
 

 

 Studies on Pd based catalysts for the electro-

oxidation of alcohols 
by 

ROSHIMA K  

Registration No: 10CC17A39002 

A thesis submitted to the 

Academy of Scientific & Innovative Research 

for the award of the degree of 

DOCTOR OF PHILOSOPHY 

in 

SCIENCE 

Under the supervision of  

Dr. K. G. NISHANTH 

 

CSIR-National Institute for Interdisciplinary Science and 

Technology (CSIR-NIIST)  

Thiruvananthapuram-695019 

 

Academy of Scientific and Innovative Research 

AcSIR Headquarters, CSIR-HRDC campus 

Sector 19, Kamla Nehru Nagar, 

Ghaziabad, U.P. – 201 002, India 

July-2023 

 

 



 
 

 
 

 

 

 

 

Dedicated to my beloved Family, 

Friends & 

God Almighty… 



 

i 
 

 

 

CERTIFICATE 

 

 

This is to certify that the work incorporated in this Ph.D. thesis entitled, “Studies on Pd 

based catalysts for the electro-oxidation of alcohols”, submitted by Mrs. Roshima K to the 

Academy of Scientific and Innovative Research (AcSIR), in partial fulfillment of the 

requirements for the award of the Degree of Doctor of Philosophy in Science, embodies 

original research work carried-out by the student. We, further certify that this work has not 

been submitted to any other University or Institution in part or full for the award of any 

degree or diploma. Research materials obtained from other sources and used in this research 

work have been duly acknowledged in the thesis. Images, illustrations, figures, tables etc., 

used in the thesis from other sources, have also been duly cited and acknowledged. 

 

 

 Roshima K                                                                                     Dr. K G Nishanth 

(Research supervisor) 

Thiruvananthapuram                                                            

July 2023                                                               

  

 
CSIR-NATIONAL INSTITUTE FOR INTERDISCIPLINARY SCIENCE & 

TECHNOLOGY (CSIR-NIIST) 
 

Council of Scientific & Industrial Research 
Thiruvananthapuram - 695 019 

 

 
 

 

Dr. K. G. Nishanth 
Senior Scientist 
Centre for Sustainable Energy Technologies 

 

                           Email: nishanthkg@niist.res.in 
Mob: 9656728857 

  

  



 
 

ii 
 

                               

STATEMENTS OF ACADEMIC INTEGRITY 

 

I, Roshima K, a Ph.D. student of the Academy of Scientific and Innovative Research 

(AcSIR) with Registration No. 10CC17A39002 hereby undertake that, the thesis entitled 

“Studies on Pd based catalysts for the electro-oxidation of alcohols” has been prepared by 

me and that the document reports original work carried out by me and is free of any 

plagiarism in compliance with the UGC Regulations on “Promotion of Academic Integrity 

and Prevention of Plagiarism in Higher Educational Institutions (2018)” and the CSIR 

Guidelines for “Ethics in Research and in Governance (2020)”. 

                                                                                            

        

                                                                                                              Roshima K  

July 2023 

Thiruvananthapuram 

 

It is hereby certified that the work done by the student, under my supervision, is plagiarism 

free in accordance with the UGC Regulations on “Promotion of Academic Integrity and 

Prevention of Plagiarism in Higher Educational Institutions (2018)” and the CSIR Guidelines 

for “Ethics in Research and in Governance (2020)”. 

                                                                                                          

                                                                                                         Dr. K G Nishanth 

July 2023 

Thiruvananthapuram 

                                                                                                      

 



 
 

iii 
 

DECLARATION  

 

 

I, Roshima K, bearing AcSIR Registration No.10CC17A39002 declare: that my thesis 

entitled, “Studies on Pd based catalysts for the electro-oxidation of alcohols” is plagiarism 

free in accordance with the UGC Regulations on “Promotion of Academic Integrity and 

Prevention of Plagiarism in Higher Educational Institutions (2018)” and the CSIR Guidelines 

for “Ethics in Research and in Governance (2020)”. 

                              I would be solely held responsible if any plagiarized content in my thesis is 

detected, which is violative of the UGC regulations 2018. 

 

 

                                                                                                       

Roshima K 

July 2023 

Thiruvananthapuram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

iv 
 

ACKNOWLEDGEMENTS 

 

First and foremost, I have great pleasure in expressing my deepest gratitude towards my 

research supervisor, Dr K G Nishanth, for suggesting the research problem and guiding me 

throughout my research work. I thank him for his constant guidance, continuous 

encouragement and great patience during the course of my research leading to the successful 

completion of this work on time.  

My sincere thanks to: 

 Dr C. Anandharamakrishnan and Dr A. Ajayaghosh, present and former Directors of 

the CSIR-National Institute for Interdisciplinary Science and Technology, for letting 

me avail the laboratory facilities.  

 Dr K. Karunakaran, Dr C.H Suresh and Dr Luxmi Varma, present and former AcSIR 

program coordinators at CSIR-NIIST, for the help during the academic procedures of 

AcSIR.  

 Dr Narayanan Unni K N, present Head of C-SET, Dr S Ananthakumar, Dr M. Ravi, 

Dr S. Savitri and Dr. Harikrishna Bhatt, present and former Heads of MSTD, for 

allowing me to conduct my research at MSTD. 

 DAC members (Dr S Ananthakumar, Dr Saju Pillai and Dr Pratish K P) for their 

valuable suggestions and fruitful discussions throughout my research programme.  

 Mr. A Peer Muhammed for XPS, Mr. Harish Raj V for FESEM, Mr. Kiran Mohan for 

HRTEM.  

 Dr. Subrata Das and his students (Ms. Shisina, Mr. Thejas K K, Ms. Malini Abraham, 

Ms. Sreevalsa, Mr. Renjith) for PXRD measurements. 

 All scientists, technical and non-technical staffs, friends and seniors from MSTD and 

CSTD for their support and help during this journey. 

 Mr. C K Chandrakanth, Mr. Kiran Mohan and Mr. Kiran J S for their constant 

motivation and inspiration during my course of PhD work.  

 My wonderful lab mates Mr. Thejus P K, Mrs. Nithyaa J, Ms. Krishnapriya K V, Ms. 

Meera Sebastian and Ms. Dipannita Ganguly for their advices, suggestions, support 

and memorable days in the laboratory. My heartfelt gratitude to Mr. Thejus P K and 

Mrs. Nithyaa J for being my backbone during my research life. A special thanks to 



 
 

v 
 

Ms. Krishnapriya K V for the great companionship in all the academic procedures as 

we started our research programme together. 

 Mrs. Surya Suma Kuttan, Ms. Vyshnapriya, Mrs. Nimisha G, Ms. Devika Surendran 

for their lovely companionship and friendly atmosphere in the laboratory.  

 All my hostel mates for making my stay at scholars hostel memorable. 

 All my respected teachers from school to till now for teaching me to dream big and 

fight life with hard work and courage. 

 My beloved friends Dr. Swathi V C, Mr. Lijin Rajan, Mr. Deepak Joshy, Mrs. 

Meghana Mary Thomas, Mr. Vipin G Krishnan, Mrs. Aparna P N, Ms. Jinu joji and 

Ms. Sabitha Ann Jose for their immense support and irreplaceable friendship.  

 Council of Scientific and Industrial Research (CSIR) and Academy of Scientific and 

Innovative Research (AcSIR), for the financial assistance and academic facilities 

respectively 

I am forever profoundly grateful to my beloved parents and my sister, Kavya R. 

Their incredible support, motivation, hard work, sacrifice, love and prayers gave wings to 

my dreams and move me forward in life. I am extremely grateful to my father-in-law and 

mother-in-law for their endless love, care and encouragement during the last stages of my 

research life. The unconditional love and care of my partner Adv. Atul Sohan gave me 

strength to complete my research work. I also greatly acknowledge my whole family for 

their constant support, love and encouragement to achieve my goals. I extended my 

thanks to all my dear friends.  

Above all, I am grateful to the Almighty for the never ending blessings throughout 

my life... 

 

Roshima K  

 

 

 

 

 



 
 

vi 
 

TABLE OF CONTENTS 

Certificate         i 

Statement of Academic Integrity     ii 

Declaration         iii 

Acknowledgement                 iv-v 

Table of contents        vi-x 

List of Abbreviations       xi-xii 

List of Figures        xiii-xvii 

List of Schemes        xviii 

List of Tables        xix 

Preface         xx-xxii 

 

Chapter 1 Introduction                1-33 

1.1 Abstract               2 

1.2 Energy crisis              3 

1.3 Fuel cell                                                 3-4 

1.4 Working Principle of Fuel Cell                 4-5 

1.5 Classification of Fuel Cell                      6                                  

1.6 Direct Alcohol Fuel Cell (DAFC)               6-12 

1.6.1 Direct Methanol Fuel Cell (DMFC) 

1.6.2 Mechanism of Methanol Oxidation Reaction (MOR) 

            1.6.2(a) Mechanism of MOR in acidic medium 

 1.6.2(b) Mechanism of MOR in alkaline medium 

            1.6.3   Direct Ethanol Fuel Cell (DEFC) 

            1.6.4   Mechanism of Ethanol Oxidation Reaction (EOR) 

  1.6.4 (a) Mechanism of EOR in acidic medium 

  1.6.4 (b) Mechanism of EOR in alkaline medium 

1.7   Major challenges in DAFC                       12-14 

          1.7.1 Sluggish electrode reaction 



 
 

vii 
 

1.7.2 Fuel crossover  

           1.7.3  CO poisoning 

           1.7.4  High cost       

1.8 Electrocatalyst for alcohol oxidation reaction                                         14 

1.9 Pd based anode catalysts                                                                     14-20 

             1.9.1 Pd supported on Carbon substrates 

           1.9.2 Morphology effect of Pd nanostructures 

     1.10 Objectives of the thesis                                                                           20 

     1.11 References                                                                                          21-33 

Chapter 2  Nickel phosphate modified carbon supported Pd catalyst for       

                     enhanced alcohol electro-oxidation                                      34-57

           
2.1 Abstract                     35 

2.2  Introduction               36-37 

2.3  Experimental section              37-38 

2.3.1 Materials and reagents 

2.3.2 Preparation of NP/VC catalyst 

2.3.3   Preparation of Pd@ NP/VC catalyst 

2.4  Material Characterization             38-39 

2.4.1 Powder X-ray diffraction (PXRD) measurement  

2.4.2 Scanning Electron Microscopic (SEM) analysis 

2.4.3 Transmission Electron Microscopic (TEM) analysis 

2.4.4 X-ray Photoelectron Spectroscopic (XPS) analysis  

2.4.5 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis 

2.5  Electrochemical characterization                                                       39-42 

    2.5.1 C yclic Voltammetry (CV) 

 2.5.2    Chronoamperometry 

          2.5.3 Electrochemical Impedance Spectroscopy (EIS)   

2.6 Results and discussion                                42-52 

    2.6.1    PXRD analysis 

    2.6.2    Chemical composition analysis 



 
 

viii 
 

    2.6.3    Morphological analysis 

    2.6.4    Electrochemical analysis 

    2.6.4 (a) Methanol electro-oxidation 

    2.6.4 (b) Ethanol electro-oxidation 

    2.6.5    Stability studies 

    2.6.6    Comparison study 

    2.7    Conclusions                                                                                             52 

    2.8    References                                                                                          53-57 

Chapter 3 Bimetallic NiWO4 as an efficient interface modulator for Pd 

towards enhanced electrocatalytic alcohol oxidation          58-77 

3.1 Abstract             59 

3.2 Introduction                     60 

3.3 Experimental section               61-62 

3.3.1 Materials and methods 

3.3.2 Synthesis of Nickel tungstate/VC catalyst 

3.3.3    Preparation of Pd@NW/VC catalysts 

3.3.4    Preparation of Pd@Tungsten oxide/VC catalyst 

3.3.5    Preparation of Pd@Nickel oxide/VC catalyst 

3.4 Results and discussion               62-73 

3.4.1 PXRD analysis 

3.4.2    Morphological analysis 

3.4.3    XPS analysis  

3.4.4    Electrochemical analysis  

3.4.4(a) Methanol electro-oxidation 

  3.4.4(b) Ethanol electro-oxidation 

3.4.5     Stability studies 

3.4.6     Comparative study 

3.5 Conclusion                                73 

3.6 References                 74-77 

 



 
 

ix 
 

Chapter 4 Pd modified Ni nanowire as an efficient electro-catalyst for 

alcohol oxidation reaction        78-97 

4.1  Abstract     79 

4.2  Introduction            80 

4.3 Experimental section               81-82 

4.3.1 Materials and methods 

4.3.2 Synthesis of Ni NW catalyst 

4.3.3    Synthesis of Pd modified Ni NW catalyst 

4.4  Results and discussion          82-93 

4.4.1 Morphological analysis 

4.4.2 PXRD analysis 

4.4.3 XPS analysis 

4.4.4 Electrochemical analysis 

4.4.4(a)Methanol electro-oxidation 

4.4.4(b)Ethanol electro-oxidation 

4.4.5 Comparative study 

4.4.6 Stability studies 

4.5  Conclusions               93 

4.6  References                                                                                            94-97 

Chapter 5 PdAu alloy nanowires for the elevated alcohol electro-oxidation 

reaction       98-119 

5.1  Abstract              99 

5.2  Introduction          100 

5.3 Experimental section            101-102 

5.3.1 Materials and methods 

5.3.2 Preparation of PdAu NW catalysts 

5.4  Results and discussion      102-113 

5.4.1 Morphological analysis 

5.4.2 Composition analysis 

5.4.3 PXRD analysis 



 
 

x 
 

5.4.4    XPS analysis 

5.4.5 Electrochemical analysis 

5.4.5(a)Methanol electro-oxidation 

5.4.5(b)Ethanol electro-oxidation 

5.4.6 Stability studies  

5.4.7 Comparative study 

5.5  Conclusions            114 

5.6  References     115-119 

 Summary and future scope of the thesis                            120-121 

 Abstract of the thesis                                                                   122 

 Thesis output                                                                           123 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

xi 
 

LIST OF ABBREVIATIONS 

 

DAFCs   Direct Alcohol Fuel Cells 

IEA             International Energy Agency 

T.O.E                     Tonnes of Oil Equivalent 

AFC    Alkaline Fuel Cell 

PEMFC   Polymer Electrolyte Membrane Fuel Cell 

DMFC   Direct Methanol Fuel Cell 

PAFC    Phosphoric Acid Fuel Cell 

MCFC   Molten Carbonate Fuel Cell 

SOFC              Solid Oxide Fuel Cell 

PEM    Proton Exchange Membrane 

AEM              Anion Exchange Membrane 

MOR    Methanol Oxidation Reaction 

DEFC    Direct Ethanol Fuel Cell 

EOR                                 Ethanol Oxidation Reaction 

VC             Vulcan Carbon 

CNT             Carbon Nano Tubes 

SWNT            Single Walled Nano Tubes 

MWNT            Multiple Walled Nano Tubes 

NP             Nickel Phosphate 

NH             Nickel Hydroxide. 

PXRD            Powder X-ray Diffraction 

SEM             Scanning Electron Microscopy 

TEM             Transmission Electron Microscopy 

XPS              X-ray Photoelectron Spectroscopy 

ICPMS   Inductively Coupled Plasma Mass Spectrometry 

  



 
 

xii 
 

CV             Cyclic Voltammetry 

ECSA             Electrochemical Surface Area 

EIS             Electrochemical Impedance Spectroscopy 

NW             Nickel tungstate 

WO             Tungten oxide 

NO             Nickel oxide 

1D    One Dimensional 

SMSI             Strong Metal Support Interaction 

Ni NW            Nickel Nanowire 

FWHM                            Full Width at Half Maximum    

         EDS                                 Energy dispersive X-ray spectroscopy 

         PdAu NW                        PdAu Nanowire 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

xiii 
 

LIST OF FIGURES 

Chapter 1 

Figure 1.1 World Primary Energy Consumption in million tonnes of  

                    oil equivalents                                                             3 

Figure 1.2 Fuel cell operation diagram                      5  

Figure 1.3 Schematic representation of DAFC (a) PEM-FC, (b) alkaline  

                    AEM-DAFC                                                                               7 

Figure 1.4 Electron micrographs of different reported catalysts                      19                                                                                                                                     

 

Chapter 2  

Figure 2.1 CV wave form                                                                               40 

Figure 2.2 CV of Pd in N2 saturated 0.5 M KOH  

                     solution                                                                                       40 

Figure 2.3 Chronoamperometric curve of  Pd in N2 saturated 0.5 M KOH  

                     + 0.5 M CH3OH solution                                                        41 

Figure 2.4  Nyquist plot from EIS                                                              42 

Figure 2.5 PXRD patterns of Pd@2% NP/VC, Pd@5% NP/VC,            

Pd@10% NP/VC and Pd@VC                                                    43                                                                            

Figure 2.6 (a) Survey spectrum, deconvoluted XPS spectra of (b) Ni 2p,  

(c) P 2p and (d) Pd 3d of Pd@5% NP/VC                  44 

Figure 2.7 TEM images of (a) Pd@2% NP/VC, (c) Pd@5% NP/VC 

(e) Pd@10% NP/VC, (g) Pd@VC, histograms of (b) Pd@2% 

NP/VC, (d) Pd@5% NP/VC, (f) Pd@10% NP/VC and                                                 

(h) Pd@VC      45 

Figure 2.8 CV curves of the prepared catalysts in N2 saturated (a) 0.5 M KOH, 

(b) and (c) 0.5 M KOH + 0.5 M CH3OH solution at a scan rate of 



 
 

xiv 
 

50 mV/s, (d) Chronoamperometric curves of prepared catalysts in 

N2 saturated 0.5 M KOH + 0.5 M CH3OH solution                       47                              

Figure 2.9 Nyquist plots of the prepared catalysts in 0.5 M KOH                      

+ 0.5 M CH3OH solution                                                                 49 

Figure 2.10 (a) CV and (b) Chronoamperometric curves of prepared catalysts in 

N2 saturated 0.5 M KOH + 0.5 M C2H5OH solution                      50      

Figure 2.11 CV curves of Pd@5% NP/VC after 500 cycles in N2 saturated 

solution of (a) 0.5 M KOH + 0.5 M CH3OH, (b) 0.5 M KOH + 0.5 

M C2H5OH and Pd@VC in (c) 0.5 M KOH + 0.5 M CH3OH, (d) 

0.5 M KOH + 0.5 M C2H5OH solution                                           51 

 

Chapter 3 

Figure 3.1 PXRD patterns of Pd@15% NW/VC, Pd@10% NW/VC, 

                     Pd@5% NW/VC, NiWO4 and Pd@VC                                         63 

Figure 3.2 TEM images of (a) Pd@VC, (b) Pd@5% NW/VC, (c)  

                     Pd@10% NW/VC and (d) Pd@15% NW/VC                                 64 

Figure 3.3 HRTEM images of (a) Pd@10% NW/VC, TEM elemental  

mapping of (b) C, (c) Ni, (d) W, (e) O, (f) Pd and (g) STEM                                                  

image of Pd@10% NW/VC      64 

Figure 3.4 TEM-EDX spectrum of (a) Pd@5% NW/VC, (b)  

                     Pd@10% NW/VC and (c) Pd@15% NW/VC                                       65 

Figure 3.5  (a) Survey spectrum of Pd@10% NW/VC, deconvoluted        

                high resolution spectra of (b) Ni 2p, (c) W 4f, (d) O 1s and 

                     (e) C 1s of Pd@10% NW/VC                                                         66                                                        

Figure 3.6    Deconvoluted high resolution XPS spectra of Pd 3d of Pd@10% 

NW/VC, Pd@10% WO/VC, Pd@10% NO/VC and Pd@VC        67                                                      

Figure 3.7 (a) CV curves of prepared catalysts in 0.5 M KOH, (b, c) in 0.5 M 

KOH + 0.5 M CH3OH solution at a scan rate of 50 mV/s and (d) 



 
 

xv 
 

Chronoamperometric studies of the catalysts in 0.5 M KOH + 0.5 

M CH3OH solution                                                                          68  

Figure 3.8 Nyquist plots of the catalysts in 0.5 M KOH + 0.5 M CH3OH 

solution                                                                                    71 

Figure 3.9 (a) CV curves of prepared catalysts in 0.5 M KOH + 0.5 M 

C2H5OH solution and (b) Chronoamperometric curves of the 

catalysts in 0.5 M KOH + 0.5 M C2H5OH solution                        71                                                            

Figure 3.10 Stability studies after 500 cycles in N2 saturated solution of 

Pd@10% NW/VC (a) 0.5 M KOH + 0.5 M CH3OH, (b) 0.5 M 

KOH + 0.5 M C2H5OH and Pd@VC (c) 0.5 M KOH + 0.5 M 

CH3OH and (d) 0.5 M KOH + 0.5 M C2H5OH                          72 

                                                                                                                                                                                                                                                                                                     

Chapter 4 

Figure 4.1 SEM images of (a) Ni NW and (b) Pd modified Ni NW                83                                                                               

Figure 4.2 SEM images of (a) 5% Pd on Ni NW, (b) 10% Pd on Ni NW,                     

(c) 15% Pd on Ni NW, SEM-EDS of (d) 5% Pd on Ni NW,  

(e) 10% Pd on Ni NW and (f) 15% Pd on Ni NW                          83 

Figure 4.3 TEM images of (a) Ni NW, (b) 5% Pd on Ni NW, (c) 10% Pd on Ni 

NW and (d) 15% Pd on Ni NW                          84                                        

Figure 4.4 TEM elemental mapping of (a) 5% Pd on Ni NW, (b) 10% Pd on Ni 

NW and (c) 15% Pd on Ni NW                                                       84 

Figure 4.5 PXRD patterns of synthesized Ni NW, Pd and 5, 10, 15% Pd on Ni 

NW                                                                                                  85               

Figure 4.6 Deconvoluted XPS spectra of (a) Pd 3d and (b) Ni 2p of 10% 

Pd on Ni NW                                                                    86 

Figure 4.7 CV curves of Pd modified Ni NW and Pd catalysts in 

 N2 saturated solution of (a) 0.5 M KOH and (b) 0.5 M KOH + 0.5 M 

CH3OH, (c) Chronoamperometric curves of Pd modified Ni NW 



 
 

xvi 
 

and Pd catalysts in N2 saturated solutions of 0.5 M KOH + 0.5 M 

CH3OH                                          88  

Figure 4.8 Nyquist plots of Pd modified Ni NW and Pd catalysts in 0.5 M 

KOH + 0.5 M CH3OH solution                                               90                     

Figure 4.9  (a) CV and (b) Chronoamperometric                                                    

curves of Pd modified Ni NW and Pd catalysts in N2 saturated 0.5 

M KOH + C2H5OH solution                                                         91 

Figure 4.10  CV curves of (a) 10% Pd on Ni NW, (b) Pd catalysts after 500 

cycles in N2 saturated 0.5 M KOH + 0.5 M CH3OH solution and 

CV curves of (c) 10% Pd on Ni NW, (d) Pd catalysts after 500 

cycles in N2 saturated 0.5 M KOH + 0.5 M C2H5OH solution       92                                                                

                                                                                                            

Chapter 5 

Figure 5.1 TEM images of (a) 5% PdAu NW, (b) 10% PdAu NW, 

                     (c) 15% PdAu NW and (d) Au NW                                              103 

Figure 5.2 HRTEM images of (a, b, c) 5% PdAu NW, (d, e, f) 10% PdAu NW 

and (g, h, i) 15% PdAu NW                                                          104               

Figure 5.3 HRTEM images of pure Pd nanoparticles                                    105                     

Figure 5.4 SEM-EDS of (a) 5% PdAu NW, (b) 10% PdAu NW and (c) 15% 

PdAu NW                                                                                      105 

Figure 5.5    PXRD patterns of (a) PdAu NW catalysts, pure Pd and Au, (b) shift 

in (111) lattice plane                            106 

Figure 5.6 Deconvoluted high resolution XPS spectra of (a) Au 4f and (b) Pd 

3d in 10% PdAu NW                                                                     107 

Figure 5.7 CV curves of PdAu NW, pure Pd catalysts in N2 saturated (a) 0.5 M 

KOH, (b) 0.5 M KOH + 0.5 M CH3OH solution at a scan rate of 50 

mV/s and (c) Chronoamperometric curves of PdAu NW, pure Pd 



 
 

xvii 
 

catalysts in N2 saturated 0.5 M KOH + 0.5 M CH3OH solution and 

(d) mass activities of PdAu NW, pure Pd catalysts                       108 

Figure 5.8 Nyquist plots of PdAu NW, pure Pd catalysts in 0.5M KOH + 0.5 

M CH3OH solution                                                                        110 

Figure 5.9 (a) CV and (b) chronoamperometric curves of prepared catalysts in 

N2 saturated 0.5 M KOH + 0.5 M C2H5OH                                  111 

Figure 5.10    CV curves of (a) 10% PdAu NW and (b) Pd catalyst after 500 

cycles in N2 saturated 0.5 M KOH + 0.5 M CH3OH solution, CV 

curves (c) 10% PdAu NW, (d) Pd catalyst after 500 cycles in N2 

saturated 0.5 M KOH + 0.5 M C2H5OH solution                         112 

                        

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

xviii 
 

LIST OF SCHEMES 

Chapter 2 

Scheme 2.1 Schematic illustration of the synthesis of Pd@NP/VC                   38                                  

   

Chapter 3 

Scheme 3.1 Preparation of Pd@NW/VC catalyst                                               62 

  

Chapter 4 

Scheme 4.1 Synthesis of Ni NW                                                                         81            

Scheme 4.2 Synthesis of Pd modified Ni NW catalyst                                       82       

  

Chapter 5 

Scheme 5.1 Schematic representation of the formation of PdAu NW             102                                           

 

 

 

 

 

 

 

 

 

 

 

 



 
 

xix 
 

LIST OF TABLES 

Chapter 1 

Table 1.1 Different types of fuel cells                     6 

Table 1.2  Pd based catalysts supported on different carbon based 

supporting materials                            16 

Chapter 2 

Table 2.1 Onset potential and mass activity values of the prepared catalyst  48    

Table 2.2 Comparison of activity of catalysts towards alcohol oxidation      52 

 

Chapter 3 

Table 3.1 Onset potential and mass activity values of prepared catalysts      69         

Table 3.2  Catalytic activity comparison towards alcohol oxidation               73 

                   

Chapter 4 

Table 4.1 Comparison of catalytic activity towards alcohol oxidation           91 

                   

Chapter 5 

Table 5.1 Onset potential and mass activity data of the synthesized  

                     catalysts                                                                                        109 

Table 5.2  Mass activity values of different PdAu catalysts                          113 

 

 

 

 

 

 



 
 

xx 
 

PREFACE 

 

The steady growth of world energy demand is driving the development of alternative 

energy sources. Fuel cell technology has emerged as an alternative and promising energy 

source where chemical energy directly converts to electrical energy. Among the different 

types of fuel cells, the simplicity and adaptability of the liquid fuel has made direct alcohol 

fuel cells (DAFCs) more appealing to portable applications
.
 However, to improve the 

commercial viability of DAFCs, there are several scientific issues, viz. alcohol crossover, 

sluggish electrode kinetics and durability, which must be addressed with concurrent 

improvements in performance characteristics. The insufficient activity of the anode catalysts 

towards the alcohol oxidation reaction is one of the main drawbacks of DAFCs. Pt metal is 

widely used as anode catalyst for several decades and is considered to be the best catalyst for 

anode reactions. The high cost and scarcity of this precious metal remained as an obstacle for 

the wide scale fabrication of fuel cell. The similar properties, fifty times more abundant and 

comparatively low cost of palladium metal have gained greater attention as a suitable 

alternative to platinum. The Pd based catalysts are highly active in alkaline medium, unlike Pt 

based catalysts. The catalytic activity of Pd can be further enhanced by the incorporation of 

stable cost effective metals. At present, the research focus is on further enhancement in 

catalytic activity with reduced Pd content. In the view of above, the different strategies were 

adapted such as carbon supported Pd, non-carbon based supported Pd, metal alloying and 

morphology tuning. The thesis aims to develop efficient Pd based catalyst for electro-catalytic 

alcohol oxidation by reducing the amount of Pd metal.  

The thesis comprises of five chapters. Chapter 1 gives a brief introduction to fuel 

cells, different types of fuel cells and alkaline fuel cells. The chapter details the development 

of various Pd based catalyst towards alcohol electro-oxidation. The chapter 2 and 3 discuss 

the development of surface modified carbon supported Pd catalysts and Pd modified one 

dimensional nano-architecture catalysts were discussed in chapter 4 and 5. 

