is reduced to hydrogen peroxide, and then further reduced to 

water.[143-146] 

 

3/2O 3H 3e  3/2H O    Eo = 0.67 V vs. SHE   (1.17) 

3/2H O 3H 3e  3H O    Eo = 1.77 V vs. SHE   (1.18) 

 

For DMFCs, many noble metals such as Pt, Pd, Ag, and Au have been considered as feasible 

catalysts for the reduction of oxygen. The most thoroughly studied oxygen reducing catalyst 
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Figure 1.10. Schematic illustration of possible intermediates and their chemical potentials for 

the ORR. 

 

is Pt, and the oxygen reduction reaction is very sensitive to the Pt surface. A model for the 

oxygen reduction reaction based on the simplified version of the parallel paths is showed in 

the following.[147]  

 

1/2O Pt  Pt O               (1.19) 

Pt O H e  Pt OH        (1.20) 

Pt OH H e  H O Pt      (1.21) 
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Since the reactions (1.19) and (1.20) are endothermic, the oxygen reduction is slowed by 

those adsorbed oxygen and hydroxide. In order to improve the performance of the oxygen 

reduction, a second element or third has been alloyed into Pt. Fundamentally, the second (or 

third) element can alter Pt’s interatomic spacing and increase the Pt 5d orbital vacancies, thus 

enhance the efficiency of the oxygen reduction.[148-151] 

 

1.2.8. Challenges of DMFCs 

 

The success of a fuel cell greatly depends on two key materials: the membrane and the 

catalyst at the electrodes. These two key materials are also directly linked to the major 

challenges in DMFCs, which include the methanol crossover, the slow kinetics of methanol 

oxidation caused by CO poison at the anode, and the kinetically limited oxygen reduction at 

the cathode.[152-155] Recently, some significant progresses, such as cheap and durable 

proton exchange membranes with low methanol crossover, have been made in the 

development of new polymer electrolyte membranes for DMFCs in terms of cost reduction 

and functionality improvement, together with other associated technology 

advancements.[156-161] However, with regard to new DMFC catalysts, there are still two 

major challenges, the relatively poor performance such as low activity, poor reliability and 

unsatisfactory durability, and the high cost. In order to improve the performance of catalysts 

in DMFCs, noble and non-noble metals are often utilized at the electrodes. Pt alloys and 

carbon supported nanoparticle catalysts are believed to be the most promising materials for 
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catalysis at both the anode and the cathode in DMFCs.[89, 129, 162] 

1.2.8.1. Pt alloy catalysts 

 

Pt-based alloys, bi-metallic catalyst such as Pt-Ru, Pt-Pd, Pt-Co, Pt-Fe, and Pt-Ni, and 

tri-metallic catalyst, such as Pt-Ru-Cr, Pt-Ru-Ni, Pt-Pd-Co, and Pt-Co-Cr, have been 

investigated in order to improve the electro-catalytic ability for the oxidation of methanol at 

the anode and the reduction of oxygen at the cathode in DMFCs. 

 

1.2.8.1.1. Pt-Ru 

 

Pt-Ru alloy has been found to be the most active bi-metal as the catalyst at the anode of 

DMFCs. The enhanced activity of the Pt-Ru catalyst when compared with Pt for methanol 

oxidation has been attributed to both a bi-functional mechanism[141, 163, 164] and a ligand 

effect.[165] Several factors, such as the composition of Pt-Ru and the particle size, play 

important roles in the catalytic ability toward the oxidation of methanol. As reviewed by 

Dillon et al.,[166] many researchers have been devoted to the performance optimization of 

Pt-Ru catalyst towards methanol oxidation. The current consensus is that the optimal Pt/Ru 

ratio is 1:1, for example, tests on carbon supported high surface area catalyst nanoparticles 

tend to show Pt50Ru50 as the best composition. However, the good catalytic ability of Pt-Ru 

alloys with a Pt rich optimum composition between Pt90Ru10-Pt80Ru20 has been also reported, 
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which is showed in Figure 1.11.[167-171]  

 

In order to improve the catalytic ability of Pt-Ru alloys, the third element, such as Os, Co, 

and Sn, has been alloyed into Pt-Ru to test their catalytic ability in DMFCs.[172-174] For  

 

 

 

Figure 1.11. Cyclic voltammetry of PtxRuy electrodes in a 1.0 M CH3OH + 0.5 M H2SO4 

solution at 25 °C (A). Scan rate is 0.01 V s-1. Plot (B) of current from (A) versus Ru 

composition at substrate potentials of 0.55 and 0.75 V. 

example, Ley et al. studied the MOR on arc-melted Pt-Ru-Os alloys prepared by the NaBH4 
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reduction of metal chloride salts.[175] Hydrogen adsorption/desorption measurements on the 

polished alloy electrodes, in the presence of adsorbed CO at 25°C, showed that selected 

ternary alloys have significant hydrogen adsorption/desorption integrals at adsorption 

potentials, where Pt50Ru50 was fully blocked and higher integrals at all adsorption potentials 

up to 400 mV vs. RHE. Fuel cell performance of the arc-melted alloys confirmed that 

Pt65Ru25Os10 is more active than Pt50Ru50. 

 

1.2.8.1.2. Pt-Pd 

 

Until now, there are no experimental reports of using Pt-Pd alloy to oxidize methanol. Kua et 

al. performed a simulation and found that Pd can absorb and dehydrogenate methanol, 

however, it would be poor at dehydrogenating water to complete the methanol oxidation. 

Theoretically the second element Pt can be alloyed with Pd to strengthen the 

dehydrogenation of water and accomplish the reaction, but there are still no experiments to 

confirm this. 

 

Generally, the Pt-Pd alloy can be an effective catalyst to facilitate the oxygen reduction at the 

cathode of DMFCs by engineering its morphology and/or composition. For example, recently 

Xia et al. reported the synthesis of a Pt-Pd bimetallic nanodendrite catalyst consisting of a 

dense array of Pt branches on a Pd core, which show five times more active ability toward 

the oxygen reduction than that of the first-generation supportless Pt/C catalyst (Figure 
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1.12).[176] Li et al. also reported the synthesis of a novel carbon-supported palladium-rich 

Pt25Pd75/C catalyst by a modified polyol process, which showed a better cell performance of 

the oxygen reduction than the commercial Pt/C catalyst in DMFCs.[177] 

 

 

 

Figure 1.12. Comparison of electrocatalytic properties of the Pd-Pt nanodendrites, Pt/C 

catalyst (E-TEK), and Pt black (Aldrich). 

 

1.2.8.1.3. Pt-Co 

 

There have been a substantial number of investigations on the synthesis of Pt-Co alloy, some 

results of which have shown good catalytic ability toward the methanol oxidation. For 
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example, Zhang et al. reported that Pt41Co59 articles, which were made by a micro-emulsion 

technique, showed catalytic activity 1.6-2.2 times higher than that of pure Pt particles over a 

wide potential range for the methanol oxidation in an alkaline electrolyte (Figure 1.13).[178] 

Zeng et al. prepared a Pt50Co50 catalyst, which showed enhanced activity for the oxidation of 

methanol relative to a pure Pt catalyst, with performance being better than twice that for the 

pure Pt catalyst after four hours’ operation.[179] Okada et al. also reported the methanol 

oxidation activity of different composition of Pt with Co-based organic complexes (Pt60Co40, 

Pt50Co50, and Pt40Co60) is larger than that of pure Pt.[180] In contrast, Pt-Co alloy has been 

also reported as a superior catalyst for the oxygen reduction. Mukerjee et al. studied Pt75Co25 

in single cell tests and found that the alloy had better ORR activity than pure Pt, and they 

also tested a commercially available Pt-Co catalyst for the oxygen reduction and found its 

performance is also better than the pure Pt catalyst.[181, 182] 

 

Though bimetallic Pt-Co alloys have showed great catalytic ability toward the MOR or the 

ORR, the further improvement of the catalytic ability of the Pt-Co alloy have been studied by 

several research groups. For example, Zhang et al. prepared tri-metallic Pt-Ru-Co 

nanoparticles by a micro-emulsion process, which shows a homogenous alloy structure with 

average diameter distribution of 2.7 ± 0.6 nm.[183] The composition of Pt-Ru-Co 

nanoparticles can be controlled by adjusting the initial metal salt solution and preparation 

average diameter distribution of 2.7 ± 0.6 nm.[183] The composition of Pt-Ru-Co 

nanoparticles can be controlled by adjusting the initial metal salt solution and preparation 
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Figure 1.13. Polarization curves for the oxidation of an equal volume mixture of 1 M 

methanol + 1 M KOH solutions at room temperature by Pt/C and Pt-Co/C. 

 
Bogdanovskaya et al. synthesized a tri-metallic Pt-Co-Cr catalyst dispersed on a carbon black 

KhS 72, and studied the influence of the structure on electrocatalytic activity toward the 

ORR in 0.5 M H2SO4.[184] Although the mechanisms of the ORR on both Pt and tri-metallic 

catalyst were similar, a higher activity of the tri-metallic Pt-Co-Cr catalyst was observed 

(Figure 1.14), which was caused by smaller catalyst surface coverage by oxygen containing 

particles. 
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Figure 1.14. Polarization curves of the ORR in Tafel coordinates obtained on a thin layer 

rotating disk electrode in 0.5 M H2SO4, 60°C: HiSPEC(40 wt% Pt, 1), and Pt-Co-Cr (20 wt% 

Pt, 2). 

 

1.2.8.1.4. Pt-Fe 

 

Page et al. reported a commercially available carbon membrane electrode with a Pt50Fe50 

catalyst with the loading of 0.5 mg cm-2 had an onset potential of 375 mV vs. SCE for the 

methanol oxidation at 25 °C, which is similar to that of the pure Pt carbon membrane  

electrode under the same condition (385 mV vs. SCE).[185] Shukla et al. reported a Pt-Fe 
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catalyst has a same methanol oxidation onset potential as the pure Pt catalyst but a much 

weaker peak current density by using cyclic voltammetry.[186] However, the major work on 

the Pt-Fe alloy is concerned with the oxygen reduction reaction. Toda et al. deposited several 

Pt-Fe alloys by sputtering and reported that all of the alloys have a better performance than 

the Pt catalyst in the oxygen reduction reaction; and the Pt-Fe alloy with the best catalyst 

ability is Pt50Fe50.[187, 188] They also postulated that compositions with more Pt than 

Pt50Fe50 had a weak adsorption of O2 and compositions with less Pt than Pt50Fe50 became 

inactive due to a strong OH bond.  

 

Figure 1.15. Mass activity (□), (110/111) peak ratio (○), and dissolution loss of total Cu and 

Fe (∆) plotted against heating time at 900 °C in Pt-Fe-Cu catalysts. 
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Roh et al. prepared ternary Pt-Fe-Cu alloy catalysts from aqueous media, followed by heat 

treatment at 900 °C for various heating durations.[189] When the heating duration increases, 

the formation of an ordered alloy is enhanced and the formation is completed in 2.5 hours, as 

confirmed by the intensity of super-lattice diffraction lines.  For the electrochemical 

reduction reaction of oxygen in fuel cell operation, ordered alloys have shown improved 

catalytic activity, which is showed in Figure 1.15. Lee et al. reported the composition 

optimization of Pt-Ru-Fe catalysts for the MOR via a combinatorial method.[190] High 

MOR activities were observed in Pt50Ru30Fe20 and Pt40Ru30Fe30 via quantitative analysis of 

each catalyst spots, and the fuel cell performances showed the highest MOR activity was 

observed in the Pt50Ru40Fe10, which is 98% higher mass activity than that of commercial 

Pt-Ru. 

 

1.2.8.1.5. Pt-Ni 

 

Page et al. reported a commercially available carbon membrane electrode with a 0.5 mg cm-2 

Pt50Ni50 catalyst loading has an onset potential of 370 mV vs. SCE for the methanol oxidation 

at 25 °C, which is just 15mV lower than the pure Pt carbon membrane electrode under the 

same condition.[185] Moreover, Pt-Ni alloys have also been considered as good catalysts 

toward the oxygen reduction. Xiong et al. performed a study on Pt-Ni alloys for the oxygen 

reduction reaction, and showed that Pt73Ni27 has an 10 mV higher oxygen reduction onset 

potential than that of pure Pt catalyst though the current density is 10 % poorer.[191] 
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Mukerjee et al. performed a single cell test on a commercially available Pt-Ni catalyst for the 

oxygen reduction, and reported that it has better performance than that of pure Pt catalyst 

under the same situation.[150] 

 

  

 

Figure 1.16. TEM images of Pt-Ru-Ni nanoparticles prepared by the water-in-oil 

microemulsion (a), and histograms of particles (b).  

 

Moreno et al. reported the preparation and characterization of a tri-metallic anode catalyst 

Pt60Ru30Ni10 by using the combustion method.[192] TiO2 was used as the support material 

for this anode catalyst, which can exhibit a bi-functional catalytic effect, i.e. increasing CO 

oxidation and promoting hydroxide formation. The obtained catalyst showed a single 

tri-metallic phase with an average particle size of 8 nm, and the high power density of 107 

mW cm-2 was obtained. Zhang et al. prepared Pt-Ru-Ni tri-metallic nanoparticles from 

water-in-oil reverse microemulsions of water/Triton X-100/propanol-2/cyclohexane, and the 
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resulting particles showed a narrow size distribution with an average diameter of 2.6 ± 0.3 

nm, as shown in Figure 1.16.[193] When compared to Pt-Ru bimetallic nanoparticles, 

Pt-Ru-Ni ternary metallic nanoparticles showed an enhanced catalytic activity towards the 

MOR. That is because both Ru and Ni atoms have high affinity toward -OH formation and 

the combination of Ru and Ni promises the formation of -OH as an intermediate, which 

results in the MOR at more catholic potentials. 

 

1.2.8.1.6. Other Pt-based alloy catalysts 

 

In addition to the bimetallic Pt alloys mentioned above, a number of other Pt alloys, such as 

Pt-Sn,[194-196] Pt-Cu,[197, 198] and Pt-Rh,[199-201] have been studied for their 

electro-catalytic abilities toward the methanol oxidation at the anode and the oxygen 

reduction at the cathode in DMFCs. Moreover, other Pt tri-metallic alloys[202-204] and 

tetra-metallic Pt alloys[205-209] have also been investigated.  

 

1.2.8.2. Carbon nanotube- and nanofiber-supported catalysts 

 

Carbon nanomaterials are currently being considered as the suitable catalyst supports in 

DMFCs,[199, 210-214] because of their unique graphite properties combined with 

three-dimensional flexible structures. Among various carbon nanomaterials, carbon 
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nanotubes (CNTs) and carbon nanofibers (CNFs), are promising support materials for 

catalysts in DMFCs, due to their unique 1-dimensional structure, high electronic and thermal 

conductivities, and good electrochemical stability.[106, 107, 215, 216] Compared with CNTs, 

CNFs are inexpensive and can be produced with various controlled structures at relatively 

high speeds. However, both of them are chemically inert, thus it is necessary to activate their 

graphitic surface because the deposition, distribution and size of Pt or Pt alloy nanoparticles 

strongly depend on the surface properties of CNTs and CNFs.[217, 218] Until now, efforts 

have been carried out to use different methods to prepare 1-dimensional carbon-supported 

catalysts (especially, CNT- and CNF-supported catalysts) for the methanol oxidation and the 

oxygen reduction in DMFCs. 

 

1.2.8.2.1. Chemical deposition 

 

Chemical deposition, also called electroless deposition, is the most widely used method in 

preparing highly dispersing Pt nanoparticles on carbon supports for DMFCs. Figure 1.17 

shows the typical preparation procedure of the chemical deposition method for Pt/CNT 

catalysts.[219] First, the aromatic conjugate ring structure of the CNTs is modified by an 

oxidation process of extremely aggressive reagents (HNO3 or H2SO4 or their mixture), during 

that process, various surface functional groups such as quinoid (=O), hydroxy (-OH) and 

carboxyl (-COOH) were produced. These functional groups can supply defect sites for the Pt 

nanoparticle deposition. After adding Pt salt and a reductive agent such as H2, HCHO or 
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ethylene glycol, Pt2+ ions can be reduced and deposited on the defect sites created during the 

acid treatment. 

 

 

 

Figure 1.17. Scheme of the mechanism of Pt deposition via the oxidation of HNO3 + H2SO4 

on CNTs.  

 

The procedure has been adopted by many scientists working on the preparation of Pt/CNT 

catalysts. For example, Rajalakshmi et al. investigated the effect of surface oxidation 

pre-treatment on Pt deposition.[220] Non-oxidized CNTs, sonicated CNTs, and 

surface-oxidized CNTs using 70% nitric acid were prepared, and Pt particles were deposited 

on those CNTs through a chemical reduction of H2PtCl6 by NaBH4. The results showed that 

surface-oxidized CNTs have smaller Pt nanoparticle size (3-5 nm) and more uniform Pt  
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A.  

B. 

 

 

Figure 1.18. A. TEM images of Pt/CNT composite with different Pt content: 40.6 (a, inset: 

enlarged image of panel a), 24.0 (b), 19.1 (c), and 3.1 wt% (d). B. Cyclic voltammograms of 

the methanol oxidation on Pt/CNT composites and commercial E-TEK Pt/C catalyst in 2 M 

CH3OH + 1 M H2SO4 at 20 mV S-1 at room temperature. 
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particle distribution compared with those of nonoxidized CNTs. Mu et al. reported the 

controllable Pt nanoparticle deposition on CNTs as an anode catalyst in DMFCs with 

different amount of Pt loading (40.6, 24.0, 19.1, and 3.1 wt%, respectively), which is showed 

in Figure 1.18A.[221] Figure 1.18B shows that the prepared Pt/CNT composites have higher 

electrocatalytic activity and better tolerance to poisoning species in the methanol oxidation 

than the commercial E-TEK catalyst, which can be ascribed to the high dispersion of Pt 

nanoparticles on the CNT surface.  

 

 

 

Figure 1.19. TEM micrographs of Pt/CNTs prepared by the HCHO method (a) and the EG 

method (b), respectively, and Pt/XC-72 prepared by the EG method (c).  

