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Abstract 

This thesis presents a facile and simple stepwise electroless deposition method for the 

synthesis of palladium nanoparticles for fuel cell application. The palladium 

nanoparticles synthesized by the proposed method exhibited high specific and mass 

activity for both oxygen reduction reaction and formic acid oxidation compared to 

commercial platinum and palladium loaded carbon. In particular, the amorphous 

palladium-phosphorus nanoparticles exhibited the highest specific and mass activity 

reported in literature so far. For oxygen reduction reaction, the palladium-phosphorus 

nanoparticles had a specific and mass activity of 6.85 mA cm
-2

 and 2.21 mA µg
-1

 

respectively which were 4.5 and 2.6 times greater than previously reported values. 

Furthermore for formic acid oxidation, the palladium-phosphorus nanoparticles had a 

specific and mass activity of 5.7 mA cm
-2

 and 2.9 mA µg
-1

 respectively which were 

also higher than any previously reported literature values. The palladium nanoparticles 

where also shown to be more durable than commercial platinum and palladium loaded 

carbon. Furthermore, the palladium nanoparticles synthesized by the proposed method 

were also demonstrated to be industrial applicable. Lastly, the proposed synthesis 

method was also implemented in coating carbon nanotubes with palladium 

nanoparticles to make a palladium nanoparticles-carbon nanotubes composite. This 

palladium nanoparticles-carbon nanotubes composite was shown to be able to increase 

the catalytic and mass activity of bilirubin oxidase in oxygen reduction reaction 

compared to carbon nanotubes alone. Furthermore, this palladium nanoparticles-

carbon nanotubes composite was also demonstrated to be able to increase the electron 

transfer rate between the bilirubin oxidase and the electrode (99.2 s
-1

 to 169.4 s
-1

). 

 



 

Page 1 
 

Table of Content 
 

Acknowledgement ........................................................................................................... i 

Abstract ...........................................................................................................................ii 

List of Figures ................................................................................................................. 4 

List of Tables .................................................................................................................. 6 

Abbreviation and Symbol List ........................................................................................ 7 

1. Introduction ................................................................................................................. 8 

1.1 Background and Motivation .................................................................................. 8 

1.1.1 Fuel Cell ......................................................................................................... 8 

1.1.2 Bio-fuel Cell ................................................................................................... 9 

1.2 Limitations .......................................................................................................... 11 

1.2.1 Limitations of Fuel Cell ................................................................................ 11 

1.2.2 Limitations of Bio-fuel Cell ......................................................................... 11 

1.3 Aims and Objectives ........................................................................................... 13 

1.4 Scope ................................................................................................................... 14 

1.5 Organization of Thesis ........................................................................................ 15 

2. Literature Review ...................................................................................................... 16 

2.1 Electrochemistry .................................................................................................. 16 

2.2 Types of Fuel Cells ............................................................................................. 18 

2.2.1 Proton Exchange Membrane Fuel Cell ......................................................... 18 

2.2.2 Alkaline Fuel Cell ......................................................................................... 20 

2.3 Bio-fuel Cell ........................................................................................................ 21 

2.4 Oxygen Reduction Reaction ................................................................................ 22 

2.5 Formic Acid Oxidation ........................................................................................ 23 

2.6 Electrocatalysts .................................................................................................... 25 

2.7 Comparison between Electrocatalysts for Oxygen Reduction Reaction in 

Alkaline Fuel Cell ..................................................................................................... 26 

2.7.1 Comparison between Onset Potentials ......................................................... 27 

2.7.2 Comparison of Observed Current Densities at Specific Potential ................ 27 

2.8 Comparison between Electrocatalysts for Formic Acid Oxidation ..................... 31 

2.9 Platinum / Platinum Nanoparticles ...................................................................... 32 

2.10 Palladium / Palladium Nanoparticles ................................................................ 34 



 

Page 2 
 

2.10.1 Synthesis of Palladium Nanoparticles ........................................................ 34 

2.10.2 Manipulating Size of Palladium Nanoparticles .......................................... 35 

2.10.3 Manipulating Shape of Palladium Nanoparticles ....................................... 35 

2.10.4 Formation of Bimetallic Palladium Nanoparticles ..................................... 36 

2.10.5 Using various support materials with Pd NPs ............................................ 36 

2.10.6 Manipulating Morphology of Pd NPs ........................................................ 37 

2.11 Bilirubin Oxidase .............................................................................................. 38 

3. Experimental Procedure ............................................................................................ 40 

3.1 Stock Solution Preparation .................................................................................. 40 

3.2 Stepwise Electroless Deposition of Palladium Nanoparticles ............................. 42 

3.3 Preparation of Platinum and Palladium loaded Carbon ...................................... 43 

3.4 Preparation of Bilirubin Oxidase Biocathode ..................................................... 43 

3.5 Linear Sweep Voltammetry for Oxygen Reduction Reaction ............................ 43 

3.6 Cyclic Voltammetry for Formic Acid Oxidation ................................................ 44 

3.7 Cyclic Voltammetry for Electrochemically Active Surface Area Measurement 45 

3.8 Preparation of Inductively Coupled Plasma-Mass Spectrometry ....................... 45 

3.9 Transmission Electron Microscopy / Scanning Transmission Electron 

Microscopy preparation ............................................................................................. 45 

3.10 Scanning Electron Microscopy preparation ...................................................... 46 

3.11 Preparation of X-ray Diffraction Samples ........................................................ 47 

3.12 Preparation for Ultra Violet-Visible Light Spectroscopy ................................. 47 

4. Results and Discussions for Oxygen Reduction Reaction ........................................ 48 

4.1 Synthesizing the Palladium Nanoparticles .......................................................... 48 

4.2 Characterizing the Palladium Nanoparticles ....................................................... 50 

4.3 Oxygen Reduction Reaction Polarization Curves of Palladium Nanoparticles .. 52 

4.4 Calculation and Analysis of the Specific Activity of Palladium Nanoparticles in 

Oxygen Reduction Reaction ...................................................................................... 55 

4.5 Calculation and Analysis of the Mass Activity of Palladium Nanoparticles in 

Oxygen Reduction Reaction ...................................................................................... 64 

4.6 Importance of Amorphous Nature and Industrial Application of Palladium 

Nanoparticles in Oxygen Reduction Reaction .......................................................... 67 

4.7 Durability Test for Palladium Nanoparticles in Oxygen Reduction Reaction .... 70 

5. Results and Discussion for Formic Acid Oxidation ................................................. 72 

5.1 Cyclic Voltammetry Curves for Formic Acid Oxidation .................................... 72 



 

Page 3 
 

5.2 Calculation and Analysis of the Specific and Mass Activity of Palladium 

Nanoparticles for Formic Acid Oxidation ................................................................. 75 

5.3 Importance of Amorphous Nature of Palladium Nanoparticles in Formic Acid 

Oxidation ................................................................................................................... 81 

5.4 Durability Test of the Palladium Nanoparticles for Formic Acid Oxidation ...... 82 

6. Results and Discussions for Bio-Fuel Cell ............................................................... 83 

6.1 Synthesis of Carbon Nanotubes-Palladium Nanoparticles Composite by 

Stepwise Electroless Deposition ............................................................................... 83 

6.2 Characterization of Carbon Nanotubes-Palladium Nanoparticles Composite .... 85 

6.3 Cyclic Voltammetry of Bilirubin Oxidase with Carbon Nanotube-Palladium 

Nanoparticles Composite as Support Material .......................................................... 87 

6.4 Importance of Palladium Nanoparticles in Enhancing Oxygen Reduction 

Reaction for Bilirubin Oxidase ................................................................................. 90 

7. Conclusion and Future Work .................................................................................... 91 

7.1 Conclusion ........................................................................................................... 91 

7.2 Future Work ........................................................................................................ 94 

List of Publication ......................................................................................................... 97 

References ..................................................................................................................... 98 

 

 

  



 

Page 4 
 

List of Figures 

Figure 1. Diagram of a typical fuel cell. ......................................................................... 9 

Figure 2. Diagram of PEMFC ....................................................................................... 19 

Figure 3. Diagram of AFC ............................................................................................ 20 

Figure 4. Diagram of BFC ............................................................................................ 22 

Figure 5. FAO reaction pathway ................................................................................... 24 

Figure 6. FAO curve of (a) Cu/Pd porous structure and (b) Cu/Pd film structure ....... 25 

Figure 7. Crystal structure of BOD (Myrothecium Verrucaria) ................................... 39 

Figure 8. TEM, ED and EDS of Pd-P and Pd-N2H4 ..................................................... 51 

Figure 9. XRD of Pd-P and Pd-N2H4. ........................................................................... 51 

Figure 10. ORR polarization curves for different deposition cycles of Pd-P and Pd-

N2H4 at 1600 rpm .......................................................................................................... 54 

Figure 11. ORR polarization curves for different deposition cycles of Pd-P and Pd-

N2H4 at 400, 900, 1600 and 2500 rpm ......................................................................... 57 

Figure 12. K-L plot for different deposition cycles of Pd-P and Pd-N2H4 ................... 58 

Figure 13. Full CV of 9 cycles Pd-P in N2-saturated 0.1 M KOH solution. ................. 59 

Figure 14. Full CV of Pt/C s in N2-saturated 0.1 M KOH solution .............................. 60 

Figure 15. Full CV of different deposition cycles of Pd-P and Pd-N2H4 in N2-saturated 

0.1 M KOH solution ..................................................................................................... 61 

Figure 16. ORR polarization curve of blank GC-RDE and 9 cycles Pd-P in O2-

saturated 0.1 M KOH solution before and after HNO3 extraction.. .............................. 65 

Figure 17. ORR polarization curves of 9 cycles Pd nanoparticles synthesized on 

carbon cloth before and after annealing. ....................................................................... 69 

Figure 18. EDS of 9 cycles Pd-P after annealing at 700 
o
c for 1 hour.. ........................ 69 

Figure 19. Chronoamperometry response of Pd NPs, Pt/C and Pd/C at 200 rpm.. ...... 71 

file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090531
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090532
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090533
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090534
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090535
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090536
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090537
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090538
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090539
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090540
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090540
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090541
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090541
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090542
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090543
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090544
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090545
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090545
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090546
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090546
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090547
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090547
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090548
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090549


 

Page 5 
 

Figure 20. CV curves for amorphous Pd-P NPs for FAO. ............................................ 72 

Figure 21. Full CV of different deposition cycles of Pd-P in N2-saturated 0.5 M H2SO4 

+ 0.1 M HCOOH........................................................................................................... 78 

Figure 22. SEM images of different deposition of Pd-P with their size distribution .... 79 

Figure 23. Forward scan curves for Pd-P NPs for FAO normalized by (a) ECSA to 

give specific activity and (b) Pd loading to give mass activity. .................................... 80 

Figure 24. Specific activity graphs for FAO of 6 cycles Pd-P NPs deposited on carbon 

cloth before and after annealing .................................................................................... 81 

Figure 25. Chronoamperometry results for both 9 cycles Pd-P and Pd/C for FAO. .... 82 

Figure 26. 9 cycles CNT-Pd composite viewed under (a) SEM, (b) STEM, (c) TEM 

and (d) particle size distribution graph. ........................................................................ 86 

Figure 27. ORR polarization curves of CNT-BOD and CNT-Pd-BOD with (a) full CV 

and (b) zoomed in potential range and mass activity curve. ......................................... 88 

Figure 28. UV-Vis curves of (a) different amounts of BOD for calibration and (b) 

CNT-BOD and CNT-Pd-BOD. (c) shows the calibration plot obtained from (a) at 420 

nm. ................................................................................................................................ 89 

file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090550
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090551
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090551
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090552
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090553
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090553
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090554
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090554
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090555
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090556
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090556
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090557
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090557
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090558
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090558
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491090558


 

Page 6 
 

List of Tables 

 

Table 1. Thermodynamic electrode potential for O2 reduction .................................... 23 

Table 2. Standard values for constants used
[40]

 ............................................................. 28 

Table 3. Summary of concentration of chemicals used for different experiments. ...... 42 

Table 4. Half-wave potential values of Pd and Pt obtained from Figure 9. .................. 54 

Table 5. Number of electrons transferred and specific activity values of Pd and Pt .... 63 

Table 6. Mass activity values of Pd and Pt electrocatalysts ......................................... 66 

Table 7. Specific, Mass Activities and average P content values for Pd-P and Pd/C at 

peak potential ................................................................................................................ 80 

Table 8. Computational calculation of adsorption energies and distance between Cu 

active sites and substrate. .............................................................................................. 84 

file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491094173
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491094175
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491094176
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491094179
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491094179
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491094180
file:///C:/Users/KC/Documents/PhD/School%20Work/Thesis%20(new)/2nd%20Submission/170820%20Submission%20Thesis.docx%23_Toc491094180


 

Page 7 
 

Abbreviation and Symbol List 

Abbreviation Description 

ORR Oxygen Reduction Reaction 

FAO Formic Acid Oxidation 

PEMFC Proton Exchange Membrane Fuel Cell 

DFAFC Direct Formic Acid Fuel Cell 

BFC Bio-fuel Cell 

Pt Platinum 

Pd Palladium 

Pt/C Platinum loaded carbon 

Pd/C Palladium loaded carbon 

BOD Bilirubin Oxidase 

TEM Transmission Electron Microscopy 

SEM Scanning Electron Micriscopy 

STEM Scanning Transmission Electron Microscopy 

UV-Vis Ultra Violet - Visible Light Spectroscopy 

EDS Energy-dispersive X-ray Spectroscopy 

XRD X-ray Diffraction 

AFC Alkaline Fuel Cell 

PAFC Phosphoric Acid Fuel Cell 

MCFC Molten Carbonate Fuel Cell 

SOFC Solid Oxide Fuel Cell 

HOR Hydrogen Oxidation Reaction 

H2O2 Hydrogen Peroxide 

ik (mA) Kinetic Current 

id (mA) Diffusion Limit Current 

is (mA cm
-2

) Kinetic Current Normalized by ECSA 

im (mA µg
-1

) Kinetic Current Normalized by catalyst load 

K-L plot Koutecky-Levich Plot 

ECSA Electrochemically Active Surface Area 

Pt NPs Platinum Nanoparticles 

Pd NPs Palladium Nanoparticles 

NaH2PO2 Sodium Hypophosphite Monohydrate 

N2H4 Hydrazine Hydrate 

PdCl2 Palladium Chloride 

Pd-P Palladium nanoparticles synthesized with NaH2PO2 

Pd-N2H4 Palladium nanoparticles synthesize with N2H4 

LSV Linear Sweep Voltammetry 

CV Cyclic Voltammetry 

RDE-GC Rotating Disc Electrode - Glassy Carbon 

J (mA cm
-2

) Current density 

E (V) Potential 

Pd N2H4-CNT Palladium Nanoparticles-Carbon Nanotubes Composite 



 

Page 8 
 

1. Introduction 

1.1 Background and Motivation 

1.1.1 Fuel Cell 

With the increasing demand for power and the rapid depletion of fossil fuels, fuel cell 

has been gaining popularity due to its nature as a renewable source of energy.
[2]

 

Basically, fuel cell works by converting chemical energy into electrical energy with 

the by product being heat and water. Among other sources of renewable energy (eg. 

photo voltaic and wind turbine), fuel cell has the highest energy efficiency as well as 

relatively low capital, operation and management cost.
[2-3]

