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ABSTRACT 


The  Polymer  electrolyte  membrane  (PEM)  fuel  cells  are  promising  fuel  cell 
 technology  which  can  convert  the  chemical  energy  in  for  example  hydrogen  into 
 electricity  efficiently  and  environmentally  friendly.  It  has  attracted  considerable 
 attention because it helps to mitigate issues related to greenhouse gas emission and 
 environmental  pollution.  The  most  widely  studied  PEM  fuel  cell  is  the  low 
 temperature (LT) PEM fuel cell. However, the catalyst of LT-PEM fuel cells can be 
 poisoned  by  small  trace  amounts  of  CO  in  the  fuel.  Due  to  the  high  impurity 
 tolerance,  along  with  other  advantages  such  as  simplified  water  management  and 
 easy  heat  removal,  the  H3PO4/PBI  membrane  based  high  temperature  (HT)  PEM 
 fuel cell is thought to be very promising. 


In this work,  some degradation issues of the HT-PEM fuel cell are experimentally 
 investigated. Given the current challenges for production and storage of the H2, it is 
 more practical to use a liquid fuel such as methanol as the energy carrier. However, 
 the reformate gas produced from methanol contains impurities such as CO, CO2 and 
 unconverted methanol. For stationary applications, especially for HT-PEM fuel cell 
 based  micro-CHP  units  for  households,  the  daily  startup/shutdown  operation  is 
 necessary.  Moreover,  the  faults  in  the  H2  supply  system  or  in  controlling  the 
 reformer can cause the H2 starvation of the HT-PEM fuel cell. The effects of these 
 operating conditions to the degradation of the HT-PEM fuel cell are studied in the 
 current work. Both in-situ and ex-situ characterization techniques are conducted to 
 gain insight into the degradation mechanisms of the HT-PEM fuel cell under these 
 operating conditions. 


The experimental results in this work suggest that the presence of methanol results 
 in  the  degradation in  cell  performance  of  the  HT-PEM  fuel  cell  by  increasing  the 
 charge  transfer  resistance  and  mass  transfer  resistance.  The  CO  with  volume 
 fraction  of  1%  –  3%  can  cause  significant  performance  loss  to  the  HT-PEM  fuel 
 cell at the operating temperature of 150 oC. The cell performance loss caused by CO 
 poisoning can be  alleviated by the presence of  water vapor. The CO oxidation via 
 the water gas shift reaction is the main reason for the mitigated CO poisoning with 
 the presence of water vapor. Meanwhile, the CO poisoning can deteriorate with the 
 presence  of  CO2, although  the  CO2 alone  does  not  affect  the  cell  performance.  H2


starvation  results  in  reversal  in  the  cell  polarity.  The  carbon  corrosion  and  water 
electrolysis  reactions  occur  in  the  anode  under  H2  starvation  conditions  as 
confirmed by the presence of CO2 and O2 in the anode exhaust. The current density 
distribution  becomes  uneven  under  H2  starvation  conditions,  with  high  current 
density  values  in  upstream  regions  and  low  current  density  values  in  downstream 
regions.  The  cell  reversal  and  uneven  current  density  distribution  become  more 
severe under lower H2 stoichiometry and higher current load conditions. The rapid 



(7)under  H2  starvation  conditions  occur  in  the  catalyst  layer,  mainly  in  the  anode, 
 while  the  membrane  is  not  affected.  The  carbon  corrosion  in  the  anode  and 
 consequently the decrease in ECSA is the main reason for the degradation under H2


starvation conditions. 


The results obtained in this work help to understand and mitigate the degradation of 
HT-PEM fuel cell. 
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DANSK RESUME 


Polymer  elektrolyt  membran  (PEM)  brændselsceller  udgør  en  lovende 
 brændselscelleteknologi.  De  kan  konvertere  den  kemiske  energi  i  for  eksempel 
 hydrogen  til  elektricitet,  effektivt  og  miljøvenligt.  Dette  har  særligt  tiltrukket  sig 
 opmærksomhed,  da  det  hjælper  med  at  mitigere  problematikkerne  relateret  til 
 drivhusgasemissioner og den miljømæssige forurening. De mest udbredte studier af 
 PEM-brændselsceller,  er  lavtemperatur  (LT)  PEM-brændselsceller.  LT-PEM-
 brændselsceller  besidder  dog  en  katalyst  der  kan  forurenes ved  selv  små  mængder 
 af CO i det benyttede brændstof. På grund af de høje tolerancer over for forurening, 
 samt andre fordele, såsom forsimplet water management og nemmere køling, anses 
 H3PO4/PBI-membranbaserede  højtemperatur  (HT)  PEM-brændselsceller  for  en 
 lovende teknologi. 


I  dette  arbejde  undersøges,  for  HT-PEM-brændselsceller,  forskellige  degraderings 
 problematikker eksperimentelt. Givet de nuværende udfordringer for produktion og 
 lagring  af  H2,  er  det  mere  praktisk  at  benytte  et  flydende  brændstof,  som  for 
 eksempel metanol, som energibærer. Dog indeholder det reformatgas der producers 
 fra metanol  forurenende  elementer  af  bl.a.  CO,  CO2  og  ukonverteret  metanol.  For 
 stationære  applikationer,  særligt  HT-PEM-brændselsceller  baserede  mikro-
 kraftvarme  enheder  til  almindelige  husholdninger,  er  daglig  start/stop  drift 
 nødvendig.  Ydermere  kan  fejl  i  H2  forsyningssystemet  eller  regulering  af 
 reformeren  forårsage  H2-sultning  af  HT-PEM-brændselscellen. Effekterne  af  disse 
 driftsbetingelser på degraderingen af HT-PEM-brændselscellerne bliver studerent it 
 dette  arbejde.  Både  in-situ  og  ex-situ  karakteriseringsteknikker  foretages  for  at  få 
 indsigt  i  degraderingsmekanismerne  i  HT-PEM-brændselsceller  i  netop  disse 
 driftssituationer. 


De eksperimentelle resultater i dette arbejde foreslår at tilstedeværelsen af metanol 
 resulterer  i  degradering  af  HT-PEM-brændselscelle  performance,  ved  forhøjet 
 charge  transfer  resistance  og  mass  transfer  resistance.  CO  med  volumenfraktioner 
 på  1 %  –  3  %  kan  forårsage  signifikant  performancetab  for  HT-PEM-
 brændselsceller ved driftstemperaturer på 150 oC. Celleperformancetab forårsaget af 
 CO-forgiftning  kan  afhjælpes  ved  tilstedeværelsen  af  vanddamp.  CO-oxidationen 
 via  water-gas-shift-reaktionen  er  hovedårsagen  til  den  forbedrede  CO-
 forgiftningssituation  ved  tilstedeværelsen  af  vanddamp.  I  mellemtiden  kan  CO-
 forgiftningen  forværres  ved  tilstedeværelsen af  CO2,  på  trods af  at  CO2 alene  ikke 
 påvirker  celleperformance.  H2-sultning  resulterer  i  reversering  af  cellepolariteten. 


