
  

 

  

SSeettttoorree  sscciieennttiiffiiccoo--ddiisscciipplliinnaarree::  CCHHIIMM//0033  CChhiimmiiccaa  GGeenneerraallee  eedd  IInnoorrggaanniiccaa  

    DDOOTTTTOORRAANNDDOO    

    YYAANNXXIINN  CCHHEENN  

    CCOOOORRDDIINNAATTOORREE    

    ((UUNNIIVVEERRSSIITTÀÀ’’  DDEEGGLLII  SSTTUUDDII  DDII  TTRRIIEESSTTEE))    

    PPRROOFF..  MMAAUURRIIZZIIOO  FFEERRMMEEGGLLIIAA  ::  

    SSUUPPEERRVVIISSOORREE  DDII  TTEESSII    

    ((UUNNIIVVEERRSSIITTÀÀ’’  DDEEGGLLII  SSTTUUDDII  DDII  TTRRIIEESSTTEE))  

    PPRROOFF..  PPAAOOLLOO  FFOORRNNAASSIIEERROO::  

    TTUUTTOORRII  ((IICCCCOOMM--CCNNRR,,  FFIIRREENNZZEE))  

    DDRR..  FFrraanncceessccoo  VViizzzzaa  
    DDRR..  CCllaauuddiioo  BBiiaanncchhiinnii  
    DDRR..  AAlleessssaannddrroo  LLaavvaacccchhii  
  

AANNNNOO  AACCCCAADDEEMMIICCOO  22001111  //  22001122  

NNaannoossttrruuccttuurreedd  TTiiOO22  BBaasseedd  MMaatteerriiaallss  ffoorr  eelleeccttrrooccaattaallyyssiiss  

aanndd  PPhhoottootteelleeccttrrooccaattaallyyssiiss

NNaannoossttrruuccttuurreedd  TTiiOO22  BBaasseedd  MMaatteerriiaallss  ffoorr  eelleeccttrrooccaattaallyyssiiss  

aanndd  PPhhoottootteelleeccttrrooccaattaallyyssiiss 



   

  



  

  

  

  

  

  

                            ttoo  mmyy  ddeeaarr  ddaauugghhtteerr  AAmmyy  

  

  

  

  

  

  

  



   

  



  

  

  

  

  

  ““II  wwaanntt  ttoo  bbrriinngg  oouutt  tthhee  sseeccrreettss  ooff  nnaattuurree  aanndd  aappppllyy  tthheemm  ffoorr  tthhee  

hhaappppiinneessss  ooff  mmaann..  II  ddoonn''tt  kknnooww  ooff  aannyy  bbeetttteerr  sseerrvviiccee  ttoo  ooffffeerr  ffoorr  tthhee  sshhoorrtt  

ttiimmee  wwee  aarree  iinn  tthhee  wwoorrlldd..””  

TThhoommaass  EEddiissoonn    

  

  



   

  

  

  



 CCoonntteennttss  

  

CCoonntteennttss  

 Abstract.........................................................................................................................xi Abstract

 List  of  Abbreviations.............................................................................................xv List of Abbreviations

 Chapter  1.  Introductions.......................................................................................1 Chapter 1. Introductions

§§  11..11..  TThhee  ffuueell  cceellll  tteecchhnniiqquuee......................................................................................5 

1.1.1. The Direct Alcohol Fuel Cells (DAFC)........................................................................8 

§§  11..22..  TThhee  eelleeccttrroollyyssiiss  tteecchhnniiqquuee............................................................................10 

§§  11..33..  CCaattaallyyssttss  ffoorr  aallccoohhooll  eelleeccttrroo--ooxxiiddaattiioonn......................................................15 

1.3.1. General mechanisms for alcohol electrochemical-oxidation.....................................15 

1.3.2. Strategies of heterogeneous catalysts preparation...................................................18 

§§  11..44..  PPhhoottooccaattaallyyttiicc  pprroocceesssseess  ffoorr  HH22  pprroodduuccttiioonn.............................................24 

1.4.1. Definition of key parameters for photocatalytic processes........................................30 

§§  11..55..  TTiiOO22  nnaannoottuubbee  aarrrraayyss  ((TTNNTTAA))  aarrcchhiitteeccttuurree................................................31 

§§  11..66..  AAiimm  ooff  tthhee  wwoorrkk  aanndd  cchhooiiccee  ooff  tthhee  mmaatteerriiaall...............................................36 

§§  11..77..  RReeffeerreenncceess.........................................................................................................37 

 

 Chapter  2.  Characterization  Techniques....................................................49 Chapter 2. Characterization Techniques

§§  22..11..  TThhee  EExx--SSiittuu  MMaatteerriiaall  CChhaarraacctteerriizzaattiioonn........................................................50 

2.1.1. Field Emission Scanning Electron Microscopy (FE-SEM).........................................50 

2.1.2. Energy Dispersive X-Ray Analysis (EDX).................................................................51 

2.1.3. Powder X-ray diffraction (XRD)................................................................................54 

2.1.4. X-Ray Photoelectron Spectroscopy (XPS)...............................................................57 

2.1.5. Inductively coupled plasma mass spectrometry (ICP-MS)........................................59 

2.1.6. The transmission electron microscopy (TEM) technique...........................................62 

§§  22..22..  TThhee  IInn--SSiittuu  EElleeccttrroocchheemmiiccaall  CChhaarraacctteerriizzaattiioonn..........................................70 

2.2.1. Instrumentation & Experimental Setup of the Typical Three Electrodes

 Electrochemical Cell....................................................................................................70 



   

  

2.2.2. Cyclic voltammetry (CV) characterization method....................................................71 

2.2.3. Chronoamperometry (CA) characterize method.......................................................73 

2.2.4. Experimental Setup of the Direct Alcohol Fuel Cell system.......................................74 

2.2.5. Characterization Techniques of the Fuel Cell system................................................76 

2.2.6. Current -Voltage characterize methods (i-V curve)...................................................78 

§§  22..33..  PPhhoottooccaattaallyyttiicc  pprroocceesssseess  ffoorr  HH22  pprroodduuccttiioonn.............................................81 

§§  22..44..  RReeffeerreenncceess.........................................................................................................86 

 

 Chapter  3.  Size  Reduction  and  Catalytic  Activation  of  Pd  NPs.....87 Chapter 3. Size Reduction and Catalytic Activation of Pd NPs

§§  33..11..  CChhaapptteerr  IInnttrroodduuccttiioonn.......................................................................................88 

§§  33..22..  TTNNTTAA--ddiisskk  SSuubbssttrraattee  pprreeppaarraattiioonn................................................................89 

3.2.1. Polishing treatment of Titanium disk substrate.........................................................89 

3.2.2. TNTA preparation by the electro-chemical anodization and annealingtreatment.......91 

§§  33..33..  PPrreeppaarraattiioonn  ooff  PPdd//TTNNTTAA--ddiisskk  bbyy  PPEEDD  aanndd  tthhee  ffoolllloowwiinngg  EECCMMFF  

  ttrreeaattmmeenntt..................................................................................................................99 

3.3.1. Preparation and characterization of Pd/TNTA-disk by PED.......................................99 

3.3.2. Half-cell characterization of the Pd/TNTA-disk electrodes by PED with or  without 

 ECMF treatment........................................................................................................107 

§§  33..44..  PPrreeppaarraattiioonn  ooff  PPdd//TTNNTTAA--ddiisskk  bbyy  SS--CCBBDD  aanndd  tthhee  ffoolllloowwiinngg  EECCMMFF  

  ppoosstt--ddeeppoossiittiioonn  ttrreeaattmmeenntt.................................................................................112 

3.4.1. Preparation and characterization of Pd/TNTA-disk by S-CBD and ECMF................113 

§§  33..55..  EECCMMFF  oonn  tthhee  bbuullkk  PPdd--ddiisskk  eelleeccttrrooddee.........................................................131 

§§  33..66..  CChhaapptteerr  CCoonncclluussiioonn.......................................................................................135 

§§  33..77..  RReeffeerreenncceess.......................................................................................................136 

 

 Chapter  4.  Preparation  &  Application  of  3D  Pd/TNTA  electrode.138 Chapter 4. Preparation & Application of 3D Pd/TNTA electrode

§§  44..11..  CChhaapptteerr  IInnttrroodduuccttiioonn.....................................................................................139 

§§  44..22..  SSyynntthheessiiss  aanndd  CChhaarraacctteerriizzaattiioonn  ooff  33DD  TTNNTTAA  SSuubbssttrraattee........................142 

4.2.1. Synthesis and Characterization of TNTA-mesh......................................................142 



 

 

CCoonntteennttss  

 

4.2.2. Synthesis and Characterization of TNTA-web........................................................144 

§§  44..33..  PPrreeppaarraattiioonn  aanndd  AApppplliiccaattiioonn  ooff  PPdd//TTNNTTAA--wweebb  bbyy  PPEEDD  ddeeppoossiittiioonn....151 

4.3.1. Fabrication and characterization of Pd/TNTA-disk by PED.....................................151 

4.3.2. DAFC application of PED prepared Pd/TNTA-web electrodes……........................156 

§ 4.4. Preparation and Application of Pd/TNTA-web by Chemical 

 Depositionposition (CD)....................................................................................162 

4.4.1. Preparation and Characterization of Pd/TNTA-web by CD…….............................162 

4.4.2. Synthesis, Characterization and Activity Comparison of Pd/C NPs.........................168 

4.4.3. Pd/C vs Pd/TNTA web test in Active DEFC……....................................................172 

 4.4.3.1. Active DEFC: Pd/TNTA-web vs. Pd/C anodes (2.0 mg(Pd) cm-2).....................174 

 4.4.3.2. Active DEFC: Pd/TNTA-web vs. Pd/C anodes (8.0 mg(Pd) cm-2).....................178 

 4.4.3.3. Active DEGFC with Pd/TNTA-web anodes (2.0 mg(Pd) cm-2)...........................187 

 4.4.3.4. Pt/C vs. Pd/TNTA-web electrodes in PEMFC.................................................189 

§ 4.5. Application of Pd/TNTA-web for Electrolysis.........................................191 

§ 4.6. Application of Pd/TNTA-web for the photoassisted H2 generation...196 

§ 4.7. Chapter Conclusion.......................................................................................206 

§ 4.8. References………………………………………..........................................207 

 Chapter  5.  Summary  and  Conclusion…………….......…………………209 Chapter 5. Summary and Conclusion

 Acknowledgments................................................................................................213 Acknowledgments

 Curriculum  Vitae....................................................................................................215 Curriculum Vitae

 Publications  &  Conference-Posters  in  the  PhD  Period………...…216 Publications & Conference-Posters in the PhD Period

 

 



   

 

 

  



 

  xxii  

AAbbssttrraacctt  

                                                         

  
 Fossil energy sources are non-renewable being an irreplaceable endowment produced 

from millennia of biological and geological processes, which means that on the human 

time-scale they cannot be naturally regenerated and are only available in a finite amount on 

earth. Scientific and technological data concerning renewable fuels are exponentially growing 

and in parallel the governments are more and more attracted by these more sustainable energy 

sources. Overall, solar energy is the most abundant and easily available renewable resource 

which, however, has its own problems such as neither constantly available nor distributed 

equally over the surface of the globe. Hydrogen and various bio-fuels, such as bio-ethanol, 

biodiesel or biogas, have the potentiality to store the solar energy, playing a crucial role in the 

development of future renewable energy strategies. Nevertheless, as a general comment, it is 

very difficult and expensive to harness enough power from them to match the effectiveness of 

non-renewable resources. Thus, it is a big challenge to develop new and high efficient 

approach to improve the efficiency in production and use of these renewable resources. 

Nanotechnology is a key area that can help solving this issue. In fact, by using the tools 

offered by nanotechnology, it is possible to obtain tailored nanostructured catalytic materials 

that show remarkably better performance than that currently achievable even with state-of- 

the-art materials. The fields of catalysis, electrocatalysis, photocatalysis and photoelectron- 

catalysis are all examples of where nanotechnology is deeply impacting on current science, 

and in particular in energy related applications. 

 The main focus of this PhD thesis is on nanotechnology applied to material science to 

enhance the performances of various on two important energy-related processes: namely the 

Fuel Cells (especially the Direct Alcohol Fuel Cell - DAFC) and the hydrogen production 

process. The H2 production processes include the electrochemical H2 production approach 

(the water electrolysis technique) and the photocatalytical H2 production approach (the 

photocatalytic decomposition of water into H2 technique). In the both the energy conversion 

processes, TiO2 nanotube arrays (TNTA) architectures were used as substrates and the 

Palladium (Pd) nanoparticles (NPs) were used as supported nanocatalysts. Therefore the most 

important results in this thesis are the design, realization, functional testing and 

characterization of supported Pd nanocatalysts on various TiO2 substrates with tailored and 
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well-defined structures, in addition their use for energy-related applications, which are 

organized as follows: 

 In the Chapter 1, the general principles of the fuel cells technique; the electrolysis 

technique; the TNTA substrate architecture and the principles of photocatalytic processes for 

H2 production are outlined or described in details. In addition, the development status and the 

preparation strategies of catalysts for the alcohol electrochemical oxidation are introduced in 

this chapter. 

 In the chapter 2, an overview of the main characterization techniques is reported, all of 

which have been used in this thesis, in order to study the reactivity and the morphological and 

chemical properties of the samples. The aim of the present chapter is not that of providing 

exhaustive information about all the techniques. Rather, it is expected to furnish to the reader 

the main elements to better appreciate the results obtained and described in the following 

chapters of this thesis. 

 Since the catalytic performance of the nanocatalysts can be finely turned by their shape, 

which determines surface atomic arrangement and coordination. In the chapter 3,we report a 

novel method of metal NPs modification, denoted as Electrochemical Milling and Faceting 

(ECMF), by which large supported Pd NPs (35 nm) of low-index facets supported on TNTA 

substrate can be milled into many small NPs (7 nm) with some HIF or high density of step 

atoms. By this approach, the catalytic activity of supported Pd NPs was enhanced by an order 

of magnitude to the ethanol electrooxidation, and was even 3 times higher than the highest 

value reported so far. This new approach to the synthesis of HIF-Pd NPs allows one to 

control metal loading, particle size and surface structure, independently from each other. 

 Furthermore, in a practical catalytic system, such as the DAFC; the electrolysis system 

and the photocatalytical H2 production system, the electrochemical activity of the supported 

catalysts is not the only one parameter which needs to be concerned about, the other 

parameters for the whole test system’s establishment such as the selection and preparation of 

the substrate material also need to the carefully optimize.  

 In the chapter 4, a new type of Ti network substrate with the TNTA on top was prepared 

and introduced into the DAFC test system and also used in the electrolysis and 

photocatalytical H2 production process. This kind of substrate solved the typical problems of 

the DAFC such as the fuel solution diffusion limitation and the stability of the as supported 

catalysts drop during the large current density discharge. It was also proved to be a good 

choice as the substrate for the Photocatalytic decomposition of alkaline ethanol aqueous into 

H2, which showed good performances of the H2 photochatalytic evolution.  
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 Chapter 5 is the conclusion of my PhD thesis. The results clearly demonstrate the novelty 

and the advantage of the present approach for the obtainment of active and stable 

electrochemical catalysts for the DAFC and the electrolysis system, and also represent an 

important step forward in the exploration of new active nanosystems for the conversion of 

solar light into storable chemical energy. All the findings greatly contributed to the 

development of catalytic materials for energy-related applications. 
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IInnttrroodduuccttiioonnss      

  

 EEnneerrggyy  iiss  oonnee  ooff  tthhee  mmoosstt  iimmppoorrttaanntt  iissssuueess  iinn  tthhee  2211sstt  cceennttuurryy..  TThhee  eenneerrggyy  ssyysstteemm  hhaass  

bbeeeenn  bbuuiilltt  aarroouunndd  mmaannyy  aaddvvaannttaaggeess  ooff  ffoossssiill  ffuueell,,  wwhhiicchh  ccoommpprriisseess  ooff  ooiill,,  ccooaall  aanndd  nnaattuurraall  ggaass..  

TThheeyy  aarree  vveerryy  aattttrraaccttiivvee  bbeeccaauussee  tthheeyy  aarree  hhiigghhllyy  ccoonncceennttrraatteedd,,  wwhhiicchh  eennaabblleess  tthhee  ssttoorraaggee  ooff  

llaarrggee  eenneerrggyy  iinn  aa  rreellaattiivveellyy  ssmmaallll  vvoolluummee  aanndd  tthhee  eeaassyy  ddiissttrriibbuuttiioonn..  NNoowwaaddaayyss,,  aallmmoosstt  eevveerryy  

aassppeecctt  ooff  hhuummaann  lliiffee  iiss  mmaaddee  ffrroomm,,  ppoowweerreedd  wwiitthh,,  oorr  aaffffeecctteedd  bbyy  tthheemm..  FFoorr  tthheessee  rreeaassoonnss,,  tthheeyy  

hhaavvee  ooffffeerreedd  oouuttssttaannddiinngg  ooppppoorrttuunniittiieess  dduurriinngg  tthhee  2200tthh  cceennttuurryy::  tthheeiirr  eexxtteennssiivvee  uussee  ppeerrmmiitttteedd  

tthhee  ggrroowwiinngg  ooff  lliivviinngg  ccoonnddiittiioonnss  uunnttiill  aaccttuuaall  ssttaannddaarrddss..  HHoowweevveerr,,  ffoossssiill  eenneerrggyy  ssoouurrcceess  aarree  

nnoonn--rreenneewwaabbllee  bbeeiinngg  aann  iirrrreeppllaacceeaabbllee  eennddoowwmmeenntt  pprroodduucceedd  ffrroomm  mmiilllleennnniiaa  ooff  bbiioollooggiiccaall  aanndd  

ggeeoollooggiiccaall  pprroocceesssseess..  TThhiiss  mmeeaannss  tthhaatt  oonn  tthhee  hhuummaann  ttiimmee--ssccaallee  tthheeyy  ccaannnnoott  bbee  nnaattuurraallllyy  

rreeggeenneerraatteedd  aanndd  aarree  oonnllyy  aavvaaiillaabbllee  iinn  aa  ffiinniittee  aammoouunntt  oonn  eeaarrtthh..    

  TThhee  eexxppaannddiinngg  wwoorrlldd  ppooppuullaattiioonn  aanndd  tthhee  iinnccrreeaassiinngg  ssttaannddaarrddss  ooff  lliivviinngg  aanndd  ddeemmaannddss  ffoorr  

eenneerrggyy  iinn  ddeevveellooppiinngg  ccoouunnttrriieess  iiss  ppuuttttiinngg  iinnccrreeaassiinngg  pprreessssuurree  oonn  tthhee  ccoonnttiinnuuee  ddiimmiinniisshhiinngg  

ffoossssiill  ffuueell  rreessoouurrcceess  aanndd  mmaakkiinngg  tthheemm  eevveenn  mmoorree  ccoossttllyy..  IInn  22000055  tthhee  wwoorrlldd’’ss  ggrroowwiinngg  tthhiirrsstt  

ffoorr  ooiill  aammoouunntteedd  ttoo  tthhee  iimmpprreessssiivvee  vvaalluuee  ooff  aallmmoosstt  11000000  bbaarrrreellss  ppeerr  sseeccoonndd,,[[11]]  wwhhiicchh  mmeeaannss  

aabboouutt  22  lliitteerrss  aa  ddaayy  ppeerr  eeaacchh  ppeerrssoonn  lliivviinngg  oonn  tthhee  EEaarrtthh..[[22]]  TThhee  ccuurrrreenntt  gglloobbaall  eenneerrggyy  

ccoonnssuummppttiioonn  iiss  eeqquuiivvaalleenntt  ttoo  1133  tteerraawwaattttss  ((TTWW))..  FFuurrtthheerrmmoorree,,  pprreeddiiccttiioonnss  bbaasseedd  oonn  

eexxttrraappoollaattiioonn  ooff  tthhee  eenneerrggyy  ccoonnssuummppttiioonn  sshhooww  tthhaatt  tthhee  ddeemmaanndd  wwiillll  ssoooonn  eexxcceeeedd  tthhee  ssuuppppllyy..  

NNoo  mmaatttteerr  hhooww  lloonngg  tthhee  ffoossssiill  ffuueellss  wwiillll  llaasstt  tthheeiirr  aammoouunntt  iiss  ffiinniittee..  NNeeww  ooiill  aanndd  ggaass  ffiieellddss  aarree  

bbeeiinngg  ssttiillll  ddiissccoovveerreedd  aanndd  tthhee  mmeetthhooddss  ffoorr  rreettrriieevviinngg  ooiill  ffrroomm  kknnoowwnn  ffiieellddss  aarree  ccoonnttiinnuuoouussllyy  

iimmpprroovviinngg  aalltthhoouugghh  eexxttrraaccttiioonn  eenneerrggyy  ccoossttss  wwoouulldd  bbeeccoommee  hhiigghheerr  tthhaann  tthhee  aaccttuuaall  eenneerrggyy  yyiieelldd  

dduuee  ttoo  iinnccrreeaasseedd  eenneerrggyy  ccoossttss  ffoorr  rreesseeaarrcchh,,  ddeeeepp  ddrriilllliinngg,,  aass  wweellll  aass  ttoo  lloowweerr  qquuaalliittyy  aanndd  

aacccceessssiibbiilliittyy  ooff  tthhee  ssttiillll  aavvaaiillaabbllee  ooiill  ssttoorraaggeess..  IItt  ccaann  bbee  eeaassiillyy  uunnddeerrssttoooodd  tthhaatt  tthhee  

llooccaall//rreeggiioonnaall  ggoovveerrnnmmeennttss  aarree  mmoorree  aanndd  mmoorree  aattttrraacctteedd  bbyy  rreenneewwaabbllee  eenneerrggyy  ssoouurrcceess..  
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 In addition to these aspects, there is clearly a problem of worldwide energy dependence. 

Since the fossil fuels were created in specific circumstances where the geological conditions 

were favorable, the largest deposits of oil, gas and coal tend to be concentrated in particular 

regions of the globe (e.g. two-third of the world’s proven oil reserves are located in the 

Middle East and North Africa) often characterized by political instability in their international 

relationships.[3] 

 The potentially damaging environmental effect of continuous fossil fuel usage is another 

factor which has to be considered. Although there is a considerable disagreement as to 

whether increased fossil fuel consumption is the primary cause of global climate change (e.g. 

earth’s temperature increases and sea level rises), there is a general agreement that a strong 

correlation exists between localized and regional air pollution and fossil fuel consumption. 

The exploitation of fossil fuel resources entails significant health hazards in the course of 

their extraction, for example in coal mining accidents or fires on oil or gas drilling rigs. They 

can also occur during distribution, for example in oil spillages from tankers that pollute 

beaches and kill wildlife; or on evaporation process or on combustion, which generate 

atmospheric pollutants such as CO, CH4, NOx, SOx, volatile organic compounds (VOCs), 

heavy metals, particulate matter (PM) and very large quantities of carbon dioxide (CO2) 

which contributes to the well known greenhouse effect.  

 The development of new energy strategies that could be economically and 

environmentally sustainable and able to meet the demands for a broad range of services 

(household, commerce, industry and transportation needs) is an imperative challenge. There 

is not a unique solution in answer to all energy-related problems. Indeed, there must be a 

global strategy which is based on local solutions: each option shows its own advantages, 

handicaps and social-economic impact. However, it is clear that any successful strategy must 

include renewable resources and renewable energy. Nowadays, it is generally accepted that 

diversification of energy sources is essential.[4-5] A renewable resource is a natural resource 

which can replenish with the passage of time, either through biological reproduction or other 

naturally recurring processes. Renewable resources are a part of Earth's natural environment 

and the largest components of its ecosphere. And a renewable energy is energy from natural 

resources such as sunlight, wind, rain, tides, waves and geothermal heat. Common 

applications of renewable energies are electricity generation and motor fuels.  

 Overall, solar energy is the most abundant and easily available renewable resource, and 

is the source of all renewable resources which has been harnessed by humans since ancient 

times. In one year, the Sun delivers more than 10,000 times the energy that human currently 
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use,[6] and almost twice the amount of energy that will ever be obtained from all of the 

planet's non-renewable resources.[7] Solar power is the conversion of sunlight into electricity, 

either directly using photovoltaics (PV), or indirectly using concentrated solar power (CSP). 

Concentrated solar power systems use lenses or mirrors and tracking systems to focus a large 

area of sunlight into a small beam.[8] Photovoltaics convert light into electric current using the 

photoelectric effect.[9] There are many domestic applications of solar power including solar 

cookers, solar stills, solar water heating, solar heating and air conditioning.  

 In addition to the directly use of the solar energy, the various forms of biofuel (such as 

bioethanol, biodiesel, biogas and so on) which presences as the carrier of the solar energy, 

plays another most important role in the humans society. A biofuel is fuel whose energy is 

derived from biological carbon fixation. Biofuels include fuels derived from biomass 

conversion, as well as solid biomass, liquid fuels and various biogases.[10] The name 

bioethanol indicates the ethanol obtained by fermentation, mostly from carbohydrates 

produced in sugar or starch crops such as corn, sugarcane or switchgrass. Biodiesel is made 

from vegetable oils and animal fats. Biodiesel is mainly produced by transesterification of 

oils or fats and is the most common biofuel in Europe. Biogas is methane produced by the 

process of anaerobic digestion of organic material by anaerobes.[11],energy..  

 All these elements can convey in the concept of sustainability. A well known definition 

of sustainability and in particular of sustainable development was provided by the Brundtland 

Commission of the United Nations in 1987: “Sustainable development is development that 

meets the needs of the present without compromising the ability of future generations to meet 

their own needs”.[12] 

 The reported problem with these renewable resources is that it is difficult and expensive 

to harness enough power from them to match the effectiveness of non-renewable 

resources.[13-14]. Thus, to develop new and high efficient approach for the renewable 

resources production and application, and improve the use efficiency of the renewable 

resources play very important role in the development of new energy strategies. In fact, the 

growth of energy production from renewable sources requires precise policy decisions in the 

choice of long-term strategies that, within certain limits, they need not only to new 

technologies but also new basic scientific knowledge. Italy, like the other countries around 

the Mediterranean, has plentiful solar radiation every year. The transformation of a small 

fraction even of solar energy in power directly is therefore a possible target, though ambitious. 

On the other hand, should be pointed out that this energy supply is, however, neither 

constantly available nor distributed equally over the surface of the globe. Indeed, the places 
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where mankinds’ energy consumption is highest are not the places where the Suns irradiance 

is at a maximum. And the energy of solar, thermal and photovoltaic, or wind is subject to 

interruptions and / or fluctuations are not always predictable but certain. The need, then, to 

store the energy of solar origin produced, for example, during the day and / or the summer, to 

enable its subsequent use in times of need, for example at night and / or in winter, then it is 

physically impossible to meet these needs directly with the primary energy of solar irradiance. 

Thus, the increased use of renewable energies requires the development of techniques which 

facilitate storage of a sort of almost simultaneous adaptation between the generation of 

electricity and the fluctuations in demand. 

 To solve these problems, one approach that has been proposed and widely discussed 

recently is the use of hydrogen. It can be considered one of the key energy carriers in terms of 

energy source, as fuel for transportation and intermediate in the conversion of renewable 

energy sources. While the combustion of molecular hydrogen with air produces heat, water 

and nitrogen oxides as byproducts, the combination of molecular hydrogen and oxygen in a 

fuel cell generates electricity, heat and water. Therefore, hydrogen can have an environmental 

impact close to zero if been produced and applied in a suitable, sustainable way. 

 However, before a hydrogen-fuelled future can become a reality many complex 

challenges must be overcome. Before it can be used for instance in fuel cell systems, 

hydrogen needs to be extracted in a clean and efficient way from the other compounds within 

which it is normally bonded in nature and this separation requires energy.[15-17] Moreover, 

there are problems related to the storage technology[18-19] and to the creation of a safe 

distribution and transport network for this new energy carrier. Furthermore, although it is the 

most plentiful gas in the universe (stars are made primarily of hydrogen), there is no 

molecular hydrogen on the Earth. Therefore it has to be produced in a clean and efficient 

way.[20-21] At present, nearly 95 % of the total hydrogen supply is produced from fossil fuels, 

mainly by reforming of methane.  
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 In this process, fossil fuels are consumed and CO2 is emitted. There are two main routes 

for methane conversion to useful products: direct and indirect. The indirect route consists in 

the transformation of methane into syngas (a mixture of CO and H2 at variable ratios), and 

the syngas represents the starting point for the production of many other valuable building 
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blocks (methanol, formaldehyde, olefins, ammonia). The direct routes, on the contrary, are 

one-step processes in which the natural gas is directly converted to the desired products.  

 First of all, the overall processes of those reforming of methane methods are endothermic 

and catalytic, which requires the heating of the system at high temperatures by using a shell 

and-tube reactor. In this case, at high reaction temperature, large amounts of fibrous carbon 

are formed, which influences activity and stability of catalyst, and can even damage the 

reactor. In addition, serious situation of carbon formation and coke deposition are however 

detrimental for the activity of currently employed catalysts.  

 The other seriously problem is that, although all of these technologies are commercially 

applied, they result in syngas where the content of CO can be rather high. For some 

applications in fuel cells, however, or for example if the hydrogen should be used as pure, the 

purification of syngas from CO should be done.  

 Moreover, hydrogen has to be produced from water using natural energies if one thinks 

of energy and environmental issues. The optimal endpoint for conversion to the Hydrogen 

Economy is the substitution of clean hydrogen for the present fossil fuels. The production of 

hydrogen from non-polluting sources (such as solar energy) is the ideal way.[22] Many 

environmental advantages can thrive within the Hydrogen Economy, and as such, it can be 

referred to as the Hydrogen Environmental Economy.  

§§  11..11..  TThhee  FFuueell  CCeellll  TTeecchhnniiqquuee  

 A fuel cell is a device that converts the chemical energy from a fuel into electricity 

through a chemical reaction with oxygen or another oxidizing agent.[23] Hydrogen is the most 

common fuel, but hydrocarbons such as natural gas and alcohols like methanol and ethanol 

are also been used. Fuel cells are different from batteries in that they require a constant source 

of fuel and oxygen to run, but they can produce electricity continually for as long as these 

inputs are supplied.  

 Fuel cells are a family of technologies that generate electricity through electrochemical 

processes, rather than combustion. Typical fuel cells consist of an anode (negative side), a 

cathode (positive side) and an electrolyte that allows charges to move between the two sides 

of the fuel cell (As shown in the Fig. 1.1). Electrons are drawn from the anode to the cathode 

through an external circuit, producing direct current electricity. As the main difference among 

fuel cell types is the electrolyte, fuel cells are classified by the type of electrolyte they use. 
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Fuel cells come in a variety of sizes. Individual fuel cells produce relatively small electrical 

potentials, about 0.7 volts, so cells are "stacked", or placed in series, to increase the voltage 

and meet an application's requirements.[24] In addition to electricity, fuel cells produce water, 

heat and, depending on the fuel source, very small amounts of nitrogen dioxide and other 

emissions. The energy efficiency of a fuel cell is generally between 40 - 60%, or up to 85% 

efficient if waste heat is captured for use. 

 

Figure 1.1: Typical fuel cells consist of an anode (negative side), a cathode (positive side) 
and an electrolyte that allows charges to move between the two sides of the fuel cell. 

  There are many fuel cell types, but the principal ones include the alkaline fuel cell 

(AFC), proton exchange membrane (PEM) fuel cell, direct methanol fuel cell (DMFC), 

molten carbonate fuel cell (MCFC), phosphoric acid fuel cell (PAFC), and solid oxide fuel 

cell (SOFC). A number of these fuel cell types are commercially available today. 

 Each fuel cell type has its own unique chemistry, such as different operating temperatures, 

catalysts, and electrolytes. The fuel cell’s operating characteristics help to define its 

application. Researchers continue to improve fuel cell technologies, examining different 

catalysts and electrolytes in order to improve performance and reduce costs. New fuel cell 

technologies, such as microbial fuel cells, are also being examined in the lab.  

 Fuel cells offer a unique combination of benefits that make them a vital technology 
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ideally suited for a number of applications. From high efficiency to scalability, fuel cells 

provide a distinct advantage over incumbent energy generation technologies, which is why 

top companies, governments, and the military are adopting fuel cells for everyday use. Below 

is a list of the major benefits that fuel cells provide.[25]   

  Low-to-Zero  Emissions  &  High  Efficiency  Low-to-Zero Emissions & High Efficiency

 A fuel cell operating on pure hydrogen has virtual zero emissions at the source. However, 

some potential negative effects of hydrogen fugitive emissions have been indicated on the 

depletation of ozone layer in the stratosphere.[26] Some stationary fuel cells use natural gas or 

hydrocarbons as a hydrogen feedstock, but even these systems produce far fewer emissions 

than conventional power plants, before end-off pipe control technologies. Based on measured 

data, a stationary fuel cell power plant creates less than one ounce of pollution per 1,000 

kilowatt-hours of electricity produced.[27] Conventional combustion generating technologies 

create 25 pounds of pollutants for the same amount of electricity. Emissions from fuel cells 

are so low that some areas of the United States have exempted fuel cells from air permitting 

requirements.  

 Fuel cells also reduce noise emissions. Since fuel cells do not rely on combustion and 

have few moving parts, they are very quiet-about 60 decibels, the volume of a typical 

conversation. And since noise pollution is all but eliminated, fuel cells can be sited indoors or 

outdoors without being obtrusive. Fuel cell electric vehicles (FCEVs) are the least polluting 

of all vehicle types that consume fuel directly, emitting zero emissions during use. Further 

more, because fuel cells create energy electrochemically, and do not burn fuel, they are 

fundamentally more efficient than combustion systems.[27] 

  Technology  Compatibility  &  Fuel  Flexibility  Technology Compatibility & Fuel Flexibility

 Fuel cells are complementary, not competitors, with other electricity generation 

technologies, particularly renewable ones. Some power systems utilize a fuel cell either 

integrated or co-located with on-site solar PV, wind turbines, and/or batteries. In these 

systems, the fuel cell often provides a stable, base load power supply to support the 

intermittent renewable systems. 

 Most fuel cells run on hydrogen and all will continue to generate power as long as fuel is 

supplied. The source of the hydrogen does not matter in most fuel cells. A fuel cell system 

can include a fuel reformer that generates hydrogen from a diverse range of sources including 

fossil fuels such as natural gas, propane and coal, alcohol fuels such as methanol and ethanol, 



   IInnttrroodduuccttiioonnss  

  88  

and from hydrogen compounds containing no carbon such as ammonia or borohydride. In 

addition, biomass, methane, landfill gas or anaerobic digester gas from wastewater treatment 

plants may be used as fuel sources, and are considered renewable in several states and 

countries. Hydrogen produced via water electrolysis provides the cleanest fuel pathway, and 

can be achieved through conventional grid power, nuclear power, solar or wind.  

  Reliability  &  Energy  Security  Reliability & Energy Security

 Highly reliable power is essential to many businesses, as well as residential communities. 

For example, data centers, banks, hospitals, grocery stores and telecom- munications 

companies all rely on constant power to maintain operations. These buildings require power 

that is available 99.9999% of the time, and in many areas the electrical grid does not meet 

this requirement. Fuel cells can generate power independent of the grid, providing crucial 

backup power to a grid-connected building that can eliminate the fear of losing power. Fuel 

cells can also be configured to be a building’s primary source of power. In addition, fuel cells 

have proven themselves during these violent weather events over the past few years, 

providing reliable backup power to schools, hospitals, and grocery stores, all of which deliver 

crucial goods and services to communities. Fuel cells are also rugged, and can be sited in 

harsh terrain, extreme climates, and rural areas without infrastructure.[27] 

  Lightweight  &  Long  Lasting  Lightweight & Long Lasting

 Fuel cells are being developed for portable electronic devices such as laptops and cell 

phones. Fuel cells provide a much longer operating life than a battery, and since fuel cells 

have a higher energy density, they are lighter than an equivalent battery system. Fuel cells do 

not require recharging; as long as fuel is present, the system will continuously generate 

electricity. For portable fuel cells liquid, solid, or gaseous fuel in a reusable canister could be 

replaced in a moment. In portable units.[27] 

11..11..11..  TThhee  DDiirreecctt  AAllccoohhooll  FFuueell  CCeellllss  ((DDAAFFCC))  

 Direct Alcohol Fuel Cells (DAFCs) have attracted increasing interest over the past 

decade. Easy storage and handling, high energy density and wide availability are features that 

make alcohols attractive liquid fuels for the most promising alternative power sources for 

transportation, portable electronics and stationary applications. One of the first investigations 

of alcohol in fuel cells was conducted by Palve in 1954. He demonstrated that methanol acted 
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as a fuel in aqueous electrolytes.[28] Since the development of perfluorinated cation exchange 

membranes, such as Nafion®(DuPont), proton exchange membranes (PEM) have dominated 

as the electrolyte for fuel cells. In DAFCs, alcohol is directly oxidised at the anode in an 

acidic medium using a proton exchange membrane (PEM). Direct methanol fuel cells are the 

most advanced and studied systems since methanol, with only one carbon in its molecule and 

no C-C bonds, is the simplest alcohol. Electrooxidation of methanol is relatively simple 

compared to other alcohols. However, several major obstacles have restrained the more rapid 

development and applications of DAFCs, even for methanol systems: (1) The relatively low 

activity and complex reaction mechanism of most alcohols. (2) The low activity of the 

state-of-the-art electrocatalysts, which can only be enhanced by increasing the operating 

temperature. (3) Anode poisoning by strongly adsorbed intermediates (mainly CO) formed 

during methanol oxidation at lower temperature in acidic media. (4) The high extent of 

methanol cross-over through the Nafion type membranes, which depolarizes the air cathode. 

(5) Methanol is relatively toxic, inflammable with a low boiling point (65°C), and is not a 

primary fuel, nor a renewable fuel. 

 

Figure 1.2: Diagram of operation of a fuel cell fed with ethanol, a) in an acid electrolyte 
solution, b) in an alkaline electrolyte solution. 

 There are two improvements could be used to solve these problems. On the one hand, for 

many reactions, electrocatalysts perform better in alkaline electrolytes. It opens up the 

opportunity for use of various transition metals, such as Pd, Ag, Ni and perovskite-type 

oxides,[29-31] which are significantly cheaper than the traditional Pt based catalysts, in alkaline 

fuel cells. Furthermore, the ionic current in the alkaline fuel cell is due to conduction of 

hydroxide ions. This ionic flow is in the reverse direction to that in proton conducting 
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systems. As such, the direction of the electro-osmotic drag is reversed, reducing alcohol 

crossover.[32] 

 On the other hand, instead of the methanol, the other kinds of alcohols, particularly those 

coming from biomass resources, begin to be considered as alternative fuels. Ethanol is an 

attractive fuel for the electric vehicle, since it can be easily produced in great quantity by the 

fermentation of sugar-containing raw materials from agriculture. In addition, in some 

countries such as Brazil and the USA and more recently in France (with the E85 fuel 

containing 85% of bioethanol), ethanol is already distributed through the fuel station network 

for use in conventional automobiles with internal combustion engines (flex-fuel vehicles). 

Other alcohols have also been considered as interesting fuels for fuel cells, some of them 

having led to prototype production, such as ethylene glycol, or glycerol.[33] Moreover, for 

portable electronics, particularly cell phones, ethanol can advantageously replace methanol, 

which is used in the direct methanol fuel cell (DMFC), since it is less toxic and has better 

energy density and similar kinetics at low temperature. A typical diagram of operation of a 

fuel cell fed with ethanol in an acid and alkaline electrolyte solution has been shown in Fig. 

1.2.  

§§  11..22  TThhee  EElleeccttrroollyyssiiss  TTeecchhnniiqquuee  

 If we look on the other hand on our basic demands with energy input, we find there 

power, heat, mobility and chemical feedstock (Fig.1.3).  

 

Figure 1.3: The sustainable energy scenario  
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 In trying to link the energy sources with the energy sinks and to balance the whole 

system, it becomes obvious that, besides a variety of energy harvesting systems, there is the 

need for two important energy transformers. 

 From gas to electricity- fuel cells 

 From electricity to gas- electrolysis 

)5.1(22 222 HOenergyOH   

 The electrochemical reduction of water [Equation (1.5)] through the electrolysis 

technique is one of the efficient methods and non-polluting for the production of hydrogen 

which is alternative to the production of hydrogen from fossil fuels, and is one of the few 

routes that tolerate fluctuations in electricity, which allows the use of renewable energy 

sources (e.g., photovoltaic, wind, biomass, geothermal) energy sources as well as the 

production of 99.999 % pure hydrogen.[34]  

 The history of water electrolysis starts as early as the first industrial revolution, when, in 

the year 1800, Nicholson and Carlisle discovered the ability of electrolytical water splitting. 

Already in 1902 more than 400 industrial water electrolyzers were in operation and in 1939 

the first large water electrolysis plant with a capacity of 10000Nm3 H2/h went into operation 

and in 1948 the first pressurized industrial electrolyzer by Zdansky / Lonza was built. The 

history ends up in our days with the creation of proton exchange membranes by Du Pont and 

others, usable for water electrolysis and fuel cells and by developments in the field of high 

temperature solid oxide technology. Despite the fact that the discovery of electrolytical water 

splitting was made in acidic water, in industrial plants the alkaline medium is preferred, 

because corrosion is more easily to be controlled and cheaper construction materials can be 

used than in acidic electrolysis technology. Thus, water electrolysis is one of the most 

important industrial processes for hydrogen production today, and is expected to become 

even more important in the future. 

 However, although the electrolysis of water is a known and consolidated process it does 

not have a significant commercial impact owing to its high energy consumption which, 

ultimately, makes it economically unattractive. There are two main strategies to solve this 

problem. On the one hand, the efficiency of an electrolyzer is directly related to the electrode 

materials, in particular to the catalysts deposited onto the surface of the electrode. The 

function of these catalysts is to reduce the activation energy for both the anode (oxygen 

production) and cathode (hydrogen production) reactions. Therefore, a crucial role in 

  1111  



   IInnttrroodduuccttiioonnss  

improving the effective energetic efficiency of an electrolyzer is played by the electrode 

materials, because they determine both the energy consumption (at a given reaction rate) and 

the maximum reaction rate in the cell. Generally, the catalysts used have a high amount of 

active phase (>10 mg cm-2) in order to achieve the necessary performance. Such a high 

amount of active phase makes a catalyst very expensive, especially if it contains noble metals. 

For this reason extensive current research efforts are aimed at designing nanostructured 

electrocatalysts. These are generally very reactive, even at very low metal loadings, owing to 

the favorable dispersion of the active sites. 

 In addition to improved electrocatalyst design, a second strategy for reducing the energy 

required for electrolytic hydrogen production is the replacement of water at the anode with a 

soluble substrate that has a much lower oxidation potential. This approach was recently 

introduced by the group of Botte,[35-39] who reported that the electroxidation of aqueous 

ammonia (Equations 1.6–1.8) on Pt–Ir catalysts in Alkaline Electrolyzers (AEs) allow for the 

production of high-purity hydrogen at cell voltages as low as 0.36 V (at 60°C), to obtain 

current densities around 0.07 A cm-2 
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 As alternatives to ammonia, other authors have employed aqueous organic solutions, in 

particular methanol, in the anode compartment of the solid polymeric membrane electrolyzers 

(PME) containing cation-exchange membranes.[40-42] In all reported cases, methanol was 

oxidized to CO2 and the electrocatalysts were based on Pt. One of the limitations inherent to 

using Pt is slow but irreversible poisoning by CO (formed during the oxidation of methanol), 

which leads to high overpotentials.[43]  

 In the course of previous studies of electrocatalysts for direct alcohol fuel cells (DAFC), 

V. Bambagioni et.al, have discovered that nanometersized Pd particles, either alone or 

promoted by Ni–Zn phases, selectively promote the partial oxidation of (poly)alcohols to the 

corresponding (poly)carboxylates in alkaline environments.[44-49]  

 They also mentioned that, most of the technology applied to DAFCs can be transferred to 
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electrolyzer development, a PME electrolyzer with a membrane-electrode assembly (MEA) 

consisting of a Pd–(Ni– Zn)/C on Ni mesh anode,[50-52]. A commercial (E-TEK) Pt/C cathode 

on carbon paper and a Tokuyama A006 membrane 2m KOH solutions were introduced into 

both the anode and cathode compartment of the electrolyzer. The electric currents with 

intensities of 0.2 A, 0.5 A, and 1 A were applied to two parallel electrolyzers (Fig. 1.4).  

 

Figure 1.4: Photograph of two electrolyzers PME assembled realized with an anion- 
exchange membrane A006 Tokuyama, a cathode based on Pt / C and an anode based on 
Pd-(Ni-Zn) / C and made to work in parallel, respectively, from top to down to 0.2 - 0.5 - 1.0 
A. The PME of left is fed with an aqueous solution of 2M KOH, while the right one with a 
solution of ethanol 10% w: w in 2M KOH. 

 As a result, hydrogen and oxygen were produced at effective potentials of 1.58, 1.89 and 

2.44 V, respectively. By simply replacing the 2m KOH solution with a solution of ethanol (10 

wt.%) in 2m KOH in the anode compartment of the electrolyzers on the left hand side, 

hydrogen evolved at much lower effective potentials: 0.63, 0.75 and 0.85 V, respectively. 