 These factors has led to the 

significant increase in research interest of fuel cell in many countries such as USA, 

Japan and Canada.
[2]

 

Despite having many variations, fuel cells in general has 3 main parts: the anode, 

cathode and electrolyte as shown in Figure 1.
[4]

 Each of these parts play an important 

role ensuring that the fuel cell functions. Firstly at the anode, a catalyst converts the 

fuel (dependent on the type of fuel cell) into ions and electrons. The ions travel 

through the electrolyte and a membrane (which allows only ions not electrons to pass 

through) to the cathode. The electrons on the other hand travels through the wire, 

typically connected to a load, to the cathode. This process of the electron travelling 

from the anode to the cathode serve to drive the load. Finally at the cathode, another 

catalyst combines the ions and electrons back into water as its waste product. All in 

all, in a typical fuel cell, the fuel is consumed to produce an electric current which 

drives a load and by products in the form of water and heat.
[2, 5]
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1.1.2 Bio-fuel Cell 

Biological fuel cell or more commonly known as bio-fuel cell (BFC) is a subset of fuel 

cell which has gained prominence over the years as fuel cell has been establishing a 

solid foothold in the energy industry.
[6-7]

 The way that bio-fuel cell works is almost 

identical to that of traditional fuel cell which is the conversion of chemical energy into 

electrical energy. However, the main difference between bio-fuel cell and fuel cell is 

that bio-fuel cell relies typically on enzymes (eg. glucose oxidase and bilirubin 

oxidase) to act as the catalysts for the reaction (in at least one side of the electrode) 

and biomass (eg. glucose and trehalose) to act as a source of fuel. 
[6-8]

  

The main application of bio-fuel cell is to be a sustainable and renewable source of 

power for implanted systems in living organisms. An example of such an application 

of bio-fuel cell is pacemakers where the bio-fuel cell replaces the battery as a power 

Figure 1. Diagram of a typical fuel cell. 
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source. This would hopefully eliminate the need of changing the pacemaker due to the 

expiration of the battery.
[6, 9]

  

As the aim of  bio-fuel cell is to be implanted into living organisms, enzymes are used 

in place of traditional catalysts such as platinum (Pt). This is because enzymes are 

highly selectively and will only react with their specific substrate (eg. glucose oxidase 

and glucose).
[7, 10]

 This is in contrast to Pt which is more expensive, not as selective 

which may result in unintended side reactions when implanted and also low onset 

potentials at near neutral pH (operating pH of bio-fuel cell).
[11]

 Furthermore, using 

these highly selective enzymes as catalysts, it can eliminate the need for an ionic 

conductive membrane and allows for mixture of reactant which in turn enables the 

miniaturization of the bio-fuel cell (no separation of cathode and anode).
[7]

 Due to 

these advantages, bio-fuel cell has seen a surge in popularity in both medical and 

energy industries.
[6, 12]
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1.2 Limitations 

Although both fuel cell and bio-fuel cell have numerous advantages, they are not 

without their shortcomings. In both cases, they share a similar disadvantage in that 

they require an electrocatalyst to increase the rate of reaction at both the cathode and 

anode. These disadvantages and other drawbacks are described in greater detail below. 

1.2.1 Limitations of Fuel Cell 

As mentioned above, regardless of the types of fuel cell (acid, alkaline or bio-fuel 

cell), there is a need for electrocatalyst to increase the rate of reaction at both the 

cathode and anode because despite the reactions are both sides being 

thermodynamically favoured, they are kinetically slow.
[2, 13-14]

 

At the cathode, the key reaction that takes place is oxygen reduction reaction (ORR) 

while at the anode many different reactions may take place and is highly dependent on 

the type of fuel cell and the electrolyte being used. For fuel cells in general, currently 

the best electrocatalysts for both reactions is Pt.
[2, 13]

  

Although Pt is currently the best electrocatalyst due to its high catalytic activity, it is 

not without flaws. Pt is an expensive metal and is a non-renewable resource.
[2, 13, 15]

 

Furthermore, Pt is known to have poor durability due to its susceptibility of being 

poisoned by the electrolyte itself.
[13, 15]

 Also, the preparation of Pt electrocatalyst 

requires complicated handling procedures and harsh conditions (eg. high temperature) 

which severely limits its applications.
[16-18]

  Therefore, there is a need to find a cheaper 

and more durable alternative. 

1.2.2 Limitations of Bio-fuel Cell 

As previously mentioned, bio-fuel cell requires electrocatalysts to speed up the rate of 

reaction as well. At the cathode where ORR takes place, one of the more commonly 
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used enzyme is bilirubin oxidase (BOD) while at the anode, the enzyme most 

frequently used is glucose oxidase (GOD) with the biomass (fuel) used being 

glucose.
[1, 19]

  

Unfortunately, these enzymes share some of the same shortcomings as their traditional 

metal counterparts. These include having tedious and difficult preparation procedures 

as well as poor durability.
[1, 6-7, 19]

 Furthermore, these enzymes also suffer from 

additional difficulties not seen in traditional metal electrocatalysts.  

One such problem is the poor electron transfer between the enzyme and the electrode. 

Even though these enzymes have high selectivity, the active sites of these enzymes are 

located deep in their protein fold. Because of this, the electron has a difficult time 

travelling from the active side to the electrode or from the electrode to the active site 

(dependant on the reaction taking place).
[6-7]

 Although redox mediators have shown 

some benefits in solving this poor electron transfer problem, introducing such 

mediators results in other problems due to the reactive nature of these mediators.
[6-7]

  

Another problem with using enzymes is that the enzymes are highly conformation 

dependant. Due to the active site location being deep in the protein fold, the 

conformation of the enzymes on the supporting material (eg. carbon nanotubes (CNT)) 

needs to be specific in order for easy access of the reactant to the active sites of the 

enzymes. Furthermore, the conformation also affects the distance between electrode 

and active site which in turn also affects the electron transfer rates between the 

electrode and the active site.
[7, 20-21]

 

Therefore, there is a need to develop a need to develop a support material which is 

able to both improve the electron transfer rate between electrode and enzyme as well 
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as enable the enzyme to bind to it in the enzyme's preferential conformation 

configuration. 

 

1.3 Aims and Objectives 

This thesis aims to develop a facile synthesis method to synthesize stable palladium 

nanoparticles (Pd NPs) electrocatalysts as an alternative to Pt. These Pd NPs will be 

characterized and their electrocatalytic performance in fuel cell will be evaluated. 

Furthermore, these Pd NPs will also be investigated as a suitable support material for 

bio-fuel cell. Therefore, the objectives are: 

 To synthesize stable Pd NPs directly onto the electrode surface to simplify and 

quicken the old synthesis process; 

 To achieve superior catalytic/specific/mass activity with comparison to 

commerical Pt loaded carbon (Pt/C) and Pd loaded carbon (Pd/C); 

 To achieve better durability compared to commerical Pt/C, Pd/C; 

 To deposit Pd NPs onto CNT using the facile synthesis method and use it as a 

suitable support material for bio-fuel cell. 
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1.4 Scope 

In order to achieve the aims and objectives, the scope of the project are: 

 To develop a simple yet facile method of synthesizing Pd NPs directly onto the 

electrode; 

 To evaluate the Pd NPs catalytic/specific/mass activity with comparison to 

commercial Pt/C and Pd/C; 

 To evaluate the Pd NPs durability compared to Pt/C and Pd/C; 

 To test the potential of the facile synthesis method of Pd NPs in industrial 

application of fuel cell; 

 To observe and explain any trends observed in the catalytic activity of Pd NPs; 

 To evaluate the ability of Pd NPs on CNT as a suitable support for enzymes in 

bio-fuel cell. 
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1.5 Organization of Thesis 

This thesis consists of 7 chapters. A brief description of each chapter is given below: 

Chapter 1 gives the introduction, limitations, aims and objectives, scope and 

organization of this thesis.  

Chapter 2 presents a comprehensive literature review about the research. The theory 

behind the choices of the electrocatalysts as well as the evaluation methods for the said 

electrocatalysts are explained. 

Chapter 3 describes and explains the experimental designs and procedures. 

Chapter 4 discusses and evalutes the results of the ORR experiments. 

Chapter 5 contains the results and discussion of the formic acid oxidation (FAO) 

experiments. 

Chapter 6 presents the preliminary results of Pd NPs on CNT as suitable support in 

BFC. 

Chapter 7 gives the overall summary of this thesis. Suggestions for future work are 

also described here. 
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2. Literature Review 

2.1 Electrochemistry 

Electrochemistry is a branch of chemistry that studies the conversion between 

chemical and electrical energy.
[22]

 Hence, electrochemistry is the main backbone of 

fuel cell. Therefore, in order to understand and improve the electrocatalysts used in 

fuel cell there is a need to first understand electrochemistry. In general, there are two 

main reactions in electrochemistry which are electrochemical reaction and reduction-

oxidation (redox) reaction. 

In electrochemical reaction, an external source (electrical energy) is required to induce 

the chemical reaction. This is also commonly known as electrolysis. By passing an 

electric current through an ionic substance that is either molten or dissolved in a 

suitable solvent, chemical reactions takes place at the electrodes which involves the 

absorbing and releasing of electrons. This will typically cause the formation or 

separation of materials/products at the electrode depending on various factors such as 

type of solvent and electrode.
[23]

 A common example of electrolysis would be 

electroplating where metals are coated onto a substrate to change its surface 

properties.
[24]

 

On the other hand, in redox reaction, the chemical reaction itself will provide the 

electron transfer which in turn generates electricity. This process occurs when there is 

a change in oxidation state of the ion or molecule involved in the reaction. For 

oxidation, the molecule or ion loses one or more electron which would cause its 

oxidation state to increase. An example would be H2 → 2H
+
 + 2e

-
. Whereas for 

reduction, the molecule or ion gains one more electron which causes its oxidation state 

to decrease. An example would be 
 

 
 O2 + 2H

+
 + 2 e

-
 → H2O. 
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For fuel cell, the main reaction behind the conversion from chemical to electrical 

energy is redox reaction. In a typical fuel cell set up, oxidation occurs at the anode 

which supplies the electron while reduction occurs at the anode which accepts the 

electron. The electron travels from the anode to the cathode through a wire, which is 

connected to a load, and this in turn drives the load. Overall, this is how a typical fuel 

cell works.
[2, 13, 25]

 

Hence, by understanding the types of reaction that takes places at both anode and 

cathode (oxidation and reduction respectively), this will allow for greater insight when 

selecting and synthesizing suitable electrocatalysts for each respective electrode. 

However, there are other factors such as the type of fuel cell which will also be an 

important factor in deciding a suitable electrocatalysts. 
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2.2 Types of Fuel Cells 

As mentioned earlier, the type of fuel cell will influence the type of electrocatalysts 

used in both sides of the electrodes of the fuel cell. In general, fuel cells are identified 

by the type of electrolyte which it uses which can be broken down into five 

categories:
[5]

  

1. Proton Exchange Membrane Fuel Cell (PEMFC) 

2. Alkaline Fuel Cell (AFC) 

3. Phosphoric Acid Fuel Cell (PAFC) 

4. Molten Carbonate Fuel Cell (MCFC) 

5. Solid Oxide Fuel Cell (SOFC) 

In this thesis, the focus will be on two types of fuel cells, mainly PEMFC and AFC. 

Both PEMFC and AFC are similar in many areas and have significant advantages over 

the other remaining 3 different types of fuel cells. These advantages include:
[2-3, 5]

 

 Low operating temperature (under 100 
o
C) 

 High power density 

 Compact system 

 Ease in handling fuel 

2.2.1 Proton Exchange Membrane Fuel Cell 

In PEMFC, its unique design is in its semipermeable membrane.
[5]

 This membrane is 

special as it allows only hydrogen ions (protons) but not electrons (causing short 

circuit) or gas (gas crossover) to pass through as seen in Figure 2. One of the more 

commonly known material used to make this membrane is fluoropolymer Nafion 

(PFSA).
[26]

 At the anode of the PEMFC, hydrogen is supplied as the fuel. In a typically 

PEMFC, hydrogen oxidation reaction (HOR) occurs at the anode where the hydrogen 
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Figure 2. Diagram of PEMFC 

is oxidised to hydrogen ions and electrons as shown in Equation 1. The hydrogen ions 

permeate through the membrane to the cathode while the electrons travel through the 

external circuit load generating the current output of the fuel cell.
[27]

 At the cathode, 

the hydrogen ions react with oxygen gas and the electrons arriving from the external 

load to give water as shown in Equation 2. This is also known as oxygen reduction 

reaction (ORR).
[13] 

     
      

 

 
     

          

 

 

 

(1) 

(2) 
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Figure 3. Diagram of AFC 

2.2.2 Alkaline Fuel Cell 

AFC also shares the same unique design in that it uses a semipermeable membrane as 

well. However, the main difference is that the membrane that AFC uses only allows 

hydroxide ions (anions) and not electrons or gas to pass through as shown in Figure 

3.
[13, 25, 28]

 A commonly used membrane in AFC is poly(ethylene-co-

tetrafluoroethylene) (ETFE).
[25]

 The reactions at the electrodes are also slightly 

different in AFC. In a typical AFC anode, HOR occurs with hydrogen reacting with 

hydroxide ions to form water and electrons as seen in Equation 3. On the other hand, 

at the cathode, ORR also takes place with oxygen, water and electrons (arriving 

through the wire from the anode) reacting to give hydroxide ions as observed in 

Equation 4.
[25]

 

        
         

  

          
        

  

(3) 

(4) 
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2.3 Bio-fuel Cell 

Bio-fuel cell (BFC), as reported earlier is a subset of fuel cell. It has the same basic 

setup as fuel cell with a cathode, anode as well as electrolyte. Also mentioned earlier is 

that the main difference between BFC and fuel cell is that BFC uses biomass as the 

source of fuel and that the electrocatalysts used are typically enzymes as seen in 

Figure 4.
[1]

 

At the anode of a typical BFC setup, the reaction is complicated and would depend 

heavily on the type of biomass used as a source of fuel. In a traditional BFC, glucose is 

one of the most frequently used biomass. In order to oxidise glucose, the enzyme 

glucose oxidase (GOD) is commonly used. GOD oxidises the glucose into  

gluconolactone, hydrogen ions and electrons as shown in Equation 5.
[1, 19, 29]

 The 

electrons from this reaction will travel through the wire, driving the load, before 

arriving at the cathode. At the cathode, ORR is still the main reaction that occurs for 

BFC as seen in Equation 6. One of the most commonly used bio-cathodic enzyme 

electrocatalyst is bilirubin oxidase (BOD). BOD works by accepting electron from the 

anode and catalysing oxygen into water.
[1, 19, 21]

 This overall setup for the BFC is 

summarised in Figure 4. 

                                

 

 
     

          

(5) 

(6) 
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Figure 4. Diagram of BFC 

 

2.4 Oxygen Reduction Reaction 

As mentioned before, ORR is the key reaction that occurs in the cathode for PEMFC, 

AFC and BFC. In aqueous solution, ORR occurs mainly through two pathways, four 

electron reduction pathway (from O2 to H2O) or two electron reduction pathway (from 

O2 to H2O2) as shown in Table 1. However, in non-aqueous aprotic solvents, one 

electron reduction pathway can also occur (from O2 to O2
-
). 