Carbon  corrosion  og  vandelektrolysereaktioner  sker  på  anodesiden  under  H2-
sultningsbetingelser,  hvilket  bekræftes  af  tilstedeværelsen  af  CO2  og  O2  i 
anodeudstødningen.  Strømdensitetsdistributionen  bliver  ujævn  under  H2-
sultningsbetingelser  med  høje  strømdensiteter  i  upstream-regionerne  og  lave 



(9)strømbelastningstilstande.  Den  hurtige  forringelse  af  celleperformance  under  H2-
 sultnings-degradering, viser ved tests, at H2-sultning kan forårsage alvorlig skade på 
 HT-PEM-brændselscellen.  Degraderingen  under  H2-sultning  sker  i  katalystlaget, 
 primært på anodesiden, mens membranen ikke bliver påvirket. Carbon corrosion på 
 anoden formindsker konsekvent ECSA og er hovedårsagen til degraderingen under 
 H2-sultningsbetingelser. 


De  opnåede  resultater  I  dette  arbejde  hjælper  med  forståelsen  og  forbedringen  af 
degradering af HT-PEM-brændselsceller. 
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CHAPTER 1. INTRODUCTION 


This  section  gives  a  brief  overview  of  the  global  energy  consumption  and  the 
 importance  of  the  development  of  the  fuel  cell  technology.  It  then  introduces  the 
 classification of fuel cells and the operational principle of the PEM fuel cell, which is 
 of  interest  in  this  project.  Lastly,  the  state-of-art  of  the  PEM  fuel  cell  and  its 
 application are outlined. 


1.1. THE IMPORTANCE OF FUEL CELLS 


Despite  the  recent  global  economic  recession,  the  global  energy  consumption  has 
 been  increasing  over  the  last  several  decades  and  is  expected  to  increase  over  the 
 next 20 years. The global energy demand is expected to rise by 37% from 2013 to 
 2035 [1]. Fossil fuels, which take up more than 70% of the total energy production, 
 are  the  main  sources  of  the  CO2  emission.  The  IPCC  predicts  that  the  global 
 temperature  will  be  increased  by  4 oC  by  the  end  of  the  21st  century,  if  the  global 
 CO2  emission  continues  increasing  [2].  Therefore  governments  all  over  the  world 
 have  reached  a  consensus  that  the  CO2  emission  has  to  be  reduced  as  soon  as 
 possible,  although  there  are  still  heated  debates  on  the  exact  CO2  emission  target 
 between  developed  countries  and  developing  countries.  Denmark,  which  is  rather 
 ambitious on CO2 emission reduction, aims to reduce 40% of CO2 emission by 2020 
 compared  with  1990  and  become  complete  carbon  neutral  by  2050  [3].  With  the 
 more and more severe conflictions between increasing energy demand and urgency 
 in  CO2  emission  reduction,  the  renewable  energy  supply  should  rise  more  rapidly 
 and take up higher percentage in the total energy consumption. 


A  fuel  cell  is  an  electrochemical  device  which  can  directly  convert  the  chemical 
 energy into electric energy. Its efficiency is not limited by the Carnot Cycle because 
 there is no working medium cycled between high temperature and low temperature 
 heat  sources  in  the  fuel  cell.  Therefore  its  efficiency  can  be  higher  than  the 
 traditional thermal  engines.  Moreover, if hydrogen  is adopted  as  the  fuel,  water  is 
 the  only  product  of  the  operation,  which  makes  the  fuel  cell  very  environmentally 
 friendly  provided  the  hydrogen  is  produced  from  renewables  [4].  The  high 
 efficiency and low emission of the fuel cell make it a very promising solution to the 
 global energy crisis and environmental pollution issues.  


1.2. FUEL CELL TYPES  


The fuel cells can be classified according to the materials of the electrolyte used. In 
 Table 1.1 several common types of fuel cells are listed. 


Table 1.1 – The classifications of different fuel cell types 



(23)Fuel cell type  Abbreviation  Electrolyte 
 material 


Operating 
 temperature 


(oC) 


Conductive 
 ions 
 Polymer 


electrolyte 
 membrane  


fuel cell 


PEMFC  Proton exchange 


membrane  60 – 80  H+


High 
 temperature 


polymer 
 electrolyte fuel 


cell 


HT-PEMFC 


Phosphoric acid 
 doped proton 


exchange 
 membrane 


120 – 200  H+


Direct 
 methanol  fuel 


cell 


DMFC  Proton exchange 


membrane  60 – 80  H+


Phosphoric 


acid fuel cell  PAFC  Immobilized 


phosphoric acid  150 – 200  H+
 Molten 


carbonate fuel 
 cell 


MCFC 


Immobilized 
 liquid molten 
 carbonate 


620 – 660  CO32-


Solid oxide 


fuel cell  SOFC  Ceramic  800 – 1000  O2-


Alkaline fuel 


cell  AFC  Aqueous alkaline 


solution  23 – 250  OH-


1.3. PEM FUEL CELLS 


Fig. 1 illustrates the typical structure of a PEM fuel cell. In both anode and cathode, 
there are catalyst layer (CL), gas diffusion layer (GDL) and bipolar plate with flow 
channels. The PEM fuel cell (also known as proton exchange membrane fuel cell) 
uses  a  solid  polymer  membrane  as  the  electrolyte  which  is  capable  of  conducting 
protons  (H+).  This  polymer  membrane  also  separates  the  air  in  cathode  and  H2  in 
anode. Currently the most commonly used membrane material for PEM fuel cell is 
perfluorinated  sulfonic  acid  (PSA),  i.e.  Nafion  [5].  The  sulfonic  groups  in  Nafion 



(24)provide  sites  for  proton  transfer  under  fully  hydrated  conditions.  Therefore  the 
 reactant gas usually needs to be humidified prior to entering the fuel cell to provide 
 sufficient water vapor to maintain the high conductivity of the membrane [6].  


