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ABSTRACT	
  

	
   Heterogeneous	
   catalysts	
   are	
   responsible	
   for	
   billions	
   of	
   dollars	
   of	
   industrial	
  

output	
  and	
  have	
  a	
  profound,	
  if	
  often	
  understated,	
  effect	
  on	
  our	
  everyday	
  lives.	
  New	
  

catalyst	
   technologies	
   and	
   methods	
   to	
   enhance	
   existing	
   catalysts	
   are	
   essential	
   to	
  

meeting	
   consumer	
   demands	
   and	
   overcoming	
   environmental	
   concerns.	
   	
   This	
  

dissertation	
   focuses	
   on	
   the	
   development	
   of	
   catalysts	
   for	
   low	
   temperature	
   carbon	
  

monoxide	
   oxidation.	
   CO	
   [carbon	
   monoxide]	
   oxidation	
   is	
   often	
   used	
   as	
   a	
   probe	
  

reaction	
   to	
   test	
   overall	
   oxidation	
   activity	
   of	
   a	
   given	
   catalyst	
   and	
   is	
   an	
   important	
  

reaction	
   in	
   the	
   elimination	
   of	
   toxic	
   pollutants	
   from	
   automotive	
   exhaust	
   streams.	
  	
  

The	
  work	
  included	
  here	
  presents	
  three	
  new	
  heterogeneous	
  catalysts	
  developed	
  over	
  

the	
  last	
  4	
  years	
  in	
  our	
  group.	
  	
  	
  

	
   The	
  first	
  type	
  Au/SiO2	
  [gold/silica]	
  catalyst	
  synthesized	
  using	
  a	
  new	
  method	
  

for	
  the	
  deposition	
  of	
  Au	
  nanoparticles	
  onto	
  SiO2	
  via	
  a	
  nitrogen-­‐containing	
  polymer,	
  

C3N4	
   [carbon	
   nitride].	
   C3N4-­‐modification	
   of	
   SiO2	
   allows	
   us	
   to	
   ignore	
   unfavorable	
  

electrostatic	
   effects	
   that	
   hinder	
   standard	
   Au	
   deposition	
   onto	
   this	
   support.	
   	
  While	
  

removal	
   of	
   the	
   C3N4	
   is	
   necessary	
   for	
   good	
   CO	
   oxidation,	
   this	
   new	
   method	
   is	
   an	
  

improvement	
   over	
   the	
   standard	
   deposition-­‐precipitation	
   procedure	
   for	
   supports	
  

with	
  low	
  isoelectric	
  point	
  that	
  enables	
  the	
  successful	
  deposition	
  of	
  Au	
  nanoparticles	
  

onto	
  SiO2.	
  

	
   	
  The	
   second	
   type	
   includes	
   precious	
  metal	
   catalysts	
   deposited	
   on	
   an	
   “inert”	
  

silica	
   support	
   but	
   promoted	
   by	
   the	
   addition	
   of	
   an	
   “active”	
  metal	
   oxide.	
   	
   Here	
  we	
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present	
   a	
   Au/FeOx/SiO2	
   [gold/iron	
   oxide/silica]	
   and	
   a	
   Pd/ZrO2/SiO2	
  

[palladium/zirconia/silica]	
   catalyst	
   which	
   show	
   increased	
   activity	
   and	
   stability	
  

effects	
  due	
  to	
  the	
  presence	
  of	
  the	
  metal	
  oxide	
  promoter.	
  They	
  are	
  synthesized	
  by	
  a	
  

C3N4-­‐deposition	
  and	
  sol-­‐gel	
  methods,	
  respectively.	
  These	
  catalysts	
  were	
  also	
  tested	
  

in	
  simulated	
  automotive	
  exhaust	
  streams.	
   	
  The	
  results	
  show	
  that	
   inhibition	
  effects	
  

play	
  a	
  major	
  role	
  in	
  the	
  activity	
  of	
  these	
  catalysts.	
  

	
   The	
  third	
  type	
  of	
  catalyst	
  is	
  a	
  mixed	
  oxide	
  catalyst,	
  CuO-­‐Co3O4-­‐CeO2	
  [copper	
  

oxide-­‐cobalt	
   oxide-­‐cerium	
   oxide],	
   developed	
   with	
   the	
   goal	
   of	
   overcoming	
   the	
  

inhibition	
   effects	
   seen	
   in	
   the	
   previous	
   precious	
  metal	
   catalysts.	
   	
   The	
   catalyst	
  was	
  

synthesized	
   by	
   co-­‐precipitation	
   method	
   and	
   shows	
   exceptional	
   activity	
   for	
   CO	
  

oxidation	
  under	
  simulated	
  exhaust	
  conditions.	
   	
  Also	
  noteworthy	
  is	
  the	
  observation	
  

that	
  this	
  catalyst	
  also	
  shows	
  a	
   lack	
  of	
   inhibition	
  by	
  a	
  common	
  exhaust	
  component,	
  

propene.	
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Chapter	
  1	
  -­‐-­‐ Introduction	
  and	
  Background	
  

1.1 Introduction	
  to	
  Catalysis	
  

1.1.1 Introduction	
  

	
   The	
  modern	
  world	
   owes	
  much	
   of	
   its	
   technological	
   advances	
   to	
   the	
   field	
   of	
  

catalysis.	
  	
  The	
  vast	
  majority	
  of	
  modern	
  industrial	
  chemicals	
  and	
  the	
  products	
  made	
  

from	
   them,	
   have	
   gone	
   through	
   a	
   catalytic	
   step	
   at	
   least	
   once	
   in	
   their	
   production,	
  

particularly	
  those	
  derived	
  from	
  the	
  petrochemical	
  industry1.	
   	
  Even	
  basic	
  chemicals	
  

found	
  in	
  the	
  chemistry	
  classrooms	
  and	
   labs	
  across	
  the	
  world	
  such	
  as	
  sulfuric	
  acid,	
  

nitric	
   acid,	
   and	
   methanol	
   are	
   the	
   result	
   of	
   catalytic	
   reactions1.	
   	
   The	
   history	
   of	
  

catalysis	
  has	
  been	
  told	
  by	
  a	
  number	
  of	
  authors1-­‐3	
  and	
  the	
  current	
   field	
  of	
  catalysis	
  

research	
   has	
   been	
   described	
   as	
   a	
   multidisciplinary	
   task	
   requiring	
   knowledge	
   of	
  

chemistry,	
  materials	
  science,	
  physics,	
  and	
  engineering4.	
  

	
   What	
  is	
  catalysis?	
  	
  In	
  1836,	
  Berzelius	
  first	
  attributed	
  the	
  phenomenon	
  to	
  the	
  

existence	
  of	
   a	
  new	
   “catalytic	
   force”2,3.	
  While	
   that	
  was	
  not	
  quite	
  on	
   the	
  mark,	
   after	
  

more	
   than	
  a	
  century	
  of	
  dedicated	
  effort	
  we	
  can	
  now	
  define	
   the	
  basic	
  principles	
  of	
  

catalysis.	
  	
  The	
  International	
  Union	
  of	
  Pure	
  and	
  Applied	
  Chemistry	
  (IUPAC)	
  defines	
  a	
  

catalyst	
  as	
  “A	
  substance	
  that	
  increases	
  the	
  rate	
  of	
  a	
  reaction	
  without	
  modifying	
  the	
  

overall	
   standard	
  Gibbs	
  energy	
  change	
   in	
   the	
  reaction…”5.	
  Figure	
  1.1	
  describes	
   this	
  

process	
  schematically.	
  

	
   The	
  change	
  in	
  Gibbs	
  free	
  energy	
  (ΔG)	
  is	
  defined	
  as	
  the	
  maximum	
  amount	
  of	
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Figure	
  1.1	
  Reaction	
  coordinate	
  diagram	
  of	
  a	
  reaction	
  with	
  and	
  without	
  a	
  catalyst.	
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attainable	
  work	
  from	
  a	
  reaction	
  and	
  is	
  a	
  measure	
  of	
  spontaneity	
  of	
  a	
  reaction,	
  i.e.	
  if	
  

ΔG	
   is	
   negative	
   then	
   the	
   reaction	
   happens	
   spontaneously.	
   	
   But	
   in	
   many	
   reactions	
  

while	
   the	
   net	
   ΔG	
   is	
   negative	
   with	
   respect	
   to	
   the	
   initial	
   and	
   final	
   compounds,	
   the	
  

reaction	
  must	
   overcome	
   an	
   energy	
   barrier	
   on	
   its	
   way	
   to	
   the	
   final	
   product.	
   	
   This	
  

barrier	
  is	
  called	
  the	
  activation	
  energy,	
  Ea,	
  and	
  is	
  a	
  result	
  of	
  the	
  kinetic	
  requirements	
  

for	
  the	
  reactants	
  to	
  enter	
  the	
  transition	
  state.	
  	
  A	
  catalyst	
  is	
  simply	
  a	
  substance	
  that	
  

opens	
   up	
   alternative	
   pathways	
   (transition	
   states	
   and	
   intermediates)	
   to	
   the	
   final	
  

product	
  that	
  require	
  less	
  activation	
  energy.	
   	
  In	
  a	
  practical	
  sense,	
  effective	
  lowering	
  

of	
  the	
  required	
  Ea	
  means	
  that	
  less	
  energy	
  need	
  be	
  added	
  to	
  the	
  system	
  (generally	
  by	
  

raising	
  the	
  temperature)	
  to	
  complete	
  the	
  desired	
  reaction	
  or	
  the	
  rate	
  of	
  the	
  reaction	
  

increases	
  at	
  a	
  given	
  energy.	
  

	
   The	
   focus	
   of	
   this	
   dissertation	
   is	
   on	
   the	
   development	
   of	
   catalysts	
   for	
   low	
  

temperature	
   carbon	
   monoxide	
   oxidation.	
   CO	
   oxidation	
   is	
   often	
   used	
   as	
   a	
   probe	
  

reaction	
   to	
   test	
   overall	
   oxidation	
   activity	
   of	
   a	
   given	
   catalyst	
   and	
   is	
   an	
   important	
  

reaction	
   in	
   the	
   elimination	
   of	
   toxic	
   pollutants	
   from	
   automotive	
   exhaust	
   streams.	
  	
  

The	
   rest	
   of	
   this	
   chapter	
   is	
   devoted	
   to	
   basic	
   background	
   information	
   about	
  

heterogeneous	
   catalysis,	
   common	
   techniques	
   for	
   catalyst	
   synthesis,	
   and	
   the	
   CO	
  

oxidation	
   reaction	
   over	
   supported	
  metal	
   nanoparticles	
   and	
   transition	
  metal	
   oxide	
  

catalysts.	
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1.1.2 Heterogeneous	
  Catalysis	
  

	
   There	
  are	
  two	
  broad	
  categories	
  of	
  catalyst	
  chemicals	
  and	
  materials;	
  these	
  are	
  

homogeneous	
  and	
  heterogeneous.	
  	
  The	
  distinction	
  is	
  determined	
  by	
  the	
  phase	
  of	
  the	
  

catalyst	
  relative	
   to	
   the	
  reactants.	
   	
   In	
  homogeneous	
  catalysis,	
   the	
  reactants	
  and	
  the	
  

catalyst	
  are	
  in	
  the	
  same	
  phase.	
  	
  Heterogeneous	
  catalysis,	
  on	
  the	
  other	
  hand,	
  refers	
  to	
  

reactions	
   in	
   which	
   the	
   catalyst	
   is	
   of	
   a	
   difference	
   phase	
   from	
   the	
   reactants.	
  	
  

Compared	
   to	
   homogeneous	
   catalysts,	
   heterogeneous	
   catalysts	
   are	
   greatly	
   desired	
  

for	
  their	
  ease	
  of	
  separation,	
  ease	
  of	
  handling,	
  and	
  reusability.	
   	
  Most	
  heterogeneous	
  

catalysts	
   used	
   today	
   are	
   solids	
   composed	
   of	
   metals	
   in	
   the	
   form	
   of	
   metal	
  

nanoparticles,	
  metal	
  oxides,	
  and	
  zeolites6	
  and	
  react	
  with	
  liquid	
  or	
  gaseous	
  reactants.	
  

Because	
  heterogeneous	
  catalyst	
  surfaces	
  are	
  rarely	
  perfectly	
  defined	
  and	
  consist	
  of	
  

many	
   interacting	
   components	
   these	
   catalysts	
   can	
   often	
   be	
   difficult	
   to	
   study	
   in	
  

comparison	
   to	
   homogeneous	
   catalysts	
   and	
   complete	
   reaction	
   mechanisms	
   are	
  

commonly	
  unknown	
  except	
   for	
  a	
   few	
  simple	
  and	
  well-­‐studied	
  reactions.	
  That	
  said,	
  

heterogeneous	
   catalysis	
   can	
   be	
   described	
   broadly	
   by	
   a	
   three-­‐step	
   mechanism	
  

involving	
   first	
   an	
   adsorption	
   of	
   reactants	
   to	
   the	
   catalyst	
   surface;	
   followed	
   by	
  

reaction	
  at	
  a	
  catalytic	
  active	
  center;	
  and	
  finally,	
  desorption	
  of	
  the	
  products.	
   	
  Figure	
  

1.2	
  shows	
  the	
  main	
  steps	
  of	
  reaction	
  schematically.	
  	
  

	
   Catalyst	
   surfaces	
   are	
   often	
   very	
   complex	
   with	
   supported	
   nanoparticles	
  

dotting	
  the	
  surface	
  such	
  as	
  with	
  supported	
  precious	
  metals7,8,	
  edge	
  and	
  step	
  regions	
  

with	
   varying	
   properties9,	
   or	
   composition	
   variation	
   such	
   as	
   with	
   mixed	
   oxides10.	
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Figure	
   1.2	
   Schematic	
   diagram	
   of	
   chemical	
   reactions	
   at	
   the	
   surface	
   of	
   a	
  

heterogeneous	
  catalyst.	
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Because	
  of	
  the	
  different	
  properties	
  of	
  the	
  complex	
  catalyst	
  surface,	
  adsorption	
  and	
  

reaction	
  may	
  occur	
  preferentially	
  at	
  particular	
   “active	
  sites”	
  of	
   the	
  catalyst	
   6,11.	
   	
   In	
  

supported	
   nanoparticle	
   catalysts	
   such	
   as	
   the	
   Au/SiO2,	
   Au/Fe/SiO2,	
   and	
  

Pd/ZrO2/SiO2	
   presented	
   here,	
   the	
   primary	
   active	
   site	
   is	
   usually	
   the	
   nanoparticle	
  

itself	
  or	
  its	
  interface	
  with	
  the	
  support	
  but	
  the	
  surrounding	
  environment	
  can	
  play	
  a	
  

large	
  role	
  in	
  the	
  adsorption	
  properties	
  and	
  activity	
  of	
  the	
  catalyst.	
  	
  

	
   The	
  activity	
  of	
  the	
  catalyst	
  is	
  preferably	
  described	
  by	
  the	
  turnover	
  frequency	
  

(TOF).	
  

   TOF = 1
N
dCA

dt
   (1.1)  

Where	
  N	
  is	
  the	
  number	
  of	
  active	
  sites	
  and	
  CA	
  is	
  the	
  quantity	
  of	
  reactant	
  A	
  in	
  moles.	
  	
  

This	
  value	
   represents	
  a	
  direct	
  measure	
  of	
   the	
  activity	
  of	
   the	
   catalyst	
  on	
  a	
  per-­‐site	
  

basis	
   but,	
   unlike	
   homogeneous	
   catalysts,	
   an	
   accurate	
   measure	
   of	
   the	
   number	
   of	
  

active	
   sites	
   is	
   exceptionally	
   difficult	
   on	
   heterogeneous	
   catalysts.	
   	
   Even	
   precise	
  

determination	
  of	
  the	
  number	
  of	
  atoms	
  of	
  metal	
  on	
  the	
  surface	
  of	
  a	
  support	
  may	
  be	
  

an	
   overestimate	
   of	
   the	
  number	
   of	
   active	
   sites	
   if	
   the	
   reaction	
   occurs	
  mainly	
   at	
   the	
  

interface	
   between	
   nanoparticles	
   and	
   support	
   or	
   only	
   on	
   certain	
   structures	
   of	
   the	
  

metal.	
   	
   Because	
   of	
   this	
   difficulty	
   the	
   TOF	
   calculated	
   using	
   methods	
   such	
   as	
  

chemisorption	
  to	
  determine	
  the	
  number	
  of	
  available	
  metal	
  atoms	
  represents	
  a	
  lower	
  

limit4.	
   	
  Other	
  methods	
  of	
  comparison	
  utilize	
   the	
  specific	
  activity,	
   i.e.	
   the	
  measured	
  

reaction	
  rate	
  normalized	
  to	
  surface	
  area	
  or	
  mass.	
  



7	
  

	
  

	
   For	
  CO	
  Oxidation	
  the	
  plot	
  of	
  conversion	
  versus	
  temperature,	
  called	
  a	
  light-­‐off	
  

curve,	
  is	
  also	
  used	
  to	
  evaluate	
  the	
  performance	
  of	
  the	
  catalyst.	
  	
  If	
  a	
  continuous	
  flow	
  

is	
  used	
  to	
  study	
  the	
  reaction,	
  such	
  as	
  in	
  plug	
  flow	
  reactors	
  common	
  to	
  the	
  study	
  of	
  

gas	
  phase	
  heterogeneous	
  catalysis,	
  the	
  conversion	
  is	
  defined	
  by…	
  

   Conv% =1−
[R]out
[R]in

   (1.2)  

Where	
  [R]out	
  and	
  [R]in	
  are	
  the	
  concentrations	
  of	
  reactants	
  measured	
  at	
  the	
  inlet	
  and	
  

outlet,	
  respectively.	
  	
  While	
  kinetic	
  information	
  is	
  difficult	
  to	
  obtain	
  from	
  the	
  light-­‐off	
  

curve	
   alone,	
   these	
   plots	
   are	
   often	
   used	
   to	
   describe	
   and	
   compare	
   catalysts	
   over	
   a	
  

broad	
   temperature	
   range	
   or	
   to	
   evaluate	
   the	
   effects	
   of	
   pre-­‐treatment	
   on	
   the	
  

performance	
  of	
  the	
  overall	
  catalyst.	
  	
  	
  

	
   One	
   kinetic	
   parameter	
  which	
   can	
   be	
   obtained	
   from	
   a	
   light-­‐off	
   curve	
   is	
   the	
  

apparent	
  activation	
  energy,	
  Eapp.	
  The	
  Arrhenius	
  equation	
  describes	
  the	
  temperature	
  

dependence	
  of	
  the	
  reaction	
  constant	
  for	
  a	
  given	
  reaction.	
  

   k = Ae−Ea /RT    (1.3)	
  

Where	
  k	
   is	
  the	
  reaction	
  constant,	
  Ea	
   is	
  the	
  activation	
  energy,	
  R	
   is	
  the	
  universal	
  gas	
  

constant,	
  and	
  T	
  is	
  the	
  temperature	
  in	
  kelvin.	
  	
  Thus	
  the	
  activation	
  energy	
  is…	
  

   ln(k) = ln(A)− Ea

R
1
T
"

#
$

%

&
'    (1.4)  

Which	
  enables	
  a	
  means	
  of	
  graphically	
  determining	
  Ea	
  by	
  plotting	
  ln(k)	
  vs	
  the	
  inverse	
  

temperature.	
   It	
   is	
   important	
   to	
   note	
   that	
   this	
  method	
   only	
  works	
   in	
   the	
   so-­‐called	
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kinetic	
  region,	
   i.e.	
  0-­‐10%	
  conversion.	
   	
   In	
  this	
  region	
  there	
  is	
  a	
  significant	
  excess	
  of	
  

reactants	
  and	
  so	
  the	
  reaction	
  rate	
  is	
  unaffected	
  by	
  the	
  presence	
  of	
  the	
  product.	
  	