The four electron reduction pathway is the preferred over the two electron reduction 

pathway as it is more efficient (four electron transfer compared to two electron 

transfer). Furthermore, four electron reduction pathway forms water as the product 

whereas two electron reduction pathway gives toxic hydrogen peroxide (H2O2) as the 

product. However two electron reduction pathway is still sometimes preferred 

especially in industries that manufacture H2O2.
[13]
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2.5 Formic Acid Oxidation  

In PEMFC, the reaction that occurs at the anode depends largely on the type of fuel as 

well as the electrolyte used. In this thesis, the focus will be on be on direct formic acid 

fuel cell (DFAFC) which is a subcategory of PEMFC. 

In DFAFC, formic acid oxidation (FAO) occurs at the anode. In FAO, formic acid 

which is the fuel used, is oxidized to give carbon dioxide, hydrogen ions and electrons 

as shown in Figure 5. 

As shown in Figure 5, FAO can proceed by either one or both of the pathway. 

However, the dehydrogenation pathway is the preferred over the dehydration pathway. 

This is because dehydrogenation pathway oxidizes the formic acid directly to carbon 

dioxide and avoids the formation of carbon monoxide (COads) intermediate which 

poisons the catalysts.
[30]

  

Table 1. Thermodynamic electrode potential for O2 reduction 

Electrolyte ORR 

 

Thermodynamic 

Electrode Potential at 

Standard Conditions, V 

 

Acid Aqueous Solution 

 

O2 + 4H
+
 + 4e

-
 → H2O 

 

O2 + 2H
+
 + 2e

-
 → H2O2 

H2O2 + 2H
+
 + 2e

-
 → 2H2O 

 

1.229 

 

0.70 

1.76 

Alkaline Aqueous Solution 

 

O2 + H2O + 4e
-
 → 4OH

- 

 

O2 + H2O + 2e
-
 → HO2

-
 + OH

- 

HO2
-
 + H2O + 2e

-
 → 3OH

- 

 

0.401 

 

-0.065 

0.867 
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As seen in Figure 6, the two reaction pathway can be allocated to two different peaks 

in the forward scan of the FAO curve. The peak shown between 0 V to 0.3 V is 

associated with the dehydrogenation pathway while the peak at 0.45 V is allocated to 

the dehydration pathway.
[31]

 Hence, a large peak at 0 V to 0.3 V is preferred while the 

peak at 0.45 V is undesired.   

HCOOH 

CO2 + 2H+ + 2e- COads 

CO2 + 2H+ + 2e- 

Dehydrogenation Dehydration 

Figure 5. FAO reaction pathway 
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2.6 Electrocatalysts 

Electrocatalysts as stated earlier are catalysts which are used in electrochemical 

reaction to speed up the rate of reaction. They are usually used to increase the rate of 

the reaction without being consumed in the process.  

For ORR, even though it is thermodynamically favoured, the process itself is 

kinetically slow. This slow kinetics is mainly due to the need to break the strong 

oxygen double bond (498 kJ mol
-1

) during the ORR process.
[14]

 Hence there is a need 

for an electrocatalyst to lower the activation energy and increase the rate of reaction of 

the ORR.  

There are 3 common methods in which the effectiveness of electrocatalysts can be 

evaluated. One of these methods is using the Tafel equation. Tafel equation is shown 

in Equation 7: 

Figure 6. FAO curve of (a) Cu/Pd porous structure and (b) Cu/Pd film structure in 

N2-saturated 0.5 M H2SO4 + 1 M HCOOH solution. Scan rate: 50 mV s
-1[31] 
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where   is the overpotential (V), io (mA) is the exchange current, R (J mol
-1

 K
-1

) is the 

universal gas constant, T (K) is the temperature,   is the charge transfer coefficient 

and F (C mol
-1

) is the Farady's constant. By using the Tafel equation to plot a Tafel 

plot, the exchange current can be extrapolated. This exchange current can be described 

as current passing through the electrode at equilibrium. Therefore electrocatalyst aims 

to increases the exchange current which would in turn increase the current at all 

overpotential where the observed current is supposed to be kinetically limited. 

However, this method of comparison is not effective as the exchange current is 

magnitudes smaller than the observed current. Furthermore, the extrapolation of 

exchange current from the Tafel plot is an estimated value and would result in large 

uncertainties. 
[17, 32]

 Therefore, the other 2 methods which are onset potentials and 

specific and mass activities are used for comparison instead and are described in 

greater details in the following section of this Chapter. 

 

2.7 Comparison between Electrocatalysts for Oxygen Reduction Reaction 

in Alkaline Fuel Cell 

As mentioned earlier, there are two other methods of evaluating the efficiency between 

the electrocatalysts: 

1. Comparison of onset potentials between the electrocatalysts;
[33-34]

 

2. Comparison of the observed current densities at specific potential:
[17, 35-36]

 

a. Comparison using mass activity;  

b. Comparison using specific activity.  

(7) 
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2.7.1 Comparison between Onset Potentials 

One of the methods of comparing the efficiency of different electrocatalysts is through 

the comparison of their onset potentials. This is achieved by observing the potential at 

which the start of the ORR occurs which would be indicated by the increased observed 

current density with respect to open circuit potential. Hence, the more positive the 

onset potential is, the better the electrocatalyst.
[33-34]

 

A variation to this method would be to calculate the half-wave potentials between the 

electrocatalysts. In this method, the limiting current density is first observed from the 

ORR polarization curve. Next, the current density is halved and the corresponding 

potential is noted. This variation is more accurate as the onset potential takes into 

consideration the limiting current density achieved. Again, the more positive this 

potential value is, the more active the electrocatalyst is.
[37-38]

 

However, this comparison using the onset potential is only effective in quantitatively 

evaluating the effectiveness of the catalysts. This is because this method is rather 

imprecise as it does not take into consideration the amount of catalyst which is loaded 

onto the electrode surface. 

 

2.7.2 Comparison of Observed Current Densities at Specific Potential 

In this method of comparison, the current densities of the electrocatalysts are 

compared with each other at specific potential (0.85 V vs RHE). This potential is 

selected with reference to the previous literature reported.
[35]

 Whichever 

electrocatalysts has the higher current density at that potential would be the superior 

electrocatalyst. Nevertheless, this comparison is only possible if the current used in the 

comparison is kinetically controlled. Hence, there is a need to determine the actual 
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current density (kinetic current) value using the Koutecky-Levich Equation
[35, 39-40]

: 

 

 
  
 

  
  
 

  
 

which can be further expanded as such: 

 

  
 

 

  
 

 

 

            
 

    
 
 

where i (mA) is the current measured at the mixed diffusion-kinetics control region, ik 

is the kinetic current to be calculated, id (mA) is the diffusion limit current (current 

that is diffusion controlled) measured from experiment, B is the Levich constant,    

(rad s
-1

) is the rotational speed of the electrode, n is the number of electrons transferred 

per O2 molecule, F (C mol
-1

) is the Faraday's constant, S (cm
2
) is the electrode surface 

area, co (mol cm
-3

) is the concentration of dissolved O2 in the solution, D (cm
2
 s

-1
) is 

the diffusion coefficient of the dissolved O2 and v (cm
2
 s

-1
) is the kinematic viscosity 

of the solution. The standard values for the constants used in this calculation is listed 

below in Table 2. 

Table 2. Standard values for constants used
[40]

  
 

Constant Value 

F 96485 C mol
-1 

S 0.0707 cm
2 

Co 1.2 x 10
-6

 mol cm
-3 

D 1.9 x 10
-5

 cm
2 

s
-1 

v 0.01 cm
2 

s
-1 

 

Based on the Koutecky-Levich Equation, the ik value can be obtained. With the ik 

value, comparison between the effectiveness of the electrocatalysts can be made. 

However, this ik value does not take into consideration the amount of electrocatalyst 

(8) 

(9) 

(10) 
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which is loaded onto the electrode. Hence, it might give inaccurate results as a large 

amount of Catalyst A might give a higher ik value compared Catalyst B but in actual 

fact Catalyst B is the more effective catalyst when the same amount of catalyst is used. 

Hence a more in-depth calculations is needed to give more accurate evaluation of the 

catalysts. This would be mass and specific activity calculations. 

 

2.7.2a Comparison by Mass Activity 

With the kinetic current value obtained from the Koutecky-Levich equation, a more 

accurate evaluation method would be to take into consideration the mass activity of the 

electrocatalysts. In order words, this would effectively take into account the amount of 

electrocatalysts which is loaded onto the electrode surface and hence obtain a precise 

representation of the efficiency of the electrocatalysts.  

In the mass activity calculation, the ik value is simply normalized with the amount of 

electrocatalysts loaded on the electrode.
[17, 35-36]

 This would give the cost effectiveness 

of the electrocatalyst as it shows the amount of current generated for each gram of 

electrocatalyst loaded onto it. An alternative calculation can also be made which is 

specific activity calculations. 

 

2.7.2b Comparison by Specific Activity 

In specific activity calculations, the efficiency of the electrocatalyst is evaluated based 

on electrochemically active surface area (ECSA). This is because catalysts in general 

only have certain facets which are actually used in the catalysis process. Hence, by 

normalizing the ik value with the ECSA, the comparison can be made between the 

electrocatalysts with respect to the amount of active surface area that the catalyst has. 
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Furthermore, by normalizing with ECSA, factors such as particle size and dispersion 

of the NPs are taken into account as well. 
[35, 37, 41]

 Also, this would be useful in 

comparing electrocatalysts that have similar mass activities. 

As mentioned previously, not all facet of the electrocatalysts is used in the catalysis 

process. Only certain facets of the electrocatalysts are favourable for the attachment of 

oxygen for ORR.
[17, 36, 42]

 Hence, the ECSA of these electrocatalysts need to be 

calculated. In general, in the calculation of the ECSA, the charge of the 

electrocatalysts (eg. PdO reduction to Pd) is compared to that of its standard charge 

value which was obtained under standard condition (eg. PdO reduction charge is 405 

µC cm
-2

).
[35, 43]

 In order to obtain this charge, the full cyclic voltammetry (CV) of the 

electrocatalyst needs to be obtained. An example would be the full CV of palladium 

(Pd) obtained in N2-saturated solution to avoid the charge contribution of ORR. From 

the full CV, the charge of the electrocatalyst can be estimated using integration as well 

as the scan rate of the CV. With the charge value, the ECSA value can be easily 

calculated with the standard value from literature. 
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2.8 Comparison between Electrocatalysts for Formic Acid Oxidation 

For the comparison of the electrocatalysts for FAO, the method is slightly different to 

that of ORR. In FAO, a full CV scan without rotation is usually conducted for both the 

FAO as well as ECSA calculations. Hence, without different rotation speed, the 

Koutecky-Levich equation cannot be used and the ik cannot be obtained. Therefore, for 

FAO, the current obtained from the full CV is simply normalized by the ECSA or by 

the amount of Pd loaded to obtain the specific and mass activity value and these values 

are used to compare different electrocatalysts.
[31, 44-45]

 

In the case of ECSA, there is only a slight difference in calculations between ORR and 

FAO which is the value for the reduction of PdO monolayer is slightly different (405 

µC cm
-2

 for ORR and 424 µC cm
-2

 for FAO).
[31]
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2.9 Platinum / Platinum Nanoparticles 

Platinum (Pt) is Group 10 metal on the periodic table and also one of the rarest metals 

in the Earth's crust with an average abundance of 5 µg kg
-1

.
[46]

 It is often considered a 

noble metal due to its high corrosive resistance and generally unreactive nature. It is 

also used most commonly as catalysts as well as jewellery, drugs and electrodes.
[47]

 

However, due to it being rare, the cost of Pt is usually very high and hence cheaper 

alternatives are preferred. 

As mentioned before, one of the most common use of Pt is as a catalyst in chemical 

reactions. It is frequently used in catalytic converters in cars
[48]

 (eg. Pt black) and also 

in hydrogenation of unsaturated hydrocarbons
[49]

 (eg. PtO2). This wide spread use of 

Pt is also seen very often in fuel cell, especially ORR. To this date, Pt (and its variant 

platinum nanoparticles (Pt NPs)) is still the best and most widely used catalyst for both 

ORR and FAO despite its high costs.
[13, 16-18]

 The typical specific and mass activity for 

Pt/C in ORR is 0.21 mA cm
-2 

and 0.89 mA µg
-1

 while in FAO it is 0.08 mA cm
-2

 and 

0.025 mA µg
-1

.
[50-51]

 Cheaper substitutes has been the focus of many researchers in the 

electrochemistry field. Such cheaper alternatives include reducing the amount of Pt 

used by introducing various support materials (Pt/C, Pt black) and even using Pt alloys 

(PtPd, PtCu) to give bimetallic compounds.
[15, 35-36, 41, 52-53]

 

The high cost of Pt is not the only shortcoming for using it as an electrocatalysts for 

ORR and FAO. Another problem associated with Pt is its poor durability. This means 

that although Pt might give high initial current output, this output drops significantly 

over extended periods of time. Furthermore Pt electrocatalyst is highly susceptible to 

poisoning from the electrolyte itself which poses another problem.
[13, 54-55]
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Hence, a superior alternative would be to use a material which is cheaper, able to 

exhibit similar catalytic properties to that of Pt and have improved durability 

compared to Pt. 
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2.10 Palladium / Palladium Nanoparticles 

Palladium (Pd) is also a Group 10 metal and is relatively similar to Pt in many 

properties. It is also classified as a noble metal due to its inert nature. Therefore it is 

not surprising that the uses of Pd often overlap with that of Pt such as usage in 

catalytic converters as well as dentistry.
[56]

 Even though Pd is not cheap, based on 

market study over the past decade, Pt has always cost more than Pd with the price of 

Pt at one point being 5.5 times more expensive than Pd.
[57]

 Furthermore, not only is the 

catalytic activity of Pd is comparable to that of Pt especially in ORR and FAO, the 

durability has shown to be significant better as well.
[35, 58-60]

 The highest specific and 

mass activity reported for Pd is 1.52 mA cm
-2

 and 0.84 mA µg
-1

 for ORR and 0.3 mA 

cm
-2

 and 0.005 mA µg
-1

.
[31, 35]

 Therefore this thesis has decided to use Pd (in the form 

of palladium nanoparticles (Pd NPs)) as a suitable replacement for Pt. 

Furthermore, recent studies on Pd as an electrocatalysts has shown many unique 

advancements. These advancements include: 

1. Synthesis of Pd NPs;
[61]

 

2. Manipulating size of Pd NPs;
[58]

 

3. Manipulating shape of Pd NPs;
[62]

 

4. Formation of bimetallic Pd NPs;
[63-64]

 

5. Using various support materials to improve Pd NPs catalytic activity;
[35, 52]

 

6. Manipulating morphology of Pd.
[65-66]

 

 

2.10.1 Synthesis of Palladium Nanoparticles 

Although Pd has seen increasing popularity as a replacement for Pt, there are still 

hurdles to overcome in the form of the synthesis of Pd NPs. In the traditional synthesis 
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and application of Pd NPs for fuel cell use, it typically requires harsh conditions such 

as high temperature (eg. heating up to 300 °C) and long and complicated handling 

procedures (eg. 6 hours required for preparation of carbon paste for coating of carbon 

paper for fuel cell application).
[35, 61]

 Recently, there has been advancements in trying 

to simplify and shorten the entire process by using a one pot synthesis method for 

synthesizing the Pd NPs.
[61]

 However, there are still further improvements that can be 

made and this thesis will attempt to further simplify the entire process to include the 

deposition of the Pd NPs onto the electrode material itself. 