Fig.1.1  – The structure and the operational principle of the PEM fuel cell 


The catalyst layer is where the electrode reactions take place. It consists of porous 
 carbon material with nanometer-sized catalyst particles attached on the surface and 
 ionomer  to  create  the  required  triple-phase  boundary  required  for  the 
 electrochemical  reaction.  In  the  cathode  the  pure  platinum  particles  are  usually 
 adopted  as  the  catalyst,  while  in  the  anode  either  platinum  or  platinum-ruthenium 
 alloy can be used. The oxidation reaction and the reduction reaction taking place on 
 anode and cathode follow Eq. (1.1) and (1.2), respectively. 


2 2 2


H  H e       (1.1) 


2 2


1 2 2


2O  H eH O      (1.2) 
The  GDL  is  constructed  from  carbon  fiber  or  carbon  cloth  with  porous  media 
structure. It provides the path for reactant gas and electron transfer. Additives such 
as  Teflon  are  usually  used  to  provide  the  hydrophobic  property  of  the  GDL,  to 
avoid the pores being blocked by liquid water. 



(25)The membrane, catalyst layer and gas diffusion layer are usually assembled by hot 
 pressuring  into  the  so-called  membrane  electrode  assembly  (MEA).  The  MEA  is 
 usually  sandwiched  between  two  bipolar  plates  with  flow  channels  which  can 
 distribute the reaction gas evenly on the electrode plane. 


1.4. PEM FUEL CELL APPLICATIONS 


The  application  of  PEM  fuel  cells  focus  on  the  following  three  aspects: 


transportation,  stationary  and  portable  power  generation.  Due  to  the  excellent 
 dynamic characteristics and fast startup of the PEM fuel cell, compared with other 
 types  of  fuel  cell,  most  transportation  applications  of  fuel  cell  are  related  to  the 
 PEM fuel cell [7]. The output power of PEM fuel cell for transportation application 
 ranges from 20 kW to 200 kW. The stationary and portable generation applications 
 of PEM fuel cells are also very successful because of the high power density, high 
 energy efficiency and good output power flexibility. For portable power application, 
 the typical power range of the PEM fuel cell is 5 – 50 W. For stationary application, 
 the output power of the PEM fuel cell can either be in the low range of 100 – 1000 
 W, for example for backup power of the remote telecommunication station, or in the 
 high range of 100 kW – 1 MW, for example for distributed power generation.  


1.4.1. TRANSPORTATION APPLICATIONS 


Most  of  the  conventional  engines  for  transportation  applications,  such  as  internal 
 combustion  engines  (ICEs),  rely  on  the  fossil  fuels,  which  give  rise  to  many 
 environmental and energy issues such as global warming, air pollution and crude oil 
 crisis.  The  PEM  fuel  cell  has  the  potential  to  solve  these  issues  by  replacing  the 
 ICEs in the future. As reported by McNicol et al. [8], the fuel cell vehicles equipped 
 with  carbon  containing  fuel  processor  can  be  superior  to  the  conventional  ICE 
 vehicles in all aspects except for initial cost. 


Many  automotive  manufacturers  have  launched  their  fuel  cell  cars  in  the  last 
 decade, for example Honda FCX Clarity [9], Toyota Mirai [10], Mercedes-Benz F-
 CELL  Electrical  Car  [11],  Chevrolet  Equinox  [12]  and  Hyundai  ix35  FCEV  [13]. 


The fuel cell cars can either be powered only by the fuel cell stacks or by the fuel 
cell stacks and batteries in a hybrid system. The production of automobiles powered 
by fuel cells has been increasing in recent years. Besides the automotive companies, 
the  governments  in  some  countries also  contribute  to  the  development  of  fuel  cell 
vehicles.The US DOE initiated the “Controlled Hydrogen Fleet and Infrastructure 
Demonstration  and  Validation”  Project  in  2004  [14],  aiming  to  demonstrate  the 
performance of fuel cell vehicles and the support refueling infrastructure in parallel, 
under  real-life  conditions.  The  target  of  this  project  for  the  range  of  fuel  cell 
vehicles  is  above  300  miles.  They  have  employed  152  fuel  cell  vehicles  and  24 



(26)hydrogen-refueling stations. Japan initiated the “Japan Hydrogen Fuel Cell (JHFC)” 


Project in 2002 which involved the activities related to fuel cell vehicles [15]. 


Fuel  cell  buses  are  another  successful  application  of  fuel  cells  in  transportation. 


There have been several government funded fuel cell bus project announced in the 
 past  decade,  such  as  US  National  Fuel  Cell  Bus  project  [16],  European  CUTE 
 (Clean  Urban  Transport  for  Europe)  [17]  and  Australian  STEP  (Sustainable 
 Transport  Energy  Project)  programs.  All  around  the  world,  fuel  cell  buses  are 
 demonstrated,  including  in  Whistler  Canada,  San  Francisco  USA,  Hamburg 
 Germany, Shanghai and Beijing China, London England, São Paulo Brazil as well 
 as several others [4]. 


Other applications of fuel cells in transportation can be found in the literature, such 
 as fuel cell bicycles [18], fuel cell scooters [19], fuel cell forklifts [20]. 


1.4.2. STATIONARY APPLICATIONS 


Distributed  power  generation  has  shown  many  advantages  over  the  centralized 
 power generation, including utilizing the waste heat through cogenerating heat and 
 power  for  local  usage.  The  PEM  fuel  cell  has  been  applied  for  small-scale 
 decentralized  stationary  power  generation.  The  application  of  PEM  fuel  cell  in 
 stationary  power  generation  mainly  focuses  on  small  scale  combined  heat  and 
 power (CHP) system, uninterrupted power supplies (UPS) and auxiliary power units 
 (APU)  [21].  The  GenSys  Blue  developed  by  Plug  Power  to  be  compatible  with 
 existing  home  heating  systems  such  as  forced  air  or  hot  water  [22].  In  2009  Plug 
 Power  received  an  award  from  the  New  York  State  Energy  Research  and 
 Development Authority (NYSERDA) for installing and operating the CHP GenSys 
 fuel  cell  systems  in  New  York  State  homes  [23].  The  Ballard  Power  System 
 developed the FCgen-1030 V3 stacks which can be incorporated into the residential 
 CHP  system  [24].  Ballard  also  works  with  Dantherm  Power  A/S  of  Denmark  to 
 provide back-up power solutions to telecommunications providers. The application 
 of PEM fuel cell in stationary power generation faces competitions from other types 
 of  fuel  cell,  mainly  from  SOFC  and  MCFC.  To  enhance  the  competitiveness  of 
 PEM fuel cell in stationary power generation, research work aiming to improve the 
 durability and fuel flexibility of the PEM fuel cell should be conducted. 