Transition metal phosphates emerge as a potential class of material for many potential 

electrochemical applications owing its many benefits such as abundance, environmental 

friendliness and low cost. The second chapter explores the excellent electro-chemical 

properties of nickel phosphate (NP) as a promoter for alcohol oxidation. Novel NP modified 

carbon supported Pd was synthesized through a wet chemical method at room temperature. In 

the presence of NP, homogeneous, well-dispersed Pd particles with reduced size were 
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observed. Approximately, seven-fold increment in the catalytic efficiency towards methanol 

oxidation and three fold increment towards ethanol oxidation than unmodified carbon 

supported pure Pd were achieved. Mass activity of 804.67 and 772.96 mA/mg Pd exhibited by 

Pd@5%NP/VC for methanol oxidation and ethanol oxidation reaction, respectively. The 

improved electrochemical property and increased surface area by the combination of Pd with 

nickel phosphorous compound and supporting carbon material imparted an excellent catalytic 

efficiency to the synthesized catalyst. 

The electronic coupling effect through interfacial engineering between noble metal 

and transition metal tungstates is considered as an effective strategy to enhance the 

electrocatalytic activity. In this chapter a new hybrid electrocatalyst consisting of Pd 

nanoparticle supported on NiWO4 nanocrystals modified carbon was developed for efficient 

alcohol electro-oxidation reaction. The synthesised catalyst exhibited well dispersed 

homogeneous Pd particles.  Approximately, ten-fold (1202.48 mA/mg
Pd

) and six fold 

(1508.24 mA/mg
Pd

) increments in the catalytic efficiency towards methanol and ethanol 

electro- oxidation reaction were obtained.  The electronic modification and improved surface 

area by the combination of Pd with nickel tungstate-carbon support imparted excellent 

catalytic efficiency for synthesized catalyst. 

The fourth chapter describes a cost effective one-dimensional (1D) nano structured 

electro-catalyst for improved alcohol oxidation reaction. Pd modified Ni nanowire catalyst 

towards alcohol electro oxidation were prepared by galvanic replacement reaction. Exclusive 

nano-wire morphology achieved through a wet chemical reduction method without 

employing any capping agents or surfactants. The Pd modified Ni wires prepared through 

galvanic replacement reaction. Pd modified Ni nano-wires exhibited a supreme catalytic 

activity and durability towards alcohol electro-oxidation. The distinctive 1D morphology and 

strong metal support interaction (SMSI) between Pd and Ni NW along with the bifunctional 

effects of Pd and Ni attributed to the enhanced catalytic activity. The 10wt% Pd modified Ni 

nano wire exhibited a mass activity of 1118.35 mA/mg Pd towards methanol oxidation. The 

amount of precious Pd metal was reduced by 90 wt% with enhanced catalytic efficiency. 

Ethanol electro-oxidation study showed an improved catalytic activity with mass activity of 

1479.79 mA/mg Pd. 

The fifth chapter includes PdAu nano wires with excellent electro-catalytic activity 

towards methanol and ethanol oxidation. Ultrathin one-dimensional PdAu nanowires were 
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prepared rapidly through one step process in which HAuCl4 and H2PdCl4 were reduced in the 

presence of α-naphthol ethanol and NaBH4 solution. Among the prepared catalysts, the 10 

wt% Pd contained PdAu nano wire catalyst imparted greater catalytic activity, which 

exhibited ten times enhancement in activity towards methanol as well as six times higher 

activity towards ethanol than that of the pure Pd catalyst. A mass activity of 2256.9 and 

2932.5 mA/mg
Pd

 obtained for methanol and ethanol oxidation respectively. Eventually, the 

amount of Pd metal reduced to 90wt% without compromising its catalytic efficiency. 

Distinctive properties of one-dimensional Au were attributed to the improved catalytic 

activity. The amount of Pd metal employed was reduced in all the synthesized catalysts 

without compromising its catalytic efficiency. Further the catalytic activity of the synthesised 

catalysts were compared with that of commercial Pt/C. The developed Pd based catalysts 

imparted better catalytic performance than commercial Pt/C towards methanol (806.50 

mA/mg
Pt

) as well as ethanol (875.38 mA/mg
Pt

) electro-oxidation. Among the prepared 

catalysts the 10%PdAu catalyst exhibited supreme catalytic activity towards methanol and 

ethanol oxidation. 
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1.1 Abstract 

In the field of fuel cells, the selection and the development of an efficient catalyst are very 

vital; consequently, the controllable production of catalysts with a variety of sizes and shapes has 

attracted extensive interest in this area.
 
Even though the DAFCs (Direct Alcohol Fuel Cells) are 

known as a promising energy source for fulfilling the inevitable energy demands especially in 

portable electronic devices, the efficiency of catalysts is still not satisfactory. Until now, Pt has 

been viewed as the most efficient catalyst for anode reactions.
 
But, the expensive and limited 

supply of Pt extremely interrupted the large scale manufacturing of DAFC.
 
As an alternative,

 
Pd 

is considered as a potential candidate owing to its similar properties and availability. Especially, 

Pd exhibits outstanding activity and stability in alkaline medium.
 
However, it is indeed necessary 

to reduce the Pd usage because of its cost and at the same time, the activity needs to be further 

improved. In this regards, the thesis aims to develop highly efficient cost effective Pd based 

catalysts by reducing the amount of Pd. 
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1.2 Energy crisis 

Global energy demand is everlasting for sustainable development. As the population 

grows, there is a tremendous rise in energy consumption. The world population is about to reach 

9 billion by 2050 and 10 billion by 2100. The International Energy Agency (IEA), Paris, 

estimated that global energy consumption was climbed from roughly 12 billion Tonnes of Oil 

Equivalent (T.O.E.) in 2009 to 17-18 billion T.O.E. by 2035. The global energy demand heavily 

relies on non-renewable fossil fuels for several decades.
1–3

 Figure 1.1 depicts the current status 

of energy consumption.
4
  

 

Figure 1.1 World Primary Energy Consumption in million tonnes of oil equivalents.
4
  

The world economy and ecosystem will be significantly impacted by energy use and 

production that depend on fossil fuels. The ongoing industrial revolution has almost outsourced 

fossil fuel resources, which propelled the need for alternative reliable energy sources. 

Electrochemical reactions have emerged as a potential alternative energy source since they are 

very sustainable and environmentally friendly.  

1.3 Fuel Cell 

Fuel cells are electrochemical devices which can directly convert chemical energy to 

electrical energy.
5,6

 The innovation of fuel cells as an energy conversion system emerged long 
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ago in the middle of the 19
th

 century. Although the principle was discovered by Christian 

Friedrich Schönbein, the concept of the Fuel cell was invented by Sir William Robert Grove in 

1839. Grove immersed two platinum electrodes on one end in sulphuric acid solution and other 

two ends in separately sealed hydrogen and oxygen containers. A constant current was noticed to 

be flowing between the electrodes and the presence of water was found in the sealed containers 

along with the respective gases. Thus the electrochemical reactions between hydrogen and 

oxygen lead to electricity generation. It was known as gas battery, and the term Fuel Cell was 

introduced by British chemists Ludwig Mond and Charles Langer.
7–9

 William W Jacques and 

Emil Baur were the leading researchers in the field of fuel cells in the late 19
th

 and early 20
th

 

century. In 1896 Jacques developed the first fuel cell with practical applications and was the first 

to build a high power fuel cell system of 30 kW. Fransis Bacon, in 1958, developed the first 

alkaline fuel cell, which later used in the Apollo spacecraft. The first Polymer Electrolyte 

Membrane Fuel Cell was created by Willard Thomas Grubb and Leonard Niedrach towards the 

end of 1950 and used by NASA in the Gemini space programme. Since 1970, interest in using 

fuel cells in automobiles has increased, and since 2007 they have started to commercialize. Fuel 

cells are considered to be one of the oldest energy conversion technologies. However, their 

development was prolonged during their first century because of the unrestricted abundance of 

primary energy sources. Due to the rise in electricity use at the turn of the 20
th

 century, the 

conversion of chemical energy into electrical energy had more significance.
10,11

 Fuel cells 

produce electricity as long as we supply fuel and oxidants which applied for portable, stationary 

and transportation applications.
12–14

 

1.4 Working Principle of Fuel Cell 

 Fuel cells can directly convert the electrochemical reaction of hydrogen from hydrogen- 

containing fuel and oxygen from the air to electricity. It consists of two electrodes, anode 

(positive electrode) and cathode (negative electrode), and an electrolyte between them. The basic 

structure of the fuel cell is depicted in Figure. 1.2. Electrochemical reactions take place at the 

electrodes and produce electricity as long as the reactants are supplied. 
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Figure 1.2 Fuel cell operation diagram 

Oxidation of fuel takes place at the anode, and reduction of oxygen will undergo on 

cathode. The transportation of the ions takes place through the electrolyte. The electrodes were 

connected to an external circuit; during these reactions, electrons flow through the circuit. Fuel 

cell with a proton conducting electrolyte, oxidation of hydrogen occurs at the anode, and the 

protons move towards the cathode through the electrolyte. The electrode reactions are given 

below.
15–19

 

               Anode:   H2 →2H
+
 +2e

-                                                                                                     
(1.1) 

             Cathode:  1/2 O2 + 2H
+
 + 2e

- 
→ H2O                                                 (1.2) 

 Overall reaction:  H2 + 1/2 O2 → H2O                                                           (1.3) 

The reaction product water is formed at the cathode in the case of proton exchange fuel cells, 

whereas it can be formed at the anode in the case of anion conducting electrolyte. 
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1.5 Classification of Fuel Cell 

Fuel cells can be classified into different types depending on the electrolyte employed. 

Based on the operating temperature, fuel cell is also categorized into low temperature and high 

temperature fuel cell. Alkaline Fuel Cells (AFC), Polymer Electrolyte Membrane Fuel Cells 

(PEMFC), Direct Methanol Fuel Cells (DMFC) and Phosphoric acid fuel cells (PAFC) come 

under low temperature fuel cells. High temperature fuel cells consist of molten carbonate 

(MCFC) and solid oxide fuel cells (SOFC).
20–22

 Details of the different types of fuel cells are 

given in Table 1.1. 

Table 1.1 Different types of fuel cells 

Fuel Cell 
Operating 

temp. (˚C) 
Anode reaction Cathode reaction 

Charge 

carrier 

AFC 

 
<100 H2+2OH

-
→ 2H2O+2e

-
 1/2O2+H2O+2e

-
→2OH

-
 OH

-
 

PEMFC 

 
60-120 H2 → 2H

+
+2 e

-
 1/2O2+2H

+
+2e

-
→ H2O H

+
 

DMFC 

 
60-120 

CH3OH+H2O→CO2+ 

6H
+
+6e

-
 

3/2O2+6H
+
+6e

-
→3H2O H

+
 

PAFC 

 
160-220 H2 → 2H

+
+2 e

-
 1/2O2+2H

+
+2e

-
→ H2O H

+
 

MCFC 

 
600-800 H2+CO3

2-
→H2O+ CO2+2e

-
 1/2O2+CO2+2e

-
→ CO3

2-
 CO3

2-
 

SOFC 

 
800-1000 H2+O

2-
→H2O + 2e

-
 1/2O2+2e

--
→ O

2-
 O

2-
 

 

1.6 Direct Alcohol Fuel Cell (DAFC) 

Alcohols are used as the fuel in DAFC, which is an exception in the classification of fuel 

cells as its classification is not based on the electrolyte employed. Alcohols have received greater 

attention as an alternative fuel because of its several advantages over conventional fuel 

hydrogen. Production, storage and transportation are serious concerns related to hydrogen. 

Hydrogen fuel is flammable and needs to be stored under high pressure. 

Generally, at room temperature alcohols are at liquid state. Unlike hydrogen, handling 

and transportation of alcohols are safe and can be stored in convenience. Moreover, alcohols 
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have high energy density than that of hydrogen. Basic structure of DAFC consists of an anode, a 

cathode and an electrolyte separating them. DAFC can generally operate under acidic medium 

and alkaline medium. Type of electrolyte used and the transporting ion through the electrolyte 

are different in these two systems. Proton exchange membrane (PEM) is used as the electrolyte 

in acid fuel cells, where Nafion is the most popular PEM. The electrolyte used in alkaline DAFC 

is either liquid or solid. Through the anion exchange membrane (AEM), the hydroxyl ions 

formed at the cathode reach the anode.
14,23–27

 Schematic representation of DAFC is shown in 

Figure 1.3. 

 

Figure 1.3 Schematic representation of DAFC: (a) PEM-FC, (b) alkaline AEM-DAFC. 

General reactions in DAFC which employ an acid electrolyte are,
27

 

                      Anode:  CnH2n+1OH + (2n-1) H2O → nCO2+ 6nH
+
 + 6ne

-
                                  (1.4)

 

                   Cathode: 3n/2 O2 + 6nH
+
 + 6ne

- 
→ 3n H2O                                                            (1.5) 

Overall cell reaction: CnH2n+1OH + 3n/2 O2 → nCO2 + (n+1) H2O                                          (1.6) 

Electrode reactions in DAFC employing anion exchange membrane as an electrolyte are,
27

 

                      Anode:  CnH2n+1OH + 6n OH
-
 → nCO2 + (4n+1) H2O + 6ne

-
                             (1.7)
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                   Cathode: 3n/2 O2 + 3n H2O + 6ne
- 
→ 6n OH

-
                                                         (1.8) 

Overall cell reaction: CnH2n+1OH + 3n/2 O2 → nCO2 + (n+1) H2O                                          (1.9)  

1.6.1 Direct Methanol Fuel Cell (DMFC) 

DMFC are most popular in the fuel cell family, and extensive research works are focused 

on this area. Excellent properties of methanol make DMFC a promising alternative power 

source. The renewable liquid methanol can be directly fed to the anode without any pre-

reforming process. Methanol has advantages such as high electrochemical activity, effectiveness, 

biodegradability and low cost. The fuel can be easily treated, and it simplifies the fuel cell 

system.
28–35

 Methanol also possesses a high energy density of 4.82 kWhL
-1 

which is much higher 

than hydrogen (0.53 kWhL
-1

). Methanol is slightly toxic therefore safety measurements should 

be taken in fuel cell technologies. The simplest alcohol, methanol consisting of only one carbon, 

can quickly oxidize at the anode. DMFC can convert the energy stored in the methanol directly 

to electricity.
36–40

 

The reaction process in acid based DMFC is given below.
33

 

Anode reaction: 

              CH3OH +H2O → CO2 + 6H
+
 +6e

- 
(1.10) 

Cathode reaction: 

              3/2 O2 + 6H
+
 + 6e

-
 → 3H2O (1.11) 

Overall reaction: 

                 CH3OH + 3/2O2 → CO2 + 2H2O (1.12) 

The reaction process involved in the alkaline based DMFC is shown below.
33

 

Anode reaction: 

                 CH3OH + 6OH
-
 → CO2 + 5H2O + 6e

- 
(1.13) 

Cathode reaction: 
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                  3/2O2 + 3H2O + 6e
-
 → 6OH

-  
(1.14) 

Overall reaction:
 

                 CH3OH + 3/2O2 → CO2 + 2H2O  (1.15) 

1.6.2 Mechanism of Methanol Oxidation Reaction (MOR) 

 Based on electro-oxidation mechanism on different catalysts, the reaction mechanism of 

MOR in acidic and alkaline media can be briefly summarized as follows, 

1.6.2(a) Mechanism of MOR in acidic medium 

The oxidation mechanism of methanol can be summarized as follows.
41

 

1) Methanol is adsorbed on the catalyst surface. 

2) Methanol dissociates, and the C-H bond oxidises on the catalyst surface. 

3) H2O is adsorbed on the surface of the catalyst and activated by the catalysts, thus OH
-
ads 

is formed. 

4) The CO molecules generated during the C-H bond oxidation get oxidized to CO2 by the 

OH
-
ads. 

General methanol oxidation on Pt catalyst surface occurs through a series of steps.  

            CH3OH + Pt(s) → Pt-CH2OH + H
+
 + e

- 
(1.16) 

            Pt-CH2OH + Pt (s) → Pt2-CHOH + H
+
 + e

- 
(1.17) 

            Pt2-CHOH + Pt (s) → Pt3-CHO + H
+
 + e

- 
(1.18) 

            Pt3-CHO → Pt2-CO + Pt (s) + H
+
 + e

- 
(1.19) 

            Pt2-CO + H2O → Pt-COOH+ Pt (s) + H
+
 + e

- 
(1.20) 

            Pt-COOH → Pt (s) + CO2+ H
+
 + e

- 
(1.21) 

1.6.2(b) Mechanism of MOR in alkaline medium 

 The MOR mechanism in the alkaline medium can be described as follows.
41
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1) Methanol, as well as OH
-
 adsorbed on the catalyst surface 

2) Dissociation of methanol to various carbonaceous intermediates takes place. 

3) Through the activation of surface adsorbed H2O molecule, OH
-
 and OHads are formed. 

4) The intermediates are oxidized by the OH
- 
and OHads species to CO2. 

MOR mechanism on Pt catalyst surface in an alkaline medium described as follows.  

                        Pt+ OH
-
 → Pt-OH +  

 
  e                                                                                                                              (1.22) 

Pt-CH3OH + OH
−
→ Pt-(CH3O) + H2O   e                                                       (1.23) 

Pt-(CH3O) + OH
− 
→Pt-(CH2O) + H2O   e     (1.24) 

Pt-(CH2O) + OH
−
→Pt-(CHO) +H2O   e                                       (1.25) 

Pt-(CHO) + Pt-OH+ 2OH
−
→ 2Pt + CO2 + 2H2O   2e                            (1.26) 

                            

1.6.3 Direct Ethanol Fuel Cell (DEFC) 

  Ethanol is another promising liquid fuel in the development of fuel cells. Ethanol is less 

toxic than methanol, and it can be produced to a large extent from agricultural products. It is the 

major renewable biofuel produced from the fermentation of biomass. Ethanol has an energy 

density of 6.34 kWhL
-1

 which is higher than methanol. Compared to an equal amount of 

methanol, ethanol can provide more energy and hence more power can be generated. It is the 

smallest alcohol with C-C bond and is difficult to cleave. The oxidation of ethanol can generate 

12 electrons.
42–51

 

The electrode reactions in DEFC are as follows. 

Reactions occurring in acid medium.
49

 

Anode reaction: 

                 C2H5OH + 3H2O → 2CO2 + 12 H
+ 

+12e
- 

(1.27) 

Cathode reaction: 

                 3O2 + 12 H
+
 +12e

-
 → 6H2O (1.28) 

Overall reaction: 
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                  C2H5OH + 3O2 → 2CO2 + 3H2O                                                           (1.29) 

Reaction processes involved in alkaline DEFC.
49

 

Anode reaction: 

                 C2H5OH + 12OH
-
 → 2CO2 + 9H2O + 12e

- 
(1.30) 

Cathode reaction: 

                3O2 + 6 H2O +12e
-
 → 12OH

- 
    (1.31) 

Overall reaction: 

                  C2H5OH + 3O2 → 2CO2 + 3H2O                                                          (1.32) 

1.6.4 Mechanism of Ethanol Oxidation Reaction (EOR) 

Ethanol electro-oxidation follows a complicated mechanism. Complete oxidation of ethanol 

molecule to CO2 involves cleavage of the C-C bond, multiple dehydrogenation and oxidation 

steps and can release 12 electrons. The incomplete oxidation of ethanol can lead to acetic acid by 

delivering 4 electrons or to acetaldehyde by providing 2 electrons without breaking the C-C 

bond. The two pathways are named as C1 and C2 pathways, according to the number of carbon 

atoms in the products.
46,52

 PtRhSnO2, Au@PtIr/C, Au@AuPd catalysts exhibit 12e
-
 ethanol 

oxidation. 

1.6.4(a) Mechanism of EOR in acidic medium 

  

C1 Pathway 

CH3CH2OH + 3H2O → 2CO2 + 12 H
+
 +12e

-
                                                                          (1.33) 

CH3CH2OH + 5H2O→ 2HCO3
- 
+ 14 H

+
 +12e

-
                                                                       (1.34) 

CH3CH2OH + 5H2O → 2CO3
2-

 + 16 H
+
 +12e

-
                                                                       (1.35) 

C2 Pathway 

CH3CH2OH + H2O → CH3COOH +4 H
+
 +4e

-
                                                                      (1.36) 

CH3CH2OH → CH3CHO +2 H
+
 + 2e

-
                                                                                   (1.37) 

CH3CH2OH 

CH x + CO

CH3CHO

CO2

CH3COOH

12e-

2e-2e-

C1 Pathway

C2 Pathway

(12e-)

(4e-)
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1.6.4(b) Mechanism of EOR in alkaline medium  

1.7 Major Challenges in DAFC 

1.7.1 Sluggish electrode reaction 

The electrode reactions are an important parameter and critical factor in fuel cell 

performance. The slow reaction kinetics can reduce the performance of the fuel cell system. 

Compared to the hydrogen oxidation in the PEM fuel cell, the rate of alcohol oxidation in the 

anode is relatively slow in DAFC. The poor alcohol oxidation kinetics leads to a high activation 

over potential, which reduces the cell’s power density and efficiency. The electrodes should 

provide high catalytic activity, porosity and high conductivity. Pt based catalysts use in the anode 

and cathode for commercial application. To overcome the slow electrode kinetics DAFC require 

higher catalyst loading. Pt based catalysts are highly expensive, thus a high catalyst loading will 

lead to more cost for the fuel cell. Development of highly active electrode catalysts is necessary 

to overcome the slow electrode kinetics. 
33,53–56

 

1.7.2 Fuel crossover 

Fuel crossover is another issue associated with DAFC. The movement of liquid fuel from 

the anode to the cathode side through the membrane electrolyte is termed as fuel crossover. 

Liquid fuel has a concentration gradient on both sides of the electrodes and this concentration 

difference will cause the transport of fuel from higher concentration to lower concentration, 

which is from anode to cathode. This will result in the loss of some of the total fuel that needs to 

be oxidized at the anode for effective electricity production.
57–62

 The primary factor causing the 

fuel diffusion in DAFC is the electro-osmotic drag associated with proton migration through the 

membrane. The fuel cross-over creates a reduction in fuel consumption, deceleration in cathode 

activity, excess heat generation, decrease in cell potential and reduction in overall cell function. 

The type of fuel, concentration of the fuel and operating condition of the fuel system affect the 

fuel crossover. The fuel crossover will increase with respect to the fuel concentration. At the 

CH3CH2OH 

*CH3 + *CH2OH
12e-

CO2 C1 Pathway

*CH3CH2OH 
2e-

CH3CHO
2e-

CH3COOH C2 Pathway

(12e-)

(4e-)
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same time, the reduced fuel concentration decreases the efficiency of the cell. Determination of 

optimum concentration is needed to ensure best performance. The presence of fuel impedes the 

effective electro-reduction kinetics of oxygen at the cathode. In order to counter the effect of fuel 

crossover, development of better alcohol impermeable membrane and alcohol tolerant oxygen 

reduction catalysts were necessary.
63–66

 

1.7.3 CO poisoning 

CO poisoning is one of the significant concerns encountered with the performance of the 

DAFC system. During the alcohol oxidation reaction, CO species generate as an intermediate 

and hinder the further reaction kinetics by blocking the active sites of the catalyst. This is known 

as CO poisoning, one of the worst catalyst deactivating processes.
67–71

 CO poisoning remains as 

a significant hurdle to the activity of the anode catalyst. The CO intermediate can limit the 

anodic reaction rate, and the slow anode kinetics can decrease cell efficiency. The adsorbed CO 

molecule should be removed sufficiently for the catalyst to function properly. Enormous efforts 

have been devoted to mitigating the CO poisoning. The CO molecules can be eliminated through 

the oxidation process. Alloying with oxophilic materials is a strategy that helps to oxidize the CO 

intermediates through bifunctional effects. Presence of hydroxyl groups facilitates CO 

oxidization. High catalyst loading and improved catalyst surface area are other solutions to the 

sluggish anode kinetics, but it will make the fuel cell expensive. Thus highly active CO tolerant 

anode catalysts are required to improve cell performance. 
72–75

 

1.7.4 High cost 

The biggest obstacle for the full-fledged commercialization of fuel cells across all power 

levels is its high cost. The manufacturing cost of DAFC exceeds both PEMFC and Li-ion 

batteries. The high cost is mainly due to using expensive noble metal catalysts as anode and 

cathode. The expensive membrane employed also contributes to the high cost. In commercial 

application, DAFC utilizes Pt based catalysts as both anode and cathode. Reduction in catalyst 

loading results in decreased cell performance. The effectiveness of the catalyst should be 

improved to make up for the low catalyst loading.
25,33,56,76–78

 

In order to overcome all these hurdles, the development of electrocatalyst which enhance 

the electrode kinetics for alcohol oxidation, alcohol tolerant catalyst with high activity towards 
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oxygen reduction and electrolytic membrane with high ionic conductivity and low alcohol 

crossover are necessary. The thesis focuses on the development of electrocatalyst for anode 

reaction where the oxidation of alcohol is taking place. 

1.8 Electrocatalyst for alcohol oxidation reactions  

Fuel cell structure consists of anode and cathode electrodes interconnected with an 

electrolyte. The electrochemical reactions take place at the interface between the electrode and 

electrolyte. Catalysts are inevitable components at the electrodes that speed up the 

electrochemical reaction kinetics at the electrode-electrolyte interface. Catalysts play a crucial 

role in chemical reactions. The catalysts which take part in electrochemical reactions are referred 

to as electrocatalysts. The activity and stability of electrocatalyst directly affect fuel cells’ 

performance and service life. The most significant challenge for DAFC is the development of 

active, robust and low cost electrocatalysts.
79–82

 Tremendous efforts were devoted to find out 

excellent catalysts for fuel cell application. Extensive studies over the decades have found Pt as 

the outstanding catalyst for anode reaction. However, the high cost, limited supply, and CO 

adsorbate poisoning of the precious metal hampered its wide-scale application. In this regard, the 

similar properties and relative abundance of palladium have gained greater attention as an 

appropriate alternative to platinum. Palladium is fifty times abundant and relatively cheaper than 

Pt metal, however, it is still an expensive noble metal. It is essential to have a highly efficient 

and cost-effective electrocatalyst for the large-scale production of DAFC, where the search for 

an appropriate electrocatalyst is still in pursuit.
46,76,78,83–86

 

1.9 Pd based anode catalysts 

Pd based catalysts have emerged as potential replacement for Pt metal as anode catalyst 

in DAFC. Relative abundance and low cost compared to Pt attracted the Pd metal. The real 

attraction of Pd metal is that it can be highly active in oxidation of various substrates at alkaline 

environment, where non noble metal is also sufficiently stable for electrochemical application.
  
A 

number of non-noble metals are also stable in alkaline media and thus enable the incorporation 

of them with Pd.
87–89 

Despite being more abundant than Pt, Pd metal is also precious. 