More importantly, no oxygen evolution occurred since only potassium acetate was produced 

at the anode. A simplified schematic of the aqueous ethanol PME electrolyzer developed in 

our laboratories is shown in Fig. 1.5. 
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Figure 1.5: (a) Schematic illustration of a PME with an anion-exchange membrane, in which 
ethanol is converted into acetate at the anode and H2 is produced at the cathode 

 The much lower amount of energy required to produce hydrogen from aqueous alcohol 

solutions compared to a classical water electrolyzer systems can be accounted for in a 

straightforward manner by simple thermodynamic considerations, exemplified here for 

ethanol. In a traditional alkaline electrolytic device water is split into hydrogen and oxygen 

according to the anodic and cathodic half-reactions in Equations (1.9) and (1.10):  
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 The overall transformation of ethanol in the present electrolyzers is shown in Equation 

(1.12), according to the half-cell reactions (1.10): 
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 The theoretical energy consumption of an electrolytic ethanol cell under reversible 

thermodynamic conditions is 2.58 Whg-1, much lower than the analogous consumption of a 

traditional water electrolyzer (33 Whg-1). Consequently, an aqueous ethanol electrolyzer 

consumes 92% less energy than a water electrolyzer to produce the same amount of hydrogen. 

The efficiency of an electrolyzer capable of generating hydrogen can be expressed in 
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kWhNm-3 of H2. A normal cubic meter of H2 (1 Nm3) has a higher heating value of 3.54 kWh; 

therefore a traditional water electrolyzer is considered to have 100% efficiency when the 

production of 1 Nm3 of hydrogen requires 3.54 kWh. According to our experiments, the 

electrolysis of ethanol (10 wt.%) in 2m KOH can proceed at effective potentials of 0.65–0.85 

V with current densities ranging from 0.2 to 2 kAm-2 with an energy consumption of ca. 1.5– 

2.0 kWhNm-3 H2.  

 The conversion of agricultural biomass into either hydrogen or chemicals is a target of 

primary importance for the sustainable development. V. Bambagioni et.al, have discovered a 

way to produce both hydrogen and chemicals in a single process that makes use of electricity, 

especially that provided by renewable energy sources. In particular, we introduce an original 

alcohol–water electrolysis process in which a renewable alcohol, such as ethanol, ethylene 

glycol, or glycerol, is selectively transformed into higher-added-value carboxylic compounds 

with no need of chemical reagents; simultaneously, ultrapure hydrogen evolves at one-third 

of the energy required by a traditional water electrolyzer.  

§§  11..33  CCaattaallyyssttss  ffoorr  AAllccoohhooll  EElleeccttrroo--ooxxiiddaattiioonn  

 Nanomaterials are of immense importance in today's modern society. The development 

of chemical industries, environmental protection and new-energy resources (e.g., fuel cells, 

lithium ion batteries) have long relied on nanomaterials with exceptional properties. The 

fields of catalysis, electrocatalysis, photocatalysis and photoelectricity are all examples of 

where nanotechnology is impacting on current science.[53-56]  

11..33..11  GGeenneerraall  MMeecchhaanniissmmss  ffoorr  AAllccoohhooll  EElleeccttrroocchheemmiiccaall--ooxxiiddaattiioonn  

 For alcohol oxidation under alkaline solutions, the reaction current densities obtained 

during alcohol oxidation at certain potentials are at least an order of magnitude greater than in 

acidic electrolytes. The application of alkali electrolytes could lead to a reduction in catalyst 

loadings, as well as allowing less expensive, non-precious metal catalysts. In this case, the 

cost of electrocatalysts and thus fuel cells may be reduced. Thus, the preparation of the high 

activity catalysts for the alcohol oxidation plays crucial role in the development of the fuel 

cell technique. For the (poly)-alcohols such as ethanol, the higher energy density and lower 

toxicity of polyhydric alcohols still attract lots of interest in applying these alcohols in fuel 
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cells, but the electrochemical oxidation is more difficult and the reaction mechanism is more 

complicated, since it involves breaking C-C bond(s). The reaction at low temperature leads to 

a low Faradic efficiency. The mechanism and kinetics of oxidation of different alcohols using 

Pt-based and non-Pt based metal catalysts have been investigated.  

 Tremiliosi-Filho et al.[57] and de Lima and Varela [58] investigated ethanol oxidation on 

polycrystalline gold electrodes. Liang et al.[59] and Nguyen et al.[60] have both studied ethanol 

oxidation on palladium catalysts. For ethanol oxidation in alkaline media, the formation of 

acetaldehyde or acetic acid was identified.[61] The steps involved can be presented as: 
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 The rate-determining step is step (4), in which the adsorbed ethoxy intermediate is 

removed by adsorbed hydroxyl ions to form acetate. Fang et al. studied the mechanism of 

ethanol electrooxidation on a palladium electrode in alkaline solution with various 

concentrations of NaOH (0.01 to 5 M) [62]. Cyclic voltammetry and in situ Fourier Transform 

Infrared (FTIR) spectroelectrochemistry were used to investigate oxidation products at 

different pH values. They found that the ethanol oxidation activity on Pd was largely affected 

by pH. The highest activity was obtained in 1 M NaOH. This was supported by their previous 

study [63], which was attributed to OHads species on Pd. The density functional theory (DFT) 

calculations show that in acidic media continued dehydrogenation of ethanol is difficult due 

to the lack of OH species to instantly remove hydrogen, while in alkaline media, ethanol and 

sufficient OH can be adsorbed on Pd leading to continuous oxidation. The main oxidation 

product was sodium acetate with NaOH concentrations higher than 0.5 M. No CO formation 

was detected by FTIR suggesting low poisoning effect with ethanol oxidation on Pd in 

alkaline media.  
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Figure 1.6: Reaction pathways of ethylene glycol electro-oxidation in alkaline media [64] 

 The mechanism for electrochemical oxidation of ethylene glycol in alkaline media was 

proposed by Matsuoka et al.[64] They stated that ethylene glycol can be oxidized to oxalate 

(COO--COO-) via a non-poisoning path, and to formate via a poisoning path (Fig. 1.6). 

Further oxidation of formate will produce CO poisoning species, while oxalate is very stable 

in alkaline medium and cannot be further oxidized, and as a result, no CO poisoning species 

are produced. In this case, the poisoning effect on the platinum is less significant compared to 

methanol. Glycerol has attracted interest in its use as fuel for DAFCs recently. It is produced 

in large quantities as a byproduct of biodiesel production. DAFCs provide the possibility of 

generating energy from the waste. The mechanism of electrochemical oxidation of glycerol in 

alkaline solution was investigated by Roquet et al. and Schell et al.[65-66] Glyceraldehyde was 

found to be the main reaction product, but formic, glycolic, tartronic and glyceric acids were 

also detected.[67] In the Table 1.1, the electrochemical oxidation of various alcohols studied in 

alkaline media has been summarized.  

 

Table 1.1: Electrochemical oxidation of various alcohols in alkaline medium. [68] 
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11..33..22..  SSttrraatteeggiieess  ooff  HHeetteerrooggeenneeoouuss  CCaattaallyyssttss  PPrreeppaarraattiioonn  

 In general, catalytic performance of nanocrystals (NCs) can be finely tuned either by 

their composition, which mediates electronic structure [69-70]. The corresponding research 

mainly focuses on the selection of the catalyst elements, or on the mix preparation of the 

polyhydric catalyst. Palladium is a very good electrocatalyst for organic fuel electrooxidation 

and is a potential alternative to platinum when alloyed with non-noble metals for use in 

DAFCs. Although Pd does not show comparable activity to Pt on methanol oxidation, it 

demonstrated good activity in several studies on 1-propanol, 2-propanol, ethanol, ethylene 

glycol and glycerol oxidation [71-75].  

 Pd binary catalysts with addition of Ag, Au or Ru showed improved activity compared to 

Pd catalyst alone. Pd/C promoted by Au, with the optimum ratio of Pd:Au = 4:1, 

demonstrated a significant increase of catalytic activity and stability for 2-propanol oxidation 
[76]. Bunazawa and Yamazaki also prepared PdAu/C catalyst for methanol fuel cells using 

ultrasonic synthesis and found that EG was the optimum solvent resulting in highly dispersed 

nanoparticles on carbon support.[77] Lamy et al.[78] also used carbon supported Au/Pd for a 

fuel cell with anion exchange membrane and glycerol as the fuel. The performance with 

Au/Pd was lower than using Au or Pd alone, and the highest power output was obtained with 

Pd/C catalysts. An enhancement was also observed from Pd-Ag/C catalyst towards ethanol 

electrooxidation in alkaline media.[79] The catalyst was prepared by co-reduction method and 

Pd-Ag alloy nanoparticles were formed. The Pd-Ag/C catalyst exhibited high activity, 

enhanced adsorbed CO tolerance and stability for ethanol oxidation. Addition of Ru has the 

same enhancement on Pd catalyst for ethanol oxidation.[80] With Pd-Ru catalyst, the ethanol 

oxidation current density was four times of that from Pt-Ru within the potential 0.3–0.4V 

(RHE). An et al. used Pd-Ni as the anode catalyst for a direct EG fuel cell with Tokuyama 

AEM and a non-Pt cathode catalyst.[81] A power density of 67 mWcm−2 was achieved, which 

is the highest reported for EG fuel cells.  

 Ternary and quaternary Pt catalysts were studied for ethanol oxidation in alkaline by 

Bambagioni et al.[82] Pd was spontaneously deposited on Vulcan XC-72 supported Ni-Zn and 

Ni-Zn-P alloys using PdIV salts. The Pd-(Ni-Zn)/C and Pd-(Ni-Zn-P)/C catalysts exhibited 

promising activity for ethanol oxidation. The onset potential was -0.6 V vs. Ag/AgCl/KClsat, 

i.e. -0.4 V vs. NHE, and a specific current of 3600 A (g Pd)−1 was obtained on both catalysts. 

Higher activity and stability of the catalysts were due to interaction with oxygen atoms from 

Ni-O moieties.  
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 On the other hand, the catalytic performance of the nanocrystals can also be finely turned 

by their shape, which determines surface atomic arrangement and coordination [83-84]. And this 

research mainly focuses on the precise control of the surface structure of the catalyst. As 

particle dimensions reduce towards the nanoscale, the surface-to-volume ratio proportionally 

increases and small-size effects associated with nanoparticles become more pronounced. 

Understanding the nanoscale topography of surface sites, such as terraces, steps, kinks, 

adatoms and vacancies, and their effects on catalytic and other physicochemical properties is 

the key to designing nanoscale functional materials by nanotechnology. [85-87] 

The performance of nanocrystals used as catalysts depends strongly on the surface 

structure of facets enclosing the crystals. Thermodynamics usually ensures that crystal facets 

evolve to have the lowest surface energy during the crystalgrowth process. For a pure metal, 

the surface energy relies on coordination numbers (CNs) of surface atoms as well as their 

density. For example, it increases in the order of γ{111} < γ{100} < γ{110} < γ{hkl} on a 

face-centered cubic (fcc) metal, where {hkl} represents high-index planes with at least one 

Miller index larger than 1.[88-89] For a metal oxide, the surface energy increases with 

increasing density of dangling bonds. Generally, high-energy surfaces have an open surface 

structure and possess exceptional properties. Long-term fundamental studies in surface 

science have shown that Pt high-index planes with open surface structure exhibit much higher 

reactivity than that of (111) or (100) low-index planes, because high-index planes have a 

large density of low-coordinated atoms situated on steps and kinks, with high reactivity 

required for high catalytic activity .[90-92] More importantly, on high-index planes, there exist 

short-range steric sites (such as “chair” sites) that are considered as active sites and consist of 

the combination of several (typical 5–6) step and terrace atoms. [93-94] Due to synergistic 

effect between step and terrace atoms, steric sites usually serve as catalytically active sites.  

For fcc metals (such as Pt, Pd and Au), a unit stereographic triangle (Fig. 1.7) is often 

used to illustrate the coordinates of different crystal planes. [94-95] Three vertexes in the 

triangle represent three low-index planes, i.e., (111), (100) and (110). Other planes lying in 

the sidelines and inside the triangle are high-index planes. The three sidelines represent [001], 

[01ī] and [1ī0] crystallographic zones, and corresponding Miller indices can be expressed as 

{hk0}, {hkk} and {hhl} (h≠k≠l≠0). The planes inside the triangle can be expressed as 

{hkl}. Fig. 1.7 also illustrates atomic arrangement models of several typical planes. Clearly, 

atomic arrangements are highly correlative with Miller indices. The (111) and (100) planes 

are atomically flat with closely packed surface atoms, and the coordination numbers (CNs) of 
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surface atoms are 9 and 8, respectively. The (110) plane and high-index planes have open 

surface structure with low-coordinated step or kink atoms. Step atoms on {hkk}, {hhl} and 

(110) planes have the same CNs of 7, while kink atoms on {hk0} and {hkl} planes have the 

lowest CNs of 6. Generally, those surfaces possessing a high density of atoms with CNs of 6 

and 7 have very high reactivity. 

 

Figure 1.7: Unit stereographic triangle of fcc metal single-crystal and models of surface 
atomic arrangement [94] 

  Fundamental studies of single-crystal surfaces of bulk Pt have shown that high-index 

planes generally exhibit much higher catalytic activity than that of the most common stable 

planes, such as {111}, {100}, and even {110}, because the high-index planes have a high 

density of atomic steps, ledges, and kinks, which usually serve as active sites for breaking 

chemical bonds [96-98]. For example, a bulk Pt (210) surface possesses extremely high 

catalytic reactivity for electroreduction of CO2 
[99] and electro-oxidation of formic acid [100]. 

The bulk Pt (410) surface exhibits unusual activity for catalytic decomposition of NO, a 

major pollutant of automobile exhaust [101]. Thus, the shape-controlled synthesis of metal NCs 

bounded by high-index facets is a potential route for enhancing their catalytic activities.  

 It is, however, rather challenging to synthesize shape-controlled NCs that are enclosed by 

high-index facets because of their high surface energy. When a crystal grows, different facets 

grow with different rates. High-energy facets typically have higher growth rates than 

low-energy facets. In other words, crystal growth rates in the direction perpendicular to a 

high-index plane are usually much faster than those along the normal direction of a low-index 

plane, so high-index planes are rapidly eliminated during particle formation [102].  

  2200  
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 To synthesize nanocrystals of high surface energy, it need to develop new synthesis 

methods that can overcome the thermodynamics limitation, which results in a minimization 

of the total surface energy of nanocrystals during their growth. Using a surface-structure 

mediator (such as surfactant, oxygen and halide) that can selectively adsorb or stabilize the 

high-energy surfaces is one strategy, while another strategy is the more precise 

electrochemical method which has been developed recently by our group to synthesize metal 

nanocrystals of high surface energy. [103].  

 

Figure. 1.8: (A) Scheme of preparation of THH Pt NCs from nanospheres by electrochemical 
square-wave method. (B) Low-magnification and (C, D, F) high-magnification SEM images 
of THH Pt NCs. (E) Geometrical model of an ideal THH. (G) TEM image and (H) SAED of 
THH Pt NC recorded along the [001] direction. (I) High-resolution TEM image recorded 
from the boxed area marked in (G). (J) Atomic model of Pt (730) plane with a high density of 
stepped surface atoms [104] 

 Tian et al. in 2007 made a breakthrough in synthesis of Pt nanocrystals enclosed with 

high-index facets by developing an electrochemical method. [104]. As shown in Fig. 1.8 A-D, 

after a electrochemical square-wave potential deposition process on the GC substrate in the in 

a solution containing 0.1 M H2SO4 + 30 mM ascorbic acid, nearly all of the growing Pt 

nanocrystals on the GC surface are tetrahexahedral (THH Pt NCs). The as-prepared Pt 

nanocrystals show good agreement with a geometrical model of THH (Fig. 1.8 E). Miller 

indices of exposed surfaces on the THH Pt NCs were identified as mainly {730} facets 

through the measurement of plane angles between two adjacent facets parallel to the [001] 

zone axis in a TEM image, as demonstrated in Fig. 1.8 G–I. The Pt (730) plane is periodically 

composed of two (210) microfacets followed by one (310) microfacet (Fig. 1.8J), and has a 

density of step atoms as high as 5.1 × 10 14 cm -2 (i.e. 43% of surface atoms are step atoms). 

More importantly, all surface atoms on the THH Pt NCs are arranged in such a way that they 

  2211  



   IInnttrroodduuccttiioonnss  

form active sites for catalysis. Therefore, THH Pt NCs exhibit high catalytic activity. 

 It has been demonstrated that for formic acid electrooxidation, the catalytic activity of 

THH Pt NCs is 1.6–4.0 times higher than that of polycrystalline Pt nanospheres, and 2.0–3.1 

times larger than that of commercial Pt/C catalyst from E-TEK Co., Ltd. (Fig. 1.9A and B). 

For ethanol electrooxidation, the enhancement factor of the catalytic activity obtained on the 

THH Pt NCs varies from 2.0 to 4.3 relative to that of Pt nanospheres, and 2.5 to 4.6 relative 

to commercial Pt/C catalyst (Fig. 1.9 C and D).  

 

Figure. 1.9: Comparison of specific catalytic activity among THH Pt NCs, polycrystalline Pt 
nanospheres and 3.2 nm Pt/C catalyst. (A) Transient current curves recorded at 0.25 V and (B) 
steady-state current as a function of electrode potential for formic acid electrooxidation in 
0.25 M HCOOH + 0.5 M H2SO4. (C) Transient current curves recorded at 0.30 V and (D) 
steady-state current as a function of electrode potential for ethanol electrooxidation in 0.1 M 
CH3CH2OH + 0.1 M HClO4.

[104] 

 Pd nanostructures are of great interest due to their extensive applications in gas sensors 

and diverse catalytic fields, such as electrooxidation of formic acid and ethanol, automotive 

exhaust purification, and Suzuki or Heck coupling reactions. [105-109] Recently, considerable 

progress has been made in shapecontrolled synthesis of Pd NCs with high surface energy and 

open surface structure including high-index and {110} facets.  
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Figure 1.10: Illustration of programmed electrodeposition method for preparation of THH 
Pd NCs [110] 

 Since Pd exhibits electrochemical properties (such as potentialinduced oxygen 

adsorption/desorption) similar to that of Pt, but less stable and with a hydrogen absorption 

feature, the electrochemical square-wave potential method may be also used, with some 

modifications, for the preparation of Pd nanocrystals with high-index facets. To prepare THH 

Pd NCs, Tian et. al. developed a modified method.[110] As illustrated in Fig. 1.10, THH Pd 

NCs were directly electrodeposited (from solution) on the GC substrate in 0.2 mM PdCl2 + 

0.1 M HClO4 solution by a programmed electrodeposition method.  

 

Figure 1.11: (a) SEM image of THH Pd NCs. The inset is a high magnification SEM image. 
(b) TEM image of a THH Pd NC recorded along the [001] direction. (c) HRTEM image 
recorded from the boxed area in (b), showing some {210} and {310} steps that have been 
marked by red dots. (d) Cyclic voltammograms of THH Pd NCs (solid line) and Pd black 
catalyst (dashed line) at 10 mV s-1 in 0.1 M ethanol + 0.1 M NaOH [110]. 

 The SEM image of as-prepared THH Pd NCs is shown in Fig. 1.11 (a). The yield of the 
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THH Pd NCs is over 80%, and the other shapes are agglomerations of imperfect THHs and 

irregular polyhedra. The average size of THH Pd NCs was 61 nm. The exposed facets on the 

THH Pd NCs are also mainly {730} facets, as determined by HRTEM and SAED. The {210} 

and {310} steps can be discerned on the border atoms in the HRTEM image, as marked in 

Fig. 1.11 (b, c). Owing to their high density of surface active sites, the THH Pd NCs exhibited 

4–6 times higher catalytic activity per unit surface area when compared to commercial Pd 

black catalyst (Johnson Matthey, Inc.) for ethanol electrooxidation in alkaline solutions (Fig. 

1.11 (d)). Besides, the THH Pd NCs also exhibits a high stability. After 1000 potential cycles, 

75.0–95.5% of the initial catalytic activity could be still maintained.   

 In short, surface structure is the key to manipulating the physicochemical properties of 

nanomaterials. This review puts emphasis on the synthesis of metal and metal oxide 

nanomaterials with high surface energy and open surface structure. Greater control of crystal 

growth at the atomic scale is allowing scientists to realize the age-old-dream of designing 

nano-catalysts with high specificity and selectivity which someday could be designed to order. 

Nanomaterials with high surface energy, which possess a high density of reactive surface 

sites, have already been shown to exhibit exceptionally high electrocatalytic activity, as 

shown by crystals of Pt, Pd, Au and Fe and also high photocatalytic activity on metal oxide 

TiO2. A key issue is to develop unconventional electrochemical and wet chemistry methods 

that can alter the order of surface energy or stability of pristine high energy surfaces. This is 

an important emerging direction which underpins all high surface energy nanomaterial 

research. It is crucial, from the point of view of practical applications, to innovate synthesis 

technologies that enable size control (especially decreasing the size comparable to that of 

commercial catalysts) and mass production.  

§§  11..44..  PPhhoottooccaattaallyyttiicc  PPrroocceesssseess  ffoorr  HH22  PPrroodduuccttiioonn  

 Nowadays, great efforts are currently devoted to its production starting from renewable 

resources. In which, photocatalytic decomposition of water routes, though far from 

large-scale industrial application, are extremely promising as alternative hydrogen 

preparation strategies. In fact, they can ultimately enable to exploit sunlight, an infinite 

energy source, to obtain hydrogen from natural products, such as water or biomasses. The key 

feature of a photocatalytic process is the presence of a semiconductor material with a band 

gap Eg,
[111] in which, upon illumination with radiation having an energy Eg, the promotion of 
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an electron (e-) from the valence band (VB) to the conduction band (CB) takes place. 

Concomitantly, the formation of a positive hole (h+) in the VB occurs. Photogenerated 

electrons and holes can either undergo undesired recombination or migrate to the system 

surface, where they can initiate reactions with adsorbed species. Whereas holes in the VB are 

powerful oxidizing species that can produce hydroxyl radicals (OH•) from the reaction with 

H2O, photogenerated electrons in the CB are directly involved in H2 production. For this 

process to occur, the semiconductor CB edge must be more negative than the H+ → H2 

reduction potential [E(H+/H2) = 0.00 V with respect to normal hydrogen electrode (NHE) at 

pH = 0]. In addition, oxygen evolution from water requires a VB edge more positive than the 

H2O oxidation potential [E(O2/H2O) = 1.23 V with respect to NHE at pH = 0]. Fig. 1.12 

summarizes the band-edge positions for the most commonly employed semiconductors.  

 

Figure 1.12: Sketch of band edge positions for the main oxide semiconductors examined in 
the present work with respect to the standard H2O redox potentials. The bottom edge of the 
conduction band (in red) and the top edge of the valence band (in blue) are reported on an eV 
scale with respect to the normal hydrogen electrode (NHE). [112-116] Photoactivated water 
splitting mechanism in the case of: (a) a one-step photoexcitation process; (b) a two-step 
mechanism involving the use of a composite system based on a junction between two 
semiconductors SCx and SCy. 

[117] 

 In 1972, the Honda–Fujishima effect of water splitting using a TiO2 electrode was 

reported [118]. When TiO2 is irradiated with UV light, electrons and holes are generated as 

shown in Fig. 1.13. The photogenerated electrons reduce water to form H2 on a Pt counter 

electrode while holes oxidize water to form O2 on the TiO2 electrode with some external bias 

by a power supply or pH difference between a catholyte and an anolyte. 
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Figure 1.13: Honda–Fujishima effect-water splitting using a TiO2 photoelectrode 

 Since then, enormous research efforts have been devoted to the design of active and 

stable photocatalysts capable of producing hydrogen under UV and, ultimately, Vis 

activation.[119]. To this regard, various semiconducting systems, such as sulfides, oxysulfides, 

oxynitrides, have been considered.[120-120] Nevertheless, metal oxide semiconductors show 

superior long-term stability and corrosion resistance, and, as a result, they have been much 

more investigated. [123-124] Among them, the most popular is undoubtedly titania (TiO2), that 

has been the object of intensive studies.[125] 

 An open problem for such systems is related to the fact that they generally absorb in the 

UV spectral range, accounting only for 3-4 % of the incident solar radiation. As a 

consequence, a great attention has been devoted to the development of suitable 

semiconducting systems adsorbing light in the Vis range, in view of a really sustainable H2 

production. [126-127]  

 There are several approaches to prevent e-/h+ recombination processes. Firstly, an 

attractive approach is the addition to water of sacrificial agents. [128] In particular, the latter 

can irreversibly react with photogenerated holes (or OH• radicals derived from h+ reaction 

with H2O), undergoing an easier oxidation than water, with a concomitant H2 production by 

photogenerated e- much higher than for pure water splitting. 
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Figure 1.14: Schematic representation of water splitting, biomass (CxHyOz) oxidation and 
photoreforming reactions over an irradiated MTiO2 photocatalyst. Production of hydrogen (i) 
and oxygen (ii) from water cleavage is triggered by photogenerated electrons and holes, 
respectively. Oxidation of organic compounds takes place in the presence of oxygen (air) with 
the participation of photogenerated holes, and ultimately leads to the production of CO2 and 
H2O (iv). This process is accompanied by consumption of photogenerated electrons by 
chemisorbed oxygen (iii). The overall photoreforming process combines photoinduced 
hydrogen production (i) and oxidation of organic derivatives (iv). [129] 

  To date, many sacrificial reactants, both inorganic, such as H2S, S2- /SO3
2-, Br-, I-, CN-, 

Fe2+, Ce3+, … and organic, such as alcohols, acids, aldehydes, sugars, have been proposed 

for hydrogen generation. [130-131]. In particular, when oxygenate molecules (ethanol, glucose, 

glycerol … ) are used as sustainable sacrificial agents, photoreforming processes can 

accompany water splitting (Fig 1.14), and, depending on the adopted experimental conditions, 

the identification/ separation of the two processes can be rather tricky, since they take place 

concomitantly. Ethanol is an attractive renewable source for hydrogen production via 

photoreforming, since it can be obtained in large amounts by fermentation processes starting 

from second-generation biomass, as well as from steam reforming of cellulose and 

lignocellulose. [132] 

 On the other hand, an alternative attractive approach is the use of cocatalysts, such as 

noble metals (NM; Pt, Pd, Au,…), transition metal oxides (RuO2, IrO2, NiO, …), sulphides 

(MoS2,….), able to act as electron or hole traps, has been proposed. [133] The presence of 

supported metal nanoparticles that have surface plasmon resonance bands can further 

enhance the photoreactivity under visible irradiation as a result of increased light absorption. 
[134-136]. It is generally recognized that the tailored introduction of metal nanoparticles (NP) in 

SCs has a beneficial influence on their photoactivated performances, thanks to several 
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advantages. [137] First, the Schottky barrier character of metal-oxide junctions results in an 

electron drawing effect by metal NPs, favouring charge-carrier separation. [138-142] In addition, 

the introduction of metal NPs promotes the absorption in the visible range thanks to the 

surface plasmon resonance (SPR) phenomenon,[143-146] a key point in view of the eventual 

hydrogen production by means of solar radiation. Last but not least, the unique catalytic 

activity of nanometer-sized metal particles on oxide matrices synergistically contributes to 

the above-mentioned effects. [147-151] In this scenario, Pt-TiO2 is undoubtedly one of the most 

studied metal-oxide nanosystems for photocatalytic applications. [152-165] Nevertheless, the 

high cost and environmental impact of platinum have stimulated intensive research efforts 

towards alternative metals, from palladium to copper, silver and gold NPs. [166-173]  

 It is expected noble metals deposited on TiO2 may show different effects on the 

photocatalytic activity depending on the wavelength of light illuminating photoreaction 

systems because the photocatalytic mechanism under UV irradiation is generally different 

from that under visible light irradiation. For example, in the photocatalytic degradation of dye 

on noble metal-deposited TiO2 in presence of O2, TiO2 acts as a photosensitizer as well as a 

photocatalyst under UV irradiation, but a dye acts as a photosensitizer as well as a degraded 

substrate under visible light irradiation. The charge separation within TiO2 particles and 

subsequent electron transfer to O2 for producing active oxygen radicals (e.g. O2-, -OOH, ●OH) 
[174-176] are important to the efficiency of the dye photodegradation under both UV and visible 

light irradiation. The charge separation and subsequent electron transfer may be enhanced by 

noble metal deposition on TiO2 particles, thereby improving the TiO2 photocatalytic activity 

under both UV and visible light irradiation. Moreover, surface Plasmon resonances of noble 

metal particles, which can be excited by visible light, increase the electric field around metal 

particles and thus enhance the surface electron excitation and electron-hole separation on 

noble metal-deposited TiO2 particles.[177-179]  

 Consequently, noble metals doped or deposited on TiO2 are expected to show various 

effects on the photocatalytic activity of TiO2 by the different mechanisms as follows that may 

act separately or simulataneously depending on the photoreaction conditions: noble metals (i) 

enhance the electron-hole separation by acting as electron traps, (ii) extend the light 

absorption into the visible range and enhance surface electron excitation by plasmon 

resonances excited by visible light, and (iii) modify the surface properties of photocatalyst. 

 One work reported on the use of metal-doped nanocrystalline titania for ethanol 

photoreforming.[180] In their works, under the best conditions, over Pt-TiO2, an overall 

quantum efficiency as high as 74% was obtained. The photocatalytic activities could be 
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attributed to the work functions and the dimensions of supported noble metal nanoparticles. 

Specifically, smaller Pt nanoparticles effectively restricted recombination of electrons and 

holes and provided H2 at a higher rate. These systems were used to assemble a two 

compartment chemically biased photoelectrochemical cell to produce H2 and/or electricity 

from aqueous CH3CH2OH. [181-182] Yet, the measured cell activity showed a marked 

deactivation after 20 h due to the formation of several by‐products, including acetaldehyde, 

acetone, and 2-butenal, produced by the partial oxidation and UV decomposition of ethanol. 

 Furthermore, although the large majority of reports focuses on the use of powdered oxide 

materials (such as TiO2, ZnO),[183-186] very attractive results can be achieved with supported 

oxide nanosystems (e.g., thin films, nanoplatelets, nanowires (NWs), … ), which offer a 

broader perspective for property tailoring and a lower tendency to sintering and/or 

deactivation upon operation. In fact, nanotechnology has undoubtedly opened new scenarios 

in the development of highly active systems, where functional performances dependent 

directly on particle size, microstructure, and morphological organization. [187-193] These 

characteristics, in turn, concur in determining a minimized carrier transport distance and an 

increased surface area available for charge‐transfer processes, minimizing recombination 

losses. [194-199] Beside offering a high catalytic activity, [200] nanomaterials can provide 

enhanced performances thanks to a suppression of ohmic losses, usually occurring in bulk 

SCs. [201-202] In addition, the magnitude of Eg in SC nanosystems can, in principle, be tuned as 

a function of particle size, in order to increase light absorption in the solar spectrum. [203] 

Finally, the utilization of supported nanosystems eliminates the necessity of inconvenient 

filtration processes required by powdered catalysts, opening attractive perspectives for onsite 

technological utilization. [204] There are many reasons to believe that further improvements in 

tailoring supported oxide nanostructures will lead to unprecedented performances for H2 

preparation. Nevertheless, the development of eco‐friendly strategies for controlling the 

nano-organization-activity correlations in such nanomaterials still remains a challenge. 

 Recently, visible-light-responsive TiO2 thin films have been produced on titanium 

substrates at 200-600℃ by radio-frequency (RF) magnetron sputtering from a TiO2 target 

under a pure Ar atmosphere, using an RF-power of 300 W. [205-206] These layers consisted of 

columnar nanocrystals grown perpendicularly to the substrate surface and characterized by O 

defects [i.e., Ti(III) centres], responsible for a considerable absorption at λ > 400 nm. As a 

matter of fact, these materials possessed an appreciable activity in H2 photoproduction from 

methanol–aqueous solutions. The adopted setup enabled a physical separation of the 
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produced hydrogen and oxygen. Consistently, the observation of nearly stechiometric H2 and 

O2 evolution clearly demonstrates the occurrence of water splitting. The results are extremely 

promising, also upon visible-light activation, especially in the presence of platinum particles. 

11..44..11..  DDeeffiinniittiioonn  ooff  kkeeyy  ppaarraammeetteerrss  ffoorr  pphhoottooccaattaallyyttiicc  pprroocceesssseess  

 For photocatalytic processes, a set of key parameters is usually employed to 

quantitatively characterize the efficiency in substrate conversion. [207] Such efficiency, defined 

in photochemistry by the quantum yield Φ, is based on the knowledge of the number of 

photons with a particular wavelength absorbed by the system. Whereas this quantity can be 

measured with great accuracy in homogeneous processes, [208] in heterogeneous ones only the 

number of photons incident onto the photocatalyst surface, representing the upper limit of the 

absorbed ones, can be estimated. As a consequence, the concept of photonic yield, defined as 

the amount of incident photons arriving at the internal surface of the irradiation window, has 

been introduced in heterogeneous photocatalysis. In addition, whereas the term yield can be 

only used for excitation with monochromatic photons (i.e., with energy in the wavelength 

range between λ and λ + dλ), it is convenient to adopt the generalized definition of efficiency 

when a polychromatic source is used.  

 Photocatalytic efficiency: amount of formed product (alternatively, of consumed reactant) 

divided by the number of photons incident on the system.  

 Quantum efficiency: rate of a given photophysical/photochemical process divided by the 

total absorbed photon flux. In heterogeneous photocatalysis, the photonic efficiency is 

commonly used.  

 Photonic efficiency: ratio of the photoreaction rate measured for a specified time interval 

to the rate of incident photons within a defined wavelength interval inside the reactor 

irradiation window.  

 Quantum yield, Φ: number of defined events occurring per photon absorbed by the 

system at a specified wavelength. The integral quantum yield is:  

)13.1(
absorbedphotonsofnumber

eventsofnumber
)(    

For a photochemical reaction:  

)14.1(
absorbedphotonsofamount

formedproductorconsumedreactantofamount
)(   
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 Although, these values are independent of the angle of irradiation, a correlation between 

the quantum or photocatalytic efficiency and the specific solar irradiation conditions (such as 

the standard Air Mass 1.5 or Air Mass 0) might offer additional interesting information on the 

performances of the most promising materials.  

§§  11..55..  TTiiOO22  NNaannoottuubbee  AArrrraayyss  ((TTNNTTAA))  AArrcchhiitteeccttuurree  

 Of the materials being developed for photoelectrolysis applications, titania remains the 

most promising because of its high efficiency, low cost, chemical inertness, and photostability 
[209-211]. For optimal performance of TiO2 in the water photoelectrocatalytic H2 evolution, a 

suitable TiO2 architecture is characterized by a large internal surface area, good electrical 

transport, low charge carrier recombination losses and intimate contact between the 

semiconductor and the electrolyte. 

 Nanotubes are of great interest due to their high surface-to-volume ratios and size 

dependent properties. The discovery of carbon nanotubes [212] with their variety of interesting 

properties has stimulated the quest for the synthesis of nanotubular structures of other 

substances and chemical compounds. Several recent studies have indicated that titania 

nanotubes have improved properties compared to any other form of titania for application in 

photocatalysis [213-214], sensing [215-218], photoelectrolysis [219-221] and photovoltaics [222-225]. 

Titania nanotubes, and nanotube arrays, have been produced by a variety of methods 

including deposition into a nanoporous alumina template [226-229], sol–gel transcription using 

organo-gelators as templates [230-231], seeded growth [232], and hydrothermal processes [233-235]. 

However, of these nanotube fabrication routes, the architecture demonstrating by far the most 

remarkable properties are highly ordered nanotube arrays made by anodization of titanium in 

fluoride-based baths [236-242] the dimensions of which can be precisely controlled. Uniform 

titania nanotube arrays of various pore sizes (22-110 nm), lengths (200-6000 nm), and wall 

thicknesses (7-34 nm) are easily grown by tailoring electrochemical conditions. A variety of 

reports in the literature [243-249] give evidence of the unique properties this material 

architecture possesses, making it of considerable scientific interest as well as practical 

importance. 

 In 1991, Zwilling and co-workers [250] reported the porous surface of titania films 

electrochemically formed in fluorinated electrolyte by titanium anodization. A decade later 

Grimes and co-workers [251] first reported formation of uniform titania nanotube arrays via 



   IInnttrroodduuccttiioonnss  

anodic oxidation of titanium in an hydrofluoric (HF) electrolyte. Varying pH and electrolyte 

concentration, this same research group achieved a 6.4 mm long nanotube array using a 

fluoride solution of pH 5.5 [252]. Recently, Schmuki and co-workers [253-254] also reported the 

formation of long nanotubes during anodization of titanium in neutral fluoride solutions. 

 Vertically-oriented self-organized TiO2 nanotube arrays (TNTA) formed by 

electrochemical anodization [255] constitute a competing architecture that is currently 

generating great interest due to the advantages of their structure: [256] 

 (1) The TNTA-foil, a depiction of which is shown in Fig. 1.15 (A), being ordered and 

strongly interconnected, eliminates randomization of the grain web and increases contact 

points for good electrical connection. In addition, the small wall thickness may result in the 

overlap of neighboring space charge regions, thus the entire volume of the inter-tubular 

region may experience low resistivity and may also be conducive for diffusive transport of 

photo-generated holes to oxidizable species in the electrolyte. [257-258] It is believed that the 

crystallized nanoscale walls and inter-tubular connecting points play critical roles in 

determining the remarkable hydrogen sensitivities of the titania nanotube arrays. 

 

Figure 1.15. (A) Top-view SEM image of a TNTA-foil. The inset shows a schematic of the 
corresponding top and side views. (B) Illustration showing the working principle of the pipe 
geometry to capture reflected light.[257] 

 The adsorption of oxygen in air takes place on either side of the nanotube walls creating 

an electron depletion region. The width of the space charge layer L is given by L = LD [2 

eV/kT]1/2, where LD =[ ε0 εkT/2e2ND]1/2 is the Debye length, eV is the barrier height, kT is the 

thermal energy and ND the ionized donor density. In metal oxides the space charge layer 

extends to a few tens of nanometers.[259] If the nanotube wall half-thickness t/2 is 

significantly greater than the width of the space charge region, as shown in Fig. 1.16 (a), 

oxygen removal by hydrogen and subsequent hydrogen chemisorption will have little effect 
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on device resistance hence high sensitivity cannot be expected. In contrast when t/2 is 

comparable to or less than the space charge region the shift in the electrical resistance on 

exposure to hydrogen can be very high (Fig. 1.16 b, c), with a flat-band condition existing 

when the wall thickness is less than the width of the space charge region. The nanotube 

sample showing the highest sensitivity had a wall thickness of ≈13 nm, corresponding to the 

geometry of Fig. 1.16 (b), the small wall thickness may result in the overlap of neighboring 

space charge regions, thus the entire volume of the inter-tubular region may experience low 

resistivity. The inter-wall connecting points also appear to play a significant role in enabling 

the ultra-high hydrogen sensitivity. The oxygen adsorption and its removal by hydrogen 

atoms as well as chemisorption of hydrogen at these constricted points, Fig. 1.16 (d), 

regulates the current passing from nanotube to nanotube.[258] 

 

Figure 1.16: The influence of nanotube wall thickness on band bending due to oxygen 
chemisorption: (a) when nanotube wall half-thickness (t/2) is much greater than the space 
charge layer, (b) when comparable, and (c) when t/2 is less than the width of the space 
charge region. (d) Schematic illustration of nanotubes, top view, and the tube-to-tube 
connecting points corresponding to case shown in (a). 

 (2) Limiting optical losses is an important issue for enhancing the efficiency of 

photovoltaic devices. Significant improvements in device performance can be achieved if the 

fraction of incident light that is reflected is minimized. In conventional solar cells, in addition 

to the use of antireflective coatings on the surface, texturing of the front and rear of the cell 

enhances scattering within the active layer of the device, promoting total internal reflection 

and effectively trapping much of the light inside the cell. By increasing the optical path 

length of light traveling through the cell, the overall light absorption is significantly 

enhanced. 
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 Nanotube arrays consisting of tubes longer than 1 μm on titanium foil exhibit strong 

absorption for wavelengths below 375 nm.[260] Without altering the band gap of the TiO2 

nanotubes, an intriguing route for increasing efficiency is through engineering some sort of 

light trapping scheme, whereby the incident light must pass through the sample multiple 

times before escaping, substantially increasing the probability it is absorbed. This could 

potentially lead to significant enhancements in light absorption at wavelengths near the band 

edge (375~400 nm). One approach to this end is to change the geometry of the starting 

titanium material. As illustrated in Figure 1.15 (B), by restricting the solid angle through 

which light can be reflected from the surface and leave the device one can imagine that a 

certain fraction of the reflected light will fall upon another area of the device instead of being 

lost to free space, and be available again for electron-hole generation. Herein we present 

methods for trapping reflected light, thereby increasing efficiency, through the use of 

nonplanar substrate geometries including a macroscopic sized tube (hereafter referred to as a 

pipe) and a half cylinder (or half pipe). In the case of full pipes, by tilting the axis of the pipe 

at a 45° angle relative to the incident light one can ensure multiple internal specular 

reflections. Only a small fraction of the diffusely reflected light will escape the pipe, while 

the entire specularly reflected light can, in principle, be recycled. The half pipe is designed as 

a midway point between a pipe and foil. For the half pipe, a much smaller fraction of the 

reflected light will fall upon the surface of the sample. For truly diffuse reflected light, 

depending upon the height of the sample, somewhere near 25-30% of the light can potentially 

be reabsorbed. For specularly reflected light, if one assumes the incident light is parallel, then 

roughly 50% will again strike the surface of the sample following the initial reflection.  

 However, the widespread technological use of Titania is impaired by its wide band gap 

(3.2 eV), which requires ultraviolet irradiation for photocatalytic activation. Because UV 

light accounts for only a small fraction (≈5%) of the sun’s energy compared to visible light 

(45%), any shift in the optical response of titania from the UV to the visible spectral range 

will have a positive impact on the photocatalytic and photoelectrochemical utility of the 

material. Numerous studies have been recently performed to enhance electron-hole separation 

and to extend the absorption range of TiO2 into the visible range. These studies include 

doping metal ions into the TiO2 lattice [261-262], dye photosensitization on the TiO2 surface 
[263-267], and deposition of noble metals.[268-272] In particular, noble metal-modified 

semiconductor nanoparticles become of current importance for maximizing the efficiency of 

photocatalytic reactions. The noble metals such as Pt [273-274] and Au [275-276] deposited or 
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doped on TiO2 have the high Schottky barriers among the metals and thus act as electro traps, 

facilitating electron-hole separation and promotes interfacial electron transfer process. [277-280] 

Most studies of noble metal-modified TiO2 photocatalysts have focused on the details of the 

photoinduced electron transfer form the conduction band of UV-irradiated TiO2 to noble 

metals for improving the photocatalytic activity of TiO2 under UV irradiation. Only a few 

studies have been reported on visible light-induced photocatalytic reactions using noble 

metal-modified TiO2. 
[281-282]  

 A recent study concerns the use of TiO2 nanotube arrays prepared by anodic oxidation of 

Ti foils. [283] Fig. 1.17 (a) shows a representative SEM image of the nanotube systems 

obtained under optimized conditions. As can be observed, bamboo-shaped hollow tubes with 

very straight walls (average internal diameter = 40 nm, length up to ≈15 m) could be 

obtained. These high density arrays were subsequently used for H2 generation through 

H2O/CH3CH2OH photoreforming, both in the liquid and in the gas phase (Fig. 1.17b). A 

significant increase in hydrogen production rate was observed in the gas phase, thanks to the 

reduced light scattering and the enhanced desorption of interfering adsorbed species. [283] As 

expected, the introduction of 8-nm Pt NPs resulted in an appreciable performance increase.  

 

Figure 1.17: (a) Crosssectional SEM image of a TiO2 nanotube array synthesized by 
oxidation of Ti foils in ethylene glycol containing 0.3 wt.% NH4F and 2vol% H2O (pH=7; 
anodizing voltage=50V; duration=6h). Lowsized Pt particles (diameter=3nm) were deposited 
by photoreduction, whereas in the other cases Pt functionalization was performed by wet 
impregnation. (b) H2 evolution rate for TiO2 and TiO2-Pt nanosystems in the case of 
liquidand gasphase photoreforming. [283]. 

 Interestingly, smaller Pt particles (≈3 nm) characterized by a minor density and a more 

homogeneous dispersion resulted in an almost doubled H2 evolution rate, highlighting thus 

the impact of the preparation conditions and nanostructural control on the resulting system 

activity. 
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 As can be observed, particularly upon operation in the gas phase, the rate of H2 evolution 

exhibited a maximum and subsequently reached a mean value ≈ 20% below the maximum. 

This phenomenon was mainly attributed to the progressive deactivation of TiO2 nanotube 

arrays, a critical issue in view of large-scale solar fuel production that requires further 

investigation.  

§§  11..66  AAiimm  ooff  tthhee  wwoorrkk  aanndd  cchhooiiccee  ooff  tthhee  mmaatteerriiaall  

 The main aim of this thesis is the design, realization, functional testing and 

characterization of nanoarchitectures with tailored and well-defined structures and in 

particular their use for energy-related applications. In particular, during my PhD study, I 

focus on the new energy strategies research, which consists of two important energy 

conversion processes. First of all is the conversion from the biofuel such as alcohol solution 

to electric power process, namely the fuel cells technique, especially the Direct Ethanol Fuel 

Cells (DAFC), the corresponding research background has already been introduced in the 

chapter 1, section 1.1. The second part of my PhD research was focused on the hydrogen 

production techniques, which include the electrochemical H2 production approach (the water 

electrolysis technique) and the photocatalytical H2 production approach (the photocatalytic 

decomposition of water into H2 technique). The backgrounds information of these two types 

of techniques have been introduced in the chapter 1, section 1.2 and 1.4.  

 There are two main objectives are the focus of this work: 

 (1) Since the Direct Alcohol Fuel Cells (DAFCs) technique plays very important role in 

the development of the environmentally friendly energy industry. Our first objective was to 

develop a new synthesis method for the high activity electrochemical catalysis preparation, 

which in particular was the Palladium nanocatalyst with small size (less than 10 nm) together 

with the High Index Faces (HIF) surface structures.  