  

	
   So	
   long	
   as	
   the	
   reaction	
   is	
   run	
   at	
   steady	
   state	
   so	
   that	
   the	
   reactant	
  

concentrations	
  are	
  constant	
  then…	
  

   r = k[CO]n[O2 ]
m = kCR    (1.5)	
  

where	
  r	
  is	
  the	
  reaction	
  rate	
  and	
  CR	
  is	
  a	
  constant.	
  	
  In	
  this	
  case	
  the	
  measured	
  rate	
  can	
  

be	
   substituted	
   for	
   the	
   rate	
   constant	
   in	
   the	
   Arrhenius	
   equation	
   and	
   the	
   activation	
  

energy	
  calculated	
  from	
  the	
  plot	
  of	
  ln(r)	
  vs	
  T-­‐1	
  is	
  denoted	
  as	
  the	
  apparent	
  activation	
  

energy,	
   Eapp.	
   	
   While	
   this	
   value	
   is	
   not	
   the	
   true	
   activation	
   energy,	
   changes	
   in	
   Eapp	
  

between	
  two	
  similar	
  catalysts	
  indicates	
  a	
  change	
  adsorption	
  properties	
  or	
  intrinsic	
  

reactivity	
  and	
  can	
  be	
  useful	
  for	
  comparing	
  catalysts	
  with	
  different	
  surface	
  areas	
  or	
  

modified	
  compositions.	
  	
  	
  

1.1 CO	
  Oxidation	
  

1.1.1 CO	
  Oxidation	
  over	
  Supported	
  Noble	
  Metal	
  Nanoparticles	
  

	
   One	
  of	
  the	
  most	
  widely	
  used	
  and	
  studied	
  catalyst	
  systems	
  for	
  CO	
  oxidation	
  is	
  

supported	
   noble	
   metal	
   nanoparticles.	
   	
   Metal	
   complexes	
   have	
   long	
   been	
   used	
   as	
  

catalysts	
   in	
   homogeneous	
   reactions	
   due	
   to	
   their	
   ability	
   to	
   temporarily	
   change	
  

oxidation	
   states12.	
   	
   For	
   heterogeneous	
   reactions,	
   the	
   active	
   component	
   generally	
  

take	
   the	
   form	
   of	
   small	
   noble	
   metal	
   (Pd,	
   Pt,	
   Au,	
   etc…)	
   nanoparticles	
   deposited	
   a	
  

support	
  such	
  as	
  carbon13,	
  a	
  polymer14,	
  or	
  a	
  metal	
  oxide15	
  and	
  much	
  like	
  the	
  ligands	
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in	
  organometallic	
  catalysts,	
  the	
  choice	
  of	
  support	
  is	
  known	
  to	
  have	
  a	
  profound	
  effect	
  

on	
  the	
  activity	
  of	
  the	
  overall	
  catalyst16-­‐18.	
  	
  	
  

	
   For	
   example,	
  many	
   supports	
   have	
   traditionally	
   been	
   categorized	
   as	
   “inert”	
  

(e.g.	
  SiO2,	
  Al2O3)	
  or	
  “active”	
  (e.g.	
  TiO2,	
  CeO2)	
  based	
  on	
  their	
  ability	
  to	
  provide	
  oxygen	
  

to	
  the	
  CO	
  oxidation	
  reaction19,20.	
  	
  Where	
  the	
  “inertness”	
  of	
  the	
  support	
  significantly	
  

effects	
  the	
  catalyst	
  activity,	
  the	
  reaction	
  mechanism	
  is	
  described	
  by	
  the	
  CO	
  binding	
  

to	
  the	
  noble	
  metal	
  and	
  reacting	
  at	
  the	
  interface	
  with	
  oxygen	
  supplied	
  to	
  the	
  reaction	
  

in	
   the	
   form	
   of	
   superoxide	
   (-­‐O2-­‐),	
   peroxide	
   (-­‐O22-­‐),	
   or	
   hydroxyl	
   groups	
   (-­‐OH)21,22.	
  

Supports	
  can	
  also	
  effect	
  the	
  activity	
  of	
  the	
  supported	
  nanoparticle	
  by	
  influencing	
  the	
  

electronic16,23	
  and	
  structural24	
  properties	
  or	
  by	
  increasing	
  the	
  stability	
  of	
  the	
  small	
  

particles25,26.	
  	
  

1.1.2 Size	
  dependency	
  of	
  Supported	
  Metal	
  Nanoparticles	
  

	
   Masatake	
   Haruta	
   and	
   coworkers	
  were	
   one	
   of	
   the	
   first	
   groups	
   to	
   show	
   the	
  

dramatic	
  effect	
  the	
  particle	
  size	
  has	
  on	
  the	
  catalysis	
  of	
  CO	
  oxidation	
  over	
  supported	
  

noble	
   metals,	
   particularly	
   Au	
   nanoparticles27,28.	
   What	
   made	
   this	
   discovery	
   so	
  

noteworthy	
  was	
  that	
  previously	
  Au	
  was	
  seen	
  as	
  a	
  relatively	
  inert	
  metal	
  for	
  catalysis.	
  	
  

But	
  by	
  shrinking	
  Au	
  down	
  to	
  less	
  than	
  10	
  nm,	
  Haruta	
  et.	
  al.	
  found	
  that	
  not	
  only	
  was	
  

Au	
  active	
  for	
  CO	
  oxidation	
  but	
  that	
  it	
  stands	
  as	
  one	
  of	
  the	
  most	
  active	
  catalysts	
  for	
  

the	
   reaction,	
   being	
   able	
   to	
   oxidize	
   CO	
   well	
   below	
   0°C29.	
   	
   Since	
   then	
   a	
   strong	
  

correlation	
   between	
   size	
   and	
   catalytic	
   activity	
   has	
   been	
   established	
   in	
   the	
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literature28,30-­‐32.	
   	
   The	
   exact	
   cause	
   of	
   this	
   size-­‐dependent	
   activity	
   is	
   still	
   currently	
  

under	
   investigation.	
   	
   The	
   activity	
   has	
   been	
   attributed	
   to	
   quantum	
   confinement	
  

effects	
   on	
   electrons	
   in	
   the	
   nanoparticle,	
   a	
   change	
   in	
   bandgap	
   also	
   related	
   to	
  

quantum	
   effects	
   at	
   the	
   nano-­‐scale,	
   and	
   also	
   an	
   increase	
   in	
   unsaturated	
   surface	
  

atoms	
  due	
  to	
  the	
  geometry	
  of	
  small	
  particles33.	
  One	
  thing	
  is	
  clear,	
  because	
  of	
  these	
  

findings	
   it	
   is	
   crucial	
   that	
   the	
   size	
   of	
   supported	
   metal	
   nanoparticle	
   catalysts	
   are	
  

determined	
  during	
  study	
  through	
  PXRD,	
  TEM,	
  or	
  chemisorption	
  methods.	
  	
  	
  

	
   This	
  size-­‐dependency	
   is	
  also	
  a	
  significant	
   limitation	
   in	
  the	
  use	
  of	
  supported	
  

metal	
   catalysts.	
   	
   At	
   the	
   nanoscale	
   the	
   particles	
   are	
   subject	
   to	
   melting	
   point	
  

depression,	
   increasing	
   the	
   mobility	
   of	
   metal	
   atoms	
   over	
   the	
   support	
   surface	
   and	
  

increasing	
   the	
   likelihood	
   of	
   Ostwald	
   ripening	
   and	
   sintering34.	
   Development	
   of	
  

methods	
   to	
   stabilize	
   ever	
   smaller	
   nanoparticles	
   on	
   support	
   surfaces	
   in	
   order	
   to	
  

withstand	
  high	
  temperature	
  use	
  is	
  a	
  driving	
  motivation	
  for	
  much	
  of	
  the	
  research	
  in	
  

supported	
  metal	
  catalysts.	
  

1.1.3 CO	
  Oxidation	
  over	
  Transition	
  Metal	
  Oxides	
  

	
   	
  Many	
   transition	
   metal	
   oxides	
   (TMOs)	
   are	
   also	
   active	
   for	
   CO	
   oxidation	
  

without	
   the	
  use	
  of	
  a	
  noble	
  metal.	
   	
  Research	
   into	
  TMOs	
   is	
  primarily	
   fueled	
  by	
  their	
  

high	
  thermal	
  stability	
  and	
  the	
  desire	
  to	
  replace	
  expensive	
  noble	
  metals	
  for	
  various	
  

applications35.	
   Two	
   key	
   factors	
   generally	
   determine	
   the	
   effectiveness	
   of	
   TMOs	
   for	
  

CO	
  oxidation,	
   reducibility	
  and	
  oxygen	
  mobility.	
  During	
   the	
  reaction	
  CO	
  reduces	
  an	
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active	
   metal	
   center	
   (e.g.	
   Co3+	
   in	
   Co3O4).	
   Having	
   a	
   high	
   reducibility,	
   which	
   can	
   be	
  

measured	
  with	
  temperature	
  programmed	
  reduction	
  (TPR),	
  often	
  correlates	
  with	
  the	
  

catalyst’s	
  ability	
  to	
  absorb	
  CO	
  and	
  subsequently	
  an	
  increased	
  activity36.	
  	
  Once	
  bound	
  

to	
   the	
   catalyst,	
   CO	
   reacts	
   with	
   either	
   surface	
   adsorbed	
   oxygen	
   or	
   lattice	
   oxygen	
  

already	
  present35.	
  A	
  high	
  degree	
  of	
  oxygen	
  mobility	
  in	
  the	
  TMO	
  lattice	
  corresponds	
  

to	
   increased	
   oxygen	
   vacancies	
   at	
   the	
   surface	
   to	
   adsorb	
   active	
   oxygen	
   and	
   more	
  

reactive	
  lattice	
  oxygen35,37.	
  

1.1.4 Mechanisms	
  for	
  CO	
  Oxidation	
  

	
   The	
   three	
   most	
   cited	
   mechanisms	
   for	
   CO	
   oxidation	
   over	
   both	
   supported	
  

metal	
   nanoparticles	
   and	
   TMOs	
   are	
   the	
   Eley-­‐Rideal,	
   Langmuir-­‐Hinshelwood,	
   and	
  

Mars-­‐van	
   Krevelen	
   mechanisms.	
   	
   These	
   generic	
   mechanisms	
   are	
   shown	
  

schematically	
  in	
  figure	
  1.3.	
  

	
   The	
  Eley-­‐Rideal	
  mechanism	
  (figure	
  1.3a)	
   is	
  a	
   two	
  step	
  mechanism	
  in	
  which	
  

one	
   reactant	
   is	
   first	
   adsorbed	
   to	
   the	
   surface	
   (usually	
   oxygen)	
   and	
   the	
   second	
  

reactant	
  coreacts	
  directly	
  with	
  it	
  in	
  the	
  gas	
  phase.	
  	
  	
  

   𝑂! + 2𝜃! ⇄   2𝜃!   (1.6)	
  

	
   𝐶𝑂 +   𝜃!   → 𝐶𝑂! + 𝜃!	
   (1.7)	
  

Where	
   θs	
   stands	
   for	
   an	
   oxygen	
   adsorption	
   site	
   and	
   θO	
   for	
   an	
   adsorbed	
   oxygen	
  

species.	
   With	
   research	
   increasingly	
   identifying	
   the	
   complex	
   interaction	
   between	
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Figure	
  1.3	
  Schematic	
  diagrams	
  of	
  CO	
  oxidation	
  mechanisms.	
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catalyst	
   components	
   this	
   mechanism	
   has	
   fallen	
   out	
   of	
   favor	
   as	
   the	
   primary	
  

mechanism	
  for	
  CO	
  oxidation38,39.	
  	
  

	
   The	
  Langmuir-­‐Hinshelwood	
  mechanism	
  (figure	
  1.3b)	
  involves	
  the	
  adsorption	
  

of	
   both	
  CO	
  and	
  O2	
   on	
   the	
   surface	
   of	
   the	
   catalyst	
   and	
   their	
   subsequent	
   reaction	
   to	
  

form	
  CO2.	
  

   𝐶𝑂 +   𝜃! ⇄ 𝜃!"   (1.8)	
  

	
   𝑂! + 2𝜃! ⇄ 2𝜃!	
   (1.6)	
  

	
   𝜃!" + 𝜃! → 𝐶𝑂! + 𝜃!	
   (1.9)	
  

For	
  supported	
  metal	
  catalysts	
  this	
  is	
  most	
  often	
  the	
  mechanism	
  cited39.	
  Noble	
  metal	
  

nanoparticles	
  readily	
  adsorb	
  gas	
  phase	
  CO	
  which	
  then	
  reacts	
  with	
  adsorbed	
  oxygen	
  

at	
  the	
  interface	
  with	
  the	
  support.	
  	
  While	
  Pt	
  and	
  Pd	
  are	
  known	
  to	
  be	
  able	
  to	
  activate	
  

molecular	
   oxygen	
   themselves,	
   the	
  binding	
   strength	
  of	
   CO	
   to	
   these	
  noble	
  metals	
   is	
  

much	
   greater	
   than	
   other	
   catalysts	
   which	
   can	
   lead	
   to	
   self-­‐inhibition	
   by	
   CO	
   when	
  

these	
  metals	
  are	
  paired	
  with	
  an	
  “inert”	
  support	
  such	
  as	
  Al2O3	
  or	
  SiO240.	
  

	
   The	
   Mars-­‐van	
   Krevelen	
   mechanism	
   (figure	
   1.3c)	
   is	
   most	
   commonly	
  

associated	
  with	
  transition	
  metal	
  oxide	
  catalysts.	
  	
  In	
  this	
  mechanism,	
  CO	
  reacts	
  with	
  

oxygen	
   in	
   the	
   lattice	
   at	
   the	
   surface	
   of	
   the	
  metal	
   oxide	
   leaving	
   an	
   oxygen	
   vacancy.	
  	
  

The	
  vacancy	
  then	
  acts	
  as	
  a	
  site	
  to	
  adsorb	
  and	
  activate	
  molecular	
  oxygen	
  or	
  is	
  filled	
  

by	
  mobile	
  bulk	
  oxygen.	
  

   𝐶𝑂 + 𝑂!"#$ → 𝐶𝑂! +   𝜃!    (1.10)	
  

	
   𝜃! +
!
!
𝑂! → 𝑂!"#$	
   (1.11)	
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This	
   mechanism	
   can	
   also	
   occur	
   at	
   the	
   interface	
   sites	
   of	
   metal	
   nanoparticles	
   and	
  

supports41	
  but	
  it	
  is	
  most	
  often	
  found	
  in	
  reactions	
  over	
  TMOs35.	
  	
  	
  

1.2 Motivation	
  

Over	
  the	
  4	
  years	
   in	
  which	
  the	
  work	
  presented	
  here	
  was	
  conducted	
  the	
  goal	
  

has	
   always	
   broadly	
   been	
   to	
   investigate	
   methods	
   to	
   develop	
   low	
   temperature	
  

oxidation	
   catalysts.	
   	
   That	
   said,	
   while	
   the	
   work	
   initially	
   focused	
   on	
   methods	
   to	
  

deposit	
   and	
   stabilize	
   Au	
   nanoparticles	
   (as	
   shown	
   by	
   numerous	
  

publications)25,26,42,43,	
   through	
   a	
   collaborative	
  partnership	
  with	
   the	
  Fuels,	
   Engines,	
  

and	
  Emissions	
  Research	
  Center	
  my	
  work	
  within	
  the	
  project	
  evolved	
  to	
  characterize	
  

and	
   study	
   heterogeneous	
   catalysts	
   in	
   simulated	
   exhaust	
   streams	
   for	
   automotive	
  

exhaust	
   purposes.	
   	
   It	
  was	
   at	
   this	
   point	
   that	
  we	
   identified	
   another	
  major	
   problem	
  

(namely	
   inhibition)	
   in	
   which	
   our	
   knowledge	
   of	
   materials	
   synthesis	
   and	
  

characterization44	
   could	
   be	
   put	
   to	
   good	
   use.	
   	
   This	
   section	
   will	
   provide	
   a	
   brief	
  

description	
   of	
   our	
   motivations	
   during	
   the	
   project	
   as	
   they	
   apply	
   to	
   the	
   work	
  

presented.	
  

1.2.1 Deposition	
  and	
  Stabilization	
  of	
  Au	
  Nanoparticles	
  

	
   Heterogeneous	
  catalysis	
  by	
  gold	
  has,	
  for	
  most	
  of	
  its	
  history,	
  been	
  considered	
  

a	
   fruitless	
  endeavor	
  mainly	
  due	
  to	
  chemical	
   inertness	
  of	
   the	
  bulk	
  metal.	
   	
  Since	
  the	
  

observation	
   by	
   Haruta	
   et.	
   al.	
   that	
   nanometer	
   sized	
   gold	
   becomes	
   exceptionally	
  

catalytically	
  active	
  in	
  the	
  oxidation	
  of	
  CO,	
  there	
  has	
  been	
  a	
  “gold	
  rush”	
  of	
  scientific	
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research	
  into	
  this	
  metal	
  and	
  its	
  applications	
  as	
  a	
  catalyst27,29.	
  In	
  the	
  last	
  decade,	
  the	
  

catalysis	
   of	
   nano-­‐sized	
   gold	
   has	
   found	
   use	
   in	
   a	
   number	
   of	
   important	
   reactions	
  

relevant	
   to	
   green	
   chemistry	
   (CO	
   oxidation,	
   de-­‐NOx)	
   and	
   chemical	
   synthesis	
  

(selective	
  oxidation,	
  hydrogenation,	
  C-­‐C	
  coupling)7,45.	
  Many	
  studies	
  have	
  illustrated	
  

the	
  effects	
  of	
  preparation	
  methods	
   (deposition-­‐precipitation,	
   co-­‐precipitation)	
  and	
  

synthesis	
  details	
  (size	
  of	
  particles,	
  type	
  of	
  support,	
  synthesis	
  conditions)	
  on	
  catalytic	
  

performance28,46-­‐48.	
   The	
   vast	
   majority	
   of	
   publications	
   focus	
   on	
   gold	
   loaded	
   onto	
  

conventional	
  supports	
  (i.e.	
  Au/MxOy)15.	
  While	
   this	
  work	
  has	
  established	
  a	
  basis	
  on	
  

which	
   to	
  build	
  an	
  understanding	
  of	
  gold	
  catalysis,	
   the	
  development	
  of	
  more	
  novel	
  

systems	
   is	
   crucial.	
   	
   The	
   synthesis	
   of	
   more	
   complex	
   catalysts	
   is	
   beneficial	
   to	
  

increasing	
   the	
   library	
   of	
   usable	
   components	
   in	
   the	
   design	
   of	
   future	
   tailored	
  

catalysts,	
  as	
  well	
  as	
  aiding	
  in	
  understanding	
  structure-­‐property	
  correlations	
  from	
  a	
  

fundamental	
  perspective.	
   	
  Furthermore,	
  modification	
  of	
  conventional	
  supports	
  has	
  

the	
  possibility	
   to	
  solve	
   lingering	
  problems	
   in	
  supported	
  gold	
  catalysts,	
  notably	
   the	
  

ease	
   of	
   sintering	
   and	
   difficulty	
   of	
   deposition	
   onto	
   some	
   supports,	
   by	
   way	
   of	
  

promotional	
  particle-­‐support	
  interactions49.	
  	