 

Li et al. compared two synthesis methods using different reducting agents, HCHO and 

ethylene glycol, for Pt deposition on CNTs.[222] The HCHO method could give a Pt particle 
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size distribution range from 2 to 9 nm with a mean particle size of 3.4 nm, while the ethylene 

glycol method provided a high and homogeneous dispersion of spherical Pt nanoparticles, 

which are in the particle size range from 2 to 5 nm with a mean size of 2.6 nm. This means 

that the ethylene glycol method is better than the HCHO method in terms of the size and 

distribution uniformity of Pt nanoparticles on the CNTs (Figure 1.19) 

 

For CNFs, Steigerwalt et al. reported a multistep deposition and reactive decomposition of a 

precursor molecule containing one Pt and one Ru atom on herringbone graphitic carbon 

nanofibers (GCNFs), which resulted in a Pt-Ru/GCNF nanocomposites containing Pt-Ru 

alloy nanoclusters widely dispersed on the GCNF surface.[223] The nanocomposites have a 

total metal content of 42 wt% with a bulk Pt/Ru atomic ratio of 1:1, and metal alloy 

nanoclusters have average particle sizes of 6-7 nm. Comparative testing of those 

nanocomposites and unsupported Pt-Ru colloid with similar surface area and catalyst particle 

size reveals a 50% increase in performance for the Pt-Ru/GCNF nanocomposites. Guo et al. 

reported CNFs were used as supports to prepare highly dispersed Pt-Ru catalysts for 

DMFCs.[216] The results show that the diameter of Pt-Ru nanoparticles is around 5 nm in 

Pt-Ru/CNF composites, and the CNF-supported catalysts give better performance than 

commercial catalysts when the current density is higher than 50 mA cm−2 in spite of low 

methanol oxidation peak current density (Figure 1.20). This improvement can be ascribed to 

the specific surface and structural properties of CNFs.  
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Figure 1.20. I-V curves comparing the performance of Pt-Ru nanocomposites at a loading of 

1.5 mg cm-2 with (triplicate) and without (solid line) CNF supports as anode catalysts in 

DMFCs. 

 

1.2.8.2.2. Electrodeposition 

 

The electrodeposition method, which is used for attaining Pt particles onto the carbon 

supports, has been developed by several research groups to improve the Pt utilization and 

reduce Pt loading.[224-227] The synthesis procedure for Pt/CNT or Pt/CNF catalysts using 

electrodeposition is showed in Figure 1.21, which is similar to that used in the electroless 
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deposition. 
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Figure 1.21. Schematic diagram illustrating the procedure of electrodepositing Pt 

nanoparticles onto a CNT or CNF. 

  

 

 

Figure 1.22. SEM images of as prepared Pt/CNF electrode using multi-cycle CVs in 2.0 M 

H2PtCl6 + 0.5 M H2SO4 solutions (a), and Pt/CNFs prepared with the electrodeposition 

potentials -0.2 V (vs. Ag/AgCl/4.0 M KCl) in 5.0 mM H2PtCl6·xH2O + 1.0 M H2SO4 

solutions (b).  
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In the electrodeposition, CNTs or CNFs are first cycled in a sulfuric acid solution between 

-0.7 and +1.2 V to oxidize the surface. During that process, various surface functional groups 

such as quinoid (=O), hydroxy (-OH) and carboxyl (-COOH) were produced, which can 

supply defect sites for the Pt nanoparticle deposition.[228] For instance, Wang et al. have 

successfully prepared Pt/CNT catalysts by electrodepositing Pt nanoparticles on the CNTs in 

a H2SO4 + H2PtCl6 solution.[229] The results show that although the Pt loading is 0.2 mg 

cm-2 on the CNT surface, and the average diameter of the Pt particle was much large (i.e. 25 

nm) compared to the commercially available Pt/C catalysts, and the fuel cell performance 

was also lower than that of the conventional catalyst at a comparable Pt loading. Li et al. 

used the cyclic voltammogram method to deposit Pt particles onto CNFs, but the diameters 

of deposited Pt nanoclusters are too large (50-200 nm) for practical fuel cell applications 

(Figure 1.22a).[230] In comparision, Lin et al. reported the preparation and characterization 

of Pt/CNFs by the electrodeposition of smaller Pt nanoparticles (≤ 55 nm) onto electrospun 

CNFs under different potentials (Figure 1.22b).[231] 

 

1.2.8.2.3. Non-covalent method 

 
In order to anchor and deposit catalyst nanoparticles homogeneously on the surface of CNTs 

and CNFs, many traditional harsh oxidative methods, such as refluxing in concentrated 

mixtures of H2SO4 and/or HNO3 and cycling in H2SO4 solution using cyclic voltammograms, 

have been utilized. However, those methods often result in lots of defects on CNTs and  
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Figure 1.23. Cyclic voltammograms of Pt/RuO2·xH2O/CNT (a), PtRu/Vulcan (b), Pt/CNT (c), 

and Pt/Vulcan (d). 

 
CNFs, which are harmful to the electrochemical active surface area of Pt or Pt alloy 

electrocatalysts and their durability during fuel cell operation. Recently, a novel noncovalent 

functionalization approach of CNTs has attracted particular attention because it enables the 

surface activation of CNTs without destroying the intrinsic properties of CNTs.[85, 232, 233] 

For instance, Cao et al. synthesized Pt/RuO2·xH2O/CNT composite catalysts by pre-coating 

CNTs with 1 % sodium dodecyl sulfate and then depositing Pt using ethylene glycol as a 
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Figure 1. 24. SEM image of a Pt-loaded CNF mat and its optical micrograph in the inset (a), 

and TEM image of a Pt-loaded CNF and its cross section in the inset (b).  

 

reducing agent in H2PtCl6 solution. As shown in Figure 1.23, the Pt/RuO2·xH2O/CNTs had 

the best activity for the direct electrooxidation of methanol compared with the catalysts 

Pt-Ru/Vulcan, Pt/CNT, and Pt/Vulcan.[234] Xuyen et al. demonstrated that Pt nanoparticles 

can be loaded on the surface of polyimide-based (PI) nanofibers via an immobilization 

process induced by hydrolysis, where the binding of Pt acetylacetonate [Pt(acac)2] on 

hydrolyzed PI is strong with a binding energy of -4.3 eV, which originates mostly from Pt-O 

binding and π-stacking between (acac) and poly(amic acid).[235] The uniform distribution 

and sizes of Pt nanoparticles were controlled further by carbonization, which is showed in 

Figure 1.24. The cyclic voltammetry demonstrated that this CNF mat can be utilized as the 

electrodes of fuel cells. Lin et al. prepared Pt/carbon composite nanofibers by depositing Pt 
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nanoparticles directly onto electrospun CNFs using a polyol processing technique.[236] The 

morphology and size of Pt nanoparticles were controlled by 1-aminopyrene functionalization. 

The noncovalent functionalization of CNFs by 1-aminopyrene is simple and can be carried 

out at ambient temperature without damaging the integrity and electronic structure of CNFs. 

Results show that Pt/1-aminopyrene-functionalized CNFs possess the properties of high 

active surface area and improved performance towards the electrocatalytic oxidation of 

methanol. 

 

1.2.8.2.4. Microwave heating process 

 

Recently, a microwave heated polyol process was employed to synthesize carbon-supported 

metal catalysts for DMFCs.[237-239] In this process, a polyol (ethylene glycol) solution, 

which contains catalyst metal precursors, is refluxed at around 393-443 K in order to 

homogeneously decompose the polyol and create an active reducing agent for the deposition 

of metal ions. Unlike the conventional heating strategy, the microwave heating process can 

accelerate the reduction of the metal ions on the surface of carbon supports. Moreover, the 

homogeneous microwave heating could reduce the temperature and concentration gradients  

in the solution, resulting in a more uniform environment for the nucleation and growth of 

metal particles.[240] Therefore, as a rapid, uniform and effective heating method, the 

microwave heating has become an attractive alternative approach for the synthesis of 
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Figure 1.25. CVs of methanol electrooxidation over the microwave synthesized Pt/CNTs and 

E-TEK Pt/C catalysts in 2 M CH3OH + 1 M H2SO4 at a scan rate of 20 mV s−1 at room 

temperature. 

 

carbon-supported Pt catalysts. For example, Liu et al. employed a microwave heated polyol 

process for the synthesis of Pt/CNT catalysts.[241] Highly dispersed Pt nanoparticles of 

3.6±0.3 nm on CNTs were obtained, which is smaller than that of Pt/Vulcan catalysts 

(3.8±0.3 nm). In addition, the fuel cell performance showed that the Pt/CNT catalyst has 

greater catalytic activity towards the oxygen reduction than that of Pt/Vulcan catalysts 

(Figure 1.25). Steigerwalt et al. reported the preparation of Pt-Ru/graphitic CNF 
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nanocomposites, using of a bimetallic precursor and microwave heating process.[242] The 

use of microwave heating permits rapid preparation of these nanocomposites and leads to 

Pt-Ru nanoclusters of nearly uniform size. 

 

 

 

Figure 1.26. Electrocatalytic activity of Pt-Ru catalysts loaded on platelet (a), herringbone (b), 

tubular CNFs (c), and carbon black Vulcan XC72R (d). Open and solid symbols represent 

voltage and power density, respectively. 

 

Tsuji et al. prepared Pt-Ru alloy nanoparticles supported on CNFs within a few minutes by 
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using a microwave-polyol method.[243] Three types of CNFs with very different surface 

structures, such as platelet, herringbone, and tubular ones, were used as carbon supports. It 

was found that the methanol fuel cell activities of Pt-Ru/CNF catalysts were in the order of 

platelet, tubular, and herringbone, and the methanol fuel cell activities of PtRu/CNFs 

measured at 60 °C were 1.7-3.0 times higher than that of a standard Pt-Ru catalyst loaded on 

carbon black Vulcan XC72R, which is showed in Figure 1.26. 

 

1.2.8.2.5. Other methods 

 

Except the methods mentioned above, many other methods, such as the colloid 

method,[244-247] sputter-deposition technique,[182, 248] and physical methods,[249-252] 

have been used to deposit Pt or Pt alloy nanoparticles onto CNTs and CNFs, and their 

electro-catalytic ability toward the methanol oxidation at the anode and the oxygen reduction 

at the cathode at DMFCs have also been studied.   
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CHAPTER 2. OBJECTIVES 

 

Membrane electrode assembly (MEA) is the key component of DMFCs and is consisted of a 

polymer electrolyte membrane and two catalyst-loaded porous electrodes for methanol 

oxidation at the anode and oxygen reduction at the cathode. The overall methanol conversion 

process, typically catalyzed by Pt or Pt alloy in acidic solution, is expressed using the 

equation (1.4) in Chapter one. For the electrode reactions to occur, the catalyst particles must 

have simultaneous exposure to the reactants, protons, and electrons. In conventional fuel cell 

electrodes, catalyst-loaded carbon particles are typically bound (e.g., Vulcan XC-72 carbon 

black-supported Pt) with Nafion®, in which carbon black facilitates electron transport and 

Nafion® conducts protons. A high catalyst loading in these electrodes is typically required 

because they cannot ensure a simultaneous access of all catalyst particles to the fuel, 

electron-conducting diffusion layer, and proton-conducting electrolyte. Therefore, the high 

cost of precious Pt and Pt alloy electrocatalysts, one of the most significant barriers here, 

prevents the commercial applications of DMFCs.  

 

Moreover, methanol should be oxidized spontaneously when the anode potential is above 

0.002 V (vs. SHE), and oxygen should be reduced spontaneously when the cathode assumes 

a potential below 1.23 V (vs. SHE). However, in practical DMFCs, poor electrode kinetics 

(kinetic losses) at both the anode and cathode cause the electrode process to deviate from 

their ideal thermodynamic behavior, thereby resulting in an undesired reduction of the cell 
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efficiency.  

 

To achieve practical cell efficiency, a conducting material is needed to support particle 

catalysts for the applications in DMFCs. Carbon nanomaterials are currently being 

considered as suitable catalyst supports in DMFCs because of their unique graphite 

properties combined with three-dimensional flexible structures. Among various carbon 

nanomaterials, carbon nanotubes (CNTs) and carbon nanofibers (CNFs) are promising 

support materials for catalysts in DMFCs due to their unique 1-dimensional structure, high 

electronic and thermal conductivities, and good electrochemical stability.  Compared with 

CNTs, CNFs are inexpensive and can be produced with various controlled structures at 

relatively high speeds. 

 

In our work, we will focus on the development of highly active electrode catalysts coupled 

with a suitable electrode structure for the oxidation of methanol at the anode and the 

reduction of oxygen at the cathode to attain the high efficiency of DMFCs, and subsequently 

lowering the cost. Two approaches, i.e., chemical deposition and electrodeposition, will be 

used to prepare these catalyst-loaded CNF electrodes. The following objectives will be 

completed for both methods: 

 

1. At the anode: 

 

i) To fabricate Pt & Pt-Ru catalyst-loaded CNF electrodes by combining 
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electrospinning with the electrodeposition or chemical deposition technique;  

 

ii) To evaluate the performance of Pt & Pt-Ru catalyst-loaded CNF electrodes toward 

the oxidation of methanol; 

 

iii) To obtain optimized Pt & Pt-Ru catalyst-loaded CNF electrodes by selectively 

adjusting the electrode structures and to utilize such electrodes in DMFCs. 

 

2. At the cathode: 

 

i) To fabricate Pt-Pd catalyst-loaded CNF electrodes by combining electrospinning 

with the electrodeposition or chemical deposition technique;  

 

ii) To evaluate the performance of Pt-Pd catalyst-loaded CNF electrodes toward the 

reduction of oxygen; 

 

iii) To obtain optimized Pt-Pd catalyst-loaded CNF electrodes by selectively adjusting 

the electrode structures and to utilize such electrodes in DMFCs. 
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CHAPTER 3. OVERALL EXPERIMENTAL 

 

3.1. Chemicals and reagents 

 

Polyacrylonitrile (PAN), N,N-dimethylformamide (DMF), chloroplatinic acid hydrate 

(H2PtCl6·xH2O), ruthenium chloride (RuCl3), ammonium hexachloropalladate [(NH4)2PdCl6], 

1-aminopyrene (1-AP), ethylene glycol (EG), nitric acid (HNO3, 70%), potassium 

hexacyanoferrate (II) (K4[Fe(CN)6]), sulfuric acid (H2SO4), methanol (CH3OH), and 

perchloric acid (HClO4) were purchased from Sigma-Aldrich, and they were used without 

further purification. Deionized water was used throughout. 

      

3.2. Synthesis of CNFs 

 

A DMF solution of 8 wt% PAN was prepared at 60 oC, with mechanical stirring for three 

hours.  The electrospinning was conducted using a Gamma ES40P-20W/DAM variable high 

voltage power supply under a voltage of 15 kV. Under high voltage, a polymer stream was 

ejected through a syringe and accelerated toward the nanofiber collector, during which the 

solvent was rapidly evaporated. Aluminum foil was placed over the collector plate of the 
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electrospinning apparatus to collect electrospun PAN fibers. These PAN nanofibers were first 

stabilized in an air atmosphere at 280 oC for 2 hours at the heating rate 5 min-1 and then 

carbonized at 700 oC for 1 hour in nitrogen atmosphere at the heating rate 2 oC min-1. The 

resultant CNFs formed free-standing porous nonwoven membranes and were directly used as 

the support in the chemical deposition or electrodeposition of Pt or Pt alloy nanoparticles. 

 

3.3. Structural characterization 

 

X-ray diffraction (XRD) analysis was performed with a Philips XLF ATPS XRD 100 

diffractometer using CuKα radiation (λ=1.5405 Å). The operating voltage and current were 

40.0 kV and 60.0 mA, respectively. Raman spectra of Pt or Pt alloy/CNFs were obtained 

using Horiba Jobin Yvon LabRam Aramis Microscope with 633 nm HeNe Laser. Element 

analysis was studied by using a CHN Elemental Analyzer. 

 

The structure of CNFs and Pt or Pt alloy/CNFs, which were deposited onto 200 mesh 

carbon-coated Cu grids, was evaluated using a Transmission Electron Microscope (Hitachi 

HF-2000 TEM) at 200 kV. These CNFs and Pt or Pt alloy/CNFs were also examined using a 

JEOL JSM-6360LV FESEM at 15 kV. The diameters of Pt or Pt alloy nanoparticles were 

determined by measuring 80 randomly selected particles using an ImageJ software package. 

 



67 
 

3.4. Electrochemical performance 

 

The electrochemical measurements of Pt or Pt alloy/CNFs were performed in a 

three-electrode cell at 25 oC on an electrochemical workstation (AQ4 Gamry Reference 600, 

USA). The cell consisted of a working electrode (Pt or Pt alloy/CNFs), a counter electrode 

(Pt wire), and a reference electrode (Ag/AgCl/4.0 M KCl). Nitrogen was used to bubble the 

testing solutions for at least 30 minutes before the measurements, and then was used 

continually to protect the experiment environment. All the electrochemical potentials were 

measured and reported with respect to Ag/AgCl/4.0 M KCl. 

 

The measurement of hydrogen electrosorption was conducted by cyclic voltammograms 

(CVs) of Pt or Pt alloy/CNF electrodes in 0.5 M H2SO4 at 50 mV·s-1 to determine the 

electrochemically active surface areas (EASAs). The electron transfer properties were 

determined by CVs of Pt or Pt alloy/CNFs in 5.0 mM K4[Fe(CN)]6 + 0.50 M KCl at 50.0 

mV·s-1. CV responses of Pt or Pt alloy/CNFs in 0.125 M CH3OH + 0.2 M H2SO4 at 5 mV·s-1 

were also measured to study their activities on the methanol oxidation.  
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CHAPTER 4. ANODE: CARBON NANOFIBER-SUPPORTED 

PLATINUM BY CHEMICAL DEPOSITION  

 

Abstract 

 

Pt/carbon composite nanofibers were prepared by depositing Pt nanoparticles directly onto 

electrospun CNFs using a polyol processing technique. The morphology and size of Pt 

nanoparticles were controlled by 1-aminopyrene functionalization. The noncovalent 

functionalization of CNFs by 1-aminopyrene is simple and can be carried out at ambient 

temperature without damaging the integrity and electronic structure of CNFs. The resulting 

Pt/carbon composite nanofibers were characterized by running cyclic voltammogram in 0.5 

M H2SO4 and 0.125 M CH3OH + 0.2 M H2SO4 solutions, respectively. Results show that 

Pt/carbon composite nanofibers with 1-aminopyrene functionalization have Pt nanoparticles 

with smaller size and better distribution, compared with those treated with conventional acids. 