Consequently, it is necessary to reduce the amount of Pd owing to its very high cost, and 

simultaneously, the activity also needs to be improvised. For the past few years, researchers put 
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efforts into further reduction of Pd metal content so that the DMFC can be commercially more 

viable. In this view, the highly rated strategies adapted to improve palladium’s performance 

using different carbon based support, non carbon based support, alloying with different metals 

and tuning variety of morphologies with high surface area.
90–92

  

1.9.1 Pd supported on Carbon substrates  

One of the highly rated strategies utilized to enhance catalytic activity is using supporting 

materials. The supported catalyst is an effective method to maximize the utilization of active area 

of precious metals. A suitable catalyst support should possess a large surface area, high 

conductivity, better porosity and stability. Usually carbon based supports are used in fuel cell 

applications. Vulcan carbon (VC), carbon nanotubes (CNT), multiwalled CNT, graphene, etc. 

are the different carbon based supporting materials. VC (carbon black) is the most commonly 

used supporting material in fuel cells for studies and commercial applications. Pyrolysis of 

hydrocarbons produces VC. It consists of spherical particles with a diameter less than 50 nm and 

a surface area of approximately 250 m
2
/g. CNTs are one dimensional nanomaterials with unique 

structures and properties. The tubes were formed by rolled-up single sheets of hexagonally 

arranged carbon atoms. They are generally categorized into single walled nanotubes (SWNT) 

and multiple walled nanotubes (MWNT). MWCNT contains multiple concentric graphene tubes 

with a constant interlayer separation of 0.34 nm. Compared to commonly used carbon black, 

carbon nano tubes possess better conductivity, corrosion resistance, mechanical and 

electrochemical properties. Graphene is a two dimensional thin sheet of carbon atoms arranged 

in a hexagonal pattern. It possesses high surface area, electronic conductivity, electrochemical 

stability and electron transfer rate. Planar structure of graphene allows both the edge planes and 

basal planes to interact with the catalyst particle. Further the catalytic activity is elevated by 

introducing another metal or metals, binary or ternary metal compounds leading to the formation 

of Pd alloys or Pd over layer structures.
93–96

 Several studies were carried out using Pd supported 

on different C-based supporting materials. Some of the literature reports were tabulated in Table 

1.2. 
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Table 1.2 Pd based catalysts supported on different carbon based supporting materials 

Catalyst Support Medium Activity Ref 

Pd-Ni Carbon 0.5M KOH + 0.6 M MeOH 7.64 mA/cm
2
  

97
 Pd-Ni Carbon 1 M NaOH + 1 M  MeOH 530 mA/mg Pd 

Pd-Ni MWCNT 0.5M NaOH +1 M  MeOH  482.2 mA/mg Pd 
98

 

Pd3Mo VC 1M KOH + 1 M MeOH 71.2 mA/cm
2
  

99
 Pd3Mo VC 1M KOH + 1 M EtOH 121.2 mA/cm

2
 

Pd7Ir VC 1M KOH + 1 M EtOH 0.103 A /cm
2
 

100
 

Pd (NiO/MgO- CNT) 1M KOH + 1 M EtOH 98.20 mA/cm
2
 

101
 

Pd TiO2-MWCNT 0.5M NaOH +1 M  MeOH 41.60 mA/cm
2
  

102
 Pd TiO2-MWCNT 0.5M NaOH +1 M EtOH 49.49 mA/cm

2
 

Pd90Au10 CNT 1M KOH + 1 M EtOH 1050.00 mA/mgPd 
103

 

Cu@Pd SnO2- Gr 0.5M NaOH +1 M  EtOH 60.28 mA/cm
2
 

104
 

40%Pd-5%Ru GNS 1M KOH + 1 M MeOH 71 mA/cm
2
 

105
 

Pd-Ag (1:1) RGO 1M KOH + 1 M MeOH 630 mA/mgPd  
106

 Pd-Ag (1:1) RGO 1M KOH + 1 M EtOH 1601 mA/mgPd 

Pd-Cu (1:1) RGO 1M KOH + 1 M MeOH 1153.4 mA/mgPd  
107

 Pd-Cu (1:1) RGO 1M KOH + 1 M EtOH 2105.4 mA/mgPd 

Pd-Co RGO 1M KOH + 1 M EtOH 64.2 mA/cm
2
 

108
 

PdNi EGO 0.1M NaOH +1 M  EtOH 770.6 mA/mgPd 
109

 

PdSn SnO2/C 1M KOH + 1 M EtOH 68.71 mA/cm
2
 

110
 

Pd SnO2-GNS 0.25M NaOH + 0.25 M  EtOH 46.1 mA/cm
2
 

111
 

Pd MWCNT 1M KOH + 1 M MeOH 10.82 mA/cm
2
 

112
 

Pd MWCNT 0.5M NaOH +1 M  MeOH 315.1 mA/mgPd 
98

 

PdNi MWCNT 0.5M NaOH +1 M  MeOH 482.2 mA/mgPd 
98

 

Pd MWCNT 1M KOH + 1 M EtOH 0.663 A/mgPd 
113

 

Pd MWCNT 1M KOH + 1 M EtOH 9.615 mA/cm
2
 

114
 

 

Pd catalysts loaded on supporting materials enhance the utilization efficiency of Pd 

particles. Deterioration of the catalytic activity has been attributed to CO poisoning. Alloying Pd 

with another metal alters the surface electronic state, which may potentially reduce catalyst 

poisoning and boost catalytic activity and lifetime. Synergistic effect between the metals helps to 

alleviate CO poisoning. In addition, the carbon supporting materials were further modified with 

metal oxides as an alternative to increasing the activity and stability of the Pd based catalysts. 

The combination of oxide materials and carbon substrates can further improve the catalytic 

performance of Pd supported catalysts through electronic effect and bifunctional mechanism. 
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Moreover, the electronic coupling effect achieved by the interfacial engineering between Pd and 

the modified carbon supporting material is considered as an efficient approach to accelerate the 

intrinsic catalytic activity of Pd. In order to maximize the effectiveness of the catalyst, 

modification of carbon supporting materials by bimetallic compounds is being explored due to 

the intense interaction of two types of metals than monometallic compounds. Strong metal 

support interaction with Pd and supporting material can induce electronic alteration in Pd 

particles. The electronic modification can lead to a shift in the d band center of Pd, which results 

in prominent electro catalytic enhancement.
87–89,95,115,116

 

An active catalyst needs to be adequately dispersed on convenient supporting material to 

obtain maximum catalyst utilization. The Vulcan XC-72 carbon offers a high dispersion of metal 

nanoparticles to enable electron transfer and impart a better catalytic performance. The 

production and functionalization of carbon supporting materials like CNT, graphene and reduced 

graphene oxide are tedious and hazardous. Owing to these, in the present thesis VC selected as 

the supporting material.  

1.9.2 Morphology effect of Pd nanostructures 

Morphology is another factor which greatly influences the activity of the catalyst. 

Catalytic performance of the nanostructures can be significantly controlled by the size and 

morphology. Exposed surface area of the nanostructures is governed by its shape. Catalysts with 

a variety of morphologies have been investigated, and the morphologies with high surface area 

got great attention.
117–119

 You et al. developed a series of core@shell PdAg worm-like network 

catalysts. Optimized composition Pd76Ag24 exhibited superior performance for ethanol oxidation 

than commercial Pd/C. Mass activity increased 3.5 times than commercial Pd/C. Better activity 

could be attributed to the network structure, synergistic effect and particular core shell 

structure.
120

 Sheng et al. fabricated porous octahedral PdCu nano cages catalyst via 

disproportionation and displacement method. Morphology of the prepared nano cages were 

controlled by tuning the molar ratio of the Pd and Cu precursor. Catalyst PdCu-5 having Pd/Cu 

precursor ratio of 1:5 resulted in a nanocage morphology and exhibited superior catalytic activity 

compared to the other catalysts and commercial Pd/C. A mass activity of 1090 mA/mgPd was 

obtained towards the methanol oxidation, which is 2.9 times higher than that of commercial 

Pd/C. High porosity and large surface area offered by the hollow and porous nano cage 
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morphology and the electronic effect between Pd and Cu contributed to the improved catalytic 

activity.
121

 Chen et al. reported PdCu flower-like nano cages synthesized through galvanic and 

disproportionation reactions with corner etched Cu2O octahedral as templates. H2PdCl4/Cu2O 

with a molar ratio of 1:1 resulted in PdCu nano cages. As synthesized catalyst displayed high 

poison tolerance, high electrochemical surface area, good stability and great activity for 

methanol oxidation in alkaline media.
122

 Hasan et al. prepared Ni nanowire supported three 

dimensional flowers-like Pd nanocatalyst. Large electrochemical surface area, excellent 

electrocatalytic activity, high stability and poisoning tolerance were shown by the novel catalyst 

for ethanol oxidation. The abundant grain boundaries and three-dimensional open nanostructure 

of the Pd nano flower helped to improve the activity. The open interspaces of the Ni core ensure 

alcohol access, and the branched shape and interspaces of the Pd nano flower imparted excellent 

efficiency.
123

 Ding et al. investigated PdSn alloy nanosheet dendrites for the first time by an 

electrodeposition method. The catalyst with a high surface area exhibited excellent activity and 

long-term stability towards ethanol electro-oxidation. The promotional effects induced due to the 

dendrites structure like large specific surface area, fast charge transmission, large number of 

edges and corner atoms, special effects of 2D nanosheets and PdSn alloys helped to improve the 

performance.
124

 Pd concave nanocubes developed by Xie et al. exhibited significant enhanced 

catalytic activity towards methanol oxidation than Pd/C and Pd nanocubes because of the unique 

morphology, which possess more active sites on the corners and edges.
125

 Ma et al. obtained Pd 

nano flowers employing carrageenan as a novel capping agent that is essential for developing 

nanoflower structures and L ascorbic acid as a reducing agent. It has been discovered that Pd 

nanoflowers having the longest thorns demonstrated the most significant current density towards 

ethanol oxidation. In contrast, Pd nanoflowers having short thorns exhibited greater cycle 

stability.
126

 Xiao et al. developed a bimetallic screw-like PdPt nanowire through a facile 

electrochemical synthesis route as a highly active MOR catalyst. The surface of the nanowires is 

immensely rough, bounded by high-index facets, and exhibits a high number of active sites. The 

catalyst composition Pd1Pt1 showcased a 5.4-fold enhancement in activity for MOR than that of 

commercial Pt/C.
127

 Zhao et al. reported PdNi micro cages through a self- assembled growth as a 

highly effective and long-lasting electrocatalyst for MOR in an alkaline medium. The reaction 

circumstances were optimised to produce micro cages with a well-defined bicontinuous porous 

structure. The electrical conductivity, high porosity and atomically stepped surfaces of these 
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micro cages enable them to deliver a current density of 3.2 mAcm
2

Pd. The structure remained 

unaltered after a long term stability test.
128

 Guo et al. synthesized high quality PdPt porous nano 

wires through the galvanic replacement method. Subsequent electro catalytic tests carried out 

have demonstrated superior properties towards MOR. Pd21Pt79 presented the best methanol 

oxidation efficiency, 1.45 times that of Pt/C.
129

 

Figure 1.4 Electron micrographs of different reported catalysts. 

((a) PdCu nanocage. Reproduced with permission.
121 

Copyright 2018, The Royal Society of 

Chemistry (b) PdCu flower like nanocage. Reproduced with permission.
122

 Copyright 2018, 

American Chemical Society (c) Ni nanowire supported Pd nano flower. Reproduced with 

permission.
123

 Copyright 2012, Elsevier (d) PdSn alloy nano sheet dendrites
124

 (e) TEM image of 

Pd concave nanocube
125

, SEM image of (f) Pd nano flowers. Reproduced with permission.
126

 

Copyright 2018, American Chemical Society (g) PdPt nano wire. Reproduced with 

permission.
127 

Copyright 2018, The Royal Society of Chemistry (h) PdNi microcage. 

Reproduced with permission.
128

Copyright 2018, The Royal Society of Chemistry (i) TEM image 
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of PdPt porous nano wire. Reproduced with permission.
129 

Copyright 2020, American Chemical 

Society). 

One dimensional nanostructure has emerged as a new class of material in various areas 

such as catalysis, optoelectronics, nano science, sensing, biological applications, etc. The unique 

structural features with high aspect ratios hold the key for its fascinating optical and electrical 

properties. The specific architecture possesses advantages like structural anisotropy, large 

surface area, increased flexibility and high conductance.
 
The common issues associated with 

nano particles like dissolution, aggregation and Ostwald ripening can be controlled to an extent. 

The peculiar structure can promote the electron transport characteristic due to the path-directing 

effect of structural anisotropy. The easy transport of electrons associated with the 1D structure 

also favours the enhancement of catalytic activity. The structural robustness provides more 

active surface area to take part in the reaction and, in turn boost the activity.
130–134

  

1.10 Objectives of the thesis 

Although significant progress has been achieved in this area Pd based electro-catalysts 

towards alcohol oxidation reaction, still there is a need to further improve the alcohol oxidation 

activity and stability of the catalysts. Studies carried out in this thesis deal with the 

aforementioned issues associated with the development of electro-catalysts for alcohol oxidation 

reactions. The first two chapters discuss Pd particles supported on modified VC for improved 

alcohol oxidation reaction. Herein, chapter 2 describes the effect of nickel phosphate modified 

carbon supported Pd and chapter 3 presents bimetallic NiWO4 as an efficient interface modulator 

for Pd towards enhanced electro-catalytic alcohol oxidation reactions. Chapter 4 and 5 deals with 

one dimensional architectures, Pd modified Ni nanowire and PdAu nanowire catalysts. 
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2.1 Abstract 

 Transition metal phosphates are emerging as a novel class of material for many potential 

electrochemical applications owing to its several advantages like abundance, environmental 

friendliness and low cost. The present chapter explored the excellent electro chemical property of 

monometallic nickel phosphate, Ni3(PO4)2 (NP) modified carbon supported Pd for alcohol 

oxidation. Novel Pd@NP modified VC was synthesized through a very simple method at room 

temperature. In the presence of NP well dispersed homogeneous Pd particles having reduced size 

was observed. Approximately, seven-fold increments in the catalytic efficiency towards 

methanol oxidation and three fold increments towards ethanol oxidation than VC supported pure 

Pd were achieved. The improved electrochemical property and increased surface area by 

combining Pd with nickel phosphorous compound and supporting carbon material imparted an 

excellent catalytic efficiency to the synthesized catalyst. 
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2.2 Introduction 

Urge for an alternative energy source demands the development of cost effective highly 

efficient catalyst for fuel cell applications. Ni metal, Ni alloy and Ni complexes were found to 

perform very good electro chemical activity.
1-3

 Nickel-phosphorous compounds such as Ni2P, 

Ni2P2O7 and NixCo3-x(PO4)2 were gained considerable attention as new electrode materials.
4 

The 

Ni-P alloy acts as an excellent catalyst in decomposing water, lithium-ion battery and super 

capacitor applications.
5
 Ni2P, Ni5P4, solvothermal derived amorphous Ni-P powders, and nickel 

phosphates are reported as wonderful candidates for supercapacitor electrodes.
5
 Ni(PO3)2 nano 

sheet and Ni3(PO4)2@GO exhibit superior capacitance behavior.
6,7

 NP is considered as a 

promising electrode material due to its significant faradaic pseudo capacitance, low cost and easy 

fabrication.
4, 7

 But the low intrinsic electrical conductivity and relatively low rate capability are 

the key challenges associated with NP as an electrode material for capacitor application. 

Combining Ni-P compounds with carbon materials can enhance the electro chemical 

performance.
4
 Ni3(PO4)2.8H2O modified electrode was used for electrocatalytic oxidation of 

glucose, formaldehyde and it also act as a supercapattery electrode material.
8-10

 Ultra-long 

nanowires of NP were used for the oxidation of glucose and Ni12P5/Ni3(PO4)2 hollow sphere was 

employed for H2O electrolysis.
11, 12 

Similarly, Fe doped NP and Ni2P2O7 were reported for water 

oxidation and H2 production respectively.
13, 14

 

   Although NP is used in the field of supercapacitor, sensor, and as electrocatalysts for 

various application, it is not much explored for fuel cell applications.
15, 16 

The properties of NP 

make it a fascinating material for fuel cell applications. The oxophilic nature of nickel and 

phosphorus increases CO tolerance and there by improves electrocatalytic activity.
8 

Thus, 

combining NP with Pd will reduce CO poisoning and enhance the catalytic activity of Pd 

towards alcohol oxidation. Even though the catalytic performance of mesoporous, porous chain 

like network and Si-incorporated mesoporous NP were studied, the surface modification of VC 

with NP and Pd for alcohol oxidation was not yet explored.
1, 2, 15, 16

 

This chapter focuses on facilitating the electrocatalytic activity of Pd particles towards 

alcohol oxidation by incorporating it with monometallic NP modified VC. The synergism of the 

components plays a crucial role in the catalyst’s performance. The metal provides the active sites 

for alcohol oxidation, where Ni and P help to oxidize the carbonaceous poisons and thereby 
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release the active sites. The presence of VC imparts good electrical conductivity and high surface 

area, thus improves the catalysis. Hence, the collective action of the components contributes 

towards enhanced alcohol oxidation. 

2.3  Experimental section 

2.3.1 Materials and reagents 

Nickel (II) chloride (99.99%), PdCl2 (99.99%), KOH (99.99%), NaBH4 (99.99%), 

methanol (99.9%), and ethanol (99.9%) were purchased from Merck. Vulcan XC 72 R was 

obtained from Cabot Corp. NH4H2PO4 (99.9%) was obtained from Fisher Scientific. All 

chemicals were used without any further purification. 

2.3.2 Preparation of NP/VC catalyst 

Required amount of NiCl2 and NH4H2PO4 were dissolved in 50 ml VC dispersion and 

stirred well using magnetic stirrer. Further, 0.5 M KOH solution added drop wise as a 

precipitating agent, and the obtained mixture was stirred for 2 h.
15

 

NiCl2 + 2 KOH → Ni(OH)2 + 2KCl                           (1) 

NH4H2PO4 → NH4
+
+ H2PO4

- 
                            (2) 

Ni(OH)2+ NH4
+
+ H2PO4 

-
→ NH4NiPO4 + 2H2O      (3) 

The resulting precipitate was collected and washed well with distilled water. The obtained 

powder dried at 60 ˚C over-night. Similarly, Nickel hydroxide/VC was also synthesized without 

employing NH4H2PO4 in the same procedure. 

2.3.3 Preparation of Pd@NP/VC catalyst 

As prepared powder was annealed at 200 ºC and dispersed in distilled water. H2PdCl4 

introduced drop wise to the above dispersion and allowed to stir. To the above solution 0.2 M 

NaBH4 solution was added. After 2 h stirring the sample was collected and washed well with 

distilled water. Different Pd@NP/VC catalyst (Pd@NP/VC) was prepared by varying the 

amount of NP to 2, 5 and 10 wt% and designated as Pd@2% NP/VC, Pd@5% NP/VC, and 

Pd@10% NP/VC, respectively (Scheme 2.1). The amount of Pd is 20% in each catalyst. Pd 
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@Nickel hydroxide/VC (Pd@5% NH/VC) and Pd on VC in the absence of NP (Pd@VC) were 

synthesized via the same procedure.  

 

Scheme 2.1 Schematic illustration of the synthesis of Pd@NP/VC. 

2.4 Material Characterization 

2.4.1 Powder X-ray Diffraction (PXRD) measurement  

Phase purity of the prepared catalysts were examined by PXRD using Philips X’pert Pro 

diffractometer, Ni-filtered Cu-Kα radiation (λ = 1.541 Ǻ) over 2θ ranging from 10 to 90˚ with a 

step size of 0.08˚. The crystallite size (d) was calculated using Debye-Scherrer equation, 

  
   λ

     
 

where,   is the wavelength of incident X-ray radiation,   is the breadth of a diffraction 

peak at half-height (FWHM) and θ is the position of the peak maximum.
17 

The lattice parameter 

for Pd was obtained by the equation,  

a = d hkl  h
2
+ k

2
+ l

2
 

where, ‘a’ is the lattice constant and d hkl is the inter planar spacing between parallel planes with 

Miller indices h, k and l.
18 
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2.4.2 Scanning Electron Microscopic (SEM) analysis 

The morphology and microstructure of the samples were examined using SEM JEOL 

JSM- 5600 model. Energy Dispersive Analysis by X-rays (EDAX) were utilized to obtain the 

chemical composition of the catalysts. 

2.4.3 Transmission Electron Microscopic (TEM) analysis 

 Morphology of the catalysts and elemental mapping were analyzed using TEM on a JEOL 

JEM F-200 microscope operated at 200 kV.  

2.4.4 X-ray Photoelectron Spectroscopic (XPS) analysis 

PHI 5000 Versa Probe II XPS was employed to investigate the surface composition and 

valence states of the elements in the catalysts. 

2.4.5 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis 

        Compositions of the elements in the catalysts were estimated by ICP-MS analysis. The 

calibration curves for the known standards were used to obtain the actual compositions.  

2.5 Electrochemical characterization 

Electrochemical characterization of the catalysts was performed using the techniques 

cyclic voltammetry, chronoamperometry and electrochemical impedance spectroscopy. 

2.5.1 Cyclic Voltammetry (CV) 

CV is an electrochemical technique employed to investigate the reduction and oxidation 

of molecular species. CV is carried out using three electrode system consisting of working 

electrode, reference electrode and counter electrode. The potential of the working electrode is 

controlled with respect to the reference electrode. The controlling potential which is applied 

across these two electrodes can be considered an excitation signal. A linear potential scan with a 

triangular wave shape serves as the excitation signal for CV. CV, studies the potential of the 

working electrode sweeps at a specific sweep rate and the current at the working electrode during 

the potential scan (Figure 2.1). The potential is ramped in the opposite direction to return to the 

initial potential after attaining the set potential. As many times as necessary, these cycles can be 
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repeated. Cyclic votammogram displays current at the working electrode versus the applied 

potential (Figure 2.2).
19-21

  

 

Figure 2.1 CV wave form. 

 

Figure 2.2 CV of Pd in N2 saturated 0.5 M KOH solution. 

The reduction peak of PdO during the backward scan was used to calculate the Electro 

chemical Surface Area (ECSA). The ECSA indicates the electrochemically active surface area 

and it provides insights into catalyst performance. The ECSA was estimated based on the 

following formula. 
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Where, Q stands for the charge associated with the PdO reduction. A charge value of 0.405 

mC/cm
2
 was needed to reduce the PdO monolayer. The Pd loading is represented by ‘l’.

22
 

2.5.2 Chronoamperometry 

Chronoamperometry is a time dependent technique with a square wave potential applied 

to the working electrode. Chronoamperometry consists of applying a single voltage step at time 

t0 and measuring the current that results from the applied potential (Figure 2.3). Electrochemical 

activity and stability of the electrocatalysts were examined by performing the 

chronoamperometry.
23

  

 

Figure 2.3 Chronoamperometric curve of Pd in N2 saturated 0.5 M KOH + 0.5 M CH3OH 

solution. 

2.5.3 Electrochemical Impedance Spectroscopy (EIS) 

EIS is one of the most effective electrochemical techniques, which is based on applying 

an alternating current signal to the working electrode and identifying the corresponding response. 

EIS could be used to investigate diffusion, charge transfer, and mass transfer processes. An 

electrochemical system's conductance, resistance, or capacitance can also be studied using EIS. 

The difference between impedance and resistance is that the resistance in DC circuits directly 

follows Ohm's Law. Impedance data is expressed as a Nyquist plot containing a real portion and 
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an imaginary part (Figure 2.4). The Y-axis is used to map the imaginary part (Zimg), while the X-

axis is used to depict the real part (Zreal).
24, 25

  

 

Figure 2.4 Nyquist plot from EIS. 

2.6 Results and discussion 

2.6.1 PXRD analysis 

 The crystallinity and phase purity of the prepared Pd@2% NP/VC, Pd@5% NP/VC, 

Pd@10% NP/VC and Pd@VC were confirmed using XRD measurements, diffraction patterns 

shown in Figure 2.5. The broad peak appeared at 24.29º ascribed to the amorphous Vulcan XC 

72R carbon.
26

 The sharp peaks obtained at 2θ angle 39.59º, 45.87º, 66.36º and 79.92º 

corresponds to the (111), (200), (220) and (311) planes of the face centered Pd.
27 

However, peaks 

attributed to NP were missing in the XRD, illustrated the amorphous nature of NP. It was 

associated with the low reaction temperature (200 ºC) as well as the relatively low weight 

percentage of NP in the composition. Further, the presence of NP was ensured from XPS 

analysis. Annealing temperature influence the crystallinity of nickel phosphate, where the 

increase in temperature transforms the amorphous NP to crystalline.
15, 28

 The lattice parameter 

calculated for Pd in both Pd@10% NP/VC and Pd@VC the catalysts was 0.39 nm. 
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Figure 2.5 PXRD patterns of Pd@2% NP/VC, Pd@5% NP/VC, Pd@10% NP/VC and Pd@VC. 

2.6.2 Chemical composition analysis 

Surface chemical composition and status of the Pd@5% NP/VC catalyst was analyzed 

through XPS analysis. The survey spectrum (Figure 2.6a) indicates the presence of C, Pd, Ni, P 

and O. As shown in Figure 2.6b, the deconvoluted spectra of Ni 2p consists of peaks at 856.75 

and 880.34 eV corresponds to Ni 2p3/2 and Ni 2p1/2, respectively, indicating the presence of Ni
2+

. 

Additionally, satellite peaks associated with the major peaks were also observed at 862.1 and 

874.1 eV. The peak centered at 133.67 eV ascribed to the characteristic peak of phosphate 

species (Figure 2.6c).
29

 The peaks at binding energy 335.84 and 341.25 eV in Figure 2.6d 

attributed to Pd 3d5/2 and 3d3/2, indicates the presence of Pd (0).
30

 The peaks at 337.1 and 342.7 

eV were assigned to Pd
2+

.
31 

Analysis of the XPS spectra revealed a shift in Pd binding energy. It 

suggests that the incorporation of Pd particles has developed a strong electronic modification due 

to the strain effect. Hence, the presence of NP and Pd particle were confirmed from the XPS 
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data. The weight percentage of Pd and Ni were obtained as 19.7 and 1.8 from ICP MS analysis 

for Pd@5% NP/VC. The results were found to be the same as the stoichiometric value. 

 

Figure 2.6 (a) Survey spectrum, deconvoluted XPS spectra of (b) Ni 2p, (c) P 2p and (d) Pd 3d 

of Pd@5% NP/VC. 

2.6.3 Morphological analysis 

Figure 2.7 shows HRTEM images of all the prepared catalysts and their corresponding 

histograms. Well dispersed Pd nanoparticles on spherical carbon support were clearly identified 

from the TEM images. However, the NP modification on carbon surface (Figure 2.7a, c, e) was 

not distinguishable with that of the unmodified catalyst (Figure 2.7g).  
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Figure 2.7 TEM images of (a) Pd@2% NP/VC, (c) Pd@5% NP/VC, (e) Pd@10% NP/VC, (g) 

Pd@VC, histograms of (b) Pd@2% NP/VC, (d) Pd@5% NP/VC, (f) Pd@10% NP/VC and (h) 

Pd@VC. 
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From the histograms (Figure 2.7b, d, f) the average particle size of modified catalysts 

were calculated to be in the range of 5 to 6 nm and that of Pd @VC was 8 nm. The size of Pd 

particles present in Pd @VC was larger than that of Pd@5% NP/VC (5.03 nm). The presence of 

NP over the VC helps to prevent the Pd agglomeration and thus reduces the Pd particle size in 

Pd@5% NP/VC. The Pd particle size reduction plays a crucial role on the catalytic activity.  

2.6.4 Electrochemical analysis 

2.6.4 (a) Methanol electro-oxidation 

Electrochemical properties of the prepared samples were evaluated by cyclic 

voltammetry technique. Figure 2.8a displays the cyclic voltammograms of synthesized catalysts 

performed in N2 saturated 0.5 M KOH solution at a scan rate of 50 mV/s to measure the ECSA. 

The ECSA calculated to be 14.25, 78.12, 23.31, 12.56 m
2
/g for Pd@2% NP/VC, Pd@5% 

NP/VC, Pd@10% NP/VC and Pd@VC, respectively. The highest surface area of Pd@5%NP/VC 

among the prepared catalysts indicates that the particular composition possesses the maximum 

available active sites on Pd. ECSA and catalytic efficiency are directly proportional, that reveals 

the capability of the developed catalyst. 
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Figure 2.8 CV curves of the prepared catalysts in N2 saturated (a) 0.5 M KOH, (b) and (c) 0.5 M 

KOH + 0.5 M CH3OH solution at a scan rate of 50 mV/s, (d) Chronoamperometric curves of 

prepared catalysts in N2 saturated 0.5 M KOH + 0.5 M CH3OH solution. 

Catalytic activity of the prepared samples towards methanol oxidation was carried out in 

N2 saturated 0.5 M KOH solution containing 0.5 M methanol at a scan rate of 50 mV/s. Figure 

2.8b shows the obtained cyclic voltammograms. The anodic peak in the forward scan is 

attributed to methanol oxidation and the peak observed in the backward scan is due to the 

oxidation of carbonaceous intermediates.
32, 33

 As shown in the CV curves mass activities 

obtained for the catalysts Pd@2% NP/VC, Pd@5% NP/VC, Pd@10% NP/VC and Pd@VC were 

122.67, 804.67, 448.75 and 115.49 mA/mgPd, respectively. Even though the prepared catalysts 

impart better activity towards MOR the mass activity exhibited by the Pd@5% NP/VC reveals 

its supreme catalytic activity. The Pd@5% NP/VC exhibited better catalytic activity in terms of 
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onset potential and mass activity (Table 2.1). Low onset potential and high mass activity are the 

criteria for a good catalyst. The prepared Pd@5%NP/VC showed low onset potential and high 

mass activity compared to Pd@2% NP/VC, Pd@10% NP/VC and Pd@ VC. Approximately, a 

seven-fold increase in mass activity than that of pure Pd@ VC was observed. 

Table 2.1 Onset potential and mass activity values of the prepared catalysts 

Catalyst Onset potential (V) Mass Activity (mA/mg 
Pd

) 

Pd@2% NP/VC -0.402 122.67 

Pd@5% NP/VC -0.485 804.67 

Pd@10% NP/VC -0.452 448.75 

Pd@ VC -0.395 115.49 

 

The mechanism of methanol oxidation on Pd catalyst reactions exhibited as follows and the step 

(10) corresponds to the rate determining step.
34

 

Pd+ CH3OH → Pd-(CH3OH) ads                                                        (5) 

Pd-(CH3OH)ads+ OH
−
→ Pd-(CH3O) ads+ H2O + e           (6) 

Pd-(CH3O) ads+ OH
− 
→Pd-(CH2O) ads+ H2O + e        (7) 

Pd-(CH2O) ads+ OH
−
→Pd-(CHO) ads+H2O + e        (8) 

Pd-(CHO) ads+ OH
−
→ Pd-(CO) ads+ 4H2O + e        (9) 

Pd-(CO) ads+ 2OH
−
→ Pd+ CO2+ H2O + 2e       (10) 

 The activity of Pd@5% NH/VC towards methanol oxidation was compared with 

Pd@5% NP/VC to know the role of phosphate and shown in Figure 2.8c. A mass activity of 

508.41 mA/mgPd was obtained for Pd@5% NH/VC, that confirmed Pd@5% NP/VC catalyst 

exhibits a significantly better performance than NH/VC. Because, electrical resistivity of Ni-P is 

lower than that of Ni(OH)2, in addition the oxophilic nature of nickel and phosphorous in NP 

may also help to remove the intermediate CO species generated during the alcohol oxidation.
5, 8, 

35 
Carbon based materials are usually employed as supporting materials to provide high surface 

area and good electrical conductivity.
36 

Thus, the presence of both Ni and P along with carbon 

support increases the active sites of the catalyst and boosts the catalytic activity. 
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Chronoamperometric measurements were employed to study the stability of the 

catalysts.
37, 38

 Figure 2.8d imparts the chronoamperometric curves of all the catalysts recorded at 

a potential of -0.4 V for 4000 s in N2 saturated 0.5 M KOH solution containing 0.5 M methanol. 