 In chapter 3, a novel method Electrochemical Milling and Faceting (ECMF) for 

enhancing the catalytic activity of supported palladium heterogeneous catalysts will be 

described, which catalysts could be used in both of the Fuel Cell system and the electrolysis 

system. And the as prepared Pd nanocatalysts exhibit almost 3 times higher electrochemical 

activity performance for the alcohol electrochemical oxidation if compared to the best Pd 

based catalysts which used in the DAFCs and in the electrolysis process. 

 (2) Since in a real practical catalytic system, such as the DAFCs and the electrolysis 
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system, the electrochemical activity of the supported catalysts is not the only one parameter 

which needs to be concerned about, the other parameters for the whole test system’s 

establishment such as the selection and preparation of the substrate material also need to the 

carefully optimize. 

 In order to link the electrochemical process and the photochemical process, a new type of 

Ti network substrate which with the TiO2 nanotube arrays on top has been prepared and 

introduced into the Direct Alcohol Fuel Cells test system and was also used in the electrolysis 

and photocatalytical hydrogen production process. This kind of substrate solved the typical 

problems of the DAFCs such as the fuel solution diffusion limitation and the stability of the 

as supported catalysts drop during the large current density discharge. All of which will be 

described in the chapter 4, section 4.4 and 4.5. In addition, this Ti network substrate which 

with the TiO2 nanotube arrays on top has been proved to be a good choice as the substrate for 

the Photocatalytic decomposition of water into hydrogen technique process, which will be 

discuss in the chapter 4, section 4.6.  

 In conclusion, our ultimate goal is to link the electrochemical catalysis system together 

with the photoelectrocatalysis system to serve the issues in the energy industry and finally 

provide some modest contribution for the renewable energy industry improvement.  
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CChhaarraacctteerriizzaattiioonn  TTeecchhnniiqquueess  

  

 CChhaarraacctteerriizzaattiioonn  tteecchhnniiqquueess  ppeerrmmiitt  tthhee  qquuaannttiittaattiivvee  ccoommppaarriissoonn  ooff  tthhee  nnaannooccaattaallyyssttss  ffoorr  

tthhee  eelleeccttrroocchheemmiiccaall  pprroocceessss  oorr  tthhee  pphhoottooeelleeccttrroocchheemmiiccaall  pprroocceessss,,  ddiissttiinngguuiisshhiinngg  ggoooodd  

ccaattaallyyssttss  ffrroomm  ppoooorr  oonneess..  TThhee  mmoosstt  eeffffeeccttiivvee  cchhaarraacctteerriizzaattiioonn  tteecchhnniiqquueess  aallssoo  iinnddiiccaattee  wwhhyy  

nnaannooccaattaallyyssttss  ppeerrffoorrmm  wweellll  oorr  ppoooorrllyy..  AAnnsswweerriinngg  tthheessee  ““wwhhyy””  qquueessttiioonnss  rreeqquuiirreess  

ssoopphhiissttiiccaatteedd  tteessttiinngg  tteecchhnniiqquueess  tthhaatt  ccaann  ppiinnppooiinntt  ppeerrffoorrmmaannccee  bboottttlleenneecckkss..    

  IInn  tthhiiss  cchhaapptteerr,,  aann  oovveerrvviieeww  ooff  tthhee  mmaaiinn  cchhaarraacctteerriizzaattiioonn  tteecchhnniiqquueess  uusseedd  iinn  tthhiiss  tthheessiiss  

aarree  iinnttrroodduucceedd  aanndd  ddiissccuusssseedd..  TThhee  cchhaarraacctteerriizzaattiioonn  tteecchhnniiqquueess  tthhaatt  wweerree  aappppllyy  ttoo  tthhee  pprreesseenntt  

nnaannooccaattaallyyssttss  ccaann  bbee  ddiivviiddeedd  iinnttoo  ttwwoo  ttyyppeess::  ((11))  TThhee  ““EExx  ssiittuu””  mmaatteerriiaall  cchhaarraacctteerriizzaattiioonn  

tteecchhnniiqquueess,,  wwhhiicchh  cchhaarraacctteerriizzee  tthhee  ddeettaaiilleedd  ssttrruuccttuurree  oorr  pprrooppeerrttiieess  ooff  tthhee  iinnddiivviidduuaall  

ccoommppoonneenntt  ccoommpprriissiinngg  tthhee  ccaattaallyyssttss  ttoo  ggiivvee  tthhee  bbaassee  pphhyyssiiccaall  aanndd  cchheemmiiccaall  iinnffoorrmmaattiioonn  ooff  tthhee  

aass  pprreeppaarreedd  nnaannooccaattaallyyssttss,,  aanndd  aallssoo  ttoo  eexxppllaaiinn  wwhhyy  tthhee  nnaannooccaattaallyyssttss  ppeerrffoorrmm  wweellll  oorr  ppoooorrllyy  

aanndd  ((22))  tthhee  ““IInn  ssiittuu””  eelleeccttrroocchheemmiiccaall  oorr  pphhoottooeelleeccttrroocchheemmiiccaall  cchhaarraacctteerriizzaattiioonn  tteecchhnniiqquueess,,  

wwhhiicchh  uussee  tthhee  eelleeccttrroocchheemmiiccaall  vvaarriiaabblleess,,  aass  ffoorr  iinnssttaannccee,,  vvoollttaaggee,,  ccuurrrreenntt,,  aanndd  ttiimmee  oorr  tthhee  

pphhoottoocchheemmiiccaall  vvaarriiaabblleess  ssuucchh  aass  tthhee  rraattee  ooff  tthhee  hhyyddrrooggeenn  ggeenneerraattiioonn  ttoo  cchhaarraacctteerriizzee  tthhee  

ppeerrffoorrmmaannccee  ooff  tthhee  nnaannooccaattaallyyssttss  iinn  pprraaccttiiccaall  ooppeerraattiinngg  ccoonnddiittiioonnss..  

  TThhee  aaiimm  ooff  tthhee  pprreesseenntt  cchhaapptteerr  iiss  nnoott  tthhaatt  ooff  pprroovviiddiinngg  eexxhhaauussttiivvee  iinnffoorrmmaattiioonn  aabboouutt  aallll  

tthhee  tteecchhnniiqquueess..  RRaatthheerr,,  iitt  iiss  eexxppeecctteedd  ttoo  ffuurrnniisshh  ttoo  tthhee  rreeaaddeerr  tthhee  mmaaiinn  eelleemmeennttss  ttoo  bbeetttteerr  

aapppprreecciiaattee  tthhee  rreessuullttss  oobbttaaiinneedd  aanndd  ddeessccrriibbeedd  iinn  tthhee  ffoolllloowwiinngg  cchhaapptteerrss  ooff  tthhiiss  tthheessiiss..  
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§§  22..11..  TThhee  EExx--SSiittuu  MMaatteerriiaall  CChhaarraacctteerriizzaattiioonn  

 In order to clearly identify the physical and chemical characteristics of the as prepared 

nanocatalysts material such as nanoparticles size distribution, surface structure and shape, 

particles surface valence and crystal phase etc, the different Ex Situ detection techniques 

were applied, for example, the Field Emission Scanning Electron Microscopy (FE-SEM), 

Transmission Electron Microscope (TEM), High Resolution Transmission Electron 

Microscopy (HRTEM), Selected Area Electron Diffraction (SAED), Energy Dispersive 

X-Ray Analysis (EDX), X-ray Photoelectron Spectroscopy (XPS), X-Ray Diffraction (XRD), 

and Inductively Coupled Plasma Mass Spectrometry (ICP-MS), which will be briefly 

introduced in the following sections. 

22..11..11..  FFiieelldd  EEmmiissssiioonn  SSccaannnniinngg  EElleeccttrroonn  MMiiccrroossccooppyy  ((FFEE--SSEEMM))    

 

Figure 2.1: Principle of Field Emission Scanning Electron Microscopy (FE-SEM) 

 FE-SEM provides topographical and elemental information at magnifications 10× to 

500,000×, with virtually unlimited depth of field. Compared with convention scanning
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electron microscopy (SEM), FE-SEM produces clearer, less electrostatically distorted images 

with spatial resolution down to 1 - 1/2 nanometers – three to six times better. It also reduces 

penetration of low-kinetic-energy electrons probes closer to the immediate material surface 

and high-quality, low-voltage images with negligible electrical charging of samples 

(accelerating voltages ranging from 0.5 to 30 kilovolts). Essentially, it is not necessary to 

place conductive coatings on insulate material surface. 

 The principle of the FE-SEM is shown in Fig. 2.1. The electrons are liberated from a 

field emission source and accelerated in a high electrical field gradient. Within the high 

vacuum column these so-called primary electrons are focused and deflected by electronic 

lenses to produce a narrow scan beam that bombards the object. As a result secondary 

electrons are emitted from each spot on the object. The angle and velocity of these secondary 

electrons relates to the surface structure of the object. A detector catches the secondary 

electrons and produces an electronic signal. This signal is amplified and transformed to a 

video scan-image that can be seen on a monitor or to a digital image that can be saved and 

processed further.  

 A field-emission cathode in the electron gun of a scanning electron microscope provides 

narrower probing beams at low as well as high electron energy, resulting in both improved 

spatial resolution and minimized sample charging and damage. For applications which 

demand the highest magnification possible, and for ultra-high-magnification imaging, the 

in-lens FESEM will be applied. Another advantage of FE-SEM is: the ability to examine 

smaller-area contamination spots at electron accelerating voltages compatible with energy 

dispersive spectroscopy (EDS). Nowadays, three-dimensional features can be observed due to 

the large depth of field available in the FE-SEM. The addition of energy dispersive X-ray 

detector combined with digital image processing is a powerful tool in the study of materials, 

allowing good chemical analysis of the material. The FE-SEM is a major tool in materials 

science research and development. [1] 

22..11..22..  EEnneerrggyy  DDiissppeerrssiivvee  XX--RRaayy  AAnnaallyyssiiss  ((EEDDXX))    

 Chemical analysis (chemical make-up) of a specimen can be obtained by measuring the 

energy and the intensity distribution of the X-ray signal generated by a focused electron beam 

impinging the sample. Hence the name Energy Dispersive X-Ray Analysis (EDX), which 

also referred to as EDS or EDAX, is an x-ray technique used to identify the elemental 

composition of materials.  
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Figure 2.2: Schematic representation of the generation of X-rays, showing interaction 
volume 

 

Figure 2.3: Schematic representation of the generation of X-rays, showing shell model 

 As shown in Fig. 2.2 and Fig. 2.3, X-rays result from inelastic or energy-loss interactions 

between the fast beam electrons and the specimen atoms. The beam electron strongly 

interacts with a core electron and imparts sufficient energy to remove it from the target atom. 

A characteristic X-ray is occasionally emitted when the ionized atom relaxes to a lower 

energy state by the transition of an outer-shell electron to the vacancy in the core shell. The 

X-ray is called characteristic because its energy equals the energy difference between the two 

levels involved in the transition and this difference is characteristic of the element. By 

counting the characteristic X-rays we obtain a measure of the number of specific atoms 

present in the specimen. 

  5522  
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Figure 2.4: Schematic representation of the X-ray Detector 

 

Figure 2.5: Schematic presentation of an EDX System 

 The principle of the EDX is shown in Fig. 2.4. A FE-SEM is equipped with an X-ray 

detection system, which is located at the end of the cylindrical liquid nitrogen Dewar. The 

X-ray signal from the sample is picked-up by a solid-state Detector. A series of amplifiers in 

combination with the detector are then used to convert the X-ray signal into a voltage signal 

and to amplify it. The final signal is sent to a computer for processing such as peak 

identification or quantification and for display of the data in the form of a spectrum of 

intensity versus emission energy. The energy peaks are fingerprints of the specific elements in 

a specimen. Fig. 2.5 illustrates the basic layout of an EDX system. 

 The corresponding applications include materials and product research, troubleshooting, 

de-formulation, and more. EDX systems are attachments to FE-SEM and TEM instruments 
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where the imaging capability of the microscope identifies the specimen of interest. The data 

generated by EDX analysis consist of spectra showing peaks corresponding to the elements 

making up the true composition of the sample being analyzed. In a multi-technique approach 

EDX becomes very powerful, particularly in contamination analysis. The technique can be 

used for qualitative, semi-quantitative and quantitative detection and also provides spatial 

distribution of elements through mapping. [2] 

22..11..33..  PPoowwddeerr  XX--rraayy  ddiiffffrraaccttiioonn  ((XXRRDD))    

 X-ray diffraction (XRD) is a versatile, non-destructive and well established analytical 

technique that reveals detailed information about the chemical composition and type of 

molecular bond of crystalline phase. It is an efficient technique to expose the crystallographic 

structure of natural and manufactured materials and a technique in which analytical results 

are correlated with references and standards of International Centre for Diffraction Data 

(ICDD). [3] 

 Diffraction is a scattering phenomenon. When X-rays are incident on crystalline solids, 

they are scattered in all directions. In some of these directions, the scattered beams are 

completely in phase and reinforce one another to form the diffracted beams. The Bragg law 

describes the conditions under which this would occur. It is assumed that a perfectly parallel 

and monochromatic X-ray beam, of wavelength λ, is incident on a crystalline sample at an 

angle θ. The concept of x-ray diffraction can be described by the Bragg's Law. Diffraction 

will occur if: 

)1.2(sin2
sin2










 dnor
n

d  

where: 

λ： wavelength of the incident radiation; 

d： interplanar spacing between atomic planes; 

n： an integer (1,2,…..,n); 

θ： incident angle of X-ray beam and the atomic planes. 

 2d sinθ is the path length difference between two incident x-ray beams where one x-ray 

beam takes a longer, but parallel, path because it "reflects" off an adjacent atomic plane. This 

path length difference must equal an integer value of the λ of the incident x-ray beams for 

constructive interference to occur such that a reinforced diffracted beam is produced. 
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 By varying the angle θ, the Bragg's Law conditions are satisfied by different d-spacing in 

polycrystalline materials. Plotting the angular positions and intensities of the resultant 

diffracted peaks of radiation produces a pattern, which is characteristic of the sample. Where 

a mixture of different phases is present, the resulting diffractogram is formed by addition of 

the individual patterns. Based on the principle of X-ray diffraction, a wealth of structural, 

physical and chemical information about the material investigated can be obtained. 

 For a given λ of incident x-rays and interplanar spacing, d, in a mineral, only specific θ 

angles will satisfy the Bragg equation. No "reflections" will occur until the incident beam 

makes an angle θ that satisfies the Bragg equation with n = 1. Continued rotation leads to 

other "reflections" at higher values of θ and correspond to when n = 2, 3, etc.; these known as 

1st, 2nd, 3rd order, etc., "reflections"  

 The Bragg-Brentano method applied in powder diffractometers with photon counters is 

also an example of focusing technique using the divergent monochromatic primary X-ray 

beam. The focusing Bragg-Brentano principle (back-reflecting geometry) is the most 

widespread method in powder diffractometry. 

 An advantage of the geometry consists in the ease of its practical realisation when the 

diffraction pattern is registered sequentially from one angle to another. In the Bragg-Brentano 

geometry the X-ray source (X-ray tube focus) and the detector are always situated on the 

same circle. 

 

Figure 2.6. The Schematic representation of the Bragg-Brentano Geometry 

 The sample surface is tangential to the centre of the circle and touches the geometrical 

diffractometer axis. At the same time the flat sample surface is always tangential to the 

focusing circle which contains the X-ray focus and the receiving slits of the detector. 

  5555  



   CChhaarraacctteerriizzaattiioonn  TTeecchhnniiqquueess  

 The focusing conditions will be fulfilled exactly when the X-ray source, the detector and 

the sample source are situated on the same circle. If the sample has a flat surface, the surface 

must be tangential to the focusing circle and its normal vector must bisect the angle between 

direction to the source and the detector. This condition is the main distinction of the 

Bragg-Brentano method. Fig. 2.6 showed the Bragg-Brentano Gemetry. 

 In this work, powder XRD was used to identify the composition of the phases and to 

estimate the average dimension of the crystallites. Most of the powder XRD patterns were 

recorded by a computer-controlled Philips X’Pert diffractometer using Cu Kα radiation (λ = 

0.154nm). The data were collected at 0.02° in the 2θ range from 10° to 100°. The 

experimental XRD peak amplitude (Bobs) is composed of two contributions: the first is due to 

the finite crystallites dimension (Bd) while the second is typical of the instrument (Binstr). 

These three parameters are related by the equation: 

)2.2(222 instrdobs BBB   

 Taking into account the same instrumental contribution, the larger the XRD peaks (Full 

Width at Half Maximum, FWHM), the lower the crystallites dimension. In order to know the 

Bd value it is necessary to know the instrument contribution (Binstr) to peak broadening. This 

contribute is generally quantified using reference materials, with large crystals (100-1000nm) 

and with good crystallinity. The assumption is that this type of material does not significantly 

contribute to peak broadening. Therefore, it is possible to gain the diffractometer 

contribution.  

 XRD peak broadening, even for the reference material, is dependent on the angle which 

characterize reflections in the spectrum. For the calculation of Bd it is necessary to consider 

the amplitude of a peak of the reference material which is near to that considered in the 

sample spectrum.  

 The mean crystallite dimension d (in nm) can be determined from the value of the peak 

broadening (Bd) according to Scherrer’s equation: 

)3.2(
cos









dB

K
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where: 

λ： wavelength of the radiation used (in this work, Cu Kα 0.1541 nm) 

K： Scherrer’s constant (0.90 if the width is measured at half maximum; 1.05 if the width is 
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 obtained dividing peak area by its height); 

θ： Bragg’s angle. 

 The peak broadening allows the crystallites dimension to be measured in the direction 

perpendicular to the considered reflection plane. In this way, đ values obtained from different 

diffraction peaks would be equal only if reflection planes are randomly orientated with 

respect of external shape of the crystallites. 

22..11..44..  XX--RRaayy  PPhhoottooeelleeccttrroonn  SSppeeccttrroossccooppyy  ((XXPPSS))    

 X-Ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA), is a surface chemical analysis technique that can be used to 

analyze and obtain chemical information about the surfaces of solid materials, which is the 

most widely used surface analysis technique because of its relative simplicity in use and data 

interpretation. Both composition and the chemical state of surface constituents can be 

determined by XPS. XPS can be also used to study the element distribution and element 

depth profile. Insulators and conductors can easily be analyzed in surface areas from a few 

microns to a few millimeters across. 

 An XPS spectrum is based upon a single photon in/electron out process and from many 

viewpoints this underlying process is a much simpler phenomenon than the Auger process. 

XPS spectra are obtained by irradiating a material with a beam of X-rays while 

simultaneously measuring the kinetic energy and number of electrons that escape from the 

top 1 to 10 nm of the material being analyzed. [4] 

 The energy of a photon of all types of electromagnetic radiation is given by the Einstein 

relation: E=hv. In a typical XPS characterization, monochromatic source of radiation (i.e. 

photons of fixed energy is used and the photon is absorbed by an atom in a molecule or solid, 

leading to ionization and the emission of a core (inner shell) electron. The kinetic energy, 

EKinetic of the emitted photoelectrons can be determined by the energy of the X-ray radiation 

(hv) and the electron binding energy, EBinding, as given by: EK=hv-EBinding. The experimentally 

measured energies of the photoelectrons are given by: EK= hv-EB –Φ, where Φ is the work 

function of the spectrometer (not the material).  
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Figure 2.7: Schematic representation of the principle of photoelectron generation 

 

Figure 2.8: Schematic representation showing the process of photo-emission 

 Above Fig. 2.7 & 2.8 show the principle of photoelectron generation. Fig. 2.9 shows the 

schematic representations of the XPS physics. A typical XPS spectrum is a plot of the number 

of electrons detected (sometimes per unit time) (Y-axis, ordinate) versus the binding energy 

of the electrons detected (X-axis, abscissa). Each element produces a characteristic set of 

XPS peaks at characteristic binding energy values that directly identify each element that 

exist in or on the surface of the material being analyzed. These characteristic peaks 

correspond to the electron configuration of the electrons within the atoms, e.g., 1s, 2s, 2p, 3s, 

etc. The number of detected electrons in each of the characteristic peaks is directly related to 

the amount of element within the area (volume) irradiated. To generate atomic percentage 

values, each raw XPS signal must be corrected by dividing its signal intensity (number of 

electrons detected) by a "relative sensitivity factor" (RSF) and normalized over all of the 

elements detected. 
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Figure 2.9: Schematic representation of the XPS physics - "Photoelectric Effect” 

 To count the number of electrons at each kinetic energy value, with the minimum of error, 

XPS must be performed under ultra-high vacuum (UHV) conditions because electron 

counting detectors in XPS instruments are typically one meter away from the material 

irradiated with X-rays. It is important to note that XPS detects only those electrons that have 

actually escaped into the vacuum of the instrument. The photo-emitted electrons that have 

escaped into the vacuum of the instrument are those that originated from within the top 10 to 

12 nm of the material. All of the deeper photo-emitted electrons, which were generated as the 

X-rays penetrated 1–5 micrometers of the material, are either recaptured or trapped in various 

excited states within the material. For most applications, it is, in effect, a non-destructive 

technique that measures the surface chemistry of any material. 

22..11..55..  IInndduuccttiivveellyy  CCoouupplleedd  PPllaassmmaa  MMaassss  SSppeeccttrroommeettrryy  ((IICCPP--MMSS))  

 Inductively coupled plasma mass spectrometry (ICP-MS) is a type of mass spectrometry. 

ICP-MS performs multi-elemental analysis with excellent sensitivity and high sample 

throughput. The ICP-MS instrument employs a plasma (ICP) as the ionization source and a 

mass spectrometer (MS) analyzer to detect the ions produced. It can simultaneously measure 

most elements in the periodic table and determine analyte concentration down to the sub 
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nanogram-per-liter (ng/l) or part-per trillion (ppt) levels. This is achieved by ionizing the 

sample with inductively coupled plasma and then using a mass spectrometer to separate and 

quantify those ions. It can perform qualitative, semiquantitative, and quantitative analysis, 

and since it employs a mass analyzer, it can also measure isotopic ratios. [5] 

 

Figure 2.10: Schematic representation of a common ICP-MS with a Quadrupole Mass Filter 

 The schematic representation of the ICP-MS block diagram is shown in Fig. 2.10. In 

general, liquid samples are introduced by a peristaltic pump, to the nebulizer where the 

sample aerosol is formed. A double-pass spray chamber ensures that a consistent aerosol is 

introduced into the plasma. Argon (Ar) gas is introduced through a series of concentric quartz 

tubes which form the ICP. The torch is located in the center of an RF coil, through which RF 

energy is passed. The intense RF field causes collisions between the Ar atoms, generating a 

high-energy plasma. The sample aerosol is instantaneously decomposed in the plasma 

(plasma temperature is in the order of 6000 - 10000K) to form analyte atoms which are 

simultaneously ionized. The ions produced are extracted from the plasma into the mass 

spectrometer region which is held at high vacuum (typically 10-4 Pa). The vacuum is 

maintained by differential pumping: the analyte ions are extracted through a pair of orifices, 

known as the sampling and skimmer cones. 

 Specifically, Inductively Coupled Plasma (ICP) is plasma that is energized (ionized) by 

inductively heating the gas with an electrical coil, and contains a sufficient concentration of 

ions and electrons to make the gas electrically conductive. Even a partially ionized gas in 

which as little as 1% of the particles are ionized can have the characteristics of a plasma (i.e., 

response to magnetic fields and high electrical conductivity). The plasmas used in 

spectro-chemical analysis are essentially electrically neutral, with each positive charge on an 

ion balanced by a free electron. In these plasmas the positive ions are almost all singly 
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charged and there are few negative ions, so there are nearly equal amounts of ions and 

electrons in each unit volume of plasma. 

 ICP for spectrometry is sustained in a torch that consists of three concentric tubes, 

usually made of quartz. The end of this torch is placed inside an induction coil supplied with 

a radio-frequency electric current. A flow of argon gas (usually 14 to 18 liters per minute) is 

introduced between the two outermost tubes of the torch and an electric spark is applied for a 

short time to introduce free electrons into the gas stream. These electrons interact with the 

radio-frequency magnetic field of the induction coil and are accelerated first in one direction, 

then the other, as the field changes at high frequency (usually 27.12 million cycles per 

second). The accelerated electrons collide with argon atoms, and sometimes a collision 

causes an argon atom to part with one of its electrons. The released electron is in turn 

accelerated by the rapidly changing magnetic field. The process continues until the rate of 

release of new electrons in collisions is balanced by the rate of recombination of electrons 

with argon ions (atoms that have lost an electron). This produces a ‘fireball’ that consists 

mostly of argon atoms with a rather small fraction of free electrons and argon ions. The 

temperature of the plasma is very high, of the order of 10,000 K. 

 The ICP can be retained in the quartz torch because the flow of gas between the two 

outermost tubes keeps the plasma away from the walls of the torch. A second flow of argon 

(around 1 liter per minute) is usually introduced between the central tube and the intermediate 

tube to keep the plasma away from the end of the central tube. A third flow (again usually 

around 1 liter per minute) of gas is introduced into the central tube of the torch. This gas flow 

passes through the centre of the plasma, where it forms a channel that is cooler than the 

surrounding plasma but still much hotter than a chemical flame. Samples to be analyzed are 

introduced into this central channel, usually as a mist of liquid formed by passing the liquid 

sample into a nebulizer. 

 As a droplet of nebulized sample enters the central channel of the ICP, it evaporates and 

any solids that were dissolved in the liquid vaporize and then break down into atoms. At the 

temperatures prevailing in the plasma a significant proportion of the atoms of many chemical 

elements are ionized, each atom losing its most loosely bound electron to form a singly 

charged ion. For coupling to mass spectrometry, the ions from the plasma are extracted 

through a series of cones into a mass spectrometer, usually a quadrupole. The ions are 

separated on the basis of their mass-to-charge ratio and a detector receives an ion signal 

proportional to the concentration. The concentration of a sample can be determined through 

calibration with certified reference material such as single or multi-element reference 
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standards. ICP-MS also lends itself to quantitative determinations through isotope dilution, a 

single point method based on an isotopically enriched standard. 

22..11..66..  TThhee  TTrraannssmmiissssiioonn  EElleeccttrroonn  MMiiccrroossccooppyy  ((TTEEMM))  TTeecchhnniiqquuee  

 Catalyst characterization is the cornerstone of the science of catalysis. Not only we need 

to know the electronic and geometric structure of the active components in a heterogeneous 

catalyst but also we need to understand how the reactant molecules interact with or modify 

these components during a catalytic reaction.  

 Among many characterization techniques, advanced electron microscopy is the only 

technique that can provide information on the individual components of heterogeneous 

catalysts. All the other techniques (e.g. X-ray diffraction, X-ray absorption spectroscopy, IR 

spectroscopy, nuclear magnetic resonance spectroscopy, X-ray photoelectron spectroscopy, 

etc.) provide information either averaged over millions to trillions of nanocomponents or they 

(e.g., scanning probe microscopy techniques) require stringent conditions on the samples to 

be examined. Moreover, some techniques are not useful when the dimension of crystallites is 

smaller than 3 nm. On the other hand, small particles, clusters or even single atoms can be 

directly observed in modern electron microscopes. Therefore, advanced electron microscopy 

techniques are indispensable to understand the properties of heterogeneous catalysts and to 

provide useful information for the development of nanostructured catalysts. The transmission 

electron microscopy (TEM) technique was initially conceived as a response to the limitation 

of light microscopes for imaging very small objects shortly after de Broglie’s discovery that 

electrons could be treated theoretically as waves. The resolution of a microscope is the 

minimum distance at which two objects may be distinguished. The maximum theoretical 

resolution (δ) is proportional to the wavelength of the radiation used (λ). Basing on the 

classical Rayleigh criterion for light microscopy:  

)4.2(61.0    

 for green light in the middle of the visible spectrum  is about 550 nm, hence the 

maximum theoretical resolution d of a good light microscope is of the order of 300 nm. It is 

clear that this resolution is not high enough to characterize the nanocomponents typical of a 

heterogeneous catalyst. 

 Instead, starting from the de Broglie’s equation we can calculate the maximum resolution 



 CChhaapptteerr  22  

for a microscope which uses electrons. Based on de Broglie’s ideas of the wave-particle 

duality, we can relate the particle momentum p (and thus, the electron mass m0 and its 

velocity v) to its wavelength  through Planck’s constant (h): 
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 In the TEM a momentum is imparted to the electrons accelerating them by a potential 

drop, V. This gives them a kinetic energy eV. This potential energy must equal the kinetic 

energy of the electrons at the end of the accelerating section of the instrument: 
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 The momentum p can be written also as a function of the kinetic energy eV as follow: 
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 Thus it is possible to obtain the relationship between the electron wavelength  and the 

accelerating voltage of the electron microscope, V: 
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 An electron accelerated to 100 keV has a wavelength (which more or less corresponds to 

the maximum theoretical resolution of a microscope) of about 0.004 nm, and is 100 times 

smaller than the diameter of an atom. Moreover, by increasing the accelerating voltage the 

wavelength of the electrons decreases. It is noteworthy that equations 2.4 - 2.8 do not take 

into account relativistic effects. These effects cannot be ignored at 100-keV energies and 

above because the velocity of the electrons becomes greater than half the speed of light. This 

is the first reason that not allows the potentiality of the electron microscope to attain such 

sub-atomic resolution to be fulfilled. In addition to this intrinsic limitation, considerable 

practical limitations involved in the microscope construction must be taken into account 

(especially for the homogeneity of the magnetic fields used as lenses). However, atomic scale 

resolution is attainable using modern instruments. 
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 In Fig. 2.11 shows the Layout of optical components in a basic TEM (A), the cross 

sectional diagram of an electron gun assembly, illustrating electron extraction (B), photo 

images of the TEM sample support mesh "grid", with ultramicrotomy sections (C), and the 

diagram of a TEM split polepiece design lens (D). 

 The Transmission Electron Microscope (TEM) consists of a vertical column in which the 

electron beam passes from an electron source at the top, through the specimen and down to 

the bottom of the column where the image is formed and revealed (Fig. 2.11A). The TEM 

consists of an emission source, which may be a tungsten filament, or a lanthanum hexaboride 

(LaB6) source. [6] For tungsten, this will be of the form of either a hairpin-style filament, or a 

small spike-shaped filament. LaB6 sources utilize small single crystals. By connecting this 

gun to a high voltage source (typically ~100–300 kV) the gun will, given sufficient current, 

begin to emit electrons either by thermionic or field electron emission into the vacuum. This 

extraction is usually aided by the use of a Wehnelt cylinder. Once extracted, the upper lenses 

of the TEM allow for the formation of the electron probe to the desired size and location for 

later interaction with the sample. 

 The column is held under ultra high vacuum conditions by a system of high performance 

pumps in order to reduce the scattering of the electron beam by gas atoms. Electromagnetic 

coils, known as lenses, are positioned around the column along its length and are used to 

modify the trajectories of the electrons in the beam, either concentrating or spreading the 

beam as required (in an analogous way to the optical lenses in a light microscope). Apertures 

of different diameters can be inserted into the electron beam at several positions along the 

column. This is done to select part of the beam and exclude the contribution of the rest. 

 In practice, an applied potential of at least 100 kV is advisable for High-Resolution TEM 

(HRTEM). The electron beam may also be generated in a Field Emission Gun (FEG). It 

works at much lower temperatures, about 300 °C, and contains two successive electrostatic 

fields. The tungsten filament in a FEG has an extremely fine tip. The first electrostatic 

potential extracts electrons from the filament through this tip. The second potential is used, as 

above, to accelerate the electrons and form the high energy beam. Because the filament area 

of the emission of electrons is very low, the beam produced by a FEG is much more intense 

and much more spatially coherent than the beam from a thermionic filament. Furthermore, 

the variation in energy within the beam is very small. This allows to obtain more resolved 

images which is particularly useful for HRTEM measures. 
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Figure 2.11. (A) Layout of optical components in a basic TEM, (B) cross sectional diagram 
of an electron gun assembly, illustrating electron extraction, (C) TEM sample support mesh 
"grid", with ultramicrotomy sections, (D) Diagram of a TEM split polepiece design lens. 

 After electrons are produced, they are selected by the Condenser Apertures and the 

electrons are formed in a parallel beam by the Condenser Lens system. Manipulation of the 

electron beam is performed using two physical effects. The interaction of electrons with a 

magnetic field will cause electrons to move according to the right hand rule, thus allowing for 

electromagnets to manipulate the electron beam. The use of magnetic fields allows for the 

formation of a magnetic lens of variable focusing power, the lens shape originating due to the 

distribution of magnetic flux. Additionally, electrostatic fields can cause the electrons to be 

deflected through a constant angle. Coupling of two deflections in opposing directions with a 

small intermediate gap allows for the formation of a shift in the beam path, this being used in 

  6655  



   CChhaarraacctteerriizzaattiioonn  TTeecchhnniiqquueess  

TEM for beam shifting, subsequently this is extremely important to STEM. From these two 

effects, as well as the use of an electron imaging system, sufficient control over the beam 

path is possible for TEM operation [citation needed]. The optical configuration of a TEM can 

be rapidly changed, unlike that for an optical microscope, as lenses in the beam path can be 

enabled, have their strength changed, or be disabled entirely simply via rapid electrical 

switching, the speed of which is limited by effects such as the magnetic hysteresis of the 

lenses. 

 The lenses of a TEM allow for beam convergence, with the angle of convergence as a 

variable parameter, giving the TEM the ability to change magnification simply by modifying 

the amount of current that flows through the coil, quadrupole or hexapole lenses. The 

quadrupole lens is an arrangement of electromagnetic coils at the vertices of the square, 

enabling the generation of a lensing magnetic fields, the hexapole configuration simply 

enhances the lens symmetry by using six, rather than four coils. 

 Typically a TEM consists of three stages of lensing. The stages are the condensor lenses, 

the objective lenses, and the projector lenses. The condensor lenses are responsible for 

primary beam formation, whilst the objective lenses focus the beam that comes through the 

sample itself (in STEM scanning mode, there are also objective lenses above the sample to 

make the incident electron beam convergent). The projector lenses are used to expand the 

beam onto the phosphor screen or other imaging device, such as film. The magnification of 

the TEM is due to the ratio of the distances between the specimen and the objective lens' 

image plane.[7] Additional quad or hexapole lenses allow for the correction of asymmetrical 

beam distortions, known as astigmatism. It is noted that TEM optical configurations differ 

significantly with implementation, with manufacturers using custom lens configurations, such 

as in spherical aberration corrected instruments,[8] or TEMs utilising energy filtering to 

correct electron chromatic aberration. 

 Imaging systems in a TEM consist of a phosphor screen, which may be made of fine 

(10–100 μm) particulate zinc sulphide, for direct observation by the operator. Optionally, an 

image recording system such as film based or doped YAG screen coupled CCDs.[9] Typically 

these devices can be removed or inserted into the beam path by the operator as required. 

Contrast formation in the TEM depends greatly on the mode of operation. Complex imaging 

techniques, which utilize the unique ability to change lens strength or to deactivate a lens, 

allow for many operating modes. These modes may be used to discern information that is of 

particular interest to the investigator. The most common mode of operation for a TEM is the 

bright field imaging mode. In this mode the contrast formation, when considered classically, 
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is formed directly by occlusion and absorption of electrons in the sample. Thicker regions of 

the sample, or regions with a higher atomic number will appear dark, whilst regions with no 

sample in the beam path will appear bright – hence the term "bright field". The image is in 

effect assumed to be a simple two dimensional projection of the sample down the optic axis, 

and to a first approximation may be modeled via Beer's law,[10] more complex analyses 

require the modeling of the sample to include phase information.[11] 

 Samples can exhibit diffraction contrast, whereby the electron beam undergoes Bragg 

scattering, which in the case of a crystalline sample, disperses electrons into discrete 

locations in the back focal plane. By the placement of apertures in the back focal plane, i.e. 

the objective aperture, the desired Bragg reflections can be selected (or excluded), thus only 

parts of the sample that are causing the electrons to scatter to the selected reflections will end 

up projected onto the imaging apparatus. 

 If the reflections that are selected do not include the unscattered beam (which will appear 

up at the focal point of the lens), then the image will appear dark wherever no sample 

scattering to the selected peak is present, as such a region without a specimen will appear 

dark. This is known as a dark-field image. 

 Modern TEMs are often equipped with specimen holders that allow the user to tilt the 

specimen to a range of angles in order to obtain specific diffraction conditions, and apertures 

placed above the specimen allow the user to select electrons that would otherwise be 

diffracted in a particular direction from entering the specimen. 

 Applications for this method include the identification of lattice defects in crystals. By 

carefully selecting the orientation of the sample, it is possible not just to determine the 

position of defects but also to determine the type of defect present. If the sample is oriented 

so that one particular plane is only slightly tilted away from the strongest diffracting angle 

(known as the Bragg Angle), any distortion of the crystal plane that locally tilts the plane to 

the Bragg angle will produce particularly strong contrast variations. However, defects that 

produce only displacement of atoms that do not tilt the crystal to the Bragg angle (i. e. 

displacements parallel to the crystal plane) will not produce strong contrast.[12] 

 The diffraction pattern contains electrons from the whole area of the specimen 

illuminated by the beam. Such a pattern is not very useful because the specimen will often be 

buckled. Furthermore, the direct beam is often so intense that it will damage the camera. 

Therefore there are basic TEM operations that allow both to select a specific area of the 

specimen to contribute to the diffraction pattern and to reduce the intensity of the diffraction 

pattern reaching the screen. There are two ways to perform this operation: 
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 make the beam smaller; 

 insert an aperture above the specimen which would only permit electrons that pass 

through it to hit the specimen. 

 The standard way is the second solution. This operation is called Selected-Area 

Diffraction (SAD). It is clear that it is not possible to insert an aperture at the specimen plane. 

Therefore the aperture is inserted in one of the image planes, then it creates a virtual aperture 

at the plane of the specimen. Then any electron that hits the sample outside the area defined 

by the virtual aperture will be excluded from contributing to the diffraction pattern that is 

projected on the viewing screen. Independently from the sample, SAD pattern will show a 

bright central spot (the Transmitted Beam) which contains the direct electrons and some 

scattered electrons (Fig. 2.12). 

 

Figure 2.12: A SAD pattern which illustrates the presence of the direct electrons (bright 
central spot) and scattered electrons (rings more or less intense). 

 After the diffraction pattern area is selected, it is possible to perform the two most basic 

imaging operations in the TEM. It is possible to form the image in the TEM by using the 

central spot or some or all of the scattered electrons. To do this last operation, an aperture is 

inserted into the Back Focal Plane of the Objective Lens, blocking most of the diffraction 

pattern except that which is visible through the aperture. If the direct beam is selected, the 

resultant image is called bright-field (BF) image. On the contrary, if scattered electrons of any 

form are selected, the resultant image is called dark-field (DF) image. The BF detector is 

therefore put directly down to the direction of the beam in the TEM column. For the DF 

images, rather than using the BF detector, it is usually used an annular detector, which 
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surround the BF detector. This is called Annular Dark-Field (ADF) imaging. 

 As well as the elastic interactions of electrons with the specimen which give rise to the 

image and the diffraction pattern, their inelastic interactions, in which energy is transferred, 

also provide useful complimentary information and several analytical techniques have grown 

up around the TEM to exploit this.[13] An incoming high energy electron may transfer energy 

to one of the core electrons of an atom such that it is ejected from the atom. An electron at a 

higher energy level in the atom may then fall into the resulting electron hole releasing its 

excess energy as an X-ray photon. The frequency of these photons is determined by the 

difference between the two electron energy levels and will therefore be characteristic of the 

nature of the atom from which it was emitted. In X-ray Energy Dispersive Spectroscopy 

(XEDS or EDX), these X-ray photons are collected and number of counts plotted against 

their energy to give a spectrum. This technique allows quantitative measurement of the 

elemental composition of the area of the sample illuminated by the beam. This technique 

provides information which is not available from HRTEM in itself.[14]. For this reason, XEDS 

spectrometer is commonly fitted to the modern TEM. 

 HRTEM presents also several limitations which must be remembered. Since it is a 

transmission technique, the samples must be electron transparent and, in addition, must be 

thin enough to minimize multiple diffraction of the electrons. Specimens below 100 nm 

should be used wherever possible and, in extreme cases, specimen thicknesses <50 nm are 

essential. The high energy electron beam may alter and damage the specimen by heating it or 

by reducing susceptible materials such as some oxides. Moreover, for a correct interpretation 

of the images, it must be taken into account that HRTEM images are 2-D representation of a 

3-D set of objects viewed by transmission rather than reflection. 
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§§  22..22..  TThhee  IInn--SSiittuu  EElleeccttrroocchheemmiiccaall  CChhaarraacctteerriizzaattiioonn  

 In order to clearly identify the electrochemical characteristics of the as prepared 

nanocatalysts material, different electrochemical characterization methods such as Cyclic 

Voltammetry (CV), Chronoamperometry (CA) were applied on the typical three electrodes 

electrochemical cell while the Galvanostatic method (Galv) and the Current-Voltage (J-V) 

Measurement were applied on the Direct Alcohol Fuel cell test system (DAFCs) for the 

characterization of the as-synthesized materials. These test methods will be briefly described 

in the following sections. 

22..22..11..  IInnssttrruummeennttaattiioonn  &&  EExxppeerriimmeennttaall  SSeettuupp  ooff  tthhee  TTyyppiiccaall  TThhrreeee    

    EElleeccttrrooddeess  EElleeccttrroocchheemmiiccaall  CCeellll    

 In this part the experimental equipments, which were used for the typical three electrode 

electrochemical cell setup in the course of this work are introduced.   

  

Figure 2.13: (A) Schematic representation of the typical three electrodes electro- chemical 
cell and (B) the corresponding notations used in this study: WE: working electrode, CE: 
counter electrode, and RE: reference electrode. 

 A conventional three-electrodes electrochemical cell was employed in our studies (Fig. 

2.13 A). The cell is surrounded by a glass jacket allowing water circulation to keep the 

temperature of the electrolyte at a specified value (at 20C). The electrolyte was purged with 
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pure N2 to remove the dissolved oxygen at least 15 min. During the experiments, N2 was 

passed over the electrolyte without disturbing the electrolyte solution. The cell was cleaned 

with the three-distilled water prior to experiment. The Faraday cage was employed to avoid 

outside electrical field disturbance and electrically connected to the ground.  

 A potentiostat is a device used to keep a working electrode (WE) at desired potential with 

respect to a reference electrode (RE). This is done by a current which is passed from the 

working electrode to a counter electrode (CE). The arrangement of the potentiostat and the 

electrodes is sketched in Fig. 2.13(B). From a more electronic point of view, a potentiostat is 

a special kind of feed-back amplifier. The potentiostat used in this work was a Princeton 

2273A Potentiostat/Galvanostat, equipped with Electrochemical PowerSuite software.  

 The role of the counter electrode (CE) is to supply the current required by the working 

electrode, without limiting the measured response of the cell. The processes occurring on the 

counter electrode is not considered; it is usually made of inert materials (noble metals or 

carbon/graphite) to avoid its dissolution. It should have a large area compared to the working 

electrode. A platinum foil (25mm×25mm×0.1mm) served as CE in this work.  

 Since the standard hydrogen electrode is too complex for routine use in laboratory and 

field applications. The Saturated Calomel Electrode, (SCE) was used as a reference electrode 

(RE) in our study and the potential scale of the electrochemical measurement was then 

converted to the RHE scale. 

 TiO2 nanotube arrays supported metal nanocatalysts or carbon black supported metal 

nanocatalysts were chosen as the working electrode. The experiments were conducted both in 

2M aqueous KOH and 2M aqueous KOH with 10 wt.% Ethanol (Sigma-Aldrich 99.8%). The 

latter electrolyte was used for the ethanol electro-oxidation galvanostatic experiments. CV's 

was performed in a 0.1M HClO4 (Sigma-Aldrich 70%) containing electrolyte. All the 

solutions were prepared with Millipore water (18MΩcm) provided by a Milli-Q lab apparatus 

(Nihon Millipore Ltd.). Solutions were deaerated by bubbling high-purity N2 before 

measurements. 

22..22..22..  CCyycclliicc  vvoollttaammmmeettrryy  ((CCVV))  cchhaarraacctteerriizzaattiioonn  mmeetthhoodd    

 Cyclic voltammetry or CV is a type of potentiodynamic electrochemical measurement. In 

a cyclic voltammetry experiment the working electrode potential is ramped linearly versus 

time like linear sweep voltammetry. Cyclic voltammetry takes the experiment a step further 
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than linear sweep voltammetry which ends when it reaches a set potential. When cyclic 

voltammetry reaches a set potential, the working electrode's potential ramp is inverted. This 

inversion can happen multiple times during a single experiment. The current at the working 

electrode is plotted versus the applied voltage to give the cyclic voltammogram trace. Cyclic 

voltammetry is generally used to study the electrochemical properties of an analyte in 

solution.[15-17] 

 In cyclic voltammetry, the electrode potential ramps linearly versus time as shown in Fig. 

2.14 (A). This ramping is known as the experiment's scan rate (V/s). The potential is applied 

between the reference electrode and the working electrode and the current is measured 

between the working electrode and the counter electrode. These data are then plotted as 

current (i) vs. potential (E) as shown in Fig. 2.14 (B). The forward scan produces a current 

peak for any analyte that can be reduced (or oxidized depending on the initial scan direction) 

through the range of the potential scanned. The current increases as the potential reaches the 

reduction potential of the analyte, but then falls off as the concentration of the analyte is 

depleted close to the electrode surface. If the redox couple is reversible then when the applied 

potential is reversed, it reaches the potential that will reoxidize the product formed in the first 

reduction reaction, and produces a current of reverse polarity from the forward scan. This 

oxidation peak usually has a similar shape to the reduction peak. As a result, information 

about the redox potential and electrochemical reaction rates of the compounds is obtained. 