Moreover, Pt/1-aminopyrene functionalized CNFs possess the properties of high active 

surface area, improved performance towards the electrocatalytic oxidation of methanol, and 

relatively good long-term stability.   
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4.1. Introduction 

 

Direct methanol fuel cells (DMFCs) have been considered as one of ideal fuel cell systems 

for applications as electric vehicles and electronic portable devices, due to their high power 

density, relatively quick start-up, rapid response to varying loading, and low operating 

temperatures.[90, 107, 129] The methanol conversion is produced in membrane electrode 

assembly (MEA), which is the key component of DMFCs and is consisted of a polymer 

electrolyte membrane and catalyst loaded porous electrodes for methanol oxidation at the 

anode and oxygen reduction at the cathode. The methanol conversion, typically catalyzed by 

Pt or Pt alloy in acidic solution, can be expressed using the following equation: [253] 

CH3OH + H2O → CO2 + 6H+ + 6e–        (4.1) 

Eo (MOR) = 0.016V vs. SHE at 25 oC 

For the reaction to happen, the catalyst particles must have simultaneous exposure to the 

reactants, protons, and electrons. Thus nanosized Pt and Pt alloy supported on carbon black 

are always used as the most important electrocatalysts in DMFCs.[2, 215, 216, 229, 254] 

However, the high cost of precious Pt and Pt alloy electrocatalysts, one of the most 

significant barriers here, prevents the commercial applications of DMFCs. Therefore, the 

development of highly active electrode catalysts coupled with a suitable electrode structure 

for the oxidation of methanol is an important subject for attaining the high efficiency in 

DMFCs, and subsequently lowering the cost. 
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Carbon nanomaterials are currently being considered as the suitable catalyst supports in 

DMFCs,[115, 215, 255] because of their unique graphite properties combined with 

three-dimensional flexible structures. Among various carbon nanomaterials, carbon 

nanotubes (CNTs) and carbon nanofibers (CNFs), are promising support materials for 

catalysts in direct methanol fuel cells, due to their unique 1-dimensional structure, high 

electronic and thermal conductivities, and good electrochemical stability.[256, 257]  

Compared with CNTs, CNFs are inexpensive and can be produced with various controlled 

structures at relatively high speeds. However, both of them are chemically inert, thus it is 

necessary to activate their graphitic surface because the deposition, distribution and size of Pt 

or Pt alloy nanoparticles strongly depend on the surface properties of CNTs and CNFs.[106]  

 

In order to anchor and deposit catalyst nanoparticles well on the surface of CNTs and CNFs, 

many traditional harsh oxidative methods, such as refluxing in concentrated mixtures of 

H2SO4 and HNO3 and cycling in H2SO4 solution using cyclic voltammogram, have been 

widely utilized. However, those methods result in lots of defects on CNTs and CNFs, which 

are harmful to the electrochemical active surface area of Pt or Pt alloy electrocatalysts and 

their durability during fuel cell operation. Recently, a novel noncovalent functionalization 

approach of CNTs has attracted particular attention because it enables the surface activation 

of CNTs without destroying the intrinsic properties of CNTs.[85, 233] For instance, Cao et al. 

synthesized Pt/RuO2·xH2O/CNT composite catalysts by pre-coating carbon nanotubes with 1 % 

sodium dodecyl sulfate and then depositing Pt using ethylene glycol as a reducing agent in 

H2PtCl6 solution. These Pt/RuO2·xH2O/CNTs show good activity for the direct 
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electrooxidation of methanol.[234]  

 

In this chapter, we report the preparation and characterization of Pt/carbon composite 

nanofibers (Pt/CNFs) by the combination of 1-aminopyrene functionalization and a polyol 

processing technique, i.e., functionalizing electrospun CNFs with 1-aminopyrene, followed 

by the deposition of Pt using ethylene glycol as a reducing agent. Compared with the 

conventional acid-treated CNFs, the most important advantage of this approach is that the 

1-aminopyrene functionalization treatment preserves the integrity and the electronic structure 

of CNFs. Moreover, Pt nanoparticles with smaller diameter and better distribution can be 

obtained on CNFs and the resultant Pt/carbon composite nanofibers have high 

electrochemically active surface area and good activity toward the methanol oxidation. 

 

4.2. Experimental 

 

4.2.1. Chemicals and reagents 

 

Polyacrylonitrile (PAN), N,N-dimethylformamide (DMF), chloroplatinic acid hydrate 

(H2PtCl6·xH2O), 1-aminopyrene (1-AP), ethylene glycol (EG), nitric acid (HNO3, 70%), 

sulfuric acid (H2SO4), and methanol (CH3OH) were purchased from Sigma-Aldrich, and they 

were used without further purification. Deionized water was used throughout.      
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4.2.2. Synthesis of CNFs 

 

A DMF solution of 8 wt% PAN was prepared at 60 oC, with mechanical stirring for three 

hours.  The electrospinning was conducted using a Gamma ES40P-20W/DAM variable high 

voltage power supply under a voltage of 15 kV. Under high voltage, a polymer stream was 

ejected through a syringe and accelerated toward the nanofiber collector, during which the 

solvent was rapidly evaporated. Aluminum foil was placed over the collector plate of the 

electrospinning apparatus to collect electrospun PAN fibers. These PAN nanofibers were first 

stabilized in an air atmosphere at 280 oC for 2 hours at the heating rate 5 min-1 and then 

carbonized at 700 oC for 1 hour in nitrogen atmosphere at the heating rate 2 oC min-1. The 

resultant CNFs formed free-standing porous nonwoven membranes and were directly used as 

a support in the chemical deposition of Pt nanoparticles. 

 

4.2.3. 1-AP functionalization and acid treatment of CNFs 

 

The procedure of the noncovalent functionalization of CNFs using 1-AP is described as 

follows. CNFs (0.2 g) and 1-AP (0.2 g) were added into an ethanol solution (30 ml), which 

was stirred mechanically for 1 hour and stored at room temperature for 24 hours. The 

solution was then filtered and washed for several times, and the treated CNFs were dried in a 

vacuum oven at 70 °C for 5 hours and were collected as 1-aminopyrene functionalized CNFs 
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(1-AP-CNFs). For comparison, CNFs were also functionalized by a conventional acid 

treatment, i.e., CNFs (0.2 g) were refluxed in a mixed strong acid solution (50 ml 

H2SO4:HNO3 in 3:1 v/v ratio) at 80 oC for 3 hours. The acid-treated CNFs are denoted as 

AO-CNFs. In addition, un-treated CNFs (UT-CNFs) were also used in the work as a control. 

 

4.2.4. Synthesis of Pt/CNFs 

 

To deposit Pt nanoparticles on 1-AP-CNFs, 1-AP-CNFs (0.3 g) was mixed with approximate 

amount of H2PtCl6·xH2O in 50 ml EG solution under ultrasonication in a three-neck flask. 

The solution was then refluxed in 70 oC for almost 6.0 hr until the solution changed from 

light yellow to dark brown, indicating the reduction and formation of Pt nanoparticles on 

CNFs. The above solution was filtered and washed for several times, and the resulting 

Pt/1-AP-CNFs (with metal loading of 20, 40, and 60 wt%) were dried in vacuum oven at 

140 °C for a day. Pt/acid-functionalized CNFs (Pt/AO-CNFs) and Pt/untreated CNFs 

(Pt/UT-CNFs) with Pt loading amount of 20 wt% were also prepared using the procedure 

described above. The metal loadings were confirmed using a CHN Elemental Analyzer. 

 

4.2.5. Structural characterization of Pt/CNFs 

 

X-ray diffraction (XRD) analysis was performed with a Philips XLF ATPS XRD 100 
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diffractometer using CuKα radiation (λ=1.5405 Å). The operating voltage and current were 

40.0 kV and 60.0 mA, respectively. Raman spectra of Pt/CNFs were obtained using Horiba 

Jobin Yvon LabRam Aramis Microscope with 633 nm HeNe Laser. 

 

The structure of CNFs and Pt/CNFs, which were deposited onto 200 mesh carbon-coated Cu 

grids, was evaluated using a Transmission Electron Microscope (Hitachi HF-2000 TEM) at 

200 kV. The diameters of Pt nanoparticles were determined by measuring 80 randomly 

selected particles using an ImageJ software package. 

 

4.2.6. Electrochemical properties of Pt/CNFs 

 

The electrochemical measurements of Pt/CNFs were performed in a three-electrode cell at 25 

oC on an electrochemical workstation (AQ4 Gamry Reference 600, USA). The cell consisted 

of a working electrode (Pt/CNFs), a counter electrode (Pt wire), and a reference electrode 

(Ag/AgCl/4.0 M KCl). Nitrogen was used to bubble the testing solutions for at least 30 

minutes before the measurements, and then was used continually to protect the experiment 

environment. All the electrochemical potentials were measured and reported with respect to 

Ag/AgCl/4.0 M KCl. 

 

The measurement of hydrogen electrosorption was conducted by cyclic voltammograms 

(CVs) of Pt/CNF electrodes in 0.5 M H2SO4 at 50 mV·s-1 to determine the electrochemically 
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active surface areas (EASAs). CV responses of Pt/CNFs in 0.125 M CH3OH + 0.2 M H2SO4 

at 5 mV·s-1 were also measured to study their activities on the methanol oxidation.  

 

4.3. Results and Discussion 

 

4.3.1. CNF treatment and Pt deposition 

 

Figure 4.1 shows schematic diagram of the synthesis of Pt/UT-CNFs, Pt/AO-CNFs and 

Pt/1-AP-CNFs, respectively. The surface of UT-CNFs is chemically inert and does not have 

any functional groups, which makes the Pt deposition on UT-CNF surface relatively 

un-controlled. 

 

The Pt deposition process is changed when CNFs are pre-treated with H2SO4 + HNO3 

solution. During the treatment, various surface functional groups such as quinoid (=O), 

hydroxy (-OH) and carboxyl (-COOH) are produced, which can supply defect sites for 

chemical reaction.[258] After adding H2PtCl6·xH2O and EG, PtCl6
2- ions can be reduced by 

EG and deposited on the defect sites created during the acid treatment.    
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Figure 4.1. Schematic diagram of the synthesis of Pt/UT-CNFs (a), Pt/AO-CNFs (b), and 

Pt/1-AP-CNFs (c). 

 

Unlike H2SO4 + HNO3 solution that reacts with CNFs, the reagent 1-AP, a bifunctional 

molecule with a pyrenyl group and an amino functional group, does not have chemical 

reaction with CNFs and hence are used to carry out the noncovalent functionalization of CNF 

surface. Typically, the pyrenyl group of 1-AP can be attached onto the basal plane of graphite 
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via π-stacking.[259] As a result, 1-AP can be immobilized on CNFs through the adsorption of 

pyrenyl groups onto the inherently hydrophobic surface of CNFs. The introduction of 

H2PtCl6·xH2O results in a solution with a pH value of around 6.0 (i.e., slightly acidic). At the 

same time, the amino groups of immobilized 1-AP molecules become weakly positively 

charged, which leads to the self-assembly of negatively charged Pt precursor, PtCl62- ions. 

After that, the chemical deposition in the presence of EG reduces the self-assembled Pt 

precursor, forming Pt nanoparticles on the CNF surface. Therefore, in the case of 1-AP-CNFs, 

the PtCl6
2- ions are attached onto CNF surface first, and then are reduced to Pt nanoparticles. 

The Pt deposition processes on UT-CNFs, AO-CNFs, and 1-AP-CNFs are different, and 

hence the resultant composite nanofibers have different Pt deposition structures, as discussed 

below. 

 

4.3.2. TEM images of Pt/CNFs 

 

Figure 4.2 shows TEM images of UT-CNFs and three different Pt/CNFs. In Figure 4.2a, 

UT-CNFs exhibit long and straight fibrous morphology with relatively uniform diameters 

ranging from 100 to 300 nm. It is also seen that before deposition, CNF surface is smooth 

and there are no particles loaded. However, Pt nanoparticles are observed on the surface of 

CNFs after Pt deposition (Figure 4.2b-d). In Pt/UT-CNFs (Figure 4.2b), there are just a few 

relatively-large Pt particles on the surface of UT-CNFs. For surface-treated CNFs, smaller Pt 

particles are shown on both AO-CNFs and 1-AP-CNFs (Figures 4.2c-d). However, a large  
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amount of Pt aggregates are found on the surface AO-CNFs, which are caused by the defect 

sites of CNFs randomly produced during acid treatment. Compared with Pt/AO-CNFs, fewer 

Pt agglomerates can be seen on the surface of Pt/1-AP-CNFs because of the immobilization 

of bi-functional 1-AP molecules, which offer uniformly distributed active sites for anchoring 

metal ions and metal nanopartciles. Figures 4.2e and f shows the high resolution TEM image 

and energy dispersive X-ray spectroscopy (EDS) of Pt/1-AP-CNFs, respectively. Both 

confirm the presence of Pt particles on the surface of 1-AP-CNFs. The copper peaks in 

Figure 4.2f belong to the TEM grid background.  

 

4.3.3. Pt diameter distributions of Pt/CNFs 

 

Figure 4.3 shows the diameter distributions of Pt nanoparticles on Pt/UT-CNFs, Pt/AO-CNFs, 

and Pt/1-AP-CNFs, respectively.  The Pt loading amount is the same, i.e., 20 wt%, for all 

three Pt/CNFs.  As shown in Figure 4.3a, when Pt particles are deposited onto UT-CNFs, 

the average diameter of Pt nanoparticles is around 21 nm and the diameter distribution is 

abroad. On one hand, Pt particles as small as 2.0 nm in diameter can be found, but on the 

other hand, the agglomeration of Pt particles is also severe. However, when the surface of 

CNFs is oxidized, the diameter of Pt nanoparticles decreases to around 4.2 nm (Figure 4.3b). 

The distribution of Pt nanoparticles also become narrower, and the agglomeration problem 

became less severe. When the surface of CNFs is functionalized by1-AP, Pt nanoparticles are 

uniformly distributed without much agglomeration and the average diameter became smaller,  
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Figure 4.3. Diameter distributions of Pt nanoparticles on Pt/UT-CNFs (a), Pt/AO-CNFs (b), 

and Pt/1-AP-CNFs (c). The Pt loading amount is 20 wt%.  
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i.e., 3.2 nm (Figure 4.3c). The small diameter and relatively narrow diameter distribution of 

Pt nanoparticles on 1-AP-CNFs is clearly due to the immobilization of bifunctional 1-AP, 

which offers uniformly-distributed active sites for anchoring metal ions and metal 

nanoparticles. Thus, 1-AP-functionalized CNFs are more effective supports than the 

conventional acid-oxidized CNFs. 

 

4.3.4. TEM images of Pt/1-AP-CNFs  

 

Figure 4.4 shows TEM images and diameter distributions of Pt/1-AP-CNFs with different Pt 

loadings (40 and 60 wt%). Compared with Pt/1-AP-CNFs with a Pt loading of 20 wt% 

(Figure 4.2), more Pt nanoparticles are evenly distributed on the surface of 1-AP-CNFs when 

the Pt loading amount is 40 wt%. However, when the Pt loading amount is more than 40 wt% 

(i.e., 60 wt%), the surface of 1-AP-CNFs is almost fully covered by Pt nanoparticles, and 

significant amount of Pt particle aggregates are also found. The relatively small Pt 

nanoparticles and their uniform distribution (especially, at loadings below 40 wt%) should be 

caused by the immobilization of bi-functional 1-AP molecules, which offer large and uniform 

distributed active sites for anchoring Pt ions and Pt nanoparticles.[260] Comparing Figures 

4.3 and 4.4, it is also seen that the particle size of Pt electrocatalysts increases slightly with 

increase in Pt loading.  
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Figure 4.4. TEM images and Pt diameter distributions of Pt/1-AP-CNFs with Pt loading 

amount of 40 (a) and 60 (b) wt%, respectively. 

 

4.3.5. XRD patterns of Pt/CNFs 

 

X-ray diffraction (XRD) profiles of Pt/CNFs obtained from AO-CNFs and 1-AP-CNFs are 
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presented in Figure 4.5. The diffraction peak at 25.5° of CNFs can be assigned to the 

diffraction of the (002) plane of graphite layers in CNFs. The XRD profiles of Pt/AO-CNFs 

and Pt/1-AP-CNFs also confirm that the Pt phase is indeed formed on both nanofibers and 

can be indexed to the reflections of face-centered cubic Pt at 39.8o (111), 46.6o (200), 68.2o 

(220), and 82.2 o (311), respectively.  The diffraction peaks of Pt/1-AP-CNFs are greater 

than those of Pt/AO-CNFs due to the smaller Pt particle size on Pt/1-AP-CNFs.  
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Figure 4.5. XRD profiles of Pt/AO-CNFs (a) and Pt/1-AP-CNFs (b). 
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Figure 4.6. Raman spectra of Pt/UT-CNFs (a), Pt/AO-CNFs (b), and Pt/1-AP-CNFs (c). 

 

4.3.6. Raman spectra of Pt/CNFs 

 

The structure of Pt/CNFs prepared from UT-CNFs, AO-CNFs, and 1-AP-CNFs was studied 

by Raman spectroscopy and the results are shown in Figure 4.6. All three types of Pt/CNFs 

have similar Raman scattering patterns. Raman spectra of carbon materials reflect their 

electronic structure and electron-phonon interactions and allow clear identification of 
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graphite layers.[261] The peak at near 1335 cm-1 is assigned to the disordered graphite 

structure (D-band), and the frequency peak near 1587 cm-1 (G-band) corresponds to a 

splitting of the E2g stretching mode of graphite, which reflects the structural intensity of the 

sp2-hybridized carbon atoms.[262] Therefore, the intensity ratio of D- and G-bands (ID/IG) 

can be used to evaluate the extent of the modification or defects on CNF surface and a higher 

ID/IG ratio typically indicates a higher degree of disorder. From Figure 4.6, it is seen that, 

compared to Pt/UT-CNFs, the ID/IG ratio of Pt/AO-CNFs increases from 1.20 to 1.30. This 

indicates that the harsh acid treatment produces carboxylic acid sites on the surface, causing 

significant structural damage on the ordered structure of CNF surface. From Figure 4.6, it is 

also seen that Pt/1-AP-CNFs have slightly lower ID/IG ratio (i.e., 1.17) than Pt/UT-CNFs, 

which indicates that the immobilization or wrapping of 1-AP on the surface of CNFs via 

π-stacking has no detrimental effect on the ordered structure in CNFs. Rather, the slightly 

decreased ratio may suggest the coverage of the original defect sites by 1-AP molecules.  