Even though the current decays after some time the Pd@5% NP/VC shows better stability than 

the Pd@VC catalyst. Kinetic properties of the prepared samples were further explicated with 

electrochemical impedance spectroscopy. The recorded Nyquist plots of methanol electro 

oxidation on Pd@2% NP/VC, Pd@5% NP/ VC, Pd@10% NP/VC and Pd@VC are depicted in 

Figure 2.9. Simple Randle’s circuit was utilized to fit the impedance data. The diameter of the 

semicircle indicates the charge transfer resistance (Rct) at the electrode-electrolyte interface.
39 

The Rct values of Pd@2% NP/VC, Pd@5% NP/ VC, Pd@10% NP/VC and Pd@VC were 22.7, 

15.2, 16.9, and 24.5 k, respectively. The results illustrates that the catalysts are suitable for 

methanol electro-oxidation and the superior performance of the Pd@5% NP/ VC catalyst. 

 

Figure 2.9 Nyquist plots of the prepared catalysts in 0.5 M KOH + 0.5 M CH3OH solution. 
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2.6.4 (b) Ethanol electro-oxidation 

Similar results were observed in the case of performance towards ethanol oxidation. The 

activity was evaluated by CV in N2 saturated 0.5 M KOH solution containing 0.5 M ethanol at a 

scan rate of 50 mV/s. As shown in Figure 2.10a the Pd@2% NP/VC, Pd@5% NP/VC Pd@10% 

NP/VC, catalysts exhibited a mass activity of 268.20, 772.96, 501.91 mA/mgPd and that of pure 

Pd@VC 230.63 mA/mgPd. The corresponding chronoamperometric measurements were also 

carried out in N2 saturated 0.5 M KOH solution containing 0.5 M ethanol at a potential of -0.2 V 

for 4000 s (Figure 2.10b). The Pd@5% NP/VC catalyst displayed better stability.  

Figure 2.10 (a) CV and (b) Chronoamperometric curves of prepared catalysts in N2 saturated 0.5 

M KOH + 0.5 M C2H5OH solution. 

2.6.5 Stability studies 

The stability study was also done by performing the CV for 500 cycles. The 

corresponding voltamograms were depicted in Figure 2.11.
40

 After 500 cycles the Pd@5% 

NP/VC exhibited better stability in methanol and ethanol than that of Pd@ VC. As depicted in 

Figure 2.11 in the case of Pd@5% NP/VC after performing CV for 500 cycles the current is not 

that much reduced and the onset potential also remained same whereas the mass activity of Pd@ 

VC was reduced almost to half that of the initial value and onset potential also deviated to higher 

value. 
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Figure 2.11 CV curves of Pd@5% NP/VC after 500 cycles in N2 saturated solution of (a) 0.5 M 

KOH + 0.5 M CH3OH, (b) 0.5 M KOH + 0.5 M C2H5OH and Pd@VC in (c) 0.5 M KOH + 0.5 

M CH3OH, (d) 0.5 M KOH + 0.5 M C2H5OH solution.  

2.6.6 Comparison study 

A comparison of the activity of different carbon supported catalyst towards alcohol 

oxidation was given in Table 2.2 

The presence NP enhances the efficiency of the catalysts. The intermediate CO generates 

during the alcohol oxidation remains as a major hindrance for the activity of the catalysts. The 

active sites of the catalysts available were occupied by the CO molecule and thereby decelerating 

the reaction rate. The oxophilic nature of the Ni as well as P helps to improve the performance of 

the Pd by oxidizing the CO molecules. 
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Table 2.2 Comparison of activity of catalysts towards alcohol oxidation 

Catalysts Electrolyte 
Mass activity 

(mA /mg Pd/Pt) 
Reference 

Pd/PPY/graphene 0.5M NaOH + 1M Methanol 359.8 41 

PdMo/CNT 1M KOH + 1 M Methanol 395.6 42 

Pd/MnO2/CNT 0.5M NaOH + 1M Methanol 431.02 43 

Pd3Mo/VC 1M KOH + 1 M Methanol 647.27 44 

Pd10Ag10/CNT 1M KOH +  0.5 M Methanol 731.20 45 

Commercial Pd/C 0.5 M KOH + 0.5 M Methanol 180.00 46 

Pd@5% NP/VC 0.5 M KOH + 0.5 M Methanol 804.67 Present work 

Pd@5% NP/VC 0.5 M KOH + 0.5 M Ethanol 772.96 Present work 

 

The low electrical resistance of Ni-P along with the carbon support imparts electrical 

conductivity that facilitates the kinetics of catalysis. The increment in catalytic activity could be 

attributed to the enhanced CO tolerance of the catalyst and improved conductivity emerged due 

to the synergistic effect between Pd, Ni, P and VC. 

2.7 Conclusions 

 Carbon supported Pd@NP catalyst was synthesized through a simple method. Transition 

metal phosphate modified carbon support is first time introduced for the alcohol electro 

oxidation application and excellent results were obtained. Unlike the agglomeration observed in 

the absence of NP, homogeneous Pd particles with reduced particle size were resulted in the 

presence of NP. Approximately seven-fold enhancement in activity towards methanol oxidation 

was achieved (804.67 mA/mgPd). Mass activity of 772.96 mA/mgPd was exhibited for ethanol 

oxidation by Pd@5% NP/VC and 230.63 mA/mgPd by Pd@VC. The synergistic effect of NP 

modified carbon support with Pd leads to better activity. The collective action of the improved 

CO tolerance induced by NP and high surface area and conductivity imparted by VC to Pd 

enhanced the activity of the catalyst towards alcohol oxidation.  
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3.1 Abstract 

The electronic coupling effect by interfacial engineering between noble metal and 

transition metal tungstates is considered as an effective strategy for improving electrocatalytic 

activity. The present chapter introduced a new hybrid electrocatalyst of Pd nanoparticle 

supported on NiWO4 nanocrystals modified carbon for efficient alcohol electro-oxidation 

reaction. Bimetallic oxide became as an efficient interface modulator for Pd over mono metallic 

oxides. The synthesised catalyst, Pd over nickel tungstate modified VC exhibited well dispersed 

homogeneous Pd particles. Approximately ten times (1202.48 mA/mgPd) and six times (1508.24 

mA/mgPd) catalytic effectiveness towards methanol and ethanol electro-oxidation were obtained. 

The enhanced electrochemical property owing to electronic modification and improved surface 

area, by the strong coupling of Pd with nickel tungstate and carbon support conferred excellent 

catalytic performance for the synthesised catalyst. 
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3.2 Introduction 

Metal tungstates with general formula MWO4, emerged as a new class of inorganic 

material with excellent optical, electrical and sensor properties. They employed as electrode 

materials in various fields like photo anode, supercapacitors, memory devices, sensors etc.
1,2

 

Among tungstates NiWO4 have gained considerable attention due to its peculiar electronic 

structure and has been exploited as heterogeneous catalyst in photovoltaic electrochemical cells 

etc.
3
 Huang et al synthesized 2D porous bimetallic cobalt nickel tungstate through hydrothermal 

method and studied the supercapattery application.
4 

The presence of tungsten significantly 

enhances the conductivity of NiWO4 compared to NiO. Niu et al reported NiWO4 nanoparticles 

prepared by co-precipitation method exhibited enhanced electrical conductivity in the order of 

10
-7

 to 10
-3

 Scm
-1

 at different temperatures compared to NiO.
5
 Wang et al reported nickel 

tungstate composite supported on reduced graphene oxide for urea oxidation in alkaline medium 

for direct urea fuel cell applications. Tungsten oxide was found to resolve the CO poisoning of 

noble metal catalysts.
6
 The improved conductivity and CO tolerance of tungstate makes 

bimetallic NiWO4 a promising supporting material. Strong metal support interaction and the 

electronic coupling between the metal and supporting material can significantly enhance the 

catalytic activity of the incorporated noble metal. The electronic modification of Pd 

nanoparticles due to the synergistic action between Pd metal and NiWO4 support can boost the 

catalytic performance. Compared to monometallic compounds, bimetallic compounds help to 

maximize the catalytic activity because of their intensive interaction of two types of metals. In 

addition, the oxophilic nature of Ni and W can also contribute towards catalytic activity of Pd 

particles by reducing CO poisoning. The integration of NiWO4 with VC improves the electrical 

conductivity and further it elevates the catalytic activity of Pd particles.
7-10 

Considering these 

characteristics we have been motivated to investigate Pd over nickel tungstate modified carbon 

towards electro-catalytic alcohol reaction. Chapter 3 explored nickel tungstate modified carbon 

as supporting substrate for Pd towards alcohol electro-oxidation reaction and excellent activity 

with stability was achieved. 
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3.3 Experimental Section 

3.3.1 Materials and methods 

Na2WO4.2H2O (99.99%), NiCl2.6H2O (99.99%), PdCl2 (99.99%), KOH (99.9%), NaBH4 

(99.9%), HCl (99.9%), methanol (99.9%) and ethanol (99.9%) procured from Sigma Aldrich, 

VC obtained from Cabot corp. and used without purification. 

3.3.2 Synthesis of Nickel tungstate/VC catalyst 

Nickel tungstate modified carbon (NW/VC) was developed by a simple hydrothermal 

reaction as per the reported method with some modifications. Six mM Na2WO4 was dissolved in 

20 ml water and poured into calculated amount of carbon. The mixture was sonicated well and 

subsequently added 6 mM of NiCl2.6H2O dropwise under continuous stirring. The reaction 

mixture was transferred to 50 ml capacitive Teflon lined stain less steel autoclave and treated at 

180 ˚C for 24 h. The obtained precipitate washed with distilled water, ethanol several times and 

dried. The sample was further calcined at 600 ˚C in N2 atmosphere.
4 

3.3.3 Preparation of Pd@NW/VC catalysts 

As obtained NW/VC powder dispersed in distilled water and allowed to stir. Further, 

H2PdCl4 solution introduced into NW/VC dispersion drop wise while stirring and heated to 80 

˚C. At 80 ˚C, 0.2 M NaBH4 solution was added as reducing agent and stirred for 2 h. The sample 

filtered out and washed with distilled water. In the same way, different compositions of catalysts 

were synthesised by varying the amount of nickel tungstate (NW) as 5, 10, 15 wt% and named as 

Pd@5%NW/VC, Pd@10%NW/VC, Pd@15%NW/VC, respectively (Scheme 3.1). The amount 

of Pd was 20% in all the prepared catalysts. Pd deposited carbon (Pd@VC) was synthesised 

without NW by following the same procedure.  
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Scheme 3.1 Preparation of Pd@NW/VC catalyst. 

3.3.4 Preparation of Pd@Tungsten oxide/VC catalyst 

Sodium tungstate solution ultrasonicated with calculated amount of carbon and HCl 

solution was added drop wise to the solution under stirring. The precipitate filtered out and 

washed with distilled water, which was dried and calcined at 400˚C.
11

 Pd@10%WO3/VC 

synthesised by adding H2PdCl4 solution to the dispersion of WO3/VC powder under stirring and 

allowed to heat. At 80 ˚C, 0.2 M NaBH4 solution added drop wise and stirred for 2 h. Sample 

was collected and washed using distilled water. The sample was designated as Pd@10% 

WO/VC. 

3.3.5 Preparation of Pd@Nickel oxide/VC catalyst 

Requisite quantity of NiCl2 added at 20 ml ultrasonicated carbon dispersion and stirred 

well. KOH solution added drop wise to the mixture under stirring and continued for 2 h. The 

precipitate washed well and calcined at 600 ˚C at N2 atmosphere.
12

 Pd@10%NO/VC prepared 

using the same procedure as explained earlier. The sample was designated as Pd@10% NO/VC. 

3.4  Results and discussion 

3.4.1 PXRD analysis   

The catalysts formation and phase purity was examined using PXRD analysis. Figure 3.1 

shows the obtained PXRD patterns of the as synthesized Pd@5%NW/VC, Pd@10%NW/VC, 

Pd@15%NW/VC and Pd@VC catalysts. Peaks correspond to NW observed for all the 5, 10, 15 
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wt% NW/VC (JCPDS 00-015-7055). Peaks at 2θ angle 39.59, 45.87, 66.36 and 79.92º 

correspond to the (111), (200), (220) and (311) planes of Pd (JCPDS 00-005-0681). The broad 

peak at 2θ, 24.66˚ indicates the presence of Vulcan XC 72 carbon. The obtained crystallite sizes 

of Pd@5%NW/VC, Pd@10%NW/VC, Pd@15%NW/VC and Pd@VC are, 3.6, 4.2, 5.8 and 7.6 

nm, respectively. 

 

Figure 3.1. PXRD patterns of Pd@15% NW/VC, Pd@10% NW/VC, Pd@5% NW/VC, NiWO4 

and Pd@VC. 

3.4.2 Morphological analysis 

Morphology of the prepared samples were monitored using TEM analysis. Figure 3.2 

represents the TEM images of Pd@5%NW/VC, Pd@10%NW/VC, Pd@15%NW/VC and 

Pd@VC. Agglomerated Pd particles were observed in the case of pure Pd@VC catalyst, whereas 

well dispersed Pd nanoparticles were obtained in presence of NW support. The high-resolution 

TEM image of Pd@10%NW/VC in Figure 3.2a depicts fringes with spacing 0.232 and 0.241 

nm corresponding to (111) plane of Pd and (002) planes of NW, respectively. Further, the 

presence of constituent elements Pd, Ni, W and O were identified from TEM elemental mapping 
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displayed in Figure 3.3(b, c, d, e, f). The calculated value of the prepared catalyst composition 

was in agreement with the experimental value from TEM-EDX (Figure 3.4).  

 

Figure 3.2 TEM images of (a) Pd@VC, (b) Pd@5% NW/VC, (c) Pd@10% NW/VC and (d) 

Pd@15% NW/VC. 

 

Figure 3.3 HRTEM image of (a) Pd@10% NW/VC, TEM elemental mapping of (b) C, (c) Ni, 

(d) W, (e) O, (f) Pd and (g) STEM image of Pd@10% NW/VC. 
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Figure 3.4 TEM-EDX spectrum of (a) Pd@5% NW/VC, (b) Pd@10% NW/VC and (c) 

Pd@15% NW/VC. 

3.4.3 XPS analysis 

The oxidation state of the elements in Pd@10%NW/VC was examined through XPS 

analysis. Survey spectrum (Figure 3.5a) indicates the presence of elements Pd, Ni, W, O and C. 

The deconvoluted high resolution spectra of Ni (Figure 3.5b) shows peaks at binding energy 

856.7 and 874.5 eV corresponding to the 2p3/2 and 2p1/2 energy levels and indicates the presence 

of Ni
2+

. The peaks centered at 862.2 and 880.3 eV correspond to the satellite peaks associated 

with Ni
2+

. The high-resolution spectra of W 4f in Figure 3.5c illustrated the spin orbit doublets 

4f7/2 and 4f5/2 at binding energy 35.8 and 38.01 eV, respectively, that confirms the +6 oxidation 

state of W.
10

 Binding energies at 532.9 eV in the deconvoluted high resolution O 1s spectra 

(Figure 3.5d) implies the oxygen bond with Ni and W in NiWO4.
9
 Thus, confirmed the NiWO4 

formation from XPS analysis. 
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Figure 3. 5 (a) Survey spectrum of Pd@10% NW/VC, deconvoluted high resolution spectra of 

(b) Ni 2p, (c) W 4f, (d) O 1s and (e) C 1s of Pd@10% NW/VC. 

Deconvoluted high resolution spectra of Pd 3d in Pd@10% NW/VC, Pd@10%WO/VC 

and Pd@10%NO/VC were compared in Figure 3.6. All the spectra were deconvoluted into two 

pairs of doublets, in which, sharp high intense peaks correspond to Pd
0
 and broad low intense 

peaks correspond to Pd
2+

. In the case of Pd@VC sample, Pd
0
 binding energy peaks were 

observed at 335.40, 340.92 eV and Pd
2+

 peaks at 336.52 and 342.11 eV. However, the respective 

peaks are slightly shifted to higher energy, after modifying C with NO, WO and NW. The extent 

of binding energy shift observed is in the order NO < WO < NW. The shift in Pd 3d binding 

energy peaks indicates an electronic modification on Pd. Since, the shift was towards higher 

binding energy it confirms a decrease in electron density on Pd and a downshift of the d band 

center.
13

 When C is modified with NO or WO, Pd interacts with Ni or W, such that it develops 

an electron density movement on Pd, evident by the binding energy change. Whereas, when it 

comes to NW modification, a hypo-hyper d electronic mechanism was developed in between 

supporting substrate NiWO4 and Pd. The hypo d tungstate builds a strong interaction with hyper 

d electrons in Pd, at the interphase between Pd and nickel tungstate.
14

 Due to this strong bimetal 
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interaction of Ni and W with Pd, the extent of binding energy shift is comparably higher than 

that of NO/VC and WO/VC, where there is only a monometallic interaction is possible. 

Eventually, the greater electronic modification of Pd in Pd@10% NW/VC compared to 

Pd@10%WO/VC and Pd@10%NO/VC helped to improve the catalytic activity towards alcohol 

electro-oxidation. 

 

Figure 3.6 Deconvoluted high-resolution XPS spectra of Pd 3d of Pd@10% NW/VC, Pd@10% 

WO/VC, Pd@10% NO/VC and Pd@VC. 

3.4.4 Electrochemical analysis 

3.4.4 (a) Methanol electro-oxidation 

Electrocatalytic property of the catalysts were carried out in N2 saturated 0.5 M KOH 

solution at a scan rate of 50 mV/s. The cyclic voltammograms of the catalysts were depicted in 

Figure 3.7a and the ECSA was calculated. The ECSA indicates the electrochemically active 

surface area and it provides insights into catalyst performance. The ECSA calculated to be 36.83, 
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99.67, 50.96 and 12.56 m
2
/g for Pd@5%NW/VC, Pd@10%NW/VC, Pd@15%NW/VC and 

Pd@VC, respectively. The improved surface area in the case of Pd@10%NW/VC enhances the 

catalytic activity. The ECSA gives an indication about the potential of the catalyst. 

 

Figure 3.7 (a) CV curves of prepared catalysts in 0.5 M KOH, (b, c) in 0.5 M KOH + 0.5 M 

CH3OH solution at a scan rate of 50 mV/s and (d) Chronoamperometric studies of the catalysts 

in 0.5 M KOH + 0.5 M CH3OH solution. 

Performance of the catalysts towards MOR were investigated by carrying out the CV in 

N2 saturated 0.5 M KOH and 0.5 M methanol solution at a scan rate of 50 mV/s. The 

corresponding CV curves were displayed in Figure 3.7b Pd@5%NW/VC, Pd@10%NW/VC, 

Pd@15%NW/VC and Pd@VC catalysts exhibited mass activity 606.69, 1202.48, 982.21, 117.04 

mA/mg
Pd

, respectively. Pd particles over NW/VC catalysts possess better activity than that of Pd 

deposited carbon catalyst. Incorporation of NW helps to enhance the catalytic activity of the Pd 
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particles. The low onset potential, peak potential and high mass activity depicted by 

Pd@10%NW/VC catalyst indicates its superior activity towards MOR than the other prepared 

catalysts (Table 3.1).  

Table 3.1. Onset potential and mass activity values of the prepared catalysts. 

Catalyst 
Onset potential  

(V) 

Mass Activity  

(mA/mg 
Pd

) 

Pd@5%NW/VC -0.408 606.69 

Pd@10%NW/VC -0.486 1202.48 

Pd@15%NW/VC -0.456 982.21 

Pd@VC -0.354 117.04 

 

The methanol oxidation on Pd surface follows the mechanism (eq. 5-10) in which step (10) was 

the rate determining step.
15

 

Pd+ CH3OH → Pd-(CH3OH) ads                                                                                                     (5) 

Pd-(CH3OH) ads+ OH
−
→ Pd-(CH3O) ads+ H2    e                                           (6) 

Pd-(CH3O) ads+ OH
− 
→Pd-(CH2O) ads+ H2    e                                      (7) 

Pd-(CH2O) ads+ OH
−
→Pd-(CHO) ads+H2    e                            (8) 

Pd-(CHO) ads+ OH
−
→ Pd-(CO) ads+ H2O   e                            (9) 

Pd-(CO) ads+ 2OH
−
→ Pd+ CO2+ H2    2e                                     (10) 

The activity of Pd@10%NW/VC catalyst was compared with Pd@WO/VC and 

Pd@NO/VC. The obtained cyclic voltammograms were shown in Figure 3.7c. A mass activity 

of 872.46 mA/mg
Pd

 was obtained for Pd@10%WO/VC and an activity of 782.60 mA/mg
Pd

 was 

obtained for Pd@10%NO/VC catalyst. Comparing these results, Pd@10%NW/VC catalyst 

exhibited better performance than that of Pd@10%WO/VC and Pd on10%NO/VC catalysts. The 

extended electronic modification of Pd in Pd@10%NW/VC than that in Pd@10%WO/VC and 

Pd@10%NO/VC due to the metal support interaction between Pd and NW boosts the efficiency 

of Pd. The down shift in d band center leads to the weakening of CO adsorption.
16

 The presence 

of both Ni and W also contribute towards the enhanced catalytic activity. The oxophilic nature of 

both Ni and W helps to get rid of the attached CO molecules on Pd surface formed during the 
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MOR.
17-19

 The CO molecules get oxidized faster and thereby increase the reaction rate of 

methanol oxidation. The combined action of NW, carbon, and Pd promoted the catalytic activity 

of catalyst. 

The electrocatalytic stability of the catalysts were investigated using chronoamperometric 

measurements. Figure 3.7d shows the Chronoamperometric measurements of catalysts recorded 

at a potential of -0.1 V for 4000 s in 0.5 M KOH solution containing 0.5 M methanol. Even if the 

current disintegrates after a while, the Pd@10%NW/VC imparts lowest rate of disintegration 

among all the recorded catalysts, indicating its better durability. 

EIS was employed to explore the kinetic properties of the catalysts. EIS characterizations 

of catalysts were consistent with CV measurements which are depicted in the Figure 3.8. A large 

diameter in the Nyquist plot indicates a large Faradaic resistance, which corresponds to a low 

methanol oxidation current density.
20

 Charge transfer resistance of synthesized catalysts 

Pd@5%NW/VC, Pd@10%NW/VC, Pd@15%NW/VC and Pd@VC were 16.9, 12.2, 15.2 and 

24.2 kΩcm
-2

, respectively. Lower resistance of Pd@10%NW/VC supports its better catalytic 

activity.  

 

 

Figure 3.8 Nyquist plots of the catalysts in 0.5 M KOH + 0.5 M CH3OH solution. 
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3.4.4 (b) Ethanol electro-oxidation 

Efficiency of the catalysts towards EOR was illustrated by carrying out the CV in 0.5 M 

KOH containing 0.5 M ethanol. Figure 3.9 depicts the cyclic voltammograms of the catalysts for 

EOR. The CV curves exhibited a similar result for EOR as that of MOR. 

 

Figure 3.9 (a) CV curves of prepared catalysts in 0.5 M KOH + 0.5 M C2H5OH solution and (b) 

Chronoamperometric curves of the catalysts in 0.5 M KOH + 0.5 M C2H5OH solution. 

As shown in Figure 3.9a, Pd@10%NW/VC exhibited highest mass activity than that of 

other catalysts and pure Pd@VC catalyst. A mass activity of 746.16, 1508.24, 1201.93 mA/mg
Pd

 

were obtained for Pd@5%NW/VC, Pd@10%NW/VC, Pd@15%NW/VC catalyst whereas an 

activity of 234.33 mA/mg
Pd

 was observed for pure Pd@VC catalyst. Furthermore, the 

electrocatalytic stability of the catalysts was assessed by making the chronoamperometric 

measurements at -0.1 V for 4000 s (Figure 3.9b). In comparison with Pd@5%NW/VC, 

Pd@15%NW/VC and pure Pd@VC catalyst, Pd@10%NW/VC possesses excellent stability. 

3.4.5 Stability studies 

Stability of the synthesized catalysts were analyzed by performing the CV for 500 cycles. 

Figure 3.10 displays the CV curves of the catalysts conducted for MOR and EOR.  
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Figure 3.10 Stability studies after 500 cycles in N2 saturated solution of Pd@10% NW/VC (a) 

0.5 M KOH + 0.5 M CH3OH, (b) 0.5 M KOH + 0.5 M C2H5OH and Pd@VC (c) 0.5 M KOH + 

0.5 M CH3OH and (d) 0.5 M KOH + 0.5 M C2H5OH. 

Pd@10%NW/VC catalyst exhibited comparably better stability even after completing the 

CV for 500 cycles. The obtained current value maintained without much reduction for both 

MOR and EOR in the case of Pd@10%NW/VC catalyst, instead a drastic current decay was 

noted for pure Pd@VC catalyst.   

3.4.6 Comparative study 

Activity of different carbon supported catalysts was compared with the present work and 

tabulated (Table 3.2). NW plays an important role in enhancing the efficiency of the synthesized 

catalyst. 
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Table 3.2 Catalytic activity comparison towards alcohol oxidation 

Catalysts Electrolyte 
Mass activity 

(mA /mg Pd) 
Reference 

Pd/PPY/graphene 0.5M NaOH + 1M Methanol 359.8 21 

PdMo/VCNT 1M KOH + 1 M Methanol 395.6 22 

Pd/MnO2/VCNT 0.5M NaOH + 1M Methanol 431.02 23 

Pd3Mo/VC 1M KOH + 1 M Methanol 647.27 24 

Pd10Ag10/VCNT 1M KOH + 0.5 M Methanol 731.20 25 

Cu1Pd2/VC 0.5 M KOH + 0.5 M Methanol 220.00 26 

Cu1Pd2/VC 0.5 M KOH + 0.5 M Ethanol 520.00 26 

Pd90Au10/VCNT 1M KOH + 1 M Ethanol 1050.00 27 

Commercial Pd/VC 0.5 M KOH + 0.5 M Methanol 180.00 28 

Pd@5% NP/VC 0.5 M KOH + 0.5 M Methanol 804.67 19 

Pd@5% NP/VC 0.5 M KOH + 0.5 M Ethanol 772.96 19 

Pd@10% NW/VC 0.5 M KOH + 0.5 M Methanol 1202.48 Present work 

Pd@10% NW/VC 0.5 M KOH + 0.5 M Ethanol 1508.24 Present work 

 

3.5 Conclusion 

NW modified carbon supported Pd catalyst was employed for the alcohol electro-

oxidation in alkaline medium. The synthesised catalysts showcased excellent catalytic activity 

towards MOR and EOR. A ten-fold and six-fold increment in catalytic activity towards MOR 

and EOR, respectively, were achieved for Pd@10%NW/VC catalyst compared to that of Pd 

deposited carbon catalyst. A mass activity of 1202.48 mA/mg
Pd

 and 1508.24 mA/mg
Pd

 were 

obtained for MOR and EOR, respectively. The incorporation of NW substantially enhanced the 

catalytic activity through electronic modification due to metal support interaction and improved 

CO tolerance. The synergistic effect of nickel tungstate and Pd along with the conductive carbon 

led to impressive activity and durability of Pd@10%NW/VC catalyst towards both MOR and 

EOR.  
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4.1 Abstract 

Nano-structural architecture plays a crucial role in the catalytic activity. The present 

chapter reports a cost effective one-dimensional (1D) nano structured electro-catalyst for 

improved alcohol oxidation reaction rate. Pd modified Ni nanowire catalyst for methanol electro 

oxidation was prepared by a simple galvanic replacement reaction. Exclusive nanowire 

morphology achieved through a wet chemical reduction method without employing any capping 

agents or surfactants. Pd modified Ni nanowires exhibited a supreme catalytic activity and 

durability towards methanol electro-oxidation. The distinctive 1D morphology and strong metal 

support interaction (SMSI) between Pd and Ni along with the bifunctional effects of Pd and Ni 

attributed to the enhanced catalytic activity. The amount of precious Pd metal was reduced by 90 

wt% with enhanced catalytic efficiency. Ethanol electro-oxidation study showed an improved 

catalytic activity with mass activity of 1479.79 mA/mgPd.  
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4.2 Introduction 

The catalytic activity of Pd can be enhanced by alloying it with other metals such as Au, 

Rh, Cu, Ag, Sn, Co, Ni etc.
1-4

 Variety of Pd based nano materials such as Pd nanosphere, PdNi 

nanosphere, PdCu nanoparticles and PdCu aerogel are also reported.
5
 Among which PdNi 

electro-catalyst has gained great attention. Zhang et al. found negatively shifted onset potential 

and high peak current for core shell Ni-Pd/C compared to Pd/C.
6
 Wang et al. reported the high 

activity and excellent stability for Pd supported Ni foam.
7
 By chemical reduction method Liu et 

al. synthesized Pd Ni nanoparticles, Pd Ni film and its alloy obtained by electro deposition 

exhibited enhanced catalytic activity compared with pure Pd.
8
 The presence of Ni promotes the 

CO tolerance capability of Pd and thereby increases the catalytic efficiency.
9-11

 However, 

development of a facile method for synthesizing highly active Pd electro-catalysts with well-

defined nano-structures still remains a great challenge.  