 

2.10.2 Manipulating Size of Palladium Nanoparticles 

It has been reported that size of the Pd NPs greatly affects the catalytic activity of the 

Pd NPs.
[58]

 The trend observed is that the catalytic, specific and mass activity of Pd 

NPs increases with increasing particle size (diameter). This trend observed does not 

show any distinct optimum reached for both the catalytic and specific activity. 

However for mass activity, it increased and peaked at a Pd particle size of 5 nm before 

decreasing with any further increase of Pd particle size.
[67]

 Hence, by 

controlling/tuning the particle size, an optimal catalytic, specific and mass activity of 

Pd NPs can be achieved. 

 

2.10.3 Manipulating Shape of Palladium Nanoparticles 

It has also been reported by various researchers on manipulating the shape of Pd NPs 

to achieve increase catalytic and specific activity. One group has reported increased 

catalytic activity using cubic-shaped Pd NPs in comparison to spherical Pd NPs.
[68]

 

Another group has also reported success in using Pd nanorods to increase both 



 

Page 36 
 

catalytic and specific activity.
[69]

 In both cases, it was proven that by changing the 

shape of the Pd NPs, it improved the O2 adsorption onto the desired (active) facets of 

the catalyst which in turn increased its activity. Hence, the manipulation of the shape 

of Pd NPs is also a viable research front in achieving increasing electrocatalytic 

activity. 

 

2.10.4 Formation of Bimetallic Palladium Nanoparticles 

Although Pd is cheaper with respect to Pt, Pd itself is still relatively expensive. Hence, 

there has been focus on using a combination of Pd and other alloys to increase the 

catalytic activity in ORR and FAO while reducing the overall amount of Pd needed.
[31, 

44]
 Researchers have reported some success in using titanium (Ti) with Pd to increase 

catalytic activity
[63]

 while others have also reported limited success in using iron (Fe) 

as the other metal instead.
[64]

 Hence, although the catalytic activity (onset potential) in 

both ORR and FAO is better with respect to the industrial standards, these alloys are 

not cost efficient as the amount of the alloy needed is still relatively high. Even though 

using bimetallic Pd NPs have shown some advancements, there is still room for 

greater improvement in using such techniques in enhancing catalytic activity of Pd in 

ORR and FAO. 

 

2.10.5 Using various support materials with Pd NPs 

It was mentioned previously one of the interesting advancements in improving 

catalytic activity for Pd in ORR and FAO was using alloys. The concept in using 

support materials is also similar to that, which is to use cheap support materials 

(graphene, carbon etc) to lessen the amount of Pd needed.
[35, 70]

 In fact, the industrial 
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standard which is commonly applied in industries as well as in the evaluation of 

electrocatalyst in research is either platinum or palladium loaded carbon (Pt/C).
[13]

 

There have been many successful reported cases of using graphene in particular to 

enhance the catalytic activity of Pd in ORR and FAO.
[35, 71-72]

 These reported cases 

have also shown that the enhancement was seen in catalytic, specific as well as mass 

activity of the Pd. Therefore using various support materials to enhance catalytic 

activity of Pd in ORR and FAO is a viable option with many interesting development 

opportunities with the abundance of such support materials. 

 

2.10.6 Manipulating Morphology of Pd NPs 

One of the most interesting advancements in enhancing catalytic activity of Pd NPs in 

ORR and FAO is manipulating the morphology of Pd NPs. This area of research has 

been sorely overlooked even though success has been reported using other metals such 

as nickel (Ni), colbalt (Co) and gold (Au).
[65, 73-74]

 These reported successes have not 

only been reported in electrocatalysts involving nanoparticles but even in films.
[66]

 

Typically in the manipulation of morphology, the amorphous variant of the metal is 

used to enhance the catalytic activity of the metal. These amorphous variant are 

achieved by introducing other elements such as nitrogen (N) or phosphorus (P) into the 

lattice structure.
[75]

 This introduction of other elements into the lattice to disrupt the 

crystal lattice and hence results in the metal changing from crystalline to amorphous. 

The theory behind using the amorphous variant is that the amorphous nature of the 

metal provides defects, kinks and edges in the structure which is not observed in the 

crystalline state.
[76-77]

 These defects, also known as low co-ordination sites, are shown 

to be preferential binding sites in which improvement to the catalytic activities of the 
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metals are observed.
[74, 78-80]

 Hence, using by manipulating the morphology and 

making amorphous catalysts is an interesting approach in enhancing the catalytic 

activity of Pd NPs in both ORR and FAO. 

However, a problem with using such amorphous catalysts in general is due to the 

stability of these catalysts. These amorphous catalysts tend to be relatively unstable 

and will over time revert back to its crystalline state due to Gibb's free energy (lower 

energy state). Therefore, in this thesis, focus will be made to not only use amorphous 

Pd NPs to achieve enhancement in catalytic, specific and mass activity, but also to 

increase the longevity of these amorphous catalysts such that industrial applications 

for these catalysts are viable. 

 

2.11 Bilirubin Oxidase 

As reported earlier, for the ORR portion of BFC, BOD is the most commonly used 

enzyme. This is because compared to other enzymes such as laccase, BOD has the 

highest catalytic activity at near neutral pH range (pH 6-7) and has greater tolerance to 

chloride ions which can deactivate the enzymes.
[1]

 

Figure 7 shows the crystal structure of BOD (Myrothecium Verrucaria). BOD is a blue 

multicopper oxidase which catalyzes the oxygen into water through a four electron 

pathway. The substrate binding portion of BOD is known at T1 and contain one 

copper ion (Cu
2+

) at the binding center. For the active site where the ORR takes place, 

it is known at T2 and T3, and contains a cluster of three copper centers. How BOD 

works is that electrons which comes from the cathode (or redox mediator) are accepted 

at the T1 site and transferred to the T2/T3 copper cluster where ORR occurs.
[1, 21, 81]
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Herein lies the problem with BOD or using enzymes in general. As mentioned earlier, 

one of the main shortcomings of using BOD is that the electron transfer between the 

electrode and the T1 site is poor due to poor binding orientation of the enzyme onto 

the substrate. Some researchers have used mediators such as 2,2'-Azinobis(3-

ethylbenzothiazoline-6-sulfonate) (ABTS) to solve this problem but the presences of 

such mediators causes other problems such as voltage loss due to potential difference 

arising between the enzyme and mediator as well as the hazardous nature of the 

mediators which limits implantation applications.
[1, 21, 82]

 

Therefore, a better strategy would be to use substrates which can induce optimal 

binding of the BOD to it in order to increase electron transfer. Researchers have shown 

some progress with using gold and graphite to achieve such optimal bindings.
[1, 20-21, 83-

84]
 Hence, this thesis will attempt to use Pd NPs to achieve such optimal binding and 

increase electron transfer rate and catalytic activity of BOD ORR.  

Figure 7. Crystal structure of BOD (Myrothecium Verrucaria).
[1] 
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3. Experimental Procedure 

3.1 Stock Solution Preparation 

A 1 M of potassium hydroxide stock solution (KOH) (Sigma Aldrich) was prepared by 

dissolving 56.11 g of KOH pellets in 1 L of deionized (DI) water. This stock solution 

was stored at room temperature in a 1 L glass bottle. The 0.1 M of KOH solution used 

in the electrochemical experiment was prepared by diluting the 1 M of KOH solution 

by 10 times. 

A 2M of formic acid stock solution (HCOOH) was prepared by diluting 94.863 mL of 

concentrated HCOOH (95% wt, Sigma Aldrich) to 1 L of DI water. This stock 

solution was stored at room temperature in a 1 L glass bottle. The 1 M of HCOOH 

solution used for the electrochemical experiment was prepared by diluting 2 M of 

HCOOH solution by 2 times.  

The 2M of sulphur acid (H2SO4) was prepared by diluting 204.333 mL of concentrated 

H2SO4 (95-97%, Sigma Aldrich) to 1 L of DI water. This stock solution was stored at 

room temperature in a 1 L glass bottle. The 0.5 M of H2SO4 solution used in the 

experiment was prepared by diluting the 2M of H2SO4 by 4 times. 

The 0.1 M of phosphate buffer solution (PBS) of pH 6.5 was prepared by dissolving 

9.157 g of sodium phosphate monobasic monohydrate (NaH2PO4.H2O) and 9.016 g of 

sodium phosphate dibasic heptahydrate (Na2HPO4.7H2O) in 1 L of DI water. The 

stock solution was stored at room temperature in a 1 L glass bottle. 

The 0.2 M of sodium hypophosphite monohydrate (NaH2PO2) (98% wt, Alfa Aesar) 

solution was prepared by dissolving 2.119 g of NaH2PO2 in 100 mL of DI water. This 

solution was stored at room temperature in a 100 mL glass bottle. 
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The 0.2 M of hydrazine hydrate solution (N2H4) (50-60% wt, Sigma Aldrich) was 

prepared by diluting 1.165 mL of N2H4 into 100 mL of Di water. This solution was 

stored at room temperature in a 100 mL glass bottle. 

The 20 mM solution of palladium (II) chloride (PdCl2) (99% wt, Sigma Aldrich) was 

prepared by dissolving 0.3546 g of PdCl2 into 99 mL of water with 1 mL of 

concentrated hydrochloric acid (HCl). This stock solution was stored at room 

temperature in a 100 mL glass bottle. The 2mM of PdCl2 used in the electrochemical 

experimentation was prepared by diluting the 20 mM stock solution by 10 times. 

The 5 g L
-1

 solution of carbon nanotubes (CNT) (O.D. x Length 6-13 nm x 2.5-20 µm, 

Sigma Aldrich) was prepared by dissolving 50 mg of CNT in 10 mL of N,N- 

Dimethylformamide (DMF) (99.8%, Sigma Aldrich) as described elsewhere.
[85-86]

 This 

stock solution was stored at room temperature in a 20 mL glass bottle. 

The 8 mg mL
-1

 solution of BOD solution (2.06 U/mg, Sigma Aldrich) was prepared by 

dissolving 8 mg of BOD in 1 mL of 0.1 M pH 6.5 PBS. This solution was stored at 5 

°C in a 20 mL glass bottle. 

The 10 mg mL
-1

 of 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt (ABTS) (10 mg, Sigma Aldrich) was prepared by dissolving the 10 

mg tablet of ABTS in 1 mL of 0.1 M pH 6.5 PBS. This solution was stored at 5 °C in a 

20 mL amber glass bottle further wrapped in aluminium foil  to ensure it is not 

exposed to light. 
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3.2 Stepwise Electroless Deposition of Palladium Nanoparticles 

The Pd NPs were synthesized directly onto rotating disc glass carbon electrode (RDE-

GC) (3 mm in diameter, Bioanalytical Systems, Inc.) by stepwise electroless 

deposition. Firstly, for the synthesis of amorphous Pd NPs, the RDE-GC was polished 

with alumina polish (0.05 µm) and washed thoroughly with DI water. It was also water 

bath sonicated in both ethanol and water for 5 minutes each respectively and rinsed 

thoroughly with DI water again before use. Next, the RDE-GC was dipped into a 

solution containing the reducing agent solution (0.2 M NaH2PO2 solution) for 10 s. It 

was then quickly air blown dry and dipped into another solution containing 0.2 M 

PdCl2 for another 10 s. Subsequently, the RDE-GC was washed with DI water before 

being air blown dry again. This constitutes 1 deposition cycle. For the synthesis of 

Experiment Chemical Used 

 

Electroless Deposition 

 

 

0.2 M NaH2PO4 

0.2 M N2H4 

2 mM PdCl2 

 

 

Oxygen Reduction Reaction 

 

0.1 M KOH 

Formic Acid Oxidation 

 

1 M HCOOH 

0.5 M H2SO4 

 

 

Bio-fuel Cell 

 

 

0.1 M pH 6.5 PBS 

5 g L
-1

 CNT 

8 mg mL
-1

 BOD 

10 mg mL
-1

 ABTS 

 

 

Table 3. Summary of concentration of chemicals used for different experiments. 
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crystalline Pd NPs, the same process was repeated with the only change being the 

change of reducing agent from NaH2PO2 to N2H4.  

 

3.3 Preparation of Platinum and Palladium loaded Carbon 

The Pt/C electrocatalyst was prepared according to the procedure described 

elsewhere.
[87]

 First, 100 mg of Pt/C powder (20% Pt on Vulcan XC72, Sigma-Aldrich) 

was dispersed in 100 mL of ethanol, and the mixture was ultrasonicated before use. 7.5 

µL of Pt/C was cast onto the RDE-GC (polished with the method described above) 

using a microsyringe. This same procedure was repeated for the preparation of Pd/C 

electrocatalyst as well. 

 

3.4 Preparation of Bilirubin Oxidase Biocathode  

Firstly, the CNT in DMF was ultrasonicated for 30 minutes before use. Next, 20 uL of 

CNT was drop casted onto the RDE-GC (polished with method described above) using 

a microsyringe and allowed to dry overnight. Next, Pd NPs were coated onto the CNT 

using the stepwise electroless deposition method described above. Following this, 20 

uL of BOD was casted onto the RDE-GC surface and allowed to dry for 2 hours in a 

dessicator before use. 

 

3.5 Linear Sweep Voltammetry for Oxygen Reduction Reaction 

Linear sweep voltammetry (LSV) were performed to anaylse the ORR properties of 

the electrocatalysts. The LSV was conducted in a typical 3 cell setup. The working 

electrode used was the RDE-GC loaded with the desired electrocatalyst to be analyzed 
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while a platinum wire was used as the counter electrode. The reference electrode used 

was Ag/AgCl (KCl saturated). All the potentials for ORR were referenced to 

reversible hydrogen electrode (RHE). The conversion is shown in Equation 11: 

 

                               

 

All the LSV was conducted in O2-saturated 0.1 M KOH solution at a scan rate of 10 

mVs
-1

 and a rotational speed of 400, 900, 1600, 2500 rpm unless otherwise stated. The 

LSV was recorded in a direction of 0.166 V to 0.966 V vs RHE.  

All the electrochemical measurements were conducted on a Princeton Applied 

Research VersaSTAT3-200 potentiostat. 

 

3.6 Cyclic Voltammetry for Formic Acid Oxidation 

The setup for the cyclic voltammetry (CV) measurement was similar to that of LSV. 

The CV was conducted in a N2-saturated 0.5 M H2SO4 and 1 M HCOOH mixture at a 

scan rate of 50 mVs
-1

 with no rotation. For FAO, the potentials are kept with reference 

to the original Ag/AgCl (KCl saturated) for easier comparison to other reference 

papers. The CV was recorded in a range of -0.2 V to 1 V vs Ag/AgCl (KCl saturated). 

 

(11) 
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3.7 Cyclic Voltammetry for Electrochemically Active Surface Area 

Measurement 

The setup for the CV measurement was similar to that of LSV. The CV was conducted 

in N2-saturated 0.1 M KOH or 0.5 M H2SO4 solution at a scan rate of 50 mVs
-1

 with 

no rotation. The CV was recorded in a range of 0.041 V to 1.266 V vs RHE for ORR 

and in a range of -0.3 V to 1.2 V vs Ag/AgCl (KCl saturated) for FAO. The CV for 

each sample was repeated for 10 cycles. 