 

4.3.7. Electrochemical characterization of Pt/CNFs  

 

CV measurements of Pt/AO-CNFs and Pt/1-AP-CNFs between -0.2 and +1.0 V at 50 mV·s-1 

in 0.5 M H2SO4 were employed to examine whether Pt particles on CNF surface are 

electrochemically active (Figure 4.7). It is seen that redox current density peaks can be 

observed, which are due to the adsorption and desorption of hydrogen at the surface of Pt 

nanoparticles on CNFs. The integration of CV curves from hydrogen desorption peaks from 
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Figure 4.7.  Current-potential curves of Pt/AO-CNFs (a) and Pt/1-AP-CNFs (b) in 0.5 M 

H2SO4 at 50 mV·s-1. 

 

-0.2 to +0.2 V gives electrochemical active surface area (EASA), which can be calculated 

according to the following formula:[263]  

EASA  /0.22                      (4.2) 

where Q is the electric charge for hydrogen desorption and 0.22 mC cm-2 the hydrogen 

adsorption constant for Pt. Table 4.1 shows the calculated EASA values for both 
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Pt/AO-CNFs and Pt/1-AP-CNFs. It is seen that the EASA for Pt/1-AP-CNFs is 409 cm2/mg 

of Pt, much higher than that of Pt/AO-CNFs (227 cm2/mg of Pt), which is due to the smaller 

Pt particle size and less agglomerate formation on the surface of 1-AP-CNFs. This result 

demonstrates that Pt nanoparticles deposited on 1-AP-CNFs are electrochemically more 

accessible, which is very important for electrocatalyst applications in fuel cells.  

 

4.3.8. Electro-oxidation of methanol on Pt/CNFs 

 

Table 4.1. Electrochemical characteristics of Pt/AO-CNFs and Pt/1-AP-CNFs. Solution: 0.5 

M H2SO4 for EASA and 0.125 M CH3OH + 0.2 M H2SO4 for other characteristics. Scanning 

rate: 5 mV·s-1. 

Catalysts 

Average 

particle 

size 

(nm) 

EASA 

(cm2 mg-1 

Pt) 

Onset 

Potential 

(V VS  

Ag/AgCl/4.0 M 

KCl) 

Forward 

peak 

potential 

(V VS  

Ag/AgCl/4.0 M 

KCl) 

Forward 

peak 

current 

density 

(If, mA 

mg-1) 

Reverse 

peak 

current 

density 

(Ir, mA 

mg-1) 

If/Ir

Pt/AO-C

NFs 
4.2 227 0.41 + 0.73 1.11 0.77 1.44

Pt/1-AP-

CNFs 
3.2 409 0.39 + 0.72 2.32 0.98 2.37
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Figure 4.8.  Current-potential curves of Pt/AO-CNFs (a) and Pt/1-AP-CNFs (b) in 0.125 M 

CH3OH + 0.2 M H2SO4 at 5 mV·s-1. The Pt loading amount is 20 wt %. 

 

Figure 4.8 shows the current density-potential curves of Pt/AO-CNFs and Pt/1-AP-CNFs in 

0.125 M CH3OH + 0.2 M H2SO4 solution at 5 mV·s-1. In both curves, Pt/AO-CNFs and 

Pt/1-AP-CNFs present the electro-oxidation of methanol, which starts at around +0.42 V and 

then the current density increases to a maximum at +0.63 V; moreover, another current peak 

is found at about +0.55 V when scanning back. The mechanism for the methanol reaction is: 
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first, methanol is adsorbed on the surface of Pt nanoparticles, and then transformed to 

different reactive intermediates, such as (CH2O)ads and  (CHO)ads, and poisoning species 

(CO)ads. Both the reactive and poisoning species can be further oxidized to CO2, however, a 

relatively high potential is required to oxidize the poisoning species (CO)ads.[170, 264, 265] 

 

In order to study the efficiency of methanol oxidation, the electrochemical characteristic data 

of Pt/AO-CNFs and Pt/1-AP-CNFs are also summarized in the Table 4.1. The efficiencies of 

methanol oxidation were compared in items of forward onset potential, forward peak current 

density, reverse peak current density, and the ratio of forward to reverse peak current 

densities (If/Ir). From Table 4.1, the onset potentials of both Pt/AO-CNFs and Pt/1-AP-CNFs 

are around 0.40 V, which is close to that reported by Wang et al.[260] It is also seen that 

compared with Pt/AO-CNFs, Pt/1-AP-CNFs have larger forward and reverse peak current 

densities due to increased amount of available Pt catalysts. The If/Ir ratio of Pt/1-AP-CNFs is 

also larger than that of Pt/AO-CNFs, which may be related to the smaller Pt particles in 

Pt/1-AP-CNFs. In addition, a smaller forward peak potential is obtained at Pt/1-AP-CNFs, 

indicating the better catalytic activity of Pt/1-AP-CNFs than Pt/AO-CNFs. 

 

4.3.9. Stability of Pt/CNFs 

 

The stability of the Pt electrocatalysts is an important factor for the development of advanced 

DMFCs. In order to study the long-term stability of Pt/CNFs, the forward peak current 
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Figure 4.9. Stability of Pt/AO-CNFs (a) and Pt/1-AP-CNFs (b) in 0.125 M CH3OH + 0.2 M 

H2SO4 at 5 mV·s-1 from 0.0 to 1.0 V (vs. Ag/AgCl/4.0 M KCl). The Pt loading amount is 20 

wt %. 

 

density (If) was measured as a function of cycle number in 0.125 M CH3OH + 0.2 M H2SO4 

on Pt/AO-CNFs and Pt/1-AP-CNFs, respectively, and the results are shown in Figure 4.9. It 

is seen that the If of Pt/AO-CNFs decreases when the cycle number increases. After 500 

cycles, the If of Pt/AO-CNFs is about 0.54 mA g-1, which is 49 % of the initial If of 
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Pt/AO-CNFs. In comparison, the If of Pt/1-AP-CNFs increases first, and then decreases. The 

final If of Pt/1-AP-CNFs is around 1.65 mA g-1after 500 cycles, which is 71 % of the initial If. 

In general, the gradual decrease of the catalytic activity after successive cycling should be 

due to the slow degradation of Pt nanoparticles on the surface of CNFs. When compared to 

Pt/AO-CNFs, the percentage of If decrease for Pt electrocatalysts on 1-AP-CNFs is lower 

(71 % vs. 49 %). 

 

4.4. Summary 

 

The preparation and characterization of Pt/CNFs by the combination of 1-AP 

functionalization and a polyol processing technique were studied. Pt nanoparticles with 

well-defined morphology and catalyst activity were obtained on functionalized CNFs. It is 

found that compared with the conventional AO-CNFs, the simple synthesis process of 

1-AP-functionalization treatment can preserves the integrity and the electronic structure of 

CNFs. The diameter of Pt nanoparticles on 1-AP-CNFs is 3.2 nm in average, which is 

smaller than that of Pt/AO-CNFs prepared from the conventional acid-treated AO-CNFs. 

Moreover, Pt nanoparticles are much more evenly distributed on 1-AP-CNFs without any 

agglomerates. The resulting Pt/1-AP-CNFs possess the properties of higher active surface 

area, better performance towards the oxidation of methanol, and good long-time stability. 

Therefore, the chemical deposition of Pt nanoparticles on 1-AP-CNFs provides an alternative 

method to obtain a good catalyst toward the oxidation of methanol. However, investigations 
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into the catalytic ability of such composites in MEAs in direct methanol fuel cells are needed 

for future applications. 
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CHAPTER 5. ANODE: CARBON NANOFIBER-SUPPORTED 

PLATINUM-RUTHENIUM BY CHEMICAL DEPOSITION 

 

Abstract 

 

To address the carbon monoxide poison problem, PtRu/carbon composite nanofibers were 

prepared by depositing PtRu nanoparticles directly onto electrospun CNFs using a polyol 

processing technique. The morphology and size of PtRu nanoparticles were controlled by 

1-aminopyrene functionalization. The noncovalent functionalization of CNFs by 

1-aminopyrene is simple and can be carried out at ambient temperature without damaging the 

integrity and electronic structure of CNFs. The resulting PtRu/carbon composite nanofibers 

were characterized by running cyclic voltammogram in 0.5 M H2SO4 and 0.125 M CH3OH + 

0.2 M H2SO4 solutions, respectively. Results show that PtRu/carbon composite nanofibers 

with 1-aminopyrene functionalization have PtRu nanoparticles with smaller size and better 

distribution, compared with those pretreated with conventional acids. Moreover, 

PtRu/1-aminopyrene functionalized CNFs possess the properties of high active surface area 

and improved performance towards the electrocatalytic oxidation of methanol.   
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5.1. Introduction 

 

To meet ever-increasing energy demands and tackle the daunting environmental pollution, 

direct methanol fuel cells (DMFCs) have recently attracted much attention, since they can 

provide green power for electric vehicles and electronic portable devices by direct conversion 

of methanol fuel.[90, 107, 129] The methanol conversion is carried in a membrane electrode 

assembly (MEA), which is the key component of DMFCs and is consisted of a polymer 

electrolyte membrane and two catalyst-loaded porous electrodes for methanol oxidation at 

the anode and oxygen reduction at the cathode. The methanol oxidation reaction (MOR), 

typically catalyzed by Pt in acidic environment, can be expressed in the following 

equation:[253]  

CH3OH + H2O → CO2 + 6H+ + 6e–   (5.1) 

Eo (MOR) = 0.016 V vs. SHE at 25 oC 

During the reaction, one of the intermediates, CO, often poisons Pt catalyst by adsorbing 

deeply on the surface of the catalyst. In order to remove the adsorbed CO, a high potential is 

required to oxidize CO by reacting with -OH produced during water activation, which limits 

the use of a pure Pt catalyst in DMFCs. Therefore, to provide -OH at lower potentials for the 

oxidative removal of adsorbed CO, a second metal, i.e., Ru, has been used to form alloy with 

Pt to promote the oxidation of CO to CO2 by a bi-functional mechanism.[140, 141]  

 

Until now, one major challenge for the commercial applications of DMFCs is the high cost of 
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precious Pt or Pt alloy electrocatalysts.[2, 254, 266, 267] Therefore, the development of 

highly active electrode catalysts coupled with a suitable electrode structure and low catalyst 

loading is an important subject for attaining the high efficiency in DMFCs, and subsequently 

lowering the cost. Carbon nanomaterials are currently being considered as the suitable 

material for supporting catalysts in DMFCs,[268-270] because of their unique graphite 

properties combined with three-dimensional flexible structures. Carbon nanofibers (CNFs), 

one of promising carbon nanomaterials for supporting catalysts, have been investigated by 

several research groups due to their unique 1-dimensional structure, high electronic and 

thermal conductivities, and good electrochemical stability.[256, 257]  However, since CNFs 

are chemically inert, it is necessary to activate their graphitic surface because the deposition, 

distribution, and size of Pt or Pt alloy nanoparticles strongly depend on the surface properties 

of CNFs.[106]  

 

In order to anchor and deposit catalyst nanoparticles well on the surface of carbon 

nanomaterials, many harsh oxidative methods, such as refluxing in concentrated mixtures of 

H2SO4 and HNO3, and cycling in H2SO4 solution using cyclic voltammogram, have been 

widely utilized. However, those methods result in lots of defects on carbon nanomaterials, 

which are harmful to the electrochemical active surface area of Pt or Pt alloy electrocatalysts 

and their durability during fuel cell operation.[271] Recently, novel noncovalent 

functionalization methods of carbon nanomaterials, such as coating carbon nanotubes (CNTs) 

with 1 % sodium dodecyl sulfate [234] or functionalizing of CNTs with 1-aminopyrene [260], 

have attracted particular attention because they enable the surface activation of carbon 
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nanomaterials without destroying their intrinsic properties.[85, 232, 233]  

 

In this paper, we prepared and characterized PtRu/carbon composite nanofibers (PtRu/CNFs) 

by the combination of 1-aminopyrene functionalization and a polyol processing technique, 

i.e., functionalizing electrospun carbon nanofibers with 1-aminopyrene, followed by the 

deposition of PtRu using ethylene glycol as a reducing agent. The most important advantage 

of this approach is that the 1-aminopyrene functionalization treatment preserves the integrity 

and the electronic structure of CNFs, which result in the long-term stability of such 

composite in the application of DMFCs. Moreover, PtRu nanoparticles with small diameter 

and homogenous distribution can be obtained and high electrochemical surface area and good 

activity toward the methanol oxidation are also observed on the resultant PtRu/CNFs. 

 

5.2. Experimental 

 

5.2.1. Chemicals and reagents 

 

Polyacrylonitrile (PAN), N,N-dimethylformamide (DMF), chloroplatinic acid hydrate 

(H2PtCl6·xH2O), ruthenium chloride (RuCl3), 1-aminopyrene (1-AP), ethylene glycol (EG), 

nitric acid (HNO3, 70%) ,sulfuric acid (H2SO4), and methanol (CH3OH) were purchased 
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from Sigma-Aldrich, and they were used without further purification. Deionized water was 

used throughout. 

      

5.2.2. Synthesis of CNFs 

 

A DMF solution of 8 wt% PAN was prepared at 60 oC, with mechanical stirring for three 

hours.  The electrospinning was conducted using a Gamma ES40P-20W/DAM variable high 

voltage power supply under a voltage of 15 kV. Under high voltage, a polymer stream was 

ejected through a syringe and accelerated toward the nanofiber collector, during which the 

solvent was rapidly evaporated. Aluminum foil was placed over the collector plate of the 

electrospinning apparatus to collect electrospun PAN fibers. These PAN nanofibers were first 

stabilized in an air atmosphere at 280 oC for 2 hours at the heating rate 5 min-1 and then 

carbonized at 700 oC for 1 hour in nitrogen atmosphere at the heating rate 2 oC min-1. The 

resultant CNFs formed free-standing nonwoven membranes and were directly used as a 

support in the chemical deposition of PtRu nanoparticles. 

 

5.2.3. 1-AP-functionalization of CNFs 

 

The procedure of the noncovalent functionalization of CNFs using 1-AP is described as 
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follows. CNFs (0.2 g) and 1-AP (0.2 g) were added into an ethanol solution (30 ml), which 

was stirred mechanically for 1 hour and stored at room temperature for 24 hours. The 

solution was then filtered and washed several times, and the treated CNFs were dried in a 

vacuum oven at 70 °C for 5 hours and collected as 1-aminopyrene functionalized CNFs 

(1-AP-CNFs). For comparison, CNFs were also functionalized by a conventional acid 

treatment, i.e., CNFs (0.2 g) were refluxed in a mixed strong acid solution (50 ml 

H2SO4:HNO3 in 3:1 v/v ratio) at 80 oC for 3 hours. The acid-treated CNFs are denoted as 

AO-CNFs. 

 

5.2.4. Synthesis of PtRu/CNF catalysts 

 

To deposit PtRu nanoparticles on 1-AP-CNFs, 1-AP-CNFs (0.3 g) was mixed with 

approximate amount of H2PtCl6·xH2O + RuCl3 (with metal loading 25, 50, and 75 wt%, 

Pt:Ru = 3:2) in 50 ml ethylene glycol solution under ultrasonication in a three-neck flask. 

The solution was then refluxed in 70 oC for almost 6.0 hr until the solution changed from 

light yellow to dark brown, indicating the reduction and formation of PtRu nanoparticles on 

CNFs. The above solution was filtered and washed several times, and the resulting 

PtRu/1-AP-CNFs were dried in vacuum oven at 100 °C for a day. PtRu/acid-functionalized 

CNFs (PtRu/AO-CNFs) with the PtRu metal loading amount of 75 wt% were also prepared 

using the procedure described above. 
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5.2.5. Structural characterization of PtRu/1-AP-CNFs 

 

X-ray diffraction (XRD) analysis was performed with a Philips XLF ATPS XRD 100 

diffractometer using CuKα radiation (λ=1.5405 Å). The operating voltage and current were 

40.0 kV and 60.0 mA, respectively. Raman spectra of PtRu/CNFs were obtained using 

Horiba Jobin Yvon LabRam Aramis Microscope with 633 nm HeNe Laser. 

 

The structure of CNFs, PtRu/AO-CNFs, and PtRu/1-AP-CNFs, which were deposited onto 

200 mesh carbon-coated Cu grids, was evaluated using a Hitachi HF-2000 TEM at 200 kV. 

These nanofibers were also examined using a JEOL JSM-6360LV FESEM at 15 kV. 

 

5.2.6. Electrochemical properties of PtRu/CNFs 

 

The electrochemical measurements of PtRu/CNFs were performed in a three-electrode cell at 

25 oC on an electrochemical workstation (AQ4 Gamry Reference 600, USA). The cell 

consisted of a working electrode (PtRu/CNFs), a counter electrode (Pt wire), and a reference 

electrode (Ag/AgCl/4.0 M KCl). Nitrogen was used to bubble the testing solutions for at least 

30 minutes before the measurements, and then was used continually to protect the experiment 

environment. All the electrochemical potentials were measured and reported with respect to 

Ag/AgCl/4.0 M KCl. 
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The measurement of hydrogen electrosorption was conducted by cyclic voltammograms 

(CVs) of PtRu/CNFs in 0.5 M H2SO4 at 50 mV·s-1 to determine the electrochemically active 

surface area. CV responses of PtRu/CNFs in 1 M CH3OH + 0.2 M H2SO4 at 5 mV·s-1 were 

also measured to study their activities on the methanol oxidation.  

 

5.3. Results and Discussions 

 

5.3.1. CNF treatment and PtRu deposition 
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Figure 5.1. Schematic diagram of the deposition of PtRu electrocatalyst on 1-AP-CNFs. 
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Figure 5.1 shows the schematic diagram of the synthesis procedure of PtRu/1-AP-CNFs. 