  

	
   Gold	
   is	
   notorious	
   for	
   its	
   difficulty	
   in	
   achieving	
   well-­‐dispersed	
   and	
   sinter	
  

resistant	
   supported	
   nanoparticles,	
   a	
   key	
   factor	
   in	
   the	
   effectiveness	
   of	
   the	
   overall	
  

catalyst15,34.	
  While	
  good	
  dispersity	
  is	
  a	
  feature	
  of	
  other	
  noble	
  metal	
  catalysts	
  (i.e.	
  Pt	
  

and	
   Pd),	
   the	
   low	
   melting	
   point	
   of	
   Au	
   (further	
   reduced	
   by	
   quantum-­‐size	
   effects)	
  

causes	
  these	
  particles	
  to	
  easily	
  aggregate	
  and	
  sinter	
  over	
  the	
  surface	
  of	
  a	
  support15.	
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A	
   number	
   of	
   methods	
   have	
   been	
   employed	
   to	
   increase	
   the	
   stability	
   of	
   Au	
   with	
  

respect	
  to	
  sintering.	
  	
  Arnal	
  et.	
  al.	
  produced	
  an	
  Au@ZrO2	
  yolk-­‐shell	
  system,	
  wherein	
  a	
  

gold	
  nanoparticle	
   is	
   encased	
   in	
   a	
  hollow	
  ZrO2	
   shell,	
   through	
   selective	
   etching	
  of	
   a	
  

middle	
   silica	
   shell50.	
  This	
   approach	
   (and	
   similar	
   core-­‐shell	
   type	
   systems)	
  achieves	
  

high	
  sinter	
  resistance	
  but	
  it	
  proves	
  to	
  be	
  a	
  delicate	
  synthesis	
  that	
  results	
  in	
  higher	
  

expense	
  and	
  longer	
  time,	
  and	
  therefore	
  is	
  not	
  suitable	
  for	
  industrial	
  use.	
  	
  	
  

	
   Another	
  common	
  method	
  to	
  achieve	
  sinter	
  resistance	
  in	
  a	
  simpler	
  manner	
  is	
  

pre-­‐modification	
   of	
   supports.	
   	
   The	
   Dai	
   group	
   has	
   studied	
   the	
   effects	
   of	
   pre-­‐

modification	
  of	
  supports	
  (i.e.	
  modification	
  before	
  Au	
  deposition)	
  on	
  Au/MxOy/TiO2	
  

systems,	
   finding	
   that	
   these	
   systems	
   retain	
   their	
   high	
   catalytic	
   activity	
   even	
   after	
  

calcination	
  at	
  temperatures	
  as	
  high	
  as	
  500°C18.	
  	
  Motivated	
  by	
  work	
  describing	
  tight	
  

coordination	
   of	
   metal	
   particles	
   to	
   a	
   nitrogen-­‐containing	
   polymer	
   called	
   carbon	
  

nitride51,	
  C3N4,	
  we	
  decided	
  to	
  utilize	
  carbon	
  nitride	
  in	
  a	
  pre-­‐modification	
  strategy	
  to	
  

deposit	
  Au	
  nanoparticles	
  onto	
  a	
  silica	
  support	
  via	
  deposition-­‐precipitation.	
  

1.2.2 Automotive	
  Exhaust	
  Treatment	
  

	
   In	
   much	
   of	
   the	
   literature,	
   CO	
   oxidation	
   over	
   heterogeneous	
   catalysts	
   is	
  

studied	
   in	
   simple	
   streams	
   consisting	
   of	
   CO,	
   O2,	
   and	
   sometimes	
   H2O,	
   and	
   often	
   at	
  

fairly	
  low	
  gas	
  hourly	
  space	
  space	
  velocities	
  (≤	
  30,000	
  h-­‐1	
  GHSV)35,48,52,53.	
  	
  While	
  these	
  

studies	
   are	
   valuable	
   for	
   establishing	
   basic	
   property-­‐activity	
   relationships,	
   many	
  

applications	
  in	
  which	
  CO	
  oxidation	
  catalysts	
  are	
  needed	
  require	
  them	
  to	
  be	
  active	
  in	
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complex	
   reactant	
   streams	
   at	
   higher	
   space	
   velocities	
  where	
   their	
   apparent	
   activity	
  

can	
   drop	
   dramatically.	
   	
   Automotive	
   exhaust	
   catalysts,	
   such	
   as	
   three-­‐way	
   catalysts	
  

found	
  in	
  the	
  catalytic	
  converter	
  of	
  most	
  automobiles,	
  are	
  one	
  such	
  application.	
  

	
   	
  An	
  oxidation	
  catalyst	
  operating	
  in	
  automotive	
  exhaust	
  streams	
  must	
  be	
  able	
  

to	
   handle	
   a	
   mixture	
   primarily	
   composed	
   of	
   CO,	
   CO2,	
   nitrogen	
   oxides	
   (NOx),	
  

hydrocarbons	
  (HCs),	
  oxygen,	
  and	
  water54;	
  it	
  must	
  perform	
  well	
  at	
  space	
  velocities	
  as	
  

high	
  as	
  150,000	
  hr-­‐1	
  55;	
  and	
  it	
  must	
  be	
  active	
  at	
  temperatures	
  from	
  ~250°C	
  to	
  800-­‐

900°C56.	
   The	
   inhibition	
   caused	
   by	
   various	
   components	
   in	
   these	
   complex	
   exhaust	
  

streams	
  often	
  severely	
  reduce	
  the	
  performance	
  of	
  even	
  the	
  most	
  active	
  catalysts54,57.	
  

The	
  vast	
  majority	
  of	
   research	
   into	
   catalysts	
   for	
   this	
  purpose	
  has	
   focused	
  on	
   three	
  

precious	
  metals	
  (Pd,	
  Pt,	
  and	
  Rh)	
  supported	
  on	
  metal	
  oxides	
  due	
  to	
  their	
  intrinsically	
  

high	
  activity	
  and	
  sulfur	
  tolerance58.	
  	
  Since	
  then,	
  sulfur	
  levels	
  in	
  gasoline	
  have	
  fallen	
  

dramatically	
   (from	
   nearly	
   1000	
   ppm	
   sulfur	
   to	
   15	
   ppm)	
   which	
   has	
   sparked	
   a	
  

reevaluation	
  of	
  other	
  catalyst	
  materials	
  for	
  this	
  purpose59,60.	
  

	
   Further	
   driving	
   research	
   into	
   alternative	
   catalysts	
   is	
   the	
   need	
   for	
   low	
  

temperature	
   activity.	
   	
   As	
   engines	
   become	
   more	
   fuel	
   efficient	
   due	
   to	
   increasing	
  

consumer	
   demand	
   and	
   regulatory	
   concerns,	
   the	
   temperature	
   of	
   the	
   resulting	
  

exhaust	
  drops	
  which	
  puts	
  a	
  strain	
  on	
  current	
  exhaust	
  catalysts	
  that	
  are	
  not	
  able	
  to	
  

perform	
  at	
  these	
  low	
  temperatures61.	
  	
  As	
  such,	
  there	
  is	
  a	
  significant	
  push	
  to	
  develop	
  

new	
  catalyst	
  materials	
  which	
  are	
  active	
  at	
  low	
  temperature.	
  With	
  the	
  collaboration	
  

of	
   the	
  Fuels,	
  Engines,	
  and	
  Emissions	
  Research	
  Center,	
  we	
  were	
  able	
   to	
  extend	
  our	
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previous	
  work	
   in	
  nano-­‐sized	
  Au	
  catalysts42,62	
  and	
   ternary	
  oxide	
  catalysts44	
   toward	
  

developing	
  effective	
  oxidation	
  catalysts	
  for	
  this	
  application.	
  

1.3 Common	
  Catalyst	
  Synthetic	
  Techniques	
  

	
   The	
  synthesis	
  of	
  heterogeneous	
  catalysts	
  is	
  constantly	
  evolving,	
  but	
  there	
  are	
  

a	
   number	
   of	
   techniques	
   and	
   methods	
   which	
   are	
   frequently	
   encountered	
   in	
   the	
  

literature.	
   	
  The	
  vast	
  majority	
  of	
  heterogeneous	
   catalysts	
   in	
  use	
   today,	
   and	
  are	
   the	
  

focus	
   of	
   this	
   dissertation,	
   are	
   composed	
   of	
   metals	
   and	
   metal	
   oxides	
   synthesized	
  

from	
   metal-­‐organic	
   or	
   metal-­‐salt	
   precursors.	
   	
   The	
   following	
   section	
   will	
   detail	
  

common	
  synthetic	
  methods	
  metal	
  oxide	
  supports	
  and	
  catalysts,	
  as	
  well	
  as	
  methods	
  

for	
   depositing	
  metal	
   nanoparticles	
   onto	
   supports	
   relevant	
   to	
   the	
   work	
   presented	
  

here.	
  	
  

Sol-­‐gel	
  

	
   The	
  sol-­‐gel	
  method	
   is	
   commonly	
  used	
   in	
   the	
  synthesis	
  of	
  metal	
  oxides,	
  and	
  

mostly	
  for	
  silicas	
  (SiO2)	
  and	
  titanium	
  dioxide	
  (TiO2).	
  For	
  SiO2	
  and	
  TiO2,	
  sol-­‐gel	
  refers	
  

to	
   a	
   method	
   of	
   hydrolysis	
   and	
   condensation	
   of	
   an	
   alkoxide	
   precursor	
   such	
   as	
  

tetraethyl	
   orthosilicate	
   (TEOS)	
   or	
   titanium	
   butoxide.	
   	
   The	
   synthesis	
   of	
   silica	
   will	
  

During	
   hydrolysis	
   the	
   TEOS	
   precursor	
   reacts	
   with	
   water,	
   exchanging	
   one	
   of	
   the	
  

ligands	
  with	
  a	
  hydroxyl	
  group	
  and	
  producing	
  an	
  alcohol.	
  	
  

   Si(OR)4 +H2O→HO− Si(OR)3 + ROH    (1.12)  
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Condensation	
   occurs	
   when	
   the	
   hydroxyl	
   group	
   reacts	
   with	
   other	
   partially	
  

hydrolyzed	
  silica	
  precursors	
  to	
  form	
  a	
  siloxane	
  bond	
  between	
  the	
  silica	
  atoms	
  and	
  

producing	
  water	
  or	
  alcohol.	
  

   (RO)3SiOH + Si(OR)4 → (RO)3Si−O− Si(OR)3    (1.13)	
  

	
   (RO)3SiOH +HO− Si(OR)3→ (RO)3Si−O− Si(OR)3 	
   (1.14)	
  

The	
  hydrolysis	
  and	
  condensation	
  steps	
  can	
  be	
  carried	
  out	
  in	
  excess	
  water	
  to	
  create	
  a	
  

colloid	
  of	
  silica	
  particles	
  which	
  are	
  then	
  removed	
  from	
  solution	
  using	
  centrifugation	
  

or	
  filtration.	
  	
  	
  

	
   The	
   product	
   is	
   then	
   dried	
   to	
   remove	
   as	
   much	
   of	
   the	
   solvent	
   as	
   possible.	
  	
  

During	
  the	
  drying	
  process	
  the	
  polymer	
  matrix	
  shrinks	
  and	
  the	
  method	
  of	
  drying	
  can	
  

have	
  a	
  significant	
  impact	
  on	
  the	
  structure	
  of	
  the	
  final	
  silica.	
  	
  For	
  example,	
  removal	
  of	
  

solvent	
  by	
  exchange	
  with	
  another	
  solvent	
  above	
   the	
  supercritical	
  point	
   can	
  create	
  

an	
   aerogel,	
   an	
   material	
   with	
   extremely	
   low	
   density	
   and	
   thermal	
   conductivity63.	
  	
  

Often	
   the	
  dried	
  gel	
   is	
   then	
  calcined	
  at	
  high	
   temperature	
   to	
   remove	
  any	
   remaining	
  

alkoxy	
  groups	
  or	
  template	
  polymers	
  used	
  in	
  the	
  synthesis	
  of	
  porous	
  materials.	
  

	
   The	
  sol-­‐gel	
  method	
  can	
  also	
  be	
  used	
  to	
  modify	
  previously	
  synthesized	
  metal	
  

oxides,	
  as	
  is	
  the	
  case	
  in	
  the	
  Pd	
  nanoparticle-­‐silica	
  materials	
  presented	
  here.	
  In	
  this	
  

case	
  the	
  metal	
  alkoxide	
  (zirconium	
  n-­‐propoxide)	
   is	
  allowed	
  to	
  react	
  with	
  hydroxyl	
  

groups	
  at	
  the	
  surface	
  of	
  the	
  pre-­‐synthesized	
  SiO2.	
   	
  The	
  advantage	
  of	
  this	
  method	
  is	
  

that	
   the	
   surface	
  modification	
   is	
  well	
   controlled	
   by	
   either	
   the	
   number	
   of	
   hydroxyl	
  

groups	
  at	
  the	
  surface	
  or	
  the	
  amount	
  of	
  alkoxide	
  precursor	
  added17.	
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Precipitation	
  and	
  Coprecipitation	
  

	
   Straightforward	
  precipitation	
   is	
  also	
  a	
  common	
  method	
  for	
  the	
  synthesis	
  of	
  

metal	
   oxide	
   supports	
   and	
   catalysts.	
   	
   In	
   this	
   process	
   a	
   metal	
   precursor,	
   usually	
   a	
  

metal	
  salt	
  such	
  as	
  CuCl2	
  or	
  Ce(NO3)3,	
   is	
  dissolved	
  in	
  water	
  and	
  precipitated	
  out	
  by	
  

the	
   addition	
   of	
   a	
   base.	
   	
   Coprecipitation,	
   as	
   the	
   name	
   suggests,	
   refers	
   to	
   the	
  

simultaneous	
   precipitation	
   of	
   two	
   components	
   in	
   solution	
   to	
   one	
   crystalline	
   or	
  

mixed	
   oxide	
   product44,64.	
   The	
   basic	
   steps	
   of	
   the	
   precipitation	
   method	
   are	
  

supersaturation,	
  nucleation,	
  and	
  growth.	
  

	
   Supersaturation	
   occurs	
   when	
   the	
   dissolved	
   metal	
   salt	
   reacts	
   with	
   excess	
  

hydroxide	
   ions	
   in	
   basic	
   solution.	
   	
   The	
   resulting	
   metal	
   hydroxide	
   has	
   far	
   less	
  

solubility	
   in	
  water	
   than	
   the	
   salt	
   and	
   the	
   solution	
   quickly	
   reaches	
   supersaturation	
  

with	
   respect	
   to	
   the	
   metal	
   hydroxide.	
   	
   Eventually	
   nucleation	
   occurs	
   either	
   due	
   to	
  

disturbance	
  by	
  stirring	
  or	
  at	
  nucleation	
  sites	
  on	
  the	
  walls	
  of	
  the	
  flask.	
  	
  Once	
  the	
  first	
  

small	
  seed	
  crystals	
  are	
  formed	
  aggregation	
  and	
  growth	
  can	
  occur.	
  	
  This	
  process	
  can	
  

occur	
   quite	
   rapidly	
   but	
   can	
   be	
   moderated	
   by	
   how	
   fast	
   the	
   base	
   is	
   added	
   to	
   the	
  

solution.	
  	
  	
  

	
   Once	
   the	
  precipitation	
  reaction	
   is	
  complete,	
   the	
  metal	
  hydroxide	
  product	
   is	
  

retrieved	
  by	
  vacuum	
  filtration	
  or	
  centrifugation.	
  	
  Calcination	
  at	
  high	
  temperature	
  in	
  

oxygen	
  converts	
  the	
  metal	
  hydroxide	
  into	
  the	
  final	
  metal	
  oxide.	
  

Impregnation	
  

	
   Impregnation	
   is	
  one	
  of	
   the	
  most	
  widely	
  used	
  methods	
   for	
  deposition	
  of	
   the	
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active	
  phase	
  (such	
  as	
  precious	
  metals)	
  onto	
  a	
  catalyst	
  support.	
  Impregnation	
  refers	
  

to	
   the	
   use	
   of	
   a	
   of	
   a	
   precursor	
   solution	
   (aqueous	
   HAu(Cl)4	
   for	
   example)	
   directly	
  

added	
  to	
  the	
  solid	
  support,	
  after	
  which,	
  the	
  solvent	
  is	
  evaporated	
  leaving	
  the	
  active	
  

phase	
   on	
   the	
   support.	
   	
   As	
   with	
   other	
   methods,	
   the	
   product	
   is	
   treated	
   at	
   high	
  

temperature	
   to	
   produce	
   the	
   final	
   catalyst.	
   	
   Often	
   the	
   catalyst	
   is	
   subjected	
   to	
  

hydrogen	
  gas	
  or	
  another	
  reductant	
  during	
  the	
  heat	
  treatment	
  in	
  order	
  to	
  control	
  the	
  

reduction	
  and	
  Ostwald	
  ripening	
  of	
  the	
  precious	
  metal	
  precursor	
  into	
  nanoparticles.	
  

	
   There	
   are	
   two	
   types	
   of	
   impregnation	
   differentiated	
   by	
   the	
   amount	
   of	
  

precursor	
  solution	
  used.	
  	
  The	
  first	
  is	
  “wet	
  impregnation”	
  where	
  an	
  excess	
  of	
  solution	
  

is	
   used.	
   	
   The	
   second	
   is	
   “dry	
   impregnation”	
   or	
   “incipient	
   wetness	
   impregnation”	
  

whereby	
   the	
   volume	
   of	
   solution	
   used	
   is	
   equivalent	
   to	
   the	
   pore	
   volume	
   of	
   the	
  

support.	
  	
  During	
  incipient	
  wetness	
  capillary	
  forces	
  draw	
  the	
  solution	
  into	
  the	
  pores	
  

of	
  the	
  support	
  so	
  that	
  the	
  precursor	
  is	
  better	
  distributed	
  throughout	
  the	
  catalyst65.	
  	
  

Incipient	
  wetness	
   is	
  particularly	
  useful	
   for	
  microporous	
  and	
  mesoporous	
  supports	
  

where	
   creating	
   nanoparticles	
   inside	
   the	
   pore	
   structure	
   is	
   desired.	
   	
   On	
   the	
   other	
  

hand,	
   if	
   chloride	
   precursors	
   are	
   used	
   the	
   left	
   over	
   chloride	
   atoms	
   can	
   facilitate	
  

sintering	
  and	
  significantly	
  increase	
  particle	
  size66.	
  

Deposition-­‐Precipitation	
  

	
   Another	
  valuable	
  method	
  for	
  synthesizing	
  supported	
  nanoparticle	
  catalyst	
  is	
  

deposition-­‐precipitation	
   (DP).	
   	
  Deposition-­‐precipitation	
   is	
  a	
  method	
  which	
  utilizes	
  

the	
  electrostatic	
  interactions	
  between	
  dissolved	
  metal	
  precursors	
  and	
  a	
  metal	
  oxide	
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support	
  and	
  is	
  primarily	
  used	
  as	
  a	
  method	
  to	
  reduce	
  the	
  amount	
  of	
  chloride	
  ions	
  on	
  

the	
  catalyst	
  surface	
  compared	
  to	
  impregnation	
  with	
  metal	
  chlorides.	
  	
  	
  

	
   Every	
   metal	
   oxide	
   has	
   a	
   pH	
   at	
   which	
   its	
   surface	
   carries	
   no	
   net	
   electrical	
  

charge,	
  this	
  is	
  called	
  the	
  isoelectric	
  point	
  (IEP).	
   	
  At	
  a	
  pH	
  above	
  the	
  IEP	
  the	
  support	
  

surface	
  becomes	
  negatively	
  charged	
  with	
  O-­‐	
  groups,	
  and	
  at	
  a	
  pH	
  below	
  the	
  IEP	
  the	
  

surface	
   is	
   positively	
   charged	
   with	
   (-­‐OH2)+	
   groups	
   (Figure	
   1.3).	
   	
   Simultaneously,	
  

when	
   the	
   pH	
   of	
   the	
   solution	
   is	
   high	
   enough,	
   the	
   metal	
   chloride	
   precursor	
   will	
  

hydrolyze	
   and	
   begin	
   to	
   precipitate	
   from	
   solution.	
   	
   In	
   the	
   case	
   of	
   HAuCl4,	
   the	
  

hydrolyzed	
  product	
  in	
  solution	
  is	
  the	
  negatively	
  charged	
  (AuClx(OH)4-­‐x)-­‐.	
  	