The galvanic replacement is one of the interesting technique employed for the 

manufacture of metal nanoparticles for catalytic applications. It allows the rapid synthesis of 

bimetallic nano materials in a single step reaction utilizing water as the solvent.
12 

The galvanic 

replacement reaction involves a redox process between metal ions in solution and a metal which 

is used as a sacrificial template. The reaction is driven by the difference in electrical reduction 

potential between the sacrificial template and the metal ions in solution. Upon contact in solution 

phase, oxidation and dissolution of the template along with reduction of metal ions in solution 

takes place and the metal ions get plated on to the surface of the template. This strategy leads to 

wide variety of metal nanostructures displaying a high surface to volume ratio.
13-14

 The present 

study focused to reduce the Pd loading in the catalyst composition without compromising 

catalytic efficiency. 1D Ni nanowires (Ni NW) were prepared by a wet chemical reduction 

method without the involvement of surfactants and templates; through self-oriented attachment 

of nano particles. 
15

 Pd modified Ni NW catalyst synthesized by galvanic replacement reaction. 

Ni NW was selected as the supporting material where the oxophilic nature of Ni particles can 

also contribute to the catalytic activity of the incorporated Pd.
16-19 

The unique morphology and 

metal support interaction of the catalyst along with the bifunctional mechanism between Pd and 

Ni enhanced the activity of the catalyst towards alcohol oxidation. 
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4.3 Experimental Section 

4.3.1 Materials and methods 

All chemicals were of analytical grade and used without any further purification. Nickel 

(II) chloride (99.99%), Ethylene glycol (99.99%), Palladium (II) chloride (99.99%) and 

Potassium hydroxide (99.99%) were purchased from Aldrich. Hydrazine hydrate (99.99%), 

hydrochloric acid (99.99%), methanol (99.9%) and ethanol (99.9%) were purchased from Merck. 

4.3.2 Synthesis of Ni NW catalyst 

Ni NW were prepared by the reduction of Nickel chloride using ethylene glycol as 

solvent and hydrazine hydrate as the reducing agent.
15

 Required volume of 1 M aqueous nickel 

chloride was added to 7.5 ml of ethylene glycol to obtain a 10 mM solution of Ni
2+

. Then the 

mixture was heated to 120 ˚C followed by the addition of 0.5 ml of hydrazine hydrate solution. 

The solution turned black and the formed nickel wires were found floating on the surface of the 

solution. In order to remove the excess solvent and hydrazine hydrate, the recovered nano-wires 

were washed first with deionized water and then with ethanol followed by storing in isopropanol 

solution. 

 

Scheme 4.1 Synthesis of Ni NW. 

4.3.3 Synthesis of Pd modified Ni NW catalyst 

The Pd modified Ni NW (5, 10 and 15 wt% Pd on Ni NW) were prepared by a 

spontaneous displacement reaction. Required amount of as prepared Ni NW were ultrasonically 



Chapter 4 

 

82 
 

dispersed in water, followed by the addition of required amount of 10 mM H2PdCl4 solution. 

Then, the solution was continuously stirred for 3 h and left for one day to complete the reaction. 

The solid product that remained at the end of the reaction was filtered and washed with DI water 

and dried. The 5, 10 and 15 wt% Pd on Ni NW were designated as 5% Pd on Ni NW, 10% Pd on 

Ni NW and 15% Pd on Ni NW, respectively. 

 

Scheme 4.2 Synthesis of Pd modified Ni NW catalyst. 

4.4 Results and discussion 

4.4.1 Morphological analysis 

The SEM images in Figure 4.1a, illustrated the wire morphology of the Ni nanomaterial 

obtained through a simple wet chemical reduction method. The attractive wire morphology was 

prepared by the reduction of nickel chloride using hydrazine hydrate reducing agent in ethylene 

glycol at 120 ˚C. Figure 4.1b shows the SEM images of the Pd modified Ni NW prepared 

through the galvanic replacement reaction. The Ni
2+ 

species have (Ni
2+

/Ni = -0.25 V vs. SHE) 

lower reduction potential than that of PdCl4
2-

/Pd redox pair (0.62 V vs. SHE). Retention of the 

wire morphology even after the modification was understood from these images. The obtained 

SEM images of 5, 10 and 15% Pd on Ni NW were depicted in Figure 4.2(a, b, c). The 

compositions of the prepared catalysts were understood from the corresponding SEM-EDS 

spectrum shown in Figure 4.2(d, e, f). 
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Figure 4.1 SEM images of (a) Ni NW and (b) Pd modified Ni NW. 

 

Figure 4.2 SEM images of (a) 5% Pd on Ni NW, (b) 10% Pd on Ni NW, (c) 15% Pd on Ni NW, 

SEM-EDS of (d) 5% Pd on Ni NW, (e) 10% Pd on Ni NW and (f) 15% Pd on Ni NW. 

Further investigation on the morphological features was done by high resolution TEM 

images. The wire morphology of the Ni nanomaterial was well understood from the TEM images 

depicted in Figure 4.3(a, b). The incorporation of Pd on Ni NW were further analyzed by TEM 

elemental mapping (Figure 4.4). The presence of well dispersed Pd particles on Ni NW was 

clear from the TEM images of 5 and 10% Pd on Ni NW catalyst whereas, an agglomeration of 

Pd particles were observed in the case of 15% Pd modified Ni NW. 
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Figure 4.3 TEM images of (a) Ni NW, (b) 5% Pd on Ni NW, (c) 10% Pd on Ni NW and (d) 15% 

Pd on Ni NW. 

 

Figure 4.4 TEM elemental mapping of (a) 5% Pd on Ni NW, (b) 10% Pd on Ni NW and (c) 15% 

Pd on Ni NW. 
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4.4.2 PXRD analysis 

The crystallographic studies of the catalysts were done by PXRD analysis. Figure 4.5a 

represents the PXRD patterns of pure Ni NW, Pd, 5, 10 and 15% Pd modified Ni NW. The 

diffraction pattern of Ni NW showed peaks at 2θ values 44.58, 51.72 and 76.49⁰ corresponds to 

the (111), (200), (220) Miller planes and that of Pd showed peaks at 2θ, 40.33, 46.93, 68.29, 

82.27 and 86.92⁰ attributed to the Pd (111), (200), (220), (311), (222) planes, respectively. 

Synthesized Ni NW and Pd were confirmed by indexing the PXRD patterns with JCPDS files 

04-0850 and 46-1043, respectively. The results were in good agreement with the characteristic 

FCC structure of both Ni and Pd.
20, 21

 The catalyst, 10% Pd modified Ni NW consists the peaks 

of Ni and Pd. However, a slight shift in all the peaks towards the low 2 theta value indicated the 

replacement of Pd atoms on the Ni NW.
22

 The lattice parameter obtained for Pd is 0.3912 nm 

and that of 5, 10, 15% Pd modified Ni NW is 0.3889, 0.3526, 0.3890 nm, respectively. The 

replacement of Ni atoms by Pd atoms on Ni NW surface induced a contraction in the crystal 

lattice resulting in a decrease in the lattice parameter. That means the formation of Pd-Ni alloy 

developed a shrinkage in crystal lattice.  

 

Figure 4.5 PXRD patterns of the synthesized Ni NW, Pd and 5, 10, 15% Pd on Ni NW. 
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4.4.3 XPS analysis 

The existence of Pd and Ni were further unveiled by the XPS analysis. Figure 4.6 depicts 

the deconvoluted high-resolution spectra of Pd 3d and Ni 2p. The Pd spectrum was fitted into 

two sets of spin-orbit doublets Pd (3d5/2, 3/2). The deconvoluted peaks at binding energies 335.6, 

340.7 eV assigned to Pd 3d5/2, 3d3/2, respectively, of Pd(0) whereas 337.7, 342.81 eV 

corresponded to PdO.
23

 The peaks located at 852.5, 854.3 and 856.15 eV in Ni 2p spectrum was 

resulted from the Ni 2P3/2, ascribed to the Ni (0) and NiO, respectively. Apart from which 

binding energy peak at 861 eV corresponded to the satellite peak of Ni
2+

.
24

 It is important to note 

that there is a shift in the Pd (3d 5/2, 3/2) binding energy as compared to the reported value 333.0 

and 340.3 eV.
25

 The shift could be due to the strong electronic modification of Pd occurred by 

the strain induced within the Pd-Ni alloy crystal lattice because of the substrate effect. It was 

reported that the lattice mismatch between the surface and substrate can be used to modify the 

electronic properties of the surface atoms.
12,26,27

 The XPS result are consistent with the PXRD 

analysis.   

 

Figure 4.6 Deconvoluted XPS spectra of (a) Pd 3d and (b) Ni 2p of 10% Pd on Ni NW. 

 

 

 



Chapter 4 

 

87 
 

4.4.4 Electrochemical analysis 

4.4.4(a) Methanol electro-oxidation 

  The electrochemical activities of the prepared samples were characterized using cyclic 

voltammetry technique. Figure 4.7a shows the CV of 5, 10 and 15 wt% Pd modified Ni NW and 

pure Pd catalysts in 0.5 M KOH at a scan rate of 50 mV/s. Redox peaks associated with the 

oxidation and reduction of Pd was clear from the CV curves. Forward scan indicates the 

adsorption of hydrogen and oxidation of Pd to PdO. The hydrogen adsorption occurs around -0.8 

to -0.4 V and PdO formation take place at positive potentials. The reduction of PdO to Pd was 

represented by the backward sweep of the CV and it occurs around -0.2 to -0.6 V. ECSA were 

calculated from the CV curves of the catalysts in 0.5 M KOH at a scan rate of 50 mV/s.  The 

ECSA were estimated to be 12.70, 58.92, 13.76 and 11.45 m
2
/g for 5, 10, 15% Pd modified Ni 

NW and pure Pd catalyst, respectively. A significant enhancement in the surface area was 

observed in the case of 10% Pd modified Ni NW. It must be due to the unique 1D structure of 

the synthesized catalyst. At the same time, due to the agglomeration of Pd particles, surface area 

of 15 wt% Pd modified Ni NW got decreased. 
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Figure 4.7 CV curves of Pd modified Ni NW and Pd catalysts in N2 saturated solution of (a) 0.5 

M KOH and (b) 0.5 M KOH + 0.5 M CH3OH, (c) Chronoamperometric curves of Pd modified 

Ni NW and Pd catalysts in N2 saturated solutions of 0.5 M KOH + 0.5 M CH3OH. 

The activity of Pd modified Ni NW catalysts towards methanol oxidation were studied in 

0.5 M KOH and 0.5 M CH3OH solution at a scan rate of 50 mV/s. The mass activities of the 

catalysts are shown in Figure 4.7b. The peak in the potential range of -0.4 to 0.4 V in the 

forward scan was attributed to the oxidation of methanol and in the backward scan at potential 

range of -0.2 to -0.6 V was due to the oxidation of intermediates. It is clear from the CV curves 

that all the Pd modified Ni NW catalysts possess a better onset potential and mass activities than 

the pure Pd, in which 10% Pd modified Ni NW showed significantly improved activity in terms 

of onset potential, peak potential and mass activity compared to other catalysts. Mass activities 

obtained for 5, 10 and 15% Pd modified Ni NW were 213.19, 1118.35 and 304.2 mA/mgPd, 
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respectively and the attained mass activity for pure Pd is 110.09 mA/mgPd. Even after reducing 

the amount of precious Pd metal by 90 wt% the catalyst was able to perform a mass activity five 

times greater than that of pure Pd metal. The strong coupling of Pd particles over Ni NW is 

responsible for the drastic increase in the catalytic performance of the prepared compositions. 

Chronoamperometric measurements performed further to study the stability of the catalysts at a 

potential of -0.4 V for 4000 s in a solution of 0.5 M methanol in 0.5 M KOH (Figure 4.7c).
28

 

The current decay of 10% Pd modified NW observed to be slower indicating its better durability 

over the other catalysts. Because of the presence of intermediate CO species, the current value 

was decreased over time. Among the various Pd modified Ni NW and pure Pd catalysts the 10% 

Pd modified Ni NW showed better durability. The experimental results thus revealed the better 

activity and durability of 10% Pd on Ni NW catalyst towards methanol oxidation. Pd particles 

agglomeration in 15% Pd modified Ni NW decreased the active Pd sites that resulted in reduced 

catalytic activity. EIS were carried out to study the kinetic properties of the prepared samples. 

Figure 4.8 displays the recorded Nyquist plots of methanol electro oxidation of 5, 10, 15% Pd on 

Ni NW and pure Pd catalysts. Rct formed between electrode and electrolyte represented by the 

diameter of the semicircle.
29 

The Rct values of 5, 10, 15% Pd on Ni NW and pure Pd were 13.15, 

7.32, 10.56 and 20.10 kcm
2
, respectively. Lower Rct of 10% Pd modified Ni NW indicates its 

better activity.
30  
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Figure 4.8 Nyquist plots of Pd modified Ni NW and Pd catalysts in 0.5 M KOH + 0.5 M 

CH3OH solution. 

4.4.4 (b) Ethanol electro-oxidation 

Ethanol oxidation also carried out using the highly active 10% Pd modified Ni NW 

catalyst in N2 saturated solution containing 0.5 M KOH and 0.5 M C2H5OH. In this case also Pd 

modified Ni NW showed a better onset and peak potential than the pure Pd. The corresponding 

mass activities obtained for 5, 10, 15% Pd modified Ni NW and pure Pd catalysts were 635.53, 

1479.79, 857.4 and 206.15 mA/mgPd, respectively. Figure 4.9a represents the corresponding CV 

curve. The superior catalytic activity of the 10% Pd modified Ni NW catalyst over pure Pd is 

clear from the observed data. Stability of the prepared catalysts were tested using 

chronoamperometric measurements and 10% Pd on Ni NW exhibited a better stability (Figure 

4.9b).  
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Figure 4.9 (a) CV and (b) Chronoamperometric curves of Pd modified Ni NW and Pd catalysts 

in N2 saturated 0.5 M KOH + 0.5 M C2H5OH solution. 

4.4.5 Comparative study 

Comparison in the performance of Pd modified Ni NW with other literature studies were 

tabulated (Table 4.1). Electro catalytic activities of Pd modified Ni NW exhibited superior 

performance over the other reported PdNi electrocatalysts towards alcohol oxidation.  

Table 4.1 Comparison of catalytic activity towards alcohol oxidation 

Catalysts Electrolyte 
Mass activity 

(mA /mg Pd) 
Reference 

Ni@Pd/MWCNTs 0.5 M NaOH + 1 M Methanol  770.7 31 

Pd Ni catalyst 0.1 M NaOH + 1 M Methanol 63 9 

PdNi/ EGO 0.1 M NaOH + 1 M Ethanol    770.6 23 

NiNWA/PdNF 0.5 M KOH + 0.1 M Ethanol 765 32 

Pd Ni catalyst 1 M KOH + 1 M Methanol     677.08 33 

Pd59Ni41/C 0.1 M KOH + 0.5 M Ethanol 450 34 

Pd modified Ni NW 0.5 M KOH + 0.5 M Methanol 1118.35 Present work 

Pd modified Ni NW 0.5 M KOH + 0.5 M Ethanol 1479.79 Present work 
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4.4.6 Stability studies 

 The durability of 10% Pd modified Ni NW catalyst was substantiated by performing 

the CV analysis for 500 cycles. In the case of 10% Pd modified Ni NW catalyst there is no 

significant reduction in current value and change in onset potential for both MOR and EOR. 

Whereas for pure Pd, the current value reached half of the initial value and onset potential shifted 

to higher value.  

 

Figure 4.10 CV curves of (a) 10% Pd on Ni NW, (b) Pd catalysts after 500 cycles in N2 

saturated 0.5 M KOH + 0.5 M CH3OH solution and CV curves of (c) 10% Pd on Ni NW, (d) Pd 

catalysts after 500 cycles in N2 saturated 0.5 M KOH + 0.5 M C2H5OH solution.  

The enhancement in efficiency of the Pd modified Ni NW was attributed to the unique 

morphology, electronic modifications, SMSI and the bifunctional mechanism between Pd and 

Ni. The effective surface area of alloys that took part in the catalytic reaction in this case was 

remarkably higher than that in the Pd particles. The increased surface area can be utilized for the 
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catalytic applications. The structural features of the unique morphology promote the electron 

conduction through the system. The electronic structure of Pd deposited on the Ni NW surface is 

different from that of bulk Pd because of the strain effect of the substrate. Electronically 

modified surface of Pd could be attributed to the improved activity. The XPS data provided the 

evidence for the electronic effects originating from Pd atoms withdrawing electrons from the 

neighbouring Ni in Pd modified Ni NW catalyst. The oxophilic nature of Ni helps to reduce the 

CO poisoning of the Pd particles and thereby increase the catalytic rate. The high 

electrochemical surface area, lowest onset, peak potential and high mass activity for methanol 

and ethanol oxidation of 10% Pd modified Ni NW over all the prepared catalysts disclosed its 

supreme catalytic activity 

4.5 Conclusions 

Herein, Ni NW were synthesized using hydrazine hydrate as the reducing agent through a 

wet chemical reduction method without employing any surfactants and capping agents. The as 

prepared Ni NW were modified by varying the amount of Pd precursor through a simple 

galvanic replacement reaction. TEM, PXRD and XPS analysis confirmed the incorporation of Pd 

atoms on Ni NW surface. The electrochemical measurements revealed that the composition 10% 

Pd modified Ni NW showed a supreme catalytic activity for methanol oxidation over all the 

other Pd modified Ni NW and pure Pd catalysts, in terms of ECSA, onset potential, peak 

potential and mass activity. The better stability of the catalyst also demonstrated. The 

combination of increased surface area due to NW morphology, electronic modifications due to 

SMSI and Pd-Ni bifunctional mechanism resulted in improved catalytic efficiency for Pd 

modified Ni NW. The results established a potential Pd based electrocatalyst for methanol 

oxidation having low Pd wt% and inexpensive Ni material.  
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5.1 Abstract 

Searching for a satisfactory electrocatalyst for fuel cells, herein, we are reporting Au rich 

PdAu nanowires with excellent electro-catalytic activity towards methanol and ethanol 

oxidation. Ultrathin one-dimensional PdAu nanowires were prepared rapidly through a simple 

one-step process. Among the prepared catalysts, the 10% Pd incorporated PdAu nanowire 

catalyst imparted more significant catalytic activity, which exhibited twenty times enhancement 

in activity towards methanol and fourteen times higher activity towards ethanol than that of the 

pure Pd catalyst. Eventually, the amount of Pd metal was reduced to 90 wt% without 

compromising its catalytic efficiency. Distinctive properties of one-dimensional Au were 

attributed to the improved catalytic activity. 
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5.2  Introduction 

Gold is known as an amazing element owing to its unique properties including its inert 

nature. Interestingly, the tremendous change in physical properties due to the size reduction from 

bulk to nano regime brought significant enhancement in its catalytic activity
1-5

. Hence it was 

extensively used in catalysis and sensing.
5,6

 Additionally, the gold nanoparticles are very active 

towards CO oxidation which encouraged its application in CO oxidation at ambient 

temperatures.
7-12 

Therefore, by accelerating CO oxidation on Pd, the combination of Au and Pd 

can effectively minimize CO poisoning in an AOR. Several studies have been reported in the 

field of electrochemistry using Au and Pd. Luo et al., developed PdAu nanocatalyst with variable 

atom ratio for methanol oxidation.
13

AykutCaglar and Hilal Kivrak reported carbon nanotube 

supported PdAu alloy catalyst for ethanol oxidation.
14

Au@PdAg core-shell nanotubes were used 

for the oxidation of methanol and Au@PdAg NSs decorated rGO was used for ethanol 

oxidation.
15,16 

Liu et al., synthesized AuPd alloy on graphene for ethanol oxidation.
17 

AuPtPd 

nano dendrites performed as an excellent catalyst towards hydrogen evolution and oxygen 

reduction and AuPd nano alloys were reported as a good catalyst for hydrogen peroxide 

oxidation.
18,19

 Similarly, the nano-porous AuPd showed better activity for alcohol oxidation. Lu 

et al., reported porous Pd Au films for methanol oxidation.
20 

Au decorated Pd cubes were also 

reported for methanol oxidation.
21

 

Meanwhile, very few reports are available on AuPd alloy nanowire for electrocatalytic 

application. Zhu et al., prepared PdAu alloy nanowire through a template assisted method for 

sensing non-enzymatic glucose. But the synthetic protocol is complicated and relatively time-

consuming.
22 

Wang et al., synthesized PdAu nanowire for methanol oxidation through a simple 

procedure, yet the consumption of hazardous aminopyridine makes it non-reliable.
23

 Moreover, 

no attempts have been made to reduce the amount of Pd. Herein the chapter demonstrates a 

highly rapid synthesis    5 min) of ultrathin PdAu nanowire of diameter ~ 5 nm, with high aspect 

ratio without utilizing any complicated synthetic strategy. As prepared catalyst exhibited 

excellent catalytic activity towards alcohol oxidation. The Pd incorporated Au nanowire (PdAu 

NW) was obtained through a simple reduction method and the catalyst eliminate the carbon 

corrosion problem associated with carbon-supporting materials. 
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5.3 Experimental section 

5.3.1 Materials and methods 

Chloroauric acid (99.99%), Palladium (II) chloride (99.99%), ά-naphthol (99.99%), 

Sodium borohydride (99.99%), Potassium hydroxide (99.99%), Methanol (99.9%) and Ethanol 

(99.9%) were purchased from Merck chemicals and utilized as obtained. 

 5.3.2 Preparation of PdAu NW catalysts 

A mixture of 4.5 ml 0.05 M HAuCl4 and a required amount of 10 mM H2PdCl4 were 

heated to 60 ˚C under a water bath. Subsequently, 0.5 M α-naphthol, ethanol and 0.2 M NaBH4 

were added to the solution. The pale yellow colour of the solution immediately changed to black. 

The obtained product collected by centrifugation and washed well using ethanol.
24

 Different 

compositions of PdAu NW was synthesized by varying the stoichiometry of precursors. 

Schematic representation of the synthesis procedure was shown in Scheme 5.1. The required 

amount of gold and palladium precursors were mixed with α-naphthol-ethanol solution and 

sodium borohydride at moderate temperature followed by aging for a very short span. The 

oxygen ligand in α-naphthol coordinates with Au (III) to form metal complex. The π-π 

interactions between the rings in the α naphthol may lead to self-assembly of complexes into one 

dimensional Au NW.
24 

Therefore, α-naphthol functioned as a coordination agent, reducing agent 

and structural directing agent simultaneously. By varying the quantity of precursors, 5, 10 and 15 

wt% Pd containing Au rich PdAu NW were prepared, which are designated as 5% PdAu NW, 

10% PdAu NW and 15% PdAu NW, respectively. Pure Pd nanoparticle catalyst was prepared by 

the reduction of Pd precursor using NaBH4 reducing agent, for the activity comparison with the 

prepared PdAu NW catalyst.  
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Scheme 5.1 Schematic representation of the formation of PdAu NW. 

5.4  Results and discussion 

5.4.1 Morphological analysis 

Morphology of the prepared catalysts monitored by TEM and depicted in Figure 5.1(a-

d). It shows well defined uniform wire morphology having a diameter of ~ 5 nm and length up to 

several hundreds of nanometers. Thus, the as synthesized nanowires possess a high aspect ratio. 

The high-resolution images of 10% PdAu NW in Figure 5.2, exhibited crystalline lattice fringes, 

where the interplanar spacing was calculated and indexed (Figure 5.2f). The lattice spacing 

calculated for the prepared PdAu nanowires is 0.232 nm, which lies in between the Pd (111) 

lattice spacing (0.225 nm) and Au (111) lattice spacing (0.236 nm). The result indicates the 

PdAu alloy formation.
15, 16, 25 

The lattice plane indexed high resolution TEM images of 5% PdAu 

NW and 15% PdAu NW are depicted in Figure 5.2 (a, b, c) and 5.2 (g, h, i), respectively. 

Figure 5.3 shows the TEM images of highly interconnected Pd nano particles with an average 

particle size ~20 nm.
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Figure 5.1 TEM images of (a) 5% PdAu NW, (b) 10% PdAu NW, (c) 15% PdAu NW and (d) 

Au NW. 
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Figure 5.2 HRTEM images of (a, b, c) 5% PdAu NW, (d, e, f) 10% PdAu NW and (g, h, i) 15% 

PdAu NW. 
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Figure 5.3 HRTEM images of pure Pd nanoparticles. 

5.4.2 Composition analysis 

The composition of the prepared catalysts samples was analyzed using SEM-EDS 

analysis (Figure 5.4). The prepared 5, 10 and 15% PdAu NW contain 5.37, 10.08, 13.60 wt% Pd 

and 94.63, 89.92, 86.40 wt% Au, respectively. Thus the compositions of the synthesized samples 

were confirmed. 

 

Figure 5.4 SEM-EDS of (a) 5% PdAu NW, (b) 10% PdAu NW and (c) 15% PdAu NW. 

5.4.3 PXRD analysis 

The phase purity of the prepared catalysts was examined using PXRD, and the obtained 

pattern were depicted in Figure 5.5. The obtained pure Pd PXRD pattern is well matched with 

the standard cubic structure of Pd (JCPDS 46-1043). The diffraction peaks at 2θ, 40.33, 46.93, 

68.29, 82.27 and 86.92˚ correspond to (111), (200), (220), (311), (222) planes of Pd. Similarly, 

Au exhibited peaks at 38.56, 44.76, 64.92, 77.87 and 82.06˚ which are ascribed to the (111), 



Chapter 5 
 

106 

 

(200), (220), (311), (222) Miller planes of cubic Au structure (04-0784).
17 

As shown in Figure 

5.5a, PdAu NW exhibited a shift in PXRD peaks to lower diffraction angles from that of Au and 

Pd. The observation designates the successful formation of PdAu NW and suggests an expansion 

in the lattice parameters. However, the extent of lattice expansion tends to decrease on varying 

the alloy composition from 5, 10 and 15 wt%, since the diffraction peaks have shifted to a higher 

2θ angle, Figure 5.5b. Moreover, the crystallinity of the prepared NW catalysts was found to 

decrease from that of pure Pd and Au, understood from the decrease in diffraction peak intensity 

and increase in FWHM. The calculated crystallite size using the Scherrer formula of each alloy 

compound are 16.64, 14.49 and 11.97 nm for 5, 10 and 15 wt% PdAu NWs, respectively. 
 

 

Figure 5.5 PXRD patterns of (a) PdAu NW catalysts, pure Pd and Au, (b) shift in (111) lattice 

plane. 

5.4.4 XPS analysis 

The surface chemical composition and oxidation states of the elements present in the 

developed PdAu NW catalyst are determined by conducting XPS measurements, which also 

helped to understand the existence of Pd and Au. Figures 5.6 (a, b) display the deconvoluted 

spectra of Au and Pd, respectively. The binding energy values at 84.0 and 87.7 eV, as illustrated 

in Figure 5.6a, are assigned to Au 4f7/2 and 4f5/2 states, indicative of Au(0). As exposed in 

Figure 5.6b, Pd deconvoluted spectra have been fitted to four peaks. The peaks located at 

binding energies 335.6, 340.9 eV attributed to Pd 3d5/2, 3d3/2 corresponds to Pd(0). The small 
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peaks at 337.8 and 343.1 eV assigned to Pd
2+

.
26

 A slight shift in the binding energy values from 

the reported values of pure Pd (335.0 and 340.3eV) and Au (83.8 and 87.4 eV) implies a strong 

electronic modification between the Pd and Au metals.
13,27 

Thus the alloy formation is confirmed 

from the XPS technique. 

 

Figure 5.6 Deconvoluted high resolution XPS spectra of (a) Au 4f and (b) Pd 3d in 10% PdAu 

NW. 

5.4.5 Electrochemical analysis 

5.4.5 (a) Methanol electro-oxidation 

The electrochemical properties of the samples are studied using cyclic voltammetry. 