1.4.3. PORTABLE APPLICATIONS 


Due to the unsatisfying battery technology in terms of low power  density and long 
charging time, there is a growing demand for portable PEM fuel cells for portable 
electronic  devices.  The  world  production  of  portable  fuel  cell  has  been  increasing 
continuously  [25].  The  portable  PEM  fuel  cell  can  be  used  for  laptops,  mobile 
phones,  remote  control  (RC)  toys  and  emergency  lights  [26].  In  addition,  the 
portable PEM fuel cell also receives attention for the military application to power 



(27)portable  electronic  devices  such  as  radios.  There  are  several  negative  opinions  of 
 PEM fuel cell in portable application. One is related to the safety of hydrogen, and 
 another one is about the lower volumetric energy density of hydrogen. However the 
 PEM fuel cell shows some advantages and potential in this field. The PEM fuel cell 
 fueled with liquid methanol, namely direct methanol fuel cell (DMFC), is thought to 
 be a promising candidate for the portable power source. 


1.5. SUMMARY 


In this chapter the important role which the fuel cell will play in the future of energy 
supply and environment protection has been introduced. As a very highly-efficient 
and environment-friendly power source, the fuel cell is expected to play a more and 
more  important  role  in  the  future  world,  to  promote  the  efficiency  of  energy 
conversion and  to  utilize the  H2  energy  more  efficiently.  The  classification  of  fuel 
cells has been listed. And the components and the operational principle of the PEM 
fuel  cell  are  summarized.  Many  successful  applications  of  the  PEM  fuel  cell  in 
different aspects have  been  seen.  However  the  durability  and  the  lifetime  is  still a 
barrier  on  its  way  to  successful  commercialization,  which  motivate  the  current 
research work conducted in this thesis.
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CHAPTER 2. DEGRADATION ON HIGH  TEMPERATURE PEM FUEL CELL 


This section introduces a specific type of PEM fuel cell, phosphoric acid doped PBI 
 membrane  based  high  temperature  PEM  fuel  cell,  which  is  investigated  in  this 
 project. After introducing the  advantages, disadvantages and applications of this type 
 of PEM fuel cell, the working principle and components of the HT-PEM fuel cell is 
 described. Then the degradation mechanisms of each component under steady state 
 and  some  stressed  operating  conditions  are  introduced,  to  elicit  the  motivation  and 
 the main objects for this project. 


2.1. OVERVIEW OF HT-PEM FUEL CELLS 


The Nafion membrane based PEM fuel cell with operating temperature in the range 
 of  60  –  80 oC  is  recognized  as  a  very  successful  type  of  fuel  cell  due  to  its  high 
 energy  efficiency,  fast  startup  and  high  power  density.  However  it  faces  many 
 technical  challenges  associated  with  the  low  operating  temperature.  Firstly,  proper 
 water  management  is  needed  for  the  Nafion  based  PEM  fuel  cell  [6].  The  water 
 content in the Nafion based PEM fuel cell  should not be neither too high to avoid 
 the blockage of the pores in GDL and CL  by liquid water nor too low to maintain 
 sufficient proton conductivity of the membrane. Normally humidifiers are installed 
 in  the  fuel  cell  system  to  prevent  the  dry-out  of  the  polymer  membrane,  which 
 increases the complexity of the system. Although a lot of work has been conducted 
 to develop the fuel cell system without humidifiers, these systems still need further 
 improvement  for  better  reliability  and  performance  [27].  Another  challenge  for 
 Nafion  based  PEM  fuel  cells  are  that  the  catalyst  can  be  easily  contaminated  by 
 impurities  in  the  fuel  stream.  For  example  the  CO  with  concentration  of  several 
 ppm can cause significant cell performance drop [28].The intolerance to impurities 
 makes  a  reactor  for  eliminating  CO  in  the  fuel  stream  necessary  in  the  fuel  cell 
 system  fueled  by  reformate  gas,  which  increases  the  complexity  of  the  fuel  cell 
 system.  Moreover,  the  low  operating  temperature  brings  about  the  difficulties  in 
 expelling and utilizing the waste heat generated by electrochemical reactions, since 
 the temperature gradient between the fuel cell and the environment is relatively low 
 [29]. 


It  is  recognized  that  elevating  the  operating  temperature  above  100  oC  can 
effectively  solve  these  temperature  related  problems.  However  the  Nafion 
membrane only shows good chemical and mechanical properties in the temperature 
range  of  60  –  80 oC.  Thus  many  researchers  have  devoted  themselves  to  new 
materials  for  polymer  membranes  which  have  good  chemical  and  mechanical 
stability  and  sufficient  proton  conductivity  at  higher  temperature  [30-35].  Among 



(29)different new  materials,  phosphoric acid  (PA  or  H3PO4)  doped  polybenzimidazole 
 (PBI)  which  shows  promising  properties  for  PEM  fuel  cell  application.  The  PEM 
 fuel  cell  which  is  based  on  the  PA  doped  PBI  membrane  can  be  operated  in  the 
 temperature  range  of  120  –  200 oC,  and  therefore  is  normally  referred  to  as  high 
 temperature (HT) PEM fuel cell. And the traditional Nafion based PEM fuel cell is 
 often  referred  as  low  temperature  (LT)  PEM  fuel  cell.  The  first  PBI/H3PO4  HT-
 PEM  fuel  cell  was  proposed  by  Wainright  et  al  [36].  Since  then,  many  research 
 works  on  the  manufacturing  and  characterization  of  the  HT-PEM  fuel  cell  have 
 been reported. 


The proton conductivity of the H3PO4/PBI membrane does not rely on liquid water, 
 which  makes  the  non-humidification  operation  of  the  fuel  cell  possible  [37].  And 
 there  is  no  liquid  water  in  the  HT-PEM  fuel  cell  during  operation  because  the 
 operational temperature is above water boiling temperature, which makes the water 
 management  very  easy.  Moreover,  higher  operating  temperature  enables  better 
 utilization of the heat in the exhaust gas of the HT-PEM fuel cell. Jensen et al. [38] 


proposed  a  HT-PEM  fuel  cell  system  using  the  excess  heat  from  the  fuel  cell  to 
 vaporize  the  water  and  methanol  for  a  fuel  processor.  Gao  et  al.  [39]  proposed  a 
 method  installing  the  thermoelectric  devices  in  the  HT-PEM  fuel  cell  system  to 
 utilize the exhaust heat and improve the  electric efficiency  of the fuel cell system. 