 

3.8 Preparation of Inductively Coupled Plasma-Mass Spectrometry  

For the extraction of the Pd nanoparticles for inductively coupled plasma-mass 

spectrometry (ICP-MS) analysis, 5 µL of concentrated HNO3 solution (Sigma Aldrich) 

was dripped carefully using a microsyringe on the RDE-GC for 5 min. Following 

which, 2 µL of HNO3 was extracted twice with care and dispersed into two separate 

plastic tubes containing 500 µL each of DI water. Both samples were then analyzed 

with an ICP-MS (Agilent 7700) equipped with a 3rd generation He collision/reaction 

cell to minimize interferences. LSV measurements were performed before and after 

the extraction to ensure that the Pd nanoparticles were fully extracted (i.e., the CV 

obtained after the extraction was same as the blank LSV or CV). 

 

3.9 Transmission Electron Microscopy / Scanning Transmission Electron 

Microscopy preparation 

The transmission electron microscopy (TEM) samples were prepared by using the 

stepwise electroless deposition on standard copper (Cu) specimen grid 

(Formvar/Carbon on 300 mesh, JEOL Asia Pte Ltd). The TEM grid was prepared by 
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first holding it in place with adhesive tape onto a clean disposable glass slide for easy 

handling. Firstly, the reducing agent solution was dripped onto the TEM grid using a 

disposable pipette such that the entire grid was covered with the reducing agent for 10 

s. The grid was subsequently air blown dry. Next, the PdCl2 solution was dripped onto 

the TEM grid as well for 10 s. DI water was then used to washed the TEM grid 

thoroughly before being air blown dry again. The TEM sample was allowed to dry 

overnight in a dessicator. The TEM sample was then observed using JEM-2010 

microscope (JEOL Ltd.) operated at 200 kV. The TEM sample was used for STEM 

observation as well. The TEM used was a FEI-Titan 80/300 scanning/transmission 

electron microscope operated at 200 kV. 

 

3.10 Scanning Electron Microscopy preparation 

The scanning electron microscopy (SEM) was prepared using the stepwise electroless 

deposition on a glassy carbon plate (1 mm thick, Alfa Aesar). The glassy carbon plate 

was first held it in place with an adhesive tape onto a clean disposable glass slide for 

easy handling. Firstly, the reducing agent solution was dripped onto the glassy carbon 

plate using a disposable pipette such that the entire plate was covered with the 

reducing agent for 10 s. The plate was subsequently air blown dry. Next, the PdCl2 

solution was dripped onto the glassy carbon plate as well for 10 s. DI water was then 

used to washed the glassy carbon plate thoroughly before being air blown dry again. 

The SEM sample was allowed to dry overnight in a dessicator. The SEM was observed 

using a JSM-7600F (JEOL Ltd.) microscope operated at 5.0 kV. 
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3.11 Preparation of X-ray Diffraction Samples 

The X-ray diffraction (XRD) samples were prepared by mixing the reducing agent and 

the PdCl2 solution to give Pd powder. This was due to the fact that the loading of the 

Pd nanoparticles onto both glass, glassy carbon as well as silicon wafer substrates 

were too little to be detected by the XRD. Hence, 0.2 M of the reducing agent was 

mixed with 2 mM of the PdCl2 solution (similar conditions to the electroless 

deposition method) to give finely dispersed Pd powder. This powder was washed 

thoroughly with DI water and dried over night in a dessicator before being tested. The 

XRD was conducted using PANalytical Empyrean diffractometer equipped with a Cu 

Kα radiation source (λ = 1.54060 Å). 

 

3.12 Preparation for Ultra Violet-Visible Light Spectroscopy 

The ultra violet-visible light (UV-Vis) was prepared by using filling a quartz cuvette 

(Shimadzu) with 2 mL of 0.1 M pH 6.5 PBS. For calibration, a known amount of 7 mg 

mL
-1

 BOD (0.005, 0.01, 0.02 and 0.03 µL) was added to the cuvette. Following that, 

100 µL of ABTS was added to the cuvette and a UV-Vis was conducted after 120 

seconds with reference to literature.
[8, 88]

 For the UV-Vis scan, the scan was ran from 

450 nm to 400 nm. The peak at 420 nm was taken and used to plot the calibration 

curve. For the measurement the samples, the preparation is almost similar. The 

biocathode synthesized from the above mentioned procedures was washed thoroughly 

and soaked in the cuvette containing 2 mL of 0.1 M pH 6.5 PBS and 100 µL of ABTS. 

After 120 seconds, the biocathode was removed and the UV-Vis scan was conducted. 

The UV-Vis was conducted using Shimadzu UV-2600.  
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4. Results and Discussions for Oxygen Reduction Reaction 

4.1 Synthesizing the Palladium Nanoparticles 

As mentioned previously, there is a need for an alternative method for synthesizing Pd 

NPs which is both facile and simple. Therefore, this thesis has developed a new 

stepwise electroless deposition method to synthesize the Pd NPs onto the RDE-GC 

directly.  

The inspiration for such a method came from electroless deposition process which is a 

popular process in Ni plating but has not seen much use otherwise.
[89]

 There are 

several reasons for the choice of using electroless deposition for Pd NPs synthesis.  

Firstly, the stepwise electroless deposition process is able to synthesize the Pd NPs 

directly onto the electrode surface. This eliminates the need to synthesize the Pd NPs 

separately and casting it onto the electrode surface. Such separate preparation and 

storing of the Pd NPs beforehand gives rise to several issues such as the need to extend 

the shelf life of Pd NPs by using additives (prevent Pd NPs aggregation). These 

additives might adversely affect the overall electrocatalytic properties of the Pd NPs as 

it can block electron transfer as well as mass transport.
[90-91]

 Also, further additives are 

also required when casting the Pd NPs onto the electrode to ensure better dispersion of 

the Pd NPs on the surface which might affect the catalytic activity even more.
[26]

 

Next, this electroless deposition method is also remarkably facile and simple 

(sequential dipping into different reagents). The required reaction time for each 

deposition cycle is short (approximately 20 s). This is significantly better than 

traditional methods where complicated procedures and conditions (high temperature or 

vacuum) are needed.
[35, 62-63]
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Moreover, by using this stepwise electroless deposition method, less chemical waste is 

produced. This is due to the fact that the amount of metal consumed in the reaction is 

actually the metal which has been deposited onto the electrode surface. This is in 

contrast to traditional synthesis method (both electrical and chemical) where the 

amount of waste generated is quite high. 

Lastly, this electroless deposition method is a superior method in loading Pd NPs onto 

the desired substrates. In typically industrial application of electrocatalysts in fuel cell, 

the Pd NPs are usually mixed with a carbon paste to be spread and deposited onto the 

substrate. However, a severe limitation is that the substrate can be only of simple 

design or structure. Unlike such a case, electroless deposition allows deposition of the 

Pd NPs onto complex structure which bypass this traditional limitations which opens 

up the possibility for more unique substrates used. 
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4.2 Characterizing the Palladium Nanoparticles 

Before the further experimentation is conducted on the Pd NPs synthesized by the 

proposed electroless deposition method, there is a need to characterize them. Hence, 

TEM was conducted on both the Pd samples prepared using NaH2PO2 and N2H4 as 

reducing agents.  

Figure 8A shows the TEM image of the Pd NPs sample prepared by NaH2PO2 

reducing agent (Pd-P). As seen from the TEM image, the Pd-P NPs are small 

(approximately 3-5 nm in diameter) and sparsely dispersed. From the halo-shaped 

electron diffraction, it clearly proves that the Pd-P NPs are amorphous in nature. This 

prove is further supported by broadening of the Pd peaks in the XRD profile shown in 

Figure 9. Also from the EDS spectra Figure 4A, the Pd-P NPs contains 11 at% of P 

and 89 at% of Pd. 

On the other hand, in Figure 8B, the Pd NPs sample prepared using N2H4 as reducing 

agent (Pd-N2H4) shows that the Pd-N2H4 NPs are relatively similarly sized to the Pd-P 

NPs and also quite well dispersed. However from the electron diffraction, Debye-

Scherrer rings indicate clearly that the Pd-N2H4 NPs are crystalline. This is also further 

supported as seen from the sharp Pd XRD profile seen in Figure 9. In addition, the 

EDS spectra in Figure 8B shows that the Pd-N2H4 NPs contains only Pd. 
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Figure 9. X-ray diffraction (XRD) patterns of Pd deposits obtained by mixing 2 mM PdCl2 

solution (1 mL) with (A) 0.2 M NaH2PO2 or (B) 0.2 M N2H4 solution (1 mL). 
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Figure 8. Transmission electron microscopy (TEM) images, electron diffraction patterns and 

energy-dispersive X-ray spectroscopy results from Pd NPs by the stepwise electroless 

deposition process using reducing agents (A) NaH2PO2 and (B) N2H4. From the EDS spectra, 

Pd:P ratio for (A) is 89:11, whereas that for (B) indicates that the particles are pure Pd.   
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4.3 Oxygen Reduction Reaction Polarization Curves of Palladium 

Nanoparticles 

The ORR polarization curve of the Pd NPs were analyzed to determine the 

electrocatalytic effect of the Pd NPs on ORR. The results of the ORR polarization 

curves of both amorphous Pd-P and crystalline Pd-N2H4 NPs are compared with 

commercially obtained Pt/C and Pd/C (similar to literature) as shown in Figure 10.
[92-

96]
 It clearly illustrates that with just 3 deposition cycles using the electroless 

deposition method with either reducing agent, the Pd NPs exhibit superior catalytic 

activity compared to Pt/C and Pd/C as indicated from the positive shift in the ORR 

polarization curve. This positive shift in the ORR polarization is indication that the 

onset potential of the ORR is increased and therefore is occurring at earlier rate. This 

demonstrates the different effect that different catalysts has on ORR. In addition, this 

positive shift in the ORR polarization curve is seen to increase with increasing number 

of deposition cycles. This trend was observed in both the Pd-P and Pd-N2H4 NPs at all 

deposition cycles. However, this comparison is just qualitative and hence more 

accurate examination is required. 

The half-wave potential of the Pd NPs synthesized using the electroless deposition 

method was compared to commercially obtained Pt/C and Pd/C to give a more 

accurate analysis of the increment in catalytic activity. The more positive the half-

wave potential of the ORR polarization curve, the better the catalytic activity of the 

electrocatalysts. As summarised in Table 4, Pt/C has the lowest half-wave potential at 

0.74 V. All the Pd electrocatalysts exhibited higher catalytic activity compared to Pt/C. 

Next, comparison was made between the commercial Pd/C in contrast to the Pd NPs 

synthesized by the proposed electroless deposition method. At almost all the 

deposition cycles, Pd NPs synthesized by the proposed method gave similar or more 
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positive half-wave potential value than Pd/C (0.83 V). The only exception was the 3 

deposition cycles Pd-N2H4 NPs (0.78 V) which was lower than Pd/C. Overall, the Pd 

NPs synthesized by the proposed electroless deposition method exhibited higher 

catalytic activity in comparison to Pt/C and Pd/C. 

Next, the difference in catalytic activity between the Pd-P and Pd-N2H4 NPs was 

analyzed. At similar number of deposition cycles, Pd-P always exhibited higher 

catalytic activity than Pd-N2H4 as seen from its higher half-wave potential. At 3 

deposition cycles, Pd-P exhibited a more positive half-wave potential (0.82 V) than 

Pd-N2H4 (0.78 V). In fact, at just 3 deposition cycles, Pd-P showed a half-wave 

potential similar to that of 9 and 18 cycles of Pd-N2H4 (0.83 V and 0.82 V 

respectively). Therefore as expected, 9 and 18 cycles of Pd-P exhibited even higher 

half-wave potentials than their corresponding Pd-N2H4 counterparts (0.85 V and 0.88 

V respectively). On the whole, the half-wave potential of Pd-P NPs seems to increase 

with increasing deposition while Pd-N2H4 NPs seems to reach a maximum at 9 

deposition cycles even though the onset potential increases. 
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Table 4. Half-wave potential values of Pd and Pt obtained from Figure 9. 
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Figure 10. ORR polarization curves for Pd nanoparticles synthesized with (A) 

NaH2PO2 and (B) N2H4. The numbers correspond to the cycle numbers of the 

stepwise electroless deposition process. The measurements were performed in 0.1 M 

O2-saturated KOH solution. Scan rate: 10 mVs
-1

. Rotational speed: 1600 rpm 

 

 

 

 

  

Catalyst Half-Wave Potential (V) 

Pt/C                   0.74 
Pd/C                   0.83 
Pd-P (3)                   0.82 
Pd-N2H4 (3)                   0.78 
Pd-P (9)                   0.85 
Pd-N2H4 (9)                   0.83 
Pd-P (18)                   0.88 
Pd-N2H4 (18)                   0.82 
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4.4 Calculation and Analysis of the Specific Activity of Palladium 

Nanoparticles in Oxygen Reduction Reaction 

Although the half-wave potential demonstrates that Pd NPs synthesized by the 

proposed electroless deposition has better catalytic activity than commercial Pt/C and 

Pd/C, a more accurate assessment is needed. One way of accurately assessing the 

differences in electrocatalysts is by their specific activity (is) (kinetic current (ik) 

normalized by electrochemically active surface area (ECSA)). Hence, the is of the Pd 

NPs, Pt/C and Pd/C are calculated, analyzed and compared. 

In order to calculate the is, the ik must first be obtained. Therefore, to obtain the ik, the 

Koutecky-Levich (K-L) equation (Equation 8) needs to be used and hence, the id needs 

to be known. To obtain the id, the electrocatalysts needs to be rotating when the ORR 

polarization is conducted. The id can then be easily obtained from the ORR 

polarization graph as it is the point where the current density reaches maximum and 

stabilizes. 

 

 
 
 

  
 
 

  
 

However, there is a need to verify whether the id obtained from the graph is correct. In 

order to do so, the K-L plot of the electrocatalysts needs to be plotted. Not only does 

the K-L plot allows us to check if the value for id is correct, it will allow us to calculate 

the number of electrons involved in the ORR. Therefore to obtain the K-L plot of the 

different electrocatalysts, the ORR polarization curve of these electrocatalysts at 

different rotating speeds are conducted. Shown in Figure 11 is the representative ORR 

polarization curve of each of the electrocatalysts at different rotation speed. 

(8) 
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From the ORR polarization curves at different rotating speed, the K-L plots can be 

obtained. Figure 12 shows the representative plots of the K-L plot of each of the 

corresponding electrocatalysts. The K-L plot was plotted at 2 different potentials, one 

at 0.60 V and the other at 0.50 V. These 2 potentials were selected as they are near the 

potential at which the diffusion limit current (id) is present. The id can be easily 

obtained from the ORR polarization graph as it is the point where the current density 

reaches maximum and stabilizes.  

First, analysis on the K-L plot for the 0.50 V is made. As seen in Figure 12, most of 

the K-L plots at 0.50 V passes very close to the origin. Furthermore, additional 

information which can be obtained from the K-L plot at 0.50 V would be the number 

of electron transfer that the electrocatalysts promotes. This value can be acquired by 

using the previously mentioned Equation 10. From Equation 10, since all the values 

except n are known, the number of electron transfer can be easily calculated. The 

reason why the K-L plot at 0.50 V is used instead of the K-L plot at 0.85 V is because 

the current density fluctuates too much at 0.85 V which makes the number of electron 

calculated at that potential inaccurate. 