Since the surface of CNFs is chemically inert and does not have functional groups, PtRu 

deposition on untreated CNF surface is relatively un-controlled. In order to do the surface 

treatment of CNFs, a noncovalent functionalization involving a reagent 1-AP was used. The 

reagent 1-AP, a bifunctional molecule with a pyrenyl group and an amino functional group, 

does not have direct chemical reaction with CNFs. Typically, the pyrenyl group of 1-AP can 

be attached onto the basal plane of graphite via π-stacking.[259] As a result, 1-AP can be 

immobilized on CNFs through the adsorption of pyrenyl groups onto the inherently 

hydrophobic surface of CNFs. After the immobilization of 1-AP, H2PtCl6·xH2O and RuCl3 

can be traduced and the pH value of the solution changes to around 6.0 (i.e., slightly acid). At 

the same time, the amino groups of immobilized 1-AP molecules become weakly positively 

charged, which leads to the self-assembly of negatively charged Pt precursors, PtCl62- ions, 

followed by the subsequent self-assembly of positively charged Ru precursors, Ru3+. As a 

result, the uniform distribution of Pt and Ru precursors can be obtained on the surface of 

CNFs. After that, in the presence of ethylene glycol, self-assembled PtRu precursors are 

reduced to form PtRu nanoparticles on the CNF surface. Therefore, during the synthesis of 

1-AP-CNFs, the PtCl6
2- and Ru3+ ions are attached onto CNF surface first, and then are 

reduced to PtRu nanoparticles. 
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Figure 5.2. TEM images of CNFs (a), PtRu/1-AP-CNFs with metal loadings of 25 (b) and 50 

(c) wt%, high resolution TEM image and inserted electron diffraction pattern (d) and EDS 

spectrum (e) of PtRu/1-AP-CNFs (metal loading: 25 wt%). 
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Figure 5.3. Diameter distributions of PtRu nanoparticles on PtRu/1-AP-CNFs with the metal 

loadings of 25 (a) and 50 (b) wt%, respectively. 
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5.3.2. TEM images of PtRu/1-AP-CNFs 

 

Figure 5.2 shows TEM images of CNFs and PtRu/1-AP-CNFs. In Figure 5.2a, CNFs exhibit 

long and straight fibrous morphology with relatively uniform diameters between 100 and 300 

nm. It is also seen that before deposition, CNF surface is smooth and there are no particles 

loaded. However, PtRu nanoparticles are observed on the surface of CNFs after deposition 

(Figures 5.2b-c). When the metal loading is 25 wt%, PtRu nanoparticles are evenly 

distributed on the surface of 1-AP-CNFs (Figure 5.2b) and the average diameter of PtRu 

nanoparticles is about 3.1 nm (Figure 5.3a). When the metal loading increases (i.e. 50 wt%), 

more PtRu nanoparticles are found on the surface of 1-AP-CNFs and they are still evenly 

distributed. Though there is a relatively large increase in the metal loading, the average 

diameter of PtRu nanoparticles increases slightly from 3.1 to 3.3 nm (Figure 5.3b), which 

should be due to the surface treatment of CNFs by 1-AP functionalization.  A more detailed 

explanation is provided in Section 3.3 - Structure Comparison of PtRu/1-AP-CNFs and 

PtRu/AO-CNFs. 

 

Figures 5.2d and e show the high resolution TEM image, inserted electron diffraction pattern, 

and energy dispersive X-ray spectroscopy (EDS) of PtRu/1-AP-CNFs (metal loading: 25 

wt%), respectively. In Figure 5.2d, it shows the crystal structure of PtRu nanoparticle with 

crystal lattice of 3.877 Å. The EDS data in Figure 5.2e also confirm the presence of PtRu 

particles on the surface of 1-AP-CNFs, and the copper peaks belong to the TEM grid 
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background.  

 

5.3.3. Structure comparison of PtRu/1-AP-CNFs and PtRu/AO-CNFs 
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Figure 5.4. TEM images and PtRu diameter distributions of PtRu/1-AP-CNFs (a) and 

PtRu/AO-CNFs (b), respectively. The metal loading is 75 wt%. 
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Figure 5.4 shows TEM images and diameter distributions of PtRu/1-AP-CNFs and 

PtRu/AO-CNFs. The metal loading amount is the same, i.e., 75 wt%, for both PtRu/CNFs.  

As shown in Figure 5.4a, the surface of 1-AP-CNFs is almost fully covered by PtRu 

nanoparticles, however, there are no large aggregates of PtRu particles found. Moreover, 

when compared with PtRu/1-AP-CNFs with metal loadings of 25 and 50 wt% (Figure 5.2b 

and c), more PtRu nanoparticles are evenly distributed on the surface of 1-AP-CNFs and the 

particle size of PtRu electrocatalysts on 1-AP-CNFs increases slightly to 3.6 nm when the 

metal loading increases to 75 wt%. For AO-CNFs, which were oxidized in a mixed strong 

acid solution (50 ml H2SO4:HNO3 in 3:1 v/v ratio) at 80 oC, PtRu nanoparticles can also be 

found on the fiber surface. However, the average size of PtRu nanoparticles increases to 5.4 

nm, and significant amount of PtRu particle aggregates is found. The relatively smaller size 

of PtRu nanoparticles on PtRu/1-AP-CNFs should be caused by the immobilization of 

bi-functional 1-AP molecules, which offer large and uniformly distributed active sites for 

anchoring PtCl6
2- and Ru3+ ions and subsequently Pt and Ru nanoparticles (Figure 5.1). Thus, 

compared with conventional acid-oxidized CNFs, 1-AP-functionalized CNFs are more 

effective for use as catalyst supporting materials. 

 

5.3.4. XRD patterns of PtRu/CNFs 

 

X-ray diffraction (XRD) profiles of PtRu/1-AP-CNFs and PtRu/AO-CNFs are presented in 

Figure 5.5. For comparison, the XRD profile of untreated CNFs is also shown. The 
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diffraction peak at around 25° can be assigned to the diffraction of the (002) plane of graphite 

layers in CNFs. The XRD profiles of PtRu/AO-CNFs and PtRu/1-AP-CNFs also confirm that 

the PtRu phase is formed on both CNFs and can be indexed to the reflections of crystal 

structure of PtRu nanoparticles at 39.9o (111), 45.8o (200), 68.3o (220), and 82.0o (222), 

respectively.  The diffraction peaks of PtRu/1-AP-CNFs are stronger than those of 

PtRu/AO-CNFs due to their smaller PtRu particle size that makes the XRD measurement 

more sensitive. 
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Figure 5.5. XRD profiles of CNFs (a), PtRu/AO-CNFs (b), and PtRu/1-AP-CNFs (c). The 

metal loading is 75 wt%. 
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5.3.5. XPS spectrum of PtRu/1-AP-CNFs 
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Figure 5.6. XPS spectrum of PtRu/1-AP-CNFs in the binding energy of 250-550 eV. The 

metal loading is 75 wt%. 

 

X-ray photoelectron spectroscopy (XPS) spectrum obtained from PtRu/1-AP-CNFs is 

presented in Figure 5.6.  One characteristic peak of 4d for Pt appears at about 315 eV, two 

characteristic peaks of 3p for Ru appear at around 461 and 484 eV, and one 1s peak of carbon 

appears at about 285 eV, respectively.[272, 273] Moreover, based on the intensities of XPS 
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peaks of Pt 4d and Ru 3p, the elemental ratio of Pt:Ru can be calculated to be around 3:2, 

which is the same as the molar ratio of Pt and Ru precursors used in the preparation of 

PtRu/1-AP-CNFs. 

 

5.3.6. Raman spectra of PtRu/1-AP-CNFs and PtRu/AO-CNFs 
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Figure 5.7. Raman spectra of CNFs (a), PtRu/AO-CNFs (b), and PtRu/1-AP-CNFs (c). The 

metal loading is 75 wt%. 
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Raman spectra of untreated CNFs, PtRu/1-AP-CNFs, and PtRu/AO-CNFs are shown in 

Figure 5.7. Raman spectra of carbon materials reflect the electronic structure and 

electron-phonon interactions and allow clear identification of graphite layers.[261] The peak 

at 1335 cm-1 is assigned to the disordered graphite structure (D-band), and the frequency 

peak at 1587 cm-1 (G-band) corresponds to a splitting of the E2g stretching mode of graphite, 

which reflects the structural intensity of the sp2-hybridized carbon atoms.[262] Therefore, the 

intensity ratio of D- and G-bands (ID/IG) can be used to evaluate the extent of the 

modification or defects on CNF surface and a higher ID/IG ratio typically indicates a higher 

degree of disorder. From Figure 5.7, it is seen that, compared to untreated CNFs, the ID/IG 

ratio of PtRu/AO-CNFs increases from 1.30 to 1.49. This indicates that the harsh acid 

treatment produces carboxylic acid sites on the surface, causing significant structural damage 

on the ordered structure of CNF surface. From Figure 5.7, it is also seen that 

PtRu/1-AP-CNFs have slightly lower ID/IG ratio (i.e., 1.16) than untreated CNFs, which 

indicates that the immobilization or wrapping of 1-AP on the surface of CNFs via π-stacking 

has no detrimental effect on the ordered structure in CNFs. Rather, the slightly decreased 

ratio may suggest the coverage of the original defect sites by 1-AP molecules.  

 

5.3.7. Electrochemical characterization of PtRu/CNFs  

 

CV measurements of PtRu/AO-CNFs and PtRu/1-AP-CNFs between -0.2 and +1.0 V at 50 

mV s-1 in 0.5 M H2SO4 were employed to examine whether PtRu particles on CNF surface 
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are electrochemically active (Figure 5.8). It is seen that redox current density peaks can be 

observed, which are due to the adsorption and desorption of hydrogen at the surface of PtRu 

nanoparticles on CNFs.  
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Figure 5.8.  Current-potential curves of PtRu/AO-CNFs (a) and PtRu/1-AP-CNFs (b) in 0.5 

M H2SO4 at 50 mV·s-1. The metal loading is 75 wt%. 

 

The integration of CV curves from hydrogen desorption peaks from -0.2 to +0.2 V gives 

electrochemical active surface area (EASA), which can be calculated according to the 
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following formula:[263]  

EASA  /0.22             (5.2) 

where Q is the electric charge for hydrogen desorption and 0.22 mC cm-2 the hydrogen 

adsorption constant (based on Pt). Table 5.1 shows the calculated EASA values for both 

PtRu/AO-CNFs and PtRu/1-AP-CNFs. It is seen that the EASA for PtRu/1-AP-CNFs is 327 

cm2/mg, much higher than that of PtRu/AO-CNFs (233 cm2/mg), which is due to the smaller 

PtRu particle size and less agglomerate formation on the surface of 1-AP-CNFs. This result 

demonstrates that PtRu nanoparticles deposited on 1-AP-CNFs are electrochemically more 

accessible, which is important for electrocatalyst applications in fuel cells.  

 

5.3.8. Electro-oxidation of methanol on PtRu/CNFs 

 

Figure 5.9 shows the current density-potential curves of PtRu/AO-CNFs and 

PtRu/1-AP-CNFs in 0.125 M CH3OH + 0.2 M H2SO4 solution at 5 mV s-1. It is seen that both 

PtRu/AO-CNFs and PtRu/1-AP-CNFs present the electro-oxidation of methanol, which starts 

at around +0.40 V and then the current density increases to a maximum at about +0.63 V; 

moreover, another current peak is found at about +0.43 V when scanning back. The 

mechanism for the methanol reaction is: first, methanol is adsorbed on the surface of PtRu 

nanoparticles, and then transformed to different reactive intermediates, such as (CH2O)ads and 

(CHO)ads, and poisoning species (CO)ads. Both reactive and poisoning species can be further 

oxidized to CO2, however, a relatively higher potential is required to oxidize the poisoning 
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species (CO)ads.[170, 264, 265] 
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Figure 5.9.  Current-potential curves of PtRu/AO-CNFs (a) and PtRu/1-AP-CNFs (b) in 

0.125 M CH3OH + 0.2 M H2SO4 at 5 mV s-1. The metal loading is 75 wt%. 

 

In order to study the efficiency of methanol oxidation, the electrochemical characteristic data 

of PtRu/AO-CNFs and PtRu/1-AP-CNFs are summarized in Table 5.1. The efficiencies of 

methanol oxidation were compared in items of forward onset potential, forward peak current 

density (If), backward peak current density (Ib), and the ratio of forward to backward peak 
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current densities (If/Ib). From Table 5.1, it is seen that compared with PtRu/AO-CNFs, 

PtRu/1-AP-CNFs have larger forward and backward peak current densities due to their 

reduced PtRu particle size and increased EASA. The If/Ib ratio of PtRu/1-AP-CNFs is also 

larger than that of PtRu/AO-CNFs, which may be related to the smaller PtRu particles in 

Pt/1-AP-CNFs. In addition, a smaller forward onset potential is obtained at PtRu/1-AP-CNFs, 

indicating the better catalytic activity of PtRu/1-AP-CNFs than that of PtRu/AO-CNFs. 

 

Table 5.1. Electrochemical characteristics of PtRu/AO-CNFs and PtRu/1-AP-CNFs. 

Solutions: 0.5 M H2SO4 for EASA and 0.125 M CH3OH + 0.2 M H2SO4 for other 

characteristics. Scanning rate: 5 mV s-1. The metal loading is 75 wt%. 

 

Catalysts 

Average 

particle 

size 

(nm) 

EASA 

(cm2/mg) 

Onset 

Potential (V 

VS  Ag/AgCl/4.0 

M KCl) 

Backward 

peak current 

density 

(If, mA mg-1)

Backward 

peak current 

density 

(Ib, mA mg-1) 

If/Ib

PtRu/AO-CNFs 5.4 233 0.42 1.58 1.46 1.08

PtRu/1-AP-CNFs 3.6 327 0.39 3.93 1.90 2.07

 

5.4. Summary 

 

The preparation and characterization of PtRu/CNFs by the combination of 1-AP 

functionalization and a polyol processing technique were studied. PtRu nanoparticles with 
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well-defined morphology and good catalyst activity were obtained on functionalized CNFs. It 

is found that compared with the conventional acid-treated CNFs, the simple synthesis process 

of 1-AP-functionalization treatment can preserves the integrity and the electronic structure of 

CNFs. The diameter of PtRu nanoparticles on 1-AP functionalized CNFs is around 3.5 nm in 

average, which is smaller than that of PtRu/CNFs prepared from the conventional 

acid-treated CNFs. Moreover, PtRu nanoparticles are much more evenly distributed on 1-AP 

functionalized CNFs without forming agglomerates. The resulting PtRu/1-AP-CNFs possess 

the properties of higher active surface area and better performance towards the oxidation of 

methanol. Therefore, the chemical deposition of PtRu nanoparticles on 1-AP-CNFs provides 

an alternative method to obtain a good catalyst toward the oxidation of methanol. However, 

investigations into the catalytic ability of such composites in membrane electrode assembly 

in direct methanol fuel cells are needed for future applications. 
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CHAPTER 6. ANODE: CARBON NANOFIBER-SUPPORTED 

PLATINUM BY ELECTRODEPOSITION-(I) 

 

Abstract      

       

Pt/carbon composite nanofibers were prepared by electrodepositing Pt nanoparticles onto 

electrospun carbon nanofibers and were used as catalysts towards the oxidation of methanol. 

The morphology and size of Pt nanoparticles were controlled by selectively adjusting the 

electrodeposition potential and time. SEM and TEM results show that the composite 

nanofibers were successfully obtained and Pt particle diameters were between 10 and 55 nm. 

The electrocatalytic activity of the composite nanofibers expressed by current density per Pt 

particle mass was found to depend on the particle size, showing an increasing activity when 

the catalyst diameter decreased.
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6.1. Introduction 

 

Novel synthesis and processing technologies present the opportunity to design 

next-generation, high-efficiency energy storage and conversion systems. Among various 

energy systems, fuel cells are considered leading candidates for generating power in a clean 

manner for our future because they provide electricity without combustion and the pollutants 

associated with burning fossil fuels.[254] In conventional fuel cells, electrodes are typically 

constructed by binding catalyst-loaded carbon particles (e.g., Vulcan XC-72 carbon 

black-supported Pt) with Nafion®, in which carbon particles facilitate electron transport. A 

high catalyst loading in these electrodes is typically required because they cannot ensure a 

simultaneous access of the catalyst to the fuel, electron-conducting diffusion layer and 

proton-conducting electrolyte.[274] As a result, the cost of precious metallic or alloyed 

catalysts will be a significant barrier to widespread commercial use of fuel cells.  

 

Replacing carbon particles with one-dimensional carbon nanomaterials, such as carbon 

nanotubes (CNTs) and carbon nanofibers (CNFs), can provide effective long-range electron 

transfer in electrodes, thereby resulting in improved catalyst utilization and lower catalyst 

loading. Research has been conducted on the deposition of noble metal such as Pt 

nanoparticles onto CNTs,[234, 266, 275] but little has been done on CNFs. Due to the 

fascinating structure and thermal/electrical/mechanical properties, CNFs are of special 

interest recently because they can be synthesized in different graphene sheets by cheap and 

readily available methods.[276] Li et al. used the cyclic voltammogram method to deposit Pt 
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particles onto CNFs, but the diameters of deposited Pt nanoclusters are too large (50-200 nm) 

for practical fuel cell applications.[277] It is important to obtain catalysts with smaller 

particle sizes evenly distributed on CNF surface, which can exhibit increased catalytic 

activities concomitant with a lower necessary loading. Here, we report on the preparation and 

characterization of Pt/carbon composite nanofibers (Pt/CNFs) by the electrodeposition of 

smaller Pt nanoparticles (≤ 55 nm) onto electrospun CNFs under different potentials. 

 

6.2. Experimental 

 

6.2.1. Preparation of CNFs 

 

CNFs were synthesized using the electrospinning method. First, 8.0 wt% polyacrylonitrile 

(PAN, Sigma-Aldrich) solution in N,N-dimethylformamide (DMF, Sigma-Aldrich) was 

prepared at 60oC.  The electrospinning was conducted by a variable high voltage power 

supply (Gamma ES40P-20W/DAM) at a voltage of 15 kV. Under high voltage, a polymer jet 

was ejected and accelerated toward the counter electrode, during which the solvent was 

rapidly evaporated. The electrospun fibers were collected on an aluminum foil. The collected 

nanofibers were stabilized in an air atmosphere at 280 oC for 2 hrs at the heating rate of 5 oC 

min-1, and then carbonized at 700 oC for 1 hr in nitrogen atmosphere at the heating rate of 2 
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oC min-1. The resultant CNFs formed free-standing nonwoven membranes and were directly 

used as the working electrode in the electrodeposition of Pt nanoparticles.  