Last but most importantly, the tolerance of the HT-PEM fuel cell to the impurities 
 in  the  fuel  stream  is  largely  enhanced  by  the  high  operating  temperature.  It  is 
 reported  that  the  performance  of  a  HT-PEM  fuel  cell  shows  no  significant  loss 
 under  an  operating  temperature  of  180 oC  with  CO  concentrations  of  5%  in  the 
 anode stream [40]. Therefore the HT-PEM fuel cell can be easily integrated with a 
 reformer to utilize the traditional fossil fuels such as methanol, methane and natural 
 gas [41, 42]. The fuel flexibility is largely increased by integrating the reformer to 
 the  HT-PEM  fuel  cell.  In addition the  H2  storage issues  can  be  solved  because  of 
 the high energy density of the fossil fuels. 


The first H3PO4/PBI based HT-PEM fuel cell system integrated with a fuel reformer 
 was  developed  by  Holladay  et  al  [41].  Pan  et al.  [43]  managed  to  integrate a  HT-
 PEM  fuel  cell  with  a  methanol  reformer  without  any  CO  removal  devices. 


Efficiency  of  the  system  was  improved  by  utilizing  the  water  and  heat  from  the 
exhaust  gas  of  the  fuel  cell.  A  methanol  reformer  for  HT-PEM  fuel  cell  was  also 
presented by Andreasen et al [44]. And it was managed to be integrated into a HT-
PEM  fuel  cell  system  as  shown  in  Fig.  2.1  [44].  Karstedt  et  al.  [45]  presented  a 
system consisting of a methane fuel processor and a HT-PEM fuel cell unit with an 
electrical  output  of  4.5  kW.  With  the  system  model  they  optimized  the  operating 
parameters such as gas stoichiometries and steam/carbon ratio to achieve maximum 
system  efficiency.  The  HT-PEM  fuel  cell  integrated  with a  glycerol  reformer  was 
reported by Authayanun et al [46]. The optimal system parameters were found to be 
dependent on the current density and operating temperature of the fuel cell. 



(30)Fig.  2.1  –  Diagram  of  a  HT-PEM  power  system  integrated  with  a  methanol  reformer 
 (reproduced from [44]) 


Another  method  to  utilize  the  methanol  for  HT-PEM  fuel  cell  is  to  integrate  the 
 methanol  reforming  catalyst  into  the  anode  of  the  fuel  cell,  namely  internal 
 reforming  [47].  The  same  temperature  range  for  methanol  reforming  and  for  HT-
 PEM fuel cell operation makes this technology feasible. Avgouropoulos et al.  [48] 


proposed and developed an internal reforming methanol fuel cell. The methanol is 
 directly  fed  into  the anode  and then reformed  at  the  operating temperature  of  200 


oC.  This  fuel  cell  showed  promising  performance  and  no  significant  performance 
 degradation.  Meanwhile  the  system  volume  and  weight  was  minimized  at  a  large 
 extent. 


The  high  temperature  exhaust  gas  makes  the  HT-PEM  fuel  cell  very  suitable  for 
 stationary applications such as combined heat and power (CHP) and co-generation 
 [49].  A  residential  energy  system  based  on  PBI  HT-PEM  fuel  cell  for  single 
 household  was  proposed  by  Arsalis  et  al.  [50],  as  well  as  some  operational 
 strategies. The energy efficiency of the HT-PEM fuel cell based micro-CHP system 
 was  found  to  be  higher  than  that  of  traditional  thermal  engine  based  micro-CHP 
 system.  The  automotive  application  of  the  HT-PEM  fuel  cell is  impeded  by  some 
 factors  such  as  the  time  and  energy  required  during  the  startup  period.  However, 
 improving the operation strategy can help to minimize this drawback. Andreasen et 
 al. [51] presented an electric vehicle powered by the HT-PEM fuel cell stacks and 
 the  Li-ion  battery  packs.  The  fuel  cell  stacks  are  connected  parallel  to  the  battery 
 packs, which can charge the battery and extend the driving range. 


Although  there  are  many  advantages  and  successful  applications,  the  further 
commercialization  of  HT-PEM  fuel  cell  still  face  many  obstacles  and  challenges. 



(31)The  using  of  platinum as  a noble  metal  catalyst  brings about high  cost  of  the  HT-
 PEM fuel cell, although many works have been conducted to decrease the platinum 
 loading in the catalyst layer and figure out alternative non-noble metal catalyst [52]. 


Moreover, the performance and energy density of the HT-PEM fuel cell is generally 
 lower  than  that  of  the  LT-PEM  fuel  cell  because  the  catalyst  is  partly  covered  by 
 the PA and the oxygen diffusion coefficient is pretty low in the PA and the ionomer 
 [37]. These drawbacks can be compensated by the enhanced impurity tolerance and 
 the  simplified  water  management  of  the  HT-PEM  fuel  cell.  Nowadays,  the 
 relatively  short  lifetime  and  high  performance  degradation  rate  is  the  most 
 important barrier which needs to be solved. 


2.2. COMPONENTS OF THE HT-PEM FUEL CELLS 


A  typical  single  cell  setup  of  H3PO4/PBI  membrane  based  HT-PEM  fuel  cell 
 usually  consists  of  the  MEA,  bipolar  plates  with  flow  channels,  end  plates  and 
 gaskets. All the components are illustrated in Fig. 2.2. 


Fig. 2.2  – The components of single cell setup of the HT-PEM fuel cell (A: bipolar plate, B: 


endplate, C: gasket, D: MEA) 


The  PBI,  as  a  thermoplastic  polymer,  provides  the  polymer  electrolyte  membrane 
 high  enough  thermal  and  mechanical  stability  and  sufficient  chemical  resistance. 