  

	
   The	
  key	
  to	
  the	
  DP	
  method	
  is	
  simultaneous	
  deposition	
  and	
  precipitation	
  of	
  the	
  

metal	
  precursor.	
  	
  By	
  carefully	
  choosing	
  the	
  appropriate	
  precursor	
  and	
  adjusting	
  the	
  

pH	
   of	
   the	
   solution,	
   opposite	
   charges	
   are	
   obtained	
   for	
   the	
   metal	
   precursor	
   and	
  

support	
   surface.	
   	
   If	
   these	
   conditions	
   are	
   met,	
   then	
   simultaneous	
   deposition	
   and	
  

precipitation	
   of	
   the	
  metal	
  will	
   occur	
   evenly	
   on	
   the	
   surface	
   of	
   the	
   support,	
   ideally	
  

with	
  very	
  little	
  chloride	
  content.	
  	
  

	
   The	
   product	
   is	
   then	
   recovered	
   with	
   vacuum	
   filtration	
   or	
   centrifugation.	
  	
  

Afterward,	
  as	
  with	
  impregnation,	
  hydrogen	
  reduction	
  and	
  Ostwald	
  ripening	
  is	
  used	
  

to	
  form	
  the	
  metal	
  nanoparticles	
  on	
  the	
  support	
  surface.	
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Figure	
   1.4	
   Metal	
   oxide	
   support	
   surfaces	
   at	
   pH	
   relative	
   to	
   their	
   isoelectric	
   point	
  

(IEP).	
  

	
  

	
   	
  	
  

pH	
  <	
  IEP pH	
  =	
  IEP pH	
  >	
  IEP 
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1.4 Dissertation	
  Overview	
  

	
   The	
   focus	
   of	
   this	
   dissertation	
   is	
   on	
   the	
   development	
   of	
   catalysts	
   for	
   low	
  

temperature	
   CO	
   oxidation.	
   The	
   primary	
   focus	
   includes	
   the	
   synthesis	
   and	
  

characterization	
   of	
   various	
   metal	
   and	
   metal-­‐oxide	
   nanomaterials	
   as	
   well	
   as	
  

evaluation	
  of	
  their	
  catalytic	
  capability	
  for	
  low	
  temperature	
  CO	
  oxidation.	
  	
  The	
  work	
  

presented	
  here	
  include	
  both	
  published	
  and	
  unpublished	
  research	
  completed	
  in	
  the	
  

group	
  of	
  Dr.	
  Sheng	
  Dai	
  and	
  in	
  collaboration	
  with	
  the	
  Fuels,	
  Engines,	
  and	
  Emissions	
  

Research	
  Center	
  at	
  Oak	
  Ridge	
  National	
  Laboratory	
  over	
  the	
  last	
  four	
  years.	
  	
  

	
   Chapter	
  2	
  outlines	
  numerous	
  characterization	
  techniques	
  required	
  to	
  study	
  

heterogeneous	
   catalysts.	
   	
   These	
   include	
   methods	
   to	
   probe	
   their	
   structure	
   and	
  

composition	
   such	
   as	
   powder	
   x-­‐ray	
   diffraction	
   (PXRD),	
   transmission	
   electron	
  

microscopy	
   (XRD),	
   and	
  N2	
   adsorption/desorption	
   (BET)	
   as	
  well	
   as	
   techniques	
   for	
  

studying	
   their	
   chemical	
   properties	
   such	
   as	
   temperature	
   programmed	
   reduction	
  

(TPR)	
  and	
   infrared	
  spectroscopy	
  (FTIR).	
   	
  The	
  chapter	
  ends	
  with	
  a	
   look	
  at	
  catalyst	
  

performance	
   evaluation	
   using	
   a	
   plug	
   flow	
   reactor	
   and	
   two	
   methods	
   for	
   on-­‐line	
  

analysis	
  of	
  the	
  gas	
  streams.	
  

	
   Chapter	
  3	
  presents	
  a	
  paper	
  published	
  in	
  the	
  Catalysis	
  Letters	
  describing	
  the	
  

use	
  of	
  carbon	
  nitride	
  (C3N4)	
  as	
  an	
  aid	
  to	
  the	
  deposition	
  of	
  small	
  Au	
  nanoparticles	
  on	
  

silica.	
  	
  This	
  method	
  extends	
  previous	
  work	
  by	
  the	
  Dai	
  group	
  on	
  the	
  modification	
  of	
  

metal	
  oxide	
  supports	
  for	
  Au-­‐based	
  catalysts	
  by	
  utilizing	
  the	
  nitrogen	
  functionality	
  of	
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the	
   carbon	
   nitride	
   to	
   facilitate	
   deposition	
   of	
   Au	
   onto	
   SiO2,	
   a	
   support	
   which	
   is	
  

normally	
   difficult	
   to	
   deposit	
   on.	
   The	
   article	
   has	
   been	
   modified	
   slightly	
   to	
  

accommodate	
  the	
  thesis	
  format.	
  

	
   Chapter	
   4	
   details	
   work	
   on	
   silica	
   supports	
   modified	
   by	
   metal	
   oxides	
   to	
  

enhance	
   the	
   activity	
   of	
   noble	
   metal	
   nanoparticles	
   for	
   oxidation	
   reactions	
   in	
  

automotive	
   exhaust	
   streams.	
   	
   The	
   first	
   example	
   is	
   an	
   extension	
   of	
   the	
   work	
  

presented	
   in	
  chapter	
  3	
   in	
  which	
  carbon	
  nitride	
  was	
  used	
   to	
   load	
   the	
  silica	
  surface	
  

with	
   iron	
  prior	
   to	
   the	
  deposition	
  of	
  Au.	
   	
  The	
   results	
   show	
   increased	
  dispersion	
  of	
  

Fe2O3	
   on	
   silica	
   compared	
   to	
   standard	
   impregnation,	
   increased	
   activity	
   for	
   CO	
  

oxidation,	
   and	
  high	
   stability	
   even	
   at	
   800°C.	
   	
   The	
   second	
   example	
   is	
   a	
   study	
   of	
   Pd	
  

deposited	
  on	
  zirconia	
  modified	
  silica.	
  	
  The	
  zirconia	
  modified	
  support	
  showed	
  higher	
  

stability	
  for	
  the	
  Pd	
  particles	
  and	
  enhanced	
  their	
  activity	
  for	
  CO	
  and	
  C3H6	
  oxidation.	
  	
  

In	
   both	
   examples	
   C3H6	
   was	
   found	
   to	
   dramatically	
   inhibit	
   CO	
   oxidation,	
   diffuse	
  

reflectance	
   FTIR	
   spectroscopy	
   (DRIFTS)	
   was	
   used	
   to	
   study	
   this	
   effect	
   on	
  

Pd/ZrO2/SiO2.	
  

	
   Chapter	
   5	
   presents	
   a	
   report	
   currently	
   submitted	
   to	
   the	
   journal	
   Science	
  

describing	
  work	
  on	
  a	
  unique	
   ternary	
  oxide	
  catalyst	
  which	
   is	
  able	
   to	
  overcome	
   the	
  

propene	
   inhibition	
   effects	
   described	
   in	
   chapter	
   4.	
   	
   The	
   catalyst	
   is	
   composed	
   of	
   a	
  

three-­‐phase	
  mixture	
   of	
   CuO,	
   Co3O4,	
   and	
  CeO2	
   and	
   outperforms	
   the	
   other	
   precious	
  

metal	
   catalysts	
   tested	
   in	
   CO	
   oxidation	
   in	
   simulated	
   automotive	
   exhaust	
   streams.	
  	
  

DRIFTS	
  data	
  confirms	
  the	
  lack	
  of	
  interaction	
  between	
  C3H6	
  and	
  the	
  CO	
  binding	
  site.	
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Initial	
  catalysis	
  data	
   is	
  consistent	
  with	
  a	
  separation	
  of	
  active	
  sites	
   for	
  CO	
  and	
  C3H6	
  

oxidation.	
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Chapter	
  2	
  -­‐-­‐ Characterization	
  techniques	
  

2.1 Catalyst	
  Characterization	
  

2.1.1 Scanning	
  Transmission	
  Electron	
  Microscopy	
  (STEM)	
  

	
   Scanning	
   Transmission	
   Electron	
   Microscopy	
   (STEM)	
   is	
   a	
   technique	
   that	
  

enables	
   researchers	
   to	
   obtain	
   high-­‐resolution	
   images	
   of	
   nanoscale	
   samples	
   and	
  

obtain	
  valuable	
   information	
  on	
  structural	
  properties	
  of	
  materials.	
   	
  Like	
  a	
  standard	
  

transmission	
   electron	
   microscope	
   (TEM),	
   the	
   STEM	
   instrument	
   operating	
   in	
  

transmission	
   mode	
   sends	
   a	
   high-­‐energy	
   beam	
   (typically	
   100kV	
   to	
   300kV)	
   of	
  

electrons	
   through	
   a	
   sample	
   and	
   collects	
   the	
   transmitted	
   electrons	
   to	
   obtain	
   an	
  

image.	
  	
  Unlike	
  a	
  standard	
  TEM,	
  an	
  STEM	
  focuses	
  the	
  electrons	
  into	
  a	
  much	
  narrower	
  

beam,	
  which	
  it	
  then	
  moves	
  across	
  the	
  sample.	
  	
  The	
  rastering	
  of	
  the	
  electron	
  beam	
  in	
  

this	
  manner	
  greatly	
  improves	
  the	
  versatility	
  of	
  the	
  electron	
  microscope,	
  allowing	
  it	
  

to	
  be	
  used	
  for	
  multiple	
  other	
  imaging	
  and	
  characterization	
  techniques	
  (listed	
  below)	
  

with	
  the	
  aid	
  of	
  additional	
  detectors.	
  	
  Representative	
  images	
  of	
  these	
  techniques	
  are	
  

given	
  in	
  figure	
  2.1.	
  The	
  STEM	
  instrument	
  used	
  throughout	
  the	
  work	
  presented	
  here	
  

was	
   a	
   Hitachi	
   HD-­‐2000	
   STEM	
   operated	
   at	
   200kV	
   and	
   equipped	
   with	
   an	
   EDX	
  

spectrometer.	
  

• Transmission	
  mode	
  (Figure	
  2.1a)	
  -­‐	
  Detection	
  of	
  transmitted	
  electrons	
  

creates	
  a	
  TEM	
  image	
  of	
  very	
  high	
  resolution.	
  	
  Because	
  the	
  density	
  of	
  a	
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Figure	
  2.1	
  Representative	
  images	
  of	
  STEM	
  techniques.	
  

(a)	
  Transmission	
  mode	
  image	
  of	
  Au	
  nanoparticles	
  deposited	
  on	
  silica.	
  (b)	
  Scanning	
  

mode	
  image	
  showing	
  worm-­‐like	
  pores	
  of	
  a	
  mesoporous	
  carbon.	
  (c)	
  Z-­‐Contrast	
  mode	
  

image	
   of	
   Au	
   nanoparticles	
   deposited	
   in	
   the	
   pores	
   of	
   ordered-­‐mesoporous	
   SBA-­‐15	
  

silica.	
  (d)	
  EDX	
  spectrum	
  of	
  CuO-­‐Co3O4-­‐CeO2	
  ternary	
  oxide.	
  

(a)	
   (b)	
  

(c)	
   (d)	
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material	
  directly	
  affects	
  the	
  image,	
  this	
  mode	
  is	
  very	
  useful	
  for	
  imaging	
  

ordered	
  porous	
  materials	
  and	
  metal	
  nanoparticles.	
   	
  At	
  high	
  resolution,	
  

transmission	
  mode	
   is	
   also	
   capable	
   of	
   viewing	
   lattice	
   spacing	
   in	
   nano-­‐

crystalline	
  materials.	
  

• Scanning	
  mode	
   (Figure	
   2.1b)	
   –	
   In	
   this	
  mode,	
   scattered	
   electrons	
   are	
  

detected	
   and	
   matched	
   with	
   the	
   rastered	
   beam	
   position	
   to	
   obtain	
   a	
  

surface	
  topography	
   image	
  of	
   the	
  sample.	
   	
  This	
  mode	
  can	
  give	
  valuable	
  

images	
  of	
  surface	
  porosity,	
  material	
  structure,	
  and	
  heterogeneity.	
  	
  

• Z-­‐Contrast	
  mode	
   (Figure	
  2.1c)	
   –	
  This	
  mode	
  operates	
   by	
   collection	
  of	
  

electrons	
  scattered	
  at	
  high	
  angle.	
  The	
  contrast	
  in	
  the	
  images	
  formed	
  is	
  

directly	
   related	
   to	
   the	
  atomic	
  number	
  of	
   the	
  elements	
   in	
   the	
  material.	
  	
  

As	
  such,	
  these	
  images	
  are	
  immediately	
  interpretable	
  and	
  are	
  useful	
  for	
  

determining	
  a	
  qualitative	
  elemental	
  makeup	
  of	
  the	
  material.	
  

• Energy	
  Dispersive	
  X-­‐Ray	
  Spectroscopy	
  (EDX)	
  (Figure	
  2.1d)	
  –	
  EDX	
  is	
  

a	
  technique	
  in	
  which	
  the	
  electron	
  beam	
  ejects	
  an	
  electron	
  from	
  an	
  inner	
  

shell,	
   allowing	
   an	
   outer-­‐shell	
   electron	
   to	
   fill	
   the	
   resulting	
   hole.	
   	
   The	
  

energy	
  difference	
  between	
  the	
  outer	
  shell	
  and	
  inner	
  shell	
  is	
  released	
  in	
  

the	
  form	
  of	
  an	
  X-­‐ray,	
  which	
  can	
  be	
  detected	
  and	
  is	
  characteristic	
  of	
  the	
  

specific	
  element.	
  	
  EDX	
  can	
  be	
  used	
  for	
  quantitative	
  elemental	
  evaluation	
  

and	
  creating	
  an	
  elemental	
  map	
  of	
  the	
  sample.	
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2.1.2 Powder	
  X-­‐Ray	
  Diffraction	
  (PXRD)	
  

	
   Powder	
   X-­‐ray	
   diffraction	
   (PXRD)	
   is	
   an	
   invaluable	
   tool	
   for	
   heterogeneous	
  

catalyst	
   researchers	
   which	
   enables	
   them	
   to	
   quickly	
   obtain	
   information	
   on	
   the	
  

catalyst	
  material	
  makeup,	
  including	
  crystallite	
  size	
  and	
  material	
  composition,	
  in	
  an	
  

aggregate	
  sample.	
  X-­‐ray	
  diffraction	
  is	
  a	
  technique	
  in	
  which	
  X-­‐rays	
  are	
  directed	
  at	
  a	
  

crystalline	
  sample	
  where	
  they	
  are	
  scattered	
  by	
  the	
  lattice	
  of	
  the	
  crystal	
  (Figure	
  2.2).	
  	
  

When	
  the	
  beams	
  scattered	
  from	
  different	
  lattice	
  planes	
  interact	
  on	
  their	
  way	
  to	
  the	
  

detector,	
  constructive	
  or	
  destructive	
  interference	
  occurs	
  depending	
  on	
  their	
  relative	
  

phases.	
   	
   The	
   constructive	
   interference,	
  which	
   results	
   in	
   diffraction	
   peaks,	
   follows	
  

Bragg’s	
  Law.	
  	
  

  
sinθ = nλ

2d    (2.1)  

Where	
  θ	
  is	
  the	
  angle	
  of	
  incidence	
  (Bragg	
  angle),	
  𝑛	
  is	
  an	
  integer,	
  𝜆	
  is	
  the	
  wavelength	
  

of	
  the	
  incident	
  X-­‐ray,	
  and	
  𝑑	
  is	
  the	
  lattice	
  spacing	
  between	
  atomic	
  layers.	
  	
  Therefore,	
  

by	
  plotting	
  the	
  scattering	
  intensity	
  against	
  the	
  angle	
  of	
  incidence	
  a	
  spectrum	
  can	
  be	
  

obtained	
  with	
   detailed	
   information	
   on	
   the	
   crystal	
   structure	
   of	
   a	
  material.	
   A	
   great	
  

many	
   materials	
   have	
   been	
   characterized	
   in	
   this	
   way	
   and	
   so	
   by	
   comparison	
   of	
  

experimental	
  diffraction	
  patterns	
  with	
  a	
  database	
  of	
  samples	
   it	
   is	
  even	
  possible	
   to	
  

determine	
  the	
  phase	
  composition	
  of	
  a	
  powder	
  sample.	
  

	
   PXRD	
   is	
   of	
   particular	
   use	
   to	
   those	
  working	
  with	
   nanocrystalline	
  materials,	
  

such	
  as	
  supported	
  nanoparticles	
  or	
  mixed	
  oxides,	
  because	
  analysis	
  of	
  the	
  diffraction	
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Figure	
  2.2	
  Schematic	
  of	
  X-­‐ray	
  diffraction	
  of	
  a	
  crystalline	
  material.	
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peaks	
   can	
   result	
   in	
   a	
   good	
  estimate	
  of	
   crystal	
   size	
  below	
  100nm.	
   	
  As	
  particle	
   size	
  

shrinks,	
  a	
  broadening	
  of	
   the	
  diffraction	
  peaks	
  can	
  be	
  seen.	
   	
  The	
  Scherrer	
  Equation	
  

(eq.	
  2.2)	
  (named	
  after	
  Paul	
  Scherrer)	
  is	
  a	
  formula,	
  which	
  can	
  be	
  used	
  to	
  determine	
  

the	
  size	
  of	
  particles	
  in	
  a	
  crystalline	
  powder.	
  	
  

  
   (2.2)  

Where	
  𝜏	
  is	
  the	
  mean	
  size	
  of	
  a	
  crystal	
  domain,	
  K	
  is	
  a	
  shape	
  factor	
  (general	
  0.9	
  but	
  can	
  

vary	
  with	
  crystallite	
  shape),	
  𝜆	
   is	
  the	
  wavelength	
  of	
  the	
  incident	
  X-­‐ray,	
  𝛽	
   is	
  the	
  full-­‐

width	
  half-­‐maximum	
  (FWHM)	
  of	
  the	
  peak,	
  and	
  𝜃	
  is	
  the	
  Bragg	
  angle.	
  

	
   It	
   is	
   important	
   to	
   note	
   that	
   this	
  method	
   is	
   dependent	
   on	
   the	
   width	
   of	
   the	
  

detected	
  diffraction	
  peaks	
  and	
   represents	
  only	
  a	
   lower	
  bound	
  estimate	
  of	
  particle	
  

size.	
  	
  Lattice	
  strain	
  and	
  other	
  imperfections	
  can	
  cause	
  some	
  broadening	
  of	
  the	
  peak	
  

and	
   so	
   while	
   use	
   of	
   the	
   Scherrer	
   Equation	
   is	
   a	
   good	
   estimate,	
   absolute	
  

determination	
   of	
   crystal	
   size	
   requires	
   corroboration	
   with	
   other	
   methods	
   such	
   as	
  

STEM	
  imaging.	
  	
  That	
  said,	
  unlike	
  STEM	
  imaging,	
  which	
  can	
  only	
  view	
  localized	
  areas	
  

of	
  a	
  sample,	
  PXRD	
  allows	
  relatively	
  quick	
  sampling	
  of	
  an	
  entire	
  sample	
  to	
  obtain	
  a	
  

mean	
  crystal	
  domain	
  size	
  and	
  material	
  composition.	
  	
  

2.1.3 N2	
  Adsorption/Desorption	
  (BET)	
  

	
   Determination	
   of	
   surface	
   properties	
   is	
   crucial	
   to	
   understanding	
   both	
   the	
  

synthesis	
   and	
   the	
   apparent	
   reactivity	
   of	
   heterogeneous	
   catalysts.	
   	