Figure 5.7a represents the respective CV curves recorded in N2 saturated 0.5 M KOH solution at 

a scan rate of 50 mV/s. The ECSA for the catalysts 5, 10, 15% PdAu NW and pure Pd are 

calculated to be 74.8, 115.7, 96.8 and 11.2 m
2
/g, respectively. The unique morphology is 

attributed to the improved ECSA. The 1D wire-type morphologies usually provide more active 

sites to take part. The remarkably higher activity of 10% PdAu NW is evident from the E CSA.  
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Figure 5.7 CV curves of PdAu NW, pure Pd catalysts in N2 saturated (a) 0.5 M KOH, (b) 0.5 M 

KOH + 0.5 M CH3OH solution at a scan rate of 50 mV/s and (c) Chronoamperometric curves of 

PdAu NW, pure Pd catalysts in N2 saturated 0.5 M KOH + 0.5 M CH3OH solution and (d) mass 

activities of PdAu NW, pure Pd catalysts. 

The electrocatalytic activity of the prepared catalysts towards methanol oxidation is 

evaluated by performing the CV in N2 saturated solution containing 0.5 M KOH and 0.5 M 

methanol at a scan rate of 50 mV/s. Typical CV curves of different PdAu NW catalysts were 

depicted in Figure 5.7b. Mass activities obtained for the catalysts are tabulated in Table 5.1. 

Even though all the prepared catalysts imparted improved activity than the pure Pd, 10% PdAu 

NW showed superior catalytic activity than others in terms of onset peak potential and mass 

activity. Ten times increment in the mass activity was observed even after reducing the Pd 

content to 90 wt% (Figure 5.7d).  The bifunctional effects of Pd and Au along with the 1D 
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morphology of the catalyst could be attributed to the considerable enhancement in the activity of 

the catalyst. In addition, the problem of carbon corrosion can be eliminated. The 1D morphology 

reduces the aggregation, dissolution and Ostwald ripening of Pd particles and improves the 

activity of Pd. The anisotropic morphology also imparts better electronic transportation which in 

turn increases the performance. 

Table 5.1 Onset potential and mass activity data of the synthesized catalysts.  

Catalyst 
Onset potential 

(V) 

Mass Activity 

(mA/mg 
Pd

) 

5% PdAu NW -0.41 1021.4 

10% PdAu NW -0.44 2253.3 

15% PdAu NW -0.42 1681.2 

Pd -0.38 110.09 

 

The mechanism of methanol oxidation is given below.
28,29 

The outstanding catalytic 

property of gold towards CO oxidation significantly helped to remove the CO molecules 

adsorbed on the Pd surface by facilitating the reaction kinetics. The CO tolerance of Pd gets 

enhanced by the presence of Au. The released active sites have proceeded further via the 

following reactions. 

                        Pd+ CH3OH → Pd-(CH3OH) ads                                                                     (1) 

Pd-(CH3OH)ads+ OH
−
→ Pd-(CH3O) ads+ H2O   e                   (2) 

Pd-(CH3O) ads+ OH
− 
→Pd-(CH2O) ads+ H2O   e                (3) 

Pd-(CH2O) ads+ OH
−
→Pd-(CHO) ads+H2O   e                (4) 

Pd-(CHO) ads+ OH
−
→ Pd-(CO) ads+ 4H2O   e                (5) 

                        Au + H2O   → Au -OH ads + H
+
 + e                                          (6) 

                        Pd-(CO) ads + Au -OH ads   → Pd   Au  CO2+ H
+
 + e               (7) 

Stability studies of the prepared catalyst were done by Chronoamperometric 

measurements at a potential of -0.4 V for 4000 s in an N2 saturated solution containing 0.5 M 

KOH and 0.5 M methanol. Due to the formation of the intermediate CO, the current value 

decreases after some time. As shown in Figure 5.7c the slow decay value indicates the 10 wt% 

PdAu NW possesses a better stability than the other catalysts for methanol oxidation.  
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EIS is used to study the kinetic properties of the prepared catalysts. A large diameter in 

the Nyquist plot indicates a large Faradaic resistance, attributed to a low methanol oxidation 

current density.
30

 The synthesized catalysts 5, 10, 15% PdAu NW and pure Pd exhibited a charge 

transfer resistance value of 8.61, 5.62, 6.10 and 20.10 kΩcm
-2

, respectively (Figure 5.8). The 

lower resistance of 10% PdAu NW indicates its better catalytic activity.
31

  

 

 

Figure 5.8 Nyquist plots of PdAu NW, pure Pd catalysts in 0.5 M KOH + 0.5 M CH3OH 

solution.  

5.4.5 (b) Ethanol electro-oxidation 

The catalytic activity towards ethanol electro-oxidation was carried out in N2 saturated 

solution containing 0.5 M KOH and 0.5 M ethanol at a scan rate of 50 mV/s. Similar results were 

observed in EOR. Developed PdAu NW catalysts exhibited relatively better activity than that of 

the pure Pd catalyst. Among them, 10% PdAu NW showed supreme catalytic activity than 

others. A mass activity of 2137.9, 2960.40, 2724.4 mA/mgPd are obtained for 5, 10 and 15% 

PdAu NWs, respectively, and the activity for pure Pd is calculated to be 206.15 mA/mg. The 

respective CV curves are depicted in Figure 5.9a Chronoamperometric measurements performed 
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at a potential of -0.4 V for 4000 s in a N2 saturated solution containing 0.5 M KOH and 0.5 M 

ethanol (Figure 5.9b) revealed the stability of 10% PdAu NW catalyst. 

 

Figure 5.9 (a) CV and (b) Chronoamperometric curves of prepared catalysts in N2 saturated 0.5 

M KOH + 0.5 M C2H5OH solution. 

5.4.6 Stability studies   

Stability studies were conducted by performing the cyclic voltammetry analysis for 500 

cycles. Figure 5.10 depicts the corresponding CV curves. The current decay rate for 10% PdAu 

NW catalyst was better than that of pure Pd. In the case of MOR for 10% PdAu NW, the initial 

current value 2253.34 mA/mgPd reached 1753.48 mA/mgPd, whereas for pure Pd the current 

value 193.4 mA/mgPd reduced at 99.86 mA/mgPd, almost half of the initial value. The onset 

potential for 10% PdAu NW slightly deviated from -0.39 to -0.37 V. At the same time, the onset 

potential was shifted from -0.38 to -0.31 V for pure Pd. The catalyst 10% PdAu NW exhibited a 

similar trend towards EOR, where only a slight reduction in current value and change in onset 

potential was recorded. The current value 2960.40 mA/mgPd was reduced to 2548.88 mA/mgPd 

and the onset potential remained at 0.51 V. But for Pd the current value reached almost half of 

the initial value and the onset potential shifted to higher value. The initial current value from 

522.8 mA/mgpd reduced to 274.74 mA/mgPd and onset potential deviated from -0.52 to -0.45 V. 

Eventually, stability of 10% PdAu NW catalyst was confirmed. 
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Figure 5.10 CV curves of (a) 10% PdAu NW and (b) Pd catalyst after 500 cycles in N2 saturated 

0.5 M KOH + 0.5 M CH3OH solution, CV curves of (c) 10% PdAu NW (d) Pd catalyst after 500 

cycles in N2 saturated 0.5 M KOH + 0.5 M C2H5OH solution. 

5.4.7 Comparative study 

Table 5.2 displayed the catalytic activity of various Pt and PdAu catalysts towards 

alcohol oxidation. The synthesized NW catalyst exhibited a better activity than that of different 

PdAu catalysts listed in the table. The results indicated that the combination of Pd and Au metals 

having NW morphology substantially improved the catalytic activity of Pd due to the superior 

CO tolerance introduced by Au. 
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Table 5.2 Mass activity values of different PdAu catalysts. 

Catalysts Electrolyte 
Mass activity 

(mA /mg Pd/Pt) 
Reference 

Pd2Au-180 1M NaOH + 1M Methanol 491.84 13 

Pd90Au10 1M KOH + 1M Ethanol 1050.00 14 

PdAu/C 0.5 M KOH + 0.5M Ethanol 1700.00 32 

Pd5Au1 1M KOH + 1M Ethanol 1739.93 21 

Au@Pd/fuv-MWCNTs 0.5M KOH + 2M Methanol 785.70 33 

NP- PdAu 0.5M KOH + 1 M Methanol 866.5 34 

Pd30Au70/C 1M KOH + 1M Methanol 950.6 35 

10%PdAu NW 0.5 M KOH + 0.5M Methanol 2256.9 Present work 

10%PdAu NW 0.5 M KOH + 0.5M Ethanol 2932.5 Present work 

 

 1D NW with ultrathin diameter and high aspect ratio greatly influenced the catalytic 

activity. Because, the NW morphology reduces the particle agglomeration and dissolution, in 

addition provides a large surface area. Moreover, it can also improve the electron transport 

characteristics due to structural anisotropy. Therefore, the prepared PdAu NW have exhibited 

superior activity than that of pure Pd. The presence of Au facilitated the catalytic activity of Pd 

by releasing the intermediate CO from the active sites of Pd, thus enhancing the kinetics of 

methanol oxidation. Experiments revealed the superior catalytic performance of 10% PdAu NW 

towards methanol and ethanol electro-oxidation. The catalyst delivered ten times better activity 

towards methanol and six times higher activity towards ethanol when compared to pure Pd, even 

after reducing the amount of Pd by 90 wt%. Bifunctional effects of Pd and Au along with the 

one-dimensional morphology attributed to the increased catalytic activity towards alcohol 

oxidation.   
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5.5 Conclusions 

Au rich PdAu NW with different compositions were prepared by a simple method. Well-

defined ultrathin NW morphology of the catalyst was observed in TEM images. The XRD and 

XPS results confirmed the successful incorporation of Pd on Au NW. The synthesized catalysts 

exhibited excellent catalytic activity and stability toward methanol and ethanol oxidation. The 

catalytic performance shown by 10% PdAu NW was superior to other catalysts and pure Pd 

catalyst. The efficiency of the catalyst enhanced significantly even after reducing the amount of 

Pd by 90 wt%. The unique structural features and bifunctional effects of Au and Pd hold the key 

to this. The estimated mass activity towards methanol and ethanol oxidation was approximately 

ten and six times, respectively, and higher than that of the pure Pd catalyst. 
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Summary and Future pespectives of the thesis 

 

The development of an efficient electrocatalyst for fuel cell is essential due to the 

sluggish kinetics of alcohol oxidation and the extensive use of Pt based catalysts. Pd was 

recommended as a potential alternative for Pt-based catalysts since it is less expensive and more 

abundant than Pt. The present thesis focused to develop surface modified carbon supported Pd 

and Pd modified 1D nano-architecture catalysts for alcohol electro-oxidation without employing 

any tedious procedure. Pd decorated over nickel phosphate modified carbon and Pd deposited on 

nickel tungstate modified carbon catalysts were synthesized through the hydrothermal method. 

Pd modified Ni NW catalyst obtained through a galvanic replacement reaction and the PdAu NW 

catalyst was prepared through a one-step reduction method. The amount of Pd metal employed in 

all the synthesized catalysts was reduced by a significant amount without compromising its 

catalytic efficiency. Pd@5% NP/VC, Pd@10% NW/VC, 10% Pd on NW and 10% PdAu NW 

catalysts are the best compositions that exhibited the mass activity of 804.67, 1202.48, 1118.35 

and 2256.9 mA/mg
Pd

, respectively, towards methanol oxidation. Furthermore, in ethanol 

oxidation, the catalysts Pd@5% NP/VC, Pd@10% NW/VC, 10% Pd on NW and 10% PdAu NW 
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showcased a mass activity of 772.96, 1508.24, 1479.79 and 2932.5 mA/mg
Pd

, respectively. 

Nickel phosphate and nickel tungstate modification in Pd@5% NP/VC, Pd@10% NW/VC 

catalysts played a crucial role in enhancing the efficiency by providing a better CO tolerance. At 

the same time the benefit of unique 1D morphology became significant in the case of 10% Pd on 

NW and 10% PdAu NW catalysts. 

Catalyst 
Mass activity (mA/mg Pd/Pt)  

Methanol Ethanol 

Pd@5%NP/VC 804.67 772.96 

10% Pd on Ni NW 1118.35 1479.79 

Pd@ 10% NW/VC 1202.48 1508.24 

10% PdAu NW 2256.90 2932.5 

Commercial Pt/C 806.50 875.38 

 

Further, the obtained results were compared with the catalytic activity of commercial 

Pt/C towards methanol and ethanol oxidation. A mass activity of 806.50 mA/mg
Pt

 was obtained 

for methanol oxidation and an activity of 875.38 mA/mg
Pt

 was observed for ethanol oxidation. 

While comparing the results, the synthesized catalysts Pd@10% NW/VC, 10% Pd on NW and 

10% PdAu NW exhibited superior catalytic performance than commercial Pt/C. Among the 

synthesised catalysts 10% PdAu NW catalyst exhibited supreme catalytic activity towards 

methanol and ethanol electro-oxidation. The catalyst 10% PdAu NW can be considered as a 

suitable replacement for commercial Pt/C in DAFC application. 

Future scope  

 Scale up of the synthesised catalysts and electrode fabrication. 

 Fabrication of DAFC using the synthesized catalysts. 

 Durability study of the fabricated DAFC. 
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The thesis primarily aims to develop an efficient cost effective Pd based catalyst for 

alcohol electro oxidation reaction. The thesis consists of five chapters. Chapter 1 provides an 

introduction to fuel cells, its working principle and classification. Chapter mainly attentive on 

classification of direct alcohol fuel cells (DAFC) and its mechanism. Further it provides a 

brief idea on the present challenges in DAFC and the role of Pd based electrocatalysts as a 

potential replacement for Pt metal anode catalyst in DAFC. In this regard the subsequent 

chapters are constructed. Chapter 2 demonstrates the development of Pd supported nickel 

phosphate modified carbon catalyst. The monometallic modification of carbon using nickel 

phosphate enhanced the catalytic activity of Pd particles. To further improve the performance 

of Pd nanoparticles, a bimetallic modification was done on the carbon substrate using nickel 

tungstate, in chapter 3. Chapter 4 reports one dimensional Pd modified Ni nano wire catalyst 

obtained through a galvanic replacement reaction and chapter 5 discusses PdAu nano wire 

catalyst synthesised by a rapid one step procedure. The unique one-dimensional morphology 

and bifunctional effects of Pd-Ni and Pd-Au combinations, enhanced the catalytic efficiency 

of PdNi NW catalyst and PdAu NW catalyst, respectively. The amount of Pd used in all of 

the designed catalysts was substantially reduced without affecting its catalytic efficiency. The 

performance of the synthesized Pd-based catalysts was compared to the catalytic activity of 

commercial Pt/C and found to be superior. 
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Pd Modified Ni NW catalyst pre-

pared by galvanic replacement

reaction.

� 10 wt% Pd on Ni NW found to be a

better catalyst for alcohol

oxidation.

� Mass activity enhanced five times

than the pure Pd for methanol

oxidation.

� Durability of the catalysts was

revealed by chronoamperometry.

� Reduced the amount of Pd to 90 wt

% without compromising its

activity.
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a b s t r a c t

Developing highly efficient and economically viable electro-catalyst is very crucial research

topic nowadays for achieving affordable direct alcohol fuel cells. Nano-structural archi-

tecture plays a crucial role in the catalytic activity. Herein we are reporting, a cost effective

one-dimensional (1D) nano structured electro-catalyst for improved methanol oxidation

reaction. Pd modified Ni nanowire catalyst towards methanol electro oxidation were pre-

pared by a simple galvanic replacement reaction. Exclusive nano-wire morphology ach-

ieved through a wet chemical reduction method without employing any capping agents or

surfactants. Pd modified Ni nano-wires exhibited a supreme catalytic activity and dura-

bility towards methanol electro-oxidation. The distinctive 1Dmorphology and strong metal

support interaction (SMSI) between Pd and NiO along with the bifunctional effects of Pd
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Palladium

Alcohol electro-oxidation

Bifunctional effect

SMSI

and Ni attributed to the enhanced catalytic activity. The amount of precious Pd metal was

reduced by 90 wt% with enhanced catalytic efficiency. Ethanol electro-oxidation study

showed an improved catalytic activity with mass activity of 1479.79 mA/mg Pd.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Everlasting need for global energy demands alternative energy

resources. Fuel cell technology has emerged as a promising

alternative power source as they can directly convert the

chemical energy in the fuels to electrical energy [1e3]. The

high energy conversion efficiency and ambient operation

temperature of Direct Alcohol Fuel Cells (DAFCs) have made

them most attractive among the fuel cell family [4e8]. Pt has

proved to be the excellent catalyst for Methanol Oxidation

Reaction (MOR) so far, the expense and scarcity of the metal

remains as an obstacle for the wide usage of the metal as the

catalyst [9e12]. In recent years Pd metal was found to be a

better alternative by considering the similar properties of

these two metals. Relatively low cost and availability of Pd

metal motivated the development of different Pd based cata-

lysts [13e15]. Unlike Pt based catalysts, the catalyst based on

Pd are highly active in the alkalinemedium. Non-noblemetals

are stable and the incorporation of thesemetalswith Pd is also

possible in alkaline medium [16].

The catalytic activity of Pd can be further enhanced by

alloying it with other metals such as Au, Rh, Cu, Ag, Sn, Co, Ni

etc. [17e20] Variety of Pd based nano materials such as Pd

nanosphere, PdNi nanosphere, PdCu nanoparticles and PdCu

aerogel are also reported [21]. Among which PdNi electro-

catalyst has gained great attention. Zhang et al. found nega-

tively shifted onset potential and high peak current for core

shell NiePd/C compared to Pd/C [22]. Wang et al. reported the

high activity and excellent stability for Pd supported Ni foam

[23]. By chemical reductionmethod Liu et al. synthesized PdNi

nanoparticles, Pd Ni film and alloy obtained by electro depo-

sition exhibited enhanced catalytic activity compared with

pure Pd [24]. The presence of Ni promotes the CO tolerance

capability of Pd and thereby increases the catalytic efficiency

[25e27]. Development of a facile method for synthesizing

highly active Pd electro-catalysts with well-defined nano-

structures are still remains as a great challenge.

Morphologies play a crucial role in the performance of the

catalysts [28e30]. There are different types of nano-structured

materials have been reported [31e39]. Among them, one

dimensional nanomaterials got great attraction because of its

several advantages over commonly used 0D nanoparticles.

Due to reduced surface energy, 1D nano-materials are able to

control agglomeration, dissolution and Ostwald ripening; the

problems usually associated with nanoparticles and also help

to promote the electron transport characteristics [40e42]. The

present study we focused to reduce the Pd loading in the

catalyst composition without compromising catalytic effi-

ciency. The 1DNi nano-wires (Ni NWs) were prepared by awet

chemical reduction method without the involvement of

surfactants and templates; through nano particles self ori-

ented attachment [43]. Ni wire was selected as the supporting

material as the oxophilic nature of Ni particles can also

contribute to the catalytic activity of the incorporated Pd

[44e47]. The unique morphology and metal support interac-

tion of the catalyst along with the bifunctional mechanism

between Pd and Ni enhanced the activity of the catalyst to-

wards methanol oxidation.

Experimental section

Materials

All chemicals were of analytical grade and used without any

further purification. Nickel (II) chloride, Ethylene glycol,

Palladium (II) chloride and Potassium hydroxide were pur-

chased from Aldrich. Hydrazine hydrate, Hydrochloric acid,

Methanol and Ethanol were purchased from Merck.

Synthesis of nickel nano wire

Nickel nano-wires were prepared by the reduction of nickel

chloride using ethylene glycol as solvent andhydrazinehydrate

as the reducing agent [43]. Required volume of 1 M aqueous

nickel chloridewasadded to 7.5mlof ethyleneglycol to obtain a

10mM solution of Ni2þ. Then themixture was heated to 120 �C
followedby theadditionof 0.5mlofhydrazinehydrate solution.

The solution turned black and the formed nickel wires were

found floating on the surface of the solution. In order to remove

the excess solvent and hydrazine hydrate, the recovered nano-

wires were washed with deionized water followed by ethanol

and stored in isopropanol solution.

Synthesis of Pd modified nickel wire catalyst

The Pdmodified Ni NWs (5, 10 and 15 wt% Pd on Ni NWs) were

prepared by a spontaneous displacement reaction. Required

amount of as-prepared Ni NWs were ultrasonically dispersed

in water, followed by the addition of required amount of

10 mM H2PdCl4 solution. Then, the solution was continuously

stirred for about 3 h and left for one day for completing the

reaction. The solid product that remained at the end of the

reaction was filtered and washed with DI water and dried.

Characterization

The morphology and microstructure of the samples were

examined using scanning electron microscopy (SEM) JEOL

JSM- 5600model. Transmission electronmicroscopy (TEM) FEI

(Tecnai 30 G2 S- TWIN microscope), The Netherlands was
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used to characterize the transmission electron microscopy

images and elemental analysis. The crystallographic struc-

tures of the samples were analyzed from X-ray diffractometer

(XRD), (Philips X'pert Pro) with Cu K ά (l ¼ 0.154060 nm) radi-

ation over 2q ranging from 10 to 90� with a step size of 0.08�.
From X-ray photoelectron spectrometer (XPS), (PHI 5000 Versa

Probe II) the electronic state and the elemental composition of

the samples were obtained. The electrochemical tests were

conducted on an electrochemical workstation (Autolab M204).

Electrochemical measurements

Electrochemical measurements were performed using Auto

lab (M204). A classical three electrode system with catalyst

coated glassy carbon electrode as a working electrode, a

double junction Ag/AgCl electrode as a reference electrode

and a Pt wire as a counter electrode were employed. The

glassy carbon electrode (GCE) was first polished with Al2O3

powder and then washed well with distilled water. The cata-

lyst inkwas obtained by dispersing the synthesized catalyst in

distilled water by ultrasonication. To prepare the working

electrode 4 ml of the ink was mounted onto the GCE followed

by 3 ml of 0.5 wt% nafion solution using a micropipette. It was

then allowed to dry at room temperature. Catalyst loadingwas

0.225 mg/cm2. The cyclic voltammograms of the catalysts

were recorded in the potential range between�0.8 and 0.4 V at

a scan rate of 50 mV/s in N2 saturated 0.5 M KOH with and

without 0.5 M methanol and the chrono amperometric mea-

surements performed at a potential of �0.4 V for 4000 s in a

solution of 0.5 M methanol in 0.5 M KOH.

Results and discussions

The SEM images presented in Fig. 1a, illustrated the wire

morphology of the Ni material obtained through a simple wet

chemical reduction method. The attractive wire morphology

was prepared by the reduction of nickel chloride in ethylene

glycol with hydrazine hydrate reducing agent at 120 �C. Fig. 1b
shows the SEM images of the Pd modified Ni NWs prepared

through the galvanic replacement reaction. The Ni2þspecies
have (Ni2þ/Ni¼�0.25V vs. SHE) lower reduction potential than

that of PdCl4
2-/Pd redox pair (0.62V vs. SHE). Retention of the

wire morphology even after the modification could be un-

derstood from the images. The incorporation of Pd on Ni NW

was confirmed by the elemental mapping and it was shown in

Fig. 1c, d. The detailed investigation of the structural features

was done by High resolution TEM images. The wire

morphology of the Ni nanomaterial waswell understood from

the TEM images depicted in Fig. 2 (a, b). Fig. 2c illustrates the

Pdmodified Niwire and the dark field image shown in Fig. 2 (d)

indicates the presence of Pd on Ni nano wire. Pd metal

observed as white spots on the surface of Ni wire [48].

The crystallographic studies of the catalysts done by XRD

technique are presented in Fig. 3. Fig. 3 (a) represents the XRD

pattern of Ni NW, Pd, and 10 wt% Pd modified Ni NW. The

diffraction pattern of Ni wire showed peaks at 2q values 44.58,

51.72 and 76.49 corresponds to the (111), (200), (220) miller

planes and that of Pd showed peaks at 2q, 40.33, 46.93, 68.29,

82.27, and 86.92 attributed to the Pd(111), (200), (220), (311),

(222) planes respectively. Synthesized Ni wire and Pd were

confirmed by indexing respective XRD patternwith JCPDS files

04e0850 and 46e1043. The results were in good agreement

with the characteristic FCC structure of both Ni and Pd [49,50].

The catalyst, 10 wt% Pd modified Ni wire consisted with the

peaks of Ni and Pd. However, a slight shift in all the peaks

towards the low 2 theta value indicated the replacement of Pd

atoms on the Ni wires [51]. The magnified image of (111) plane

is given in inset. The lattice parameters of Pd and 10 wt% Pd

modified Ni NW were estimated using the equation,

a¼ d
ffiffiffi

h
p 2 þ 12 þ K2

Fig. 1 e SEM images of (a) Ni wire (b) 10 wt% Pd on Ni wire, (c) & (d) Elemental mapping of Ni and Pd.
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Fig. 2 e (a), (b), TEM images of Ni wire, (c), 10 wt% Pd on Ni wire, (d) Dark field image of 10 wt% Pd on Ni wire.

Fig. 3 e (a) XRD pattern of the synthesized Ni wire, Pd and 10 wt% Pd on Ni wire, XPS spectra of 10 wt% Pd on Ni wire (b)

survey spectrum, (c) High resolution Pd 3d spectrum (d) High resolution Ni 2p spectrum.
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where'a’ is the lattice parameter,‘d’ is the interplanar distance

and h, k, l are the Miller indices. The lattice parameter ob-

tained for Pd is 0.39 nm and that of 10 wt% Pdmodified Ni NW

is 0.35 nm. The replacement of Ni atoms on the surface of Ni

wire by Pd atoms lead to a contraction in the lattice and

caused a decrease in the lattice parameter. The incorporation

of Pd on Ni nanowire generates a strain in the PdeNi alloy and

that creates shrinkage in the lattice parameters.

The existence of Pd and Ni were further unveiled by the

XPS. Fig. 3 (b, c, d) depicts the data obtained from the spec-

trum. The spectrum of Pd can be fitted into two sets of spin-

orbit doublets Pd (3d 5/2, 3/2). The deconvoluted peaks with

binding energies 335.6, 340.7 eV assigned to Pd 3d5/2,3d3/2,

respectively indicate of Pd(0) and that of 337.7, 342.81eV cor-

responded to PdO [52]. The peaks located at 852.5, 854.3 and

856.15 eV resulted from the deconvolution of Ni 2P3/2, ascribed

to the Ni (0) and NiO respectively. Apart from this 861 eV

corresponded to the satellite peak associated with Ni2þ [53]. It

is important to note that there is shift in the Pd (3d 5/2, 3/2)

binding energy as compared to the reported value 333.0 and

340.3 eV [38]. The shift could be due to the strong electronic

modification of Pd occurred due to the strain induced within

the PdeNi alloy because of the substrate effect. It has reported

that the lattice mismatch between the surface and substrate

may be used to modify the electronic properties of the surface

atoms [28,54,55]. The XPS result furtherer corroboratewith the

XRD analysis.

Electrochemical analysis

The electrochemical activities of the prepared samples were

characterized using cyclic voltammetry technique. Fig. 4a

shows the Cyclic Voltammograms of 5, 10, 15 wt% Pdmodified

Ni NW and pure Pd catalysts in 0.5 M KOH at a scan rate of

50 mV/s. Redox peaks associated with the oxidation and

reduction of Pd was clear from the CV curves. Forward scan

indicates the adsorption of hydrogen and oxidation of Pd to

PdO. The hydrogen adsorption occurred around �0.8 to �0.4V

and PdO formation took place at positive potentials. The

reduction of PdO to Pd was represented by the backward

sweep of the CV and it occurs around �0.2to �0.6V. This

cathodic peak was used for the calculation of the electro-

chemically active surface area of the catalysts.

The electrochemical active surface area (ECSA) is an

important parameter which determines the active sites of the

catalyst. ECSAs were calculated from the CV curves of the

catalysts in 0.5 M KOH at a scan rate of 50 mV/s. Cathodic

peaks can be used to determine the ECSA of the Pd catalysts. It

was measured by determining the coulombic charge for the

reduction of PdO [56,57].

ECSA ¼ Q
0:405*l

where, Q is the charge for the reduction of PdO. Area under the

CV curve of PdO reduction peak when divided by the scan rate

Fig. 4 e CV curves of (a) prepared samples and Pd catalyst in N2 saturated 0.5 M KOH at a scan rate of 50 mV/s (b) prepared

samples and Pd catalyst in N2 saturated 0.5 M KOH and 0.5 M CH3OH solution at a scan rate of 50 mV/s (c) 10 wt% Pd on NW

and Pd catalyst in N2 saturated 0.5 M KOHþ0.5 M C2H5OH solution at a scan rate of 50 mV/s(d) MAs of as prepared samples

and Pd catalyst.
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indicates the charge for the reduction of PdO. ‘l’ is the catalyst

loading and a charge value of 0.405 mC/cm2 was assumed for

the reduction of PdO monolayer [9,50,58,59]. The ECSAs were

estimated to be 12.70, 58.92, 13.76 and 11.45 m2/g for 5, 10,

15 wt% Pd modified NW and pure Pd catalyst. A significant

enhancement in the surface area was observed in the case of

10 wt% Pd modified Ni NW. The better surface area might be

due to the unique 1D structure of the synthesized catalyst.