            
 

    
 
 

Moving on, the K-L plot at 0.60 V is analyzed. From the K-L plot, it is seen that the 

gradient of the plot at 0.60 V is relatively similar to that of 0.50 V. This demonstrates 

that the electron transfer at both potentials are similar.  

Finally, with the number of electrons and id value known, the ik value at 0.85 V can be 

calculated again from Equation 8 with the i value obtained directly from the ORR 

polarization curve at 1600 rpm. 

(10) 
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Figure 11. ORR polarization curves for Pd-P, (A) 3 cycles, (B) 9 cycles (C) 18 cycles, Pd-

N2H4, (D) 3 cycles, (E) 9 cycles, (F) 18 cycles, (G) Pt/C and (H) Pd/C conducted at 400, 900, 

1600 and 2500 rpm. Scan rate: 10 mVs
-1

. These are the represented graphs for each of the 

corresponding electrocatalysts. 
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Figure 12. K-L plot for Pd-P, (A) 3 cycles, (B) 9 cycles (C) 18 cycles, Pd-N2H4, (D) 3 cycles, 

(E) 9 cycles, (F) 18 cycles, (G) Pt/C and (H) Pd/C. This is a represented graph for each of the 

corresponding electrocatalysts. 
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With the ik value known, the next step in the obtaining the is is acquiring ECAS which 

requires the full CV curve of the electrocatalysts in N2-saturated solution. By acquiring 

the full CV, the reduction charge value of the electrocatalysts can be calculated. By 

using the reduction charge value in literature, the ECAS can be obtained 

correspondingly. It is important to note that the full CV needs to be conducted in N2-

saturated solution to avoid the reduction charge associated with ORR.  

The calculation of the reduction charge of the full CVs of the Pd and Pt is different. 

The full CV of Pd is first analyzed. Figure 15 show the representative view of the full 

CV of each corresponding electrocatalysts of Pd conducted in N2-saturated solution. 

For explanation purposes, 9 cycles Pd-P in Figure 13 is used. For Pd, the reduction 

charge arises from the reduction of PdO to Pd. As seen in Figure 13, the reduction 

charge is calculated from 0.5 V to 0.9 V. This is the known region for the reduction of 

PdO to Pd. However, the actual desired reduction charge area is labelled as Region 1 
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Figure 13. Full CV of 9 cycles Pd-P swept from 0.04 V to 1.27 V in N2-saturated 0.1 M 

KOH solution. This is a represented graph for all the Pd electrocatalysts. 



 

Page 60 
 

as seen in Figure 13. Region 2 is known as the double layer capacitance discharge 

which needs to be eliminated in the calculations. Hence, with the reduction charge of 

PdO known to be 405 µC cm
-2

, the ECSA of the Pd electrocatalysts can be calculated. 

For Pt, the calculation of the Pt charge is different from Pd. Figure 14 shows the 

representative view of the full CV of Pt/C conducted in N2-saturated solution. For Pt, 

the Pt charge calculated is a result from hydrogen adsorption and desorption on Pt. 

From Figure 14, the charge associated with hydrogen desorption on Pt is marked by 

the Region 1 and 2. Hence, the charge is calculated from the potential range of 0.04 V 

to 0.45 V. However, the actual desired charge area is Region 1 with Region 2 being 

the double layer capacitance discharge. Therefore, Region 2 needs to be subtracted 

from the calculations. With the reduction charge of hydrogen adsorption and 

desorption known to be 210 µC cm
-2

, the ECSA for the Pt/C electrocatalysts can be 

calculated accordingly. 
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Figure 14. Full CV of Pt/C swept from 0.04 V to 1.27 V in N2-saturated 0.1 M KOH 

solution. Scan rate: 50 mVs
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. This is a represented graph for all the Pt electrocatalysts. 
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Figure 15. Full CV of Pd-P, (A) 3 cycles, (B) 9 cycles (C) 18 cycles, Pd-N2H4, (D) 3 cycles, (E) 

9 cycles, (F) 18 cycles, (G) Pt/C and (H) Pd/C conducted in N2-saturated solution and swept 

from 0.04 V to 1.27 V vs RHE. Scan rate: 50 mVs
-1

. This is a represented graph for each of the 

corresponding electrocatalysts. 
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Table 5 summarizes the results of the calculations for the number of electrons 

transferred and the is. Firstly, the results for the number of electrons transferred is 

evaluated. Overall, almost all of the Pd NPs synthesized by the proposed electroless 

deposition method gave electron transfer of 4. This is in contrast to the Pt/C (3.03 

electrons) and Pd/C (2.35 electrons) which gave significantly less electron transferred. 

This result implies that the Pd NPs synthesized by the proposed method is more 

efficient as it gave the highest number of electron transferred as compared to the 

commercial Pt/C and Pd/C. Next, comparison is made between the Pd-P and the Pd-

N2H4 NPs. The Pd-P produced a consistent 4 electron transfer for all the deposition 

cycles while Pd-N2H4 gave 4 electron transfer at only 9 and 18 deposition cycles. 3 

cycles Pd-N2H4 gave suboptimal electron transfer of 2.42 which was the second lowest 

electron transfer out of all the electrocatalysts. 

Moving on, the is of all the electrocatalysts are compared next. Pt/C had the lowest is 

(0.47 mA cm
-2

) followed by the Pd/C (1.58 mA cm
-2

). This is in contrast to the Pd NPs 

synthesized by the proposed electroless deposition method which had significantly 

higher is. What this implies is that the amount of current produced per unit of active 

surface area of Pt/C and Pd/C electrocatalysts is very low with respect to the Pd NPs. 

It is also interesting to note that the is of the Pd NPs increases with increasing 

deposition cycles. The is of Pd-P and the Pd-N2H4 NPs are compared with each other 

next. At every deposition cycle, Pd-P gave higher is as compared to Pd-N2H4. This 

difference becomes significantly more pronounced at higher deposition cycles. The is 

of 3 cycles Pd-P was 1.1 times higher than 3 cycles Pd-N2H4 while 9 cycles Pd-P was 

1.8 times better than 9 cycles Pd-N2H4 and finally 18 cycles of Pd-P was 1.9 times 

greater than 18 cycles of Pd-N2H4. Hence, Pd-P is superior to Pd-N2H4 in terms of is. It 

is also noticed that the is for the Pd-P was much higher at higher deposition cycles (9 
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and 18 cycles) than low cycles. This would suggest that the initial Pd-P NPs 

synthesized on the glassy carbon surface of the GC-RDE was not as active as the 

subsequently synthesized Pd-P, which are deposited on the previously deposited Pd-P 

NPs. 

 

Table 5. Number of electrons transferred and specific activity values of Pd and Pt 

Catalyst Number of Electrons Transferred (n) 
Specific Activity (is) 

(mA cm
-2

) 

Pt/C 3.03 0.47 ± 0.01 

Pd/C 2.35 1.58 ± 0.02 

Pd-P (3) 4.17 2.31 ± 0.59 

Pd-N2H4 (3) 2.42 2.16 ± 0.29 

Pd-P (9) 4.22 5.16 ± 0.68 

Pd-N2H4 (9) 3.65 2.87 ± 0.33 

Pd-P (18) 4.24 6.85 ± 0.64 

Pd-N2H4 (18) 3.96 3.53 ± 0.58 
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4.5 Calculation and Analysis of the Mass Activity of Palladium 

Nanoparticles in Oxygen Reduction Reaction 

As mentioned previously, since one of the main attractions for using Pd as a 

replacement for Pt is the reduced cost, it is important to know the amount of Pd that is 

loaded onto the GC-RDE. A more accurate representation would be to calculate the im 

(ik normalized by Pd load). Therefore, by comparing the im of the electrocatalysts, the 

cost efficiency of the electrocatalysts can be evaluated which has industrial 

significance. 

In order to calculate the im, firstly, the amount of Pd which is loaded onto the GC-RDE 

needs to made known. In the proposed electroless deposition process, the amount of 

Pd loaded cannot be simply calculated as the amount loaded varies from each cycles. 

Therefore to accurately calculate the amount of Pd NPs loaded onto the GC-RDE, the 

Pd NPs needs to be extracted from the electrode surface and quantitatively analyzed 

through ICP-MS. Hence, after completing all the necessary scans (ORR polarization 

and full CV curves), the amount of Pd loaded was extracting from the electrode 

surface. This was done by using concentration HNO3 to dissolve away the Pd NPs on 

the electrode surface. After which, the concentrated HNO3 was collected and diluted 

before sending for ICP-MS. To ensure that all the Pd NPs were extracted from the 

surface of the electrode, the ORR polarization curve was ran again to ensure that it 

gave a curve similar to that of a uncoated GC-RDE as shown in Figure 16. Figure 16 

shows the representative image of the ORR polarization before and after the extraction 

(9 Cycles Pd-P). It is seen from Figure 16 that after the extraction process, the ORR 

polarization curve actually becomes less active than even blank. This is indicative of 2 

things. Firstly, this means that all of the Pd NPs has been successfully extracted from 

the surface. Hence there is no more catalytic activity observed in the ORR polarization 
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curve. Secondly, this also suggest that HNO3 deactivates the GC-RDE surface which 

results in the ORR polarization curve being less active than blank. A thing to note is 

that this extraction method and ICP-MS measurement was not required for Pt/C and 

Pd/C as the amount loaded can be simply calculated as the preparation for these 

electrocatalysts is made through casting. 

Table 6 summarises the mass activity of all the electrocatalysts. The results calculated 

are the averages of several number of repeated experiments. As tabulated in Table 4, 

Pt/C (0.068 mA µg
-1

) has the lowest mass activity followed by Pd/C (0.17 mA µg
-1

). 

Even the lowest mass activity achieved by the proposed electroless deposition method 

[3 cycles Pd-N2H4 (1.11 mA µg
-1

)] was 6.5 times greater than Pd/C, which was the 

highest mass activity for the commercial electrocatalysts. Hence, the Pd NPs 

synthesized by the proposed electroless deposition method is more cost efficient than 

the commercial electrocatalysts available. 
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Figure 16. ORR polarization curve of blank GC-RDE and 9 cycles Pd-P in O2-

saturated 0.1 M KOH solution before and after HNO3 extraction. Rotation speed: 1600 

rpm. Scan rate: 10 mV s
-1

. This is a represented graph for all the Pd electrocatalysts. 
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Next comparison is made between the Pd-P and Pd-N2H4 NPs. At almost all the 

deposition cycles, Pd-P is seen to have higher mass activity compared to Pd-N2H4. 

From Table 6, the mass activity of 3 cycles Pd-P (1.79 mA µg
-1

) was 1.6 times greater 

than 3 cycles Pd-N2H4 (1.11 mA µg
-1

) while the mass activity of 9 cycles Pd-P (2.21 

mA µg
-1

) was 1.7 times greater than 9 cycles Pd-N2H4 (1.33 mA µg
-1

). For 18 cycles, 

the mass activity for Pd-P was almost similar to that of N2H4. This conclusively proves 

that the Pd-P is more cost efficient than Pd-N2H4. On a similar note, the mass activity 

of the Pd-P sample produced from the proposed electroless deposition method has the 

highest value out of all the reported value. The 9 cycles Pd-P (2.21 mA µg
-1

) which 

was the highest mass activity achieved in the proposed method was 2.6 times higher 

than the ones reported in literature.
[35]

 Hence, not only does the Pd NPs synthesized by 

the proposed electroless deposition method have higher mass activity (more cost 

efficient) than commercial electrocatalysts, amorphous 9 cycles (Pd-P) has the highest 

known mass activity value reported so far. It is speculated that the mass activity is 

highest at 9 cycles Pd-P because the stacking of the Pd NPs at 9 deposition cycles is 

the most optimal. This means that further deposition would only result in Pd NPs 

which are not in contact with the electrolyte and therefore wasted. In conclusion, the 

proposed electroless deposition method, especially in the case for the Pd-P, can be 

considered for industrial applications. 

Table 6. Mass activity values of Pd and Pt electrocatalysts 

Catalysts Mass Activity (mA µg
-1

) 

Pt/C 0.068 ± 0.001 

Pd/C 0.17 ± 0.01 

Pd-P (3) 1.79 ± 0.42 

Pd-N2H4 (3) 1.11 ± 0.22 

Pd-P (9) 2.21 ± 0.21 

Pd-N2H4 (9) 1.33 ± 0.12 

Pd-P (18) 1.34 ± 0.41 

Pd-N2H4 (18) 1.44 ± 0.23 
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4.6 Importance of Amorphous Nature and Industrial Application of 

Palladium Nanoparticles in Oxygen Reduction Reaction 

In the previously section, the superiority of the Pd NPs synthesized by the proposed 

electroless deposition method compared to commercial Pt/C and Pd/C has been 

demonstrated. However, there is a need to test the proposed deposition method on 

industrial substrates to check the viability of it industrialwise. 

In typical fuel cell for industrial application, a catalyst sheet, traditionally carbon cloth 

is used. Usually, the electrocatalysts (eg. Pt) are made into carbon paste and spread 

onto carbon cloth to make the catalyst sheet.
[97-98]

 Hence, there is a need to see if the 

proposed electroless deposition method works not only with GC-RDE but with carbon 

cloth as well.  

Figure 17 shows the ORR polarization curves of 9 cycles Pd-P and Pd-N2H4 deposited 

on carbon cloth by the proposed electroless deposition. This conclusively proves that 

the proposed method is applicable in industries. Furthermore, the catalytic activity of 

the Pd NPs can be actively tuned by changing the number of deposition cycles which 

give the proposed method even greater flexibility. Hence, the proposed electroless 

deposition method has many advantages over traditional catalysts synthesis in 

industrial application. 

It is also noticed in the previous sections that amorphous Pd-P has higher catalytic, 

specific and mass activity compared to crystalline Pd-N2H4. Hence, it is important to 

experiment to see if the amorphous nature is the key factor in the superior catalytic 

properties of Pd-P over Pd-N2H4.   

Again from Figure 17, it is shown that both the carbon cloth with 9 cycles of Pd-P as 

well as Pd-N2H4 were annealed at 700 
o
c for 1 hour. This temperature and duration has 
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been proven in literature to change the morphology of amorphous Pd to crystalline.
[99]

 

Figure 17 shows that after annealing, both the catalytic activity for Pd-P and Pd-N2H4 

decreases and becomes similar to each other. This would strongly suggest that the 

amorphous nature of Pd-P is key factor in its superior catalytic properties over Pd-

N2H4. However, there is still the need to prove that the amorphous nature of Pd-P and 

not the P itself is the important feature. Figure 18 shows the EDS data of the Pd-P 

sample after the annealing. It clearly shows the presence of P remaining in the Pd-P 

sample after annealing. This conclusively proves that the amorphous nature is in fact 

the unique feature of the Pd-P NPs which gives its superior catalytic, specific and mass 

activity over crystalline Pd-N2H4 as well as the commercial Pt/C and Pd/C 

electrocatalysts. 