 

Figure 2.14: Schematic of a (CV) waveform and typical resulting current response. (A) 
Typical cyclic voltammogram waveform. In a CV experiment, the voltage is swept linearly 
back and forth between two voltage limits (denoted V1 and V2 on the diagram) (B). The 
resulting current is plotted as a function of voltage. When the voltage sweeps past a potential 
corresponding to an active electrochemical reaction, the current responses spike. After this 
initial spike, the current will level off when most of the readily available reactants have been 
consumed. On the reverse voltage scan, the reverse electrochemical reaction (with a 

  7722  



 CChhaapptteerr  22  

  7733  

corresponding reverse current direction) may be observed. The shape and size of the peaks 
give information about the relative rates of reaction and diffusion in the system. 

 The utility of cyclic voltammetry is highly dependent on the analyte being studied. The 

analyte has to be redox active within the experimental potential window. It is also highly 

desirable for the analyte to display a reversible wave. A reversible wave is when an analyte is 

reduced or oxidized on a forward scan and is then reoxidized or rereduced in a predictable 

way on the return scan as shown in the Fig. 2.14 (A). 

 Even reversible couples contain polarization overpotential and thus display a hysteresis 

between absolute potential between the reduction (Epc) and oxidation peak (Epa) (see Fig. 2.14 

B). This overpotential emerges from a combination of analyte diffusion rates and the intrinsic 

activation barrier of transferring electrons from an electrode to analyte. The combination of 

the solvent, electrolyte and specific working electrode material determines the range of the 

potential. In general, CV measurements are used to determine in situ catalyst activity, 

although they may also be used for detailed reaction kinetics analysis  

22..22..33..  CChhrroonnooaammppeerroommeettrryy  ((CCAA))  cchhaarraacctteerriizzee  mmeetthhoodd    

 

Figure 2.15. The chronoamperometry experiment. (A) The potential-time profile applied 
during experiment, Ei is initial value and E1 is the potential where no reduction of O occurs 
or some other potential of interest. (B) The corresponding response of the current due to 
changes of the potential. 

 Chronoamperometry (CA) is a Potential Step electrochemical characterization technique 
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in which the potential of the working electrode is stepped and the resulting current from 

faradic processes occurring at the electrode (caused by the potential step) is monitored as a 

function of time. At the beginning of the transient experiment the potential of the working 

electrode is held at Ei (Fig. 2.15A). At t=0 the potential is instantaneously changed to a new 

value E1, and corresponding current time response is recorded as shown in Fig. 2.15. (B). 

 In order to determine the exact form of current-time dependence for a planar electrode 

the current density, Cottrell equation is used: 
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where: 

n: number of electrons 

A: surface area of the electrode 

Do: diffusion coefficient of analyte 

Co: initial concentration 

t: time 

 For diffusion controlled process, it can be noticed that the current falls as t-1/2. This 

feature is frequently used as a test for this type of process and from the slope of I vs. t-1/2 the 

diffusion coefficient DO can be calculated. Chronoamperometry is important because it is a 

fundamental method, on which other techniques are based.[18] 

22..22..44..  EExxppeerriimmeennttaall  SSeettuupp  ooff  tthhee  DDAAFFCC  

 As we mentioned in the first chapter, A fuel cell is a device that converts the chemical 

energy from a fuel into electricity through a chemical reaction with oxygen or another 

oxidizing agent. Hydrogen is the most common fuel, but hydrocarbons such as natural gas 

and alcohols like methanol and ethanol are also been used.  

 Direct Alcohol Fuel Cells or DAFCs are a subcategory of Proton-exchange fuel cells 

which also are a type of electrochemical energy conversion device that directly convert the 

chemical energy stored in a liquid alcohol fuel, where commonly methanol but also ethanol 

ethylene glycol or n-propanol, to electricity.[19] 
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Figure 2.16. The schematic of direct ethanol fuel cells. 

 Because of their simplicity, high energy density, instantaneous recharging, and 

presumably long life, DAFCs have been identified as the most promising candidate to replace 

batteries in micropower applications. Since fuel cell performance strongly depends on the 

operating conditions, a good test setup allows flexible control over the operating pressures, 

temperatures, humidity levels, and flow rates of the reactant gases. Mass flow controllers, 

pressure gauges, and temperature sensors allow the operating conditions of the fuel cell to be 

continually monitored during testing. Electrochemical measurement equipment, usually 

including a potentiostat / galvanostat, is attached to the fuel cell. These measurement devices 

have at least two leads; one connects to the fuel cell cathode while the other connects to the 

fuel cell anode. Often a third lead is provided for a reference electrode. Most commercially 

available potentiostats can perform a wide range of potentiostatic / galvanostatic experiments, 
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including j-V curve measurements, current interrupt, and cyclic voltammetry. The schematic 

of an ethanol fuel cell experimental set up is shown in Fig. 2.16. And the exploded diagram 

and the corresponding photograph image of the DEFCs are shown in Fig. 2.17. 

 

Figure 2.17: The exploded diagram (a) and the corresponding photograph image (b) of the 
DEFCs test system. 

 During our study, the Direct Alcohol Fuel Cells test system was purchased from 

Scribner-Associates (USA) with a 25 cm2 fuel cell fixture and an effective electrode area of 1 

cm2 and was modified in our laboratory with titanium end plates to tolerate the alkaline 

conditions. The MEA was fabricated by mechanically pressing anode (nickel foam for 

Pd/Carbon electrodes or Pd/TNTA web electrodes), cathode (carbon cloth) and Tokuyama 

A-201 alkaline exchange membrane, see Fig. 2.17. 

22.2.5.  Characterization  Techniques  of  the  Fuel  Cell  System  .2.5. Characterization Techniques of the Fuel Cell System

 There are literally dozens of possible characterization experiments that can be conducted 

on the DEFCs system: 

 Overall performance, (i-V curve, power density) 

 Kinetic properties (ηact, j0, α, electrochemically active surface area) 

 Ohmic properties (Rohmic, electrolyte conductivity, contact resistances, electrode 

resistances, interconnect resistances) 

 Mass transport properties (jL, Deff, pressure losses, reactant/product homogeneity) 

 Parasitic losses (jleak, side reactions, fuel crossover) 

CCaatthhooddee  

AAnnooddee  

MMeemmbbrraannee  
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 Electrode structure (porosity, tortuosity, conductivity) 

 Catalyst structure (thickness, porosity, catalyst loading, particle size, electro- 

chemically activity surface area, catalyst utilization, triple-phase boundaries, ionic 

conductivity, electrical conductivity) 

 Flow structure (pressure drop, gas distribution, conductivity) 

 Heat generation / heat balance 

 Lifetime issues (lifetime testing, degradation, cycling, startup/shutdown, failure, 

corrosion, fatigue) 

 This list is certainly not comprehensive. Nevertheless, it gives a sense of the literally 

dozens, if not hundreds, of properties, effects, and issues that contribute to the overall 

performance and behavior of a fuel cell. Some of these play just a minor role, while others 

can have a huge effect. How do we know on which properties to focus? Which ones are most 

important to characterize? Essentially, the answers to these questions depend on your 

interests, your goals, and your desired level of detail. 

 In this chapter, we will focus our efforts on just a few of the most widely used 

characterization techniques, and our goal is to separate good fuel cells from bad fuel cells. 

Separating the good from the bad is fairly straightforward. This separation is usually obtained 

by measuring j-V performance; the fuel cell that delivers the highest voltage at the current 

density of interest wins. Of course, fuel cell j-V performance can change dramatically 

depending on factors like the operating conditions and testing procedures, and device 

histories must be applied.  

 In an electrochemical experiment, the three fundamental variables are voltage (V), 

current (i), and time (t). We can measure or control the voltage of our system, we can 

measure or control the current of our system, and we can do either as a function of time. 

That’s it. From an electrical characterization standpoint, there is nothing else we can do. 

Furthermore, since current and voltage are intimately related in a fuel cell, we cannot 

independently vary both of them at the same time. If we choose to control voltage, then the 

electrochemistry of our system sets the current. If we choose to control voltage, then the 

electrochemistry of our system sets the current. If we instead choose to control current, then 

the electrochemistry of our system sets the voltage. Because of this interdependence between 

current and voltage, there are really only two fundamental types of electrochemical 

characterization techniques: Potentiostatic techniques and galvanostatic techniques: 

1. Potentiostatic Techniques. The voltage of a system is controlled by the user and the 
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resulting current response is measured. “Static” is an unfortunate historical misnomer. 

Potentiostatic techniques can either be steady state (where the control voltage is constant 

in time) or dynamic (where the control voltage varies with time) 

2. Galvanostatic Techinques. The current of a system is controlled by the user and the 

resulting voltage response is measured. Galvanostatic techniques can also be steady state 

(where the control current is constant in time) or dynamic (where the control current 

varies with time) 

Both potentiostatic and galvanostatic techniques can be applied to fuel cells. For example, 

fuel cell j-V curves are generally acquired using steady-state potentiostatic or galvanostatic 

measurements is used to record a fuel cell’s j-V curve - the measurements represent two sides 

of the same coin. In the steady state condition, a potentiostatic and a galvanostatic 

measurement of a system made at the same point will yield the identical result. In other 

words, if a steady-state potentiostatic measurement of the same fuel cell should yield a 

current of 1.0 A, then the steady-state potentiostatic measurement of the same fuel cell should 

yield a current of 1.0 A at an imposed voltage of 0.5V. For short time periods or under 

non-steady-state conditions, potentiostatic and galvanostatic measurements may deviate from 

one another. Often, this deviation is because a system has not had enough time to relax to its 

steady-state condition. 

22..22..66..  CCuurrrreenntt  --VVoollttaaggee  CChhaarraacctteerriizzee  mmeetthhooddss  ((  ii--VV  ccuurrvvee  ))    

 The performance of a fuel cell device can be summarized with a graph of its current – 

voltage characteristics, or i-V curve. The i-V curve shows the voltage output of the fuel cell 

for a given current density loading. High-performance fuel cells will exhibit less loss and 

therefore a higher voltage for a given current load. Fuel cell i-V curves are usually measured 

with a potentiostat/galvanostat system. This system draws a fixed current from the fuel cell 

and measures the corresponding output voltage. By slowly stepping the current demand, the 

entire i-V response of the fuel cell can be determined. 
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Figure 2.18: Schematic of fuel cell i-V characteristics, which with charge transfer 
overvoltage ηct, ohmic overvoltage ηΩ, and transport overvoltage ηtrans. 

 An example of a typical i-V curve for DEFCs is shown in Fig. 2.18. Note that the current 

has been normalized by the area of the fuel cell, giving a current density (in amperes per 

square centimeter). Because a larger fuel cell can produce more electricity than a smaller fuel 

cell, i-V curves are normalized by fuel cell area to make results comparable. 

 An ideal fuel cell would supply any amount of current (as long as it is supplied with 

sufficient fuel) while maintaining a constant voltage determined by thermodynamics. In 

practice, however, the actual voltage output of a real fuel cell is less than the ideal 

thermodynamically predicted voltage. Furthermore, the more current that is drawn from a real 

fuel cell, the lower the voltage output of the cell, limiting the total power that can be 

delivered. The power (P) delivered by a fuel cell is given by the product of current and 

boltage: 

)10.2(ViP   

 A fuel cell power density curve, which gives the power density delivered by a fuel cell as 

a function of the current density, can be constructed from the information in a fuel cell i-V 

curve. The power density curve is produced by multiplying the voltage at each point on the 

i-V curve by the corresponding current density. An example of combined fuel cell i-V and 

power density curves is provided in Fig. 2.19. Fuel cell voltage is given on the left-hand 

y-axis while power density is given on the right-hand y-axis.[20] 
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Figure 2.19: Combined fuel cell i-V and power density curves. The power density curve is 
constructed from the i-V curve by multiplying the voltage at each point on the i-V curve by 
the corresponding current density. 

 Fuel cell power density increases with increasing current density, reaches a maximum, 

and then falls at still higher current densities. Fuel cells are designed to operate at or below 

the power density maximum. At current densities below the power density maximum, voltage 

efficiency improves but power density falls. At current densities above the power density 

maximum, both voltage efficiency and power density fall. 

 The current supplied by a fuel cell is directly proportional to the amount of fuel 

consumed (each mole of fuel provides n moles of electrons). Therefore, as fuel cell voltage 

decreases, the electric power produced per unit of fuel also decreases. In this way, fuel cell 

voltage can be seen as a measure of fuel cell efficiency. In other words, you can think of the 

fuel cell voltage axis as an “efficiency axis”. Maintaining high fuel cell voltage, even under 

high current loads, is therefore critical to the successful implementation of the technology. 

 In addition, a careful i-V curve measurement yields the steady-state performance of a 

fuel cell under well-documented conditions. A fuel cell’s i-V performance is sensitive to the 

measurement procedure and test conditions. Fuel cell i-V curves can only be fairly compared 

if they are acquired using similar measurement procedures and testing conditions. 
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§§  22..33..  PPhhoottooccaattaallyyssiiss  CChhaarraacctteerriizzaattiioonn  TTeecchhnnoollooggyy  

 The word “photocatalysis” derived from the combination of two Greek words: the prefix 

“photo” (phos: light) and the word “catalysis” (katalyo: brake apart, decompose). The term 

can be generally used to describe a process in which light is used to activate a substance, the 

photocatalyst, which modifies the rate of a chemical reaction without being involved itself in 

the chemical transformation.  

 Heterogeneous photocatalysis is by far more intensively studied in recent years even 

though photocatalytic reaction may occur homogeneously or heterogeneously. This is 

probably due to its possible use in a variety of environmental and energy‐related application 

as well as in organic syntheses. In heterogeneous photocatalysis, the reaction scheme implies 

the previous formation of an interface between a solid photocatalyst (metal or semiconductor) 

and a fluid containing the reactants and products of the reaction. Processes involving 

illuminated adsorbate‐metal interfaces are commonly categorized in the branch of 

photochemistry. Therefore, the term “heterogeneous photocatalysis” is mainly used in cases 

where light‐absorbing semiconductor photocatalyst is utilized, which is in contact with 

either a liquid or a gas phase. 

 Semiconductors are particularly useful as photocatlyst because of a positive combination 

of electronic structure, light absorption properties, charge transport characteristics and 

excited- state lifetimes. 

 

Figure 2.20: Energy diagram for a n-type semiconductor and a solution with redox couple 
D/D+ 
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 When a semiconductor and a liquid solution come into contact, charge transfer occurs at 

the interface, until the Fermi level of the two phases reach the same energy (Fig. 2.20). The 

driving force of this charge transfer is the difference in the tendency of the two phases to gain 

or to lose electrons. When the Fermi level of the semiconductor is higher of Eredox of the 

solution, electrons will flow downhill in electrochemical potential from the high energy n‐

type semiconductor into the low energy redox species in solution. 

 Semiconductor can absorb light provided that the incident photon energy is sufficient to 

overcome the band gap (hv>Ebg) (Fig. 2.21). Thus they can only absorb light below a 

threshold wavelength λth. The photon energy stored by e--h+ pair is equivalent to Ebg. 

 

Figure 2.21: Photogeneration of electronhole pairs in an optically excited semiconductor. 

 As for every heterogeneous catalytic process occurring at a solid‐fluid interface, the 

sequence for converting reactants to products comprises the following independent steps: 

 1. Transfer of reactant(s) from the bulk fluid to the photocatalyst surface 

 2. Adsorption oa at least one of reactants 

 3. Chemical transformation of adsorbed reactants to adsorbed products 

 4. Desorption of product(s) 

 5. Transport of products from the fluid‐solid interface to the bulk fluid 

 The main difference with conventional catalysis is the mode of activation of the catalyst, 

in which thermal activation is replaced by photonic activation. All photo- induced reaction 
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processes are contained in step 3, in fact:  

 3a. Excitation of the semiconductor by absorption of photons of appropriate energy (hν 

  ≥Ebg) 

 3b. Separation of photogenerated species into quasi free conduction band electrons and ‐

  valence band holes. 

 3c. Interfacial electron transfer to adsorbed species and initiation of surface redox   

  reactions. 

 The ability to photogenerated carriers (electrons or holes) to initiate a specific redox 

reaction depends on the relative position of ECB or EVB with respect to redox potential of the 

adsorbed species. As shown in Fig. 2.22, for reduction of species A, ECB has to be positioned 

above the energy level of A/A- couple and for oxidation of species D, EVB has to be 

positioned below the energy level of D/D+ couple. 

 

Figure 2.22: Interfacial charge transfer by capture of (a) a photogenerated electron by an 
electron acceptor and (b) a photogenerated hole by an electron donor. 

 The efficiency of semiconductors in promoting photocatalytic areaction is greatly 

determinated by the extent of the major deactivation processes, which involves electron-hole 

recombination.  

)11.2(: energyheionrecombinat VBCB  
 

 The rate of charge carrier recombination can be reduced by trapping either the 

CB-electrons or the VB-holes by suitable surface-adsorbed electron acceptors or donors, 

respectively. Even when this is the case, a prerequisite for the occurrence of the 

photocatalytic process is that the surface electron transfer competes kinetically with the 

electron-hole recombination processes. 

 The efficiency of a photocatalytic reaction is usually expressed in terms of its quantum 

yield. For a more complete treatment of this subject the reader should refer to Chapter 1. 
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 Where an optical source of small size and of very high radiance is required a high 

pressure arc lamp may be used. These have a filling gas of mercury vapour, mercury vapour 

plus xenon gas or xenon gas. Metal halide types are also available. The spectral emission of 

xenon lamp, which at wavelengths shorter than infra-red, closely matches that of a 

black-body radiator at about 6000 K. This enables their use in photography and as solar 

radiation simulators. The spectral emission of xenon lamps, which at wavelengths shorter 

than infrared closely matches that of a black body radiator at about 6000 K, enables their use 

as solar radiation simulators. Their emission spectrum is continuous from the UV through to 

the IR regions. The luminance of compact xenon arcs may approach that of the sun and in 

some lamps with greater than 10 kW rating the luminance may exceed that of the sun. The 

xenon lamp spectrum differs from all solar spectra because of the intense line output in the 

800-1100 nm region, with the use of an AM 0 filter is possible to reduce the mismatch. An 

example of the emission spectra of such a lamp is reported in Fig. 2.23 for the 150W Solar 

Simulator. 

 

Figure 2.23: Typical spectral output (black) of a solar simulator shown in Fig.2.24 (there is 
negligible output from 250-300 nm) and standard AM1.5G spectrum (blue). 

 Fig. 2.24 show a schematic representation of the apparatus for the evaluation of the 

photocatalytic activity under sunlight simulated irradiation. 
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Figure 2.24: The schematic representation of the reactivity line used for testing the 
photocatalytic activity of the catalysts under sunlight simulated irradiation, the red words 
mark out the particular of photoreactor configuration for testing the activity of supported 
systems. 

 The quantum efficiency was evaluated using a small photoreactor and a 4W low pressure 

mercury lamp (PenRay), with the emission of the single Hg line at 365 nm with a 

configuration of the equipment analogous to that reported for the near UV‐visible tests. In 

this case, 100 mg of photocatalyst and 18 mL of the aqueous solutions were loaded into the 

photoreactor while 15 mL/min of Ar were used as transport gas. To have a comparison with 

literature data on similar systems, the apparent quantum efficiency ϕ was calculated 

accordingly to refs [21] and [22] using the formula:  
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 Where np is the flux of photons emitted by the lamp (4.57×1016 photons/s), ne is the flux 

of photogenerated electrons useful for H2 production, and nH2 is the flux of H2 calculated 

from the H2 flow measured by the analytic system. The amount of gases produced by the 

photocatalytic reaction was evaluated as described above. 
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SSiizzee  RReedduuccttiioonn  aanndd  CCaattaallyyttiicc  AAccttiivvaattiioonn  ooff  PPdd  NNPPss 

  

 AA  nneeww  mmeetthhoodd  EElleeccttrroocchheemmiiccaall  MMiilllliinngg  aanndd  FFaacceettiinngg  ((EECCMMFF))  ffoorr  eennhhaanncciinngg  tthhee  ccaattaallyyttiicc  

aaccttiivviittyy  ooff  ssuuppppoorrtteedd  ppaallllaaddiiuumm  hheetteerrooggeenneeoouuss  ccaattaallyyssttss  iiss  ddeessccrriibbeedd  iinn  tthhiiss  cchhaapptteerr..  TThhee  

cchhaapptteerr  ddeemmoonnssttrraatteess  tthhaatt  EECCMMFF  eennhhaanncceess  tthhee  eetthhaannooll  eelleeccttrroo--ooxxiiddaattiioonn  mmaassss  ssppeecciiffiicc  

aaccttiivviittyy  ooff  aa  ssuuppppoorrtteedd  ppaallllaaddiiuumm  ccaattaallyysstt  bbyy  aa  ffaaccttoorr  ooff  nniinnee  aass  ccoommppaarreedd  ttoo  tthhee  nnoonn  EECCMMFF  

ttrreeaatteedd  ccaattaallyysstt..  TThhee  rriissee  ooff  tthhee  ccaattaallyyttiicc  ppeerrffoorrmmaannccee  aafftteerr  EECCMMFF  wwaass  aassccrriibbeedd  ttoo  tthhee  

iinnccrreeaassee  ooff  tthhee  eelleeccttrroocchheemmiiccaallllyy  aaccttiivvee  ssuurrffaaccee  aarreeaa  ffoorr  tthhee  ppaarrttiiccllee  mmiilllliinngg,,  aass  wweellll  aass  ttoo  tthhee  

ggeenneerraattiioonn  ooff  hhiigghh--iinnddeexx  ffaacceettss  aatt  tthhee  mmiilllleedd  PPaallllaaddiiuumm  ((PPdd))  nnaannooppaarrttiicclleess  ((NNPPss))  ssuurrffaaccee..  
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§§  33..11..  CChhaapptteerr  IInnttrroodduuccttiioonn  

 Mastering electrocatalysis is a task of extraordinary importance for renewable energies 

and sustainable development. Activation losses are minimized by maximizing the exchange 

current density. Since the exchange current density is a strong function of the catalyst 

material and the total reaction surface area, catalyst-electrode design focuses on these two 

parameters to achieve optimal performance. Research in nanotechnology has devoted a huge 

effort in the implementation of technologies for sustainable development. Outstanding 

advancements in material functionality has been reported, demonstrating the impact of the 

use of tailored NPs in a variety of catalytic processes.[1,2] In this context some of us 

demonstrated the role of nanostructured palladium in the realization of a new “green” and 

energetically self-sustainable paradigm for the chemical industry based on electro-oxidation 

of renewable alcohols.[3] This discovery is receiving increasing attention from public and 

private institutions both of which are interested in the set-up of fossil fuel-free and 

environmentally friendly chemical production processes.[4-6] 

 It has been shown that alcohols and Small Organic Molecules (SOM) oxidation proceeds 

faster on crystals with high index termination for the high density of low coordination atoms 

(Coordination Number < 8).[7] The exploitation of the catalytic properties of the High Index 

Faces (HIF) depends on the availability of methods capable of generating supported 

nanoparticles with high index termination, selecting particle size and metal loading also. The 

concomitant control of these parameters is a major challenge for nanotechnology related to 

catalysis and electrocatalysis processes in which high energy efficiency needs to combine 

with low noble metals loading.[8] HIF-Pt nanoparticles were firstly obtained by Square Wave 

Potential (SWP) deposition onto a flat glassy carbon surface.[9] This breakthrough discovery 

has generated a huge interest for its implications. Effectiveness of HIF-Pt nanoparticles in the 

electrocatalysis of the Oxygen Reduction Reaction has been recently demonstrated.[10] HIF 

nanoparticles of some metals were also reported with application in relevant catalytic 

processes.[7,11-13] HIF palladium nanoparticles were synthesized by SWP. Ethanol 

electro-oxidation, as normalized against the Electrochemically Active Surface Area (EASA), 

resulted between 4 and 6 times larger than state-of-the-art commercial palladium catalysts.[14] 

However, the mass specific activity was rather poor for the large size of the SWP deposited 

nanoparticles (>50 nm). The extension of the SWP to the synthesis of carbon supported 

HIF-Pt NPs with size between 2 and 10 nm was also reported in 2010,[15] while no other HIF 
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metal NPs with comparable size have been obtained by SWP by now. 

 In this chapter, we report a new approach to the synthesis of HIF-Pd nanoparticles 

capable of controlling metal loading, particle size and the surface structure independently, the 

corresponding experiment details will been shown in the follow section. 

§§  33..22..  TTNNTTAA--ddiisskk  SSuubbssttrraattee  pprreeppaarraattiioonn  

 The titanium disk with TiO2 nanotube arrays on top was chosen as the substrate. The 

TNTA-foil preparation includes 2 steps. First step is the polishing, which provides a flat 

surface for the following TiO2 nanotube array foundation. Second step is the electrochemical 

anodization and the annealing, by which TiO2 nanotube array with controllable nanotube 

length and inner diameter was synthesized on the top of the titanium disk surface, while after 

the annealing, the as prepared TNTA-foil sample with anatase was observed. In the following 

section we will discuss the experiment details of these two steps one by one. 

33..22..11..  PPoolliisshhiinngg  ttrreeaattmmeenntt  ooff  TTiittaanniiuumm  ddiisskk  ssuubbssttrraattee  

 

Figure 3.1: Photographic images of polishing treatment of the Titanium disk substrate. (A) 
The untreated Ti disk, (B) Ti disk after the mechanical polishing, (D, E) The 2 electrodes cell 
setup and the beaker for the Ti disk electrochemical polishing (EP) treatment, (C) the final Ti 
disk after the EP treatment 
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 The polishing treatment includes the mechanical polishing and the following 

electrochemical polishing (EP). Fig. 3.1A is the photographic image of the untreated 

Titanium disk, whose surface has serious scratches which marked by the lathe cut processing. 

In order to remove these scratches, the Titanium disk substrates were grinded with emery 

paper up to 2500 mesh and were sonicated in an acetone ultrasound bath (S.B.L. Soffieria 

Apparecchi Scientifici). After that followed by the washing in soap solution, deionised water 

( Millipore water ,18MΩcm) for 2 mines each and drying under nitrogen stream. From the 

corresponding photograph shown in Fig 3.1 B we can see that, after the mechanical polishing 

step, the scratches which marked by the lathe cut processing were removed. However the 

surface still had some slight scratch marked by the emery paper and was not flat enough for 

the following TiO2 nanotube arrays synthesis.  

 In order to guarantee the flatness of surface of the following anodize step of the TiO2 

nanotube arrays, an electrochemical polishing (EP) treatment was performed after the 

mechanical polishing step, which reacted in a two electrodes electrolytic cell. Two titanium 

disks were chosen as the cathode and anode electrodes respectively, the distance between the 

two electrodes was 2 cm and the 95 wt.% acetic acid + 5 wt.% HClO4 solution has been 

choose as the EP electrolyte. The photograph of the corresponding cell setup and the backer 

for Ti disk are shown in Fig. 3.1D and E.  

 

Figure 3.2: Photographic images of titanium disks electrochemical polished at 50V for 
different polishing time. (A) 5 s, (B) 10 s, (C) 30 s. 

 The Photographic images of Ti disks accept with different EP treatment conditions are 

shown in Fig. 3.2, from these images we can see that, the effectiveness of the electrochemical 

polishing process is closely related to the duration of EP treatment. 

 For example, when the EP condition is mild, for example the EP treatment at 50V for 5s, 

as the polishing depth is too shallow, it is not possible to remove the slight scratch marked by 

the emery paper (see Fig. 3.2 A). On the other hand, if the EP condition is too harsh, for 

example the EP treatment at 50V for 30s, due to the excessive corrosion, the smoothness of 
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the titanium disk surface becomes much worse, (as shown in Fig. 3.2 C). Thus, the best EP 

treatment condition is 50V for 10s @ room temperature; the Fig. 3.1C and Fig. 3.2B shown 

the photographic images of the best EP treatment Ti disk with different focus position. We 

can clearly see that the surface of the Ti disk became as flat as a mirror, and which is of 

course beneficial for subsequent TiO2 nanotube arrays preparation. 

33..22..22..  TTNNTTAA  pprreeppaarraattiioonn  bbyy  tthhee  eelleeccttrroo--cchheemmiiccaall  aannooddiizzaattiioonn  aanndd    

    aannnneeaalliinngg  ttrreeaattmmeenntt  

TiO2 Nanotube Arrays (TNTAs) were synthesized by the electrochemical anodization 

process at room temperature in a solution of ethylene glycol containing 0.5 wt. % of NH4F. A 

typical two-electrode electrolytic cell with the same setup to the Fig. 3.1D and E were used 

for the TiO2 nanotube arrays preparation. In which the polished Ti disk are been used as the 

anode electrode and a big Ti disk as the cathode electrode. The distance between the two 

electrodes was fixed at 2 cm. 

 

Figure 3.3: Schematic diagrams of the evolution of a TiO2 nanotube array at constant 
anodization voltage: (a) oxide layer formation, (b) pit formation on the oxide layer, (c) 
growth of the pit into scallop shaped pores, (d) metallic part between the pores undergoes 
oxidation and field assisted dissolution, and (e) fully developed nanotube array with a 
corresponding top view. 

 The schematic diagrams of the TiO2 nanotube array preparation process are shown in the 

Fig.3.3. We can see that, with the onset of anodization, a thin oxide layer formed on the Ti 
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surface (Fig. 3.3 a). Small pits originate in this oxide layer due to the localized dissolution of 

the oxide (Fig. 3.3 b) making the barrier layer at the bottom of the pits relatively thin which, 

in turn, increases the electric field intensity across the remaining barrier layer resulting in 

further pore growth (Fig. 3.3 c). The pore entrance is not affected by electric field-assisted 

dissolution and hence remains relatively narrow, while the electric field distribution in the 

curved bottom surface of the pore causes pore widening, as well as deepening of the pore. 

The result is a pore with a scallop shape.[16] As the Ti-O bond energy is high (323 kJ/mol), in 

the case of Ti it is reasonable to assume that only pores having thin walls can be formed due 

to the relatively low ion mobility and relatively high chemical solubility of the oxide in the 

electrolyte, hence un-anodized metallic portions can initially exist between the pores. As the 

pores become deeper the electric field in these protruded metallic regions increases enhancing 

the field-assisted oxide growth and oxide dissolution, hence simultaneously with the pores 

well-defined inter-pore voids start forming, (see Fig. 3.3d). Thereafter, both voids and tubes 

grow in equilibrium. The nanotube length increases until the electrochemical etch rate equals 

the chemical dissolution rate of the top surface of the nanotubes. After this point is reached 

the nanotube length will be independent of the anodization duration, as determined for a 

given electrolyte concentration and anodization potential. 

 

Figure 3.4: SEM (A, B) and TEM (C, D) characterization (with different magnifications) of 
the TNTA-disk surface after a 10 min anodization at 60V (inset photographic image of the 
complete TNTA-disk electrode). The average internal diameter of the TNTAs is 61 nm, and 
the average length of the TNTAs is 1000 nm. 

  9922  



 CChhaapptteerr  33  

 In order to understand the process of nanotube formation, FE-SEM images of the surface 

of the samples anodized at 60V for different durations were taken and analyzed. As shown in 

the inset photographic image in Fig. 3.4 A, after a 10 min anodization at 60V, the color of the 

TNTA disk electrode surface changed to light gray. In Fig. 3.4 A & B, the TiO2 small pits 

with 61 nm internal diameter are found on the surface of the substrate homogeneously. The 

TEM characterization in the Fig. 3.4 C & D show the depth of the as prepared TiO2 pits 

around 1100 nm and the wall thickness of the TiO2 pits around are about 40 nm. The pore 

growth occurs due to the inward movement of the oxide layer at the pore bottom (barrier 

layer) due to Processes (1), (2), and (3). 
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 The Ti4+ ions migrating from the metal to the oxide–electrolyte interface dissolve in the 

HF electrolyte. The rate of oxide growth at the metal–oxide interface and the rate of oxide 

dissolution at the pore-bottom–electrolyte interface ultimately become equal, and thereafter 

the thickness of the barrier layer remains unchanged although it moves further into the metal, 

making the pore deeper.  

 

Figure 3.5: SEM (A, B) and TEM (C, D) characterization (with different magnifications) of 
the TNTA-disk surface after a 60 min anodization at 60V (inset photographic image of the 
complete TNTA-disk electrode). The average internal diameter of the TNTAs is 164 nm, and 
the average length of the TNTA is 3000 nm. 
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 The chemical dissolution, the key for the self-organized formation of the nanotube arrays, 

reduces the thickness of the oxide layer (barrier layer) keeping the electrochemical etching 

(field-assisted oxidation and dissolution) process active. No nanotubes can be formed if the 

chemical dissolution is too high or too low. The electrochemical etch rate depends on 

anodization potential as well as concentration of electrolytes. If the electrochemical etch 

proceeds faster than the chemical dissolution the thickness of the barrier layer increases, 

which in turn reduces the electrochemical etching process to the rate determined by chemical 

dissolution. A series of top and side view SEM and TEM images of the surface of a fully 

developed TiO2 nanotube array after anodizing the titanium disk for 60 min at 60V are shown 

in Fig. 3.5 (A-D). Compared to Fig. 3.4, the pores become tubes by the removal of the oxide 

between the pores. We can see that with the increase in the anodization time, the depth of the 

as prepared TiO2 nanotubes increased to around 3000 nm, the internal diameter of the 

nanotubes increased to 164 nm while the wall thickness on the top of the nanotube decrease 

to 10 nm, which is good aggrement with the discussion above. 

 

Figure 3.6: SEM (A, B) and TEM (C, D) characterization (with different magnifications) of 
the TNTA-disk surface after a 180 min anodization at 60V (inset photographic image of the 
complete TNTA-disk electrode). The average internal diameter of the TNTAs is 168 nm, and 
the average length of the TNTAs is 5000 nm. 

 Photographic and SEM images of a titanium disk after a 60V 180 min anodization are 

  9944  



 CChhaapptteerr  33  

shown in Fig. 3.6. From the inset photographic image in Fig. 3.6 B, we can see that, after the 

180 min anodization, the color of the surface of TNTA-disk change to dark blue. The 

inhomogeneous cracked surface with cylindrical nanotubes clumped together can be clearly 

observed. And from the top view (Fig. 3.6 A) and the side view (Fig. 3.6 B) SEM images we 

can see that the depth of the as prepared TiO2 nanotubes increases to about 5000 nm, while 

the internal diameter of the nanotubes is around 168 nm, which is almost no change if 

compared to the TNTA-disk with 60V, 60 min anodization. 

 In order to control the internal diameter of the as prepared TiO2 nanotubes arrays, SEM 

images and TEM images of the surface of the samples anodized at different anodization 

potentionals with the same anodization duration (1 hour) were taken and analyzed. 

 

C 

B A 

Figure 3.7: (A) SEM characterization of the TNTA-disk surface after a 60 min anodization at 
30V. (B) The photograpic image of the complete TNTA-disk electrode. (C) The average 
internal diameter of the TNTAs is 74 nm. 

 SEM image and the corresponding internal diameter distribution of the titanium disk 

after an anodization at 30V for 60 min are shown in Fig. 3.7. (A, C). We can see that, the 

TiO2 nanotube arrays with the internal diameter of the nanotubes around 74 nm are found 

homogeneously on the surface of the titanium disk. And the Fig. 3.7 B shows the 

photographic image of the complete TNTA-disk electrode, we can see that the color of the 

surface is light violet. 

 SEM and photographic characterization and the corresponding internal diameter 

distribution of the titanium disk after the anodization at 60V for 60 min (A-C) or at 90V for 

60 min (D-F) are shown in Fig. 3.8. 
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Figure 3.8: (A-C), SEM image and photographic characterization and the corresponding 
internal diameter distribution of the TNTA-disk surface after a 60 min anodization at 60V, 
(D-E), SEM image and photographic characterization and the corresponding internal 
diameter distribution of the TNTA-disk surface after a 60 min anodization at 90V. 

 From Fig.3.8 we can see that, as the titanium disk with anodization at 60V for 60 min, 

the internal diameter distribution of the as prepared TiO2 nanotube is 164 nm, and the color of 

the complete TNTA-disk surface is light blue. Furthermore, if the anodization potentional 

increases to 90V, the internal diameter distribution of the as prepared TiO2 nanotube increases 

to 203 nm, the color of the complete TNTA-disk surface is light white, however, after the 

annealing process the TiO2 nanotube arrays layer is easily broken and becomes powder 

instead of a layer still on the titanium disk surface. 

 The properties of Titania depend on the crystallinity and isomorph type. For example, the 

anatase phase is preferred in charge separation devices such as Dye-sensitized solar cell 
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(DSSCs) and Direct-ethanol fuel cells (DEFCs), while the rutile is used predominately in gas 

sensors and as dielectric layers. As-anodized Titania nanotubes array are amorphous, and 

crystallized by a high-temperature annealing process. The selected annealing process was 

realized by heating up to 400C with an increasing heating rate of 2.5 C/min in the air 

atmosphere and then keeping at the temperature for 30 min. 

 

Figure 3.9: photographic characterization of the as-anodized titania nanotubes arrays after 
a 60 min anodization at 30V (A) and the same disk with annealing at 400 C for 30 min. 

 The two photographic images shown in Fig. 3.9 compare the as-anodized TNTA-disk 

after a 60 min anodization at 30V (A) and the same disk with annealing at 400 C for 30 min 

(B). We can see that before the annealing treatment, the zone on the Ti disk surface with the 

as-anodized titania nanotubes array shows a light blue color while on the other zone without 

the TiO2 nanotube array structure keeps the silver-gray as the base color of the titanium. 

However, after the annealing treatment at 400 C for 30 min, the color of the TiO2 nanotube 

array changes to slight violet, and at the same time the other zone of the disk surface which 

without TiO2 nanotube arrays structure changes to the cinnamon. 

 In order to further understand the physical characteristics of TNTA-disk, XRD studies 

were performed. X-ray diffraction (XRD) technique was used to identify the phases of the 

as-anodized amorphous TNTA-disk and the TNTA-disk which was achieved by annealing 

treatment. The XRD patterns were acquired at room temperature with a PANalytical X’PERT 

PRO diffractometer, employing CuKα radiation (λ = 1.54187 Å) and a parabolic MPD-mirror. 

The spectra were acquired in the 2θ range from 20° to 80° (see Fig.3.10). 
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Figure 3.10: XRD analysis of TNTA-disk after annealing (blue line) and the as-anodized 
Titania nanotubes array disk (red line), A and T are anatase and metallic titanium, 
respectively.  

 The red line in Fig. 3.10 showed the XRD spectrum of a Ti disk before electrochemical 

anodization. The predominant peaks observed in the samples at 2θ: 35.1° , 38.4°, 40.1°, 52.9°, 

62.9°, 70.6°, 74.1°, 76.2° and 77.3° correspond to the (010), (002), (011), (012), (110), (013), 

(020), (112) and (021) reflections of metallic titanium. Every reflection could be indexed 

according to JCPDS No. 98-007-1942. No other peaks are observed. The blue line showed 

the XRD spectrum of a TNTA-disk sample (electrochemically anodized at 30V for 1 hour and 

then annealed in air atmosphere at 400 °C for 30 min). The predominant peaks observed in 

the samples at 2θ: 25.3°, 36.8°, 37.7°, 38.5°, 47.9°, 53.7° and 54.9° correspond to the (011), 

(013), (004), (112), (020), (015) and (121) reflections of titanium oxide anatase. Every 

reflection could be indexed according to JCPDS No. 98-000-5228. No other peaks are 

observed except for Ti peaks originated from the Ti substrate. 
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§§  33..33..  PPrreeppaarraattiioonn  ooff  PPdd//TTNNTTAA--ddiisskk  bbyy  PPEEDD  aanndd  tthhee  

ffoolllloowwiinngg  EECCMMFF  ttrreeaattmmeenntt 

 In this section, Palladium nanoparticles (NPs) was deposited onto the TNTA-disk by 

Pulsed Electrochemical Deposition (PED) and following with the new method 

Electrochemical Milling and Faceting (ECMF) in order to enhance the catalytic activity of 

supported pd catalysts. This is the first time the ECMF phenomenon been observed. This part 

of data provides an important basis for depth analysis of the ECMF principle. 

33..33..11..  PPrreeppaarraattiioonn  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  PPdd//TTNNTTAA--ddiisskk  bbyy  PPEEDD  

 Pd NPs were deposited on the TNTs by the PED method. The reason for us to choose the 

PED method mainly due to the advantages of the electrochemistry method such as easy to 

control the energy of the reaction system; the lots of electrochemical processes could be used 

for the deposition and the fast kinetics and mass transport. There are three electrochemical 

modes of the metal NPs growth on the substrate surface. The Frank-van der Merwe, the 

Stranski-Krastanov, and the Volmer-Weber. (see Fig. 3.11).  

 

Figure 3.11: Three electrochemical growth modes. 

 During the Frank-van der Merwe (FV) growth mode or layer-by-layer growth mode, a 

new layer is nucleated only after completion of the layer below, this growth occurs over long 

distances in ideal case. However crystals are not perfect and contain defects like dislocation 

that acts as a ‘sink’ for growth species. Normally there are continues step source like screw 

dislocations or other defects, so FV growth mode works continuously and it can spread 

growth steps over macroscopic distances. The optimum layer homogeneity can be achieved 

by one dimensional movement of steps in FV mode initiated by a precise controlled small 

angle substrate misorientation. 

 A Volmer-Weber (VW) growth mode consists in first phase of large number of surface 
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nuclei and in second phase of their spreading. Thus VW growth often results in a high mosaic 

of the material inside the layer. Usually continues growth of the layer, after initial VW growth, 

occurs by columnar growth. 

 A Stranski-Krastonov (SK) growth mode is considered as intermediate between the FV 

and VW growth modes, and it is caused by significant lattice misfit from film and substrate. 

The lattice mismatch between the substrate and the film creates a build-in strain as a 

consequence of the increasing elastic energy with increasing layer thickness. The first 

deposited layer is atomically smooth (FV growth mode), compressively strained layer up to a 

certain thickness called critical thickness. When the deposition time is enough exceeding the 

critical thickness – phase transition to islands rapidly takes place (VW growth mode), 

because the no uniform strain field can reduce the strain energy by an island array, compared 

with a uniform flat film, resulting in the SK growth mechanism. 

 By changing the as deposited metal material and selecting the electrochemical growth 

model, we can easily control the distribution and the morphology of the as deposited metal. 

In this case, the prepared TNTA disks (electrochemical anodization at 60V for 1 hour) were 

chosen as substrate for the metal (Pd NPs) electrochemical deposition. 

 All the solutions were prepared with Millipore water (18 MΩcm-1) provided by a Milli-Q 

labo apparatus (Nihon Millipore Ltd.). The deposition cells were purged with high-purity N2 

before measurements for at least 15 min. A piece of glass carbon (GC) electrode (2.5 x 2.5 

cm2) served as counter electrode while a saturated calomel electrode (SCE) was employed as 

a reference. The electrolyte for the palladium deposition was composed by aqueous 2mg/ml 

PdCl2 (Sigma-Aldrich 99.999%) and 0.1 M HCLO4 (Sigma-Aldrich 70%). The typical 

square-wave potential setup of the PED is reported in Fig. 3.12.  

 The whole PED processes include two steps. The first step is the Pd nuclei produce: in 

order to produce Pd nuclei on the surface of the substrate, the TNTA-disk electrode was 

subjected to a galvanostatic electrochemical deposition with at −25mA for 50 ms. And then 

following a 1 second relax step without electrochemical deposition for the fresh deposition 

solution diffuse to the solid-liquid interface of the substrate. This sequence was applied for 73 

cycles to provide a charge of -91.25mC for the Pd nanoseed’s deposition.  

 The second step is the Pd nanoseed growing up process. During this step, the TNTA-disk 

electrode, which with the previously prepared Pd nanoseeds, was subjected to a galvanostatic 

deposition with at -12.5mA for 50 ms and follow a 1s relax step. This sequence was than 

applied for 98 cycles to provide a charge of -60.84mC for the Pd nanoseed growing up on the 

surface of the TNTA-disk substrate.  
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Figure 3.12: Typical square-wave potential setup of the PED experiment. 

 

Figure 3.13: Typical voltage/time curve of the PED experiment process. 

 The typical voltage/time curve of the PED experiment process was shown in Fig. 3.13, 

and the overall charge for the electrodeposition was -76.045 mC/cm2, which will produce a 

44.0 mg/cm2 Pd loading on the TNTA disk substrate if the faradic efficiency of the PED 

process is assumed to 100%. The morphology and the distribution situation of the Pd NPs 

were characterized by the Scanning Electron Microscopy (SEM Hitachi S-4800) and the 

Transmission Electron Microscopy (TEM, FEI Tecnai-F30). 

 The Fig. 3.14 A-D show different magnifications SEM characterization and the Pd NPs 

size distribution of the Pd/TNTA-disk electrode prepared by the PED. From the SEM images 

we can clearly see that, the size distribution of the as deposited Pd NPs are around 183 nm. 

And those Pd NPs are scattered on the surface of the TNTA-disk substrate homogeneously. 
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Figure 3.14: (A-D), Different magnifications SEM characterization and the NPs size 
distribution of the Pd/TNTA-disk electrode prepared by the PED. 

 

Figure 3.15: Typical voltage/time curve of the constant electrochemical oxidation potential at 
3.5V for 180s, in a 2M KOH aqueous solution. 