 

6.2.2. Electrodeposition of Pt nanoparticles 

 

Figure 6.1 illustrates the procedure of electrodepositing Pt nanoparticles onto CNFs. CNFs 

were cycled in 1.0 M H2SO4 solution between -0.70 and +1.20 V for 100 cycles at 50.0 mV 

s-1 to oxidize the surface. During that process, various surface functional groups such as 

quinoid (=O), hydroxy (-OH) and carboxyl (-COOH) were produced, which can supply 

defect sites for the Pt nanoparticle deposition.[258] The presence of these functional groups 

on oxidized CNFs was confirmed by using Nicolet Nexus 470 Fourier Transform Infra Red 

spectrophotometer. The surface-treated CNFs were then immersed in 5.0 mM H2PtCl6·xH2O 

+ 1.0 M H2SO4 solution for 1 hr under the potentials of -0.2 V, 0.0 V and +0.2 V, respectively, 

to carry out the electrodeposition of Pt nanoparticles.   
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Figure 6.1. Schematic diagram illustrating the procedure of electrodepositing Pt nanoparticles 

onto CNFs. 
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6.3. Results and Discussions 

 

6.3.1. FTIR spectra 
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Figure 6.2. FTIR spectra of CNFs (a) and oxidized CNFs (b). 

 
FTIR spectra of CNFs and oxidized CNFs are shown in Figure 6.2. For un-oxidized CNFs, 

two major characteristic IR bands are found at 1280 cm-1 and 1590 cm-1, respectively, which 

are related to the C-C and C=C stretch bonds. However, oxidized CNFs present peaks with 
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relatively high intensities at around 3333 and 2957 cm−1, the -OH vibration peaks of -COOH , 

and at 1162 cm−1, the -C-O stretch peak of -C-OH. Oxidized CNFs also show two 

characteristic bending mode peaks at 1733 cm−1 and 1690 cm−1, which are the -C=O stretch 

bond in esters and benzophenones, respectively. As a result, FTIR spectra suggest that the 

CNF surface has been oxidized, which can form defects and are suitable for the deposition of 

Pt nanoparticles. 

 

6.3.2. TEM images 

 

Figure 6.3 shows TEM images of CNFs and Pt/CNFs, in which Pt was electrodeposited at 

-0.2 V. It is seen that before electrodeposition, the CNF surface is smooth and there are no 

particles. However, Pt nanoparticles are evenly distributed on the surface of CNFs after the 

electrodeposition, and the particle size ranges from 10 to 35 nm. The energy dispersive X-ray 

spectroscopy (EDS) of Pt/CNFs is also showed in Figure 6.3, and confirms the presence of Pt 

on CNF surface. The peak of Cu comes from the TEM grid used in the experiment.  

 

6.3.3. SEM images 

 

Figure 6.4 shows SEM images of Pt/CNFs, in which Pt nanoparticles were deposited in three 

different potentials: -0.2, 0.0, and +0.2 V. In SEM images, the well-dispersed Pt nanoparticles 
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Figure 6.4. SEM images and diameter distributions of Pt/CNFs prepared with different 

electrodeposition potentials: (a) -0.2, (b) 0.0, and (c) +0.2 V. 
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where M is the atomic weight of Pt (195.09 g mol-1), QPt the electrons transferred (C), S the 

geometric area of CNF electrode (cm-2), and F the Faraday constant (96,485 C mol-1). The 

deposition amount is 0.17, 0.26, and 0.57 mg cm-2 when the potential used is -0.2, 0.0, and 

+0.2 V, respectively. The Pt particle diameter distribution is also shown in Figure 6.3. From 

the histogram analysis, the diameter of Pt nanoparticles decreases with decrease in 

electrodeposition potential. This is because the application of more negative potential favors 

the formation of a greater quantity of nuclei, resulting in smaller Pt particle size [278]. 

Moreover, the less deposition amount at lower potentials should also be responsible for the 

smaller particle size. 

 

6.3.4. Electrochemical performance of Pt/CNF nanocomposites 

 

Figure 6.5 shows the current density-potential curves of CNF and Pt/CNF electrodes 

(electrodeposition potential: -0.2 V) in 0.125 M CH3OH + 0.20 M H2SO4 solution at 5.0 mV 

s-1. There is almost no methanol oxidation peak found for the CNF electrode. In comparison, 

the Pt/CNF electrode presents the electro-oxidation of methanol, which starts at +0.40 V with 

a maximum peak at +0.62 V. After reaching the maximum, a decrease in current density is 

observed due to the formation of oxides on the Pt surface, which decreases the number of 

active sites. Moreover, another current density peak is found at +0.55 V while reducing the 

potential, which signifies the desorption of CO generated through the methanol 

oxidation.[274]  
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Figure 6.5.  Current density-potential curves of CNF (a) and Pt/CNF (b) electrodes in the 

0.125 M methanol + 0.20 M sulfuric acid solution at 5.0 mV s-1. The inset shows the 

normalized curves of three Pt/CNF electrodes prepared with different electrodeposition 

potentials: (a) -0.2, (b) 0.0, and (c) +0.2 V. 

 

To compare the catalytic activity of Pt/CNF electrodes prepared under different potentials, 

the current density-potential curves of these electrodes are shown in the inset of Figure 6.5 

with the current density expressed by per mg of Pt nanoparticles. The maximum methanol 
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oxidation current density is found in the Pt/CNF electrode prepared under -0.2 V, and the 

minimum is in the electrode deposited under +0.2 V. The better performance of the Pt/CNF 

electrode under -0.2 V can be associated to the smaller Pt nanoparticle diameter since the 

electrochemical reaction depends on the electrocatalyst surface area. Among the three 

electrodes, Pt nanoparticles in the Pt/CNF electrode under -0.2 V are the smallest in diameter, 

which make them more accessible to the reactants.  

 

6.4. Summary 

 

Pt/CNF nanocomposites with well-defined morphology and particle size were prepared by 

electrodepositing Pt nanoparticles onto electrospun carbon nanofibers under different 

potentials. TEM and SEM results show that the Pt particle diameters are between 10 - 55 nm. 

The Pt/CNF electrodes were characterized by their good electrocatalytic properties towards 

the oxidation of methanol and it is demonstrated that the Pt/CNF electrode prepared under 

the potential -0.2 V has the best activity due to the lowest catalyst diameter. 
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CHAPTER 7. ANODE: CARBON NANOFIBER-SUPPORTED 

PLATINUM BY ELECTRODEPOSITION-(II) 

 
Abstract 

 

Pt/carbon composite nanofibers were prepared by electrodepositing Pt nanoparticles directly 

onto electrospun carbon nanofibers. The morphology and size of Pt nanoparticles were 

controlled by the electrodeposition time. The resulting Pt/carbon composite nanofibers were 

characterized by running cyclic voltammograms in 0.20 M H2SO4 and 5.0 mM K4[Fe(CN)6] 

+ 0.10 M KCl solutions, respectively. The electrocatalytic activities of Pt/carbon composite 

nanofibers were measured by the oxidation of methanol. Results show that Pt/carbon 

composite nanofibers possess the properties of high active surface area and fast electron 

transfer rate, which lead to a good performance towards the electrocatalytic oxidation of 

methanol. It is also found that the Pt/carbon nanofiber electrode with a Pt loading of 0.170 

mg cm-2 has the highest activity.  
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7.1. Introduction 

 

Nanomaterials have received growing interest due to their unique chemical and physical 

properties according to their sizes and shapes.[2] Nanostructured carbons with different 

forms, such as fullerenes, nanotubes, and nanofibers, have fascinating structures and 

thermal/electric/mechanical properties, and hence they gained much attention due to their 

potential applications in diverse areas, ranging from fuel cells, supercapacitor, hydrogen 

storage, field emission devices, to chemical/biological sensors.[279-282] In many of these 

applications, the deposition of precious metallic or alloyed catalysts onto the carbon substrate 

is necessary to provide such desired functionalities as the electrocatalytic activity. In these 

cases, the structure and properties of the supporting carbon materials are crucial because they 

have significant impact on the size, distribution, and activity of the supported catalysts. For 

example, in direct methanol fuel cells, the methanol oxidation reaction (MOR) in acidic 

solution, typically catalyzed by Pt or its alloy, can be expressed in the following 

equation:[253]  

 

CH3OH + H2O → CO2 + 6H+ + 6e–           (7.1) 

            Eo (MOR) = 0.016V vs. SHE at 25 oC        

 

For the reaction to happen, the catalyst particles must have simultaneous exposure to the 

reactants, protons, and electrons. Therefore, the development of highly active electrode 
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catalysts coupled with a suitable electrode structure for the oxidation of methanol is an 

important subject to attaining the high efficiency in direct methanol fuel cells. 

 

Carbon nanomaterials are currently being considered as the catalysts supports in direct 

methanol fuel cells, because of their unique graphite properties combined with 

three-dimensional flexible structures. Among various carbon nanomaterials, 1-dimentional 

nano-carbons, such as carbon nanotubes and carbon nanofibers, are considered as promising 

support materials for catalysts in direct methanol fuel cells, thanks to their unique structures, 

high electronic and thermal conductivities, and good electrochemical stability.[256, 257]  

Compared with carbon nanotubes, carbon nanofibers are inexpensive and can be produced 

with various controlled structures at relatively high speeds.  However, most current research 

focused on the deposition of noble metal such as Pt nanoparticles onto carbon 

nanotubes[283-286]  and there are only few literature reports on utilizing carbon nanofibers 

as the catalyst support . For example, Li et. al., recently utilized the pulsed electrodeposition 

method to prepare Pt-deposited carbon nanofibers, but the resultant Pt particle sizes are 

relatively large (~ 150 nm).[277] Here, we report the preparation and characterization of 

Pt/carbon composite nanofibers by electrodepositing Pt nanoparticles with smaller diameters 

onto carbon nanofibers. 

 



130 
 

7.2. Experimental 

 

7.2.1. Chemicals and reagents 

 

Polyacrylonitrile (PAN), N,N-dimethylformamide (DMF), chloroplatinic acid hydrate 

(H2PtCl6·xH2O), potassium hexacyanoferrate (II) (K4[Fe(CN)6]), sulfuric acid (H2SO4) and 

methanol (CH3OH) were purchased from Sigma-Aldrich, and they were used without further 

purification. Deionized water was used throughout. 

      

7.2.2. Synthesis of carbon nanofibers 

 

A/DMF solution 8 wt% PAN was prepared at 60 oC, with mechanical stirring for three hours.  

The electrospinning was conducted using a Gamma ES40P-20W/DAM variable high voltage 

power supply under a voltage of 15 kV. Under high voltage, a polymer jet was ejected and 

accelerated toward the nanofiber collector, during which the solvent was rapidly evaporated. 

The electrospun PAN fibers were collected on an aluminum foil placed on the collector. 

These PAN nanofibers were first stabilized in an air atmosphere at 280 oC for 2.0 hrs at the 

heating rate 5.0 oC min-1, and then carbonized at 700 oC for 1.0 hr in nitrogen atmosphere at 

the heating rate 2.0 oC min-1. The resulting carbon nanofibers were used as the working 
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electrode in the electrodeposition of Pt nanoparticles.  

 

7.2.3. Electrodeposition of Pt onto carbon nanofibers 

 

First, carbon nanofibers were directly used as the working electrode and were cycled in 1.0 

M H2SO4 solution between -0.70 and 1.20 V for 100 cycles at 50.0 mV s-1 to form oxidized 

carbon nanofibers. The electrodepostion of Pt particles was carried out by applying a 

potential of -0.2 V with different deposition durations on the oxidized carbon nanofibers in a 

5.0 mM H2PtCl6·xH2O + 1.0 M H2SO4 solution.  

 

The structure of carbon and Pt/carbon nanofibers, which were deposited onto 200 mesh 

carbon-coated Cu grids, was evaluated using a Hitachi HF-2000 TEM at 200 kV. These 

carbon and Pt/carbon nanofibers were also examined using a JEOL JSM-6360LV FESEM at 

15 kV. 

 

7.2.4. Electrochemical properties of Pt/carbon nanofibers 

 

The electrochemical measurements of Pt/carbon nanofibers were performed in a 

three-electrode cell at 25.0 oC on an AQ4 Gamry Reference 600 electrochemical workstation. 

The cell consisted of a working electrode (Pt/carbon nanofibers), a counter electrode (Pt 
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wire), and a reference electrode (Ag/AgCl/4.0 M KCl). Nitrogen was used to bubble the 

testing solutions for at least 30 mins before the measurements, and then was used continually 

to protect the experiment environment. All the electrochemical potentials were measured and 

reported with respect to Ag/AgCl/4.0 M KCl. 

 

The measurement of hydrogen electrosorption was conducted by cyclic voltammograms 

(CVs) of Pt/carbon nanofiber electrodes in 0.50 M H2SO4 at 50.0 mV·s-1 to determine the 

electrochemically active surface area (Ar/cm2). The electron transfer properties were 

determined by CVs of Pt/carbon nanofibers in 5.0 mM K4[Fe(CN)]6 + 0.50 M KCl at 50.0 

mV·s-1. CVs of Pt/carbon nanofibers in 0.125 M CH3OH + 0.20 M H2SO4 at 5.0 mV·s-1 were 

also carried out to study their activities on the methanol oxidation.  

 

7.3. Results and Discussions 

 

7.3.1. Surface oxidation of carbon nanofibers in 1.0 M H2SO4 

 

Figure 7.1 shows the SEM image of carbon nanofibers before surface oxidation. It is shown 

that carbon nanofibers from PAN precursor have relatively smooth and regular surface 

morphology, with fiber diameters ranging from 200 nm to 300 nm. The fiber diameters can 
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be further reduced by manipulating spinning voltage, solution concentration, solvent type, 

and other processing parameters.  Typically, smaller fiber diameter benefits the 

electrodeposition of Pt nanoparticles due to increased accessible surface area. 

 

In order to carry out the surface oxidation, carbon nanofibers were used as the working 

electrode and were cycled in 1.0 M H2SO4 at different scan rates using CVs, and the results 

are shown in Figure 7.2. It is seen that two current peaks are found at ± 0.48 V, respectively, 

and they can be attributable to the redox reactions of surface functional groups as quinoid. 

Moreover, the current density increases with increase in scan rate. The response of the anodic 

current density peak (Ipa) was measured as a function of scan rate and is shown in the inset of 

Figure 7.2. Ipa depends almost linearly upon the scan rate, which is due to the Faradic process 

occurring on the surface of carbon nanofibers.  

 

 

 

Figure 7.1. SEM image of carbon nanofibers before surface oxidation. 
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Figure 7.2. Surface oxidation of carbon nanofibers in 1.0 M H2SO4 at the scan rate of (a) 10.0, 

(b) 25.0, (c) 50.0, (d) 75.0, (e) 100.0 mV·S-1, respectively. The relationship between anodic 

peak current (Ipa) and scan rate is shown in the inset. 

 

7.3.2. TEM images of carbon and Pt/carbon nanofibers 

 

After the surface oxidation, Pt particles were electrodeposited onto the carbon nanofiber 

surface.  Figure 7.3 shows TEM images of carbon nanofibers and Pt/carbon composite 

nanofibers with 1.0 hr deposition time. It is seen that before electrodeposition, the carbon 
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7.3.3. SEM images of Pt/carbon nanofibers 

 

The amount (mPt) of Pt loading can be calculated by the following equation: 

( )2.7
4 SF

MQ
m Pt

Pt ⋅
⋅

=  

where M is the atomic weight of Pt (195.09 g mol-1), QPt the electrons transferred (C), S the 

geometric area of carbon nanofiber electrode (cm-2), and F the Faraday constant (96485 C 

mol-1). In this work, four different deposition durations of 0.5, 1.0, 2.0, and 3.0 hr were used, 

and the Pt loadings of the resultant Pt/carbon nanofibers are 0.085, 0.170, 0.335, and 0.545 

mg cm-2, respectively. Figure 7.4 shows SEM images of these Pt/carbon composite 

nanofibers. When the deposition time is 0.5 hr, the resultant Pt loading of 0.085 mg cm-2 is 

relatively low, and hence Pt nanoparticles cannot be visually seen on the surface of carbon 

nanofibers. However, the electrochemical measurements discussed in the following sections 

show the presence of Pt nanoparticles on carbon nanofibers at this low loading. When the 

deposition time is beyond 0.5 hr, well-distributed Pt nanoparticles can be observed on the 

surface of carbon nanofibers. Moreover, with increase in deposition time, the surface 

morphology of carbon nanofibers becomes rougher and the diameter of Pt nanoparticles 

increases. That is because the application of a longer deposition time results in higher Pt 

nanoparticle loading without increasing the quantity of nuclei. As a result, with increase in 

deposition time (i.e., Pt loading), the Pt nanoparticle size increases.  
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Figures 7.4a, b, c, and d only show Pt nanoparticles deposited on the outer nanofiber layers. 

In order to ensure that nanoparticles have been deposited onto the surface of deeper layers, a 

SEM image was taken after mechanically peeling off three layers of Pr/carbon composite 

nanofibers (Figure 7.4e). It is seen that Pt nanoparticles are distributed on the nanofiber 

surface, indicating that Pt ions can penetrate deep into carbon nanofiber layers during 

electrodeposition and be reduced to Pt nanoparticles. 

 

7.3.4. Electrochemical characterization of Pt/carbon nanofibers  
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Figure 7.5. CV responses in 0.2 M H2SO4 for carbon and Pt/carbon nanofibers prepared 

using different deposition durations (a: 0.5, b: 1.0, c: 2.0, and d: 3.0 hr). Scanning rate: 50.0 

mV·s-1. 
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CV measurements of carbon and Pt/carbon nanofibers between -0.25 and +0.30 V at 50.0 

mV·s-1 in 0.20 M H2SO4 were employed to examine whether Pt particles on carbon nanofiber 

surface are electrochemically active (Figure 7.5). It is seen that there is no redox peak found 

in carbon nanofibers, indicating no electrochemical activity. However, after the 

electrochemical deposition of Pt particles, redox current density peaks were observed. These 

redox peaks are due to the adsorption and desorption of hydrogen at the surface of Pt 

particles on carbon nanofibers. Moreover, the integration of CV curves after correcting for 

the double layer charging gives the quantities of charge, QH (µC), which are showed in Table 

7.1. According to the theoretical value of electricity QH
0 = 210 µC per real cm2 of Pt [267], 

the electrochemically active surface areas of Pt/carbon nanofibers can be estimated from Ar = 

QH / QH
0, which are also shown in Table 7.1. From Table 1, it is found that with increase in 

deposition time, the Pt electroactive surface area increases. 