It is theorized that the amorphous nature of the Pd NPs contributes to its superior 

catalytic, specific and mass activities due to the fact that the amorphous Pd NPs are 

more structurally disordered and contains more reactive and accessible sites. These 

sites, also known as low co-ordination sites, are represented by defects, edges and 

kinks, which are numerous in amorphous but not crystalline structures.
[79, 100]

 The 

presence of these low co-ordination sites have been previously shown to improve the 

catalytic activity for ORR.
[76, 78-79, 101]

  

Also, a recent study has shown that an increase in Pd-Pd bond length due to B doping 

led to lower binding energies for O2 and O to Pd which optimizes both the dissociative 

adsorption of O2 and reduction of O on Pd surface. These lower binding energies 

reduced the reaction barrier of the rate determining step of ORR and resulted in higher 

catalytic activity for the B doped Pd (Pd-B).
[102]

 This thesis strongly believe that the 

results reported in the previously mentioned work was observed here as well. From the 

XRD image in Figure 9, there was a downward shift in Bragg's angle (0.9 
o
) when 
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Figure 18. EDS of 9 cycles Pd P after annealing at 700 
o
c for 1 hour. The Pd:P ratio 

for is 90:10. 
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Figure 17. ORR polarization curves of 9 cycles Pd nanoparticles synthesized on 

carbon cloth. Annealing was performed at 700 C for 1 h. The measurements were 

performed in 0.1 M O2-saturated KOH solution. Scan rate: 10 mV s
−1

. 

 

 

comparing the amorphous Pd-P (39.3 
o
) to the crystalline Pd-N2H4 (40.2 

o
). This 

downward shift would imply that due to P doping, the overall Pd-Pd bond length was 

likely to have increased in Pd-P which would explain the superior catalytic activity. 

However, due to the amorphous nature of Pd-P, it is difficult to use computational 

modelling to prove the above mentioned theory. Therefore, further experimentation 

such as high energy XRD and pair distribution function analysis (PDF) is required to 

obtain the Pd-P structure for modelling and has been proposed in future work. 
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4.7 Durability Test for Palladium Nanoparticles in Oxygen Reduction 

Reaction 

It has already been shown that Pd NPs synthesized by the proposed electroless 

deposition method are superior to that of commercial Pt/C and Pd/C in all the catalytic 

aspects including catalytic, specific and mass activities. However, one of the 

remaining experimentation left to conclude that Pd NPs synthesized by the proposed 

method is superior is the durability test. 

It was mentioned earlier that the long term durability of Pt in general is a huge liability 

in using Pt in fuel cell. Therefore, there is need test if the long term durability of the 

Pd NPs of the proposed method are superior to that of the commercial catalysts. 

Hence, the chronoamperometric response of the electrocatalysts are conducted and 

evaluated. 

Figure 19 shows the chronoamperometric response of the electrocatalysts. Firstly, 

comparison is made between the commercial Pt/C and Pd/C against the Pd NPs 

synthesized by the proposed electroless deposition method. Overall, the Pd NPs 

synthesized by the proposed method had better chronoamperometric response 

compared to Pt/C and Pd/C. Even though the initial decrease in the current density was 

high for Pd NPs (especially 9 cycles Pd-P), the current density still stabilizes off at a 

higher level than the Pt/C and Pd/C. Hence, the long term durability of Pd NPs is 

superior to that of Pt/C and Pd/C. 

Next, the durability between amorphous Pd-P and Pd-N2H4 is compared. It is observed 

from Figure 19 that 9 cycles Pd-P stabilizes at a higher current density than both 9 and 

even 18 cycles of Pd-N2H4. Therefore, the amorphous Pd-P is still considered more 
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durable than crystalline Pd-N2H4 at both similar and even greater number of deposition 

cycles. 
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Figure 19. Chronoamperometry response of Pd NPs, Pt/C and Pd/C. The 

measurements were performed in 0.1 M O2-saturated KOH solution, as per the 

procedure reported elsewhere (Potential: 0.666 V vs RHE. Rotational speed: 200 rpm). 
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5. Results and Discussion for Formic Acid Oxidation 

5.1 Cyclic Voltammetry Curves for Formic Acid Oxidation 

As mentioned previously, the analysis of the electrocatalytic activity for FAO is 

different from that of ORR. This is because for FAO, no rotation is involved in the 

measurement as it will conceal the multiple FAO peaks with id which makes the 

observation and evaluation of the FAO peaks inaccurate. Instead, CVs are conducted 

to obtain the FAO peaks. Figure 18 shows the CV curves for different cycles of Pd-P. 

Only Pd-P samples were conducted as it showed the most promising results for ORR 

as well as due to time constraints. 

Firstly, the FAO CV curve consists of two scans, a forward (cathodic) as well as a 

backward (anodic) scan as seen in Figure 20. Both scans produce peaks which are 

attributed to the formic acid oxidation.
[31, 103]

 However, only the forward (cathodic) 

scan is considered in the evaluation of the electrocatalysts because the backward scan 

allows poisonous intermediates such as carbon monoxide (COads) to build up and 

hence will affect FAO results.
[31]

 Also, the forward scan is more relevant to real fuel 

cell situation.
[103]

 On the other hand, the backward scan is usually omitted because it 

shows FAO peaks which is a result of the removal of the poisonous COads and 

therefore is not a true reflection of the performance ability of the electrocatalysts.
[31]

 

As mentioned in the earlier Chapter 2.5, there are two peaks associated with FAO in 

the forward scan and that the peak at 0 V to 0.3 V (dehydrogenation) is preferred while 

the peak at 0.45 V is undesired. However, recent publications have shown that 

achieving only the dehydrogenation pathway is still a problem in FAO.
[31, 44, 103]

  

Again from Figure 20, it is seen that the amorphous Pd-P synthesized by the proposed 

electroless deposition method has a significant FAO peaks between 0 V to 0.3 V. This 
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implies that the FAO undergoes the direct dehydrogenation pathway which is the 

preferred pathway. Also from Figure 20, the absence of the peak at 0.45 V 

demonstrates that FAO only occurs through the direct dehydrogenation pathway. 

It is also seen in Figure 20 that two discrete peaks are observed in every FAO curve. 

These two discrete peaks are in agreement with the recent research on the mechanism 

of FAO. It is demonstrated in those studies that the first peak at the lower potential 

(0.17 V) corresponds to HCOO
-
 being oxidized while the peak observed at the higher 

potential (0.28 V) is the result of bridge-bonded adsorbed formate enhancing HCOO
-
 

oxidation at a higher potential by preventing the adsorption of oxidation of other 

species on the electrode surface. 

Overall, the amorphous Pd-P promotes FAO to undergo the preferred direct 

dehydrogenation pathway. 
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Figure 20. (a) Full CV curves for amorphous Pd-P NPs for FAO. (b) Forward scan 

of amorphous Pd-P NPs for FAO. The number corresponds to the cycles numbers of 

the stepwise electroless deposition process. The measurements were performed in 

N2-saturated 0.5 M H2SO4 + 1 M HCOOH solution. Current is normalized by RDE-

GC surface area (0.0707 cm
-2

). Scan rate: 50 mV s
-1
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5.2 Calculation and Analysis of the Specific and Mass Activity of Palladium 

Nanoparticles for Formic Acid Oxidation 

As mentioned previously, the calculations for is and im values for the electrocatalysts 

in FAO are simpler compared to ORR. For FAO, the is and im values are obtained by 

normalizing the current values obtained during the experiment with the ECSA and Pd 

loading respectively following which the highest value is taken as the is and im values. 

The ECSA calculations and the Pd loading extraction process are similar to that of 

ORR. The representative graphs of the different cycles Pd-P and Pd/C for ECSA 

calculation are shown in Figure 21. 

In Figure 22, the SEM images of different deposition cycles of Pd-P NPs are shown. 

These Pd NPs are seen to be well dispersed regardless of the deposition cycles. The 

mean size of the Pd NPs are also shown to increase with the number of deposition 

cycles (6, 9 and 12 cycles were 14, 16, 20 nm respectively). 

Figure 23 shows the is and im values of different cycles of Pd-P for FAO. Also seen in 

Figure 23, at all the different deposition cycles, the amorphous Pd-P is significantly 

higher than Pd/C in terms of both is and im. 

Table 7 summarizes maximum is and im values achieved by the electrocatalysts. 

Firstly, the maximum is values of the electrocatalysts are compared. From Table 7, it is 

shown that the highest is value was achieved by 9 cycles Pd-P (5.7 mA cm
-2

), followed 

by 6 cycles Pd-P (4.9 mA cm
-2

), 12 cycles Pd-P (4.3 mA cm
-2

) and lastly commercial 

Pd/C (0.9 mA cm
-2

). This conclusively shows that based on specific activity, 

amorphous Pd-P is superior (6.3 times, 5.4 times and 4.7 times respectively) than 

commercial Pd/C. In fact, 9 cycles Pd-P (5.7 mA cm
-2

) has the higher catalytic activity 

compared to those reported in literature.
[31, 44]
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From Table 7, it is shown that the P content for 6 cycles Pd-P was 12 at%, 9 cycles Pd-

P was 16 at% and 12 cycles was 11 at%. It is interesting to note that the trend of the 

average P content is reflective of the trend in the is values with higher P content 

yielding greater is values. This thesis speculates that with greater P doing, the surface 

of Pd-P becomes progressively more disorderedly structured which causes the 

formation of a larger number of low co-ordination active sites.
[80, 104-105]

 These low co-

ordination active sites have been known to increase catalytic activity.
[80, 100, 106-108]

 The 

reverse would also be true where less P doping would mean lesser low co-ordination 

active sites which would cause is value to drop. Therefore, this trend observed for the 

average P content would explain the trend observed in the is values. 

Again from Table 7, it is shown from 6 deposition cycles to 9 deposition cycles the 

average P content increases while from 9 deposition cycles to 12 deposition cycles the 

average P content decreases. It is theorized that this trend could be because there are 

two types of Pd depositions: (1) seed generation where Pd deposits directly onto the 

substrate (glassy carbon) and (2) seed growth where Pd subsequently deposits onto Pd 

that is already deposited.  

In the proposed Pd electroless deposition system, the P content of the Pd from seed 

generation is low while the P content of Pd from seed growth is high, which is 

consistent with other electroless deposition systems.
[109-110]

  This can be seen from 

Table 7 that the 6 deposition cycles sample, which has the lower P content (12 at%) 

has well dispersed small nanoparticles (mean 14 nm) while the 9 deposition cycles 

sample has higher P content (16 at%) and larger nanoparticles (mean 16 nm). On the 

other hand, again from Table 7, the nanoparticles sizes of 12 deposition cycles sample 

varies widely and contains large nanoparticles (greater than 30 nm) with lots of small 

nanoparticles (seeds) as well as shown in Figure 21. The highest frequency in the 
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nanoparticle size distribution of the 12 cycle is at 2 nm. Due to presence of such small 

nanoparticles (seeds), the average P content dropped down to 11 at%.  

Next, the maximum im values for the electrocatalysts are compared. As seen from 

Table 7, the highest im value was obtained by 6 cycles Pd-P (2.9 mA µg
-1

), followed 

by 9 cycles Pd-P (2.0 mA  µg
-1

) and 12 cycles Pd-P (1.1 mA µg
-1

) with the lowest 

being commercial Pd/C (0.05 mA µg
-1

). This shows that based on im values as well, 

the amorphous Pd-P at all deposition cycles (58 times, 40 times and 22 times 

respectively) is superior compared to commercial Pd/C. Furthermore, the maximum im 

value 2.9 mA µg
-1

 which was observed for 6 cycles Pd-P was higher than those 

reported in literature.
[31, 44]

  

It is also noted that in Table 7, there is a decreasing trend in im value with increasing 

deposition cycles. This decreasing trend is the result in increasing coagulation and 

particle size of the Pd-P NPs. This increase in coagulation and particle size would 

result in lower im values as less Pd is exposed to the electrolyte (wasted Pd). 
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Figure 21. Full CV of Pd-P at (a) 6 cycles, (b) 9 cycles, (c) 12 cycles and (d) Pd/C 

conducted in N2-saturated solution and swept from -0.2 V to 1.2 V vs Ag/AgCl (KCl 

sat.). Scan rate: 50 mV s
-1

. This is a represented graph for each corresponding 

electrocatalysts. 

 

  



 

Page 79 
 

  

500 nm

a

0

2

4

6

8

10

0 10 20 30 40 50 60

Particle Size / nm

Fr
eq

u
e

n
cy

 /
 %

b

0

1

2

3

4

5

6

0 10 20 30 40 50 60

Particle Size / nm

Fr
eq

u
en

cy
 /

 %

c

0

1

2

3

4

5

6

0 10 20 30 40 50 60
Particle Size / nm

Fr
eq

u
en

cy
 /

 %

Figure 22. SEM images (upper) and their corresponding size distribution (lower) of 

Pd-P for (a) 6 cycles, (b) 9 cycles and (c) 12 cycles of deposition 
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Figure 23. Forward scan curves for amorphous Pd-P NPs for FAO normalized by (a) 

ECSA to give specific activity and (b) Pd loading to give mass activity. The number 

corresponds to the cycles numbers of the stepwise electroless deposition process. The 

measurements were performed in N2-saturated 0.5 M H2SO4 + 1 M HCOOH solution. 

Scan rate: 50 mV s
-1
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Table 7. Specific, Mass Activities and average P content values for Pd-P and Pd/C 

at peak potential 

 

 

  

Catalysts Specific Activity 

(mA cm
-2

) 

Mass Activity  

(mA µg
-1

) 

Average P content 

(at%) 

6 cyc Pd-P 4.9 ± 0.32 2.9 ± 0.6 12 

9 cyc Pd-P 5.7 ± 0.74 2.0 ± 0.4 16 

12 cyc Pd-P 4.3 ± 0.59 1.1 ± 0.2 11 

Pd/C 0.9 0.05 - 
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Figure 24. Specific activity graphs of 6 cycles Pd-P NPs deposited on carbon cloth 

before and after annealing at 700 °C for 1 hour. The measurements were conducted in 

N2-saturated 0.5 M H2SO4 + 1 M HCOOH solution. Scan rate: 50 mV s
-1

. 

5.3 Importance of Amorphous Nature of Palladium Nanoparticles in 

Formic Acid Oxidation 

A similar test (to that of ORR) was conducted to determine if amorphous nature is the 

key for the superior catalytic activity in FAO.
[17]

 From Figure 24, it is observed that 

the is of Pd-P drops significantly after the annealing. Furthermore, the ECSA of Pd-P 

dropped from 3.11 to 0.45 cm
2
 which shows the loss of active sites when the Pd-P 

changed from amorphous to crystalline. These results supports the hypothesis that 

amorphous nature of Pd-P is key factor in its high catalytic activity. 
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Figure 25. Chronoamperometry results for both 9 cycles Pd-P and Pd/C. Results were 

evaluated as a percentage of initial current density. The measurements were performed in N2-

saturated 0.1 M H2SO4 + 0.1 M HCOOH solution at 0.2 V vs Ag/AgCl (sat.).  

 

5.4 Durability Test of the Palladium Nanoparticles for Formic Acid 

Oxidation 

The durability of Pd-P was compared to that of commercial Pd/C. As seen in Figure 

25, it is demonstrated that Pd-P is more durable compared to Pd/C as observed from 

the gentle slope of the initial current density of Pd-P compared to that of Pd/C which 

was sharp. The percentage current density of Pd-P were 21 %, 10 % and 7 % of initial 

current density for 400, 800 and 1200 seconds, while for Pd/C it was 4 %, 3 %, 2 % 

respectively. This clearly indicates that the drop in percentage current density of Pd-P 

was always less than Pd/C at each corresponding time interval. This therefore proves 

that Pd-P is more efficient, durable and has greater poisoning resistance compared to 

Pd/C. 
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6. Results and Discussions for Bio-Fuel Cell 

6.1 Synthesis of Carbon Nanotubes-Palladium Nanoparticles Composite by 

Stepwise Electroless Deposition 

As mentioned earlier for BFC, the enzyme BOD is the electrocatalyst that is most 

commonly used for ORR. However, the problem with using BOD is that the electron 

transfer between the electrode and the enzyme is poor and therefore there is a need to 

improve this electron transfer rate to improve the catalytic activity. 