 After the Pd NPs have been deposited onto the substrate, the as prepared Pd/TNTA-disk 

electrode was then subjected to a heavy electrochemical oxidation treatment with a constant 

oxidation potential at 3.5V for 180s, which performed in a 2M KOH aqueous solution. The 

typical voltage/current curve of the heavy electrochemical oxidation treatment is shown in 

Fig. 3.15. Concurrently a heavy O2 production phenomenon on the working electrode 

(Pd-TNTA disk) and an even heavier H2 evolution phenomenon on the count electrode (GC 

piece) have been observed.  
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Figure 3.16: (A-D), Different magnifications SEM characterization and the nanoparticles 
size distribution of the Pd/TNTA-disk electrode after the heavy electrode oxidation treatment. 

 The morphology and the distribution situation of Pd NPs after the heavy electrochemical 

oxidation treatment were characterized by the SEM (see Fig. 3.16 A-D). From these images 

we can see that, after the heavy oxidation treatment, the surface of the Pd NPs became much 

more roughly, which mainly due to the Pd β-oxide layer formation. From the literature we 

can found out that the electrooxidation of Pd begins with the formation of a Pd(OH) surface 

species, according to a reversible reaction such as 

)4.3()(][][ 2   eHOHPdOHPd xx  

 Where [Pd]x stands for Pd surface atoms and the parentheses indicate an adsorbed 

species. This adsorbate can be considered as the precursor of both the formation of 

Pd(II)-soluble species and the growth of a Pd oxide layer, which occurs when the 

electrochemical oxidation potential goes higher. These complex processes can be formally 

expressed as 

)63(][][)(][

(3.5))(][)(][

1 .PdOPdOPd

eHOPdOHPd

x-x

xx
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 Reaction (2) corresponds to the formation of an O-containing surface layer, and reaction 

(3) represents the appearance of an aged PdO phase presumably approaching the structure of 

bulk PdO. Further growth of the Pd(II) oxide layer can be represented by 

)73(22][][][][ 2221- .eHPdOPdOHPdOPd x-x    

Which is leading to multilayer Pd oxidation layers formation. Reactions (2) to (4) also 

produce an inhomogeneously distributed Pd oxide layer. However, it is worth mentioning that 

from the SEM characterization, we can see that after the heavy electrochemical oxidation 

treatment, the size distribution of the Pd oxide NPs is around 186nm which is almost no 

change compared to before (183nm average size in Fig. 3.14), and there were no freshly 

generated Pd NPs been observed onto the TNTA-disk substrate surface. 

 

Figure 3.17: XPS measurements for Pd β-oxide formation, Pd 3d region of the XPS spectrum 
of Pd loaded TNTA-disk after oxidation at 3.5 V (SCE) for 180 s.  

 XPS measurements were performed to support the evidence for Pd β-oxide layer 

formation. According to the model reported in the literature,[17] the Pd β-oxide contains both 

Pd(II) and Pd(IV). The XPS spectrum in the region of the Pd 3d (Fig. 3.17) corresponds well 

with this model. The peaks for metallic Pd (335.3 eV), Pd(II) (336.7 eV) and Pd(IV) (337.9 

eV) were obtained after deconvolution. 

 The Voltage-pH diagram is represented in Fig. 3.18, showing the corrosion phenomenon 

of the Pd in the H2O solution. From this pourbaix diagram we can see that, the corrosion 
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phenomenon could be observed only with the high voltage region in the low pH scale water 

solution. Namely the green zone in the pourbaix diagram (voltage between 0.8V to 1.6V 

while the pH of the water solution is lower than pH 3). Furthermore, when the pH scale of the 

water solution is higher than pH 3, the Pd corrosion phenomenon disappeared and the Pd 

immunity phenomenon changed to the passivation phenomenon directly without any 

corrosion behaviour. This special corrosion phenomenon is one of the important prerequisites 

which ensure the Electro Chemical Milling and Faceting (ECMF) treatment in effective. 

 

Figure 3.18: The E-pH pourbaix diagram showing the corrosion phenomenon of the Pd in 
water at 25℃ 

 

Figure 3.19: Typical voltage/time curve of the constant electrochemical reduction potential at 
3.5V for 180s, in a 2M KOH aqueous solution. 
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 After the heavy electrochemical oxidation treatment, the Pd/TNTA-disk electrode was 

subjected to a heavy electrochemical reduction treatment with constant potential at -3V for 

180s, in a 2M KOH aqueous solution. During this process, as the working electrode, a large 

amount of H2 produced from the surface of the Pd/TNTA-disk surface have been observed, 

while strongly O2 generated from the GC piece counter electrode which as the counter 

electrode. The typical voltage/current curve of the heavy electrochemical reduction treatment 

process is shown in Fig. 3.19. 

 

Figure 3.20: (A-D), Different magnifications SEM characterization and the nanoparticles 
size distribution of the Pd/TNTA-disk electrode after the heavy electrodchemical oxidation 
and reduction treatment. 

 From Fig. 3.19 we can see that, after the oxidation and the reduction treatment, the 

morphology and structure of Pd NCs change observably. On one hand, the Pd β-oxide layer 

crushed, which formed on the Pd nanoparticles surface during the previously heavy 

electrochemical oxidation treatment. The residue Pd nanoparticles were observed with a 

surface marked by irregularities, protuberances, or ridges. On the other hand, on the surface 

of the TNTA substrate, a lot of small size Pd fragments were found in the vicinity of the 

remnant large Pd nanoparticles. 

 From the Pd nanoparticles size distribution we can see that, after the electrochemical 

oxidation and the following electrochemical reduction treatment, the size distribution of Pd 

nanoparticles was remarkably reduced to about 19 nm, which mainly due to the large amount 
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of Pd fragments generation. Furthermore, a weak size distribution peak around 180 nm can be 

attributed to those residual large Pd nanoparticles synthesized from the primordial plus 

electrochemical deposition process. 

 Thus, we can make a short conclusion of the key process of the whole ECMF treatment. 

Firstly, in the heavy electrochemical oxide stage, the oxide scale grows up on the Pd 

nanoparticles allowing the formation of the so called palladium β-oxide layer. It is well 

known that such a phase grows up in form of columnar islands rather than in dense films as 

the Pd α-oxide does.[18] The irregular surface of the palladium nanoparticle reported in Fig. 

3.16 shows the morphology of the oxidized particle. Secondly, the heavy electrochemical 

reduction (-3V) of such Pd β-oxide with the concomitant hydrogen evolution is believed to 

produce mechanical stresses of sufficient strength to break up the particles surface into small 

fragments. It is worthwhile to notice that the fragments, at least a large fraction of them, stick 

on the TNTA-disk surface. This is a major finding as this guarantee the catalytic activity of 

the material. At the moment the driving force responsible for the small particles collapse onto 

the Titania surface has not been identified. Possibly the brownian motion of the microscopic 

particle could drive a large portion of them to the electrode surface where they adhere (need 

for confirmation). The phenomenon leads to an increase of the noble metal surface area. 

33..33..22..  HHaallff--cceellll  cchhaarraacctteerriizzaattiioonn  ooff  tthhee  PPdd//TTNNTTAA--ddiisskk  eelleeccttrrooddeess  bbyy  

    PPEEDD  wwiitthh  oorr  wwiitthhoouutt  EECCMMFF  ttrreeaattmmeenntt  

 Cyclic voltammetries (CVs) in KOH 2M were recorded for the Electrochemically Active 

Surface Area (EASA) measurements. Fig. 3.21 shows the CVs curves of the as deposited 

Pd/TNTA-disk electrode (A) and the Pd/TNTA-disk electrode after the ECMF treatment (B), 

both recorded in KOH 2M with a 50mV/S scan rate. From Fig. 3.21 curve (A) we can see 

that, starting from the low potential side, the appearance of an anodic peak is observed at 

0.38V (vs RHE) (current density peak A’), mainly due to the oxidation of the desorption and 

the release of the uptake hydrogen.[19] The formation of oxide coverage on the catalyst 

surface is accompanied by a gentle increase of the current. The well defined cathodic current 

density peak C’ at 0.8 V (vs RHE) in the reverse scan is assigned to the reduction of the Pd 

oxides [19] while the cathodic current density peak C” at 0.28 V is assigned to the hydrogen 

adsorption and the hydrogen uptake. [19] According to the method reported in literature,[19] the 

EASA of the as deposited Pd/TNTA-disk is around 7.17cm2. 
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Figure 3.21: Cyclic Voltammetries of the Pd/TNTA-disk electrode as deposited by PED (A) 
and the Pd/TNTA-disk electrode with ECMF treatment (B) which recorded in KOH 2M. Scan 
rate: 50 mV/s. 

  The CV curve of the Pd/TNTA-disk electrode after the ECMF treatment is shown in Fig. 

3.21 (b), which shows the similar electrochemical behaviours to the CV curve which has been 

reported in Fig. 3.21 (A). Furthermore, compared to Fig. 3.21 (A), the measured peak current 

densities at peak A’, C’, C” in Fig. 3.21 (B) increase significantly, and the measured EASA 

of the Pd/TNTA-disk electrode with ECMF treatment is 12.67cm2, increase 1.6 times if 

compared to the as deposited sample, which is good agreement with the SEM 

characterization discussed in the last section.  

 As been mentioned before, the Pd metal contents in all PED prepared catalysts were 

determined by the overall charge for the electrodeposition which was -152.09 mC/cm2 (91.25 

mC/cm2 + 60.84mC/cm2), if assuming a faradaic efficiency of 100 %, the Pd metal loading 

on the TNTA-disk substrate is 83.85 g/cm2. The real metal contents in all catalysts were 

determined by ICP-MS spectrometry using a quadrupole ELAN DRC-e spectrometer. The 

measured ICP-MS data shows that the metal loading on the as deposited Pd/TNTA-disk 

electrode is 65.875g/cm2 which with 78.56% faradaic conversion efficiency. However, after 

the ECMF treatment, the measured Pd loading decreased to 59.825 g/cm2 with 71.34% 

conversion efficiency, these measured Pd loading data will be used for the calculation of the 

mass specific current density. The phenomenon implies that the ECMF results the 10% Pd 

metal loading loss which should be attributed to the strong H2/O2 evolution during the ECMF 

treatment process. 
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Figure 3.22: Cyclic Voltammetries of the Pd/TNTA-disk electrode as deposited by PED (A) 
and the Pd/TNTA-disk electrode with ECMF treatment (B) which recorded in KOH 2M add 
10 wt.% ethanol. Scan rate: 50 mV/s. 

 In order to assess the effectiveness of the Pd/TNTA-disk electrode before and after 

ECMF treatment toward the ethanol electrochemical oxidation, the cyclic voltammetries were 

also performed on KOH 2M add 10 wt.% ethanol solution, which are shown in Fig. 3.22. Fig. 

3.22 (A) shows the CV curve of the as deposited Pd/TNTA-disk electrode recorded in KOH 

2M add 10 wt.% ethanol electrolyte. We can see that the as deposited sample shows the onset 

potential for the ethanol electrochemical oxidation at 0.45 V (vs RHE). And a first anodic 

peak A’ occurring at 0.92 V. As it has been previously demonstrated, the peak is originated 

by the competion of the ethanol and Pd oxidation.[19] The reduction of the Pd oxide in the 

backward scan is the origin for the second anodic peak A” because after the Pd oxide been 

reducing to Pd0, the Pd NPs’ catalysis activity to the ethanol electrochemical oxidation is 

recovery. And the peak current density at the anodic peak A’ is 0.97mA/gPd at 0.95V.  

 However, after the ECMF treatment of the as deposited Pd/TNTA-disk electrode, a net 

increase of the current density for both the anodic peaks A’ and A’’ was recorded. (see Fig. 

3.22 B). Specifically, the onset potential occurs at 0.38 V, 70 mV less positive compared to 

the value of the “as deposited” Pd/TNTA-disk electrode. Furthermore, the peak current 

density at the anodic peak A is 4.2mA/gPd at 1.12V which is roughly 4.3 times higher than 

the value recorded for the as deposited Pd/TNTA-disk electrode. One may notice a shift 

toward more positive potentials for A’ (1.12 V). This is mainly due to the choice of not using 

the iR-drop compensation measurement mode, in which the peak potential is sensitive to the 

peak current density. In the same conditions A’’ did not shift for obvious reasons. 
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Figure 3.23: Cyclic Voltammetries of the Pd/TNTA-disk electrode as deposited by PED (a) 
and the Pd/TNTA-disk electrode with ECMF treatment (b) which recorded in HClO4 0.1M. 
Scan rate: 50 mV/s. 

Figure 3.23: Cyclic Voltammetries of the Pd/TNTA-disk electrode as deposited by PED (a) 
and the Pd/TNTA-disk electrode with ECMF treatment (b) which recorded in HClO4 0.1M. 
Scan rate: 50 mV/s. 

 It should be mentioned that the increase cannot be justified by the increase of the EASA 

alone, which is 1.6 times increasing only. According to what was previously reported the 

variation can be also explained by the increase of the area specific activity of the 

electrocatalyst, implies that during the ECMF treatment, the High-Index Faces (HIF) with the 

high density of low coordinated surface atoms are generated. In order to prove this possibility, 

the cyclic voltammetries curves which recorded in 0.1M HClO4 and the Transmission 

Electron Microscopy (TEM) characterization of the Pd/TNTA-disk electrode will be study. 

 It should be mentioned that the increase cannot be justified by the increase of the EASA 

alone, which is 1.6 times increasing only. According to what was previously reported the 

variation can be also explained by the increase of the area specific activity of the 

electrocatalyst, implies that during the ECMF treatment, the High-Index Faces (HIF) with the 

high density of low coordinated surface atoms are generated. In order to prove this possibility, 

the cyclic voltammetries curves which recorded in 0.1M HClO4 and the Transmission 

Electron Microscopy (TEM) characterization of the Pd/TNTA-disk electrode will be study. 

  

B A 

Figure 3.24: Low (A) and high (B) magnifications TEM image of PED method prepared 
Pd/TNTA-disk with ECMF treatment. 
Figure 3.24: Low (A) and high (B) magnifications TEM image of PED method prepared 
Pd/TNTA-disk with ECMF treatment. 

 Fig. 3.23 shows the CV curves of the as deposited Pd/TNTA-disk electrode (A) and the 

Pd/TNTA-disk electrode after ECMF treatment (B), both of which are recorded in 0.1 M 

HClO4 solution. The current peak between 0.75V and 0.85 V (vs. RHE) (peak C’) as 

 Fig. 3.23 shows the CV curves of the as deposited Pd/TNTA-disk electrode (A) and the 

Pd/TNTA-disk electrode after ECMF treatment (B), both of which are recorded in 0.1 M 

HClO4 solution. The current peak between 0.75V and 0.85 V (vs. RHE) (peak C’) as 
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indicated in Fig. 3.23 should be attributed to the oxygen adsorption / desorption, where only 

open-structure surfaces such as High-Index Faces (HIF) with lower coordinated atoms can 

survive. Thus, the significantly increment of the peak oxygen adsorption / desorption current 

density on the Pd/TNTA-disk electrode after the ECMF treatment strongly supports that the 

HIF with the high density of low coordinated surface atoms are generated during the ECMF 

treatment process. This point is even more evident when one examines the TEM and HRTEM 

characterization data which shown in Fig. 3.24 and Fig. 3.25 respectively. 

 

Figure 3.25: (A, B) Two typical HRTEM images of the Pd NPs which oriented nearly along 
the [111] and [110] axes respectively. The images reveal surface atomic steps can be {110}, 
{210}, {310}, {410} and {610}. The corresponding SAED pattern observed from the same Pd 
NPs of image A, B are shown in image C, D. 

 The low magnification TEM characterization of the PED method prepared Pd/TNTA 

-disk electrode with ECMF treatment is shown in Fig. 3.24 A. The Fig. 3.24 B is the high 

magnification TEM characterization of the selection area in the image A. We can see that the 

large size Pd NPs (around 150 nm) with a surface marked by irregularities, protuberances, or 

ridges only be observed on the mouth of the TiO2 nanotube which is in good agreement with 

the residual PED prepared large size Pd nanoparticles after the ECMF treatment. However, 

the size distribution of the Pd NPs inside of the TiO2 nanotube are around 13 nm, which is in 
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good agreement with the Pd fragments generated during the ECMF treatment process. Fig. 

3.25 A, B show two typical high-magnification HRTEM images of the Pd fragments which 

are removed from the surface of the Pd/TNTA-disk electrodes. Those two Pd NPs with 

oriented along the [111] and [110] axes respectively. With careful analysis, the surface 

structure of the Pd fragments can be determined, the atomic steps such as {110}, {210}, 

{310}, {410} and {610} can be observed on the surface of the Pd NPs, which strongly 

supports that the significant electrochemical catalytic activity improvement of the 

Pd/TNTA-disk electrode is not only attributed to the EASA increment but also due to the 

open-structure surfaces such as HIF with lower coordinated atoms generation during the 

ECMF treatment. 

§§  33..44..  PPrreeppaarraattiioonn  ooff  PPdd//TTNNTTAA--ddiisskk  bbyy  SS--CCBBDD  aanndd  

tthhee  ffoolllloowwiinngg  EECCMMFF  ppoosstt--ddeeppoossiittiioonn  ttrreeaattmmeenntt  

 As we mentioned before, it has been proved that the oxidation of alcohols and other 

Small Organic Molecules (SOM) proceeds faster on NPs terminated with HIF due to the high 

density of low coordinated surface atoms (coordination number < 8).[20] In the last section, 

initially, we introduce the principle of the ECMF treatment which acting on the PED method 

prepared Pd/TNTA-disk electrode, by which, Pd NPs with high electrochemical catalytic 

activity for the ethanol electrode oxidation was prepared. However, since the particles size of 

the as deposited Pd NPs by PED are usually too large (around 180 nm) and which are out of 

the milling capabilities of the ECMF treatment processing, means that there are still a lot of 

large size Pd NPs left on the substrate surface even after the ECMF treatment. It is not good 

enough for the practical electrochemical catalyst preparation whose particles size need to be 

limited to less than 10 nm.  

 Thus, in this selection, in order to prepare small size high catalytic activity Pd catalysts 

for the ethanol electrochemical oxidation reaction, we will try to change the initial deposition 

method from the PED to the well developed chemical deposition method, the Sequential 

Chemical Bath Deposition (S-CBD) and then follows with the ECMF treatment, by which 

large Pd NPs (35 nm) of low-index facets supported on TiO2 nanotube arrays substrate can be 

milled into many small NPs (7 nm) with some HIF or high density of step atoms. By this 

approach, the catalytic activity of supported Pd NPs was enhanced by an order of magnitude 

for the ethanol electrooxidation, which was even 3 times higher than the highest value 
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reported in the literature so far. This new approach to the synthesis of HIF-Pd NPs allows one 

to control metal loading, particle size and surface structure, independently from each other. 

The three steps procedure to achieve this goal is illustrated in Fig. 3.26. 

 

Figure 3.26: (A) TNTA with as-deposited Pd NPs and (a) the corresponding SEM image. (B) 
TNTA with Pd NPs after heavy ECMF and (b) the corresponding SEM image. (C) TNTA with 
Pd NPs after heavy and mild ECFM and (c) the corresponding SEM image. False coloring of 
the SEM images shows Pd NPs (light blue) and TNTA support (violet).  

 The first step (Fig. 3.26A) consists in the deposition of Pd NPs onto a high-surface-area 

support (TNTA-disk) with a desired metal loading. Deposition is followed by a 

post-deposition treatment which consists in two phases aiming at particle size reduction and 

generation of HIF (Fig. 3.26 B, C). Such a post-deposition treatment is the main focus of the 

present work: it includes a milling and faceting actions, both of them achieved via controlled 

electrode potential. For this reason, we refer to our method as Electrochemical Milling and 

Faceting (ECMF). All of the experiment details will be discussed in the following sections. 

33..44..11..  PPrreeppaarraattiioonn  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  PPdd//TTNNTTAA--ddiisskk  bbyy  SS--CCBBDD  

    aanndd  EECCMMFF  

 In this section, we will introduce a chemical deposition method namely Sequential 

Chemical Bath Deposition (S-CBD) for Pd NPs deposition onto the TiO2 nanotube arrays 

disk substrate. The selected support was Ti disk which with TNTA on top, the preparation 
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approach of which are been well discussed in the last section (check § 3.2). Specifically, 

TNTA was synthesized by the anodization at 60V for 1 hour @ room temperature in a 

solution of Ethylene Glycol containing 0.5 wt.% of NH4F. The TNTA samples were then 

annealed up to 400℃ for 30 min.  

 As we mentioned before, this support was chosen because of its robustness to the 

electrochemical treatment and the possibility to precisely control the TNTAs structure and 

morphology. In particular, the TNTA with a diameter of 100 nm and length of 2.0 m had 

been prepared. The top blue line in Fig. 3.27 shows the XRD measurements of the as 

prepared TNTA-disk substrate. We can see that the TNTA sample only consists of anatase. 

The metallic titanium signal from the substrate was also detected. XRD study of the 

Pd/TNTA-disk after the whole post-deposition treatment shows that, within the technique 

detection limit, Pd is present in the metallic phase only (see the below red line in Fig. 3.27). 

 

Figure 3.27: XRD pattern of the TNTA (top, blue line) and of the TNTA with Pd NPs loading 
after ECMF (below, red line). A, T, and Pd label anatase, metallic titanium and palladium, 
respectively.  

 After the preparation of the TNTA-disk substrate, Pd NPs were deposited on the 

TNTA-disk substrate surface by S-CBD method. Specifically, the TNTAs were impregnated 

with palladium chloride which was then reduced with sodium borohydride in order to give a 
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Pd metal loading of 22.3 μg cm-2 onto the surface of the substrate. The schematic diagram of 

the S-CBD method is shown in Fig. 3.28.  

 

Figure 3.28: S-CBD for Pd deposition. The Titania disk was immerged in the beaker A for 30 
s in which equipped with the PdCl2 solution. The sample was then washed in pure water 
(beaker B). The reduction of the PdCl2 adsorbed on the Titania disk was obtained in beaker 
C, containing 1 g of NaBH4 dissolved in 50 mL of deionised water. The sample is then 
washed in pure water (the beaker D). The whole sequence was repeated 10 times. 

 The first beaker contained 0.3g PdCl2 (Sigma-Aldrich 99.999%) + 0.7mL HCl 

(Sigma-Aldrich 37%) add 1mL Ethylene Glycol (Sigma-Aldrich 99%) constant volume of 

deionized water to 50 mL. The third beaker contained 1g/50mL NaBH4 (Sigma-Aldrich 96%) 

constant volume of deionized water. And the other two beakers contained distilled deionized 

water to rinse the samples from the excess of each precursor solution.  

 Such an immersion cycle was repeated for 10 times. The colour of the sample after the 

deposition turned from the light blue of the TNTA-disk nature colour to the light black of the 

as deposited Pd/TNTA-disk. Finally, the as-prepared samples were dried in a N2 gas stream. 

Quantitative assessment of the Pd load was performed by ICP-MS spectrometry using a 

quadrupole ELAN DRC-e spectrometer (PerkinElmer SCIEX, Concord, Ontario, Canada)  

 Fig. 3.29 show the Scanning Electron Microscopy (SEM) images of the prepared 

Pd/TNTA-disk electrode which prepared by the S-CBD method. We can see that clearly the 

average size of the as deposited Pd NPs are around 35 nm, and most of the Pd NPs exhibiting 

low-index termination faces such as the {100} and the {111} (see Fig. 3.29 B-D).  
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Figure 3.29: (A) Low magnification SEM image of the surface of Pd/TNTA-disk electrode. 
False coloring of the SEM images show Pd nanoparticles (light blue) and TNTA support 
(violet). (B-D) Different magnifications SEM characterization and the nanoparticles size 
distribution of the Pd/TNTA-disk electrode prepared by the S-CBD. 

Figure 3.29: (A) Low magnification SEM image of the surface of Pd/TNTA-disk electrode. 
False coloring of the SEM images show Pd nanoparticles (light blue) and TNTA support 
(violet). (B-D) Different magnifications SEM characterization and the nanoparticles size 
distribution of the Pd/TNTA-disk electrode prepared by the S-CBD. 

 Cyclic voltammetries (CVs) in KOH 2M were recorded for the EASA of the 

Pd/TNTA-disk electrode (see Fig. 3.30). Fig. 3.30 a shows a series of the CV curves of the 

Pd/TNTA-disk electrode after the whole post-deposition treatment which has been recorded 

in different CV potential scanning ranges. The CV upper potential value for the measurement 

of the EASA was been chosen at 1.4 V (vs. RHE). The potentional value’s chose is following 

the literature of Czerwiński [19] who unequivocally demonstrated that this value corresponds 

to the condition for the formation of the first complete PdO monolayer in alkaline conditions. 

 Cyclic voltammetries (CVs) in KOH 2M were recorded for the EASA of the 

Pd/TNTA-disk electrode (see Fig. 3.30). Fig. 3.30 a shows a series of the CV curves of the 

Pd/TNTA-disk electrode after the whole post-deposition treatment which has been recorded 

in different CV potential scanning ranges. The CV upper potential value for the measurement 

of the EASA was been chosen at 1.4 V (vs. RHE). The potentional value’s chose is following 

the literature of Czerwiński [19] who unequivocally demonstrated that this value corresponds 

to the condition for the formation of the first complete PdO monolayer in alkaline conditions. 

 Fig. 3.30 b reports the CV curves for the Pd/TNTA electrodes with the different 

post-deposition treatment process. In which the black dash line represent the as deposited 

Pd/TNTA-disk by the S-CBD method. Two other CV curves represent the Pd/ TNTA-disk 

electrode after the Heavy ECMF (red line) and after the Heavy + Mild ECMF post-deposition 

treatment (blue line) respectively. Such CV curves were used for the determination of the 

EASA values reported in the Table 3.1 

 Fig. 3.30 b reports the CV curves for the Pd/TNTA electrodes with the different 

post-deposition treatment process. In which the black dash line represent the as deposited 

Pd/TNTA-disk by the S-CBD method. Two other CV curves represent the Pd/ TNTA-disk 

electrode after the Heavy ECMF (red line) and after the Heavy + Mild ECMF post-deposition 

treatment (blue line) respectively. Such CV curves were used for the determination of the 

EASA values reported in the Table 3.1 
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Figure 3.30: Electrochemically Active Surface Area (EASA) measurements. (a) CVs in KOH 
2M for different potential range of the Pd/TNTA-disk electrodes after ECMF. (b) CVs in KOH 
2M of the Pd/TNTA-disk electrodes after the various phases of the post-deposition treatment; 
(trace 1) as deposited Pd loaded TNTAs, (trace 2) Pd loaded TNTAs after Heavy ECMF and 
(trace 3) Pd loaded TNTAs after Heavy + Mild ECMF. 

Sample 
Pd loading    

[μg/cm2] 

EASA  [a]   

[cm2] 

jp           

[mA/cm2] 

jp
m  [b] 

[mA/μg Pd] 

jp
EASA  

[mA/cm2] 

Oneset 

Potential     

[V vs RHE] 

As Deposited   

Pd-TNTA 
22.42 4.25 22.1 0.99   (0.99) 5.20 0.38 

Heavy ECMF    

Pd-TNTA 
20.92 10.4 116 5.54   (5.17) 11.1 0.29 

Heavy+Mild 

ECMF Pd-TNTA 
18.00 14.2 201 11.17  (8.96) 14.1 0.21 

Table 3.1: Parameters for the catalytic activity assessment. [a] Details of Electrochemically 
Active Surface Area (EASA) measurements see Fig.3.30. [b] Mass specific peak current 
(jpm-bracketed values refer to current densities normalized against the as deposited sample 
metal loading) 

 The heavy ECMF required a palladium oxidation at 4.55 V (RHE) for 180 s, followed by 

the Pd oxide reduction at -1.95 V (RHE) for 180 s. The whole sequence was repeated for 

three times (see Fig. 3.26 b). The SEM image of the resulting product (Fig. 3.26 b and Fig. 

3.31) shows the occurrence of the Pd NPs fragmentation with an average particle size of 14 

nm, while the elemental analysis shows a 6.70% metal loss (Table 3.1). 
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Figure 3.31: (A) Low magnification SEM image of the surface of Pd/TNTA-disk electrode 
with heavy ECMF treatment. False coloring of the SEM images show Pd nanoparticles (light 
blue) and TNTA support (violet). (B-D) Different magnifications SEM characterization and 
the nanoparticles size distribution of the Pd/TNTA-disk electrode prepared by the S-CBD. 

Figure 3.31: (A) Low magnification SEM image of the surface of Pd/TNTA-disk electrode 
with heavy ECMF treatment. False coloring of the SEM images show Pd nanoparticles (light 
blue) and TNTA support (violet). (B-D) Different magnifications SEM characterization and 
the nanoparticles size distribution of the Pd/TNTA-disk electrode prepared by the S-CBD. 

 

Figure 3.32: SEM images of the TNTA. (a), Before ECMF. (b), After ECMF treatment. False 
colouring of the SEM images show the TNTA support (violet). 

 SEM images on the TNTA-disk without Pd metal loading and subjected to ECMF 

treatment allows us to exclude that fragments were originated by the substrate (Fig. 3.32). 
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Figure 3.33: Analysis of the post-deposition treatment leads to milling by SEM research. (a), 
SEM image of large palladium nanoparticles oxidized at 4.55 V for 180 s. (b), SEM image of 
large palladium nanoparticles oxidized at 4.55 V for 180 s and then reduced at -1.95 V for 
180 s. False colouring of the SEM images show the Pd nanoparticles (light blue) and the 
TNTA support (violet). 

 It has been observed by the SEM characterization that the Pd oxidation treatment alone 

cannot generate the Pd NPs fragments, resulting exclusively in surface roughening (Fig. 

3.33a). According to the literature, [17] Pd roughening may occur with large anodic electrode 

polarization (> 1.23 V) as a result of β-oxide islands formation. XPS measurements of the Pd 

NPs supported on the TNTAs oxidized at 4.55 V (RHE) for 180 s were consistent with 

β-oxide formation (Fig. 3.34 B). 

 

A B 

Figure 3.34: XPS measurements for palladium β-oxide formation. (A) Ti 2p and (B) Pd 3d 
region of the XPS spectrum of Pd loaded TNTA-disk electrode after oxidation at 4.55 V (RHE) 
for 180 s. 

 SEM images in Fig. 3.31 and 3.33 b show that after the treatment, the size of the Pd 

NPs fragment which located on the surface of the TNTA substrate is comparable to the Pd 

β-oxide islands, which suggests that the milling phenomenon may happen via β-oxide layer 
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break up and it is possible due to the stress generated by the palladium oxide reduction in 

potential low enough for having a strong hydrogen evolution and absorption. This is the first 

time that milling is observed on Pd. Previous investigations on metal NPs production via 

cathodic polarizations of metal foils were not successful on Pd and Au.[21,22] The cathodic 

polarization method meanwhile produced unsupported NPs without control of the surface 

structure of the Pd NPs surface which occurs by the repeated oxidation and reduction during 

the ECMF treatment . 

 

Figure 3.35: CVs of TNTAs with deposited Pd recorded in KOH 2M with EtOH 10 wt. %, 
Scan reat: 50 mV/s. Curve (1) TNTA-Pd as deposited. Curve (2) TNTA-Pd after Heavy ECMF. 
Curve (3) TNTA-Pd after Heavy + Mild ECMF. 

 As shown in Table 3.1 and Fig. 3.35 CV curve (a), the peak current density of ethanol 

oxidation on the heavy ECMF Pd-TNTA is five times higher than that of the as deposited 

Pd-TNTA sample (116 mA cm-2 vs. 22.1 mA cm-2), while the onset oxidation potential of the 

ethanol electrochemical negatively shifts (0.29 vs. 0.38 V). The EASA increases (10.4 vs. 

4.25 cm2) cannot entirely account for the current density increase. Thus we ascribe this effect 

to the activation of the surface, in particular to an increased density of low coordination 

surface Pd atoms. 

 In order to prove this, Transmission Electron Microscopy (TEM) and High Resolution 

Transmission Electron Microscopy (HRTEM) measurements were performed. 
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Figure 3.36: (A) The side view and (B) top view TEM image of the Pd/TNTA electrode with 
the heavy ECMF treatment. (C-E) the dark-field TEM characterization of the selected Pd 
nanoparticles in image B. 

 The TEM characterization of the prepared Pd/TNTA-disk electrode by S-CBD and 

follow with heavy ECMF treatment are shown in Fig. 3.36, A is the side view and B is the 

top view. The images C-D are the dark-fild TEM characterization of the as selected Pd 

nanoparticles image B. 

 

Figure 3.37: (a) HRTEM image of a palladium Multiple Twinned Particle removed from the 
TNTA after the Heavy ECMF post treatment. (b) Fourier transforms (FT) patterns of the 
whole Pd particle. (c), (d), (e) select area FT patterns taken in image (a) zone 1, 2, 3 
respectively. 

 Fig. 3.37 a shows the HRTEM image of an as prepared Pd nanoparticle by S-CBD 

removed from the TNTA surface after the heavy ECMF treatment. We can see that the Pd 

nanoparticle exhibits a typical Multiple Twinned Particle (MTP) structure. Fig. 3.37 b shows 
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the Fourier Transforms (FT) patterns of the complete Pd NPs, and Fig. 3.37 (c-e) show the 

select area FT patterns taken in image (a) zone 1, 2, 3 respectively. 

 

Figure 3.38: EDS analysis of Pd MTPs removed from TNTA after Heavy ECMF. Inset: 
corresponding HRTEM image of the Pd MTPs. 

 Energy Dispersive Spectrometer (EDS) analysis of the selected Pd nanoparticle shows 

that the particle is Pd (Fig. 3.38). The titanium and the oxygen signal are mostly come from 

the fragment of the TNTA substrate. The copper signal is from the mesh used to support the 

sample during the TEM measurements. 

 MTPs were demonstrated to have enhanced catalytic activity as compared to non 

twinned NPs.[23] This was also supported by a sequence of HRTEM pictures, taken at 

different tilting angles (Fig. 3.39). The confirmation of the shapes of the MTPs was obtained 

by analyzing images of the same particle under different projections. Projections were 

obtained by tilting the samples while keeping the particle in the microscope focus. 

 EDS data reported in Fig. 3.43 (b) shows the homogeneous distribution of the elements 

after the whole Electrochemical Milling and Faceting (ECMF) post-deposition treatment. 
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Figure 3.39: Different tilting angels HRTEM images of a multiple twinned Pd nanoparticle 
removed from the support after Heavy ECMF. Insets report the corresponding particle shape 
models. Scale bar, 5 nm. 

 In addition, in order to prove the generation of the low coordination surface Pd atoms 

during the ECMF treatment, the CV measurements were performed. CV curves in Fig 3.40 

were recorded in 0.1 M HClO4 aqueous solution, from which we can see that the oxygen 

adsorption/desorption current density at 0.8 V (RHE) increases significantly if compared to 

the as deposited Pd/TNTA-disk sample (Fig. 3.40, curve a). This electrochemical behaviour 

is very similar to what we mentioned and discussed in the last section, on the Pd/TNTA-disk 

electrode prepared by the PED method, which strongly suggest that the Pd NPs fragement 

generation mainly due to the ECMF treatment process, and is independent of the method 

been used for the initial Pd NPs synthesis 
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Figure 3.40: CVs of TNTAs with deposited Pd recorded in 0.1 M HClO4, Scan reat: 50 mV/s. 
Curve (1) TNTA-Pd as deposited. Curve (2) TNTA-Pd after Heavy ECMF. Curve (3) TNTA-Pd 
after Heavy + Mild ECMF. 

 

Figure 3.41: CVs of the bare TNTA-disk in KOH 2M+EtOH 10 wt.% (a), Before ECMF 
post-treatment. (b), After ECMF treatment. 

 To exclude possible effect due to the activation of the TiO2 substrate toward ethanol 

electro-oxidation after the whole post-deposition treatment, CV curves of the bare TiO2 

substrate electrode which recorded in KOH 2M + EtOH 10 wt.% were been study. The 

Fig.3.41 (a) and (b) show that the activity of the ethanol electrochemical oxidation from the 

TiO2 substrate is negligible compared to the Pd loaded samples, both before and after the 

post-deposition treatment. 
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 Such evidence is consistent with a higher density of low coordinated Pd atoms on the 

NPs surface.[24,25] Accordingly, we do think that the much higher ethanol electrooxidation 

activity, (shown in Table 3.1), is originated by a combination of milling, formation of MTPs 

and generation of high index facets. 

 Applying the heavy ECMF procedure (Fig. 3.26 B) for more than 1080 s resulted in a 

further metal loss, which is detrimental to the catalytic performance. Consequently, we 

performed a milder ECMF sequence for a further reduction of the particle size, which gave a 

higher density of low coordinated Pd surface atoms, with a limited metal loss. 

C D

A B

 

Figure 3.42: (A) Low magnification SEM image of the surface of Pd/TNTA-disk electrode 
with heavy + mild ECMF treatment. False coloring of the SEM images show Pd 
nanoparticles (light blue) and TNTA support (violet). (B-D) Different magnifications SEM 
characterization and the nanoparticles size distribution of the Pd/TNTA-disk electrode 
prepared by the S-CBD. 

 A mild ECMF post-deposition treatment with a frequency of 0.025 Hz for 3 hours 

between +3.35V and -0.75V (RHE) was found to be an appropriate route to size down to the 

particles from 14 to 7 nm (Fig. 3.26 c and Fig 3.42 A-D) with a metal loss of 14%. Moreover, 

the metal loading reduction was paid back by a twofold increase in the peak current density 

as compared to the previous stage of the procedure (Fig. 3.35 and Table 3.1). 

 The EDS data reported in Fig. 3.43 shown the homogeneous distribution of the elements 

after the whole Electrochemical Milling and Faceting (ECMF) post-deposition treatment. 
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Among of which the Pd elements mainly came from the as formed Pd NPs fragments, the O 

and Ti elements came from the TNTA-disk substrate. 

 

Figure 3.43: Elemental characterization of Pd loaded TNTA after ECMF. (a), Low 
magnification SEM image of Pd loaded TNTA after Heavy + Mild ECMF. The highlighted 
region was used for EDS mapping and spectral acquisition. (b), EDS mapping for O Kα1. (c), 
EDS mapping for Ti Kα1. d), EDS mapping for Pd Lα1. e), EDS spectrum. 

 Low magnification Transmission Electron Microscopy (TEM) micrographs (Fig. 3.44 a) 

shows the homogeneous distribution of the Pd NPs on the titania nanotubes. Small NPs were 

found in the process electrolyte (Fig. 3.44 b), allowing us to conclude that at least a fraction 

of the metal loss does not occur by dissolution, but simply because a limited part of the NPs 

unfasten from the TNTA surface. The size of the particles dispersed in the electrolyte was 

around 4 nm, suggesting that the present method could be a new and exciting route to the 

synthesis of free-standing Pd NPs. 
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 HRTEM analysis of the TNTA supported NPs after the whole ECMF post-deposition 

treatment, demonstrated the existence of both high index facets and twins. The acquisition of 

HRTEM images under different focus allowed the assignment of the surface structure. Fig. 

3.44 c and e, (their derived atomic models are Fig. 3.44 d and Fig. 3.44 f, respectively) show 

the presence of high index facets {210}, {410} along the <100>, and {211}, {311} facets 

along <110> directions, respectively (detail analysis in Fig. 3.45 and Fig. 3.46). In addition, 

along the <110> direction one may also notice the presence of twins and stacking faults. 

 

Figure 3.44: (a) TEM image of the Pd loaded TNTA electrode after Heavy + Mild ECMF. 
(b) Pd nanoparticles found in the electrolyte after Heavy + Mild ECMF. (c) HRTEM image 
and (d) atomic models with face assignment of the TNTA supported Pd nanoparticle along 
<100> direction. (e) HRTEM image and (f) face assignment of TNTA supported Pd 
nanoparticles along the <110> direction. 

 The determination of the facets of the Pd particles (Fig. 3.45 a) after the Heavy + Mild 

ECMF post-deposition treatment was undertaken by analysis of the HRTEM image. The 

Fourier Transform (FT) of the HRTEM image (Fig. 3.45 b) shows the fourfold symmetry of 

the atomic lattice, which demonstrates that the particle image (Fig. 3.45 a) is taken along the 

<100> direction. The particles boundaries were determined from the HRTEM image (Fig. 

3.45 a) and sketched in Fig. 3.42 c. The obtained angles were compared with the values 

reported in Table 3.2, showing the occurrence of {410} {210} {110} terminations as 

indicated in the corresponding atomic model (Fig. 3.45 d). 
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Figure 3.45: HRTEM image of Pd NP along <100> direction after the Heavy + Mild ECMF 
post-deposition treatment and the corresponding facets identification. (a), HRTEM image 
and boundary identification. (b), FT of the image for the determination of the axis of 
observation direction. (c), Sketch of the particle boundary for angle measurement. (d), 
Particle atomic model with facets assignment. 

 

Figure 3.46: HRTEM image of Pd NP along <110> direction after the ECMF 
post-deposition treatment and the corresponding facets identification. (a), HRTEM image of 

  112288  



 CChhaapptteerr  33  

a TNTA supported ECMF treated Pd NPs (highlighted regions have been used for FT and 
image analysis). (b), Particle atomic model with facets assignment. (c), FT of the image for 
the determination of the axis of observation direction of the top highlighted region of picture 
(a). (d), FT of the image for the determination of the axis of observation direction of the 
bottom highlighted region of picture (a). 

 Relied on the carefully analysis of the highlight zone on the HRTEM image shown in Fig. 

3.46 (a), we give its corresponding particle atomic model with facets determination in Fig. 

3.46 (b). From the particle atomic model we can see that, this Pd NP presents both twins and 

stacking faults.  

 Fig. 3.46 (c) and Fig. 3.46 (d) are the Fourier Transform (FT) parents from the different 

highlight zone on the HRTEM image Fig 3.46 (a). Both of them exhibit a six fold symmetry 

of the atomic lattice, with good agreement that the Pd particle image shown in Fig. 3.46 (a) 

was taken along the <110> direction. From the carefully analysis of the crystal surface angles 

by measured from the HRTEM image and compared with the theoretical crystal surface 

angels which have been list in Table 3.2, we can see that the {311} {211} {111} faces could 

be found on the Pd NP surface. 

 

Table 3.2: Theoretical angles for the various facets of Pd particles observed along the <100> 
and <110> direction. 

 Table 3.2 exhibits the theoretical angles for the various facets of the Pd particles 

observed along the <100> and <110> direction. A CV study in HClO4 0.1 M demonstrated a 

remarkable enhancement of the oxygen adsorption/desorption at potentials lower than 0.8 V 

(RHE), confirming a further increase in the density of low coordinated surface atoms (Fig. 

3.40, curve c). A CV curve recorded on ethanol containing electrolyte showed a peak current 
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density of 201 mA cm-2 (Fig. 3.35, curve c), corresponding to a Pd mass specific activity of 

11167 A/g. Normalization of the activity to the initial metal loading gave instead a peak of 

8965 A/g. Both values are remarkably higher than the highest reported value (3600 A/g)[26] 

determined under comparable conditions. The onset potential for ethanol oxidation was 0.21 

V (RHE), 0.17 V negatively shifted compared to the as deposited sample. Such data suggest 

that the application of the material developed in this work has a great potential for increasing 

the energy efficiency of Direct Ethanol Fuel Cells (DEFCs) as well as the hydrogen 

production by aqueous ethanol electrolysis.[27] 

 

Figure 3.47: The stability of the developed electrocatalysts has been assessed by 
chronoamperometry in KOH 2M + EtOH 10% wt. a), Chronoamperometry recorded at 0.5V 
vs RHE. b), Chronoamperometries recorded at 0.6V vs RHE. ECMF treated Pd loaded TNTA 
(traces a - blue line), as deposited Pd loaded TNTA's (traces b - red line), Vulcan XC72 
supported Pd nanoparticles (traces c - black line). 

 The catalyst stability of the as developed Pd/TNTA-disk electrodes has been assessed by 

the chronoamperometry measurement. Experiments recorded in EtOH 10 wt % + 2M KOH 

for 2500 s. And the charonoamperometry voltage have been set at the 0.5 V (vs. RHE) (Fig. 

3.47 a) and at 0.6 V (vs. RHE) (Fig. 3.47 b). From both of the Fig. 3.47 a,b we can see that 

the Pd NPs catalysts with ECMF treatment always shows the best activity performance if 

compared with the Pd loaded TNTA sample prior ECMF treatment or if compared with a 

homemade state of the art carbon supported Pd electrocatalyst which has the comparable Pd 

loading. The preparation details of the homemade carbon black (Vulcan XC-72) supported Pd 

nanocatalysts are as follow: Vulcan XC-72 (5.94 g) was sonicated for 20 min in a 500 mL 

three-necked round-bottomed flask containing 250 mL of ethylene glycol. After that, in order 

to result dispersion, 50 mL of a water solution containing 0.6 g (3.38 mmol) PdCl2 and 6 mL 

of HCl (37%w:w) was added dropwise and under stirring. As the Pd containing solution 
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addition was completed, 10 mL of a water solution containing 5.1 g NaOH was introduced 

into the reactor. The resulting mixture has then been heated up to 140°C under nitrogen for 

3h. After cooling at room temperature, the solid has been filtered and washed and neutralized 

with distilled water. The final product was dried at 40°C under vacuum to constant weight. 

Pd content assessed by ICP-MS analysis was 5.2 wt. % 

§§  33..55..  EECCMMFF  oonn  tthhee  bbuullkk  PPdd--ddiisskk  eelleeccttrrooddee    

 Since the decoupling deposition from activation has been proved to be an effective 

approach to the facile and reliable synthesis of highly active Pd based catalyst. And we also 

believe that the ECMF could be extended to other formal Pd catalyst such as bulk Pd 

electrodes.  