   For	
   example,	
  

τ =
Kλ

β cosθ
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because	
  the	
  catalyst	
  interacts	
  with	
  gaseous	
  molecules	
  at	
  the	
  surface,	
  an	
  increase	
  in	
  

surface	
   area	
   per	
   gram	
   catalyst	
   can	
   have	
   a	
   profound	
   effect	
   on	
   the	
   practical	
  

applicability	
   of	
   a	
   given	
   catalyst	
   due	
   to	
   increased	
   access	
   to	
   reactive	
   sites.	
   The	
  

standard	
  technique	
  for	
  determining	
  surface	
  area	
  and	
  porosity	
  is	
  by	
  N2	
  physisorption	
  

measurement	
   coupled	
   with	
   a	
   calculation	
   using	
   Brunauer-­‐Emmett-­‐Teller	
   (BET)	
  

theory.	
  

	
   In	
   an	
   N2	
   sorption	
   measurement,	
   the	
   sample	
   is	
   cooled	
   to	
   liquid	
   nitrogen	
  

temperature	
   and	
   subjected	
   to	
   repeated	
   doses	
   of	
   N2	
   at	
   various	
   pressures	
   and	
   the	
  

quantity	
  of	
  physisorbed	
  nitrogen	
  is	
  measured.	
  	
  The	
  resulting	
  adsorption	
  isotherm	
  is	
  

then	
  fitted	
  to	
  the	
  BET	
  equation	
  (eq.	
  2.3)	
  to	
  determine	
  the	
  monolayer	
  capacity.	
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Where	
  𝑣	
  is	
  the	
  quantity	
  of	
  adsorbed	
  N2,	
  𝑝	
  and	
  𝑝!	
  are	
  the	
  equilibrium	
  and	
  saturation	
  

pressures,	
   𝑐	
   is	
   the	
   BET	
   constant	
   specific	
   to	
   N2,	
   and	
  𝑣!is	
   the	
  monolayer	
   capacity.	
  

When	
   the	
  monolayer	
   capacity	
   is	
  multiplied	
   by	
   the	
   cross-­‐sectional	
   area	
   of	
   N2,	
   the	
  

total	
  surface	
  area	
  of	
  the	
  material	
  can	
  be	
  determined.	
   	
  The	
  surface	
  area	
  is	
  generally	
  

published	
  in	
  terms	
  of	
  specific	
  surface	
  area	
  (SSA)	
  in	
  m2/g.	
  	
  

	
   For	
  pore	
   size	
   analysis	
   the	
  N2	
  pressure	
   is	
   increased	
  until	
   the	
  gas	
   condenses	
  

inside	
   of	
   the	
   pores,	
   starting	
   with	
   the	
   smallest.	
   	
   The	
   pressure	
   is	
   then	
   reduced	
  

incrementally,	
   allowing	
   the	
   condensed	
   gas	
   to	
   evaporate.	
   	
   This	
   process	
   creates	
   a	
  



34	
  

	
  

hysteresis	
   in	
   the	
   isotherm,	
  which	
  can	
  be	
  analyzed	
  to	
  determine	
  pore	
  size,	
  volume,	
  

and	
   shape.	
   A	
   pore	
   size	
   distribution	
   can	
   then	
   be	
   determined	
   using	
  Barrett-­‐Joyner-­‐

Halenda	
  (BJH)	
  theory67.	
  	
  

2.1.4 Infrared	
  Spectroscopy	
  (FTIR	
  and	
  DRIFTS)	
  

	
   As	
  then	
  name	
  suggests,	
  infrared	
  spectroscopy	
  (IR)	
  is	
  a	
  method	
  which	
  probes	
  

the	
  chemical	
  composition	
  of	
  a	
  material	
  by	
  analyzing	
  the	
  absorption/transmission	
  of	
  

infrared	
  light.	
  	
  In	
  an	
  IR	
  experiment,	
  monochromated	
  infrared	
  light	
  is	
  passed	
  through	
  

a	
  sample	
  while	
  adjusting	
  the	
  wavelength	
  from	
  λ	
  =	
  800	
  nm	
  to	
  λ	
  =	
  2500	
  nm.	
  	
  When	
  the	
  

frequency	
   of	
   the	
   light	
   (𝑓 = !
!
)	
  matches	
   the	
   vibrational	
   frequency	
   of	
   a	
   bond	
   in	
   the	
  

sample,	
   the	
   light	
   is	
   absorbed.	
   Thus	
   by	
   plotting	
   the	
   intensity	
   of	
   the	
  

transmitted/absorbed	
   light	
   and	
   plotting	
   it	
   against	
   the	
   wavelength	
   of	
   the	
   light	
  

(generally	
   given	
   in	
   inverse	
   units,	
   cm-­‐1,	
   and	
   refered	
   to	
   as	
   “wavenumbers”)	
   it	
   is	
  

possible	
   to	
   gain	
   valuable	
   information	
   on	
   the	
   chemical	
   makeup	
   of	
   the	
   sample	
   as	
  

determined	
  by	
   the	
   vibration	
   of	
   certain	
   functional	
   groups	
   and	
   bonds.	
   	
   Generally,	
   a	
  

background	
  spectra	
   is	
  also	
  subtracted	
   in	
  order	
   to	
  account	
   for	
   the	
   IR	
  adsorption	
  of	
  

solvents	
  or	
  ambient	
  atmosphere.	
  

	
   While	
   the	
   fundamentals	
   are	
   the	
   same,	
   many	
   modern	
   IR	
   spectroscopy	
  

instruments	
   do	
   not	
   use	
   a	
  monochromater	
   to	
   scan	
   across	
  multiple	
  wavelengths	
   of	
  

infrared	
   light.	
   Instead,	
   a	
  broadband	
  beam	
  containing	
   the	
   full	
   spectrum	
  of	
   infrared	
  

light	
  is	
  passed	
  through	
  a	
  Michelson	
  interferometer	
  (figure	
  2.3a)	
  which	
  blocks	
  some	
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combination	
  of	
  wavelengths	
  before	
   it	
   reaches	
   the	
  sample.	
   	
  The	
   interferometer	
  can	
  

be	
   easily	
   adjusted	
   by	
  moving	
   the	
   position	
   of	
   one	
  mirror	
   to	
   block	
  many	
   different	
  

combinations	
   of	
  wavelengths	
   and	
   the	
   result	
   is	
   an	
   “interferogram”	
   (figure	
   2.3b)	
   of	
  

light	
   intensity	
   vs.	
   mirror	
   position.	
   	
   Finally,	
   a	
   Fourier	
   transform	
   is	
   applied	
   which	
  

results	
  in	
  the	
  desired	
  spectrum	
  of	
  intensity	
  vs	
  wavenumber	
  (figure	
  2.3c)	
  giving	
  this	
  

technique	
  the	
  name	
  Fourier	
  transform	
  infrared	
  spectroscopy	
  (FTIR).	
  

	
   IR	
   spectroscopy	
   can	
   also	
   be	
   used	
   to	
   probe	
   surface	
   chemistry	
   on	
  

heterogeneous	
   catalysts	
   through	
   the	
   use	
   of	
   diffuse	
   reflectance	
   infrared	
   Fourier	
  

transform	
   spectroscopy	
   (DRIFTS).	
   In	
   this	
   case,	
   infrared	
   light	
   is	
   directed	
   onto	
   the	
  

surface	
   of	
   a	
   powder	
   sample	
   instead	
   of	
   through	
   a	
   solution	
   of	
   the	
   material,	
   which	
  

causes	
   scattering	
   in	
   all	
   direction	
   due	
   to	
   the	
   imperfect	
   or	
   rough	
   surface	
   of	
   the	
  

powdered	
  catalyst.	
   	
  A	
  DRIFTS	
  apparatus	
   is	
  equipped	
  with	
  a	
   series	
  of	
  mirrors	
  or	
  a	
  

single	
  parabolic/ellipsoid	
  mirror	
  to	
  direct	
  this	
  scattered	
  light	
  toward	
  the	
  detector	
  to	
  

obtain	
  enough	
  signal	
  for	
  processing.	
  	
  Because	
  catalytic	
  reactions	
  primarily	
  occur	
  at	
  

the	
  surface,	
  this	
  method	
  is	
  ideal	
  for	
  examining	
  a	
  catalyst	
  or	
  catalytic	
  reaction	
  in-­‐situ	
  

at	
  a	
  fundamental	
  level.	
  DRIFTS	
  is	
  a	
  powerful	
  tool	
  for	
  determining	
  the	
  nature	
  of	
  both	
  

the	
  surface	
  adsorbed	
  species	
  and	
  the	
  absorption	
  site	
  (typically	
  a	
  metal	
  nanoparticle	
  

or	
   metal-­‐oxide).	
   	
   For	
   example,	
   when	
   CO	
   adsorbs	
   to	
   a	
   metal	
   binding	
   site	
   π-­‐

backbonding	
   occurs	
   from	
   the	
  metal	
   center	
   to	
   the	
   π*	
   orbitals,	
   weakening	
   the	
   C-­‐O	
  

bond	
   and	
   lowering	
   its	
   vibrational	
   frequency	
   (vCO).	
   As	
   the	
   oxidation	
   state	
   of	
   the
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Figure	
   2.3	
   Representative	
   figures	
   relevant	
   to	
   Fourier	
   transform	
   infrared	
  

spectroscopy.	
  	
  

	
  (a)	
   Schematic	
   diagram	
   of	
   Michelson	
   interferometer,	
   (b)	
   Example	
   FTIR	
  

interferogram	
  (image	
  source:	
  Wikipedia),	
  (c)	
  Example	
  FTIR	
  spectrum:	
  transmission	
  

spectrum	
  of	
  graphitic	
  carbon	
  nitride	
  synthesized	
  by	
  pyrolysis	
  of	
  urea68,	
  (d)	
  DRIFTS	
  

spectra	
  showing	
  the	
  change	
  in	
  Pd-­‐CO	
  adsorption	
  site	
  over	
  Pd/ZrO2-­‐SiO2.	
  

(c)	
  

(a)	
   (b)	
  

(d)	
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metal	
  decreases,	
  so	
  does	
  vCO.	
  Therefore,	
  by	
  looking	
  at	
  changes	
  in	
  the	
  C-­‐O	
  stretching	
  

vibration	
   using	
  DRIFTS	
   it	
   is	
   possible	
   to	
   see	
   changes	
   in	
   the	
   electronic	
   state	
   of	
   the	
  

metal	
  binding	
  site.	
  	
  Figure	
  2.3d	
  gives	
  an	
  example	
  of	
  this	
  effect	
  from	
  work	
  discussed	
  

in	
  Chapter	
  5.	
   	
  Here	
  the	
  addition	
  of	
  propene	
  to	
  a	
  reactant	
  stream	
  of	
  CO	
  and	
  oxygen	
  

causes	
  a	
   shift	
   in	
   the	
  Pd-­‐carbonyl	
  band	
  over	
  Pd/ZrO2-­‐SiO2	
   from	
  2140	
  cm-­‐1	
   to	
  2105	
  

cm-­‐1,	
  indicating	
  a	
  reduction	
  in	
  the	
  Pd	
  metal	
  binding	
  site.	
  

2.1.5 X-­‐ray	
  Photoelectron	
  Spectroscopy	
  (XPS)	
  

	
   X-­‐ray	
   Photoelectron	
   Spectroscopy	
   (XPS)	
   is	
   another	
   helpful	
   technique	
   for	
  

obtaining	
  chemical	
   information	
  about	
  a	
  catalyst	
   surface.	
   	
  The	
  basics	
  of	
  XPS	
  are	
  an	
  

extension	
   of	
   the	
   photoelectric	
   effect.	
   	
   X-­‐rays	
   of	
   a	
   known	
   energy	
   are	
   directed	
   at	
   a	
  

sample	
  where	
  they	
  are	
  absorbed	
  by	
  electrons.	
  	
  If	
  the	
  energy	
  of	
  the	
  absorbed	
  photon	
  

(Ephoton)	
  is	
  greater	
  than	
  the	
  binding	
  energy	
  (Eb)	
  of	
  the	
  electron	
  then	
  the	
  electron	
  is	
  

ejected	
  from	
  the	
  atom	
  and	
  any	
  extra	
  energy	
  over	
  the	
  binding	
  energy	
  is	
  added	
  to	
  the	
  

kinetic	
  energy	
  (Ekin)	
  of	
  the	
  free	
  electron.	
  	
  

   Eb = Ephoton −Ekin    (2.4)	
  	
  

By	
  measuring	
   the	
   kinetic	
   energy	
   of	
   the	
   free	
   electrons	
   it	
   is	
   possible	
   to	
   get	
   a	
   very	
  

accurate	
   determination	
   of	
   both	
   the	
   element	
   they	
   were	
   ejected	
   from	
   and	
   their	
  

binding	
   energy.	
   	
   Because	
   this	
   technique	
   measures	
   ejected	
   electrons	
   it	
   is	
   also	
   a	
  

surface	
  sensitive	
  technique,	
  i.e.	
  any	
  information	
  gained	
  only	
  directly	
  pertains	
  to	
  the	
  

surface	
  of	
  the	
  material.	
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   With	
   respect	
   to	
   heterogeneous	
   catalysts,	
   XPS	
   is	
   particularly	
   useful	
   for	
  

determining	
  the	
  oxidation	
  states	
  of	
  metals,	
  electronic	
  effects	
  resulting	
   from	
  metal-­‐

support	
   interactions,	
   or	
   the	
   chemical	
  makeup	
  of	
  organic	
   species	
  on	
   surfaces.	
   	
  The	
  

binding	
   energies	
   of	
   specific	
   electrons	
   in	
   many	
   bulk	
   metals,	
   such	
   as	
   Au4f7/2	
   or	
  

Fe2p1/2,	
  are	
  well	
  known	
  so	
  it	
  is	
  possible	
  to	
  check	
  for	
  small	
  changes	
  in	
  the	
  electronic	
  

state	
   of	
   these	
   atoms	
   by	
   looking	
   at	
   shifts	
   from	
   reference	
   values.	
   	
   Similarly,	
   the	
  

bonding	
   characteristics	
   of	
   carbon	
   atoms	
   in	
   organic	
   molecules	
   changes	
   have	
  

measurable	
   effects	
   on	
   the	
   binding	
   energy	
   of	
   electrons	
   in	
   the	
   molecule	
   so	
   it	
   is	
  

possible	
   to	
   confirm	
   the	
   structure	
   of	
   a	
   compound	
   by	
   comparing	
   it	
   to	
   known	
  

standards.	
  

2.1.6 Temperature	
  Programmed	
  Methods	
  (TPR,	
  TPO,	
  TPD)	
  

	
   Temperature	
   programmed	
   reduction	
   (TPR)	
   and	
   oxidation	
   (TPO)	
   are	
  

methods	
   to	
   probe	
   the	
   reducibility	
   and	
   oxidizability	
   of	
   a	
   catalyst	
   as	
   a	
   function	
   of	
  

temperature.	
   	
  With	
  adequate	
  knowledge	
  of	
  the	
  catalyst	
  composition,	
  TPR	
  and	
  TPO	
  

are	
   able	
   to	
   provide	
   valuable	
   data	
   on	
   how	
   a	
   catalyst	
   changes	
   chemically	
   during	
  

catalytic	
  testing.	
   	
   In	
  TPR,	
  a	
  sample	
  is	
  subjected	
  to	
  hydrogen	
  gas	
  (~10%	
  in	
  an	
  inert	
  

gas)	
  at	
  increasing	
  temperature	
  and	
  the	
  resulting	
  hydrogen	
  uptake	
  or	
  H2O	
  formation	
  

is	
   measured	
   in	
   the	
   outlet	
   gas	
   stream	
   by	
   a	
   thermal	
   conductivity	
   detector	
   (TCD).	
  	
  

Plotting	
   the	
   TCD	
   signal	
   vs	
   the	
   temperature	
   reveals	
   peaks	
   associated	
   with	
   the	
  

reduction	
  of	
  catalyst	
  components.	
   	
  For	
  example,	
  Figure	
  2.4	
  shows	
  a	
  TPR	
  plots	
  of	
  a	
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Figure	
   2.4	
   	
   TPR	
   of	
   various	
   CuO-­‐Co3O4-­‐CeO2	
   (CCC)	
   catalysts	
   calcined	
   at	
   different	
  

temperatures44.	
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catalyst	
  composed	
  of	
  CuO,	
  Co3O4,	
  CeO2	
  prepared	
  at	
  various	
  calcination	
  temperatures	
  

(labeled	
   as	
   CCCXXX,	
   where	
   XXX	
   indicates	
   the	
   calcination	
   temperature).	
   	
   The	
   first	
  

peak	
  on	
  each	
  plot	
  is	
  associated	
  with	
  the	
  reduction	
  of	
  CuO	
  to	
  Cu	
  metal	
  and	
  it	
  is	
  clear	
  

that	
   calcination	
   temperature	
  has	
  a	
   significant	
  effect	
  on	
   the	
   reducibility	
  of	
   the	
  CuO	
  

component,	
  especially	
  between	
  calcination	
  temperatures	
  of	
  400°C	
  and	
  500°C.	
  	
  

	
   TPO	
   functions	
   much	
   the	
   same	
   way	
   that	
   TPR	
   does	
   except	
   that	
   a	
   sample	
   is	
  

generally	
   pre-­‐reduced,	
   O2	
   is	
   flowed	
   instead	
   of	
   H2,	
   and	
   oxygen	
   uptake	
   is	
   detected.	
  	
  	
  

Many	
   times	
   TPO	
   can	
   be	
   performed	
   directly	
   after	
   a	
   TPR	
   experiment	
   by	
   simply	
  	
  

cooling	
  down	
  the	
  catalyst	
  in	
  inert	
  atmosphere	
  before	
  introducing	
  oxygen.	
  	
  For	
  many	
  

catalysts	
  the	
  reducibility	
  and	
  oxidizability	
  of	
  the	
  component	
  metal	
  oxides	
  and	
  metal	
  

nanoparticles	
   can	
   be	
   directly	
   related	
   to	
   the	
   activity	
   of	
   the	
   catalyst	
   for	
   low	
  

temperature	
   oxidation.	
   Therefore	
   TPO	
   and	
   TPR	
   experiments	
   are	
   very	
   commonly	
  

used	
  in	
  this	
  field.	
  

	
   Unlike	
   TPO	
   and	
   TPR,	
   temperature	
   programmed	
   desorption	
   (TPD)	
   is	
  

concerned	
  with	
  surface	
  species.	
  	
  Generally	
  the	
  process	
  involves	
  pre-­‐adsorbing	
  some	
  

chemical	
  and	
  then	
  increasing	
  the	
  temperature	
  in	
  inert	
  atmosphere	
  while	
  detecting	
  it	
  

or	
  its	
  reaction	
  products	
  in	
  the	
  exit	
  stream.	
  	
  TPD	
  can	
  be	
  used	
  with	
  a	
  variety	
  of	
  gasses	
  

and	
  goals	
   in	
  mind.	
   	
  For	
  example,	
  O2-­‐TPD	
  can	
  be	
  used	
  to	
  determine	
   the	
  ability	
  of	
  a	
  

catalyst	
  to	
  adsorb	
  O2	
  to	
  its	
  surface	
  or	
  the	
  availability	
  of	
  lattice	
  oxygen	
  for	
  reactions.	
  	
  

On	
  the	
  other	
  hand,	
  one	
  can	
  halt	
  a	
  reaction	
  (such	
  as	
  hydrocarbon	
  oxidation)	
  at	
   low	
  

conversion	
   to	
   pre-­‐adsorb	
   reactants	
   and	
   products.	
   	
   By	
   then	
   running	
   a	
   TPD	
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experiment,	
   the	
   presence	
   of	
   partial	
   reaction	
   products	
   and	
   carbonaceous	
   deposits	
  

can	
  be	
  assessed.	
  