 

Table 7.1. Charge quantities and electrochemically active surface areas of Pt/carbon 

nanofibers with different deposition durations. Solution: 0.20 M H2SO4. Scanning rate: 50.0 

mV·s-1. 

 

Deposition 

duration 

(hr) 

 

0.5 

 

1.0 

 

2.0 

 

3.0 

QH / µC 77.3 92.7 122.8 187.0 

Ar / cm2 0.37 0.44 0.58 0.89 
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In order to study the electron transfer properties of carbon nanofibers before and after Pt 

particle deposition, steady-stated CV experiments were carried out at 50.0 mV·s-1 in 5.0 mM 

K4[Fe(CN)6] + 1.0 M KCl, in which K4[Fe(CN)6] served as a probe for the fast electron 

transfer (Figure 7.6). A pair of well-defined redox peaks for Fe(CN)6
3-/Fe(CN)6

4- are found in 

Pt/carbon nanofibers at E = -0.12 and 0.04 V, respectively, indicating that Pt/carbon 

nanofibers have fast electron transfer kinetics, which may be due to the high electric 

conductivity and fascinating 3-dimensional structures of these nanofibers .  
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Figure 7.6. CV responses in 5.0 mM K4[Fe(CN)6] + 0.1 M KCl for carbon and Pt/carbon 

nanofibers prepared using different deposition durations (a: 0.5, b: 1.0, c: 2.0, and d:. 3.0 hr).  

Scanning rate: 50.0 mV·s-1. 
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7.3.5. Electro-oxidation of methanol on Pt/carbon nanofibers 

 

Figure 7.7 shows the current density-potential curves of carbon and Pt/carbon nanofibers in 

0.125 M CH3OH + 0.20 M H2SO4 solution at 5.0 mV·s-1. There is no methanol oxidation 

peak found for carbon nanofibers. In comparison, Pt/carbon nanofibers present a relatively 

large methanol electro-oxidation peak, which starts at +0.40 V with a maximum current peak 

+0.62 V. After the maximum, a decrease in current is observed due to the formation of oxides 

on the Pt surface, which decreases the number of active sites. Moreover, another current 

density peak is found at +0.55 V, which signifies the desorption of CO generated during the 

methanol oxidation .  
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Figure 7.7.  Current-potential curves of carbon (a) and Pt/carbon (b) in 0.125 M CH3OH + 

0.20 M H2SO4 at 5.0 mV·s-1. Deposition time: 1.0 hr. 
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Table 7.2. Electrochemical characteristics of Pt/carbon nanofibers with different deposition 

durations. Solution: 0.125 M CH3OH + 0.20 M H2SO4. Scanning rate: 5.0 mV·s-1. 

 

Deposition 

duration 

(hr) 

Catalyst 

loading 

(mg cm-2) 

Forward peak 

potential 

(V VS  Ag/AgCl/4.0 M 

KCl) 

Forward peak 

current density 

(Ipa, mA cm-2) 

Mass 

activity 

(A g-1) 

0.5 0.085 + 0.63 2.33 27.41 

1.0 0.170 + 0.62 6.55 38.53 

2.0 0.335 + 0.63 10.43 31.13 

3.0 0.545 + 0.65 12.67 23.24 

 

In order to study the efficiency of methanol oxidation, the electrochemical characteristic data 

of Pt/carbon nanofibers with different deposition durations are summarized in Table 7.2. The 

efficiencies of methanol oxidation were compared in items of forward peak potential, 

forward peak current density (Ipa), and the mass activity (peak current density of methanol 

oxidation per unit of Pt loading [287]). From Table 7.2, it is seen that with increase in Pt 

loading, the forward peak current density increases due to increased amount of available Pt 

catalyst. With increase in Pt loading, the mass activity increases first and then reach a 

maximum when the loading is 0.170 mg cm-2, i.e., deposition time = 1.0 hr. The existence of 

a maximum mass activity may be related to the size effect of Pt particles. When the Pt 

loading is higher than 0.170 mg cm-2, the size of Pt particles become larger, which may play 
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a role in reducing the mass activity of Pt/carbon nanofibers. In addition to the maximum 

mass activity, a minimum forward peak potential is obtained at the loading of 0.170 mg cm-2, 

indicating that superior catalytic activity at that loading. 

 

Figure 7.8 shows the effect of methanol concentration on the anodic current density of 

Pt/carbon nanofibers during methanol oxidation. It is seen that, with increase in methanol 

concentration, the anodic current density increases first, but keeps relatively constant when 

the methanol concentration is greater than 0.50 M due to the saturation of Pt active sites at 

high methanol concentrations. 
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Figure 7.8. Anodic peak current as a functional of methanol concentration for Pt/carbon 

nanofibers in 0.50 M CH3OH + 0.20 M H2SO4 at 5.0 mV·s-1. Deposition time: 1.0 hr. 
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The effect of solution temperature on the anodic peak current density of Pt/carbon nanofibers 

during methanol oxidation is shown in Figure 7.9. With increasing temperature, a linear 

increase in the anodic peak current is observed from 25.0 to 70.0 oC. After reaching 70.0 oC, 

the anodic peak current starts to decrease.  The increase in the peak current density can be 

attributed to the acceleration of the electrode reaction kinetics. At temperatures beyond 70 oC, 

the decrease in anodic peak is caused by the evaporation of methanol, which has a boiling 

point of 64.7 oC.  
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Figure 7.9. Anodic peak current density as a function of solution temperature for Pt/carbon 

nanofibers in 0.50 M CH3OH + 0.20 M H2SO4 at 5.0 mV·s-1. Deposition time: 1.0 hr. 
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7.4. Summary 

 

Pt/carbon nanofibers have been prepared by electrodepositing Pt nanoparticles onto 

electrospun carbon nanofibers under the potential -0.2 V. Particles with well-defined 

morphology and size were obtained by controlling the electrodeposition time. The deposition 

time can also be used to control the Pt loading and the catalyst activity. The resulting 

Pt/carbon nanofibers possess the properties of high active surface area and fast electron 

transfer rate, which leads to a good performance towards the electrocatalytic oxidation of 

methanol. The electrocatalytical activities of Pt/carbon nanofibers with different deposition 

times have been evaluated. The results show that the Pt/carbon electrode with suitable 

deposition time (1.0 hr here) has the highest electrocatalytic activity. Therefore, the 

electrochemical deposition of Pt nanoparticles on carbon nanofibers provides an alternative 

method to obtain a good catalyst toward the oxidation of methanol. However, investigations 

into the catalytic ability of such composites in Membrane Electrode Assembly in direct 

methanol fuel cells are needed for future applications. 
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CHAPTER 8. CATHODE: CARBON NANOFIBER-SUPPORTED 

PLATINUM-PALLADIUM BY ELECTRODEPOSITION 

 

Abstract 

 

Carbon nanofiber-supported Pt-Pd alloy composites were prepared by co-electrodepositing 

Pt-Pd alloy nanoparticles directly onto electrospun carbon nanofibers. The morphology and 

size of Pt-Pd alloy nanoparticles were controlled by the surface treatment of carbon 

nanofibers and electrodeposition duration time. SEM/EDS and XPS were used to study the 

composition of Pt-Pd alloy on the composites, and the co-electrodeposition mechanism of 

Pt-Pd alloy was investigated. The resultant Pt-Pd/carbon nanofiber composites were 

characterized by running cyclic voltammograms in oxygen-saturated 0.1 M HClO4 at 25 oC 

to study their electrocatalytic ability toward oxygen reduction. Results show that 

Pt-Pd/carbon nanofiber composites possess good performance towards the electrocatalytic 

reduction of oxygen. Among all Pt-Pd/carbon nanofibers prepared, the composite with a 

Pt-Pd loading of 0.90 mg cm-2 has the highest electrocatalytic activity by catalyst mass.  
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8.1. Introduction 

 

Due to high-energy demands, fossil fuel depletions, and environmental pollution throughout 

the world, considerable efforts have been dedicated to developing fuel cells with good 

performance.[219, 288-291] However, the commercialization of fuel cells is still hindered by 

certain problems, including poor kinetics of both the anodic and cathodic reactions and high 

cost of Pt-based electrocatalysts.[84, 89, 292-295]  At the cathode, the oxygen reduction 

reaction is kinetically-limited due to endothermic and irreversible reactions and “mixed 

potential effect”, which are caused by the competitive reactions between the adsorption of 

oxygen molecules on the catalyst surface and the formation of oxide and hydroxide 

intermediates. For instance, the overpotential losses of oxygen reduction on Pt, a commonly 

used fuel cell electrocatalyst, amount to 0.3-0.4 V.[147, 295] In order to improve the 

performance of the catalytic ability toward oxygen reduction, a second element or third is 

often alloyed into Pt. Fundamentally, the second (or third) element can alter the inter-atomic 

spacing of Pt and increase the Pt 5d orbital vacancies, thereby enhancing the efficiency of the 

oxygen reduction.[148-151] So far, many second or third elements (such as Pd) have been 

alloyed into Pt-based catalysts for the oxygen reduction, and most of them used carbon 

particles as the catalyst support.[296-301] However, the optimized efficiency of carbon 

particle-supported catalysts is relatively hard to attain due to the specific physical and 

chemical properties of carbon particles, and their high ohmic resistance and mass transport 

limitation during fuel cell operation.[162] 
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Nanostructured carbons with different forms, such as fullene, graphene, nanotubes, and 

nanofibers, have fascinating structures and thermal/electric/mechanical properties, and hence 

they are gaining much attention due to their potential applications in diverse areas, ranging 

from fuel cells, supercapacitor, hydrogen storage, field emission devices, to 

chemical/biological sensors.[229, 255, 274, 302] Among various carbon nanomaterials, 

carbon nanofibers (CNFs) are considered as a promising support candidate for fuel cell 

catalysts due to their high electronic and thermal conductivities, 1-dimentional structure, and 

good electrochemical stability.[25, 72, 303] Moreover, they are inexpensive and can be 

produced with various controlled structures at relatively high speeds.  However, until now 

there are few research reports on utilizing CNFs as the catalyst support in fuel cells.[282, 

304-306] In this paper, we report the preparation and characterization of Pt-Pd/CNF 

composites by co-electrodepositing Pt-Pd alloy nanoparticles onto CNFs. 

 

8.2. Experimental 

 

8.2.1. Chemicals and reagents 

 

Polyacrylonitrile (PAN), N,N-dimethylformamide (DMF), chloroplatinic acid hydrate 
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(H2PtCl6·xH2O), ammonium hexachloropalladate [(NH4)2PdCl6], sulfuric acid (H2SO4), and 

perchloric acid (HClO4) were purchased from Sigma-Aldrich, and they were used without 

further purification. Deionized water was used throughout. 

      

8.2.2. Synthesis of CNFs 

       

A DMF solution of 8 wt% PAN was prepared at 60 oC, with mechanical stirring for three 

hours.  The electrospinning was conducted using a Gamma ES40P-20W/DAM variable high 

voltage power supply under a voltage of 15 kV. Under high voltage, a polymer jet was 

ejected and accelerated toward the nanofiber collector, during which the solvent was rapidly 

evaporated. The electrospun PAN fibers were collected on an aluminum foil placed on the 

collector. These PAN nanofibers were first stabilized in air at 280 oC for 2.0 hours with a 

heating rate of 5.0 oC min-1, and then carbonized in nitrogen atmosphere at 700 oC for 1.0 

hour with a heating rate of 2.0 oC min-1. The resultant CNFs were used as the working 

electrode during the electrodeposition of Pt-Pd alloy nanoparticles.  

 

8.2.3. Electrodeposition of Pt-Pd alloy particles onto CNFs 

 

Before electrodeposition, CNFs were oxidized by cycling in a 1.0 M H2SO4 solution between 

-0.70 and 1.20 V at a rate of 50 mV s-1 for 100 cycles. The electrodepostion of Pt-Pd alloy 
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particles was carried out by applying a potential of -0.2 V (vs. Ag/AgCl/4.0 M KCl) with 

different deposition durations on the oxidized CNFs in a 2.5 mM H2PtCl6·xH2O + 2.5 mM 

(NH4)2PdCl6 + 1.0 M H2SO4 solution.  

 

8.2.4. Characterization of Pt-Pd/CNFs 

 

X-ray diffraction (XRD) analysis was performed with a Philips XLF ATPS XRD 100 

diffractometer using CuKα radiation (λ=1.5405 Å). The operating voltage and current were 

45 kV and 40 mA, respectively. X-ray photoelectron spectrometer (XPS) was used to analyze 

the composition of Pt-Pd alloy particles using a Kratos Analytical Axis Ultra spectrometer.  

 

The structure of CNFs and Pt-Pd/CNFs, which were deposited onto 200 mesh carbon-coated 

Cu grids, was evaluated using a Hitachi HF-2000 TEM at 200 kV. These CNFs and 

Pt-Pd/CNFs were also examined using a JEOL JSM-6360LV FESEM at 15 kV. The 

diameters of Pt-Pd alloy nanoparticles were determined by measuring 75 randomly selected 

particles for each sample using an ImageJ software package.  

 

8.2.5. Electrochemical properties of Pt-Pd/CNFs 

 

Cyclic voltammograms (CVs) were used to measure the catalytic ability of Pt-Pd/CNFs 
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toward oxygen reduction in oxygen-saturated 0.1 M HClO4 with the scan rate of 5.0 mV·s-1. 

The electrochemical measurements of Pt-Pd/CNFs were performed in a three-electrode cell 

at 25 oC on an AQ4 Gamry Reference 600 electrochemical workstation. The cell consisted of 

a working electrode (Pt-Pd/CNFs), a counter electrode (Pt wire), and a reference electrode 

(Ag/AgCl/4.0 M KCl). Oxygen was used to bubble the testing solution for at least 30 minutes 

before the measurements, and then was used continually throughout the experiment. All the 

electrochemical potentials were measured and reported with respect to Ag/AgCl/4.0 M KCl. 

 

8.3. Results and Discussion 

 

8.3.1. TEM images of CNFs and Pt-Pd/CNFs 

 

Before the electrodeposition, CNFs were used as the working electrode and were cycled in 

1.0 M H2SO4 to carry out the surface oxidation. During that process, various surface 

functional groups such as quinoid (=O), hydroxy (-OH) and carboxyl (-COOH) were 

produced, and they can supply defect sites for the Pt-Pd alloy deposition.[228] After the 

surface oxidation, Pt-Pd alloy nanoparticles were electrodeposited onto the CNF surface.  

Figure 8.1 shows TEM images of CNFs and Pt-Pd/CNFs with different deposition durations. 

It is seen that before electrodeposition, the CNF surface is smooth and there are no particles 
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Figure 8.1. TEM images of CNFs (a) and Pt-Pd/CNFs with different deposition durations of 

1.0 (b), 2.0 (c), and 4.0 (d) hours, respectively; and EDS spectrum (e) of Pt-Pd/CNFs with 

1.0 hour deposition. Insets in (b), (c), and (d) show the composites with larger magnification. 
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loaded. However, Pt-Pd alloy nanoparticles are found on the surface of CNFs after 1.0 hour 

electrodeposition. When the deposition time increases from 1.0 to 2.0 hours, more Pt-Pd 

alloy nanoparticles are distributed on the surface of CNFs. However, when the deposition 

time is 4.0 hours, a large number of aggregates appear. Figure 8.1e shows the energy 

dispersive X-ray spectroscopy (EDS) of Pt-Pd/CNFs with 1.0 hour deposition. The EDS 

curve confirms the presence of Pt-Pd alloy particles on the surface of CNFs. The Cu peak in 

Figure 8.1e belongs to the TEM grid background.  

 

Table 8.1. Quantitative data of Pt-Pd alloy particles in Pt-Pd/CNF nanocomposites from EDS 

and XPS analysis. 

 

Deposition duration 

(hour) 

Pt/Pd ratio 

obtained by EDS 

Pt/Pd ratio 

obtained by 

XPS  

Pt-Pd/CNFs 

1.0 39.5/60.5 37.9/62.1 Pt40Pd60/CNFs 

2.0 52.2/47.8 52.3/47.7 Pt50Pd50/CNFs 

4.0 54.0/46.0 57.5/42.5 Pt55Pd45/CNFs 

 

The amount (mPt-Pd) of Pt-Pd alloy loading can be calculated by the following equation: 
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·
                (8.1)  

 

where MPt and MPd are the atomic weights of Pt (195.09 g mol-1) and Pd (106.42 g mol-1), WPt 

and WPd the weight percentages of Pt and Pd, respectively, Q the electrons transferred (C), S 

the electrode geometric area (cm-2), and F the Faraday constant (96485 C mol-1). In this work, 

the compositions of Pt-Pd alloy nanoparticles deposited with different deposition durations 

were analyzed by EDS, and the results are showed in Table 8.1. The Pt-Pd alloy loadings of 

the resultant composites of Pt-Pd/CNFs are 0.42, 0.90, and 1.85 mg cm-2, respectively, when 

the deposition durations are 1.0, 2.0, and 4.0 hours.  

 

8.3.2. SEM images of Pt-Pd/CNFs 

 

Figures 8.2a, b, and c show SEM images of Pt-Pd/CNFs with different deposition durations. 

When the deposition time is 1.0 hour, the resultant Pt-Pd alloy loading is relatively low (0.42 

mg cm-2), and hence there are just a few Pt-Pd alloy nanoparticles found on the surface of 

CNFs, and the average alloy particle size is around 29 nm (Figure 8.3a). When the deposition 

time is longer than 1.0 hour, well-distributed Pt-Pd alloy nanoparticles can be observed on 

the surface of CNFs and the diameter of Pt-Pd alloy nanoparticles increases from 29, 41 to 64 

nm when the deposition time increases from 1.0, 2.0 to 4.0 hours (Figure 8.3). That is 

because the application of a longer deposition time results in higher Pt-Pd nanoparticle 
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loading without increasing the quantity of nuclei. As a result, with increase in deposition time 

(i.e., Pt-Pd alloy loading), the Pt-Pd alloy nanoparticle size increases.  