 

Figure 3.48: Cyclic voltammogram of a bulk Pd disk electrode with 2cm2 geometries surface 
area, submerged by 2M KOH before (red) and after (black) the ECMF treatment. Sweep rate: 
50 mVs-1. 

 In order to prove this, we performed the following simple experiment to demonstrate that 

the ECMF treatment could be extended to the bulk Pd electrode for the surface structure 

activation, which could be used as a new and exciting route for the synthesis of free-standing 

Pd NPs. Using a standard three-electrode electrochemical cell controlled by a potentiostat we 

recorded a cyclic voltammogram (CV) of a bulk Pd disk electrode in KOH 2M solution 

without the ECMF treatment (Fig. 3.48, red curve). 

 It is been mentioned that the region between -0.5 and 0.2 V (vs. SCE) of the CV is 

assigned to oxidized performance of the palladium electrode, and this blank experiment is 

used to determine EASA of the bulk Pd electrode before the ECMF treatment.[19] 
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 Following, we subjected the same electrode to an ECMF treatment in an alkaline solution, 

which was considered as a palladium oxidation at 4.55 V (vs. RHE) for 180 s, followed by 

the oxide reduction at -1.95 V (vs. RHE) for 180 s. The whole sequence was repeated three 

times in 2M KOH. Glass carbon electrode was used as count electrode to rule out the 

formation of interfering species by anodic dissolution. 

 We observed a visible change of the surface: the submerged part of the shiny platinum 

wire became dull black. Subsequently, we recorded another CV (Fig. 3.48, black curve), 

which shows a striking difference to the initial CV curves. Apparently, the EASA of our 

electrode increased more than tenfold under conditions where it should have been protected 

from any changes. 

 

Figure 3.49: (A) Low magnification SEM image of the Pd-disk electrode without ECMF 
treatment. (B) High magnification SEM characterization of the select area in the image (A). 
(C) Low magnification SEM image of the Pd-disk electrode with ECMF treatment. (D) High 
magnification SEM characterization of the select area in the image (C). 

 This drastic change of the surface of the bulk Pd electrode is visualized by the SEM 

images (see Fig. 3.49). From the two different magnification SEM images (Fig. 3.49 A, B) 

we can see that before the ECMF treatment the whole surface of the bulk Pd electrode surface 

is smooth. However, after the ECMF treatment, the whole surface of the bulk Pd electrode 

surface becomes an agglomeration of NPs which size distribution are around 10 nm. (Fig. 

BA 
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3.49 C, D). Meanwhile, These Pd nanoparticles are also found in the electrolyte after ECMF 

treatment electrode. 

 

Figure 3.50: (A) Low magnification TEM image of the Pd NPs in the electrolyte after ECMF 

f Pd NPs shown in Fig. 3.50 help us to visualize what Haber described as 

me

trolyte after the ECMF 

treatment. (B) The high magnification TEM characterization of the select area in the image A. 
(C,D) HRTEM characterization of two Pd nanoparticles been found in the electrolyte after 
ECMF treatment. 

 TEM images o

“ tal dust”.[28] The size of the Pd NPs in the electrolyte produced by ECMF treatment is 

always less than 10 nm as shown in the collection of images recorded by the TEM technique 

(Fig. 3.50 A, B),  which allows us to conclude that at least a fraction of the metal loss does 

not occur by dissolution, but simply because a limited part of the NPs unfasten from the bulk 

Pd disk electrode surface. The size of the particles dispersed in the electrolyte is around 5 nm 

and is quite consistent with the discussion in the previous section.  

 The HRTEM analysis of the NPs observed in the elec

post-deposition treatment demonstrated the existence of both high index facets and twins 

generation. In the higher magnification HRTEM images (Fig. 3.50 C, D), the metallic Pd NPs 

shows with the different lattice spacing means that the HRTEM characterization from 

different direction have been observed,. The entire phenomenons prove once again that the 

BA 
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present method (ECMF) could be a new and exciting route to the synthesis of free-standing 

Pd NPs. 

 

Figure 3.51: Cyclic voltammogram of a bulk Pd disk electrode with 2cm2 geometries surface 

black curve shows the CV curve recorded in 0.1 M HClO4 after 

 

area, submerged by 0.1M HClO4 before (red) and after (black) the ECMF treatment. Sweep 
rate: 50 mVs-1. 

 In addition, in Fig. 3.51, 

the ECMF treatment, from which we can see that, the oxygen adsorption /desorption current 

density at 0.4 V (SCE) increases significantly if compared to the bulk Pd-disk electrode 

without the ECMF treatment (Fig. 3.51, red curve). 

 

Figure 3.52: CV curves (A) and the chronoamperometry measurement (B) of bulk Pd disk 

while the onset oxidation potential negatively shifts (-0.7 vs. -0.8 V). 

electrode before ECMF treatment and after the ECMF treatment, all of which were received 
in KOH 2M with EtOH 10 wt. %, Scan reat: 50 mV/s. Black curve: bulk Pd electrode without 
ECMF treatment. Red curve: bulk Pd electrode with ECMF treatment. 

 As shown in Figure 3.52 (A), curve a, the peak current density of ethanol oxidation on 

the bulk Pd disk electrode with ECMF treatment (black line) is 9 times higher than that of the 

bulk Pd disk electrode without ECMF treatment (red line) (900 mA cm-2 vs. 91 mA cm-2), 
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 ECMF treated bulk Pd 

§§  33..66..  CChhaapptteerr  CCoonncclluussiioonn  

ess for catalyst activation which combines 

milling and faceting effect. The overall metal loading loss for the complete post-deposition 

ea

tion. And in the next Chapter 

st the application of HIF nanoparticles to a variety of processes of interest in 

 The catalyst stability of the developed electrocatalysts was assessed by 

chronoamperometry in KOH 2M + EtOH 10% wt., at -0.6V vs SCE,

electrode (black line in Fig. 3.52 B) and bulk Pd electrode without ECMF treatment (red line 

in Fig. 3.52 B). The activity of the catalysts provided by ECMF treatment is superior 

compared to the bulk Pd electrode prior ECMF with increased more than sixfold. 

 In conclusion ECMF is a post-deposition proc

tr tment was 20% which was largely paid back by the rise in mass specific catalytic activity 

of the Pd. The effectiveness of the technique is ascribed to the flexibility in material 

characteristic selection, namely metal loading, active surface area and surface structure. 

Decoupling deposition from activation has been proved to be an effective approach to the 

facile and reliable synthesis of highly active palladium based catalyst. And we also believe 

that the ECMF could be extended to other supported metals.  

 ECMF is a candidate method for boosting the application of HIF nanoparticles to a 

variety of processes of interest in renewable energy applica

(Chapter 4), we will demonstrate the possibility of obtaining them onto anatase substrates, 

where the metal NPs addition has been found to be beneficial for the photocatalytic 

performances. 

 We believe that synthesis of catalytic and electrocatalytic palladium based materials by 

ECMF may boo

"Green Chemistry" and renewable energy production. The milling and faceting concept 

behind ECMF could also be extended to the treatment of a variety of other supported metal 

catalysts. The application to other materials requires the search and optimization of tailored 

electrochemical reactions opening to a new and research landscape for electrochemistry. 
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    ChaptChapter  4er 4     

PPrreeppaarraattiioonn  &&  AApppplliiccaattiioonn  ooff  33DD  PPdd//TTNNTTAA  eelleeccttrrooddee

nanocatalysts supported onto a titania nanotube arrays web (TNTA-web) anode with the 

capability of delivering peak power density more than 334 mw cm-2 when oxidizes ethanol @ 

0C is reported. The electrode architecture allows optimal catalyst dispersion as well as the 

st fuel and reaction product mass transport. Glavanostatic and electrolysis test of the as 

repared Pd/TNTA-web electrodes showed the superior performances of stability toward 

thanol electro-oxidation. In the photoassisted H2 generation from the aqueous ethanol 

lution experiments, different types of TNTA supported photocatalysts were tested. The 

sults showed that compared with the flat TNTA substrate such as TNTA-foil, TNTA-web 

bstrate exhibits significant improvement of H2 evolution rate from water/ethanol solution. 

 

  

 A new Direct Alcohol Fuel Cells (DAFCs) equipped with a nanostructured palladium 

8

fa

p

e

so

re

su

 



 CChhaapptteerr  44  

  113399  

§§  44..11..  CChhaapptteerr  IInnttrroodduuccttiioonn  

 Mastering electrocatalysis is a task of extraordinary importance for renewable energies 

an

maximizing the exchange current density. Since the exchange current density is a strong 

nc

d sustainable development. As we have seen, activation losses are minimized by 

fu tion of the catalyst material and the total reaction surface area, catalyst-electrode design 

focuses on these two parameters to achieve optimal performance. 

 To maximize reaction surface area, highly porous, nanostructured electrodes are 

fabricated to achieve intimate contact between gas-phase pores, the electrically conductive 

electrode, and the ion-conductive electrolyte. This nanostructuring is a deliberate attempt to 

maximize the total number of reaction sites in the fuel cell. In the fuel cell literature, these 

reaction sites are often called triple phase zones or triple phase boundaries (TPBs).[1] This 

name refers to the fact that the fuel cell reactions can only occur where the three important 

phases- electrolyte, gas, and electrically connected catalyst regions-are in contact. The TPB is 

where all the action occurs. A simplified schematic of the TPBs is shown in Fig. 4.1. 

 

Figure 4.1: Simplified schematic of electrode-electrolyte interface in a fuel cell, illustrating 
TPB reaction zones where catalytically active electrode particles, electrolyte phase, and gas 
pores intersect. 

 The second parameter, optimal catalyst material, is a function of the fuel cell chemistry 

and operating temperature, as previously discussed. The major requirements for an effective 

catalyst are as follows: (1) High mechanical strength. (2) High electrical conductivity. (3) 

Low corrosion. (4) High porosity. (5) Ease of manufacturability. (6) High catalytic activity.  

 Regardless of the type of catalyst, catalyst layer thickness is another variable that 
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requires careful attention. In practice, the thickness of most fuel cell catalyst layers is 

between 10 and 50 m. A thin layer is preferred for better gas diffusion and catalyst 

 support layer is called the 

ity 

can be achieved by the addition of proper ionomers which sticking to the surface may 

guarantee H+ or OH- mobility. Major drawbacks for carbon black based electrodes are 

mechanical stability and mass transport limitation. Mechanical stability hampers the use of 

such materials in the application where strong gas evolution occurs (e.g. electrolysis). The 

movement of carbon black structure has also been reported as one of the main causes for 

catalyst (usually noble metal particle) deactivation leading to the coalescence of catalyst 

particles. Carbon black electrodes also imply some mass transport limitation, especially when 

 the compact carbon layer electrode may be difficult limiting achievable 

current densities. Last we also mention the problem of corrosion which has also been 

 

utilization, while a thick layer incorporates higher catalyst loading and presents more TPBs. 

Thus, catalyst layer optimization requires a delicate balance between mass transport and 

catalytic activity concerns. 

 Usually, the catalyst layer is reinforced by a thicker porous electrode support layer. In a 

Proton Exchange Membrane Fuel Cells (PEMFCs), this electrode

gas diffusion layer (GDL). The GDL protects the often delicate catalyst structure, provides 

mechanical strength, allows easy gas access to the catalyst, and enhances electrical 

conductivity. Electrode supports typically range in thickness from 100 to 400m. As with the 

catalyst layer, a thinner electrode support generally provides better gas access but may also 

present increased electrical resistance or decreased mechanical strength. 

 At present most of commercial electrocatalysts are supported on carbon blacks. Carbon 

blacks show many desirable properties as support for electrocatalysts as electron conductivity, 

multiscale porosity (e.g. Poly Tetra Fluoro Ethylene, PTFE). Furthermore ionic conductiv

operated in liquid fed fuel cell (e.g. Direct Alcohol Fuel Cells, DAFCs). Indeed reactant 

diffusion trough

reported as cause of degradation for fuel cell performances. Corrosion of carbon based 

materials is somehow unavoidable especially when oxygen is present as it is driven by 

thermodynamic. Kinetic is albeit slow nevertheless for long term operation the problem 

cannot be neglected. A variety of materials have been proposed as substitute for carbon

blacks. Nanotechnology is strongly involved in the design and realization of new electrode 
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architecture capable of over coming at least a fraction of the problem linked to the use of 

carbon blacks. Here we show that nanotechnology can lead to true quantum leaps in a variety 

of electrochemical devices and processes. 

 DAFCs can deliver energy for portable application while the alcohols partial oxidation 

offers a synthetic strategy for the preparation of raw chemicals from biomasses. While Direct 

anoparticle motion, 

Methanol Fuel Cells (DMFCs) have been widely explored in the past, the same has not been 

for the DAFCs. This is mainly because ethanol electroxidation is more efficient in alkaline 

environment. Even if a wide variety of investigation has been performed on alcohol in the last 

five years, technology is not as mature as the methanol based systems. Main issues concerns 

with the power density and stability. Carbon support in polymer electrolyte fuel cells undergo 

severe corrosion phenomena resulting in losses of electrical contact between support and 

catalyst nanoparticle. They are also known to allow the catalyst n

favouring contact between them and ultimately producing coarsening Both effects are 

responsible for progressive loss of efficiency hampering the full exploitation of PEMFCs. 

 To overcome these issues a variety of alternative supports have been proposed [2]. 

Candidate materials need to have good electrical conductivity, mechanical, chemical and 

thermal stability. Material should also favor good dispersion of the catalyst. Furthermore, the 

structure has to be porous in order to guarantee the flow of the reactants and the ionic 

conductivity. [3] 

 The possibility of obtaining ordered arrays of titania nanotube by anodization of titanium 

alloys has been demonstrated and widely explored [4-6]. Nevertheless most of the investigation 

in electrocatalysis dealed with the production of TiO2 nanotube arrays on flat surface. These 

substrates are excellent for fundamental electrochemical investigations but are impractical for 

the application in fuel cells, mainly because it does not provide a porous structure to increase 

the reactant mobility and the ion conductivity. TiO2 nanotubes with powdery state were tested 

as support for electrocatalysts for the direct ethanol fuel cells. But no experience on the 

anodization of titanium cloth has been reported. 

 In this chapter we propose the use of a titanium cloth with an ordered anatase nanotube 

array on top as a support for nanostructured palladium electrocatalyst. Titania is known to 

have excellent chemical stability being also responsible for the corrosion resistance of 
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titanium and titanium alloys [7]. In our opinion this TNTA onto titanium cloth could be 

excellent materials as a support for electrocatalysis for two main reasons. First of all, titanium 

cloth shows macropores allowing the electrolyte to flow trough. Increasement in the surface 

area can be introduced by the formation of the nanotubes with variable diameter and length. 

Titania nanotubes favour the dispersion of the catalyst being also conductive. Secondly, 

titania has been demonstrated to reduce electrocatalyst nanoparticle coarsening via sintering. 

§§  44..22..  SSyynntthheessiiss  aanndd  CChhaarraacctteerriizzaattiioonn  ooff  33DD  TTNNTTAA

Substrate 

the 

  

 

 Titania nanotube arrays (TNTA) have been widely studied as they have nice catalyst 

dispersion, photocatalytic activity and chemical and mechanical stability. However, most of 

the investigations were performed on flat 1D substrates surface. These substrates are 

excellent for fundamental electrochemical investigations but are impractical for 

applications in fuel cells mainly because they do not provide a porous structure to increase 

the reactant mobility and the ion conductivity. In order to overcome the problem two types of 

3D structure titanium substrates with TiO2 nanotube arrays on top (TNTA-mesh and 

TNTA-web) were synthesized in this chapter. 

44..22..11  SSyynntthheessiiss  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  TTNNTTAA--mmeesshh

re the photography and SEM images of the 

  

 The synthesis of the TNTA-mesh is as follows: firstly, the titanium mesh substrate was 

washed by soap water, acetone, deionized water, and ethanol for 10-15 minutes of each. And 

then TiO2 nanotube arrays were synthesized on the titanium mesh surface by electrochemical 

anodization, at 60V for 1 hour @ room temperature in the solution of ethylene glycol 

containing 0.5 wt. % of NH4F, followed by the annealing, heated up to 400°C and then kept 

at this temperature for 30 min. Fig. 4.2 A & B a

titanium mesh, while Fig. 4.2 C & D are the TNTA-mesh. These images clearly show the 

morphology differences of the titanium mesh and TNTA-mesh. For titanium mesh, the color 

of the complete electrode surface is light gray (photography image inset picture A), the 
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surface is lightly rough but without specific structure on it. After the synthesis process, the 

titanium mesh transferred to TNTA-mesh. For TNTA-mesh, the color of the complete 

electrode surface is light blue (photography image inset picture C) and highly ordered TiO2 

nanotube arrays with 120nm internal diameter and 20 nm wall thickness standing on the 

surface. 

 

Figure 4.2: (A), (B), SEM images of the titanium mesh with different magnifications (inset 

TNTA-mesh electrode). 

photography image of the complete titanium mesh electrode). (C), (D), SEM images of the 
TNTA-mesh with different magnifications (inset photography image of the complete 

 The TNTA-mesh partly solve the problem of fuel solution diffusion. However, due to the 

large size of the holes on the surface, compared to the TNTA foil, the titanium mesh has less 

effective projected area which can be used for the growth of TiO2 nanotubes, and its 

conductivity is not sufficient to increase the amount of electrocatalyst loading. Thus, the other 

type of 3D structure, TNTA-web was synthesized and the corresponding synthesis details and 

characterization will be discussed in the following section.

A B

C DC 

C 
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44..22..22  SSyynntthheessiiss  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  TTNNTTAA--wweebb

.038 g/cm2). As shown in Fig. 4.3, the TNTA-web synthesis process includes 2 steps, 

the first step is the electrochemical polishing, which reacted in a two electrodes electrolytic 

cell, the titanium disk as the cathode electrode, the titanium web as the anode electrode (the 

distance between the cathode and anode electrodes is 2cm), and the 95 wt.% acetic acid + 5 

wt.% HClO4 as electrolyte, the electrochemical polishing potential is 60v for 10 seconds @ 

room temperature. 

  

 Titanium web is a kind of desirable 3D structure with the features of having a good 

permeability and a large specific surface area (0.3 mm layer thickness and mass density 

around 0

 

Figure 4.3: The fabrication processes of TNTA-web electrodes. TiO  nanotube arrays are 
fabricated on the titan

2

ium web surface by electrochemical polishing, anodization and 
annealing steps. 

 for 60 min @ room temperature.. 

 The second step is the electrochemical anodization and the annealing. The 

electrochemical anodization reacted in a typical two-electrodes cell, the titanium disk as the 

cathode electrode, the titanium web as the anode electrode (the distance between the cathode 

and anode electrodes is 2cm), and the 0.5 wt.% NH4F + 99.5 wt.% Ethylene Glycol (EG) as 

electrolyte, the electrochemical anodization potential is 60v
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The followed annealing was realized by heating up to 400C with an increasing heating rate 

of 2.5 C/min in the air atmosphere and then keeping at the temperature for 30 min.  

 images of titanium-web before (A), (B) and after (C), (D) electrochemical 
polishing treatment. 

 The two photography images shown in Fig. 4.3 are the complete electrodes of titanium 

web (top left) and TNTA web (top right). It is obvious that after the synthesis process, the 

TiO2 nanotube arrays were generated, which resulted in the color of the electrode surface 

changing from light gray to light violet. In order to further understand the physical 

characteristics of TNTA-web, SEM & XRD studies were performed on and runs through the 

entire TNTA-web preparation process.  

 

Figure 4.4: SEM

 Fig. 4.4 shows SEM images of titanium web before (A), (B) and after (C), (D) 

electrochemical polishing treatment. It can be observed that after the electrochemical 

polishing, the titanium web surface became smoother. As we know that the smoother surface 

helps to form TiO2 nanotube array with more homogenous size. 

A B

C D
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Figure 4.5: A-D, SEM characterization (with different magnifications) of the TNTA-web 
surface after a 20 min anodization at 60V set photography image of the complete 
TNTA-web electrode). 

 To help understand the process of nanotube formation, FE-SEM images of the surface of 

the samples anodized at 60V for different durations were taken and analyzed. As the 

anodization process begins the initial oxide layer [20], formed due to interaction of the surface 

Ti4+ ions with oxygen ions (O2-) in the electrolyte, is seen uniformly across the surface. The 

overall reactions for anodic oxidation of titanium can be represented as: 

presented by the following 

 (in

)2.4(22

22

TiOOTi   
)1.4(442 HeOOH  

 In the initial stage of the anodization process field-assisted dissolution dominates 

chemical dissolution due to the relatively large electric field across the thin oxide layer. Small 

pits formed due to the localized dissolution of the oxide, re

1m 

61nm

C D

A B
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reaction, act as pore forming centers: 

 As shown in the inset photography image in Fig. 4.5 A, after a 20 min anodization at 60V, 

the color of the TNTA web electrode surface changed to light violet. In Fig. 4.5 B & C, the 

cranny with 1 m thickness are found on the surface of the single wire of titanium web. From 

the high magnification SEM image which shows in Fig. 4.5D we can found out the pores 

have spread uniformly over the surface. The pore growth occurs due to the inward movement 

of the oxide layer at the pore bottom (barrier layer) due to Processes (4.1), (4.2), and (4.3).  

 The Ti4+ ions migrating from the metal to the oxide–electrolyte interface dissolve in the 

HF electrolyte. The rate of oxide growth at the metal–oxide interface and the rate of oxide 

dissolution at the pore-bottom–electrolyte interface ultimately become equal, and thereafter 

the thickness of the barrier layer remains unchanged although it moves further into the metal, 

making the pore deeper. Close examination of Fig. 4.5 C shows the formation of small pits 

with 40-60nm internal diameter in the inter pore regions, which eventually lead to pore 

 side view of the surface of a fully developed TiO2 nanotube array 

after anodizing the titanium web for 60 min at 60V are shown in Fig. 4.6 (A-D). Compared to 

)3.4(246 2
2

62 OHTiFHFTiO  
 

separation and tube formation. 

 A series of top and

the Fig. 4.5, the pores have become tubes by the removal of the oxide between the pores. The 

thickness of the tubular structure ceases to increase when the chemical dissolution rate of the 

oxide at the mouth of the tube (i.e., the surface) becomes equal to the rate of inward 

movement of the metal–oxide boundary at the base of the tube. 
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terization (with different magnifications) of the TNTA-web 
surface after a 60 min anodization at 60V (inset photography image of the complete 

ked surface with cylindrical 

nanotubes clumped together can be clearly observed (see Fig. 4.7 C & D). It is believed that 

the cracks are the result of surface stress originating during formation of the oxide films. 

 As the conclusion of the TNTA web synthesis, it was found that no self-organized pore or 

tubular structures are formed in the initial 20 min anodization. After 60 min anodization, 

well-ordered nanotube arrays are formed. With the 90 min anodization, the nanotubes clump, 

or lean together, presenting crack-like features readily apparent in the surface of titanium 

web. 

Figure 4.6: A-D, SEM charac

TNTA-web electrode). 

 Photograph and FE-SEM images of a titanium web after a 90 min anodization are shown 

in Fig. 4.7. From the inset photography image in Fig. 4.7 A, we can see that clearly, after the 

90 min anodization, a considerable number of titanium wires on the titanium web surface 

breaking due to excessive etching. The inhomogeneous crac

2m

102nm

A B

C D
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Figure 4.7: A-D, SEM characterization (with different magnifications) of the TNTA-web 
surface after a 90 min anodization at 60V (inset photography image of the complete 
TNTA-web electrode). 

 X-ray diffraction (XRD) technique was used to identify the phases of the as-anodized 

amorphous TNTA-web and the TNTA-web which is achieved by annealing. The XRD 

patterns were acquired at room temperature with a PANalytical X’PERT PRO diffractometer, 

employing CuKα radiation (λ = 1.54187 Å) and a parabolic MPD-mirror. The spectra were 

acquired in the 2θ range from 20 to 80°. The red line in Fig. 4.8 shows the XRD spectrum of 

a titanium web before electrochemical anodization. The predominant peaks observed in the 

msa ples at 2θ) 35.1° , 38.4°, 40.1°, 52.9°, 62.9°, 70.6°, 74.1°, 76.2° and 77.3° correspond to 

the (010), (002), (011), (012), (110), (013), (020), (112) and (021) reflections of titanium. 

Every reflection could be indexed according to JCPDS No. 98-007-1942. No other peaks are 

observed. 

A B

C D
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Figure 4.8: XRD analysis of TNTA-web (green line) and Ti-web (red line), A and T are 
anatase and metallic titanium, respectively. The anatase found in the electrode after the 
titanium nanotube array synthesized. 

anordized at 60V for 1 hour and then annealed in air atmosphere at 400 °C for 30 min. The 

 The dark green line shows the XRD spectrum of a TNTA-web sample electrochemically 

predominant peaks observed in the samples at 2θ) 25.3°, 36.8°, 37.7°, 38.5°, 47.9°, 53.7° and 

54.9° correspond to the (011), (013), (004), (112), (020), (015) and (121) reflections of 

titanium oxide anatase. Every reflection could be indexed according to JCPDS No. 

98-000-5228. No other peaks are observed except for titanium peaks originated from the Ti 

substrate. 

 After the TNTA-web electrode were synthesized successfully, Palladium NPs were 

deposited on TNTA-web by Plus Electrochemical Deposition (PED) and Chemical 

Deposition (CD), both of them will be discussed in the following sections 

. 



 CChhaapptteerr  44  

  115511  

§§  44..33..  PPrreeppaarraattiioonn  aanndd  aapppplliiccaattiioonn  ooff  PPdd//TTNNTTAA--wweebb  

by PED deposition  

44..33..11..  FFaabbrriiccaattiioonn  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  PPdd//TTNNTTAA--wweebb  bbyy  PPEEDD    

 Pd nanoparticles were electrochemical deposited on the crystallized TiO2 nanotube array 

standing on the top of TNTA-web by Plus Electrochemical Deposition (PED), using a 

conventional three-electrodes system comprising of a Saturated Calomel Electrode (SCE) 

reference electrode and a Titanium disk as the counter electrode. A mixed solution of 0.2 g 

PdCl2 + 0.60 mLHClO4 in 100 ml water was used as the electrolyte.  

 

 

electrode by Plus Electrochemical Deposition (PED) 

he Ion step, the deposition current was set to -25 mA for 50 ms, in order to deposit 

Fig. 4.10 (A-D) show different magnifications FESEM images of the as fabricated 

Pd/TNTA web electrode with 0.5 mg/cm2 Pd loading. It can be seen that the Pd nanoparticles 

are uniform over the entire TNTA-web substrate surface, and the average size of Pd 

nanoparticles are about 100nm. 

Ioff, toff 

…………………………………………  

Figure 4.9: Scheme of electrochemical fabrication of Pd nanoparticles on the TNTA-web 

 As shown in the Fig. 4.9, a typical Plus Electrochemical Deposition (PED) includes a 

square-wave current treatment with Ioff and Ion steps, which are repeated for several times. In 

the Ioff step, the working electrode (TNTA-web) subjected to 0A current for 1s in order to 

enable the electrochemical deposition electrolyte diffuse to the surface of the TiO2 nanotube 

arrays. In t

Pd nanoparticles on to the TNTA-web surface. The whole procedure was repeated until a 

desired amount of Pd was deposited on the TNTA-web electrode. After electrodeposition the 

samples were thoroughly rinsed with deionized water. 

 

Electrodedeposition Time 

Ion, ton 

t/s 

tED   / 
A

 
C

u
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Figure 4.10: (A)-(D), SEM characterization (with different magnifications) of the 

 One of the main challenges of electrochemical depositing high loadings Pd nanocatalyst 

2

2

Pd/TNTA-web surface with 0.5 mg/cm2 Pd loading by PED. 

in the TNTA-web substrate is that the bottom and the inner surface of the TiO  nanotube are 

less conductive than the entrance of the nanotubes, therefore diffusion makes electrochemical 

deposition at the bottom and on the inner surface of the nanotube less favorable than at the 

entrance of the nanotubes. This process results in a thick Pd nanoparticles layer deposited at 

the entrance of the nanotube and blocks the Pd nanoparticles deposition at the bottom and the 

on the inner surface, which makes the electrochemical activity surface area (EASA) of the 

Pd/TNTA-web easily reaches to a maximum when the Pd nanoparticles layer totally cover the 

entrance of the TiO  nanotube. 

 

 

 

(A) (B)

(C) (D)
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Figure 4.11: (A)-(D), SEM characterization (with different magnifications) of the 
Pd/TNTA-web surface with 2.0 mg/cm2 Pd loading by PED. 

 As shown in Fig. 4.11, when the Pd loading on the TNTA-web substrate increased from 

0.5 mg/cm2 to 2.0 mg/cm2 by PED, the entrance part of the TiO2 nanotubes were totally 

clogged, the subsequently electrochemical deposition continued on the previous Pd catalyst 

layer, which significantly increased the thickness of the catalyst layer, however, the active 

surface area of the Pd catalysts did not change. 

 To overcome this problem and fully take advantage of the nanotubular structures of TiO2, 

we employed the technique Electrochemical Milling and Faceting (ECMF). ECMF is a novel 

method for metal nanoparticles modification, by which large Pd NPs supported on TiO2 can 

be milled into many small NPs. The scheme of the ECMF technique is shown in Fig. 4.12. 

 

(A) (B)

(C) (D)
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Figure 4.12:  scheme of the Electrochemica lling and Faceting (ECMF) technique. 

 In order to show the different morphological and structural properties of Pd/TNTA-web 

samples after the electrochemical milling and faceting treatment, FE-SEM images of the 

surface of the different Pd loading Pd/TNTA-web samples after the ECMF treatment were 

taken and are shown in Fig. 4.13. (Pd loading is 0.5 mg/cm2) and Fig. 4.14 (Pd loading is 2.0 

mg/cm2). From the these Figures we can clearly see that, for both low and high Pd loading 

Pd/TNTA web electrodes, ECMF treatment is effective for the Pd nanoparticles size 

reduction. 

 

he 
Pd/TNTA-web surface with 0.5 mg/cm  Pd loading by PED and then ECMF treatment. 

 

 The l Mi

Figure 4.13: (A), (B), SEM characterization (with different magnifications) of t
2

(A) (B)
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Figure 4.14: (A)-(D), SEM characterization (with different magnifications) of the 
Pd/TNTA-web surface with 2.0 mg/cm2 Pd loading by PED and then ECMF treatment. 

 The performance of 2.0 mg/cm2 Pd loading Pd/TNTA web electrodes after ECMF 

treatment used as an anode electrode in the Direct Alcohol Fuel Cells (DAFCs) will be 

presented and discussed in the following section. 

 

 

 

 

 

 

(A) (B)

(C) (D)
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44..33..22  DDAAFFCC  aapppplliiccaattiioonn  ooff  PPEEDD  pprreeppaarreedd  PPdd//TTNNTTAA--wweebb  eelleeccttrrooddeess    

 The MEAs used for the active monoplanar DAFCs were realized as described in the 

experimental section, with the anode catalyzed by Pd/TNTA web before or after ECMF 

treatment (2.0 mg(Pd) cm-2), a Fe-Co/C cathode and a Tokuyama A-201 membrane.  

 

Figure 4.15: Potentiodynamic (scan rate: 5 mV/s) and power density curves of active DEFCs 
containing 2.0 mg/cm2 5 wt.% PED deposition Pd/TNTA-web electrodes in diff rent 
concentration fuel solution obtained in anode at 25C. 

nd the 

-2

) were delivered to the anode at 4 mL min-1, 

hile the oxygen flow was regulated at 200 mL min-1. Cell temperature was regulated at 25 

r 80 °C. The measurements performed at 25 °C are reported in Fig.4.15, and the 

easurements performed at 80 °C are reported in Fig.4.16.  

As shown in Fig. 4.15 and Fig.4.16, in both 25 °C and 80 °C, the 6M KOH + Ethanol 30 

t.% fuel solution gives the highest OCV (0.55V & 0.7V). The increasement of the OCV 

ssociats with the increasing coverage of the reactive Pd-OHads at higher KOH concentrations, 

which is similar to the literature [8]. Furthermore, the OCV continuously increases without 

e

 In order to found the relationship between the concentration of the fuel solution a

power output of the PED Pd/TNTA-web electrodes (2.0 mg(Pd) cm ), different concentrations 

of the fuel solution (water solution containing 2M KOH + Ethanol 10 wt.% , 4M KOH + 

Ethanol 20 wt.% and 6M KOH + Ethanol 30 wt.%

w

o

m

 

w

a
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reaching a maximum value when the KOH concentration increases from 2.0 mol L-1 to 6.0 

mol L−1, which is different from the change in the peak current. This is due to the fact that, at 

saturated even in the 6.0 mol L−1 KOH solution. 

lower potentials (close to the OCV), the adsorption of ethanol can be considered independent 

from the KOH concentration and is rarely blocked by the adsorption of the hydroxyl ions. In 

this potential region, the coverage of Pd-OHads is still rather small and far from being 

 

Figure 4.16: Potentiodynamic (scan rate: 5 mV/s) and power density curves of active DEFCs 
containing 2.0 mg/cm2 5 wt.% PED deposition Pd/TNTA-web electrodes in different 
concentration fuel solution obtained in anode at 80C. 

dsorbed ethoxy (C2H5O
-). As a 

 On the other hand, from the two figures we can also found that, the output peak current 

first increases as the ethanol and KOH concentration increases, however, when the ethanol 

concentration exceeds 20 wt.% and the KOH concentration exceeds 4mol L-1, the peak 

current starts to decrease. That’s because the increase in the KOH concentration leads to a 

higher coverage of the reactive Pd-OHads, which, as indicated in literature [21], facilitates the 

ethanol oxidation reaction (EOR) by the removal of the a

result, at higher KOH concentration, the adsorption of the hydroxyl ions is dominant on the 

Pd electrode, thereby blocks the adsorption of ethanol on the Pd electrode. Thus, the coverage 

of hydroxyl is excessive on the Pd electrode, while the coverage of ethoxy is insufficient. 

Such an imbalance in the coverage of the two adsorbates leads to a decrease in the peak 
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current, as mentioned above. Additionally, literature [22] and [23] suggest that the increase in 

the KOH concentration can also accelerate the formation of the Pd (II) oxide, which can 

further contribute to the decrease in the peak current at higher potential. 

 Due to the outstanding penetrability of the 3D structure TNTA-web substrate, the loading 

of the supported Pd catalysts can be increased by a simple superposed action. 

 

Figure 4.17: Potentiodynamic (scan rate: 5 mV/s) and power density curves of active DEFCs 
2 2 2

 Fig. 4.17 and Fig. 4.18 compare the potentiodynamic and power density curves obtained 

containing 2.0 mg/cm , 4.0 mg/cm  and 8.0 mg/cm  5 wt.% PED deposition Pd/TNTA-web 
electrodes in 2M KOH+Ethanol 10 wt.% fuel solution obtained in anodeat 25C. 

with active DEFCs realized with the anodes catalyzed by different Pd loading 5 wt.% 

Pd/TNTA web electrodes at both.  

 In both 25°C and 80°C anode temperature condition, the cell containing the 8.0 mg/cm2 5 

wt.% PED deposition Pd/TNTA-web electrodes exhibits a similar OCV (0.55 V at 25°C & 

0.65V at 80°C) and a higher peak power density (when Tanode is set at 25°C it gives 72 mW 

cm-2 at 0.16 V while when Tanode is set at 80°C is 214 mWcm-2 at 0.2V) compared to the cell 

containing the 4.0 mg/cm2 5 wt.% PED deposition Pd/TNTA-web electrodes (Tanode with 

25°C is 54 mW cm-2 at 0.2 V and with 80°C is 136 mWcm-2 at 0.18 V) and the cell 

containing the 2mg/cm2 5 wt.% PED deposition Pd/TNTA-web electrodes (Tanode with 25°C 

is 40.7 mW cm-2 at 0.16 V and with 80°C is 83 mWcm-2 at 0.15 V). 
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Figure 4.18: Potentiodynamic (scan rate: 5 mV/s) and power density curves of active DEFCs 
containing 2.0 mg/cm2, 4.0 mg/cm2 and 8.0 mg/cm2 5 wt.% PED deposition Pd/TNTA-web 
electrodes in 2.0 M KOH + Ethanol 10 wt.% fuel solution obtained in anode at 80C. 

 

Figure 4.19: Potentiodynamic (scan rate: 5 mV/s) and power density curves of active DEFCs 
containing 2.0 mg/cm2 5 wt.% Pd/TNTA-web electrodes before (green line) and after (blue 

 Fig. 4.19 compares the potentiodynamic and power density curves obtained with DEFCs 

at 25 °C realized with the anodes catalyzed by Pd/TNTA web electrode before (green line) 

and after (blue line) the ECMF treatment. The cell containing the 

line) ECMF treatment, both obtained in anode at 25C. 

Pd/TNTA web electrode 
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after ECMF treatment exhibits a similar OCV (0.52 V) and a higher peak power density (69 

mW cm-2 at 0.17 V) compared to the cell containing the Pd/TNTA web electrode before 

ECMF treatment as anode ( 41 mW cm-2 at 0.16V).  

 The performance obtained with DEFCs using Pd/TNTA web electrode before and after 

the ECMF treatment anodes and fuelled with a 2 M KOH and Ethanol 10 wt.% at 80 °C are 

reported in Fig. 4.20.  

 The cell containing the as ECMF treated Pd/TNTA web anode exibits a higher peak 

power density (158.7 mW cm-2 at 0.225 V) compared to the cell without ECMF treated 

Pd/TNTA web anode (83 mW cm-2 at 0.15 V). Notably, at 80 °C the power output of the cell 

with the as ECMF treated Pd/TNTA web anode increases nearly 2.3 times, from 69 mW cm-2 

at 25 °C to 158.7 mW cm-2 at 80 °C. 

 

Figure 4.20: Potentiodynamic (scan rate: 5 mV/s) and power density curves of active DEFCs 
containing 2.0 mg/cm2 5 wt.% Pd/TNTA-web electrodes before (green line) and after (blue 
line) ECMF treatment, both obtained in anode at 80C. 

method (PED + ECMF treatment) for the preparation of high Pd loading TNTA-web based 

 In conclusion, we reported a totally electrochemical deposition and post-treatment 

Pd nanoparticles, which were used in the DEFCs test and three points can be concluded as: (1) 

Considering the relationship between the concentration of the fuel solution and the power 

output of the PED Pd/TNTA-web electrodes (2 mg(Pd) cm-2), the 4M KOH + Ethanol 20 wt.% 
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fuel solution displays the highest output peak power density. (2) Due to the outstanding 

penetrability of the 3D structure TNTA-web substrate, the loading of the supported Pd 

catalysts can be increased by a simple superposed action and the output peak power density 

anoparticles modification and by which large Pd NPs supported on 

O

with large size observed located below those small size 

Pd nanoparticles. Thus, in the next section, we will introduce a chemical deposition method 

to deposite all Pd catalysts particles with small size (less than 10 nm). 

increases monotonically as the Pd loading increase. (3) From the SEM images and the 

corresponding potentiodynamic and power density curves, it is found that the ECMF is a 

effect method for Pd n

Ti 2 can be milled into many small NPs and their catalyst activity for ethanol 

electrooxidation increases significantly. 

 The average size of the as deposited Pd nanoparticles by PED (2.0 mg(Pd) cm-2) is more 

than 100 nm, althouth most of them can be reduced to less than 10 nm after ECMF treatment, 

there are still some Pd nanoparticles 
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§§  44..44..  PPrreeppaarraattiioonn  aanndd  AApppplliiccaattiioonn  ooff  PPdd//TTNNTTAA--wweebb

by Chemical Deposition 

44..44..11..  PPrreeppaarraattiioonn  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  PPdd//TTNNTTAA--wweebb  bbyy      

  

 

    CChheemmiiccaall  DDeeppoossiittiioonn

 introduced a chemical deposition method nemely 

2

2

 the reaction solution 

instead of onto the surface of the TiO2 nanotube arrays web substrate. Therefore, in this 

section, an improved chemical deposition method will be introduced, as illustrated 

schematically in Fig. 4.21.  

 During this chemical deposition process, the substrate was TNTA-web prepared by the 

electrochemical anodization at 60V for 1 hour, and then annealing at 400C for 30 min. The 

mixed solution of 0.3 g PdCl2 + 0.7 mL HCl (37%) + 1 mL Ethylene Glycol + 50 mL water 

was the chemical deposition solution. The drying temperature of the air oven was 80C, the 

reducing agent is the ice cold 0.05 g/50ml NaBH4 aqueous solution. 

 A typical improved chemical deposition experiment included 3 steps of works as shown 

in Fig. 4.21. Firstly, 0.2ml of the chemical deposition solution was added to the surface of the 

TNTA-web substrate drop by drop. This volume of deposition solution was completely 

adsorbed by the TNTA-web substrate without leakage. And then, the sample fully adsorbed 

the chemical deposition solution was put into an air atmosphere oven at 80 °C until it was 

totally dried. The above two steps was repeated for several times until a desired amount of 

deposition solution was fully adsorbed into the TNTA-web substrate. After that, the dried 

sample was cooled to 0°C and then was immersed into the ice cold NaBH4 reducing agent for 

12 hours reduction, after which the sample was thoroughly rinsed with deionized water and 

    

 In the previous chapter, we already

Sequential Chemical Bath Deposition (S-CBD) for Palladium nanoparticles deposited onto 

the TiO2 nanotube arrays disk. By which it is possible to deposited low loading (22 g/cm ) 

Pd nanoparticles (with 35 nm average size) on the TiO2 nanotube arrays disk.  

 However, it is difficult to increase the Pd loading to 2.0 mg/cm  because the S-CBD 

prefers to reduce the Pd nanoparticles from the palladium salt into
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the preparation of high Pd loading Pd/TNTA web electrode was finished. 

 

PdCl2 solution was droped on the TNTA-web electrode surface by a pipette. (2) The 
TNTA-web with Pd salt solution was dried in the air at 80C for 6 hours. (3) The dried 

4

Figure 4.21: The 3 steps process of Pd/TNTA-web electrodes preparation: (1) Quantitative 

sample was reduced in 0.05 g/50ml NaBH  aqueous solution for 12 hours. 

 Compared to the unimproved S-CBD method, the main improvements of this new 

method are as follow, by the continuous cycle dropwise and dried process, a dried high 

concentration of the Palladium salt layer formed which strongly sticked on the TNTA-web 

substrate surface. This phenomenon and the following long time softly reduction in the cold 

and dilute NaBH4 reducing agent ensured most of those reduced Pd nanoparticles deposit on 

the TNTA-web substrate rather than into the NaBH4 reducing agent. Except to the 

concentration and temperature of the reducing agents, the composition of the deposition 

solution also played a very important role in controlling the size distribution of the as 

deposited Pd NPs. 
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Figure 4.22: SEM characterization of the Pd/TNTA-web surface with 2.0 mg/cm2 Pd loading 
by chemical deposition with different EG additive contents. (A), (B), without EG additive; (C), 
(D) with excess EG additive. 

sting, when EG is 

added into the deposition solution, the size of as deposited Pd nanoparticles is significantly 

 As can be seen in Fig. 4.22 (A, B), when the deposition solution is without EG additive, 

the size of the as deposited Pd nanoparticles is large, around 100 nm. Intere

reduced to less than 10 nm, as shown in Fig. 4.22 (C, D). In the experiment process we also 

found out that, when an excess of EG was added into the deposition solution, due to the 

difficult evaporation of EG, it made the as dry deposition solution in the form of colloid, 

which was not able to integrate with the substrate surface of TNTA-web strongly and resulted 

in a large number of the as deposited Pd nanoparticles shedding from the TNTA web surface, 

limited the effective increment of the catalyst loading. 

 

 

 

(A) (B)

(C) (D)
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Figure 4.23: (A)-(D), the different magnifications SEM characterization of the Pd/TNTA-web 
surface with 2.0 mg/cm2 Pd loading by chemical deposition with 2% volume ratio EG 
additive content. 

 The best EG addition ratio was 2% by volume ratio. Fig. 4.23 shows the prepared 2.0 

mg/cm2 Pd loading pd/TNTA-web catalyst, using 0.06 g PdCl2+0.14 ml HCl + 0.2 ml EG and 

constant volume in 10 ml Volumetric Flask. As it can be seen in Fig. 4.23 (B, D), the Pd NPs 

homogeneously distributes in the inner and outer surfaces of the TNTA-web with uniform 

size of about 12 nm,. 
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Figure 4.24: (A)-(D), the different magnifications TEM and HRTEM characterization of the 
Pd/TNTA-web surface with 2.0 mg/cm2 Pd loading by chemical deposition. 

 Fig. 4.24 (A)-(D) show different magnifications TEM and HRTEM images of as 

(Pd)

o identify the composition of the phases and to estimate the average 

imension of the as deposited Pd/TNTA web electrodes and the Pd/Carbon NCs, which is 

own in Fig. 4.25. The mean crystallite size, calculated applying Scherrer’s equation to the 

02) reflection of Pd, is 6.1 nm for Pd/Carbon sample, and 12.4 nm for Pd/TNTA-web 

mple. These data are in good agreement with the above SEM, TEM and HRTEM 

bservations of the Pd/TNTA web catalysts (Pd/Carbon data show below). 

prepared Pd/TNTA-web catalyst (2.0 mg  cm-2) by chemical deposited with 2% volume 

ratio EG additive content. Images A, C, D are the top surface view TEM and the 

corresponding HRTEM images of the Pd-TNTA/web electrodes. Fig. 4.24 B is the cross 

section view TEM image of the Pd/TNTA-web electrode.  

 XRD was used t

d

sh

(0

sa

o

 

A B

C D
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Figure 4.25: (A), XRD patterns comparison of the Pd/TNTA web electrode (2.0 mg(Pd) cm-2) 
and Pd/Carbon electrode (2.0 mg(Pd) cm-2). (B) The magnification of the 2θ = 42-50° range. 