The activity of the Pd modified Ni NW catalysts towards

methanol oxidation were studied in 0.5 M KOH and 0.5 M

CH3OH solution at a scan rate of 50 mV/s. The mass activities

of the catalysts are shown in Fig. 4b. The peak in the a po-

tential range of �0.4 to 0.4 V for the forward scan was

attributed to the oxidation of methanol and that in the

backward scan at potential range of �0.2 to �0.6 V was due to

the oxidation of intermediates. It can be clear from the CV

curves that all the Pd modified Ni NW catalysts possess a

better onset potential and mass activities than the pure Pd

and the 10 wt% Pd modified Ni NW showed significantly

improved activity in terms of onset potential, peak potential

and mass activity compared to other catalysts. Mass activ-

ities (MAs) obtained for 5, 10, 15 wt% Pd modified Ni NW were

213.19, 1118.35, 304.2 mA/mgPd respectively and the attained

mass activity for pure Pd is 193.69 mA/mgPd, which is shown

in histogram Fig. 4d. Even after reducing the amount of

precious Pd metal by 90 wt% the catalyst was able to perform

a mass activity five times greater than that of pure Pd metal.

Drastic increase in the performance of the prepared catalyst

could be attributed to the modification occurred due the

strong coupling of the Pd particles over Ni NW. Ethanol

oxidation also carried out using the highly active 10 wt% Pd

modified NW catalyst in N2 saturated solution containing

0.5 M KOH and 0.5 M C2H5OH since ethanol also used as a fuel

in DAFCs. In this case also Pd modified NW showed a better

onset and peak potential than the pure Pd. The correspond-

ing mass activities obtained for 10 wt% Pd modified NW and

pure Pd catalysts were 1479.79 and 506.55 mA/mg Pd respec-

tively. Fig. 4c represents the corresponding CV curve. The

superior catalytic activity of the 10 wt% Pd modified Ni

catalyst over pure Pd is clear from the observed data. Com-

parison of the electro catalytic activities of different electro-

catalysts toward alcohol was given in Table 1.

Chronoamperometric measurements performed further to

study the stability of the catalysts at a potential of �0.4 V for

4000 s in a solution of 0.5 M methanol in 0.5 M KOH (Fig. 5a)

[63]. The current decay of 10 wt% Pd modified NW observed to

be slower indicating its better durability over the other cata-

lysts. As time increase, the decrement, in the current value

had been observed due to the presence of intermediate CO

species. Among the various Pd modified NW, and pure Pd

catalysts the 10wt% PdmodifiedNWshowed better durability.

The experimental results thus revealed the better activity and

durability of 10 wt% Pd on NW catalyst towards methanol

oxidation. Further, the durability of the 10 wt% Pd modified

NW catalyst was substantiated by performing the CV analysis

for 200 cycles in N2 saturated 0.5 M KOH and 0.5 M CH3OH at a

scan rate of 50 mV/s (Fig. 5b). It is clear that even after 200

cycles methanol oxidation study catalyst activity remained

very close to the initial cycle, both in terms of onset potential

and peak current.

Table 1 e Comparison of the electro catalytic activity of different electrocatalysts toward alcohol.

Catalysts Electrolyte Mass activity (mA/mg Pd) Reference

Ni@Pd/MWCNTs 0.5 M NaOH þ 1 M Methanol 770.7 [60]

Pd Ni catalyst 0.1 M NaOH þ 1 M Methanol 63 [25]

PdNi/EGO 0.1 M NaOH þ 1 M Ethanol 770.6 [52]

NiNWA/PdNF 0.5 M KOH þ 0.1 M Ethanol 765 [61]

Pd Ni catalyst 1 M KOH þ 1 M Methanol 677.08 [62]

Pd59Ni41/C 0.1 M KOH þ 0.5 M Ethanol 450 [14]

Pd modified Ni NW 0.5 M KOH þ 0.5 M Methanol 1118.35 This work

Pd modified Ni NW 0.5 M KOH þ 0.5 M Ethanol 1479.79 This work

Fig. 5 e (a) Chronoamperometric curves of Pd modified Ni NW catalysts and Pd catalyst in N2 saturated 0.5 M KOH and 0.5 M

CH3OH solution (b) CV curves of 10 wt% Pd on NW after 200 cycles in N2 saturated 0.5 M KOH þ 0.5 M CH3OH solution.
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The high electrochemical surface area, lowest onset and

peak potential and high mass activity for methanol and

ethanol oxidation of 10 wt% Pd modified Ni NW over all

other prepared catalysts disclosed its supreme catalytic ac-

tivity. The enhancement in efficiency of the Pd modified Ni

NW was attributed to the unique morphology, electronic

modifications and the bifunctional mechanism between Pd

and Ni. The effective surface area of Pd particles that took

part in the catalytic reaction in this case was remarkably

higher than that in the alloys. The increased surface area

can be utilized for the catalytic applications. The structural

features of the unique morphology promote the electron

conduction through the system. The electronic structure of

Pd deposited on the Ni NWs surface is different from that of

bulk Pd because of the so-called strain and ligand effects of

the substrate. Electronically modified surface of Pd could be

attributed to the improved activity. The XPS data provided

the evidence for the electronic effects originating from Pd

atoms withdrawing electrons from the neighbouring Ni in

Pd modified Ni NW catalyst. The SMSI between the Pd and

NiO facilitated the incorporation of the Pd and Ni and the

synergetic behaviour of these two also contribute to the

enhanced catalytic activity [64]. The oxophilic nature of Ni

helps to reduce the CO poisoning of the Pd particles and

thereby increase the catalytic rate.

Conclusions

Herein, Ni NWs were synthesized by a wet chemical

reduction method without employing any surfactants and

capping agents and using hydrazine hydrate as the reducing

agent. The as prepared Ni wires were modified by varying

the amount of Pd precursor through a simple galvanic

replacement reaction. TEM, XRD and XPS analysis confirmed

the incorporation of Pd atoms on Ni NW. Electrochemical

measurements were carried out and the 10 wt% Pd modified

Ni NW showed a supreme catalytic activity for methanol

oxidation in terms of ECSA, onset potential, peak potential

and mass activity over all other Pd modified Ni NW and pure

Pd catalysts. The better stability of the catalyst also

demonstrated. The increased surface area due to NW

morphology, electronic modifications due to strong metal

support interaction and PdeNi bifunctional mechanism

combinedly led to the better catalytic efficiency for Pd

modified Ni NW. The results established an excellent Pd

based electrocatalyst for methanol oxidation with reduced

Pd wt% utilizing a cheap Ni material.
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Ni3 (PO4)2 modified carbon sup-

ported Pd catalyst was synthesized

through a simple method.

� Transition metal phosphate

modified carbon support is first

time introduced for the alcohol

electro oxidation application.

� Reduced Pd particles without

agglomeration were observed in

the presence of nickel phosphate.

� Modified catalyst showed seven-

fold increments in the catalytic

efficiency towards methanol

oxidation.

� Three fold increments towards

ethanol oxidation were achieved

by the modified catalyst.
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a b s t r a c t

Urge for an alternative energy source demands the development of cost effective highly

efficient catalyst for fuel cell applications. Transition metal phosphates are emerging as a

novel class of material for many potential electrochemical applications owing its several

advantages like abundance, environmental friendliness and low cost. Herein we explore

the excellent electro chemical property of nickel phosphate (NP) as an electrocatalyst for

alcohol oxidation. Novel vulcan carbon supported Pd @NP was synthesized through a very

simple method at room temperature. In the presence of NP well dispersed homogeneous

Pd particles having reduced size was observed. Approximately, seven-fold increments in

the catalytic efficiency towards methanol oxidation and three fold increments towards

ethanol oxidation than vulcan carbon supported pure Pd were achieved. The improved
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Vulcan carbon

Nickel phosphate

Fuel cell

Electro - oxidation

electrochemical property and increased surface area by the combination of Pd with nickel

phosphorous compound and supporting carbon material imparted an excellent catalytic

efficiency to the synthesized catalyst.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Development of alternative energy sources is necessary for

the ever-increasing energy requirements. Direct Methanol

Fuel Cells (DMFC) are emerged as an excellent alternative

power source for portable electronic devices due to its high

efficiency, eco friendliness and simplicity [1e4]. Until now, Pt

has proved to be the excellent catalyst for alcohol oxidation

[5,6]. The fabrication expense due to the scarcity of Pt hinders

the commercialization of DMFC. Search for an alternative

catalyst suggested Pd as a suitable substitution owing to its

similar properties and relative abundance [7e10]. Apart from

this, Pd metal is active in alkaline medium [10]. A number of

non-noble metals are also stable in alkaline media and thus

enables the incorporation of them with Pd [11]. For the past

few years researchers put efforts on further reduction of Pd

metal content so that the DMFC can be commercially more

viable. It was achieved by alloying Pd with different metals

and fine tuning its morphology with better active surface area

[12e15]. Morphology, size and distribution of particles, alloy-

ing metals play vital role in the electro-catalytic activity of the

catalyst [16,17]. In this direction different combinations of Pd

with Au, Co, Ni, Cu etc have already explored and more in-

vestigations for new efficient combinations are undergoing

[18]. It is necessary to have highly efficient and cost effective

electrocatalyst for the large-scale production of DMFC, where

the search for an appropriate electrocatalyst is still in pursuit.

Recently, Ni metal, Ni alloy and Ni complexes were found

to perform very good electro chemical activity [19e21].

Nickel-phosphorous compounds such as Ni2P, Ni2P2O7 and

NixCo3-x(PO4)2were gained considerable attention as new

electrode materials [22]. The Ni-P alloy acts as excellent

catalyst in the decomposition of water, lithium ion battery,

and super capacitor applications [23]. Ni3(PO4)2$8H2O modi-

fied electrode was used for electrocatalytic oxidation of

glucose, formaldehyde and it also act as a supercapattery

electrode material [24e26]. Ultra-long nanowires of Ni3
(PO4)2were used for the oxidation of glucose and Ni2P5/

Ni3(PO)4 hollow sphere was employed for H2O electrolysis

[27,28]. Similarly, Fe doped NP and Ni2P2O7 were reported for

water oxidation and H2 production respectively [29,30].

NiPO3 nano sheet and Ni3(PO)4@GO exhibit superior capaci-

tance behavior [31,32]. Ni2P, Ni5P4, solvothermal derived

amorphous Ni-P powders, and nickel phosphates are re-

ported as wonderful candidate for super capacitor electrodes

[23]. NP is considered as the promising electrode material

due to its significant faradaic pseudo capacitance, low cost

and easy fabrication [22,32]. But the low intrinsic electrical

conductivity and relatively low rate capability are the key

challenges associated with Ni3PO4 as an electrode material

for capacitor application. The combination of Ni-P

compounds with carbon materials can enhance the electro

chemical performances [22].

Although NP (Ni3(PO4)2) is used in the field of super

capacitor, sensor, and as electrocatalysts for various applica-

tion, it is not much explored for fuel cell applications [33,34].

The properties of NPmake it a fascinatingmaterial for fuel cell

applications. The oxophilic nature of nickel as well as phos-

phorus increases the CO tolerance and there by improve the

electrocatalytic activity [24]. Thus, the combination of NPwith

Pd will reduce the CO poisoning and enhance the catalytic

activity of Pd towards alcohol oxidation. Even though the

catalytic performance of mesoporous, porous chain like

network and Si-incorporated mesoporous nickel phosphates

were studied, the surface modification of vulcan carbon with

NP and Pd for alcohol oxidation was not yet explored

[19,20,33,34].

In this work we tried to facilitate the electrocatalytic ac-

tivity of Pd particles towards alcohol oxidation by incorpo-

rating it with NP modified Vulcan carbon. The synergism of

the components plays a crucial role in the performance of the

catalyst. The metal provides the active sites for alcohol

oxidation, where Ni and P help to oxidize the carbonaceous

poisons and there by release the active sites. The presence of

vulcan carbon imparts good electrical conductivity and high

surface area which in turn improves the catalysis. Hence, the

collective action of the components contributes towards an

enhanced alcohol oxidation.

Experimental section

Materials and reagents

Nickel (II) chloride, PdCl2, KOH, NaBH4, Methanol, and Ethanol

were purchased from Sigma- Aldrich. Vulcan XC 72R was

obtained from Cabot Corp. NH4H2PO4 was obtained from

Fisher Scientific. All chemicals were used without any further

purification.

Preparation of nickel phosphate/vulcan carbon

Required amount of NiCl2 and NH4H2PO4 were dissolved in

50 ml vulcan carbon solution and stirred well using magnetic

stirrer. Then, 0.5 M KOH solution added dropwise as a

precipitating agent. The obtainedmixturewas then allowed to

stir for 2 h [33].

NiCl2 þ 2 KOH / Ni(OH)2 þ 2KCl (1)

NH4H2PO4 / NH4
þþ H2PO4

� (2)

Ni(OH)2þ NH4
þþ H2PO4

-/ NH4NiPO4 þ 2H2O (3)
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The resulting precipitate was then collected and washed

well with distilled water. The obtained powder dried at 200 �C
over-night. Different nickel phosphate/vulcan carbon (NP/VC)

was prepared by varying the amount of NP such as 2, 5 and

10 wt% and designated as 2% NP/VC, 5% NP/VC, and 10% NP/

VC respectively. Nickel hydroxide/vulcan carbon was syn-

thesized without employing NH4H2PO4 in this procedure.

Preparation of Pd @ nickel phosphate/vulcan carbon catalyst

20 wt% of Pd on modified carbon supported (NP/VC) were

prepared by wet chemical method. In brief, required amount

of modified carbon was dispersed in DI water and adequate

amount H2PdCl4 solution was introduced dropwise. The

mixture was allowed to stirrer for 30 min. Subsequently, the

temperature was raised to 60 �C followed by the addition of

0.2 M of NaBH4 solution. After 2 h stirring the sample was

collected and washed well with distilled water. Pd on various

NP/VC was prepared and designated as Pd@2% NP/VC, Pd@5%

NP/VC, and Pd@10% NP/VC respectively (Scheme 1). Pd

@Nickel hydroxide/vulcan carbon (Pd@5% NH/VC) and Pd on

vulcan carbon in the absence of NP (Pd@VC) was synthesized

via the same procedure.

Characterization techniques

X-ray diffraction patterns of the prepared materials were

recorded on X-ray diffractometer (XRD), (Philips X’pert Pro)

with Cu K ά (l ¼ 0.154060 nm) radiation over 2q ranging from

10 to 90� with a step size of 0.08�. Morphology of the prepared

samples and elemental analysis were characterized using

High Resolution Transmission electron microscopy (HRTEM)

FEI (Tecnai 30 G2 S- TWIN microscope), The Netherlands. X-

ray photoelectron spectrometer (XPS), (PHI 5000 Versa Probe II)

was employed to analyze the electronic state and the

elemental composition of the prepared samples. The electro-

chemical tests were conducted on an electrochemical work-

station (Autolab M204). The composition analysis of the

catalyst was done using ICP- MS.

Electrochemical measurements
Electrochemical measurements were conducted using a

standard three electrode system with catalyst coated glassy

carbon electrode (GCE) as working electrode, a double junction

Ag/AgCl as reference electrode and platinum wire as counter

electrode. The working electrode having geometrical area

0.071 cm2 was polished carefully to a mirror finish using

alumina slurry and washed well with distilled water. For the

preparation of the catalyst ink the as synthesized samples

were ultrasonically dispersed in distilled water. Then 4 mL of

the inkwas transferred onto the GCE using amicropipette and

subsequently added 3 ml of 0.5 wt% Nafion solution. The

electrode was kept at room temperature and allowed to dry.

Cyclic voltammetry measurements were performed over a

potential range of 0.8 to �0.4 V in N2 saturated 0.5 M KOH

solution at a scan rate of 50 mV/s with alcohol and without

alcohol. Electrochemical impedance spectroscopy (EIS) mea-

surements were performed over a frequency range from

100 kHz to 0.01 Hz and amplitude 5 mV under the open circuit

potential. Chronoamperometric measurements were carried

out at �0.4 V for 4000 s.

Results and discussion

The crystallinity and phase purity of the prepared Pd@2% NP/

VC, Pd@5% NP/VC Pd@10% NP/VC and Pd@VC were confirmed

using XRD measurements, diffraction patterns shown in

Fig. 1. The broad peak appeared at 24.29� ascribed to the

amorphous Vulcan XC 72R carbon [35]. The sharp peaks ob-

tained at 2q angle 39.59�, 45.87�, 66.36� and 79.92� corresponds
to the (111), (200), (220) and (311) planes of the face centered Pd

[36]. However, peaks attributed to NPweremissing in the XRD,

illustrated the amorphous nature of NP. It was associatedwith

the low reaction temperature (200 �C). Moreover, the weight

percentage of NP was relatively low. Further the presence of

NP was ensured from XPS analysis. Annealing temperature

influence the crystallinity of nickel phosphate, where increase

in temperature transforms the amorphous NP to crystalline in

nature [33,37]. The lattice parameter calculated for Pd in both

the catalysts was 0.39 nm.

Surface chemical composition and status of the Pd@5%NP/

VC catalyst was analyzed through XPS analysis. Survey spec-

trum (Fig. 2a) indicates the presence of C, Pd, Ni, P and O. As

shown in Fig. 2b, the deconvoluted spectra of Ni 2p consists of

peaks at 856.75 and 880.34 eV corresponds to Ni 2p3/2 and Ni

2p1/2 respectively, indicating the presence of Ni2þ. Apart from
which satellite peaks associated with the major peaks were

also observed at 862.1 and 874.1 eV. The peak centered at

133.67 eV ascribed to the characteristic peak of phosphate

species (Fig. 2c) [14]. The binding energies at 335.84 and

341.25 eV in Fig. 2d attributed to Pd 3d5/2 and 3d3/2, indicates

Scheme 1 e Schematic illustration of the synthesis of Pd @ NP/VC.
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the presence of Pd (0) [38]. The peaks at 337.1 and 342.7 eV

were assigned to Pd2þ [39]. Analysis of the XPS spectra

revealed a shift in Pd binding energy. It suggests that the

incorporation of Pd particles has developed a strong electronic

modification due to the strain effect. Hence, the presence of

NP and Pd particle were confirmed from the XPS data. The

weight percentage of Pd and Ni were obtained as 19.8 and 0.71,

19.7 and 1.8, 19.8 and 3.76 respectively, for Pd@ 2%NP/VC, Pd@

5% NP/VC and Pd@ 10% NP/VC from ICP MS analysis. The re-

sults were found to be the very close to the stoichiometric

value.

Fig. 3 shows HRTEM images of all the prepared catalysts

and their corresponding histograms. Well dispersed Pd

nanoparticles on spherical carbon support were clearly iden-

tified from the TEM images. However, the NP modification on

carbon surface (Fig. 3a,c,e) was not distinguishable with that

of the unmodified catalyst (Fig. 3g). From the histograms (

Fig. 3b,d,f) the average particle size of modified catalysts were

calculated to be in the range of 5e6 nm and that of Pd@VCwas

8 nm. The size of Pd particles present in Pd@VC was larger

than that of Pd@5% NP/VC (5.03 nm). The presence of NP over

the Vulcan carbon act as an obstacle thus prevent the Pd

agglomeration in turn reduce the Pd particle size in Pd@ 5%

NP/VC. The Pd particle size reduction plays a crucial role on

the catalytic activity.

Electrochemical properties of the prepared samples were

evaluated by cyclic voltammetry technique. Fig. 4a displays

the cyclic voltammograms of synthesized catalysts performed

in N2 saturated 0.5 M KOH solution at a scan rate of 50 mV/s in

order to measure the electrochemical active surface area

(ECSA). ECSA was evaluated by integrating the charge asso-

ciated with the reduction region of PdOwith an assumption of

a charge value of 0.405mC/cm2 was required for the reduction

of PdO monolayer [40,41]. The parameter ECSA indicates the

Fig. 1 e XRD pattern of Pd@2% NP/VC, Pd@5% NP/VC

Pd@10% NP/VC and Pd@VC.

Fig. 2 e (a) Survey spectrum of Pd@ 5% NP/VC, XPS spectra (b), Ni 2p, (c) P 2p and (d) Pd 3d of Pd@5% NP/VC.
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Fig. 3 e TEM images of (a) Pd@ 2% NP/VC, (c) Pd@ 5% NP/VC, (e) Pd@10% NP/VC (g) Pd @VC, Histograms of (b) Pd@ 2% NP/VC, (d)

Pd@ 5% NP/VC, (f) Pd@ 10% NP/VC (h) Pd@VC.
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number of active sites of the catalyst and thus it estimates the

performance of the catalyst. ECSA was calculated using the

following equation [42,43].

ECSA¼ Q
0:405� l

(4)

Where Q represents the charge associated with the PdO

reduction and ‘l’ is the amount of Pd loaded. The ECSA

calculated to be 8.74, 78.12, 23.31, 7.16 m2/g for Pd@2% NP/VC,

Pd@5% NP/VC, Pd@10% NP/VC and Pd@VC, respectively. The

large surface area in the case of Pd@5%NP/VC indicates the

available active sites on Pd. This may be generated due to the

presence of nickel phosphate. The oxophilic nature of both Ni

and P reduce the catalyst poisoning by oxidizing the carbo-

naceous species and there by providemore active sites to take

part in the reaction. The ECSA and the efficiency of the cata-

lyst were directly proportional, thus reveals the capability of

the developed catalyst.

Catalytic activity of the prepared samples towards

methanol oxidation was carried out in N2 saturated 0.5 M

KOH solution containing 0.5 M methanol at a scan rate of

50 mV/s. Fig. 4b shows the obtained cyclic voltammograms.

The anodic peak in the forward scan is attributed to the

oxidation of methanol and the peak observed in the back-

ward scan is due to the oxidation of carbonaceous in-

termediates [44,45]. As shown in the CV curves mass

activities obtained for the catalysts Pd@2%NP/VC, Pd@5%NP/

VC, Pd@ 10% NP/VC and Pd@VC were 122.67, 804.67, 448.75

and 115.49 mA/mgPd respectively. Even though the prepared

catalysts impart better activity towards methanol oxidation

Fig. 4 e CV curves of the prepared samples in N2 saturated 0.5 M KOH at a scan rate of 50 mV/s, (b) and (c) CV curves of the as

prepared samples in N2 saturated 0.5 M KOH and 0.5 M CH3OH solution at a scan rate of 50 mV/s, (d) Chronoamperometric

curves of prepared samples in N2 saturated 0.5 M KOH and 0.5 M CH3OH solution.

Table 1 e Onset potential and mass activity values of the
prepared catalysts.

Catalyst Onset potential (V) Mass Activity (mA/mg Pd)

Pd@ 2% NP/VC �0.402 122.67

Pd@ 5% NP/VC �0.485 804.67

Pd@ 10% NP/VC �0.452 448.75

Pd@ VC �0.395 115.49
Fig. 5 e EIS Nyquist plots of all the prepared catalysts in

0.5 M KOH containing 0.5 M methanol at 50 mV/s.
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reaction (MOR) the mass activity exhibited by the Pd@5%NP/

VC reveals its supreme catalytic activity. A better catalytic

activity was exhibited by the Pd@5% NP/VC in terms of onset

potential andmass activity (Table 1). Low onset potential and

high mass activity are the criteria for a good catalyst. Among

the various prepared catalyst Pd@5%NP/VC showed much

lower onset potential and highmass activity. Approximately,

a seven-fold increase in mass activity than that of pure Pd@

VC was observed.

The mechanism of methanol oxidation on Pd catalyst re-

actions exhibited as follows and the step 10 corresponds to the

rate determining step [46].

Fig. 6 e (a) CV curves of Pd@ 5% NP/VC and Pd@VC in N2 saturated 0.5 M KOH þ 0.5 M C2H5OH solution, (b)

Chronoamperometric curves of Pd@ 5% NP/VC and Pd@VC N2 saturated 0.5 M KOH and 0.5 M C2H5OH solution.

Fig. 7 e CV curves of (a) Pd@ 5% NP/VC after 500 cycles in N2 saturated 0.5 M KOH þ 0.5 M CH3OH solution (b) Pd@ 5% NP/VC

after 500 cycles in N2 saturated 0.5 M KOH þ 0.5 M C2H5OH solution (c) Pd@ VC after 500 cycles in N2 saturated 0.5 M

KOH þ 0.5 M CH3OH solution (d) Pd@ VC after 500 cycles in N2 saturated 0.5 M KOH þ 0.5 M C2H5OH solution.
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Pd þ CH3OH / Pd-(CH3OH) ads (5)

Pd-(CH3OH)ads þ OH�/ Pd-(CH3O) ads þ H2O þ e� (6)

Pd-(CH3O) ads þ OH� /Pd-(CH2O) ads þ H2O þ e� (7)

Pd-(CH2O) ads þ OH�/Pd-(CHO) ads þ H2O þ e� (8)

Pd-(CHO) ads þ OH�/ Pd-(CO) adsþ 4H2O þ e� (9)

Pd-(CO) adsþ 2OH�/ Pd þ CO2þ H2O þ 2e� (10)

To further validate the role of phosphate towards

improved methanol electrooxidation reaction, we compared

the catalytic activity of Pd on 5% NP/VC and nickel hydroxide

modified carbon (Pd@5% NH/VC) and shown in Fig. 4c. From

the result it is clear that Pd@5% NP/VC shows better perfor-

mance than Pd@5% NH/VC. The electrical resistivity of Ni-P is

lower than that of Ni(OH)2 and the oxophilic nature of both

nickel and phosphorous in NP may help to remove the inter-

mediate CO species generate during the alcohol oxidation

[23,24,47]. Carbon based materials are usually employed as

supporting materials to provide high surface area and good

electrical conductivity [48]. Thus, the presence of both Ni and

P along with carbon support increases the active sites of the

catalyst and boosts the catalytic activity.

Chronoamperometric measurements were employed to

study the stability of the catalysts [49,50]. Fig. 4d imparts the

chronoamperometric curves of all the catalysts recorded at a

potential of �0.4 V for 4000 s in N2 saturated 0.5 M KOH so-

lution containing 0.5 M methanol. Even though the current

decays after some time the Pd@5% NP/VC shows a better

stability than Pd@VC catalyst. Kinetic properties of the pre-

pared samples were further explicated with electrochemical

impedance spectroscopy. The recorded Nyquist plots of

methanol electro oxidation on Pd@2%NP/VC, Pd@5% NP/VC,

Pd@ 10% NP/VC and Pd@VC are depicted in Fig. 5. Simple

Randle’s circuit was utilized to fit the impedance data. The

diameter of the osemicircle indicates the charge transfer

resistance (Rct) between electrode and electrolyte [51]. The Rct

values of Pd@2%NP/VC, Pd@5% NP/VC, Pd@ 10% NP/VC and

Pd@ VC was 22.7, 15.2, 16.9, and 24.5 kU, and corresponding,

exchange current density values (i0) were 0.19, 28, 25 and

0.18 mF respectively. The reduced Rct of Pd@5%NP/VC than Pd@

VC indicates the faster electro oxidation reaction [20,34]. The

presence of NP in Pd@5% NP/VC facilitates the rate deter-

mining step and thereby enhances the catalytic kinetic per-

formance towards oxidation. The obtained impedance data

thus supports the mass activity evaluated from the CV

analysis.

Similar results were observed in the case of performance

towards ethanol oxidation. The activity was evaluated by CV

in N2 saturated 0.5M KOH solution containing 0.5M ethanol at

a scan rate of 50 mV/s. As shown in Fig. 6a the Pd@5% NP/VC

catalyst exhibited a mass activity 772.96 mA/mgPd and that of

pure Pd@VC 230.63 mA/mgPd. The corresponding chro-

noamperometric measurements were also carried out in N2

saturated 0.5 M KOH solution containing 0.5 M ethanol at a

potential of �0.4 V for 4000 s (Fig. 6b). The Pd@5% NP/VC

catalyst displayed a better stability. The tolerance of the

catalyst towards carbonaceous species can be estimated using

the ratio of forward anodic peak current (if) and backward

anodic current (ib). The if/ib value of Pd@5%NP/VC and Pd@ VC

in ethanol was 0.82, 0.75 and that in methanol it was 1.46, 1.41

respectively. The intermediates of methanol oxidation, CO

can be oxidized easily than that of the intermediate (CH3CO)

produced during ethanol oxidation. Further, the cleavage of C-

C bond is difficult in ethanol oxidation. Thus the activity of

catalyst towards methanol oxidation is higher than that of

ethanol [52].