Recent studies have shown that metal such as Au has been able to improve the BOD 

electron transfer rate by optimizing the BOD binding conformation to the substrate 

(via T1 binding) and hence shortening the distance between the Cu active sites and the 

substrate.
[20-21, 84, 111]

 However, the synthesis of Au electrodes requires harsh and 

difficult fabrication process and hence its use is still heavily limited.
[20-21]

 Pd has 

shown some degree of success as an alternative for Au with Pd being able to achieve 

the desired onset potential but lacks in the current output.
[8]

  Therefore, there is a need 

for either an alternative metal or simpler fabrication method to achieve improved 

electron transfer rate and catalytic activity for BOD. 

A recent on-going computational study conducted (collaborator) has theorized that 

crystalline Pd NPs is able to achieve optimal T1 binding of BOD and shorten the 

distance between Cu active sites and substrate which will improve electron transfer 

rates. Table 8 shows the computational calculation results from this on-going 

computational study. It is seen that Pd NPs (T1-orientated 179.1 kcal mol
-1

, T2/T3-

orientated 106.4 kcal mol
-1

) at all conformations have higher adsorption energies 

compared to C NPs (T1-orientated 59.3 kcal mol
-1

, T2/T3-orientated 18.7 kcal mol
-1

). 

Furthermore, T1-orientated BOD on Pd NPs had the highest adsorption energy which 
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would imply that its formation is the most heavily favoured. Next, it is also observed 

that when comparing T1-orientated binding between Pd and C NPs, the distance 

between the Cu active sites and Pd NPs (T1-Pd NPs 5.743 Å, T2/T3-Pd NPs 23.237 Å) 

were much shorter than that of Cu active sites and C NPs (T1-C NPs 6.203 Å, T2/T3-

Pd NPs 24.106 Å). This trend is also observed for the suboptimal T2/T3-orientated 

binding with the distance between Cu actives sites and Pd NPs (T1-Pd NPs 51.134 Å, 

T2/T3-Pd NPs 35.969 Å) being less than that of Cu actives and C NPs (T1-C NPs 

52.698 Å, T2/T3-Pd NPs 37.168 Å). Overall, this computational result would heavily 

suggest that Pd NPs are able to bind to BOD via the optimal T1 orientation (highest 

adsorption energy) and thus decrease the distance between Cu active sites and the Pd 

which in turn increases the electron transfer rate and the catalytic activity. 

Based on the above computation results, this thesis aims to fabricate a CNT-Pd-N2H4 

composite material using the proposed facile stepwise electroless deposition method to 

enhance BOD ORR catalytic activity. In order to verify the computational results, 

crystalline Pd-N2H4 was used instead of amorphous Pd-P. It is important to note that 

although Pd is able to undergo ORR, only the enhancement of BOD ORR effect will 

be analyzed in this thesis. 

 

 

Adsorbed 

Orientation 

T1-Substrate 

Distance (Å) 

T2/T3-Substrate 

Distance (Å) 

Adsorption Energy 

(kcal mol
-1

) 

T1 on Pd NPs 5.743 23.237 -179.1 

T2/T3 on Pd NPs 51.134 35.969 -106.4 

T1 on C NPs 6.203 24.106 -59.3 

T2/T3 on C NPs 52.698 37.168 -18.7 

 

Table 8. Computational calculation of adsorption energies and distance between Cu 

active sites and substrate. 
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6.2 Characterization of Carbon Nanotubes-Palladium Nanoparticles 

Composite 

The CNT-Pd composite was observed under SEM, STEM and TEM as seen in Figure 

26. Figure 26a shows the CNT-Pd composite observed under SEM. From Figure 26a, 

the Pd NPs are shown to be well dispersed and coated on the CNT. Furthermore, two 

different types of Pd NPs are identified. The first type of Pd NPs are 12 nm (mean) 

and can be seen clearly on the SEM image. The second type of Pd NPs however, are 

very small and only be identified by the slight discolouration on the CNT surface.  

In order to view this second type of Pd NPs, STEM was conducted. In Figure 26b, it 

can be clearly seen that small Pd NPs (mean 3 nm) which appear as white sphere are 

coating the CNT (grey string-like structure) which further supports the SEM results. In 

order to view the bigger Pd NPs better, TEM was conducted as well as shown in 

Figure 26c. It is observed from Figure 26c that the bigger Pd NPs seen in the SEM are 

actually coagulations of the smaller Pd NPs. Overall, the Pd NPs are judged to be well 

coated on the CNT. 

All in all, the proposed stepwise electroless deposition is demonstrated to be able to 

successfully coat Pd-N2H4 NPs well on the CNT. These Pd NPs comes in two different 

types mainly the small Pd NPs (3 nm) and the bigger Pd NPs (12 nm) which are made 

up of the small Pd NPs. 
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Figure 26. 9 cycles CNT-Pd composite viewed under (a) SEM, (b) STEM, (c) TEM 

and (d) particle size distribution graph. 
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6.3 Cyclic Voltammetry of Bilirubin Oxidase with Carbon Nanotube-

Palladium Nanoparticles Composite as Support Material 

In order to evaluate the effect that the CNT-Pd composite has on enhancing the BOD 

ORR, full CV scan was conducted. Figure 27a shows the full CV of the BOD with 

both CNT-Pd composite and only CNT as a support. Firstly, two discrete ORR peaks 

are observed for CNT-Pd-BOD. The first peak which occurs within the range 0.3 V to 

0.6 V can be attributed to ORR from T1-orientated BOD binding and is consistent 

with literature.
[8, 81]

 On the other hand, the second peak which occurs within the range 

of 0 V to 0.2 V is the result of ORR from Pd NPs and is also consistent with 

literature.
[8]

  

Therefore, to focus on enhancement of catalytic activity of BOD ORR, only the 

potential range of 0.3 V to 0.6 V will be used for the analysis as shown in Figure 27b. 

Furthermore, mass activity of BOD is used as well to eliminate any current increment 

from different amounts of BOD loading. The BOD loading results were obtained from 

the UV-Vis spectroscopy. Figure 28 shows the calibration curve as well as the UV-Vis 

results of the CNT-Pd-BOD and CNT-BOD. 

It is seen from Figure 27b that at all potential values, the mass activity of CNT-Pd-

BOD was higher than that of CNT-BOD. In fact, the maximum mass activity of CNT-

Pd-BOD was 1.01 mA µg
-1

, which was 1.51 times greater than that of CNT-BOD 

which was only 0.67 mA µg
-1

. These results are in agreement with the computational 

studies and demonstrate that CNT-Pd was a better support material than CNT alone 

and was able to enhance the ORR capabilities of BOD. This enhancement was due to 

the optimized T1 binding between Pd and BOD which shorten the distance between 
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Cu active sites and Pd which in turn increases the electron transfer rate and thus results 

in a increase in catalytic activity. 

 

 

 

Figure 27. ORR polarization curves of CNT-BOD and CNT-Pd-BOD with (a) full CV 

and (b) zoomed in potential range and mass activity curve. The measurements were 

conducted in O2-saturated 0.1 M pH 6.5 PBS. Scan rate: 20 mV s
-1 
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Figure 28. Representative UV-Vis curves of (a) different amounts of BOD for 

calibration and (b) CNT-BOD and CNT-Pd-BOD. (c) shows the calibration plot 

obtained from (a) at 420 nm. 
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6.4 Importance of Palladium Nanoparticles in Enhancing Oxygen 

Reduction Reaction for Bilirubin Oxidase 

As demonstrated earlier, Pd NPs are able to enhance the catalytic activity of BOD 

ORR. In order to further verify the computational results, the electron transfer rate 

(kcat) was calculated. To calculate the kcat value, the electron transfer rate equation is 

used 
[8, 20, 88]

: 

 

     
 

     
 

where j (mA cm
-2

) is the saturated current density, n is number of electrons involved in 

the reaction, F (C mol
-1

) is Farady's constant and ᴦ (mol cm
-2

) is the surface coverage 

of the enzyme. 

Using this equation as well as the experimental results from the previous section 

(Chapter 6.3), the kcat value for CNT-Pd-BOD was calculated to be 169.4 s
-1

 while 

CNT-BOD was 99.2 s
-1

. Therefore, the kcat value for CNT-Pd-BOD was found to be 

1.71 times greater compared to that of CNT-BOD. Again, these results are in 

agreement with that of the computational results. This strongly suggest that Pd is able 

to direct BOD to bind optimally via T1 binding which decreases the distance between 

the Cu active sites and Pd which in turn increases the electron transfer rate and the 

catalytic activity of BOD ORR. 

 

 

 

(11) 



 

Page 91 
 

7. Conclusion and Future Work 

7.1 Conclusion 

In conclusion, this thesis presents stepwise electroless deposition as a facile and 

superior synthesis method for synthesizing Pd NPs as electrocatalysts. Next, it also 

showcases the superiority of the synthesized amorphous Pd-P NPs over crystalline Pd-

N2H4 NPs. Lastly, it demonstrates the effect of Pd NPs in enhancing the catalytic 

activity of BOD ORR. 

The advantages of the proposed stepwise electroless deposition method for the 

synthesis of Pd NPs as electrocatalysts can be summarized as follows: 

1. Synthesis process is remarkably facile and simple. Total time for each 

deposition cycle is 20 s and no complicated reaction procedures or steps are 

required. Only one solution containing the reducing agent and another 

containing the PdCl2 ions to be reduced. 

2. The catalytic, specific and mass activities of the Pd NPs are tunable by simply 

varying the number of deposition cycles. 

3. The electroless deposition process can be used to coat complex shapes and 

structures which traditional casting method are unable to. 

4. Minimal amount of chemical waste is produced. 

Overall, the proposed stepwise electroless deposition method has been shown to be an 

improvement over the traditional methods and is also shown to produce better 

electrocatalysts compared to those commercially available. 
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With the benefits of the proposed electroless deposition method explained, the 

summary of the superiority of the synthesized amorphous Pd-P NPs compared to Pd-

N2H4 NPs are as follows: 

1. Pd-P exhibits higher current density and more positive half-wave potentials 

compared to Pd-N2H4 at similar number of deposition cycles. 

2. Pd-P gave a more consistent (higher) number of electrons transferred and 

specific activity values than Pd-N2H4. This shows that Pd-P has more active 

surface compared to Pd-N2H4. 

3. Pd-P shows a higher mass activity result at almost every deposition cycles 

compared to Pd-N2H4. The mass activity (2.21 mA µg
-1

) is also the highest 

ever reported. This proves that Pd-P is more cost efficient compared to Pd-

N2H4. 

To sum it up, the amorphous Pd-P is superior to the crystalline Pd-N2H4 and can be 

sought to be used in industrial applications. 

For FAO, the current advantages of the synthesized amorphous Pd-P has over 

commercial Pd/C are listed: 

1. Pd-P has higher specific (5.7 mAcm
-2

) and mass activity (2.9 mAµg
-1

) 

compared to Pd/C (0.9 mAcm
-2

 and 0.05 mAµg
-1

). 

2. Pd-P has greater durability and poisoning resistance compared to Pd/C. 
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For BFC, the current advantages that Pd N2H4-CNT composite has over CNT alone 

are as listed: 

1. BOD with Pd N2H4-CNT composite as support material is able to achieve 

significantly higher mass activity compared to CNT alone (1.68 µAµg
-1

 and 

0.91 µAµg
-1

 respectively. 

2. BOD with Pd N2H4-CNT composite as support material has higher electron 

transfer rate (0.269 s
-1

) compared to that of CNT only (0.147 s
-1

) 
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7.2 Future Work 

Even though this project has presented a significant advances in both synthesis method 

as well as the electrocatalysts itself, there are still further areas of interest and 

improvements which can be made. Similarly, these further research areas can be 

broken down into 2 different groups, synthesis method and the electrocatalysts. 

For the stepwise electroless deposition method, the areas of improvement/new 

research fronts are listed and explained as follows: 

1. Using combinatorial chemistry on the electroless deposition method. Currently, 

the electroless deposition method is conducted manually. However, using a 

machine to automate the process will make the handling process even simpler. 

Also by automating the process, it will make this process more consistent. 

2. Varying the deposition timing. So far, the deposition timings has been 

standardized at 10 s for each dipping process. This timing however, has not 

been proven to be the optimal timing. Furthermore the human error process 

time for 10 s dipping is quite high. Hence, further research can be put into 

achieving optimal amount of dipping time. 

3. Varying different experimental conditions. At this time, all the experiments 

were conducted at room temperature and pressure. Other experimental 

conditions such as temperature has not been examined and its effect on the 

deposition and synthesis process is unknown. Therefore, this is an important 

research front which can be explored. 

  



 

Page 95 
 

Next, the areas of improvements for the electrocatalysts itself is stated and explained 

accordingly: 

1. Using different metals. Although Pd itself is cheaper compared to Pt, it is still 

expensive. An interesting research front would be to use other metals such as 

Fe or Co NPs, which are significantly cheaper and explore their use in ORR or 

FAO. 

2. Formation of bimetallic electrocatalysts. By using this proposed electroless 

deposition process, an interesting approach would be to synthesis core/shell 

structure and form bimetallic NPs. This bimetallic NPs would not only reduce 

the amount of Pd/Pt load, but still have catalytic ORR or FAO properties. 

3. Using support materials. Using support materials such as graphene or carbon is 

not a new research front. However, by using it with electroless deposition, 

there might be better dispersion which in turn might improve the catalytic 

activity of the Pd with graphene or carbon support. 

4. Doping of the electrocatalysts. With the current electroless deposition method, 

it shows the doping of P into the Pd. Although the P does not show any 

catalytic properties, this might not be true for other doping cases. Hence, 

exploring the effect of doping of Pd with other elements such as N or B on 

ORR or FAO would be an interesting research topic. 

5. Practical applications. For practical fuel cell applications of the Pd NPs further 

experimentation of Pd NPs need to be conducted. These includes conducting at 

air saturated electrolytes, CO/CO2 poisoning effect and trying a full fuel cell 

setup.  

6. Analysis and overcome of CO2 poisoning of electrolyte. Try strategies such as 

increasing the temperature of the fuel cells to overcome the poor solubility of 
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K2CO3 at room temperature, circulating the electrolyte to remove carbonate 

ions as well as using electrochemical method to reduce the OH
-
 concentration 

at the anode which causes the carbonate ions to migrate to the anode and form 

carbonic acid (preventing the formation of K2CO3). 

7. In depth analysis of amorphous effect. Use high energy XRD and pair 

distribution function analysis (PDF) to obtain structure of Pd-P to model to 

analyze the effect of the increased Pd-Pd bond length. 

 

In the case of BFC which is an on-going work, the following listed experiments will 

still need to be conducted: 

1. Optimize the experimental conditions. 

2. Evaluate charge transfer values of the samples to further explore the 

mechanism of the increment in electron transfer rate. 
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