However, the pristine PBI polymer shows weak proton conductivity, thus it has to 
be  doped  with  PA  to  obtain  high  conductivity  [53].  The  PA  is  a  typical  type  of 
amphoteric acid which has both proton donors and proton acceptors. The proton can 
be easily transferred in the hydrogen bond network in the PA by the formation and 
the  breakage  of  the  hydrogen  bond.  In  the  H3PO4/PBI  system,  the  proton  is 
migrated  according to  the  Grotthus  mechanism  with  the assistant  of  counter  anion 



(32)[54]. In addition, the good thermal stability of the PA makes its application on the 
 HT-PEM  fuel  cell  feasible.  Typically  the  H3PO4/PBI  membrane  is  fabricated  by 
 solution  casting.  There  are  two  typical  cast  methods:  direct  casting  and  indirect 
 casting  [37].    For  direct  casting, the acid  doped  PBI  membrane  is  casted  from the 
 PBI solution in polyphosphoric acid (PPA) or in mixture of PA and trifluoroacetic 
 acid (TFA). For indirect casting, the membrane is first casted from organic solution, 
 most  commonly  the  N,N-dimethylacetamide  (DMAc),  then  immersing  the 
 membrane in the PA solution to make it proton conductive. The proton conductivity 
 of the PA doped PBI membrane is related to the acid doping level which is defined 
 by  the number  of  acid molecules  per repeating  PBI  unit.  It is  found  that  when the 
 acid doping level is higher than 2 the free acid can be observed, which contributes 
 to most of the proton conductivity [55]. Therefore the PA content in the membrane 
 should  be  maintained  at  the  sufficient  level  to  avoid  the  decrease  in  proton 
 conductivity.  Additionally,  since  the  proton  transfer  in  the  H3PO4/PBI  membrane 
 does not rely on water, the electro-osmotic drag coefficient of water is almost zero. 


The catalyst layer and the gas diffusion layer of the H3PO4/PBI based HT-PEM fuel 
 cell  are  similar to  those  of  the  LT-PEM  fuel  cell and  PAFC.  Noble  metal  catalyst 
 such  as  platinum  particles  is  attached  on  the  high  surface  area  carbon  material  to 
 create  enough  active  sites  for  electrochemical  reactions.  The  ionomer  such  as  PA 
 doped  PBI  is  used  as  the  binder  in  the  catalyst  layer  to  provide  the  hydrophobic 
 property  and  the  proton  transfer  path.  The  ionomer  loading  in  the  catalyst  layer 
 should  be  optimized  to  obtain  both high levels  in proton  conductivity  and  catalyst 
 activity [56]. Hot pressing is the most common method to fabricate the MEA of the 
 HT-PEM  fuel  cell  [30].  It  is  important  to  ensure  good  contact  between  different 
 components of the MEA and maintain the structure integrity. 


2.3. DEGRADATION AND DURABILITY ISSUES OF THE HT-PEM 
 FUEL CELLS 


The limited lifetime  is  one  of  the  obstacles  which hinder  the  HT-PEM  fuel  cell  to 
 be  successfully  commercialized.  Several  organizations  have  set  the  durability 
 targets  for  the  HT-PEM  fuel  cell  for  both  stationary  and  automotive  applications. 


According  to  the  Fuel  Cell  Technologies  Program  Multi-Year  Research, 
Development,  and  Demonstration  Plan  (MYRD&D  Plan)  released  by  US  DOE 
[57], the lifetime of a HT-PEM fuel cell should be above 5000 hours for automotive 
application and 60000 hours  for  stationary  application  by  the  year  of  2018.  Many 
research  works  about  the  degradation  test  and  investigation  of  degradation 
mechanisms  have  been  conducted  to  improve  the  durability  of  the  HT-PEM  fuel 
cell  and reduce  the  cell  performance  degradation rate.  In  this  section,  degradation 
mechanisms of different components of the HT-PEM fuel cell and several stressed 
degradation modes are reviewed. 



(33)2.3.1. DEGRADATION OF THE MEMBRANES 


The  most  typical membrane  for  HT-PEM  fuel  cell  is  based  on  polybenzimidazole 
 doped  with  phosphoric  acid.  Excellent  thermal  stability  and  high  proton 
 conductivity of the PA in the temperature range of 120 – 200 oC ensure that the PA 
 doped PBI membrane is suitable for HT-PEM fuel cell application. The degradation 
 mode of the PA doped PBI membrane include the chemical oxidative degradation, 
 mechanical  degradation  and  thermal  stressed  degradation.  Loss  of  PA  in  the 
 membrane  can  result  in  the  decrease  in  the  proton  conductivity  of  the  membrane 
 and  consequently  the  degradation in  the  membrane.  This  section  will  focus  on  the 
 degradation in structure of the PBI membrane. The loss of PA will be introduced in 
 the Section 2.2.4.  


The attack of C-H bond in the polymer by hydrogen peroxide (H2O2) and its radical 
 (-OH or -OOH), which could be generated by oxygen reduction reaction in cathode 
 and  by  reaction  of  hydrogen  and  oxygen  in  anode,  is  believed  to  be  The  general 
 chemical  degradation  mechanism  of  polymer  membranes  under  typical  operating 
 conditions  of  the  PEM  fuel  cell  [58].  LaConti  et  al.  [59]  proposed  a  possible 
 mechanism  for  the  formation  of  H2O2.  The  O2  molecules  permeating  through  the 
 membrane  from  the  cathode  side  are  reduced  at  the  catalyst  layer  of  the  anode, 
 forming H2O2 as following equations: 


2 2 2


H  Pt PtH      (2.1) 


Pt H O2 OOH       (2.2) 


2 2


OOH Pt H H O


          (2.3) 
 Most of the works about the chemical degradation of PBI membrane are conducted 
 through the so-called Fenton test in which the PBI membrane is exposed to ferrous 
 ions  (Fe2+/Fe3+)  containing  H2O2  solutions  [60].  The  ferrous  ions  (Fe2+/Fe3+)  play 
 the role of catalyst for H2O2 decomposition in the Fenton solution. It was reported 
 that the weight of the PBI membrane decreased with the increase in exposure time 
 on the Fenton reagent at the temperature of 68 oC [61]. After 20 hours of exposure 
 to the 3% H2O2, the weight loss of the PBI membrane in the range of 10% and 40% 


can be observed. Liao et al. [62] studied the chemical degradation of PBI membrane 
under  higher  temperature  condition.  They  proposed  a  chemical  oxidative 
degradation mechanism of the PBI membrane based on the FTIR spectrum obtained 
in  the  experiment.  The  H-containing  end-groups,  e.g.  N-H  bond  in  the  imidazole 
ring  can  be  attacked  by  the  peroxide  radicals,  which  can  lead  to  the  opening  of 
imidazole  ring  and  scission  of  the  macromolecular  chain.  They  investigated  the 
chemical  degradation  of  the  PBI  membrane  in  acid  environment  in  a  later  work 
[63]. The PA was found can relieve the membrane degradation by suppressing the 



(34)decomposition of H2O2. The effect of PA to the degradation of PBI membrane was 
 also reported in the literatures [64] and [65].  