 X-Ray Photoelectron Spectroscopy (XPS) measurements were performed with a PHI 

Quantum 2000 XPS system (Physical Electronics, Inc. USA) using Al Kα (1486.6 eV) 

radiation to determine the composition of the as deposited Pd/TNTA web electrode. 

 

F
high-r

igure 4.26: (A) XPS survey spectra of 5 wt.% Pd/TNTA-web electrode (2.0 mg(Pd) cm-2). (B) 
esolution XPS spectra of the O 1s, (C) Ti 2p, (D) Pd 3d region of the XPS spectrum. 

A B 
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 The base pressure in the analysis chamber was of the order of 5 × 10−8 Torr during data 

collection. The invariance of the peak shapes and widths at the beginning and at the end of 

the analyses ensured absence of differential charging. Analyses of the peaks were performed 

with the software provided by PHI Quantum, the binding energy values are quoted with a 

precision of ±0.15 eV and the atomic percentage with a precision of ±10%.  

 The high-resolution XPS spectra of the as deposited Pd/TNTA web electrode are shown 

in Fig. 4.26, which shows that the Pd(0) NPs were deposited on the TiO2 nanotube web 

surface by chemical and the valence of the TiO2 nanotube web substrate was not changed 

during the Pd nanoparticles synthesis process. 

44..44..22..  SSyynntthheessiiss,,  CChhaarraacctteerriizzaattiioonn  aanndd  AAccttiivviittyy  CCoommppaarriissoonn  ooff  PPdd//CC  

    NNaannooccaattaallyysstt  

 

 

 Different Pd loading Carbon black supported Pd nanocatalyst (5 wt.% Pd/C and 20 wt.%

Pd/C was synthesized as described in the literature [9].  

Figure 4.27: (A), (B), SEM, (C), TEM and (D), HRTEM images of 5 wt.% Pd/C catalyst. 

A B

C D
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 5% Pd/C: Vulcan XC-72 (5.94 g) was sonicated for 20 min in a 500 mL three-necked 

round-bottomed flask containing ethylene glycol (250 mL). An aqueous solution (50 mL) 

obtained by treatment of PdCl2 (0.6 g, 3.38 mmol) with 6 mL HCl (37 % w/w) was added 

dropwise to the resulting dispersion under stirring. After that, a solution of NaOH (5.1 g) in 

product was dried at 40 °C under vacuum to 

 

Figure 4.28: (A), (B), SEM and (C), (D), TEM images of 20 wt.%Pd/C catalyst. 

 20% Pd/C: Vulcan XC-72 (5.94 g) was sonicated for 20 min in a 500 mL three-necked 

water (10 mL) was introduced into the reactor, which was then heated to 140 °C under a 

nitrogen atmosphere. After 3 hours, the reaction mixture was allowed to cool to room 

temperature and the solid product was filtered off under nitrogen atmosphere and washed 

with distilled water to neutral pH. The final 

constant weight. Yield: 5.8 g. Inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) analysis: Pd 5.2 wt.%. The SEM, TEM and HRTEM characterization of the as 

prepared 5.2 wt.% Pd/C catalysts are shown in Fig. 4.27. 

A B

C D
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round-bottomed flask containing ethylene glycol (250 mL). 50 mL aqueous solution obtained 

by treatment of PdCl2 (2.4 g, 13.52 mmol) with 6 mL HCl (37 % w/w) was added dropwise to 

the resulting dispersion with stirring. After that, a solution of NaOH (5.1 g) in water (10 mL) 

was introduced into the reactor and then heated to 140 °C under a nitrogen atmosphere. After 

3 hours, the reaction mixture was allowed to cool to room temperature and the solid product 

was filtered off under nitrogen atmosphere and washed with distilled water to neutral pH. The 

final product was dried at 40 °C under vacuum to constant weight. ICP-AES analysis shows 

Pd was 20 wt.%. The corresponding SEM, TEM characterization of the as prepared 20 wt.% 

Pd/C catalysts are shown in Fig. 4.28. 

 

Figure 4.29: The home-made oxygen-breathing DEFC used in this work. (A) Complete view. 
(B) Top view showing the anode compartment. (C, D) Exploded view showing the details of 
the MEA. 

 Different Pd loading density carbon black support Pd Catalysts (5 wt.% Pd/C and 20 

wt.% Pd/C) were tested in the home-made, passive oxygen-breathing DAFC (Fig. 4.29).  

th gold. The 

volume of the anode compartment is ca. 20–25 mL which fill with 13–15 mL available fuel 

 The device is made of Plexiglas with the electricity collectors plated wi

solution. The anode is consider with a 5.13 cm2 nickel foam plate, onto which deposited with 

A B

C D
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the appropriate amount of catalytic ink. This is prepared by dispersing the solid catalyst 

(Pd/Carbon) in the minimum amount of water without binder. The cathode (catalyzed carbon 

cloth) was provided by ACTA S.p.A. The membrane-electrode assembly (MEA) is obtained 

by mechanically pressing anode, cathode and membrane, while silicone–rubber gaskets are 

employed to seal the system. 

 In order to avoid any possible contamination of the alkaline anode solution by carbonate 

ions formed upon reaction with atmospheric CO2, the DEFCs were positioned inside a 

home-made plexi-glass dry-box where the anode compartment was maintained all the way 

under a static nitrogen atmosphere, while the cathode was exposed to either air or an oxygen 

flow. 

 

Figure 4.30: Potentiodynamic (scan rate: 5 mV/s) and power density curves provided by 

 The MEAs used for the passive monoplanar DEFCs were realized as described in 

er 

oxygen-breathing DAFCs, which containing the 5 wt.% and 20 wt.% Pd/C electrodes (2.0 
mg(Pd) cm-2), and fuelled with 2.0 M KOH solution of ethanol (10 wt.%), at 20–22C. 

experimental section, with the anode catalyzed by 5 wt.% Pd/C or 20 wt.% Pd/C, Fe-Co/C as 

cathode and a Tokuyama A-201 anion exchange-membrane. The potentiodynamic and pow

density curves obtained with Ethanol 10 wt.% in 2M KOH solution at room temperature 

(20-22 °C) are reported in Fig. 4.30. 

 From a perusal of such curves one may readily appreciate that the cell with the 20 wt.% 
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Pd/C electrocatalyst exibits a considerably higher OCV (0.59V vs 0.52V) and peak power 

density (27.8 mW cm-2 at 0.24 V) compared to the cell containing the 5 wt.%Pd/C 

electrocatalyst as anode (23.9 mW cm-2 at 0.18 V). Thus, the 20 wt.% PdC was choosen to 

make a comparison with the as deposited Pd/TNTA-web electrodes in the Fuel Cell test 

system, which will be presented and discussed in the following section. 

44..44..33..  PPdd//CC  vvss  PPdd//TTNNTTAA  wweebb  tteesstt  iinn  AAccttiivvee  DDEEFFCC  

  

Figure 4.31: Exploded diagram of the active DEFCs. 

 The active fuel cell system was purchased from Scribner-Associates (USA) with a 25 

cm2 fuel cell fixture and an effective electrode area of 1 cm2 and was modified in our 

odes or 

laboratory with titanium end plates to tolerate the alkaline conditions. The MEA was 

fabricated by mechanically pressing anode (nickel foam for Pd/Carbon electr

Pd/TNTA web electrodes), cathode (carbon cloth) and Tokuyama A-201 alkaline exchange 

membrane, see Fig. 4.31. 

 

CCaatthhooddee  

AAnnooddee  FFuueell::  KKOOHH  ++  EEttOOHH  

ssoolluuttiioonn  

OO22  aaiirrffllooww  
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Figure 4.32:(A), Photography and SEM images of Pd/TNTA web electrodes and (B) 
Photography and SEM images of Pd/C electrodes, as an anode electrode in the active DEFCs 
test sys

 When using the carbon supported Pd electrode as the anode, a dense anode ink was 

prepared by mixing the powdered catalyst with a aqueous dispersion of PTFE to produce a 

binder loading of 20 wt.%. As a general procedure, an identical amount of the resulting paste 

was spread onto two identical Ni-foam plates. One of these was used almost immediately to 

fabricate the MEA, the other was dried onstant weig ative 

determination of the Pd loading, which was ca. 2 or 8 mg cm-2 in different cases, see Fig. 

.32 B. 

de as the anode, 6 pieces of Pd/TNTA 

web electrodes with 1 cm2 in size, which were prepared at the same time, and all of them with 

ill be used for the quantitative determination of the Pd loading, 

hich was ca. 1.7 mg cm-2, see Fig. 4.32.A. 

 The fuel, a water solution containing 10 wt.% of Ethanol in 2 M KOH, was delivered to 

the anode at 4 mL min-1 rate; the oxygen flow was regulated at 200 mL min-1. The entry 

tem. 

until c ht for the quantit

4

 While using the TNTA-web supported Pd electro

the same binder Pd loading which is 2.0 mg/cm2, the mass density of a single TNTA-web 

electrode is around 0.0386g/cm2. So with 2.0 mg/cm2 Pd loading, the catalyst mass density is 

5 wt.%. One of these will be test by itself for the active DEFCs as the 2mg/cm2 Pd loading 

Pd/TNTA-web anode electrode. The other 4 will be stacked up and test together for the active 

DEFCs as the 8mg/cm2 Pd loading Pd/TNTA-web anode electrode. And the remaining one 

Pd/TNTA web electrode w

w

11  XX  PPdd//TTNNTTAA--wweebb  ((PPdd  22mmgg//ccmm22))  

44  XX  PPdd//TTNNTTAA--wweebb  ((PPdd  88mmgg//ccmm22))  

A 

TThhiinn  PPdd//CC  ((PPdd  22mmgg//ccmm22))  

TThhiicckk  PPdd//CC  ((PPdd  88mmgg//ccmm22))  

B
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temperatures of the fuel and of the oxygen gas were regulated at the desired temperature and 

the ef perature under working c ined by an appropriate 

sensor positioned inside the end plate at the cathode side. 

44..44..33..11  AAccttiivvee  DDEEFFCC::  PPdd//TTNNTTAA--wweebb  vvss..  PPdd//CC  aannooddeess  ((22..00  mmgg((PPdd))    

      ccmm--22))  

 ic, power density curves and the galvanostatic 

curves at 25 °C obtained with active DEFCs realized with the anodes catalyzed by 1 piece of 

perusal of such curves one may readily appreciate that the cell with the 5 wt.% 

2

2 -2

-2

idation. The other possibility is that the catalysts substrate (carbon black) is oxidized 

urrent density it can provide at the same time, 

 

fective cell tem onditions was determ

Fig. 4.33 compares the potentiodynam

5 wt.% Pd/TNTA web and 20 wt.% Pd/C anodes (2.0 mg(Pd) cm-2).  

 From a 

Pd/TNTA-web electrocatalyst exibits a considerably higher peak current density (0.64A cm  

vs 0.41A cm ) and peak power density (0.078W cm  at 0.17 V) compared to the cell 

containing the 20 wt.% Pd/C electrocatalyst as anode (0.065 W cm  at 0.02 V). Usually, the 

current density is restricted and the power density drops fast attributed to the decline of the 

catalysts activity performance. That implies two reasons, one is the surface of the Pd catalyst 

is oxidized during the high current discharge therefore loses the activity to the ethanol 

electroox

hence loses the electric conductivity during the high current discharge. This is a crucial point 

as it indicates that the use of the Pd/TNTA web containing electrocatalyst not only leads to an 

important increase in the fuel cell efficiency, and also leads to a better stability toward the 

large-current discharge. 

 In addition, it should be point out that, the cell containing the 20 wt.% Pd/C 

electrocatalyst exibiths a higher OCV (0.88 V vs 0.78V), which could be attributed to the 

carbon black substrate having better electric conductivity than the TNTA-web substrate 

before they are oxidized. However, even the 20 wt.% Pd/C exhibited higher OCV compared 

to the Pd/TNTA web, due to the very low c

there is no much difference of the powdensity output at the primary stage between the 20 

wt.% Pd/C and the 5% Pd/TNTA-web. 
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Galvanostatic curves (at 50 mA cm ) and the corresponding power density curves of the 
em contain the 5 wt.% Pd/TNTA-web (2.0 mg(Pd) cm-2) (black line) 

KOH and ethanol (10 wt.%) solution at 25 °C. 

From Fig 4.33 B we can see that clearly, when the Pd/TNTA web electrode was used as 

Figure 4.33: (A) Potentiodynamic (scan rate: 5 mV/s) and power density curves (B) 
-2

active DEFCs, both of th
and 20 wt.% Pd/C (2.0 mg(Pd) cm-2) (red line) anode electrocatalysts and fuelled with 2.0 M 

 This point is even more evident when one examines the behavior of the energy releasing 

process during the galvanostatic curves (Fig. 4.33B). Galvanostatic experiments were 

performed at 25℃ on the active DEFCs where the fuel, a water solution containing 10 wt.% 

ethanol in 2 M KOH, was delivered to the anode at 4 mL min-1, while the oxygen flow was 

regulated at 200 mL min-1.  

 

B 

A 
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the anode, after a conditioning time of 1 h at the OCV of 0.4 V, the cell was allowed to 

provide a constant current density of 50 mA cm-2 for more than 70 h showing a 50% decay of 

the cell voltage (the black line in Fig. 4.33 B). However, when the Pd/C electrode was used as 

the anode, the cell was allowed to provide a constant current density of 50 mA cm-2 for about 

42 h with a 90% decay of the cell voltage.  

Galvanostatic curves (at 200 mA cm ) and the corresponding power density curves of the 

 (red line) anode electrocatalysts and fuelled with 2.0 M KOH 
and ethanol (10 wt.%) solution at 80 °C. 

 

Figure 4.34: (A) Potentiodynamic (scan rate: 5 mV/s) and power density curves (B) 
-2

active DEFCs, both of them contains the 5 wt.% Pd/TNTA-web (2mg(Pd) cm-2) (black line) and 
20 wt.% Pd/C (2mg(Pd) cm-2)

B

A 
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 As shown in Fig. 4.34 A and B, series of similar performances also were observed when 

the anode temperature increased to the 80℃.  

 Fig. 4.34 A compares the potentiodynamic and power density curves at 80 °C obtained 

with active DEFCs realized with the anodes catalyzed by 5 wt.% Pd/TNTA-web and 20 wt.% 

Pd/C (2.0 mg(Pd) cm-2) which fuelled with a 2 M KOH and ethanol 10 wt.%. The cell with the 

5 wt.% Pd/TNTA-web electrocatalyst exibits a almost two times higher peak current density 

(1.4A cm-2 vs 0.55A 2) and peak power density (0.21W cm-2 at 0.22 V) compared to the 

cell containing the 20 wt.% Pd/C electrocatalyst as anode (0.1W cm-2 at 0.33V). 

 Notably, at 80 °C the power output of the cell with Pd/TNTA-web increases nearly 2.7 

times if compared to the power output of the cell at 25 °C, from 0.078 W cm-2 at 25 °C to 

0.21 W cm-2 at 80 °C, and the current density increases nearly 2.2 times, from 0.64 A at 25 °C 

to 1.4 A at 80 °C. However, at 80 °C the power output of the cell with Pd/C increases only 1.5 

times if compared to the power output of the cell at 25°C, from 0.065 W cm-2 at 25 °C to 0.1 

W cm-2 at 80 °C, and the current density increases only 1.3 times, from 0.41 A at 25 °C to 

0.55 A at 80 °C. 

 From the shape of the potentiodynamic and the power density curve at 80°C, we can also 

see that, at the cell with Pd/C as the anode, the limited situation of the peak current density 

and the output power density become more obviously, which implies that the surface of the 

Pd catalyst is oxidized more and also the catalysts substrate (carbon black) is oxidized more 

during the high current discharge at high anode temperature. On the other hand, the still 

perfect shape of the potentiodynamic and the power density curve and the much better peak 

current density and the peak output power density at 80°C with Pd/TNTA-web as the anode, 

indicates that the use of the Pd/TNTA-web containing electrocatalyst leads to an important 

increase in the fuel cell efficiency and stability. 

 This point is even more evident when one examines the behavior of the energy releasing 

process during the galvanostatic curves (Fig. 4.34B). Galvanostatic experiments were 

 From Fig. 4.34 B we can see that clearly, when the Pd/TNTA web electrode was used as 

cm-

performed at 80℃ on the active DEFCs where the fuel, a water solution containing 10 wt.% 

ethanol in 2 M KOH, was delivered to the anode at 4 mL min-1, while the oxygen flow was 

regulated at 200 mL min-1.  
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the anode, after a conditioning time of 1 h at the OCV of 0.45 V, the cell was allowed to 

provide a constant current density of 200 mA cm-2 for more than 100 h showing a 77% decay 

of the cell voltage (the black line in Fig. 4.33 B). However, when the Pd/C electrode was used 

as the anode, the cell was allowed to provide a constant current density of 200 mA cm-2 for 

about 10 h with a 100% decay of the cell voltage. 

44..44..33..22  AAccttiivvee  DDEEFFCC::  PPdd//TTNNTTAA--wweebb  vvss..  PPdd//CC  AAnnooddeess  ((88  mmgg((PPdd))    

      ccmm--22))  

 Fig. 4.35 compares the potentiodynamic and the power density curves at 25 °C obtained 

with active DEFCs realized with the anodes catalyzed by 4 pieces of 5 wt.% Pd/TNTA web 

and 20 wt.% Pd/C anodes (8mg(Pd) cm-2). 

 

Figure 4.35: Potentiodynamic (scan rate: 5 mV/s) and power density curves of active DEFCs 
containing the 5 wt.% Pd/TNTA-web (8mg  cm-2) (black line) and 20 wt.% Pd/C (8mg  
m-2

n  (0.117 W cm-2 at 0.2 V) compared to the cell containing the 20 

(Pd) (Pd)

c ) (red line) anode electrocatalysts and fuelled with 2.0 M KOH and ethanol (10 wt.%) 
solution at 25 °C. 

 From a perusal of such curves one may readily appreciate that the cell with the 5 wt.% 

Pd/TNTA-web electrocatalyst exibits a higher peak current density (0.88A cm-2 vs 0.62A 

cm-2) and peak power de sity
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wt.% Pd/C electrocatalyst as anode (0.112 W cm-2 at 0.23 V).  

 The series of similar performances are also observed when the anode Pd loading 

increased to 8mg/cm2, for example, as we discuessed before, the output current density was 

restricted and the power density fast drop attributed to the decline of the catalysts activity 

performance. It implies that compared to the Pd/TNTA-web, the surface of the as deposited 

Pd catalyst and also the catalysts substrate (carbon black) is easily been oxidized during the 

ses 

e e ect c c ity during the high current discharge.  

 Moreover, if we peruse the potentiodynamic and the power density curves carefully, we 

k power density and peak current density increases 

with increasing the Pd loading, which implies that the higher Pd loading improves the 

situation of the Pd oxidization during the high current discharge due to the higher Pd loading 

and provides larger Pd electrochemical activity surface area. 

 On the other hand, we can also found out that, the higher Pd loading leads to the peak 

potential shift negatively. For example, in the red line of Fig. 4.33A, the potentiodynamic 

curve is monotonically increasing, and the increase rate slowdown which due to the Pd 

oxidation formed and the carbon black substrate been oxidized. However, in the red line of 

Fig. 4.35, we can see that the potentiodynamic curve monotonically increases until the 0.15V, 

and after that decreases fast, since the Pd loading increase already ameliorate the Pd 

oxidation situation, the potentiodynamic curve decrease is more likely due to the mass 

transfer limitation, which situation becomes even worse because with the Pd loading increase, 

tuation of the fuel solution mass transfer limitation is not observed in the 

released process during the galvanostatic curves (Fig. 4.36). Galvanostatic experiments were 

high current discharge, thus loses the activity to the ethanol electrooxidation and also lo

th l ri onductiv

can also find some differences between the (2.0 mg(Pd) cm-2) Pd/C electrode (red line in Fig. 

4.33A) and the (8.0 mg(Pd) cm-2) Pd/C electrode (red line in Fig. 4.35).  

 On one hand, we can find that the pea

the thickness of the catalyst coating increase 4 times, and that adverse impact on the fuel 

solution mass transfer.  

 The similar si

Pd/TNTA-web, mainly because the TNTA-web substrate have 3D open macropores structure 

allowing the electrolyte to flow thoroughly, which avoids the problem of the mass transport 

limition. This point is even more evident when one examines the behavior of the energy 
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performed at 25℃ on the active DEFCs where the fuel, a water solution containing 10 wt.% 

ethanol in 2 M KOH, was delivered to the anode at 4 mL min-1, while the oxygen flow was 

regulated at 200 mL min-1. 

 

Figure 4.36: Galvanostatic curves (at 50 mA/cm2) and the corresponding power density 
curves of the active DEFCs, containing the 5 wt.% Pd/TNTA-web (8mg  cm-2) (black line) 

ode, after the first 10 hours fast decrease of the cell voltage, the 

(Pd)

and 20 wt.% Pd/C (8mg(Pd) cm-2) (red line) anode electrocatalysts and fuelled with 2.0 M 
KOH and ethanol (10 wt.%) solution at 25 °C. 

 From Fig. 4.36 we can see that clearly, when the Pd/TNTA web electrode was used as the 

anode, after a conditioning time of 1 h at the OCV of 0.53 V, the cell was allowed to provide 

a constant current density of 50 mA cm-2 for more than 140 h showing a modest 23% decay 

of the cell voltage (black line Fig. 4.36). However, when the 20 wt.% Pd/C electrode was 

used as the anode, the cell was allowed to provide a constant current density of 50 mA cm-2 

for about 120 h with a 71.4% decay of the cell voltage (red line Fig. 4.36). 

 If we peruse the galvanostatic curves carefully, we can found that, when the Pd/TNTA 

web was used as the an

galvanostatic curve enters the stable period, in which the cell voltage only decays 10% during 

the 130 h constant current density discharge at 50 mA cm-2 at 25 °C. While when the 5 wt.% 

Pd/C was used as the anode for the constant current density discharge at 50 mA cm-2 at 25 °C, 

after the first 5 hours fast decrease of the cell voltage, the galvanostatic curve enters the 
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relatively stable period, in which the cell voltage decays 43% during the 100h, and followed 

by a fast following channel, in which the cell voltage decays 48% during the last 15 hours. 

The fast following of the cell voltage is mainly due to the combined effects of the Pd catalyst 

and the carbon substrate oxidization together with the fuel solution mass transport limitation. 

 

Figure 4.37: Potentiodynamic (scan rate: 5 mV/s) and power density curves of active DEFCs 
containing the 20 wt.% Pd/C anode electrocatalysts (8mg  cm-2) and fuelled with 2.0 M 
KOH and ethanol (10 wt.%) solution at 25 °

(Pd)

C. (Red line) fresh Pd/TNTA-web electrode 
before galvanostatic test and (Green line) Pd/TNTA-web electrode after galvanostatic test at 

-2

2 ethanol (10 wt.%) 

discharge current density) at the OCV of 0.8 V and during this relax process the fresh 10 

50 mA/cm2 for 120 hours. 

 In Fig. 4.37, we compared the potentiodynamic and the power density curves at 25 °C 

obtained with active DEFCs realized with the anodes catalyzed by the as deposited (8.0 mg(Pd) 

cm ) 20 wt.% Pd/C anodes (red line) and the same Pd/C anode after the galvanostatic test at 

50 mA cm-  for 120 hours (green line), which fuelled with 2M KOH and 

solution. We can clearly see that the output peak current density is only 68% left (0.43 A vs 

0.63 A), and the output peak power density is only 46.3% left (0.052 W at 0.16 V vs 0.112 W 

at 0.23 V) 

 One detail must be point out is that, in order to reduce the Pd oxidation layer formed 

during the galvanostatic process and enable the fresh fuel solution to diffuse through the Pd/C 

anode, the Pd/C anode after the galvanostatic test is following a relax time of 1 hour (without 
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wt.% ethanol +2 M KOH solution contineously flew through the anode surface. However, 

from the Fig. 4.37 we can see that the peak current density and the peak power density of the 

Pd/C anode after the galvanostatic test is still very low, that means the activity performance 

drop observed on the Pd/C anode is not easy to be repaired by the single relax process. 

 

Figure 4.38: Potentiodynamic (scan rate: 5 mV/s) and power density curves of active DEFCs 
containing the 5 wt.% Pd/TNTA-web anode electrocatalysts (8mg(Pd) cm-2) and fuelled with 
2.0 M KOH and ethanol (10 wt.%) solution at 25 °C. (Black line) fresh Pd/TNTA-web 
electrode before galvanostatic test and (Green line) Pd/TNTA-web electrode after 
galvanostatic test at 50 mA/cm2 for 140 hours. 

see that the output peak current density is still 91% left (0.8 A vs 0.88 A), and the 

 In the Fig. 4.38, we compare the potentiodynamic and the power density curves at 25 °C 

obtained with active DEFCs realized with the anodes catalyzed by the as deposited (8.0 mg(Pd) 

cm-2) 5 wt.% Pd/TNTA-web anodes (black line) and the same Pd/TNTA-web anode after the 

galvanostatic test at 50 mA/cm2 for 140 hours (green line), which fuelled with 2M KOH and 

ethanol (10wt.%) solution. The Pd/TNTA-web anode after the galvanostatic test is following 

a relax time of 1 hour at the OCV of 0.55 V with the fresh fuel solution flowing through. We 

can clearly 

output peak power density is still 88.9% left (0.104 W at 0.188 V vs 0.117 W cm-2 at 0.2 V).  
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Galvanostatic curves (at 200 mA/cm2) and the corresponding power density curves of the 
active DEFCs, both of them contain the 5 wt.% Pd/TNTA-web (8mg(Pd) cm-2) (black line) and 

(Pd)
-2

and ethanol (10 wt.%) solution at 80 °C. 

 Fig. 4.39 A compares the potentiodynamic and power density curves at 80 °C obtained 

with active DEFCs realized with the anodes catalyzed by 5 wt.% Pd/TNTA-web and 20 wt.% 

Figure 4.39: (A) Potentiodynamic (scan rate: 5 mV/s) and power density curves (B) 

20wt.% Pd/C (8mg  cm ) (red line) anode electrocatalysts and fuelled with 2.0 M KOH 

d/C (8.0 mg(Pd) cm-2) which fuelled with a 2 M KOH and ethanol 10 wt.%. The cell with the 

 wt.% Pd/TNTA-web electrocatalyst exibits an almost 2.4 times higher peak current density 

(2.25 A cm-2 vs 0.94 A cm-2) and 1.14 times higher peak power density (0.335 W cm-2 at 0.24 

P

5

B 

A 
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V) compared to the cell containing the 20 wt.% Pd/C electrocatalyst as anode (0.293 W cm-2 

at 0.35 V).  

 Notably, at 80 °C the power output of the cell with Pd/TNTA-web increases nearly 2.9 

times if compared to the power output of the cell at 25°C, from 0.117 W cm-2 at 25 °C to 

0.335 W cm-2 at 80 °C. And the current density increases nearly 2.6 times, from 0.88 A at 25 

°C to 2.25 A at 80 °C.  

 However, at 80 °C the power output of the cell with 20 wt.% Pd/C increases 2.6 times if 

compared to the power output of the cell at 25 °C, from 0.112 W cm-2 at 25 °C to 0.293 W 

cm-2 at 80 °C, and the current density increases only 1.5 times, from 0.62 A at 25 °C to 0.94 A 

at 80 °C. Moreover, if we peruse the potentiodynamic and the power density curves carefully 

in Fig. 4.39A, we can found out two important characteristic.  

 On one hand, the output peak power density and peak current density increase with 

increasing the temperature of the anode, which implies that the faster kinetics of ethanol 

electrooxidation at the higher anode temperature.  

 On the other hand, the higher anode temperature leads to the increase extent of the peak 

potential shift negatively. Specifically, in the red line in Fig. 4.35, we can see that when the 

anode temperature is 25 °C, the potentiodynamic curve monotonically increases to 0.15 V, 

and after that the output current decreases fast. However, when the anode temperature 

increases to 80 °C, the potentiodynamic curve monotonically increases to 0.3V and then stops 

increase. As it has been discussed before, this behavior is mostly due to the m ss transfer 

limitation of the fuel solution.  

here the fuel, a water solution containing 10 wt.% 

ethanol in 2 M KOH, was delivered to the anode at 4 mL min-1, while the oxygen flow was 

a

 This point is even more evident when one examines the behavior of the energy releaseing 

process during the galvanostatic curves (Fig. 4.39B). Galvanostatic experiments were 

performed at 80C on the active DEFCs w

regulated at 200 mL min-1.  

 From the Fig. 4.39 B we can see that clearly, when the Pd/TNTA web electrode was used 

as the anode, after a conditioning time of 1 h at the OCV of 0.52 V, the cell was allowed to 

provide a constant current density of 200 mA cm-2 for more than 120 h showing a 22.3% 

decay of the cell voltage (the black line in Fig. 4.39 B). However, when the Pd/C electrode 
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was used as the anode, the cell was allowed to provide a constant current density of 200 mA 

cm-2 for about 80 h with a 73% decay of the cell voltage. 

 

Figure 4.40: Potentiodynamic (scan rate: 5 mV/s) a
-2

nd power density curves of active DEFCs 
containing the 20 wt.% Pd/C (8mg  cm ) anode electrocatalysts and fuelled with 2.0 M 

80 hours. 

n line), which fuelled with 2M KOH and ethanol (10wt.%) 

(Pd)

KOH and ethanol (10 wt.%) solution at 80 °C. (Red line) fresh Pd/C electrode before 
galvanostatic test and (Green line) Pd/C electrode after galvanostatic test at 200 mA/cm2 for 

 In the Fig. 4.40, we compare the potentiodynamic and the power density curves at 80 °C 

obtained with active DEFCs realized with the anodes catalyzed by the as deposited (8.0mg(Pd) 

cm-2) 20 wt.% Pd/C anodes (red line) and the same Pd/C anode after the galvanostatic test at 

200 mA/cm2 for 80 hours (gree

solution. We can clearly see that the output peak current density is only 54% left (0.94 A vs 

0.5 A), and the output peak power density is only 50.2% left (0.147 W cm-2 at 0.316 V vs 

0.293 W cm-2 at 0.35 V) 
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Figure 4.41: Potentiodynamic (scan rate: 5 mV/s) and power density curves for active 
DEFCs containing the 5 wt.% Pd/TNTA-web (8mg(Pd) cm-2) anode electrocatalysts and 
fuelled with 2.0 M KOH and ethanol (10 wt.%) solution at 80 °C. (Black line) fresh 

ith active DEFCs realized with the anodes catalyzed by the as deposited (8.0 mg(Pd) 

m-2

2

2 2

-2 at 0.22 V vs 0.335 W cm-2 at 0.24 V). 

As a short conclusion, the increase of the Pd catalysts loading and the anode electrode 

temperature are both benefit to the output power density of the DEFCs. However, when the 

carbon black was used as the substrate for the Pd catalysts, the above advantages did not 

appear, which is mainly due to the fuel solution mass transport limition and the carbon black 

itself been oxidized during the high temperature and high current discharge process. On the 

other hand, remarkable electrocatalytic activity of Pd/TNTA-web is associated with the high 

Pd/TNTA-web electrode before galvanostatic test and (Green line) Pd/TNTA-web electrode 
after galvanostatic test at 200 mA/cm2 for 120 hours. 

 In Fig. 4.41, we compare the potentiodynamic and the power density curves at 80 °C 

obtained w

c ) 5 wt.% Pd/TNTA-web anodes (black line) and the same Pd/TNTA-web anode after the 

galvanostatic test at 200 mA/cm  for 120 hours (green line), which fuelled with 2 M KOH 

and ethanol (10 wt.%) solution. The Pd/TNTA-web anode after the galvanostatic test is 

following a relax time (without any discharge current density) of 1 hour at the OCV of 0.75 V 

with the fresh fuel solution flowing through. We can clearly see that the output peak current 

density is still 94.4% left (2.125 A cm-  vs 2.25 A cm- ), and the output peak power density is 

still 88.4% left (0.296 W cm
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dispersion of the metal particles, and also due to the 3D open structure with numerous 

macropores which shows greatly improvement for the permeability of the fuel solution, which 

is benefit to avoid the problem of the mass transport limition. All those above indicate that 

the use of the Pd/TNTA-web containing electrocatalyst leads to an important increase in the 

fuel cell efficiency and stability. 

44..44..33..33  AAccttiivvee  DDEEGGFFCC  wwiitthh  PPdd//TTNNTTAA--wweebb  aannooddeess  ((22  mmgg((PPdd))  ccmm--22))  

 The MEAs used for the active monoplanar DEGFCs were realized as described in the 

experimental section, with the anode catalyzed by 5 wt.% Pd/TNTA-web (2 mg(Pd) cm-2), a 

Fe-Co/C cathode and a Tokuyama A-201 membrane. The fuel (water solutions containing 2M 

80°C obtained with active DEGFCs realized with the anodes catalyzed by the as deposited 

KOH, EG 10 wt.%) was delivered to the anode at 4 mL min-1, while the oxygen flow was 

regulated at 200 mL min-1. Each cell temperature was regulated at 25 or 80 °C.  

 In Fig. 4.42, we compare the potentiodynamic and the power density curves at 25 °C and 

(2.0 mg(Pd) cm-2) 5 wt.% Pd/TNTA-web anodes at 80°C (black line) and at 25°C. 

 

Figure 4.42: Potentiodynamic (scan rate: 5 mV/s) and power density curves of active 

(Pd)
-2

fuelled with 2.0 M KOH and Ethylene Glycol (10 wt.%) solution at 80 °C (Black line) and 25 
°C (Red line). 

DEGFCs containing the 5 wt.% Pd/TNTA-web anode electrocatalysts (2.0 mg  cm ) and 
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 We can see clearly that when the anode temperature was set at 80°C, the output peak 

current density was 1.42 A, which increased 3.3 times if compared with the peak current 

density got at 25°C (0.43 A). And the peak power density at 80 °C is 0.17 W cm-2 at 0.20 V, 

which increased 3.4 time if compared with the peak power density at 25 °C (0.05 W cm-2 at 

0.15 V). Moreover, compared to the OCV at 25 °C, the cell containing the Pd/TNTA web 

electrode at 80°C exhibits a higher OCV (0.9 V vs 0.65 V). Accordingly, Pd/TNTA-web can 

est 

performing electrocatalysts ever reported for EG oxidation. 

 

(Pd)

d EG (10 wt.%) solution. 

be classified as the one of the best performing Pd-based electrocatalysts and amongst the b

Figure 4.43: (A) Galvanostatic curves (Tanode is 25°C, anode current density was set at 50 
mA/cm2) and (B) Galvanostatic curves (80°C, 200 mA/cm2) for the active DEGFCs, 
containing the 5 wt.% Pd/TNTA-web anode electrocatalysts (2.0 mg  cm-2) and fuelled with 
2.0 M KOH an

B

A
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 This point is even more evident when one examines the behavior of the energy releasing 

process during the galvanostatic curves (Fig. 4.43). Galvanostatic experiments were 

performed at 25 ℃ on the active DEGFCs where the fuel, a water solution containing 10 

wt.% EG in 2 M KOH, was delivered to the anode at 4 mL min-1, while the oxygen flow was 

regulated at 200 mL min-1. 

 From Fig. 4.43 we can see that, when the Pd/TNTA web electrode was used as the anode, 

after a conditioning time of 1 h at the OCV of 0.34 V, the cell was allowed to provide a 

constant current density of 50 mA cm-2 for more than 120 h showing a modest 20.6% decay 

of the cell voltage (Fig. 4.43 A). However, when the anode temperature was set at 80 ℃, the 

cell was allowed to provide a constant current density of 200 mA -2 for about 60 h with a 

31.4% decay of the cell voltage (Fig. 4.43 B). As previously observed for the DEFCs (Fig. 

4.33 A,B black line and Fig. 4.34 A,B black line), compared to the ethanol fuel solution, 

when EG was used as the fuel solution, Pd/TNTA-web anode exibits a lower peak power 

density but better stability at both 25 ℃ and 80 ℃ anode temperature. 

44..44..33..44  PPtt//CC  vvss  PPdd//TTNNTTAA  wweebb  eelleeccttrrooddeess  iinn  PPEEMMFFCC  

 The Proton Exchange Membrane Fuel Cells (PEMFCs) system was purchased from 

Scribner-Associates (USA) with a 25 cm2 fuel cell fixture and an e ctive electrode area of 1 

cm2, was modified in our laboratory with titanium end plates to tolerate the alkaline 

conditions. The MEA was fabricated by mechanically pressing anode, cathode and Nafion 

117 membrane. 

 When using the carbon supported Pt electrode as the anode or cathode, a dense anode ink 

was prepared by mixing the powdered catalyst with a nafion ionomer to produce a binder 

loading of 0.4 mg/cm2 40 wt% Pt/C. While using the TNTA-web supported Pd electrode as 

the anode, Pd/TNTA web electrode with 1 cm2 in size, which with the binder Pd loading 2.0 

mg/cm2, the mass density of a single TNTA-web electrode is around 0.0386 g/cm2. So with 

athode electrodes. In cell 1 (blue and green curves) 

 cm

ffe

2.0 mg/cm2 Pd loading, the catalyst mass density is 5 wt.%.  

 Fig. 4.44 compares the potentiodynamic, power density curves obtained with PEMFCs 

realized with different types anode and c
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the anodes catalyzed by Pt/C (40 wt.%) nafion ionomer, Pt loading 0.4 mg/cm2, and the 

cathodes catalyzed by 1 piece of 5 wt.% Pd/TNTA web electrode (2.0 mg(Pd) cm-2) with 6 

mg/cm2 nafion ionomer drop deposited. In cell 2 (red and black curves) both of the anode and 

cathode catalyzed by Pt/C (40 wt.%) nafion ionomer, Pt loading 0.4 mg/cm2. In both 1 and 2 

cells, Tcell =55 °C, H2 = 0.2 slm, O2 = 0.4 slm, Thum = 50°C, with Nafion 117 membrane. 

 From Fig. 4.44 we can clearly see that, compared to the Pd/TNTA-web electrodes, the 

carbon support Pt catalysts shows better peak power density and peak current density, which 

on one hand is approximately due to the large surface area and the better conductivity 

provided by the carbon black substrate. Moreover, in the PEMFCs, the fuel (H2 and O2) is 

present in the gaseous form, and the diffusion limitation problem of gaseous fuel is much 

more slight if compared to the DAFCs used the liquid fuel. 

 

Figure 4.44: Potentiodynamic (Scan rate: 5 mV/s) and power density curves for PEMFCs 

cell

°C, H2 = 0.2 slm, O2 = 0.4 slm, Thum = 50°C; Anode: Pt/C (40 wt.%) nafion ionomer Pt 
loading 0.4 mg/cm2 , Membrane: Nafion 117; Cathode: Pd/TN

2

containing different anode and cathode electrodes. Cell 1 (blue and green curves) T  = 55 

TA-web, Pd loading 2 mg/cm2 
with 6 mg/cm  nafion ionomer drop deposited. Cell 2 (Red and black curves) T  = 55 °C, 

2 =
cell

H  0.2 slm, O2 = 0.4 slm, Thum = 50°C; Anode and cathode: Pt/C (40 wt.%) nafion ionomer 
Pt loading 0.4 mg/cm2; Membrane: Nafion 117 
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 However, from the curves we can also find that, compared to the carbon supported Pt 

catalysts, Pd/TNTA-web electrodes exhibite similar behavious at the voltage range between 

OCV (0.95 V) and the 0.65 V, this voltage region is the most common discharge voltage 

range for the PEMFCs, implies that the Pd/TNTA-web is also possible to be used in the 

PEMFCs and exhibits the similar performance in a suitable dischagre potential. 

§§  44..55..  AApppplliiccaattiioonn  ooff  PPdd//TTNNTTAA--wweebb  ffoorr  EElleeccttrroollyyssiiss

ove the efficiency of electrolytic 

hydrogen production is the key. 

  As we discussed in the first chapter of this thesis, the efficiency of an electrolyzer is 

directly related to the electrode materials, in particular to the catalysts deposited onto the 

surface of the electrode. The function of these catalysts is to reduce the activation energy for 

both the anode (oxygen production) and cathode (hydrogen production) reactions. Therefore, 

a crucial role in improving the effective energetic efficiency of an electrolyzer is played by 

the electrode materials, they determine both the energy consumption (at a given reaction rate) 

and the maximum reaction rate in the cell. 

 Generally, the catalysts used have a high amount of active phase (>10 mg cm-2) to 

achieve the necessary performance. Such a high amount of active phase makes a catalyst very 

expensive, especially if it contains noble metals. For this reason extensive current research 

efforts are aimed at designing nanostructured electrocatalysts. These are generally very 

reactive, even at very low metal loadings, owing to the favorable dispersion of the active sites. 

Considering of the exhibited excellent catalytic activity and stability of the Pd/TNTA-web 

fuel cell fixture and an effective electrode area of 1 cm2, was modified in our laboratory with 

  

 Although the electrolysis of water is a known and consolidated process it does not have a 

significant commercial impact owing to its high energy consumption which, ultimately, 

makes it economically unattractive. Therefore, how to impr

which has been used in the DEFCs, we introduce the Pd/TNTA-webs into the H2 production 

process by renewable alcohols fuel electrolysis. 

 We used the same test system as the active fuel cell experiment for the renewable 

alcohols electrolysis, which was purchased from Scribner-Associates (USA) with a 25 cm2 
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titanium end plates to tolerate the alkaline conditions. 

 

Figure 4.45: (A) VI curves (5 mV/s, 0 to 1 V) for aqueous ethanol (10 wt.% in 2m KOH) 
2

1mg/cm2 Pd–(Ni–Zn)/C anode on Ni mesh, and aTokuyama A006 membrane. (B) VI curves (5 
mV/s, 0 to 1 V) for electrolysis of solutions of ethanol 10 wt.% in 2 M KOH at Tcell 25 °C. 

anode are 1 disk 2mg/cm2 Pd loading 5 wt.% Pd/TNTA-web electrode. 

electrolysis in a PME device containing a 4mg/cm  Pt/C cathode on carbon paper, a 

Fuel solution flowed at both anode and cathode with 6 ccm flow speed. Both cathode and 

2 2

 Fig. 4.45 compares the VI curves at 25 °C for aqueous ethanol (10 wt.% in 2 M KOH) 

electrolysis in a PME device with different anode and cathode electrodes. Fig. 4.45 (A) 

contains a 4 mg/cm  Pt/C cathode on carbon paper, a 1mg/cm  Pd–(Ni–Zn)/C anode on Ni 

B 

A 
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mesh, and a Tokuyama A006 membrane. In Fig. 4.45 (B) both cathode and anode are 1 disk 2 

mg/cm2 Pd loading 5 wt.% Pd/TNTA-web electrode. Fuel solution flowed at both anode and 

cathode with 6 cc w speed. We can clearly see that, compared to the Pt/C cathode and the 

Pd-(Ni-Zn)/C anode, if we use the Pd/TNTA-web electrode for both anode and cathode, the 

output current at 0.5 V is two times increase (0.064 A vs 0.03 A), the similar situation is 

observed on 0.9 V (0.3 A vs 0.2 A) and 1.0 V (0.46 A vs 0.24 A).  

 These results as presented in Fig. 4.45 (A, B) suggest that, the Pd/TNTA-web electrodes 

are suitable for the aqueous ethanol fuel solution electrolysis, and it provides much higher 

electrolysis current density compared to the carbon supported Pt nanocatalysts. This leads to 

the significant increment of the hydrogen production from aqueous ethanol fuel solution by 

electrolysis process. 

m flo

 

Figure 4.46: VI curves (5 mV/s, 0 to 1 V) for electrolysis of solutions of ethanol 10 wt.% in 2 
M KOH at Tcell 25 °C (green line), 50 °C (red line) and 80 °C (black line). Fuel solution 
flowed at both anode and cathode with 6 ccm flow speed. Both cathode and anode are 1 disk 
2mg/cm2 Pd loading 5 wt.% Pd/TNTA-web electrode. 

 In Fig. 4.46, we compare the VI curves for electrolysis of solution of ethanol 10wt.% in 2 

M KOH, which obtained in different electrolysis temperatures, (Tcell 25 °C with green line, 

Tcell 50 °C with red line and Tcell 80 °C with black line). We can see clearly that when the 

electrolysis cell temperature was set at 80°C, the output current density at 0.9 V was 1.59 
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A/cm2, which increased 3.1 times compared with the current density got at 0.9 V and 50 °C 

(0.51 A/cm2). The output current density at 0.9 V 25 °C was 0.3A/cm2, which increases 

multiples was expanded to 5.3 times just because the electrolysis temperature raising from 

25°C to 80°C. These data implied that increasing the electrolysis temperature effectively 

improves the efficiency of the aqueous ethanol electrolysis in a PME device. In which the 

Pd/TNTA-web electrode is a good choice for both electrolysis cathode and anode due to their 

high activity for ethanol electrooxidation and the high stability for the large electrolysis 

current and high electrolysis temperature. 

 

Figure 4.47: VI curves (5 mV/s, 0 to 1 V) for electrolysis of solutions of glycerol 10 wt.% in 2 
M KOH at Tcell 25 °C (green line) and 50 °C (red line). Fuel solution flowed at both anode 
and cathode with 6 ccm flow speed. Both cathode and anode are 1 disk 2mg/cm  Pd loading 5 

e) and at Tcell 50 °C (red line). We can 

temperature effectively improves the efficiency of the aqueous glycerol electrolysis in a PME 

2

wt.% Pd/TNTA-web electrode. 