2.1.7 Thermo-­‐gravimetric	
  Analysis	
  (TGA)	
  

	
   Thermo-­‐gravimetric	
  analysis	
  (TGA)	
  is	
  a	
  simple	
  method	
  for	
  determining	
  mass	
  

gain	
  or	
  loss	
  due	
  to	
  effects	
  such	
  as	
  gas	
  adsorption/desorption,	
  oxidation/reduction,	
  

or	
  decomposition	
  of	
  catalysts	
  and	
  surface	
  species.	
  	
  A	
  standard	
  TGA	
  is	
  equipped	
  with	
  

a	
  temperature	
  controller	
  and	
  high	
  precision	
  balance	
  in	
  an	
  isolated	
  chamber	
  (usually	
  

a	
   high	
   temperature	
   capable	
   pan	
   set	
   on,	
   or	
   hanging	
   from,	
   a	
   delicate	
   hook).	
   	
   The	
  

balance	
   is	
   zeroed	
   and	
   small	
   changes	
   in	
  mass	
   are	
   recorded	
   as	
   the	
   temperature	
   is	
  

increased.	
  	
  In	
  the	
  work	
  presented	
  here,	
  TGA	
  is	
  used	
  to	
  correlate	
  the	
  loss	
  of	
  organic	
  

material	
  on	
  the	
  surface	
  of	
  a	
  support	
  with	
  catalytic	
  activity.	
  

2.2 Catalytic	
  Evaluation	
  

2.2.1 Plug	
  Flow	
  Reactor	
  

	
   All	
   of	
   the	
   catalyst	
   evaluations	
   described	
   in	
   this	
   document	
  were	
   completed	
  

using	
  a	
  plug	
  flow	
  reactor	
  equipped	
  with	
  either	
  a	
  gas	
  chromatograph	
  (GC)	
  or	
  a	
  mass	
  

spectrometer	
   (MS)	
   for	
   analysis	
   of	
   the	
   products.	
   	
   In	
   a	
   plug	
   flow	
   reactor	
   (PFR)	
   the	
  

powdered	
   catalyst	
   is	
   suspended	
   (generally	
   by	
   packing	
   with	
   quartz	
   wool)	
   in	
   a	
  

straight	
   quartz	
   tube,	
   the	
   reactant	
   gasses	
   are	
   flowed	
   through	
   the	
   catalyst	
   bed,	
   and	
  

the	
  product	
  stream	
  is	
  analyzed	
  by	
  gas	
  chromatography	
  to	
  determine	
  the	
  conversion	
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at	
  a	
  given	
  temperature	
  (plotted	
  as	
  a	
   light-­‐off	
  curve).	
   	
  A	
  simple	
  diagram	
  of	
  a	
  PFR	
  is	
  

shown	
  in	
  figure	
  2.5	
  where	
  dVr	
  is	
  a	
  differential	
  volume	
  element	
  of	
  the	
  catalyst,	
  FA	
  is	
  

the	
  molal	
  flow	
  rate	
  of	
  reactant	
  A,	
  and	
  fA	
  is	
  the	
  fractional	
  conversion	
  of	
  reactant	
  A.	
  

The	
  plug	
   flow	
  reactor	
  can	
  be	
  viewed	
  as	
  sequential	
  volume	
  units	
  of	
  reactant	
  

gas	
   reacting	
   as	
   it	
   goes	
   through	
   the	
   catalyst	
   plug.	
   The	
   change	
   in	
   the	
   reactant	
   flow	
  

rate,	
  dFA,	
  is	
  related	
  to	
  the	
  differential	
  volume,	
  dVr,	
  by	
  the	
  following:	
  

   dFA = rAdVr    (2.5)	
  

where	
  rA	
   is	
  the	
  rate	
  per	
  unit	
  volume	
  of	
  the	
  catalyst.	
   	
  The	
  reactant	
  flow	
  rate	
  can	
  be	
  

found	
  by	
  the	
  following:	
  

   FA = FA0 (1− fA )    (2.6)	
  

where	
   FA0	
   	
   is	
   the	
   reactant	
   flow	
   rate	
   measured	
   at	
   the	
   inlet,	
   before	
   reaching	
   the	
  

catalyst.	
  	
  Combining	
  equations	
  2.5	
  and	
  2.6,	
  and	
  integrating	
  over	
  the	
  catalyst	
  volume	
  

results	
  in	
  an	
  equation	
  for	
  determining	
  the	
  rate	
  per	
  unit	
  volume,	
  rA:	
  

  

dVr
dFA0

=
0

Vr

∫ Vr
FA0

=
dfA
−rA0

fA

∫    (2.7)	
  

	
   While	
   equation	
   2.7	
   can	
   be	
   used	
   directly	
   to	
   determine	
   rA	
   by	
   integrating	
   a	
  

curve	
  of	
   (-­‐1/rA)	
  vs	
   fA,	
   it	
   is	
  much	
  more	
  useful	
   to	
  operate	
   the	
   reactor	
   in	
  differential	
  

mode	
  (ΔfA	
  ≈	
  dfA)	
  and	
  evaluate	
  the	
  catalyst	
  in	
  the	
  kinetic	
  regime	
  (fA	
  ≤	
  0.1).	
  	
  Operating	
  

in	
   differential	
  mode	
   is	
   accomplished	
   by	
   running	
   in	
   steady	
   state	
   conditions	
  which	
  

helps	
   alleviate	
   heat	
   and	
   mass	
   transfer	
   limitations.	
   	
   By	
   operating	
   in	
   the	
   kinetic	
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Figure	
  2.5	
  Diagram	
  of	
  a	
  plug	
  flow	
  reactor4.	
  

dV	
  

FA	
  

fA	
  

FA	
  +	
  dFA	
  

fA	
  +	
  dfA	
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regime	
  changes	
  to	
  the	
  rate	
  due	
  to	
  non-­‐zero-­‐order	
  products	
  are	
  eliminated	
  because	
  

the	
   concentration	
   of	
   products	
   are	
   low	
   compared	
   to	
   reactants.	
   	
   If	
   these	
   two	
  

requirements	
  are	
  met	
  rA	
  effectively	
  becomes	
  constant	
  and	
  equation	
  2.7	
  becomes:	
  

  
Vr
FA0

=
1
−rA

"

#
$

%

&
'
av

fA    (2.8)	
  

What	
  this	
  means	
   is	
   that	
  an	
  accurate	
  reaction	
  rate	
  per	
  unit	
  volume	
  (or	
  unit	
  mass	
   if	
  

the	
  catalyst	
  density	
  is	
  known)	
  can	
  be	
  easily	
  extracted	
  using	
  a	
  PFR	
  reactor	
  so	
  long	
  as	
  

it	
  is	
  operated	
  in	
  differential	
  mode	
  and	
  in	
  the	
  kinetic	
  regime.	
  	
  	
  

2.2.2 Gas	
  Chromatography	
  (GC)	
  

	
   One	
  method	
  for	
  analyzing	
  product	
  streams	
  is	
  gas	
  chromatography	
  (GC).	
   	
  GC	
  

is	
  a	
  method	
  of	
  separating	
  gaseous	
  compounds	
  by	
  their	
  interaction	
  with	
  a	
  stationary	
  

phase	
   in	
   a	
   column.	
   	
   As	
   the	
   sample	
   gas	
   is	
   pushed	
   through	
   the	
   column	
   by	
   an	
   inert	
  

carrier	
  gas	
  (He,	
  Ar,	
  or	
  N2),	
   the	
  different	
  molecules	
  of	
   the	
  sample	
  travel	
  at	
  different	
  

rates	
  dependent	
  on	
  their	
  adsorption	
  strength	
  to	
  the	
  stationary	
  phase	
  or	
  column	
  wall	
  

and	
   therefore	
   elute	
   from	
   the	
   column	
   at	
   different	
   times.	
   	
   The	
   time	
   it	
   takes	
   for	
   a	
  

particular	
   substance	
   to	
   elute	
   is	
   called	
   the	
   retention	
   time.	
   	
   In	
   order	
   to	
   get	
   good	
  

results	
  the	
  column,	
  temperature,	
  and	
  pressure	
  must	
  be	
  chosen	
  carefully	
  as	
  each	
  can	
  

change	
  the	
  exact	
  retention	
  time	
  greatly.	
  

	
   When	
  the	
  sample	
  exits	
  the	
  column	
  it	
  is	
  fed	
  to	
  a	
  detector	
  to	
  produce	
  a	
  signal	
  

intensity	
   that	
   is	
   plotted	
   against	
   time	
   and	
   called	
   a	
   chromatograph.	
   	
   The	
   most	
  



45	
  

	
  

common	
   detector	
   equipped	
   with	
   GCs	
   is	
   the	
   thermal	
   conductivity	
   detector	
   (TCD).	
  

The	
   TCD	
  measures	
   the	
   change	
   in	
   resistance	
   caused	
   by	
   differences	
   in	
   the	
   thermal	
  

conductivity	
  between	
  a	
   sample	
  gas	
  and	
  a	
   reference	
  gas	
   (typically	
   the	
   carrier	
   gas).	
  	
  

As	
   the	
   components	
   of	
   the	
   separated	
   sample	
   pass	
   through	
   the	
   detector,	
   the	
   TCD	
  

signal	
  changes	
  in	
  intensity	
  to	
  produce	
  the	
  chromatograph.	
  	
  If	
  a	
  TCD	
  is	
  used,	
  the	
  GC	
  

carrier	
  gas	
  must	
  be	
  chosen	
  to	
  have	
  the	
  greatest	
  difference	
   in	
   thermal	
  conductivity	
  

compared	
  to	
  the	
  samples	
  to	
  be	
  studied.	
  	
  In	
  the	
  vast	
  majority	
  of	
  cases	
  a	
  He	
  carrier	
  gas	
  

works	
  well	
  with	
  the	
  TCD	
  due	
  to	
  its	
  high	
  thermal	
  conductivity.	
  

	
   Once	
   the	
   chromatograph	
   is	
   plotted,	
   compounds	
   can	
   be	
   determined	
  

qualitatively	
   by	
   their	
   order	
   of	
   elution.	
   	
   For	
   quantitative	
   analysis,	
   standard	
   gas	
  

mixtures	
   can	
   be	
   used	
   as	
   a	
   calibration	
   so	
   that	
   integration	
   of	
   the	
   chromatograph	
  

peaks	
   will	
   give	
   an	
   accurate	
   value	
   of	
   the	
   concentration	
   of	
   each	
   compound.	
   	
   The	
  

advantage	
   of	
   GC	
   is	
   that	
   it	
   is	
   fairly	
   simple	
   to	
   use	
   and	
   calibration	
   can	
   yield	
   direct	
  

values	
   for	
   concentration	
   down	
   to	
   the	
   ppm	
   level.	
   	
   The	
   downside	
   is	
   that	
   some	
  

compounds	
  may	
  take	
  minutes	
  to	
  elute	
  which	
  means	
  using	
  a	
  slow	
  ramp	
  rate	
  to	
  get	
  

enough	
   data	
   points	
   for	
   a	
   light-­‐off	
   curve	
   and	
   it	
   may	
   be	
   difficult	
   at	
   times	
   to	
   fully	
  

separate	
  all	
  peaks	
   in	
  a	
  chromatograph	
  because	
  of	
  compounds	
  with	
  close	
  retention	
  

times.	
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2.2.3 Mass	
  Spectrometry	
  (MS)	
  

	
   Another	
   very	
   common	
   analysis	
   technique	
   that	
   is	
   coupled	
   with	
   catalytic	
  

reactors	
  is	
  mass	
  spectrometry	
  (MS).	
  	
  There	
  are	
  many	
  types	
  of	
  MS	
  instruments.	
  	
  The	
  

type	
   used	
   in	
   the	
   work	
   presented	
   here	
   is	
   an	
   electron	
   ionization	
   quadrupole	
  mass	
  

spectrometer	
  (QMS).	
   	
  First	
  the	
  sample	
  gas	
   is	
  passed	
  through	
  a	
  capillary	
  and	
  into	
  a	
  

vacuum	
  chamber	
  where	
   the	
  molecules	
  are	
   ionized	
  and	
   fragmented	
  by	
  an	
  electron	
  

beam.	
   	
  The	
   ionized	
   sample	
   is	
   then	
  directed	
   toward	
   the	
  quadrupole	
  mass	
  analyzer	
  

where	
  ions	
  of	
  a	
  given	
  mass-­‐to-­‐charge	
  ratio	
  (m/z)	
  are	
  selected	
  and	
  sent	
  to	
  a	
  detector.	
  	
  

The	
   quadrupole	
   mass	
   analyzer	
   is	
   a	
   group	
   of	
   four	
   parallel	
   metal	
   rods	
   which	
   can	
  

select	
  for	
  a	
  given	
  m/z	
  by	
  modifying	
  the	
  electric	
  field	
  in	
  the	
  ion’s	
  travel	
  path	
  such	
  that	
  

only	
  the	
  desired	
  ions	
  have	
  a	
  stable	
  trajectory	
  to	
  reach	
  the	
  detector.	
  	
  	
  

	
   Each	
   value	
   of	
  m/z	
   can	
   be	
   tracked	
   separately	
   over	
   time	
   during	
   a	
   catalyst	
  

evaluation	
   and	
  plotted	
   as	
   a	
   function	
  of	
   catalyst	
   temperature.	
   	
  Quantitation	
   can	
  be	
  

achieved	
  by	
  running	
  a	
  calibration	
  gas	
  and	
  determining	
  the	
  spectrometers	
  sensitivity	
  

to	
  a	
  given	
  compound	
  at	
  a	
  certain	
  m/z	
  with	
  the	
  following	
  formula…	
  

   I = SiPi
i=0

n

∑    (2.9)	
  

where	
  I	
  is	
  the	
  signal	
  intensity	
  at	
  the	
  given	
  m/z,	
  n	
  is	
  the	
  number	
  of	
  compounds	
  in	
  the	
  

stream,	
  and	
  S	
  and	
  P	
  are	
  the	
  sensitivities	
  and	
  partial	
  pressures	
  of	
  compound	
  i.	
  	
  If	
  each	
  

sensitivity	
   is	
   found	
   through	
   calibration	
   then	
   the	
   partial	
   pressure	
   of	
   a	
   desired	
  

compound	
  can	
  be	
  determined	
  by	
  linear	
  regression.	
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   QMS	
  is	
  well	
  suited	
  to	
  analyzing	
  reactor	
  streams	
  because	
  it	
  is	
  able	
  to	
  quickly	
  

monitor	
  particular	
  masses	
  that	
  are	
  characteristic	
  of	
  a	
  given	
  compound	
  (for	
  example,	
  

m/z	
  =	
   44	
   for	
   CO2).	
   	
   Unlike	
   a	
   GC,	
   analysis	
   by	
  QMS	
   is	
   fast	
   enough	
   to	
   accommodate	
  

fairly	
   high	
   temperature	
   ramp	
   rates	
   (5-­‐10	
   °C/min)	
   and	
   still	
   achieve	
   enough	
  

resolution	
  (in	
   time)	
   for	
  a	
   light-­‐off	
   curve.	
   	
  On	
   the	
  other	
  hand,	
   complex	
  gas	
  streams	
  

can	
   often	
   have	
   multiple	
   compounds	
   with	
   fragments	
   at	
   the	
   same	
   m/z	
   that	
   can	
  

severely	
  complicate	
  the	
  use	
  of	
  equation	
  2.9	
  to	
  get	
  quantitative	
  data.	
  	
  Furthermore,	
  if	
  

there	
  are	
  any	
  unexpected	
  reaction	
  products	
  that	
  have	
  not	
  been	
  calibrated	
  for	
  then	
  

quantitation	
   can	
   become	
   even	
   more	
   difficult.	
   	
   In	
   order	
   to	
   alleviate	
   these	
   issues,	
  

many	
  systems	
  use	
  a	
  combined	
  GC-­‐MS	
  setup	
  to	
  first	
  separate	
  the	
  compounds	
  with	
  GC	
  

and	
  then	
  determine	
  their	
  structure	
  with	
  MS,	
  though	
  this	
  will	
  again	
  reduce	
  the	
  time	
  

resolution	
  of	
  the	
  instrument.	
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Chapter	
  3	
  -­‐-­‐ Carbon	
   nitride	
   modified	
   silica	
   for	
   gold	
  

adsorption	
  and	
  stabilization	
  

3.1 Published	
  Work	
  Disclosure	
  

	
   This	
  chapter	
  is	
  based	
  on	
  previously	
  published	
  paper:	
  

	
   Andrew	
  J.	
  Binder,	
  Zhen-­‐An	
  Qiao,	
  Gabriel	
  M.	
  Veith,	
  and	
  Sheng	
  Dai,	
  Deposition-­‐

Precipitation	
   and	
   Stabilization	
   of	
   a	
   Silica-­‐Supported	
   Au	
   Catalyst	
   by	
   Surface	
  

Modification	
  with	
  Carbon	
  Nitride.	
  Catalysis	
  Letters	
  143,	
  1339-­‐1345	
  (2013)	
  	
  

	
   My	
   contributions	
   to	
   this	
  work	
   include	
   (i)	
   gathering	
   and	
   reading	
   literature,	
  

(ii)	
   identification	
   of	
   the	
   objectives,	
   (iii)	
   design	
   and	
   conducting	
   of	
   synthetic	
  

experiments,	
  (iii)	
  conducting	
  of	
  characterization	
  experiments	
  with	
  the	
  exception	
  of	
  

XPS	
   which	
   was	
   accomplished	
   by	
   Gabriel	
   M.	
   Veith,	
   (iv)	
   processing	
   and	
   analyzing	
  

experimental	
   data,	
   and	
   (v)	
   writing	
   the	
   paper	
   itself	
   with	
   the	
   aid	
   of	
   edits	
   by	
   all	
  

authors	
  listed.	
  

3.2 Introduction	
  

	
   The	
   synthesis	
   of	
   supported	
   gold	
   nanoparticles	
   (NPs)	
   is	
   of	
   increasing	
  

importance	
  due	
  to	
  their	
  surprisingly	
  high	
  catalytic	
  activity7,15,62,69.	
  The	
  performance	
  

of	
   these	
   catalysts	
   are	
   highly	
   dependent	
   on	
   a	
   number	
   of	
   factors	
   including	
   size,	
  

dispersion,	
  and	
  support	
  composition	
  and	
  thus	
  synthetic	
  control	
  is	
  greatly	
  desired	
  to	
  

create	
   stable	
   materials	
   with	
   excellent	
   activity7,15,28,47,70.	
   A	
   wide	
   variety	
   of	
   metal	
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oxides	
   such	
   as	
   TiO2,	
   CeO2,	
   ZrO2,	
   Al2O3,	
   etc.,	
   have	
   been	
   studied	
   as	
   supports	
   for	
   Au	
  

NPs,	
  displaying	
   the	
  support	
  dependent	
  nature	
  of	
   these	
  catalytic	
  systems15,48,62,66,71.	
  

The	
   most	
   common	
   method	
   for	
   the	
   synthesis	
   of	
   supported	
   Au	
   nanoparticles	
   is	
  

deposition-­‐precipitation	
   (DP)	
   whereby	
   the	
   pH	
   value	
   of	
   an	
   auric	
   acid	
   (HAuCl4)	
  

solution	
  is	
  adjusted	
  to	
  between	
  6	
  and	
  10	
  resulting	
  in	
  the	
  deposition	
  of	
  the	
  Au(OH)3	
  

species	
  on	
  the	
  support	
  surface28.	
  	
  	
  This	
  process	
  generally	
  utilizes	
  the	
  high	
  isoelectric	
  

point	
   (IEP)	
   of	
   many	
   common	
   support	
   materials	
   to	
   create	
   a	
   positively	
   charged	
  

surface	
   at	
   high	
   pH,	
   which	
   interacts	
   with	
   the	
   negatively	
   charged	
   Au(OH)xCl4-­‐x-­‐.	
  	