Some physical factors such as compressing and swelling can lead to the membrane 
 degradation.  When the  fuel  cell  is assembled, the membrane  is  under  compressive 
 force  from  the  bipolar  plates.  Membrane  creep  and  microcrack  fracture  can  be 
 observed after long-term deformation of the membrane caused by the compressive 
 stress, which can result in the increase in gas crossover through the membrane and 
 consequently  more  severe  chemical  degradation  of  membrane  [59].  In  addition, 
 mechanical stress of the membrane can be caused by the swelling and shrinking of 
 the  PBI  membrane  under  load  cycling  or  relative  humidity  cycling  operating 
 conditions.  Improving  mechanical  strength  of  the  membrane  helps  to  reduce  the 
 mechanical  degradation  [66].  The  pristine  PBI  membrane  shows  very  good 
 mechanical strength, with tensile strength of 60  – 70 MPa under dry condition and 
 100 – 160 MPa under saturated condition [31]. However, the mechanical strength of 
 the  PA  doped  PBI  membrane  is  much  weaker  because  the  backbones  of  the 
 polymer  are  separated  by  the  free  acid  especially  at  high  temperature  [55].  From 
 proton conductivity point of view, the acid doping level should be high. However, 
 the  doping  level  of  the  membrane  cannot  be  too  high  because  of  the  decreasing 
 mechanical  strength  of  the  membrane  with  increasing  doping  level.  The  chemical 
 stability  and  mechanical  strength  of  the  PBI  membrane  can  be  improved  by 
 membrane  modification  such  as  cross-linking.  However,  the  cross-linked  PBI 
 membrane showed poorer thermal stability because the high temperature can break 
 the cross link. 


The  polymer  in  the  PBI  membrane  would  not  experience  significant  thermal 
degradation in the typical operating temperature range of the HT-PEM fuel cell. No 
significant weight loss of the PBI membrane is observed in the temperature range of 
150 – 500 oC in the thermogravimetric analysis (TGA) experiment [67]. However, 
the phosphoric acid doped in the membrane can experience the evaporation and the 
dehydration,  resulting  in  a  continuous  decrease  in  proton  conductivity  of  the 
membrane  under  typical  operating  temperature  of  the  HT-PEM  fuel  cell.  The 
evaporation  and  dehydration  of  PA  in  the  PBI  membrane  was  confirmed  by  the 
weight loss peak in the temperature range of 150  – 175 oC in the TGA experiment 
of the PBI membrane [68]. In the HT-PEM fuel cell, the dehydration of PA can be 
alleviated  by  the  protection  of  the  GDL  and  the  water  vapor  generated  through 
ORR  in  the  cathode.  However, the  dehydration  of  PA  can  influence  the durability 
of  the  HT-PEM  fuel  cell  in  a  long-term  operation,  especially  at  the  end  of  the 
lifetime.  Modestov  et  al.  [69]  observed  that  the hydrogen  crossover rate  increased 
by a factor of 14 at the end of the lifetime test of a HT-PEM fuel cell, which can be 
ascribed to the local thinning or even pinhole formation of the membrane. 



(35)2.3.2. DEGRADATION OF THE CATALYST 


The material and structure of the catalyst layer of the HT-PEM fuel cell are similar 
 to that of the LT-PEM fuel cell and the PAFC. The platinum particles or its alloys, 
 such as Pt/Ru, Pt/Co and Pt/Cr, are attached on the surface of carbon support with 
 high  specific  surface  area  [70].  Therefore  the  degradation  mechanisms  of  the 
 catalyst layer of the HT-PEM fuel cell are similar that of the LT-PEM fuel cell and 
 PAFC. 


Under  the  harsh  operating  conditions  of  the  PEM  fuel  cell,  especially  at  high 
 electrode potential, the platinum particles can be dissolved gradually into platinum 
 ions, followed by redeposition on existing platinum surface forming particles with 
 larger  diameter  or  migration  to  other  parts  of  the  MEA  where  is not accessible  to 
 reactant  gas  [71].  The  increase  in  platinum  particle  size  caused  by  dissolution, 
 migration  and  reprecipitation  of  the  platinum  particles  is  known  as  the  Ostwald 
 ripening [72]. In addition, the collisions between platinum particles which are close 
 to  each  other  also  result  in  the  increase  in  platinum  particle  size.  This  process  is 
 called  the  platinum  agglomeration,  which  mainly  occurs  when  the  particle  size  is 
 small  and the  Gibbs  free  energy  is high  [73].  The  electrochemical  catalyst  surface 
 area  (ECSA)  can  be  reduced  by  the  continuous  increase  in  platinum  particle  size, 
 which results the degradation  in the  performance  of  PEM  fuel  cell. Except  for the 
 increase  of  platinum  particle  size,  the migration  of  platinum ions to  other  parts  of 
 the  fuel  cell  such  as membrane  and  GDL  also  contributes the reduction  of  ECSA. 


Ferreira  et al.  [74] reported that  Ostwald ripening  and  dissolution  of  the  platinum 
 particles  contribute  equally  to  the  overall  loss  of  the  ECSA.  The  increase  in 
 platinum particle size and the migration of platinum particle can be accelerated by 
 the  corrosion  of  carbon  support  during  the  operation  of  PEM  fuel  cell.  The 
 mechanisms of carbon corrosion will be discussed in Section 2.2.3. 


With higher operating temperature and more acidic environment, the degradation in 
 the catalyst layer of the HT-PEM fuel cell is more severe than that of the LT-PEM 
 fuel  cell.  Many  works  have  been  conducted  to  investigate  the  stability  and 
 degradation of platinum catalyst in the catalyst layer of the HT-PEM fuel cell under 
 both steady-state conditions [69, 75-85] and under dynamic conditions [79, 80, 86-
 89].  


The  increase  in  average  platinum  particle  size  during  long-term  operation  of  HT-
 PEM  fuel  cell  can  be  measured  by  X-ray  diffraction  (XRD)  analysis  [78,  90,  91] 


and by TEM imaging [75, 77, 82, 92]. The average particle size measured by TEM 
 imaging is usually larger than that measured by XRD, because  with TEM imaging 
 the  particles  with  diameter  smaller  than  1  nm  can  hardly  be  identified  [93]. 


According  to  many  researches,  the  growth  rate  of  platinum  particle  in  different 
electrode  is  different.  Wannek  et  al.  [78]  reported  that  the  increase  in  platinum 
particle  size  in  cathode  was  larger  than  that  in  anode,  over  the  same  period  of 



(36)operation.  The  same  phenomenon  was  also  observed  by  Qi  and  Buelte  et  al  [94]. 


Usually the cathode potential is higher than anode potential. Higher potential brings 
 about higher dissolution rate of platinum.  