 

   

   

 

Figure 8.2. SEM images of Pt-Pd/CNFs prepared with different deposition durations of 1.0 

(a), 2.0 (b), and 4.0 (c) hours. The insets in (a), (b), and (c) show the composites with larger 

magnification. 
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Figure 8.3. Diameter distributions of Pt-Pd alloy particles in Pt-Pd/CNFs prepared with 

different deposition durations: 1.0 (a), 2.0 (b), and 4.0 (c) hours. Deposition potential: -0.2 V. 
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Figure 8.4. XRD patterns of CNFs (a) and Pt-Pd/CNFs (b). Deposition potential: -0.2 V. 

Deposition time: 1.0 hour. 

 

8.3.3. XRD Patterns and XPS analysis of Pt-Pd/CNFs 

 

X-ray diffraction (XRD) patterns obtained from electrospun CNFs and Pt-Pd/CNF 

composites are presented in Figure 8.4. The diffraction peak at 25.5° can be assigned to the 

diffraction of the (002) plane of graphite layers. The XRD pattern of Pt-Pd/CNFs presents 
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Figure 8.5. XPS spectra of Pt-Pd/CNFs in the binding energy of 60-90 (a) and 280-350 (b) eV, 

respectively. Deposition potential: -0.2 V. Deposition time: 1.0 hour. 
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typical diffraction peaks at 40.2o (111), 46.6o (200), 68.5o (220), 82.0o (311), and 86.5o (222), 

respectively, which belong to Pt-Pd alloy crystals formed on CNFs. 

 

X-ray photoelectron spectroscopy (XPS) spectra obtained from the Pt-Pd/CNF composite 

with 1.0 hour deposition are presented in Figure 8.5. Three characteristic peaks of 4f and 4d 

for Pt appear at about 73, 75, and 315 eV, and two characteristic peaks of 3d for Pd appear at 

around 336 and 342 eV, and the 1s peak of carbon appears at about 285 eV, respectively.[272, 

307] Moreover, from the intensities of XPS peaks Pt 4f and Pd 3d, the elemental ratio of 

Pt/Pd can be obtained and the results are shown in Table 8.1.   

 

The Pt/Pd ratios calculated from XPS data are comparable to those obtained from EDS 

results.  Based on the Pt/Pd ratios obtained by EDS and XPS, the Pt-Pd/CNFs can be 

denoted as Pt40Pd60/CNFs, Pt50Pd50/CNFs, and Pt55Pd45/CNFs for the composites obtained 

with deposition durations of 1.0, 2.0, and 4.0 hours, respectively. 

 

8.3.4. Electrodeposition mechanism of Pt-Pd/CNFs 

 

During the electrodeposition, Pt and Pd components from their corresponding precursors are 

involved in a series of electrochemical and accompanying chemical reactions. The deposition 

processes of Pt from PtCl6
2- salt can be described as: 
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PtCl 2e  PtCl 2Cl                   Eo = 0.726 V              (8.2) 

PtCl 2e  Pt 4Cl                       Eo = 0.758 V              (8.3) 

 

Similarly, the reactions involved in the electrodeposition of Pd from PdCl6
2- salt can be 

shown as:  

 

PdCl 2e  PdCl 2Cl                  Eo = 1.467 V             (8.4) 

PdCl 2e  Pd 4Cl                     Eo = 0.62 V               (8.5)   

 

The classical model of metal nucleation and growth includes a surface term and a bulk term 

for each metal,[308] which can be used to illustrate the reduction procedure of Pt and Pd on 

the surface of CNFs. Equations 8.2 and 8.4 show the first step of deposition for Pt and Pd, 

respectively, and it is seen that the reduction potential of PdCl6
2- is much lower than that of 

PtCl6
2-, which favors the formation of PdCl4

2- ions and subsequently higher  PdCl4
2- 

concentration in the electrodeposition solution. This should be responsible for the higher Pd 

composition in Pt40Pd60/CNFs when the deposition duration is 1.0 hour since the reduction 

potentials of PtCl4
2- and PdCl4

2- are comparable to each other according to Equations 8.3 and 

8.5. However, with the increase in the deposition time, more PtCl42- ions are formed and less 

PdCl4
2- ions are produced due to the reduced concentration of PdCl6

2- ions. As a result, the 

relatively higher PtCl4
2- ion concentration in the electrodeposition solution results in 

increased Pt composition in Pt-Pd/CNFs, from Pt40Pd60/CNFs, Pt50Pd50/CNFs, to 

Pt55Pd45/CNFs when the deposition duration increases from 1.0, 2.0, to 4.0 hours.  
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Figure 8.6. CV responses in oxygen-saturated 0.1 M HClO4 at 25 oC on Pt40Pt60/CNFs (a), 

Pt50Pt50/CNFs (b), and Pt55Pt45/CNFs (c). Scanning rate: 5.0 mV·s-1. 

 

8.3.5. Oxygen reduction performance of Pt-Pd/CNFs 

 

CV measurements of Pt-Pd/CNFs between -0.2 and +0.40 V at 5.0 mV·s-1 in 

oxygen-saturated 0.1 M HClO4 at 25 oC were employed to examine the catalytic ability of the 
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composites toward the oxygen reduction, and the results are shown in Figure 8.6. It is seen 

that there are reduction peaks around -0.05 V, indicating that Pt-Pd/CNFs are 

electrochemically active toward the oxygen reduction.  

 

In order to study the efficiency of oxygen reduction, the electrochemical characteristic data 

of those Pt-Pd/CNF composites with different deposition durations are summarized in Table 

8.2. The oxygen reduction efficiencies are compared in items of O2 reduction peak potential, 

O2 reduction current density (current density difference at reduction peak potential shown in 

Figure 8.6), and mass activity (reduction current density of oxygen reduction per unit of 

Pt-Pd alloy loading). From Table 8.2, it is seen that with increase in Pt-Pd alloy loading, the 

O2 reduction current density increases due to increased amount of available Pt-Pd alloy 

catalyst. In addition to the current density, a maximum peak potential on Pt-Pd/CNFs is also 

obtained at the loading of 1.85 mg cm-2 (i.e., Pt55Pd45/CNFs), indicating that the highest 

catalytic activity is achieved at this loading.  

 

Moreover, it is also seen from Table 8.2 that a maximum mass activity of 0.24 A g-1 can be 

obtained when the loading is 0.90 mg cm-2, i.e., deposition time = 2.0 hours. The existence of 

a maximum mass activity may be related to the size effect of Pt-Pd alloy nanoparticles. When 

the Pt-Pd alloy loading is higher than 0.90 mg cm-2, the size of Pt-Pd alloy particles become 

larger and some particles even form aggregates, which may play a role in reducing the mass 

activity of Pt-Pd/CNF composites at higher loading of 1.85 mg cm-2.   
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Table 8.2. Electrochemical characteristics of Pt-Pd/CNF composites with different deposition 

durations. Solution: oxygen-saturated 0.1 M HClO4 at 25 oC. Scanning rate: 5.0 mV·s-1. 

 

Pt-Pd/CNFs 

Catalyst 

loading 

(mg cm-2) 

O2 reduction  peak 

potential 

(V VS  Ag/AgCl/4.0 M KCl) 

O2 reduction 

current density  

(mA cm-2) 

Mass 

activity 

(A g-1) 

Pt40Pd60/CNFs 0.42 -0.06 0.08 0.20 

Pt50Pd50/CNFs 0.90 -0.05 0.22 0.24 

Pt55Pd45/CNFs 1.85 -0.02 0.41 0.22 

 

8.4. Summary 

 

Pt-Pd/CNF composites have been prepared by co-electrodepositing Pt-Pd alloy nanoparticles 

onto electrospun CNFs under the potential -0.2 V. Particles with well-defined morphology 

and size were obtained by controlling the electrodeposition time. The deposition time can 

also be used to control the Pt-Pd alloy loading and the catalyst activity. The resultant 

Pt-Pd/CNF composites possess good performance towards the electrocatalytic reduction of 

oxygen. The results show that Pt-Pd/CNF composites with a suitable deposition time (2.0 

hours) and composition (Pt50Pd50/CNFs) has the best electrocatalytic activity by mass toward 

the oxygen reduction. The electrochemical deposition of Pt nanoparticles on CNFs provides 
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an alternative method to obtain a good catalyst toward the reduction of oxygen. However, the 

assembling of such composites into membrane electrode assemblies (MEAs) and the 

investigation of their catalytic ability in MEAs are needed for future fuel cell applications. 
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CHAPTER 9. CONCLUSIONS 

 

To tackle worldwide critical energy issue and environmental pollution problems, the 

development of sustainable, clean, and renewable energy technologies, such as energy 

storage and conversion systems, has been recognized as an economically and 

environmentally friendly alternative to solve those urgent global problems facing our society. 

Among various energy storage and conversion systems, direct methanol fuel cells (DMFCs) 

have recently attracted much attention since they can provide green power for electric 

vehicles and electronic portable devices by methanol conversion. 

 

Recently, particular attention has been given to the design and synthesis of high-performance 

nanostructured electrodes because innovative and nano-scale materials have proven to be 

critical to improve the electrochemical performance of DMFCs. The wide-spread use of 

DMFCs is currently hindered by their unsatisfactory properties, such as low activity, limited 

reliability and poor durability. Nanostructured carbon materials with varieties of forms, such 

as carbon nanotubes (CNTs), carbon nanofibers (CNFs), and graphene, have been utilized to 

construct the electrodes of DMFCs through various syntheses and fabrication methods. CNFs, 

one of the promising nanostructured carbon materials produced by the combination of 

electrospinning and carbonization, have been potentially considered as an efficient, simple, 

and inexpensive material to fabricate the electrodes in DMFCs. 
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Electrospinning, which produces continuous polymer nanofibers through the action of an 

external electric field imposed on a polymer solution or melt, has been considered as a simple 

and effective method to produce one-dimensional (1D) polymer fibers at the nano- and 

meso-scale levels. The resultant polymer nanofibers are promising material candidates for 

numerous practical applications (including DMFCs) because of their large surface area, 

nano-scale fiber diameter, and unique functionalities. Based on the carbonizaition of polymer 

nanofibers, electrospun CNFs can be fabricated to support for catalysts in the electrodes of 

DMFCs due to their high surface area, large pore volume, and good chemical resistance. 

 

In our study, we focused on the prepararion of electrospun CNFs through electrospinning and 

carbonization processes and exploring them as support materials for catalysts in the anodes 

and cathodes in DMFCs. In order to develop highly active electrode catalysts coupled with a 

suitable electrode structure for the oxidation of methanol at the anode and the reduction of 

oxygen at the cathode, two approaches, i.e., chemical deposition and electrodeposition, were 

used to prepare catalyst-loaded CNF electrodes. The research in this dissertation can be 

divided into the following three parts:  

 

(I) Synthesis and electrocatalysis of CNF-supported Pt and Pt-Ru nanoparticles by chemical 

deposition for use as anode electrodes in DMFCs.  

 

In this part, Pt and Pt-Ru/CNF composite anodes (Pt/CNFs and PtRu/CNFs) were prepared 

by depositing Pt and PtRu nanoparticles onto electrospun CNFs by a chemical deposition 
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technique and were used as anode electrodes in DMFCs.  

 

Pt/CNFs were first prepared by depositing Pt nanoparticles directly onto CNFs, and the 

morphology and size of Pt nanoparticles were controlled by 1-aminopyrene functionalization 

and HNO3 + H2SO4 acid oxidation, respectively. The noncovalent functionalization of CNFs 

by 1-aminopyrene is simple and can be carried out at ambient temperature without damaging 

the integrity and electronic structure of CNFs. The resulting Pt/CNFs were characterized by 

running cyclic voltammogram in 0.5 M H2SO4 and 0.125 M CH3OH + 0.2 M H2SO4 

solutions, respectively. Results show that Pt/CNFs with 1-aminopyrene functionalization 

have Pt nanoparticles with smaller size and better distribution, compared with those treated 

with HNO3 + H2SO4 acid. Moreover, Pt/1-aminopyrene-functionalized CNFs possess the 

properties of higher active surface area and improved electrocatalytic performance towards 

the oxidation of methanol.  

 

PtRu/CNFs were also prepared by alloying Ru into Pt using the procedure described above, 

and their electrocatalytic ability toward the methanol oxidation was also studied. The results 

show that PtRu/CNFs with 1-aminopyrene functionalization have better electrocatalytic 

ability toward the methanol oxidation than that of Pt/1-aminopyrene-functionalized CNFs, 

since the introduction of Ru into Pt promotes the oxidation of CO to CO2, thereby reducing 

the CO poisoning toward Pt electrocatalyst.  

 

In summary, Pt and PtRu nanoparticles deposited on CNFs by 1-aminopyrene 
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functionalization and the polyol processing technique exhibit good electrocatalytic activity 

toward the methanol oxidation, and can be used as anodes in DMFCs. 

 

(II) Synthesis and electrocatalysis of CNF-supported Pt nanoparticles by electrodeposition 

for use as anodes in DMFCs. 

 

In this part, Pt/CNF composite anodes (Pt/CNFs) were prepared by depositing Pt 

nanoparticles onto electrospun CNFs using electrodeposition technique.  

 

Pt/CNF nanocomposites were first prepared by electrodepositing Pt nanoparticles onto 

electrospun CNFs under different potentials of -0.2, 0.0, and 0.2 V, respectively. TEM and 

SEM results show that Pt/CNF nanocomposites have well-defined morphology and the Pt 

particle diameters are between 10 - 55 nm. The Pt/CNF electrodes were characterized by 

their good electrocatalytic properties towards the oxidation of methanol and it is 

demonstrated that the Pt/CNF electrode prepared under the potential -0.2 V has the best 

activity due to the lowest catalyst diameter. 

 

In addition to the deposition voltage, the deposition time can also be used to control the Pt 

loading and the catalyst activity. Pt/CNFs were futhere prepared by electrodepositing Pt 

nanoparticles onto electrospun CNFs under the potential -0.2 V by controlling the 

electrodeposition time. The electrocatalytical activities of Pt/CNFs with different deposition 

times have been evaluated. The results show that the Pt/carbon anode with suitable 
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deposition time (i.e. 2.0 hours) has the highest electrocatalytic activity. Therefore, the 

electrochemical deposition of Pt nanoparticles on CNFs provides an alternative method to 

obtain a good catalyst toward the oxidation of methanol, and can be used as anodes in 

DMFCs. 

 

(III) Synthesis and electrocatalysis of CNF-supported Pt-Pd nanoparticles by 

electrodeposition for use as cathodes in DMFCs. 

 

In this part, Pt-Pd/CNF composite cathodes (PtPd/CNFs) were prepared by depositing Pt-Pd 

nanoparticles onto electrospun CNFs using co-electrodeposition technique.  

 

Pt-Pd/CNF composites were prepared by co-electrodepositing Pt-Pd alloy nanoparticles onto 

electrospun CNFs under the potential -0.2 V. Particles with well-defined morphology and 

size were obtained by controlling the electrodeposition time. The deposition time can also be 

used to control the Pt-Pd alloy loading and the catalyst activity. The resultant Pt-Pd/CNF 

composites possess good performance towards the electrocatalytic reduction of oxygen. The 

results show that Pt-Pd/CNF composites with a suitable deposition time (i.e. 2.0 hours) and 

composition (Pt50Pd50/CNFs) have the best electrocatalytic activity by mass toward the 

oxygen reduction. The co-electrodeposition of Pt and Pd nanoparticles on CNFs provides an 

alternative method to obtain a good catalyst toward the reduction of oxygen used as cathode 

electrodes in DMFCs. 
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CHAPTER 10. FUTURE WORK 

 

In order to further the research, the recommended future work is included in the following 

but not limited to: 

 

(I) Incorporate CNF-supported electrocatalysts into membrane electrode assemblies (MEAs) 

to study their electrochemical performance in practical DMFCs. 

 

MEA, which is consisted of a polymer electrolyte membrane and catalyst loaded porous 

electrodes for methanol oxidation at the anode and oxygen reduction at the cathode, is the 

key component of DMFCs. In order to study the electrochemical properties of 

CNF-supported electrocatalysts in the electrodes of pratical DMFCs, those electrocatalysts 

need to be incorported into MEAs to investigate full cell performance, such as voltage vs. 

current density or power density vs. current density. From the information of the full cell 

performance, we can compare the properties of CNF-supported electrocatalysts to those of 

commercial available carbon black-supported electrocatalysts. Results obtained from the 

detailed exploration of comparisons can be used to improve the structure and properties of 

CNF-supported electrocatalysts and the overall electrochemical performance of fuel cells. 

 
(II) Prepare CNF-supported Pt-Pd particles by chemical deposition as cathodes in DMFCs. 

 

As mentioned in Chapter 7, CNF-supported Pt-Pd alloy composites were prepared by 
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co-electrodepositing Pt-Pd alloy nanoparticles directly onto electrospun CNFs. The 

morphology and size of Pt-Pd alloy nanoparticles were controlled by the surface treatment of 

CNFs and electrodeposition duration time. However, the average size of Pt-Pd nanoparticles 

by co-electrodeposition is relatively large (i.e. 29 nm when the deposition time is 1 hour), 

which should be reduced by chemical deposition consisting of 1-aminopyrene 

functionalization and polyol processing techque. Moreover, 1-aminopyrene functionalization 

can also help to preserve the integrities of the CNF-based cathode electrodes, which would 

improve the overall electrochemical performance of DMFCs, especially the long-term 

stability. 

 

(III) Prepare CNF-supported non-noble metal nanoparticles for use as electrodes in DMFCs. 

 

Noble metals, such as Pt, Ru, and Pd, have been widely used as the catalysts in the electrodes 

of DMFCs, however, the high cost of those metals have greatly hindered the commercial 

applications of DMFCs. In order to synthesize high-performance, non-noble metals, such as 

chromium-decorated nickel and silver, have been utilized as catalysts for anodes and 

cathodes in fuel cells recently. However, most of electrocatalysts were loaded on carbon 

black. In order to improve their electrochemical performance, CNFs can be used as support 

materials for non-noble catalysts, which may benefit the future development of DMFCs. 
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