 In Fig. 4.47, we compare the VI curves for electrolysisi of solution of glycerol 10 wt.% 

in 2 M KOH, which obtained at Tcell 25 °C (green lin

see that when the electrolysis cell temperature was set at 50°C, the output current density at 

1V was 0.38 A, at 0.9 V was 0.25 A, and at 0.5 V was 0.01 A.. When the electrolysisi cell 

temperature was set at 25°C, the output current density at 1 V was 0.3 A, at 0.9 V was 0.17 A, 

and at 0.5 V was 0.003 A. From those data we can see that, increasing the electrolysis 
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device. Hence the Pd/TNTA-web electrode is a good choice for both electrolysis cathode and 

anode due to their high activity for glycerol electrooxidation and the high stability for the 

large electrolysis current and high electrolysis temperature. 
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§§  44..66  TThhee  aapppplliiccaattiioonn  ooff  aass  pprreeppaarreedd  PPdd//TTNNTTAA--wweebb

for the photoassisted H  generation 

  

2

 

Figure 4.48: Schematic diagram of photoelectric transfer effect on TiO2. 

 As shown in Fig. 4.48, the TiO2 is an n-type semiconductor material with a full valence 

band and an empty conduction band, the band gap is 3.2 eV (anatase). When it is subjected to 

a UV light irradiation (wavelength ≤ 387.5nm), the valence band electrons gain energy and 

transit to the conduction band. At the same time the photo-generated electrons (e−) are 

produced in the conduction band and corresponding photogenerated holes (h+) are left in the 

valence band. 

 As we mentioned in the Chapter 3, the vertically oriented self-organized TiO2 nanotube 

arrays foil (TNTA-disk) formed by electrochemical anodization [10,11] constitute a competing 

structure that is currently generating great interest due to the advantages of their structure. 

 However, TNTA-foil has inherent defects, for instance, (1) compared to the other type 

TiO2 substrates such as TiO2 nanoparticles (NPs) electrodes, TNTA-foil possesses a lower 

volume ratio of surface area. For this problem, a general solution is to increase nanotube’s 

aspect ratio, namely to prepare longer TiO2 nanotubes. However, on one hand, due to the 

stress, the longer TiO2 nanotubes with thin nanotube wall collapse easily. On the other hand, a 

large aspect ratio of TiO2 nanotubes results in the electrolyte diffusion difficulty and also the 

strong attenuation is limits the intensity of UV reaching the interior of the nanotubes, 

rendering the interior of the catalyst photocatalytically inert. [12] (2) as shown in Fig. 4.49, the 

angle of the incident sun light changes along with the time. When the incident angle is too 
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small, most of the light is reflected away and can not enter the nanotubes, which results in the 

multiple internal absorptions impossible. 

 

Figure 4.49: Cross-sectional view illustrative drawing of the light absorption (A) and 
specular reflection (B) on the TNTA-foil electrode surface with different incident angles 

TNTA-web will be  To overcome the mentioned inherent defects of flat TNTA-foil, 

introduced in the photoassisted H2 generation from water.  

 

Figure 4.50: Cross-sectional view illustrative drawing of the light multiple absorption and 
scattering on the TNTA-web electrode surface with different incident angles. 

 Compared to TNTA-foil and TNTA-film, TNTA-web has prominent advantages: (1) 

TNTA-web electrodes have 3-D open structure which facilitate the diffusion of the electrolyte 

solution; (2) TNTA-web has all directions orientated highl ordered TiO2 nanotube arrays 

grown on its surface (as shown in Fig. 4.50), which on one hand effectively enlarges the 

y-
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geometry surface area for the light illumination and absorption; on the other hand multiply 

scatter rather than specular reflects the incident light enabling the multiple adsorption of the 

light even if the incident angle changes. 

 As been discussed in the last previously section, by changing the electrolyte composition, 

the potential of hydrogen evolution by electrolysis can be significantly reduce. While the 

photoelectrolysis of water is essentially a type of electrolysis, thus we choose the same 

solution of the electrolysis experiment for the photoassisted H2 generation. In the typical 

photoelectrolysis process ethanol (10 wt.%) in 2m (m=molality, M=molarity what do you

 by a 

V − +

-cathode and are consumed by the 

2H+ + 2e-  H2 reaction, while holes with strong oxidizing property move to the surface of 

the photo-anode and are necessary for the photo-oxidation of alkaline ethanol solution. In 

order to inhibit the recombination of photo-generated electrons and holes by changing the 

electron distribution in the surface of the TNTA-web, the appropriate amount of Pd 

nanoparticles will be deposited onto the surface of the TNTA-web electrode. In the 

photoelectrolysis process, a small quantity of Pd nanoparticles to TiO2 can inhibit the 

recombination of photo-generated electrons and holes by acting as electron capturing center 

to generate H2, which improves photocatalytic activity of TiO2. However, despite Pd presence 

is essential for the photo-assisted H2 evolution, a sufficiently high fraction of uncovered TiO2 

surface must be available in order to enable an efficient radiation absorption. When Pd NP 

density is still limited and their size is low the best photocatalytic performances could be 

obtained and it can be attributed both to an intimate contact between Pd and TiO2 and to a 

the photocatalysis process.  

 

mean?)  KOH of aqueous ethanol has been choosen as the solution, and the photochemical 

function is mainly realized by TNTA web electrode. When the TNTA web is irradiated

U light, the electrons (e ) and holes (h ) are photo-generated and move to opposite 

electrodes. The electrons migrate to the surface of the photo

large exposed TiO2 surface. Therefore the maintaining of low Pd loading on TiO2 is crucial in 

 As been discussed before, we choose the chemical deposition methods for the 

Pd/TNTA-web electrode preparation, during this chemical deposition process, the TNTA-web 

was been choose as the substrate, which was prepared by the electrochemical anodization at 
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60V for 1 hours, and then annealed at 400℃ for 30 min. The mixed solution of 0.3 g PdCl2 + 

0.7 mL HCl (37%) + 1 mL Ethylene Glycol (EG) + 50 mL water has been choosen as the 

chemical deposition solution. The drying temperature of the air oven was been set at 80℃. 

 

/TNTA-web with 0.5mg/cm  Pd loading (1.3 wt.%) by chemical deposition. 

 Fig. 4.51 (A, B) show the SEM characterizations of the prepared 0.1 mg/cm2 Pd loading 

And the reducing agent is the ice cold 0.05g/50ml NaBH4 aqueous solution.  

 A typical improved chemical deposition will be used to prepared the low Pd loading 

Pd/TNTA-web electrode for the photocatalysis process, and the preparation details are very 

similar to the high Pd loading Pd/TNTA-web preparation which has been discussed already in 

the previously section. Because of the mass density of a single TNTA-web electrode is 

around 0.0386 g/cm2. Thus, with 0.1 mg/cm2 Pd loading, the catalyst mass density is 0.26 

wt.%; with 0.5 mg/cm2 Pd loading, the catalyst mass density is 1.3 wt.%. 

Figure 4.51: The different magnification SEM characterization of the surface of 
Pd/TNTA-web with 0.1mg/Cm2 Pd loading (0.26 wt.%) by chemical deposition (A,B). And Pd 

2
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pd/TNTA-web catalyst, and Fig. 4.51 (A, B) show the SEM images of the 0.5 mg/cm2 Pd 

loading pd/TNTA-web catalyst, using 0.06 g PdCl2 + 0.14 ml HCl + 0.2 ml EG and achive 

constant volume in a 10 ml volumetric flask with water. As it can be seen from the images, 

0.1 mg/cm2 Pd NPs uniform particle size distribution is about 4 nm, and 0.5 mg/cm2 Pd NPs 

 

Figure 4.52: Side view (A) and top view (B) low magnification TEM images of 0.26 wt.% 
Pd/TNTA-web electrodes. And (C,D) are corresponding HRTEM images of image A and B. 

 Fig. 4.52 (A) shows the cross section view TEM image of the Pd-TNTA/web electrodes 

and 4.52 (C) is the corresponding HRTEM image, while Fig. 4.52 (B) is the top view TEM 

image and 4.52 (D) is the corresponding HRTEM image. From the TEM and HRTEM images 

tribution obtained 

uniform particle size distribution is about 7 nm, distributed on the inner and outer surfaces of 

the TNTA-web homogeneously. 

we can see that, the as deposited Pd NPs distributes on the inner and outer surfaces of the 

TNTA-web electrodes with an average size of around 4 nm. Pd NPs size dis

by the TEM images and the SEM images are comparable.  

A B 

C D
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Figure 4.53: (A), XRD patterns of Pd/TNTA web with 0.1mg/Cm2 Pd loading (pink line) and 
0.5mg/Cm2 Pd loading (blue line). (B) Shows the magnification of the 2θ = 42-50° range. 

 XRD was used to identify the compositio ate the average 

dimension of the as deposited Pd/TNTA web electrodes, which is shown in Fig. 4.53. The 

mean crystallite size, calculated applying Scherrer’s equation to the (002) reflection of Pd, 

which is 6.4 nm for 0.5 mg/cm2 Pd/TNTA-web electrode, and 4.3 nm for 0.1 mg/cm2 

Pd/TNTA-web electrode. These data are in good agreement with the above SEM and TEM 

and HRTEM observations of the Pd/TNTA web catalysts. 

 

n of the phases and to estim
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igure 4.54: Evolution of H2 from a water/ethanol solution upon simulated sunlight 
radiation for different Pd loading Pd/TNTA-web electrodes (a) and corresponding 

solar-to-fuel efficiency. 

To find the best Pd loading for the photoassisted H2 generation, different Pd loading 

d/TNTA-web electrodes were prepared and their photocatalytic activity  was evaluated 

nder simulated sunlight irradiation (150WXe lamp, 180mWcm-2), using 1:1 H2O/EtOH 

olutions. No appreciable evolution of gaseous products was observed when illumination and 

hotocatalyst (geometrical area = 1 cm2) were not simultaneously present. The corresponding 

2 evolution rate and solar-to Fuel efficiency are shown in Fig. 4.54 (A, B) 
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 From Fig. 4.54 (A) we can see that, under simulated sunlight irradiation, the 

Pd/TNTA-web with 0.1 mg Pd/cm2 electrode exhibits the best H2 evolution rate (around 13.5 

m cm-2 h-1) compared to other Pd loading Pd/TNTA-webs. The pure TNTA-web showed an 

average hydrogen production of ～4 m cm-2 h-1, the corresponding Solar-to-Fuel efficiency 

also proved that the Pd/TNTA-web with 0.1 mg Pd/cm2 electrode exhibits the highest 

efficiency around 0.45%, which is almost 3.5 times increase compared to the TNTA-web 

substrate alone.  

 The 3.5-folds increase of the hydrogen yield observed from the Pd deposited TNTA-web 

electrode can be explained by the synergistic combination of various beneficial phenomena. 

Specifically, it has been reported that replacement of surface -OH groups by Pd can lead to: 

(1) an increase of free OH• radicals in the liquid-phase, resulting in faster ethanol oxidation 

and concomitant enhancement of H+ →  H2 reduction,[13-14] (2) inhibition of e- / h+ 

recombination,[15] and (3) modification of absorption properties and/or tuning of band 

position.[16-17] It is worth to noting that the presence of Pd nanoparticles does not significantly 

change band-gap values, therefore the improved performance of Pd/TNTA-web could be 

mainly traced back to points (1) and (2) and, in particular, to the larger availability of OH• 

radicals. In addition, Pd nanoparticles deposition could induce a favorable shift of TiO2 

flat-band potentials, rendering photogenerated electrons more available for hydrogen 

production.[16,18-19]  

 Furthermore, as a 3D-substrate, TNTA-web also plays very important role in the H2 

production, in order to prove that, we compare the hydrogen evolution rate of TNTA-web 

 in Fig. 4.55. In the case of TNTA-foil electrode (black symbols) no 

2

-2 -1

-2 -1  the presence of 1 

mg/cm2 Pd nanoparticles, the H2 evolution rate increased 3.3-folds to the 13.5 mol cm-2 h-1. 

substrate supported Pd photocatalysts with the TNTA-foil substrate supported Pd 

photocatalysts, as shown

significant H2 evolution was obtained though after deposition of 1 mg/cm  Pd nanoparticles 

onto the TNTA-foil surface the H2 evolution rate increased to almost 1 m cm  h . However 

is still very low, which implies that the TNTA-foil is not a good substrate for the H2 photo 

generation reaction, and this is good agreement with the discussion in the above section. On 

the other hand changing substrate from TNTA-foil to the TNTA-web, the H2 evolution rate 

increased significantly.(green symbols), around 4 mol cm  h , whereas in
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Notably, this is one of the best values reported in the literature for semiconductor-based 

photocatalytic hydrogen generation. 

 

Figure 4.55: Evolution of gases from a water/ethanol solution upon simulated sunlight 
irradiation for different typs TiO2 nanotube array catalysts. (EtOH 50%, 80ml, 150W Xe 

2 2

loading. (Green line) 3D TNTAs-web electrode without Pd. (Red line) 0.26 wt.% flat 
Pd/TNTAs electrode with 0.1mg/cm2 Pd loading. (Black line) Flat TNTAs electrode without 

lamp, 180 mW/cm ). (Blue line), 0.26 wt.% 3D Pd/TNTAs-web electrode with 0.1mg/cm  Pd 

Pd. 

 In the Fig. 4.56 we compare evolution of H2 from a water/ethanol solution upon 

simulated sunlight irradiation for as deposited 1 mg/cm2 Pd loading Pd/TNTA-web electrodes 

before (red line) and after (blue line) ECMF treatment. From the Figure we can clearly see 

that, the red curve shows the H2 evolution rate obtained from the as deposited 1 mg/cm2 Pd 

loading Pd/TNTA-web electrode, in this case the H2 evolution rate was around 6.5 mol cm-2 

h-1, whereas in the presence of 1 mg/cm2 Pd nanoparticles after ECMF treatment, the H2 

evolution rate increased 1.5-fold to the 10 mol cm-2 h-1.  
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Figure 4.56: Evolution of H2 from a water/ethanol solution upon simulated sunlight 
irradiation for as deposited 1mg/cm2 Pd loading Pd/TNTA-web electrodes (red line) and 
1mg/cm2 Pd loading Pd/TNTA-web electrode after ECMF treatment. 

orted on TiO2 can be milled into many small NPs with some High-index facets (HIFs) or 

 The increase of the hydrogen yield observed from the Pd deposited TNTA-web electrode 

can be explained by the change of the surface structure of Pd nanoparticles after ECMF 

treatment. For example, after the ECMF treatment, large Pd NPs of low-index facets 

supp

high density of step atoms. Because the oxidation of alcohols and other small organic 

molecules (SOM) proceeds faster on nanocrystals terminated with HIFs, thus it could 

effectively increase the hydrogen yield in the process of photoassisted H2 generation from a 

water/ethanol solution upon simulated sunlight irradiation.
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 In this chapter, 3D structure titanium substrate with TiO2 nanotube arrays on top is 

presented by the electrochemical anodization and annealing process. After that, by different 

methods such as Plus Electrochemical Deposition (PED) and Chemical Deposition, different 

loading Pd nanoparticles were added onto the TNTA-web substrate surface. Those as 

prepared Pd/TNTA-web electrodes was tested in the Direct Alcohol Fuel Cell test system, in 

which fuel with different alcohol fuel solutions such as Ethanol (E), Ethylene Glycol (EG), 

Glycerol (G), and not only exhibit much higher output peak current density and peak power 

density of the alcohol fuel electrooxidation and also exhibit a much better stability 

performance and a much improved mass transport limitation at high cell temperature and 

large current density discharge in the DEFCs compared to the carbon supported Pd 

TA-web electrodes are 

good choices for both electrolysis cathode and anode due to their high activity for glycerol or 

ntial. 

 At the end we also applied the Pd/TNTA-web electrodes into the photoassisted H2 

generation from the aqueous ethanol solution. Compared to the TNTA-foil supported Pd 

photocatalysts, the TNTA-web supported Pd photocatalysts exhibits much better H2 evolution 

rate from a water/ethanol solution upon simulated sunlight irradiation, and the best Pd 

loading for the photoassisted H2 generation is 0.1 mg/cm2 Pd. We also prove that, changing 

the surface structure of the as deposited Pd nanoparticles by the ECMF treatment also 

effectively increases the hydrogen yield in the process of photoassisted H2 generation from a 

nanoparticles.  

 The results of the electrolysis experiments show that the Pd/TN

ethanol electrooxidation and the high stability for the large electrolysis current and high 

electrolysis temperature. 

 The as prepared Pd/TNTA-web electrodes were also tested in the Proton Exchange 

Membrane Fuel Cells (PEMFCs) system. Compared to the carbon supported Pt catalysts, 

Pd/TNTA-web electrodes exhibited similar behavious at the voltage range between OCV 

(0.95 V) and the 0.65 V. This voltage region is the most common discharge voltage range for 

the PEMFCs, implies that the Pd/TNTA-web is also possible to be used in the PEMFCs and 

exhibits the similar performance in a suitable dischagre pote
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water/ethanol solution upon simulated sunlight irradiation.  

 In summary, as a good selection of the non-carbon support material, the Pd/TNTA-web is 

a good choice for DAFCs, PEMFCs, Electrolysis and also the photoassisted H2 generation 

from the aqueous ethanol solution. It exhibits a excellent prospect and will plays a very 

important role in the practical application of the energy harvesting and conversion in future. 
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SSuummmmaarryy  aanndd  CCoonncclluussiioonn  

 PPrreesseenntteedd  iinn  tthhiiss  tthheessiiss  aarree  eexxppeerriimmeennttaall  rreessuullttss  oobbttaaiinneedd  oonn  tthhee  pprreeppaarraattiioonn  ooff  

mmeettaall--ooxxiiddee  sseemmiiccoonndduuccttoorr  ssuubbssttrraattee  ssuuppppoorrtteedd  ttaaiilloorreedd  nnoobbllee  mmeettaall  nnaannooccaattaallyyssttss  ffoorr  tthhee  

eenneerrggyy--rreellaatteedd  aapppplliiccaattiioonnss,,  eessppeecciiaallllyy  ffoorr  tthhee  DDiirreecctt  EEtthhaannooll  FFuueell  CCeellllss  aanndd  tthhee  hhyyddrrooggeenn  

pprroodduuccttiioonn  pprroocceessss,,  wwhhiicchh  iinncclluuddee  ooff  tthhee  eelleeccttrroocchheemmiiccaall  HH22  pprroodduuccttiioonn  aapppprrooaacchh  aanndd  tthhee  

pphhoottooccaattaallyyttiiccaall  HH22  pprroodduuccttiioonn  aapppprrooaacchh..  IInn  aallll  ooff  tthheessee  eexxppeerriimmeennttaall  ssyysstteemmss,,  tthhee  aallkkaalliinnee  

aallccoohhooll  aaqquueeoouuss  ssoolluuttiioonn  wwaass  uusseedd  aass  tthhee  eelleeccttrroollyyttee  //  ffuueell  tthhuuss  tthhee  aallccoohhooll  eelleeccttrroocchheemmiiccaall  

ooxxiiddaattiioonn  aanndd  rreedduuccttiioonn  aarree  tthhee  mmaaiinn  rreeaaccttiioonnss..  TThhee  PPaallllaaddiiuumm  nnaannooppaarrttiicclleess  wweerree  uusseedd  aass  tthhee  

ssuuppppoorrtteedd  hheetteerrooggeenneeoouuss  ccaattaallyyssttss  mmaaiinnllyy  bbeeccaauussee  ooff  tthheeiirr  aallrreeaaddyy  bbeeeenn  rreeppoorrtteedd  hhiigghh  aaccttiivviittyy  

ooff  tthhee  aallccoohhooll  eelleeccttrroocchheemmiiccaall  ooxxiiddaattiioonn  iinn  tthhee  aallkkaalliinnee  eelleeccttrroollyyttee  aanndd  tthheeiirr  rreellaattiivveellyy  lloowweerr  

pprriiccee  ccoommppaarreedd  ttoo  tthhee  ootthheerr  nnoobbllee  mmeettaallss  ssuucchh  aass  PPtt..  FFuurrtthheerrmmoorree,,  tthhee  hhiigghhllyy  oorrddeerreedd  TTiiOO22  

nnaannoottuubbee  aarrrraayyss  aarrcchhiitteeccttuurreess  wwaass  uusseedd  aass  aa  ssuubbssttrraattee  wwhhiicchh  nnoott  oonnllyy  dduuee  ttoo  tthhee  hhiigghh  

eeffffiicciieennccyy,,  llooww  ccoosstt,,  cchheemmiiccaall  iinneerrttnneessss,,  aanndd  pphhoottoossttaabbiilliittyy  ooff  TTiiOO22  nnaattuurraall  ppeerrffoorrmmaanncceess,,  bbuutt  

aallssoo  dduuee  ttoo  tthhee  wweellll  kknnoowwnn  hhiigghh  ssuurrffaaccee--ttoo--vvoolluummee  rraattiiooss  aanndd  ssiizzee  ddeeppeennddeenntt  pprrooppeerrttiieess  ooff  tthhee  

aarrcchhiitteeccttuurreess  aanndd  aallssoo..    

  IInn  oorrddeerr  ttoo  aacchhiieevvee  tthhee  iimmpprroovveemmeenntt  ooff  tthhee  uussaaggee  eeffffiicciieennccyy  ooff  tthhee  rreenneewwaabbllee  rreessoouurrcceess  

pprroodduuccttiioonn  aanndd  aapppplliiccaattiioonn,,  ttwwoo  ddiiffffeerreenntt  aapppprrooaacchheess,,  ttoowwaarrdd  tthhee  ssuuppppoorrtteedd  PPdd  hheetteerrooggeenneeoouuss  

ccaattaallyyssttss  aanndd  tthhee  TTiiOO22  ssuubbssttrraatteess,,  wweerree  aapppplliieedd  aanndd  ddiissccuusssseedd  iinn  tthhee  cchhaapptteerr  33  aanndd  cchhaapptteerr  44  

rreessppeeccttiivveellyy..    

  ((11))  OOnn  oonnee  hhaanndd,,  iinn  tthhee  cchhaapptteerr  33  sseeccttiioonn  33..22,,  wwee  iinnttrroodduucceedd  tthhee  eexxppeerriimmeenntt  ddeettaaiillss  ooff  tthhee  

TTiiOO22  ssuubbssttrraatteess  pprreeppaarraattiioonn,,  iinn  wwhhiicchh  aafftteerr  aa  pprreevviioouuss  ppoolliisshhiinngg  sstteepp  ooff  tthhee  TTii  ddiisskk  eelleeccttrrooddeess,,  
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and by the following electrochemical anodization and annealing treatments, TiO  Nanotube 

Arrays - disk electrodes (TNTA-disk) with controlla e e

synthesized on the top of the TNTA-disk surface.  

After that, in chapter 3 section 3.3 and section 3.4, Pd nanoparticles were successfully 

deposited on the surface of the TNTA by the Plus Electrochemical Deposition (PED) and by 

e Sequential Chemical Bath Deposition (S-CBD) methods. Both of them follow with the 

new post-deposition treatment method Electr

order to enhance the catalytic activity of supported Pd catalysts. In both cases, the detailed 

atalytic and characterization studies unambiguously demonstrated that after the ECMF 

e

of Ti network substrate with the TiO2 nanotube arrays on top 

ctrodes with controllable length and insider diameters of the TiO2 nanotubes. 

and with controllable Pd size distribution were prepared successfully. All the preparation 

2

bl  l ngth and insider diameters were 

 

th

ochemical Milling and Faceting (ECMF) in 

c

treatment, the as deposited larg  size Pd NPs of low-index facets supported on TiO2 nanotube 

arrays substrate can be milled into many small NPs (7 nm) with some HIF or high density of 

step atoms.  

 In conclusion of this part of work, by the ECMF approach, the catalytic activity of 

supported Pd NPs was enhanced by an order of magnitude for the ethanol electrooxidation, 

which was even 3 times higher than the highest value reported in the literature so far. This 

new approach to the synthesis of HIF-Pd NPs allows one to control metal loading, particle 

size and surface structure, independently from each other. 

 (2) On the other hand, as we mentioned before, in a practical catalytic system, such as the 

DAFC, the electrolysis system and the photocatalytical H2 production system, the 

electrochemical activity of the supported catalysts is not the only one parameter which needs 

to be concerned about, the other parameters for the whole test system’s establishment such as 

the substrate material choose and prepared also need to the carefully optimize. Thus, in the 

chapter 4, a new type 

(TNTA-web) was prepared and introduced into the DAFC test system and also used in the 

electrolysis and photocatalytical H2 production process.  

 In chapter 4 section 4.2 we give all details and the corresponding characterizations of the 

TNTA-web ele

After that, by the Plus Electrochemical Deposition (PED) and the Sequential Chemical Bath 

Deposition (S-CBD) methods, a series of Pd/TNTA-web electrodes with different Pd loading 
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 and section 4.4.), these as prepared 

TNTA-web electrodes exhibited similar performances at the voltage range 

ctrolysis cathode and anode due to 

d Pd nanoparticles by the ECMF 

experiments details and the corresponding characterization of the Pd/TNTA-web electrodes 

are shown in chapter 4 section 4.3 and section 4.4.  

 In the same section (chapter 4 section 4.3

Pd/TNTA-web electrodes were tested in the Direct Alcohol Fuel Cell test system, in which 

fuel with different alcohol fuel solutions such as Ethanol (E), Ethylene Glycol (EG), Glycerol 

(G), and not only exhibit much higher output peak current density and peak power density of 

the alcohol fuel electrooxidation and also exhibit a much better stability performance and a 

much improved mass transport limitation at high cell temperature and large current density 

discharge in the DEFCs compared to the carbon supported Pd nanoparticles. In addition, the 

as prepared Pd/TNTA-web electrodes were also tested in the Proton Exchange Membrane 

Fuel Cells (PEMFC) system (in chapter 4 section 4.4). Compared to the carbon supported Pt 

catalysts, Pd/

between OCV (0.95 V) and the 0.65 V. This voltage region is the most common discharge 

voltage range for the PEMFCs, implies that the Pd/TNTA-web is also possible to be used in 

the PEMFCs and exhibits the similar performance in a suitable discharge potential. 

Furthermore, the results of the electrolysis experiments (in chapter 4 section 4.5) shows that 

the Pd/TNTA-web electrodes are good choices for both ele

their high activity for glycerol or ethanol electrooxidation and the high stability for the large 

electrolysis current and high electrolysis temperature. 

 In the chapter 4 section 4.6 we also applied the Pd/TNTA-web electrodes into the 

photoassisted H2 generation from the aqueous ethanol solution. Compared to the TNTA-foil 

supported Pd photocatalysts, the TNTA-web supported Pd photocatalysts exhibits much 

better H2 evolution rate from a water/ethanol solution upon simulated sunlight irradiation, 

and the best Pd loading for the photoassisted H2 generation is 0.1 mg/cm2 Pd. We also prove 

that, changing the surface structure of the as deposite

treatment also effectively increases the hydrogen yield in the process of photoassisted H2 

generation from a water/ethanol solution upon simulated sunlight irradiation.  

 From this part of work, it can be clearly proved that, as a good selection of the 

non-carbon support material, the Pd/TNTA-web is a good choice for DAFCs, PEMFCs, 

Electrolysis and also the photoassisted H2 generation from the aqueous ethanol solution. It 



   SSuummmmaarryy  &&  CCoonncclluussiioonn  

exhibits an excellent prospect and will play a very important role in the practical application 

of the energy harvesting and conversion in future. 

 In conclusion, this thesis provided two novel approaches to achieve the improvement of 

the use efficiency of the renewable resources production and application. It is expected that 

these ideals will be of guidance for the development of the energy-related applications and 

their extension to other areas, associated with the increasingly better ability to further tune the 

special properties of the materials presented in this thesis. 
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AAcckknnoowwlleeddggeemmeennttss
                         

  
                                

 GGooiinngg  ttoo  wwrriittee  tthhee  aacckknnoowwlleeddggmmeenntt  mmeeaannss  tthhaatt  II  aamm  ffiinnaallllyy  ffiinniisshheedd  wwrriittiinngg  tthhee  

tthheessiiss  aanndd,,  mmoorree  iimmppoorrttaannttllyy,,  iitt  iiss  vveerryy  cclloossee  ttoo  ccoommpplleettee  oonnee  ooff  tthhee  mmoosstt  ssiiggnniiffiiccaanntt  

ccyyccllee  ooff  mmyy  lliiffee..  AAtt  tthhiiss  mmoommeenntt,,  II  rreeaallllyy  hhooppee  ccoouulldd  sshhooww  ggrraattiittuuddee  ttoo  aallll  ooff  tthhoossee  ppeeooppllee  

wwhhoo  iinn  aannyy  wwaayy  ppaarrttiicciippaatteedd  iinn  mmyy  ttrraaiinniinngg  ppeerriioodd,,  nnoott oonnllyy  wwiitthh  aa  rreeaall  ccoonnttrriibbuuttiioonn  bbuutt    

aallssoo  aaccccoommppaannyy  aa  ccuupp  ooff  ccooffffeeee  iinn  mmyy  ddaaiillyy  lliiffee..  II  wwoouulldd  lliikkee  ttoo  aacckknnoowwlleeddggee  tthhee  

ffoolllloowwiinngg  ppeeooppllee,,  wwiitthhoouutt  wwhhoomm  II  ccoouulldd  nnoott  ffiinniisshh  mmyy  wwoorrkk  ffoorr  tthhee  llaasstt  tthhrreeee  yyeeaarrss..  

MMyy  ddeeeeppeesstt  ggrraattiittuuddee  ggooeess  ffiirrsstt  aanndd  ffoorreemmoosstt  ttoo  mmyy  ddeeaarr  mmeennttoorrss::  tthheeyy  aarree  mmyy  PPhhDD    

ssuuppeerrvviissoorr  PPrrooff..  DDrr..  PPaaoolloo  FFoorrnnaassiieerroo  ffrroomm  tthhee  TTrriieessttee  UUnniivveerrssiittyy,,  aanndd  mmyy  PPhhDD  ttuuttoorrss  DDrr..  

FFrraanncceessccoo  VViizzzzaa;;  DDrr..  CCllaauuddiioo  BBiiaanncchhiinnii  aanndd  DDrr..  AAlleessssaannddrroo  LLaavvaacccchhii  ffrroomm  tthhee  IICCCCOOMM--  

CCNNRR  iinn  FFiirreennzzee..  WWiitthh  tthheeiirr  iinnvvaalluuaabbllee  gguuiiddaannccee  tthhrroouugghh  tthheessee  33  yyeeaarrss  ooff  eexxcciittiinngg  

rreesseeaarrcchh  aanndd  vveerryy  nniiccee  ttiimmeess,,  II  hhaavvee  ggaaiinneedd  pprrooffeessssiioonnaall  sskkiillllss  tthhaatt  wwiillll  cceerrttaaiinnllyy  bbeenneeffiitt  

mmyy  ffuuttuurree  ccaarreeeerr..  TThheeyy  aarree  mmoorree  tthhaann  mmeennttoorrss  ffoorr  mmee  aanndd  II  wwiillll  nneevveerr  ffoorrggeett  eevveerryytthhiinngg  

tthheeyy  ddiidd  ttoo  bboooosstt  mmyy  ccaarreeeerr  aanndd  iimmpprroovvee  mmyy  hhuummaann  eexxppeerriieenncceess  

SSeeccoonnddllyy,,  II  wwoouulldd  lliikkee  ttoo  eexxpprreessss  mmyy  hheeaarrttffeelltt  ggrraattiittuuddee  ttoo  tthhee  ccoo--wwoorrkkeerrss  iinn  tthhee    

IICCCCOOMM--CCNNRR,,  FFiirreennzzee  aanndd  aallssoo  ttoo  tthhee  ccoo--wwoorrkkeerrss  iinn  tthhee  MMEEEE  rreesseeaarrcchh  ggrroouupp  ooff  tthhee  

TTrriieessttee  UUnniivveerrssiittyy..  IInn  ppaarrttiiccuullaarr,,  AAnnddrreeaa  MMaarrcchhiioonnnnii;;  JJoonnaatthhaann  FFiilliippppii;;  MMaannuueellaa  

BBeevviillaaccqquuaa;;  HHaammiisshh  MMiilllleerr;;  WWeerrnneerr  OObbeerrhhaauusseerr;;  LLoorreeddaannaa  DDee  RRooggaattiiss;;  VVaalleennttiinnaa  

BBaammbbaaggiioonnii;;  LLiiaann--qqiinn  WWaanngg;;  MMaarrccoo  BBeelllliinnii  aanndd  TTeecchhnniicciiaannss  CCaarrlloo  BBaarrttoollii..  AAllll  ooff  tthheemm  

ggaavvee  mmee  lloottss  ooff  hheellpp  aanndd  ssuuppppoorrttss  iinn  tthhee  eelleeccttrroocchheemmiiccaall  rreesseeaarrcchh;;  ccaarrbboonn  bbllaacckk  

ssuuppppoorrtteedd  nnaannooccaattaallyyssttss  pprreeppaarraattiioonn  aanndd  aallssoo  iinn  tthhee  FFuueell  CCeellll  aanndd  EElleeccttrroollyyssiiss  pprroojjeeccttss..  

IInn  aaddddiittiioonn,,  tthheeyy  aallssoo  kkiinnddllyy  ttrraaiinn  mmee  ttoo  uussee  tthhee  iinnssttrruummeenntt  ssuucchh  aass  XXRRDD,,  NNMMRR  eettcc..  II  aallssoo  

wwaanntt  ttoo  tthhaannkk  ttoo  TTiizziiaannoo  MMoonnttiinnii;;  VVaalleennttiinnaa  GGoommbbaacc;;  MMaatttteeoo  CCaarrggnneelllloo  aanndd  BBaarrbbaarraa  

LLoorreennzzuutt,,  wwhhoo  mmaaddee  ccooooppeerraattiioonn  wwiitthh  mmee  iinn  tthhee  PPhhoottooccaattaallyyssttss  rreesseeaarrcchh  pprroojjeecctt..  II  wwoonn’’tt  

ffoorrggeett  tthhoossee  wwaarrmm  hheellppss  aanndd  sseellfflleessss  kkiinndd  ssuuggggeessttiioonnss  ccaammee  ffrroomm  aallll  ooff  tthheemm  wwhheenneevveerr  II  

nneeeedd  hheellpp..  TThheeyy  lleeaavvee  mmee  oonnllyy  wwoonnddeerrffuull  mmeemmoorriieess  ttoo  tthheessee  tthhrreeee  yyeeaarrss  IIttaallyy  ssttuuddyyiinngg  

ccaarreeeerr..  
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  NNootthhiinngg  ooff  tthhiiss  wwoorrkk  wwoouulldd  hhaavvee  bbeeeenn  rreeaalliizzeedd  wwiitthhoouutt  tthhee  hheellpp  ooff  mmaannyy  ppeeooppllee  iinn  

aaddddiittiioonn  ttoo  tthhoossee  aallrreeaaddyy  cciitteedd  aabboovvee..  II  hhaavvee  bbeeeenn  vveerryy  lluucckkyy  ttoo  hhaavvee  tthhee  ppoossssiibbiilliittyy  ttoo

wwoorrkk  wwiitthh  ssuucchh  wwoonnddeerrffuull  ffrriieennddss,,  mmoorree  tthhaann  ccoollllaabboorraattoorrss..    

  

  EEssppeecciiaallllyy,,  II  wwoouulldd  lliikkee  ttoo  eexxpprreessss  mmyy  hheeaarrttffeelltt  ggrraattiittuuddee  ttoo  oouurr  ccoo--wwoorrkkeerrss  iinn  tthhee  

CChheemmiissttrryy  DDeeppaarrttmmeenntt  ooff  XXiiaammeenn  UUnniivveerrssiittyy  iinn  CChhiinnaa::  PPrrooff..  SShhii--GGaanngg  SSuunn;;  PPrrooff..  

SShheenngg--PPeeii  CChheenn  aanndd  tthheeiirr  ggrroouupp  mmeemmbbeerrss  PPhhDD  ssttuuddeennttss  RRuuii  HHuuaanngg  aanndd  ZZii--LLii  LLiiuu..  TThheeyy  

ccoonnttrriibbuutteedd  aa  lloott  ttoo  tthhee  nnaannooccaattaallyyssttss’’  cchhaarraacctteerriizzaattiioonn  ssuucchh  aass  SSEEMM,,  TTEEMM,,  XXPPSS,,  aanndd  

IICCPP--MMSS  aannaallyyssiiss..  II  aallssoo  nneeeedd  ttoo  tthhaannkkss  ttoo  tthhee D  Drr..  MMaarrcceelllloo  MMaarreellllii  wwhhoo  wwoorrkkss  iinn  tthhee  

IISSTTMM--CCNNRR,,  MMiillaannoo  ((IIttaallyy))  aanndd  ggaavvee  aa  lloott  ooff  hheellppss  ffoorr  tthhee  HHRRTTEEMM  cchhaarraacctteerriizzaattiioonn  ooff  tthhee  

aass  pprreeppaarreedd  PPdd  nnaannooccaattaallyyssttss  iinn  tthhiiss  tthheessiiss..  AAllll  tthheessee  ppeeooppllee  ssttrroonnggllyy  ccoonnttrriibbuutteedd  ttoo  tthhee  

wwoorrkk  pprreesseenntteedd  iinn  tthhiiss  tthheessiiss  aanndd  II  oowwee  tthheemm  aallll  mmyy  aaccccoommpplliisshhmmeennttss..  

  AAtt  tthhee  eenndd,,  II  wwoouulldd  lliikkee  ttoo  tthhaannkk  mmyy  bbeelloovveedd  wwiiffee  XXiiuu--mmeeii  LLiinn  aanndd  oouurr  ccuuttee  aannggeell  

ddaauugghhtteerr  AAmmyy..  TThheeyy  aarree  mmyy  mmoottiivvaattiioonn  ttoo  wwoorrkk  hhaarrdd!!  II  aallssoo  nneeeedd  ttoo  tthhaannkk  mmyy  ddeeaarr  

ppaarreennttss,,  ppaarreennttss  iinn  llaaww,,  rreellaattiivveess  aanndd  aallll  mmyy  ffrriieennddss  ffoorr  tthheeiirr  eennddlleessss  lloovvee  aanndd  tthhee  

eennccoouurraaggeemmeenntt  oonn  bbootthh  ooff  mmyy  lliiffee  aanndd  ssttuuddiieess,,  wwiitthhoouutt  tthheeiirr  ssuuppppoorrttss  mmyy  lliiffee  aabbrrooaadd  

wwiillll  lloossee  tthhee  ccoolloorr..  FFoorr  oonnee  mmoorree  ttiimmee,,  tthhaannkkss  ttoo  aallll  ooff  tthheemm,,  GGrraazziiee  MMiillllee!!  

      

  

                                                                                                                        YYaann--xxiinn  CChheenn

   

  

                                                                                                                             0055--0033--22001133

  

 

 

  

 

 

 



 

  221155  

CCuurrrriiccuulluumm  VViittaaee  
PPeerrssoonnaall  DDaattaa  

NNaammee::      YYaann--XXiinn  CChheenn  

GGeennddeerr::    MMaallee      DDaattee  ooff  bbiirrtthh::    2233..  0022..  11998833  

PPllaaccee  ooff  bbiirrtthh::    GGuuttiiaann CC  iittyy,,  FFuujjiiaann  PPrroovviinnccee,,  PPeeooppllee''ss  RReeppuubblliicc  ooff  CChhiinnaa  

NNaattiioonnaalliittyy::    PPeeooppllee''ss  RReeppuubblliicc  ooff  CChhiinnaa  

  

EEdduuccaattiioonn  

PPhhDD::  0011..22001100  ––1122..22001122  

  DDeeppaarrttmmeenntt  ooff  CChheemmiiccaall  aanndd  PPhhaarrmmaacceeuuttiiccaall  SScciieenncceess,,  TTrriieessttee  UUnniivveerrssiittyy,,  

TTrriieessttee  3344112277,,  IIttaallyy  &&  IInnssttiittuuttee  ooff  CChheemmiissttrryy  ooff  OOrrggaannoommeettaalllliicc  

CCoommppoouunnddss  --  NNaattiioonnaall  RReesseeaarrcchh  CCoouunncciill  ooff  IIttaallyy  ((IICCCCOOMM--CCNNRR)),,  SSeessttoo  

FFiioorreennttiinnoo  5500001199,,  FFlloorreennccee,,  IIttaallyy  

PPhhDD  tthheessiiss::  ““  NNaannoossttrruuccttuurreedd  TTiiOO22  BBaasseedd  MMaatteerriiaallss  ffoorr  eelleeccttrrooccaattaallyyssiiss  aanndd      

      PPhhoottootteelleeccttrrooccaattaallyyssiiss  ””  

  

MMaasstteerr  ooff  SScciieennccee::  0099..  22000055  ––  0033..  22000099  

      DDeeppaarrttmmeenntt  ooff  CChheemmiissttrryy,,  CCoolllleeggee  ooff  CChheemmiissttrryy  aanndd  CChheemmiiccaall

      EEnnggiinneeeerriinngg,,  XXiiaammeenn  UUnniivveerrssiittyy,,  CChhiinnaa  

MMaasstte

        

err  tthheessiis::  ““  EElleeccttrrs oocchheemmiiccaalllyy  shhapel s ape--cooc nnttrroolllleedd ssyynntth heessiiss  ooff  FFee  nnaannooppaarrttiicclleess,,    

    tthheeiirr  ssttrruuccttuurraall  cchhaarraacctteerriizzaattiioonn  aanndd  pprrooppeerrttiieess  ””  ((EExxcceelllleenntt  GGrraaddee))    

  

BBaacchheelloorr  ooff  SScciieennccee::  0099..  22000011  ––  0077..  22000055  

DDeeppaarrttmmeenntt  ooff  CChheemmiissttrryy,,  ZZhhaannggzzhhoouu  NNoorrmmaall  UUnniivveerrssiittyy,,  FFuujjiiaann,,  CChhiinnaa  

  

  



   

  221166  

PPuubblliiccaattiioonnss  iinn  tthhee  PPhhDD  PPeerriioodd  

 

(1)  Yan-Xin Chen, Alessandro Lavacchi, Sheng-Pei Chen, Francesco di Benedetto, 

la ev lau lo Fornasiero, Massimo Innocenti, Marcello 

Marelli, Werner Oberhauser, Shi-Gang Sun, Francesco Vizza “Electrochemical Milling 

and Faceting: Size Reduction and Catalytic Activation of Palladium Nanoparticles”, 

em  In  8500-8504.  

(2)  Yan-Xin Chen

Manue  B ilacqua, C dio Bianchini, Pao

Angew. Ch . t. Ed., Vol. 51, Issue 34, (2012)

, et al., “3D Nanostructured TNTAs-web Based Materials preparation and 

n for Fuel Cells, Electrolysis and Photoassisted H2 generation”, (Manuscript in 

)  Valentin

applicatio

preparation). 

(3 a Bambagioni, Claudio Bianchini, YanXin Chen, Jonathan Filippi, Paolo

o, Massimo Innocenti, Alessandro Lavacchi, Andrea Marchion

er, Francesco Vizza “Energy Efficiency Enhancement of Etha

idation on Pd-CeO2/C in Passive 

 

Fornasier ni, Werner 

Oberhaus nol 

Electroox and Active Polymer Electrolyte-Membrane 

) nd a lacqua, Claudio Bianchini, Yan-Xin Chen,

Fuel Cells”, ChemSusChem, Vol. 5, Issue 7, (2012) 1266-1273. 

(4  A re Marchionni, Manuela Bevi  Jonathan 

Filippi, Paolo Fornasiero, Alessandro Lavacchi, Hamish Miller, Lianqin Wang, Francesco 

Vizza “Electrooxidation of Ethylene Glycol and Glycerol on Pd-(Ni-Zn)/C Anodes in 

 Vol. 6, Issue 3, (2013) 518-528. 

(5)  Lianqin Wang, Manuela Bevilacqua, Yan-Xin Chen,

Direct Alcohol Fuel Cells”, ChemSusChem,

 Jonathan Filippi, Massimo 

Innocenti, Alessandro Lavacchi, Andrea Marc ish Miller, Francesco Vizza, 

d 

ium

) OU Jie-lian, CHEN Yanxin,

hionni, Ham

“Enhanced Electro-oxidation of Alcohols at Polycrystalline Electrochemically Treate

Pallad  Surface”, (Submitted to Journal of Power Sources). 

(6  LI Mingxuan, XU Binbin, WANG Peng, CHEN Shengpei, 

rization of Carbon Supported CoNi Alloy 

rties”, CIESC 

Journal, (2013) vol.64, No. 5, 1730-1735. 

) LI Ming-xuan, OU Jie-lian, CHEN Yan-xin,

SUN Shigang “Preparation and Characte

Nanoparticles Electrode and Studies of Their Electrocatalytic Prope

(7  CHEN Sheng-pei, WANG Peng, XU 

Bin-bin, SUN Shi-gang “P”, Journal of Electrochemistry, (2012) Vol.18, Issue. 4, 1-5. 



 

  221177  

CCoonnffeerreennccee  PPoosstteerrss  iinn  tthhee  PPhhDD  PPeerriioodd  

(1) 

  

Y.X. Chen, P. Fornasiero, A. Lavacchi, C. Bianchini, F. Vizza, S.P. Chen, S.G. Sun, 

“Electrochemical Milling and Faceting (ECMF): a New Method for Size Reduction and 

Catalytic Activation of Palladium Nanoparticles”, ISACS9, P-099, Xiamen, China, 2012. 

(2) Y.X. Chen, S.P. Chen, Z.Y. Zhou, P. Fornasiero, C. Bianchini, S.G. Sun, 

 

 

 

 

 

 

 

 

 

 

 

“Shape-Controlled Synthesis of Fe Microflowers and their Catalytic Properties for Nitrite 

Reduction”, ISE2010, s07-P-063, Nice, France, 2010. 

 

 

 

 