The operating parameters such as operating temperature can significantly influence 
 the  degradation  of  catalyst  on  the  HT-PEM  fuel  cell.  High  operating  temperature 
 can  accelerate  the  increase  in  platinum  particle  size  and  the  decrease  in  ECSA. 


Therefore the performance decay rate of the HT-PEM fuel cell becomes higher with 
 higher operating temperature as reported in the literature [76, 82, 83]. The kinetics 
 of  processes  such as platinum  dissolution,  migration  and  agglomeration  as  well as 
 the  carbon  corrosion,  which  lead  to  the  degradation  in  platinum  catalyst  of  HT-
 PEM fuel cell, can be enhanced by higher temperature. Moreover, the attachment of 
 platinum  particles  on  the  carbon  support  surface  can  be  weaken  by  the  high 
 temperature,  which  leads  to  more  platinum  particles  detached  from  the  carbon 
 support  surface.  Except  for  the  operating  temperature,  operating  mode  can  also 
 affect  the  degradation  of  platinum  catalyst.  Dynamic  operation,  such  as  load 
 cycling,  thermal  cycling  and  start/stop  cycling,  can  accelerate  the  degradation  of 
 catalyst of HT-PEM fuel cell. Yu et al. [95] reported that loss in ECSA of the HT-
 PEM fuel cell was much larger under load cycling condition and start/stop cycling 
 condition  than  under  constant  load  condition. The  severe  carbon  corrosion  caused 
 by  Load  cycling  and  start/stop  cycling  operation  is  the  main  reason  for  the 
 accelerated  degradation  in  platinum  catalyst  of  the  HT-PEM  fuel  cell  under  these 
 conditions. 


Since  the  increase  in  platinum  particle  size  is  more  severe  when  the  particle 
 diameter  is  small,  the  cell  performance  degradation  caused  by  degradation  in 
 platinum  catalyst  mainly  occurs  in the initial  stage  of  the lifetime  of  the  HT-PEM 
 fuel cell. This was confirmed by Zhai et al. [84] by conducting degradation test on 
 HT-PEM  fuel  cell  with  different  time  spans.  They  observed  that  the  increase  in 
 platinum  particle  size  mainly  occurred  in  the  first  300  hour,  and  remained  almost 
 unchanged  over  the  rest  of  the  lifetime.  At  the  same  time,  the  cell  performance 
 showed  a  rapid  decrease  trend  in  the  first  300  hours  and  a  much  slower  decrease 
 trend in the following time. Oono et al. [82] conducted a degradation test on a HT-
 PEM  fuel  cell  with  longer  time  span  (16000  hours).  The  fast  degradation  was 
 observed  in  the initial  stage  of  the  lifetime,  which  was  ascribed  to  the  increase  in 
 platinum particle  size,  especially  in  the  cathode  catalyst  layer.  When  the  platinum 
 particle size is small in the initial stage of the lifetime, the Gibbs free energy of the 
 particle is high which can result in more severe agglomeration. And the Gibbs free 
 energy  decreases  with  the  increase  in  particle  size,  which  explains  the  lower 
 increase rate when the particle size becomes higher.  


The  degradation  in  catalyst  of  HT-PEM  fuel  cell  can  be  also  influenced  by  the 
platinum loading [96]. The usage of platinum in the catalyst layer can be minimized 
through  modification  of  traditional  methods.  By  minimizing  the  average  platinum 



(37)particle  size,  sufficient  performance  of  the  PEM  fuel  cell  can  be  achieved  with 
 lower  platinum  loading.  However,  the  degradation  in  catalyst  layer  becomes  more 
 severe  when  the  MEA  is  optimized  towards  lower  platinum  loading,  because 
 average platinum particle size growth is more severe with lower platinum loading. 


There  is  a  trade-off  relationship  between  the  benefits  from  the  reduced  platinum 
 loading and drawback from the higher degradation rate. 


2.3.3. CARBON CORROSION 


The  porous  carbon  material  is  widely  used  in  the  PEM  fuel  cell  as  the  support 
 material  for  catalyst  in  the  catalyst  layer  and  to  provide  pathway  for  electron 
 transfer  and  gas  diffusion  in  the  gas  diffusion  layer.  The  carbon  can  be  corroded 
 under typical operating conditions of the PEM fuel cell following Eq. (2.4): 


2 2


2 4 4


C H OCO  H e       (2.4) 
 The  equilibrium  potential  for  this  reaction  is  0.207  V  vs  reference  hydrogen 
 electrode  (RHE)  in  the  acidic  environment  under  room  temperature  [97],  which 
 means  the  carbon  corrosion  is thermodynamically  feasible  at  the  cathode  potential 
 of  PEM  fuel  cell  during  operation.  The  carbon  corrosion  can  lead  to  severe 
 degradation in the catalyst layer of the PEM fuel cell. Firstly, the carbon corrosion 
 weakens the attachment of platinum particles to the carbon support, which leads to 
 the  detachment  of  platinum  particles  from  the  carbon  support  surface.  Thus  the 
 agglomeration and migration of platinum particle become more severe, resulting in 
 severe  decrease  in  ECSA  and  consequently  the  degradation  in  cell  performance. 


Secondly,  the  void  volume  structure  can  be  damaged  by  the  carbon  corrosion, 
 leading  to  the  blockage  of  pathway  for  gas  diffusion  and  the  increase  in  mass 
 transfer resistance [98]. Thirdly, the corrosion or oxidation of carbon can decrease 
 the  hydrophobicity  of  the  carbon  surface,  which  can  cause  the  electrode  being 
 blocked  by  phosphoric  acid  or  water  vapor.  Lastly,  corrosion  of  carbon  support 
 structure  can  increase  the  contact  resistance,  resulting  in  increasing  ohmic 
 resistance of the fuel cell. 


Under  typical  operating  conditions  of  the  PEM  fuel  cell,  the  carbon  corrosion 
proceeds  very slowly. Therefore it only affects the durability  of the PEM fuel cell 
over a long-term time span. The carbon corrosion rate in the PEM fuel cell can be 
evaluated  by  measuring  the  corrosion  current,  weight  loss  of  the  electrode  or  the 
CO2 content in the exhaust gas of the PEM fuel cell. Lim et al. [99] investigated the 
carbon  corrosion  under  different  operating  conditions  and  different  platinum 
loading in the catalyst layer. They  found that carbon corrosion rate became higher 
with  higher  operating  temperature,  higher  relative  humidity  and  higher  platinum 
loading. Moreover, some operation modes of the PEM fuel cell which can result in 
high  electrode  potential,  such  as  startup/shutdown  and  fuel  starvation,  can 
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