The stability study was also done by performing the CV for

500 cycles. The corresponding voltamogramswere depicted in

Fig. 7 [53]. After 500 cycles the Pd@5%NP/VC exhibited a better

stability in methanol and ethanol than that of Pd@ VC. As

depicted in Fig. 6 the mass activity of Pd@ VC was reduced

almost to half that of the initial value.

A comparison of the activity of different carbon supported

catalyst towards alcohol oxidation was given in Table 2.

The presence NP enhances the efficiency of the catalysts.

The intermediate CO generates during the alcohol oxidation

remains as a major hindrance for the activity of the catalysts.

The active sites of the catalysts available were occupied by the

CO molecule and there by decelerate the reaction rate. The

oxophilic nature of the Ni as well as Pmay help to improve the

performance of the Pd by oxidizing the COmolecules. The low

electrical resistance of Ni-P along with the carbon support

imparts electrical conductivity that may facilitate the kinetics

of catalysis. The increment in catalytic activity could be

attributed to the enhanced CO tolerance of the catalyst and

improved conductivity emerged due to the synergistic effect

between Pd, Ni, P and vulcan carbon.

Table 2 e Comparison of activity of catalysts towards alcohol oxidation.

Catalysts Electrolyte Mass activity (mA/mg Pd/Pt) Reference

Pd/PPY/graphene 0.5 M NaOH þ 1 M Methanol 359.8 [54]

PdMo/CNT 1 M KOH þ 1 M Methanol 395.6 [55]

Pd/MnO2/CNT 0.5 M NaOH þ 1 M Methanol 431.02 [56]

Pd3Mo/VC 1 M KOH þ 1 M Methanol 647.27 [57]

Pd10Ag10/CNT 1 M KOH þ 0.5 M Methanol 731.20 [58]

Commercial Pd/C 0.5 M KOH þ 0.5 M Methanol 180.00 [59]

Pd@5% NP/VC 0.5 M KOH þ 0.5 M Methanol 804.67 Present work

Pd@5% NP/VC 0.5 M KOH þ 0.5 M Ethanol 772.96 Present work
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Conclusions

Carbon supported Pd@NP catalyst was synthesized through a

simple method. Transition metal phosphate modified carbon

support is first time introduced for the alcohol electro oxida-

tion application and excellent results were obtained. Unlike

the agglomeration observed in the absence of NP, homoge-

neous Pd particles with reduced particle size were resulted in

the presence of NP. Approximately seven-fold enhancement

in activity towards methanol oxidation was achieved. Mass

activity of 772.96 mA/mgPd was exhibited for ethanol oxida-

tion by Pd@5%NP/VC and 230.63 mA/mgPd by Pd@VC. Thesy-

nergistic effect of NPmodified carbon support with Pd leads to

the better activity. Collective action of the improved CO

tolerance induced by NP and high surface area and conduc-

tivity imparted by vulcan carbon to Pd enhanced the activity

of the catalyst towards alcohol oxidation.
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a b s t r a c t 

In the search of a satisfactory electrocatalyst for fuel cells, herein, we are reporting Au rich PdAu nano 

wires with excellent electro-catalytic activity towards methanol and ethanol oxidation. Ultrathin one- 

dimensional PdAu nanowires were prepared rapidly through a simple one step process. Among the pre- 

pared catalysts, the 10% Pd incorporated PdAu nano wire catalyst imparted greater catalytic activity, 

which exhibited ten times enhancement higher activity towards methanol as well as six times higher 

activity towards ethanol than that of the pure Pd catalyst. Eventually, the amount of Pd metal reduced 

to 90% without compromising its catalytic efficiency. Distinctive properties of one-dimensional Au were 

attributed to the improved catalytic activity. 

© 2021 Elsevier Ltd. All rights reserved. 

1. Introduction 

In the field of fuel cells, the selection and the development of 

an efficient catalyst is very vital, and therefore, the controllable 

production of catalysts with variety of size and shape has attracted 

extensive interest in this area [ 1 , 2 ]. Even though the DAFCs (Di- 

rect Alcohol Fuel Cells) are known as the promising energy source 

for fulfilling the inevitable energy demands especially in portable 

electronic devices, the efficiency of catalysts is still not satisfactory 

[3–6] . Until now, Pt has been viewed as the most efficient cata- 

lyst for anode reaction [ 7 , 8 ]. But, the expensive and limited supply 

of Pt extremely interrupted the large scale manufacturing of DAFC 

[9-11] . As of now, Pd is considered to be the appropriate alterna- 

tive of Pt owing to exhibiting similar properties with Pt [ 12 , 13 ]. 

Meanwhile, it is 50 times abundant, and relatively cheaper than Pt 

[ 14–16 ]. Eventually, Pd exhibits an outstanding activity and stabil- 

ity in alkaline medium [ 17–19 ]. However, it is indeed necessary to 

reduce the amount of Pd owing to its very high cost, and simulta- 

neously, the activity also need to be improvised. In this view, one 

of the highly rated strategies developed is combining the transition 

∗ Corresponding authors at: Materials Science and Technology Division, CSIR- 

National Institute for Interdisciplinary Science and Technology (NIIST), Thiruvanan- 

thapuram 695019, India 

E-mail address: nishanthkg@niist.res.in (N.K. Gopalan). 

metals with Pd to obtain an alloy. Incorporation of Ni, Cu, Ag, Fe, 

Au, etc. with Pd is observed to influenced the catalytic activity and 

improved the efficiency through bi-functional mechanism [ 20–24 ]. 

The particle morphology is one of the crucial factors upon 

which the catalytic active sites are highly dependent [ 25–28 ]. 

Therefore, development of various catalysts with fascinating mor- 

phologies having high surface area has become another crucial 

strategy for enhancing the catalytic efficiency [ 29 , 30 ]. Recently, one 

dimensional nanostructure is emerged as the new class of material 

in various fields including catalysis, optoelectronics, nano science, 

sensing, biological applications, etc. [ 31 , 32 ]. The unique structural 

features with high aspect ratios hold the key for its fascinating op- 

tical and electrical properties. The specific architecture possesses 

advantages like structural anisotropy, large surface area, high flex- 

ibility and high conductance [ 33 , 34 ]. The common issues associ- 

ated with nano particles include dissolution, aggregation and Ost- 

wald ripening, which can be controlled to an extent. The peculiar 

structure can able to promote the electron transport characteristic 

due to the path directing effect of structural anisotropy. The easy 

transport of electrons associated with the 1D structure also favor 

the enhancement of catalytic activity [35] . The structural robust- 

ness provides more active surface area to take part in the reaction 

and in turn boost the activity. 

Gold is known as an amazing element owing to its unique prop- 

erties including its inert nature. Most interesting fact is when size 

https://doi.org/10.1016/j.electacta.2021.138405 

0013-4686/© 2021 Elsevier Ltd. All rights reserved. 
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Scheme 1. Schematic representation of the formation of PdAu NW. 

is reduced to nano level, gold show tremendous changes in its 

physical properties, and its activeness enhanced significantly from 

its bulk state owing to which it is much more reactive in its nanos- 

tate [ 36–40 ]. This unique feature encouraged the researchers to 

apply gold in the field of catalysis and sensing [ 40 , 41 ]. The gold 

nano particles are observed to be very active towards CO oxidation 

which is highly encouraging factor to apply gold nano particles in 

CO oxidation at ambient temperatures [ 42–47 ]. The combination of 

Au with Pd can effectively promote the oxidation of the adsorbed 

intermediate CO species on Pd. Several studies have done in the 

field of electrochemistry using Au and Pd. Luo et al. , developed 

PdAu nanocatalyst with variable atom ratio for methanol oxida- 

tion [48] . Caglar and Kivrak reported carbon nanotube supported 

PdAu alloy catalyst for ethanol oxidation [49] . Au@PdAg core shell 

nanotubes were used for the oxidation of methanol and Au@PdAg 

NSs decorated rGO was used for ethanol oxidation [ 50 , 51 ]. Liu 

et al. , synthesised AuPd alloy on graphene for ethanol oxidation 

[52] . AuPtPd nano dendrites performed as excellent catalyst to- 

wards hydrogen evolution and oxygen reduction and AuPd nano 

alloys reported as good catalyst for hydrogen peroxide oxidation 

[ 53 , 54 ]. Meanwhile, the nano porous AuPd showed better activ- 

ity for alcohol oxidation. Lu et al. reported porous Pd Au films for 

methanol oxidation [55] . Au decorated Pd cubes were also reported 

for methanol oxidation [56] . 

Very few effort s have made in synthesizing AuPd alloy nano 

wire for electrocatalyst application so far. Zhu et al. prepared PdAu 

alloy nano wire through a template assisted method for sens- 

ing nonenzymatic glucose. The synthetic protocol involves compli- 

cated and relatively time-consuming processes [57] . Wang et al. 

synthesized PdAu nano wire for methanol oxidation, where the 

adopted method was simple, though the consumption of haz- 

ardous aminopyridine makes the preparation non-reliable [58] . In 

addition, no attempts have done in the direction of reducing the 

amount of Pd. Here we demonstrate an extremely rapid synthe- 

sis ( ̴ 5 min) of ultrathin PdAu nano wire with high aspect ratio 

without utilizing any complicated synthetic strategy. The as pre- 

pared catalyst exhibited an excellent catalytic activity towards al- 

cohol oxidation. In this work bimetallic PdAu nano wires having 

diameter of 5 nm was synthesized by a simple and rapid method. 

The Pd incorporated Au wire was obtained through a simple re- 

duction method there by eliminating the carbon corrosion prob- 

lem. Morphology, chemical composition and purity of the prepared 

catalysts were analyzed in detail. The electrocatalytic properties of 

the samples were investigated using cyclic voltammetry (CV) and 

chronoamperometric measurements. 

2. Experimental section 

2.1. Materials 

Chloroauric acid, Palladium (II) chloride, ά-naphthol, Sodium 

borohydride, Potassium hydroxide, Methanol and Ethanol. All 

chemicals were purchased from Merck chemicals and utilized as 

obtained. 

2.2. Preparation of PdAu nano wire 

A mixture of 4.5 ml 0.05 M HAuCl 4 and required amount of 

10 mM H 2 PdCl 4 were heated to 60 °C under water bath. Subse- 

quently added 0.5 M α-naphthol ethanol and 0.2 M NaBH 4 solu- 

tion. The pale yellow color of the solution immediately changed 

to black. The obtained product collected by centrifugation and 

washed well using ethanol solution [59] . Different com position of 

PdAu nano wire was synthesized by varying the quantity of pre- 

cursors. The simple and rapid synthetic procedure was elaborated 

schematically ( Scheme 1 ) . Required amount of gold and palla- 

dium precursors were mixed with α-naphthol ethanol solution and 

sodium borohydride at moderate temperature followed by aging 

for a very short span. The oxygen ligand in the α-naphthol coordi- 

nates with Au (III) and form metal complex. The π- π interactions 

between the rings in the α naphthol may lead to self-assembly 

of complexes in to one dimensional gold wires [59] . Therefore, 

α-naphthol functioned as coordination agent, reducing agent and 

structural directing agent simultaneously. By varying the quantity 

of precursors, 5, 10, 15% Pd containing Au rich PdAu nano wires 

were prepared, which are designated as 5% PdAu NW, 10% PdAu 

NW, and 15% PdAu NW, respectively. Pure Pd nanoparticle catalyst 

was prepared by the reduction of Pd precursor using NaBH 4 re- 

ducing agent, for the comparative analysis of the catalytic activity 

of prepared PdAu NW catalyst. The compositions of the prepared 

samples were analyzed using SEM-EDS ( Fig. S1 ). 

2.3. Materials characterization 

X-ray diffraction pattern was collected using X-ray diffrac- 

tometer (XRD), (Philips X’pert Pro) equipped with Cu K α
( λ = 0.154060 nm) radiation over 2 θ ranging from 10 to 90 ̊ with 

a step size of 0.08 ̊. The microstructures of the prepared samples 

were examined by Transmission Electron Microscopy (TEM). X-ray 

photoelectron study was conducted on X- ray photoelectron spec- 

trometer (XPS), (PHI 50 0 0 Versa Probe II). The obtained spectra 
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Fig. 1. TEM images of (a) 5%PdAu NW, (b) 10%PdAu NW, (c) 15%PdAu NW, (d) Au NW. 

were referenced to the C 1 s binding energy of 284.8 eV. The oxi- 

dation states of the metal in the sample were analyzed using XPS. 

2.4. Electrochemical measurements 

The electrochemical work station Autolab (M204) was utilized 

to perform the electrochemical measurements. In a standard three 

electrode system a catalyst modified glassy carbon electrode, a 

double junction Ag/AgCl electrode and a platinum wire were 

served as the working, reference and counter electrode respec- 

tively. Catalyst ink prepared by dispersing the catalyst in distilled 

water, were dropped on the cleaned glassy carbon electrode sur- 

face. Subsequently added 3 μl 0.5 wt% Nafion solutions using a mi- 

cropipette. The catalyst loading was 0.225 mg/cm 

2 . Cyclic voltamo- 

grams were recorded in N 2 saturated 0.5 M KOH solution at scan 

rate of 50 mV/s. CVs of Methanol Oxidation Reaction (MOR) and 

Ethanol Oxidation Reaction (EOR) were obtained in N 2 saturated 

0.5 M KOH solution containing 0.5 M methanol and ethanol re- 

spectively at a scan rate of 50 mV/s. 

3. Results and discussions 

Morphology of the prepared catalysts monitored by TEM and 

depicted in Fig. 1 , showing well defined uniform wires having the 

diameter of ~ 5 nm, and length up to several hundreds of nanome- 

ters. Thus, the as synthesized nano wires possess high aspect ratio. 

Higher resolution images presented in Fig. S2, shows crystalline 

lattice fringes in 10% PdAu NW. The interplanar spacing has also 

been calculated and indexed ( Fig. S2 c). The lattice spacing calcu- 

lated for the prepared PdAu nanowires is 0.232 nm, which is ob- 

served in between the Pd (111) lattice spacing (0.225 nm) and Au 

(111) lattice spacing (0.236 nm). The result indicates the PdAu al- 

loy formation [ 50 , 51 , 60 ]. The higher resolution images of 5% PdAu 

NW and 15% PdAu NW are depicted in Fig. S3 and S4 the values 

of inter planar spacing are also indexed. Fig. S5 shows the TEM 

images of highly interconnected pure Pd nanoparticles with an av- 

erage particle size ~20 nm. 

Phase purity of the prepared catalysts has been examined using 

X-ray diffractometer, and the obtained pattern is depicted in Fig. 2 . 

The peaks observed for pure Pd are well matched with the stan- 

dard cubic structure of Pd (JCPDS 46–1043). The diffraction peaks 

at 2 θ , 40.33 ̊, 46.93 ̊, 68.29 ̊, 82.27 ̊, and 86.92 ̊ are corresponding 

to (111), (200), (220), (311), (222) planes of Pd. Au shows peaks 

at 38.56 ̊, 44.76 ̊, 64.92 ̊, 77.87 ̊, and 82.06 ̊ which are ascribed to 

the (111), (200), (220), (311), (222) miller planes of cubic Au struc- 

ture (04–0784) [52] . As shown in the Fig. 2 a , Pd incorporated Au 

nano wires exhibited a shift in XRD peaks to lower diffraction an- 

gle from that of Au and Pd. The observation clearly designates the 

successful formation of PdAu alloy NW and suggests an expansion 

in the lattice parameters. However, the extent of lattice expansion 

tend to decrease on varying the alloy composition from 5, 10 and 

15 wt%, since the diffraction peaks have shifted to higher 2 θ an- 
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Fig. 2. XRD pattern of (a) PdAu catalysts, Pd and Au, (b) shift in (111) lattice plane of alloys from that of Au. 

Fig. 3. High resolution XPS spectra of (a) Au 4f and (b) Pd 3d in 10% PdAu NW. 

gle, Fig. 2 b . Moreover, crystallinity of the prepared NW catalysts 

found to decrease from that of pure Pd and Au, understood from 

the decrease in diffraction peak intensity and increase in FWHM. 

The calculated crystallite size using Scherrer formula of each alloy 

compounds are 16.64, 14.49 and 11.97 nm for 5, 10 and 15 wt% 

PdAu NWs, respectively. Further, based on Vegard’s law alloying 

degree of the prepared catalysts have calculated to be 6.4, 12.6 and 

17.2% for 5, 10 and 15 wt% PdAu NWs, respectively [ 61 , 62 ]. 

The surface chemical composition and oxidation states of the 

elements present in the developed PdAu NW catalyst are deter- 

mined by conducting X- ray photoelectron spectroscopy measure- 

ments, which is also helping to understand the existence of Pd and 

Au. Fig. 3 a and 3 b display the deconvoluted spectra of Au and Pd, 

respectively. The binding energy values at 84.0 and 87.7 eV, as il- 

lustrated in Fig. 3 a, assigned to Au 4f 7/2 and 4f 5/2 states of indica- 

tive of Au(0). As exposed in Fig. 3 b , Pd deconvoluted spectra has 

been fitted to four peaks. The peaks located at binding energies 

335.6, 340.9 eV attributed to Pd 3d 5/2 , 3d 3/2 corresponds to Pd(0). 

The small peaks at 337.8 and 343.1 eV assigned to Pd 

2 + [63] . The 

small shift in the binding energy values from the reported values 

of pure Pd (335.0 and 340.3 eV) and Au (83.8 and 87.4 eV) im- 

plies a strong electronic modification between the metals Pd and 

Au [ 48 , 64 ]. Thus the alloy formation is confirmed from the XPS 

technology. 

The electrochemical properties of the samples are studied us- 

ing cyclic voltammetry . Fig. 4 a represents the respective CV curves 

recorded in N 2 saturated 0.5 M KOH solution at a scan rate of 

50 mV/s. The potential range −0.8 to −0.4 V in the forward scan 

correspond to hydrogen adsorption and oxidation of Pd to PdO was 

observed at higher positive potential range. Further, reduction of 

PdO in the backward scan potential range −0.1 to −0.6 V resulted 

in the regeneration of Pd. [ 65 , 66 ] The parameter associated with 

the active sites of the catalysts, electrochemical active surface area 

(ECSA) is calculated by integrating the charge required for the re- 

duction of PdO. ECSA estimated using the equation, 

ECSA = 

Q 

0 . 405 × l 

Where ‘Q’ represents the PdO reduction charge and ‘l’ indicates 

the catalyst loading. The value of charge is assumed to be 0.405 

mC /cm 

2 for the PdO monolayer reduction [67] . The ECSA for the 

catalysts 5, 10, 15% PdAu NW and pure Pd are calculated to be 

74.8, 115.7, 96.8 and 11.2 m 

2 /g, respectively. The unique morphol- 

ogy attributed to the improved ECSA. The one-dimensional wire 
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Fig. 4. CV curves of (a) prepared samples and Pd catalyst in N 2 saturated 0.5 M KOH at a scan rate of 50 mV/s. (b) prepared samples and Pd catalyst in N 2 saturated 0.5 M 

KOH and 0.5 M CH 3 OH solution at a scan rate of 50 mV/s. (c) Chronoamperometric curves of prepared samples and Pd catalyst in N 2 saturated 0.5 M KOH + 0.5 M CH 3 OH 

solution. (d) MAs of as prepared samples and Pd catalyst. 

Table 1 

Onset potential and Mass activity data of the synthesized catalysts. 

Catalyst Onset potential (V) Mass Activity (mA/mg Pd ) 

5% PdAu NW −0.41 1021.4 

10% PdAu NW −0.44 2253.3 

15% PdAu NW −0.42 1681.2 

Pd −0.38 193.4 

type morphologies usually provide more active sites to take part. 

The remarkably higher activity of 10%PdAu NW is evident from the 

ECSA. 

Electrocatalytic activity of the prepared catalysts towards 

methanol oxidation is evaluated by performing the CV in N 2 sat- 

urated solution containing 0.5 M KOH and 0.5 M methanol at a 

scan rate of 50 mV/s. Typical cyclic voltammograms of different 

Pd Au NW catalysts are depicted in Fig. 4 b . Mass activities ob- 

tained for the catalysts are tabulated in Table 1 . Even though all 

the prepared catalysts imparted improved activity than the pure 

Pd, 10 wt% PdAu NW showed superior catalytic activity than oth- 

ers in terms of onset as well as peak potential and mass activity. 

Ten times increment in the mass activity is observed even after re- 

ducing the amount of Pd to 90% ( Fig. 4 d) . Bifunctional effects of 

Pd and Au along with the one-dimensional morphology of the cat- 

alyst could be attributed to the considerable enhancement in the 

activity of the catalyst. The problem of carbon corrosion can be 

eliminated. The 1D morphology reduces the aggregation, dissolu- 

tion and Ostwald ripening of Pd particles and improves the activity 

of Pd. The anisotropic morphology also imparts better electronic 

transportation which in turn increases the performance. 

The mechanism of methanol oxidation is given below [ 68 , 69 ]. 

The outstanding catalytic property of gold towards CO oxidation 

significantly helped to remove the CO molecules adsorbed on the 

Pd surface there by facilitating the reaction kinetics. The CO tol- 

erance of Pd gets enhanced by the presence of Au. The released 

active sites have been proceeded further via the following reac- 

tions. 

Pd + CH 3 OH → Pd -(CH 3 OH) ads (1) 

Pd -(CH 3 OH) ads → Pd -(CO) ads + 4H 

+ + 4e (2) 

Au + H 2 O → Au -OH ads + H 

+ + e ¯ (3) 

Pd -(CO) ads + Au -OH ads → Pd + Au + CO 2 + H 

+ + e ¯ (4) 

Stability studies of the prepared catalyst are done by 

Chronoamperometric measurements at a potential of −0.4 V for 

40 0 0 s in an N 2 saturated solution containing 0.5 M KOH and 

0.5 M methanol. Due to the formation of the intermediate CO, 

current value decreases after some times. As shown in Fig. 4 c 

the slow decay value indicates the 10 wt% PdAu NW possesses 

a better stability than the other catalysts for methanol oxidation. 

Stability studies are further conducted by performing the cyclic 

voltammetry analysis for 500 cycles. Fig. 5 depicts the correspond- 

ing cyclic voltammograms. Decay rate of current in the case of 

10% PdAu NW catalyst is better than that of pure Pd. In the 

case of 10% PdAu NW the initial current value 2253.34 mA/mg Pd 

reached 1753.48 mA/mg Pd whereas for pure Pd the current value 

193.4 mA/mg Pd reduced to 99.86 mA/mg Pd , almost half of the ini- 

tial value. The onset potential for 10% PdAu NW is deviated by less 

extent −0.39 V to −0.37 V. For pure Pd the onset potential shifted 
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Fig. 5. CV curves of (a) 10%PdAu NW after 500 cycles in N 2 saturated 0.5 M KOH + 0.5 M CH 3 OH solution, (b) Pd catalyst after 500 cycles in N 2 saturated 0.5 M KOH + 0.5 M 

CH 3 OH solution. 

Fig. 6. (a) CV curves of prepared samples and Pd catalyst in N 2 saturated 0.5 M KOH + 0.5 M C 2 H 5 OH solution, (b) Chronoamperometric curves of prepared samples and Pd 

catalyst in N 2 saturated 0.5 M KOH + 0.5 M C 2 H 5 OH solution. 

from −0.38 to −0.31 V. A higher deviation has been observed in 

the case of pure Pd. 

The catalytic activity towards electro oxidation of ethanol has 

also been carried out in an N 2 saturated solution containing 0.5 M 

KOH and 0.5 M ethanol at a scan rate of 50 mV/s. Similar results 

are observed in this case also. Developed PdAu NW catalysts ex- 

hibited increased activity than that of the pure Pd catalyst. Among 

them 10 wt% PdAu NW showed supreme catalytic activity than 

others. A mass activity of 2137.9, 2960.40, 2724.4 mA/mg Pd are ob- 

tained for 5, 10, 15% PdAu NWs, respectively, and the activity for 

pure Pd is calculated to be 522.8 mA/mg. The respective CV curves 

are depicted in Fig. 6 a . Chronoamperometric measurements per- 

formed at a potential of −0.4 V for 40 0 0 s in an N 2 saturated so- 

lution containing 0.5 M KOH and 0.5 M ethanol ( Fig. 6 b) reveals 

the stability of the catalyst 10% PdAu NWs. 

Stability studies are further confirmed by performing the cyclic 

voltammetry analysis for 500 cycles ( Fig. 7 ) . There is not that 

much reduction in current value and change in onset potential in 

the case of 10% PdAu catalyst. The current value 2960.40 mA/mg Pd 

reached 2548.88 mA/mg Pd and onset potential remained 0.51 V. 

But for Pd the current value reached almost half of the initial value 

and the onset potential also shifted to higher value. The initial cur- 

rent value 522.8 mA/mg Pd reduced to 274.74 mA/mg Pd and onset 

potential deviated from −0.52 to −0.45 V. Thus, stability of the 10% 

PdAu NW catalyst has been confirmed. 

Table 2 displays the catalytic activity of various Pt and PdAu 

catalysts towards alcohol oxidation. The as synthesized NW cata- 

lyst exhibited better activity than that of other different PdAu cat- 

alysts [70–78] . The tabulated results on analysis clearly marks that 

the combination of Pd and Au metals with NW morphology could 

substantially improve the catalytic activity of Pd due to the supe- 

rior CO tolerance of Au. 

One dimensional nano wire with ultrathin diameter and high 

aspect ratio greatly influenced the catalytic activity. The prepared 

PdAu NWs have exhibited superior activity than that of pure Pd. 

The properties associated with the characteristic structure helped 

to enhance the performance. Blending Au with Pd would facili- 

tate the catalytic activity of Pd. Release of the intermediate CO 

from active sites of Pd due to the presence of Au can enhance 

the kinetics of methanol oxidation. Experiments performed re- 

vealed the superior catalytic performance of 10% PdAu NWs to- 

wards methanol as well as ethanol electro-oxidation. The cata- 

lyst is able to perform ten times better activity towards methanol 

and six times higher activity towards ethanol than pure Pd even 

by reducing the amount of Pd to 90%. Bifunctional effects of Pd 

and Au along with the one-dimensional morphology of the syn- 

thesized catalyst attributed to the increased catalytic activity to- 

wards alcohol oxidation. Alloying of Pd with Au may boost up the 

kinetic reaction towards the intermediate poison, leading to an en- 

hanced poison tolerance. The unique one-dimensional structure re- 

duces the agglomeration and dissolution of particles and provides 

large surface area. The improved electron transport characteris- 

tics due to the structural anisotropy have facilitated the catalytic 

efficiency. 
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Fig. 7. CV curves of (a) 10%PdAu NW after 500 cycles in N 2 saturated 0.5 M KOH + 0.5 M C 2 H 5 OH solution (b) Pd catalyst after 500 cycles in N 2 saturated 0.5 M KOH + 0.5 M 

C 2 H 5 OH solution. 

Table 2 

Mass activity values of different PdAu catalysts. 

Catalysts Electrolyte Mass activity (mA /mg Pd/Pt ) Reference 

Pd 2 Au-180 1 M NaOH + 1 M Methanol 491.84 48 

Pd 90 Au 10 1 M KOH + 1 M Ethanol 1050.00 49 

PdAu/C 0.5 M KOH + 0.5 M Ethanol 1700.00 70 

Pd 5 Au 1 1 M KOH + 1 M Ethanol 1739.93 56 

Au@Pd/fuv-MWCNTs 0.5 M KOH + 2 M Methanol 785.70 71 

NP- PdAu 0.5 M KOH + 1 M Methanol 866.5 72 

Pd 30 Au 70 /C 1 M KOH + 1 M Methanol 950.6 73 

PtNi/ceria 0.1 M HClO 4 + 0.5 M Methanol 1500.00 74 

PtCo CNC 0.5 M H 2 SO 4 + 1.0 M Methanol 692.00 75 

Ru/Pt NWs 0.1 M HClO 4 + 1 M Methanol 570.00 76 

3PtSn/C 0.5 M H 2 SO 4 + 2 M Methanol 56.70 77 

PtRu NWs 0.1 M HClO 4 + 0.5 M Methanol 820.00 78 

10%PdAu NW 0.5 M KOH + 0.5 M Methanol 2256.9 This work 

10%PdAu NW 0.5 M KOH + 0.5 M Ethanol 2932.5 This work 

4. Conclusions 

Au rich PdAu nano wires with different com positions were pre- 

pared by simple and speedy method. Well defined ultrathin nano 

wire morphology was analyzed by TEM analysis. The XRD and XPS 

analysis was employed to examine the incorporation of Pd and 

Au. The synthesized catalysts exhibited excellent catalytic activity 

and stability towards methanol and ethanol oxidation. The catalytic 

performance shown by 10% Pd incorporated Au wire was superior 

to other catalysts and pure Pd catalyst. The efficiency of the cata- 

lyst enhanced significantly even by reducing the amount of Pd to 

90% owing to the unique structural features and bifunctional ef- 

fects between Au and Pd. Ten times increase in the mass activity 

towards methanol and six times increment in the mass activity to- 

wards ethanol was observed. 
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