  

Unfortunately,	
  this	
  simple	
  process	
  is	
  unfavorable	
  for	
  supports	
  with	
  a	
   low	
  IEP	
  such	
  

as	
  silica	
  (IEP	
  ≈	
  2)	
  because	
  of	
  the	
  highly	
  negatively	
  charged	
  surface	
  at	
  the	
  required	
  

pH	
  value.	
  	
  	
  

	
   Previously,	
  we	
  have	
  worked	
  to	
  alleviate	
  this	
  problem	
  by	
  the	
  introduction	
  of	
  a	
  

secondary	
   support	
   surface	
   layer	
   by	
   use	
   of	
   a	
   “pre-­‐modification”	
   strategy17,49.	
  	
  

Addition	
   of	
   a	
   secondary	
   surface	
   layer	
   with	
   a	
   higher	
   IEP	
   allows	
   the	
   deposition	
  

precipitation	
  process	
  to	
  be	
  used.	
  	
  Furthermore,	
  these	
  supporting	
  layers	
  were	
  shown	
  

to	
   have	
   beneficial	
   effects	
   such	
   as	
   increased	
   catalytic	
   activity	
   for	
   CO	
  oxidation	
   and	
  

decreased	
   pore	
   size	
   which	
   may	
   be	
   useful	
   for	
   shape-­‐selective	
   organic	
   catalysis49.	
  

While	
   this	
  method	
  has	
   proven	
   to	
   be	
   effective	
   in	
  many	
   cases,	
   the	
   pre-­‐modification	
  

strategy	
   has	
   been	
   limited	
   to	
   using	
   additional	
   layers	
   of	
   metal-­‐oxides17,72-­‐74.	
   	
   The	
  

introduction	
   of	
   an	
   organic	
   layer	
   to	
   a	
   silica	
   support	
   presents	
   the	
   opportunity	
   for	
  

functionalizable	
  supported	
  Au	
  catalysts	
  which	
  also	
  possess	
  the	
  advantage	
  of	
  tunable	
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surface	
  area.	
  	
  	
  	
  

	
   Herein	
  we	
   report	
   the	
   surface	
  modification	
  of	
  SiO2	
  by	
   carbon	
  nitride	
   for	
   the	
  

loading	
   of	
   Au	
   nanoparticles	
   by	
   DP.	
   	
   	
   C3N4	
   (figure	
   3.1)	
   aids	
   in	
   the	
   deposition-­‐

precipitation	
  of	
  Au	
  onto	
  supports	
  that	
  are	
  otherwise	
  unreceptive	
  to	
  this	
  method	
  due	
  

to	
  a	
  low	
  IEP.	
  The	
  structure	
  of	
  g-­‐C3N4	
  allows	
  for	
  easy	
  incorporation	
  of	
  metal	
  species	
  

into	
  the	
  nitrogen	
  “pots”	
  of	
  the	
  polymer	
  and	
  the	
  high	
  concentration	
  of	
  nitrogen	
  atoms	
  

act	
   in	
  a	
  similar	
   fashion	
   to	
   the	
  amine	
   ligands	
   for	
   the	
  complexation	
  of	
  Au52,75,76.	
  The	
  

introduction	
  of	
  amine	
  functionalities	
  to	
  the	
  deposition	
  process	
  has	
  previously	
  led	
  to	
  

much	
  success	
  in	
  obtaining	
  stable	
  Au/SiO2	
  catalysts.	
  	
  One	
  common	
  method	
  has	
  been	
  

to	
   change	
   the	
   normal	
   DP	
   procedure	
   to	
   incorporate	
   a	
   positively	
   charged	
   Au	
  

precursor,	
  which	
   is	
  better	
   attracted	
   to	
   the	
  negatively	
   charged	
   surface	
  of	
   the	
   silica	
  

support	
   at	
   high	
   pH.	
   	
   In	
   a	
  method	
   by	
   our	
   group,	
   the	
   Au-­‐ethylenediamine	
   complex	
  

(Au[en]23+)	
  is	
  prepared	
  prior	
  to	
  the	
  deposition	
  onto	
  the	
  support52.	
  	
  Margitfalvi	
  et.	
  al.	
  

also	
  reported	
  a	
  similar	
  synthesis	
   in	
  which	
  ammonia	
  or	
  urea	
  is	
  used	
  both	
  as	
  a	
  base	
  

and	
  to	
  create	
  the	
  cationic	
  precursor	
  during	
  the	
  deposition77.	
  In	
  both	
  of	
  these	
  cases,	
  

the	
  resulting	
  catalyst	
  was	
  highly	
  active	
  for	
  CO	
  oxidation	
  with	
  great	
  stability.	
  	
  Unlike	
  

these	
  methods,	
  which	
  focus	
  on	
  changing	
  the	
  charge	
  of	
  the	
  Au	
  precursor	
  to	
  make	
  use	
  

of	
   the	
   low	
   silica	
   IEP,	
   modification	
   by	
   carbon	
   nitride	
   “side	
   steps”	
   the	
   issue	
   of	
  

precursor	
   and	
   support	
   charge	
   by	
   focusing	
   on	
   the	
   nitrogen	
   functionality	
   which	
   is	
  

known	
   to	
   complex	
   easily	
   with	
   Au70,78,79.	
   	
   The	
   nitrogen-­‐metal	
   interaction	
   is	
   also	
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Figure	
  3.1	
  Basic	
  structure	
  of	
  carbon	
  nitride,	
  C3N4.	
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known	
   to	
   favor	
   the	
   tight	
   coordination	
   and	
   thereby	
   stabilization	
   of	
   fully	
   formed	
  

metal	
  particles51.	
  Carbon	
  nitride	
  possesses	
  a	
  number	
  of	
  qualities	
  that	
  may	
  make	
  it	
  a	
  

useful	
   additive	
   to	
   traditional	
  Au/SiO2	
   catalysts.	
   	
  Unlike	
  previously	
   reported	
  amine	
  

surface	
   functionalization,	
   C3N4	
   is	
   synthesized	
   with	
   relative	
   ease	
   through	
   the	
  

pyrolysis	
  of	
  dicyandiamide	
  or	
  urea	
  and	
  when	
  well	
  condensed	
  into	
  graphitic	
  carbon	
  

nitride	
   (g-­‐C3N4)	
   is	
   highly	
   stable	
   with	
   respect	
   to	
   thermal	
   treatment	
   (up	
   to	
   600°C)	
  

68,80.	
   It	
   is	
  also	
  very	
  stable	
  against	
  chemical	
  attack,	
  showing	
  no	
  detectable	
  solubility	
  

or	
   reactivity	
   in	
   many	
   conventional	
   solvents	
   (water,	
   alcohols,	
   DMF,	
   and	
   toluene	
  

among	
   others)81.	
   	
   Furthermore,	
   carbon	
   nitride	
   may	
   add	
   properties	
   to	
   a	
   silica	
  

support	
  such	
  as	
  photocatalytic	
  activity	
  and	
  organic	
  functionalization82,83.	
  

3.3 Experimental	
  

3.3.1 Materials	
  

	
   The	
   chemicals	
   used	
   were	
   the	
   non-­‐ionic	
   triblock	
   copolymer	
   EO20PO70EO2	
  

(denoted	
   as	
   P123,	
   MW	
   =	
   5800),	
   tetraethyl	
   orthosilicate	
   (TEOS),	
   dicyandiamide	
  

(H2NC(NH)NHCN),	
   3-­‐hydroxytyramine	
   hydrobromide	
   (dopamine),	
   and	
   hydrogen	
  

tetrachloroaurate	
  (III)	
  trihydrate	
  obtained	
  from	
  Aldrich.	
  	
  All	
  chemicals	
  were	
  used	
  as	
  

received	
  without	
  further	
  purification.	
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3.3.2 Preparation	
  of	
  C3N4/SiO2	
  

	
   SBA-­‐15	
   and	
   MCM-­‐48	
   were	
   synthesized	
   according	
   to	
   literature	
  

procedures79,84.	
   	
   Typically	
   for	
   SBA-­‐15,	
   P123	
   (4.0	
   g)	
   was	
   dissolved	
   in	
   105mL	
   H2O	
  

followed	
  by	
   the	
  dropwise	
   addition	
  of	
  HCl	
   (37%,	
  20	
  mL)	
   at	
   35°C.	
   	
  After	
  30	
  min	
  of	
  

stirring,	
  TEOS	
  (8.5	
  g)	
  was	
  added	
  dropwise	
  and	
  left	
  to	
  stir	
  for	
  4	
  hrs	
  in	
  a	
  round	
  bottom	
  

flask	
  equipped	
  with	
  a	
  condenser.	
  	
  The	
  milky	
  white	
  solution	
  was	
  then	
  transferred	
  to	
  

a	
  Teflon	
  bottle	
  to	
  age	
  overnight	
  at	
  90°C	
  under	
  static	
  conditions.	
  	
  For	
  MCM-­‐48,	
  CTAB	
  

(0.5	
  g)	
  and	
  F127	
  (2.05	
  g)	
  were	
  dissolved	
   in	
  a	
  solution	
  of	
  H2O	
  (96	
  g),	
  EtOH	
  (34	
  g),	
  

and	
  NH4(OH)	
  (10.05	
  g).	
  	
  At	
  room	
  temperature,	
  1.8	
  g	
  of	
  TEOS	
  was	
  added	
  at	
  once	
  and	
  

stirred	
  for	
  1	
  min	
  at	
  very	
  high	
  speed	
  (>1000rpm)	
  then	
  left	
  static	
  for	
  24	
  hr.	
   	
  In	
  both	
  

cases,	
  after	
  filtration	
  and	
  washing	
  with	
  H2O	
  the	
  sample	
  was	
  dried	
  overnight	
  at	
  80°C	
  

and	
   then	
   calcined	
   at	
   550°C	
   for	
   5	
   hrs	
   in	
   air.	
   	
   Commercial	
   Cab-­‐O-­‐Sil	
   was	
   used	
   as	
  

obtained.	
  

	
   The	
   introduction	
   of	
   the	
   carbon	
   nitride	
   component	
   was	
   accomplished	
   by	
   a	
  

simple	
  dry	
  mixing	
  of	
  SiO2	
  to	
  dicyandiamide	
  (DCDA)	
  at	
  a	
  2:1	
  ratio,	
  respectively,	
  in	
  a	
  

mortar	
   and	
   pestle	
   thoroughly.	
   	
   The	
   DCDA/SBA-­‐15	
   material	
   was	
   then	
   calcined	
   at	
  

550°C	
  for	
  4	
  hr	
  (2.3°C/min)	
  under	
  inert	
  atmosphere	
  to	
  yield	
  C3N4/SiO2.	
  

3.3.3 Preparation	
  of	
  C/SiO2	
  

	
   C/SiO2	
  was	
  prepared	
  according	
   to	
  previous	
   literature85.	
  Typically,	
  80	
  mg	
  of	
  

SBA-­‐15	
  was	
  mixed	
  with	
  80	
  mg	
  dopamine	
  in	
  Tris-­‐buffer	
  (25	
  mL,	
  10	
  mM,	
  pH	
  8.5)	
  for	
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24	
   hr.	
   	
   The	
   product	
  was	
   collected	
   by	
   centrifugation	
   and	
   then	
   carbonized	
   in	
   inert	
  

atmosphere	
   at	
   400°C	
   for	
   2	
   hr	
   (1°C/min	
   rate)	
   and	
   then	
   followed	
   by	
   treatment	
   at	
  

800°C	
  for	
  3	
  hr	
  (5°C/min	
  rate).	
  

3.3.4 Synthesis	
  of	
  Au/C3N4/SiO2	
  Catalyst	
  

	
   The	
   Au/C3N4/SiO2	
   and	
   Au/C/SiO2	
   catalysts	
   were	
   prepared	
   by	
   deposition-­‐

precipitation	
   (DP)	
  method	
   as	
   described	
   in	
   literature	
   sources15,17,28.	
   	
   First,	
   2.0	
   g	
   of	
  

HAuCl4●3H2O	
   was	
   dissolved	
   in	
   deionized	
   H2O	
   to	
   form	
   a	
   gold	
   precursor	
   solution.	
  	
  

From	
  this	
  solution,	
  the	
  support	
  and	
  desired	
  amount	
  of	
  Au	
  (by	
  wt.)	
  was	
  added	
  to	
  30	
  

mL	
  of	
  H2O	
  and	
  the	
  pH	
  was	
  adjusted	
  to	
  ~10	
  by	
  the	
  addition	
  of	
  1.0	
  M	
  NaOH	
  at	
  room	
  

temperature.	
   	
  This	
  solution	
  was	
   then	
  heated	
   to	
  80°C	
  under	
  vigorous	
  stirring.	
   	
  The	
  

resulting	
  solution	
  was	
  left	
  to	
  stir	
  continuously	
  for	
  2	
  hr.	
  	
  The	
  catalyst	
  was	
  separated	
  

from	
  solution	
  by	
  centrifugation	
  and	
  washed	
  three	
  times	
  with	
  deionized	
  water.	
  	
  The	
  

final	
   yellow	
   product	
   was	
   left	
   to	
   dry	
   under	
   vacuum	
   overnight	
   resulting	
   in	
   the	
   as-­‐

synthesized	
  sample.	
  

3.3.5 Catalyst	
  Characterization	
  

	
   Powder	
   X-­‐ray	
   diffraction	
   (XRD)	
   data	
   were	
   collected	
   via	
   a	
   Panalytical	
  

Empyrean	
  diffractometer	
  with	
  Cu	
  Kα	
   radiation	
   (λ	
  =	
  1.5418	
  Å).	
   	
   The	
   surface	
   areas	
  

and	
   pore	
   structures	
   of	
   catalysts	
  were	
   characterized	
   using	
   a	
   nitrogen	
   adsorption	
   -­‐	
  

desorption	
  measurement	
  (TriStar,	
  Micromeretics).	
   	
  Both	
  bright-­‐field	
  and	
  dark-­‐field	
  

(Z-­‐contrast)	
   transmission	
   electron	
   microscopy	
   (TEM)	
   investigations	
   were	
   carried	
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out	
  using	
  an	
  HD-­‐2000	
  scanning	
  transmission	
  electron	
  microscope	
  (STEM)	
  operated	
  

at	
   200	
   kV.	
   	
   Thermo-­‐gravimetric	
   analysis	
   (TGA)	
  was	
   recorded	
   on	
   a	
  TGA	
  2950	
   (TA	
  

Instruments)	
  instrument	
  using	
  a	
  heating	
  rate	
  of	
  10°C/min	
  in	
  air.	
  	
  IR	
  data	
  was	
  taken	
  

using	
  a	
  PerkinElmer	
  Frontier	
  FTIR	
  Spectrometer	
  equipped	
  with	
  an	
  attenuated	
  total	
  

reflectance	
  (ATR)	
  sampling	
  attachment.	
  	
  Surface	
  chemistry	
  was	
  determined	
  using	
  a	
  

PHI	
  3056	
  X-­‐ray	
  Photoelectron	
  Spectroscopy	
  (XPS)	
  spectrometer	
  with	
  an	
  AI	
  source	
  

in	
   a	
   2x10-­‐9	
   torr	
   vacuum	
   chamber.	
   	
   Samples	
  were	
   pressed	
   into	
   In	
   foil	
   during	
   data	
  

collection.	
  	
  Adventitious	
  C	
  was	
  used	
  as	
  an	
  internal	
  charge	
  standard	
  (284.8	
  eV).	
  	
  High	
  

resolution	
  scans	
  were	
  taken	
  with	
  23.5	
  eV	
  pass	
  energy,	
  0.05	
  eV	
  energy	
  step,	
  and	
  100	
  

repeats	
  to	
  increase	
  the	
  signal-­‐to-­‐noise	
  ratio.	
  	
  Elemental	
  analysis	
  was	
  performed	
  via	
  

combustion	
  method	
  by	
  Galbraith	
  Laboratories,	
  Inc.	
  

3.3.6 Catalytic	
  Test	
  

	
   Catalytic	
   oxidation	
   of	
   carbon	
   monoxide	
   was	
   carried	
   out	
   in	
   an	
   AMI	
   200	
  

(Altamira	
  Instruments).	
  Typically,	
  30	
  mg	
  of	
  a	
  selected	
  catalyst	
  was	
  packed	
  into	
  a	
  4	
  

mm	
   i.d.	
   silica	
   U-­‐tube	
   and	
   supported	
   by	
   quartz	
   wools.	
   The	
   catalyst	
   was	
   first	
  

pretreated	
  in	
  flowing	
  4%	
  H2/Ar	
  for	
  1	
  hr	
  at	
  300°C	
  and	
  then	
  the	
  CO	
  conversion	
  of	
  the	
  

sample	
   was	
   measured	
   as	
   a	
   function	
   of	
   temperature	
   (light-­‐off	
   curve)	
   at	
   a	
   rate	
   of	
  

10°C/min	
   to	
  a	
  max	
   temperature	
  of	
   about	
  500°C.	
  A	
  gas	
   stream	
  of	
  1%	
  CO	
  balanced	
  

with	
  dry	
  air	
  (<	
  4	
  ppm	
  water)	
  was	
  flowed	
  at	
  ambient	
  pressure	
  through	
  the	
  catalyst	
  at	
  

a	
   rate	
   of	
   about	
   37	
   sccm.	
   The	
   gas	
   exiting	
   the	
   reactor	
   was	
   analyzed	
   by	
   a	
   Buck	
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Scientific	
   910	
   gas	
   chromatograph	
   equipped	
   with	
   a	
   dual	
   molecular	
   sieve/porous	
  

polymer	
   column	
   (Alltech	
  CTR1)	
   and	
   a	
   thermal	
   conductivity	
   detector.	
   The	
   light-­‐off	
  

curve	
  was	
  typically	
  measured	
  two	
  times	
  or	
  more	
  to	
  determine	
  catalytic	
  stability.	
  	
  	
  	
  

3.4 Results	
  and	
  Discussion	
  

	
   N2	
   adsorption-­‐desorption	
   isotherms	
   of	
   SBA-­‐15	
   before	
   and	
   after	
   carbon	
  

nitride	
  addition	
  are	
  shown	
   in	
  Figure	
  3.2.	
  Calculated	
  BET	
  surface	
  areas	
   for	
   the	
   two	
  

samples	
   were	
   638	
   m2g-­‐1	
   and	
   549	
   m2g-­‐1,	
   respectively,	
   indicating	
   the	
   presence	
   of	
  

carbon	
   nitride	
   on	
   the	
   surface	
   of	
   the	
   silica.	
   	
   Barrett-­‐Joyner-­‐Halenda	
   (BJH)	
  

calculations	
  also	
  show	
  an	
  average	
  pore	
  size	
  reduction	
  from	
  6.5nm	
  to	
  5.9nm,	
  and	
  a	
  

pore	
   volume	
   reduction	
   from	
   6.2	
  mL	
   g-­‐1	
   to	
   5.3	
  mL	
   g-­‐1	
   confirming	
   the	
   presence	
   of	
  

carbon	
   nitride	
   inside	
   the	
   pore	
   structure.	
   	
   The	
   type-­‐IV	
   isotherm	
   typical	
   of	
   SBA-­‐15	
  

was	
  maintained	
  even	
  after	
  the	
  addition	
  of	
  C3N4	
  demonstrating	
  that	
  the	
  overall	
  pore	
  

structure	
  was	
  undisturbed	
  by	
  the	
  coating	
  process.	
  	
  	
  

	
   XPS	
  data	
  for	
  the	
  N1s	
  peak	
  of	
  the	
  C3N4/SBA-­‐15	
  (Figure	
  3.3a)	
  is	
  in	
  agreement	
  

with	
   a	
   triazine	
   or	
   heptazine	
   based	
   structure	
   and	
   matches	
   well	
   with	
   recorded	
  

literature86.	
   Figure	
   3.3b	
   shows	
   FTIR	
   spectra	
   indicating	
   successful	
   deposition	
   of	
  

carbon	
  nitride	
  species	
  onto	
  SBA-­‐15.	
  	
  After	
  the	
  addition	
  of	
  carbon	
  nitride	
  through	
  the	
  

pyrolysis	
  of	
  dicyandiamide,	
  the	
  spectra	
  shows	
  clear	
  bands	
  in	
  the	
  ~1300-­‐1700	
  cm-­‐1	
  

region	
   commonly	
  associated	
  with	
   s-­‐triazine	
  quadrant	
   stretching	
  and	
  double	
   semi-­‐

circle	
  stretching85,87.	
  A	
  strong	
  band	
   found	
  at	
  ~2200	
  cm-­‐1	
   is	
  associated	
  with	
  cyano-­‐
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Figure	
  3.2	
  N2	
  adsorption-­‐desorption	
  isotherms	
  and	
  BJH	
  pore	
  distributions	
  (inset)	
  

before	
  and	
  after	
  carbon	
  nitride	
  modification	
  of	
  SBA-­‐15.	
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Figure	
  3.3	
  a)	
  Deconvoluted	
  N1s	
  XPS	
  spectrum	
  of	
  C3N4/SBA-­‐15	
  support	
  and	
  b)	
  FTIR	
  

spectra	
  comparison	
  of	
  SBA-­‐15	
  (black),	
  carbon	
  nitride	
  modified	
  SBA-­‐15	
  (blue),	
  

carbon	
  nitride	
  recovered	
  from	
  HF	
  treatment	
  (green),	
  and	
  carbon	
  nitride	
  synthesized	
  

without	
  SBA-­‐15	
  (red).	
  

a)	
  

b)	
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groups	
   or	
   –N=C=N-­‐	
   groups	
   which	
   indicates	
   the	
   lack	
   of	
   full	
   condensation	
   of	
   the	
  

polymer	
  which	
  leaves	
  many	
  edge	
  groups	
  and	
  fractured	
  regions87,88.	
  	
  Due	
  to	
  the	
  high	
  

amount	
   of	
   silica	
   relative	
   to	
   the	
   carbon	
   nitride,	
   many	
   characteristic	
   bands	
   for	
   the	
  

carbon	
  nitride	
  are	
  difficult	
  to	
  detect.	
  	
  The	
  C3N4/SBA-­‐15	
  was	
  treated	
  with	
  HF	
  in	
  order	
  

to	
  remove	
  the	
  silica	
  component	
  and	
  the	
  FTIR	
  spectra	
  was	
  compared	
  to	
  that	
  of	
  C3N4	
  

synthesized	
  through	
  direct	
  pyrolysis	
  of	
  dicyandiamide	
  without	
  any	
  silica.	
  After	
  HF	
  

treatment	
   the	
   characteristic	
   band	
   at	
   ~800	
   cm-­‐1,	
   attributed	
   to	
   the	
   out	
   of	
   plane	
  

bending	
   of	
   the	
   s-­‐triazine,	
   is	
   found	
   as	
   well	
   as	
   the	
   broad	
   band	
   at	
   ~3200	
   cm-­‐1	
  

associated	
  with	
   the	
  N-­‐H	
   stretch.	
   	
   The	
   full	
   spectrum	
  of	
   the	
  C3N4	
   resulting	
   from	
  HF	
  

treatment	
  agrees	
  quite	
  well	
  with	
  that	
  of	
  C3N4	
  formed	
  from	
  direct	
  pyrolysis	
  of	
  DCDA	
  

with	
  the	
  exception	
  of	
  the	
  band	
  found	
  near	
  ~2200	
  cm-­‐1	
  indicating	
  again	
  the	
  presence	
  

of	
  many	
  edge	
  and	
  uncondensed	
  regions.	
  	
  	
  

	
   The	
  C/N	
  ratio	
  of	
  C3N4	
  was	
  found	
  to	
  be	
  0.624	
  by	
  elemental	
  analysis	
  which	
  is	
  

less	
  than	
  the	
  ideal	
  theoretical	
  value	
  of	
  0.75,	
  which	
  has	
  been	
  previously	
  attributed	
  to	
  

a	
   defect	
   rich	
   surface	
   resulting	
   in	
   surface	
   termination	
   with	
   uncondensed	
   amino	
  

groups82.	
  Exact	
  coverage	
  of	
   the	
  carbon	
  nitride	
  over	
   the	
  SBA-­‐15	
   is	
  difficult	
   to	
   infer.	
  	
  

FTIR	
   results	
   show	
   no	
   hydroxyl	
   species	
   before	
   or	
   after	
   addition	
   of	
   C3N4	
   which	
  

renders	
   that	
  method	
   unsuitable	
   but	
   based	
   on	
   the	
   presence	
   of	
   bands	
   relating	
   to	
   a	
  

large	
  amount	
  edge/uncondensed	
  regions	
  and	
  elemental	
  analysis	
  we	
  propose	
  that	
  it	
  

is	
  likely	
  that	
  the	
  carbon	
  nitride	
  exists	
  in	
  a	
  more	
  “patchy”	
  in	
  nature.	
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   Following	
  Au	
  deposition-­‐precipitation	
  and	
  pretreatment,	
   the	
  Au/C3N4/SBA-­‐

15	
  catalyst	
  was	
   tested	
   for	
  activity	
   in	
   the	
  CO	
  oxidation	
  reaction	
   (Figure	
  3.4,	
  black).	
  	
  

While	
  the	
  first	
  run	
  shows	
  catalytic	
  activity	
  only	
  at	
  temperatures	
  above	
  250°C	
  (T50	
  ≈	
  

400°C),	
   consistent	
  with	
   reported	
   activity	
  of	
  Au/C3N4	
   treated	
   at	
  pH	
  ≈	
  10,	
   a	
   second	
  

cycle	
   showed	
   vastly	
   increased	
   activity	
   with	
   50%	
   conversion	
   occurring	
   at	
   only	
  

240°C.	
  The	
  catalytic	
  activity	
  of	
  a	
  supported	
  Au	
  catalyst	
  can	
  be	
  profoundly	
  influenced	
  

by	
   the	
  amount	
  of	
   surface	
  oxygen	
  present	
  on	
   the	
   support	
  while	
   carbon	
  nitride	
  has	
  

been	
   shown	
   to	
   absorb	
   very	
   little	
   surface	
   oxygen22,89.	
   Therefore	
   we	
   attribute	
   the	
  

drastic	
   increase	
   in	
   catalytic	
   activity	
   shown	
   by	
   the	
   C3N4/SiO2	
   samples	
   to	
   the	
  

availability	
   of	
   exposed	
   SiO2	
   as	
   the	
   carbon	
   nitride	
   layer	
   decomposes	
   at	
   the	
   high	
  

temperatures	
  reached	
  at	
  the	
  end	
  of	
  the	
  reactor	
  cycle	
  (	
  >500°C).	
  	
  	
  

	
   TGA	
   data	
   (Figure	
   3.5,	
   top)	
  was	
   collected	
   from	
   the	
   Au/C3N4/SiO2	
   sample	
   in	
  

order	
   to	
  determine	
   the	
   loss	
  of	
   carbon	
  nitride	
  at	
   conditions	
   similar	
   to	
   those	
   in	
   the	
  

catalytic	
  reactor	
  (10°C/min	
  ramp	
  to	
  500°C	
  in	
  air	
  and	
  subsequently	
  held	
  for	
  2	
  hrs).	
  	
  

The	
   curve	
   shows	
   significant	
  weight	
   loss	
   under	
   these	
   conditions	
   suggesting,	
  when	
  

combined	
  with	
   the	
   catalytic	
   data,	
   that	
   the	
   loss	
   of	
   carbon	
  nitride	
   species	
   increases	
  

catalytic	
  activity	
  by	
  allowing	
  the	
  Au	
  NPs	
  better	
  contact	
  with	
  the	
  SBA-­‐15	
  support	
  and	
  

access	
  to	
  its	
  surface	
  oxygen.	
  	
  This	
  is	
  supported	
  by	
  FTIR	
  data	
  (Figure	
  3.5,	
  mid)	
  which	
  

shows	
   the	
   loss	
   or	
   reduction	
   of	
   multiple	
   bands	
   commonly	
   attributed	
   to	
   carbon	
  

nitride	
   species	
   in	
   the	
   literature22,81,85,88.	
   Furthermore,	
   a	
   sample	
   of	
   pure	
   carbon	
  

nitride	
   prepared	
   through	
   direct	
   pyrolysis	
   of	
   dicyandiamide	
   showed	
   only	
   slight
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Figure	
  3.4	
  Light-­‐off	
  curves	
  of	
  first	
  (dashed)	
  and	
  subsequent	
  (solid)	
  cycles	
  of	
  

temperature	
  dependent	
  CO	
  oxidation	
  tests	
  of	
  various	
  supported	
  Au	
  samples.	
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Figure	
  3.5	
  (top)	
  TGA	
  measurements	
  of	
  Au/C3N4/SBA-­‐15.	
  (mid)	
  FTIR	
  spectra	
  for	
  the	
  

various	
  stages	
  of	
  Au/C3N4/SBA-­‐15	
  synthesis	
  and	
  use.	
  (bot)	
  Powder	
  XRD	
  pattern	
  of	
  

Au/C3N4/SBA-­‐15	
  catalyst	
  (a)	
  before	
  catalytic	
  test	
  and	
  (b)	
  after	
  2	
  runs.	
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catalytic	
   activity	
   above	
   250°C	
   and	
   reaching	
   a	
  maximum	
   conversion	
   of	
   about	
   10%	
  

(Figure	
  3.4,	
  blue),	
   this	
  catalytic	
   test	
  was	
  stopped	
  at	
  325°C	
  to	
  reduce	
   the	
  chance	
  of	
  

decomposition	
  seen	
  in	
  previous	
  Au/CN/SiO2	
  samples.	
  	
  	
  

	
   Powder	
  XRD	
  patterns	
  for	
  the	
  Au/C3N4/SBA-­‐15	
  catalyst	
  before	
  and	
  after	
  pre-­‐

treatment	
  and	
  catalytic	
  testing	
  are	
  shown	
  in	
  Figure	
  3.5,	
  bot.	
   	
  Before	
  pre-­‐treatment	
  

or	
   catalytic	
   runs,	
   no	
   Au	
   peaks	
   can	
   be	
   found	
   indicating	
   extremely	
   small	
   or	
  

molecularly	
  dispersed	
  Au	
  on	
  the	
  support.	
  	
  In	
  this	
  same	
  pattern,	
  the	
  amorphous	
  silica	
  

peak	
   (2θ	
  ≈	
  22°)	
   shows	
  a	
   shoulder	
   at	
  27°	
  which	
   is	
   consistent	
  with	
   the	
  002	
   crystal	
  

face	
   of	
   the	
   carbon	
   nitride	
   synthesized	
   in	
   this	
   manner	
   and	
   corresponds	
   to	
   the	
  

stacking	
   of	
   conjugated	
   aromatic	
   structures	
   with	
   an	
   interplanar	
   distance	
   of	
  

≈.32nm82,86.	
   This	
   shoulder	
   is	
   lost	
   after	
   catalytic	
   tests,	
   again	
   confirming	
   the	
   loss	
   of	
  

carbon	
  nitride	
   at	
  high	
   temperature.	
   	
   Scherrer	
   calculations	
  were	
  performed	
  on	
   the	
  

Au	
   (111)	
  peak	
  of	
   the	
  post-­‐catalytic	
   sample	
   resulting	
   in	
   an	
  average	
  particle	
   size	
  of	
  

≈6nm	
  which	
  matches	
  well	
  with	
  the	
  pore	
  size	
  of	
  the	
  mesoporous	
  SBA-­‐15,	
  indicating	
  

that	
  the	
  Au	
  NPs	
  may	
  be	
  confined	
  within	
  the	
  pores	
  of	
  the	
  support.	
  	
  This	
  position	
  was	
  

then	
  confirmed	
  by	
  STEM	
  imaging	
  (Figure	
  3.6).	
  	
  	
  This	
  particle	
  size	
  stayed	
  stable	
  over	
  

multiple	
   catalytic	
   runs	
   even	
   after	
   the	
   removal	
   of	
   the	
   carbon	
   nitride	
   component,	
  

which	
  agrees	
  with	
  previous	
  findings	
  on	
  the	
  stability	
  of	
  Au/SiO2	
  systems90.	
  

	
   In	
   order	
   to	
   investigate	
   the	
   effects	
   of	
   pore	
   size	
   on	
   nanoparticle	
   deposition,	
  

stability,	
   and	
   catalytic	
   activity	
   Au	
   was	
   deposited	
   on	
   a	
   carbon	
   nitride	
   modified	
  

commercial	
   Cab-­‐o-­‐Sil.	
   	
   	
   ICP	
   analysis	
   revealed	
   a	
   similar	
   loading	
   of	
   Au	
   on	
   both	
   the	
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Figure	
  3.6	
  TEM	
  and	
  Dark	
  Field	
  images	
  of	
  Au	
  nanoparticle	
  catalysts:	
  (a)	
  

Au/C3N4/SBA-­‐15	
  (b)	
  Au/C3N4/Cab-­‐O-­‐Sil	
  (c)	
  Au/C3N4/SBA-­‐15	
  treated	
  at	
  300°C	
  (d)	
  

Au/C/SBA-­‐15	
  

(c)	
   (d)	
  

(a)	
   (b)	
  



65	
  

	
  

non-­‐porous	
  CN/Cab-­‐O-­‐Sil	
  (1.23	
  wt.	
  %)	
  and	
  the	
  CN/SBA-­‐15	
  (1.17	
  wt.	
  %).	
  The	
  Cab-­‐O-­‐

Sil	
   sample	
  showed	
  an	
  average	
  particle	
  size	
  of	
   just	
  6-­‐7nm,	
  only	
  slightly	
   larger	
   than	
  

the	
   SBA-­‐15	
   sample,	
   even	
  without	
   any	
  pore	
   confinement	
   effects	
   and,	
   as	
   before,	
  Au	
  

particles	
   could	
   not	
   be	
   detected	
   before	
   H2	
   reduction	
   by	
   XRD	
   (Figure	
   3.7).	
   By	
  

comparison,	
   deposition	
   of	
   Au	
   onto	
   a	
   C/SBA-­‐15	
   support	
   immediately	
   resulted	
   in	
  

extremely	
   large	
  Au	
  particles	
   (Figure	
   3.6)	
  without	
   even	
   the	
   need	
   for	
  H2	
   reduction.	
  	
  

Thus	
   the	
   nitrogen	
   content	
   of	
   the	
   C3N4	
   can	
   be	
   said	
   to	
   have	
   a	
   positive	
   role	
   in	
   the	
  

stabilization	
  of	
  small	
  Au	
  nanoparticles	
  on	
  silica	
  and	
  the	
  good	
  size	
  cannot	
  solely	
  be	
  

attributed	
   to	
   pore	
   confinement	
   effects.	
   	
   Catalytic	
   tests	
   were	
   performed	
   as	
   before	
  

with	
  an	
  initial	
  and	
  subsequent	
  run.	
  	
  Again,	
  the	
  catalytic	
  activity	
  greatly	
  increases	
  on	
  

the	
   second	
   test	
  of	
   each	
   catalyst	
  with	
  a	
   shift	
   in	
  T50	
  of	
  over	
  200°C	
   for	
   the	
  Cab-­‐O-­‐Sil	
  

sample	
  (Figure	
  3.4,	
  red).	
  	
  	
  

	
   Intrigued	
   by	
   the	
   loss	
   of	
   the	
   FTIR	
   band	
   at	
   ~2200cm-­‐1	
   associated	
   with	
  

uncondensed	
  amines	
  after	
  the	
  Au	
  DP	
  process	
  (Figure	
  3.5,	
  mid),	
  we	
  wanted	
  to	
  see	
  if	
  

the	
   successful	
   Au	
   deposition	
   is	
   due	
   specifically	
   to	
   these	
   amines.	
   	
   A	
   C3N4/SBA-­‐15	
  

sample	
  was	
  treated	
  at	
  300°C	
  in	
  air	
  until	
  the	
  associated	
  band	
  no	
  longer	
  appeared.	
  	
  Au	
  

was	
  then	
  deposited	
  in	
  similar	
  fashion	
  to	
  that	
  used	
  before.	
   	
   ICP	
  analysis	
  resulted	
  in	
  

significantly	
   less	
   Au	
   deposited	
   (0.33%),	
   which	
   is	
   to	
   be	
   expected	
   with	
   the	
   loss	
   of	
  

nitrogen	
   content.	
   	
   XRD	
   (Figure	
   3.7)	
   and	
   TEM	
   (Figure	
   3.6)	
   both	
   indicate	
   Au	
  

nanoparticles	
   much	
   smaller	
   than	
   on	
   previous	
   C3N4/SBA-­‐15	
   samples	
   (≈3-­‐4	
   nm	
  

average)	
  which	
  despite	
  the	
  low	
  Au	
  loading,	
  led	
  to	
  roughly	
  equivalent	
  CO	
  Oxidation	
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Figure	
  3.7	
  Powder	
  XRD	
  patterns	
  for	
  Au/C3N4/SBA-­‐15	
  treated	
  at	
  300°C	
  and	
  

Au/C3N4/Cab-­‐O-­‐Sil	
  before	
  (black)	
  and	
  after	
  (red)	
  catalytic	
  testing.	
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activity	
   around	
   the	
   T50	
   point	
   and	
   increased	
   activity	
   at	
   higher	
   temperatures.	
   	
   The	
  

increased	
   activity	
   per	
   gram	
   of	
   Au	
   is	
   expected	
   given	
   that	
   the	
   activity	
   of	
   Au	
  

nanoparticles	
   is	
  distinctly	
  affected	
  by	
  their	
  size,	
  with	
  smaller	
  particles	
  being	
  much	
  

more	
  active28.	
   	
  Activity	
  per	
  gram	
  Au	
  in	
  mol	
  CO2	
  s-­‐1	
  gAu-­‐1	
   is	
  plotted	
  against	
  reaction	
  

temperature	
   in	
   figure	
   3.8	
   to	
   highlight	
   this	
   effect.	
   	
   Thus	
   it	
   can	
   be	
   said	
   that	
   the	
  

uncondensed	
  amines	
   facilitate	
  not	
  only	
   the	
   loading	
  but	
  also	
   the	
   increase	
   in	
  size	
  of	
  

Au	
  nanoparticles.	
  

3.5 Conclusion	
  

	
   Carbon	
   nitride	
   has	
   been	
   successfully	
   used	
   as	
   an	
   aid	
   to	
   the	
   deposition-­‐

precipitation	
   of	
   Au	
   nanoparticles	
   onto	
   SiO2,	
   a	
   traditionally	
   difficult	
   support	
   to	
  

perform	
   this	
   method	
   on.	
   	
   The	
   core	
   of	
   this	
   method	
   relied	
   on	
   the	
   nitrogen	
  

functionality	
   of	
   the	
   C3N4	
   structure,	
   which	
   allowed	
   us	
   to	
   bypass	
   the	
   normally	
   low	
  

isoelectric	
  point	
  of	
  the	
  SiO2	
  support.	
  	
  This	
  differs	
  from	
  previous	
  methods	
  which	
  have	
  

focused	
   on	
  modifying	
   the	
   initial	
   charge	
   of	
   the	
   Au	
   precursor	
   to	
   accommodate	
   the	
  

silica	
   IEP52,77.	
   	
   The	
   resulting	
   catalysts	
   readily	
   absorb	
   Au	
   in	
   the	
   DP	
   process	
   and	
  

stabilize	
   reduced	
  Au	
  nanoparticles	
   even	
   at	
   temperatures	
   as	
  high	
   as	
  500°C.	
   	
  While	
  

they	
  are	
  active	
  for	
  CO	
  oxidation,	
  their	
  activity	
  greatly	
  increases	
  with	
  the	
  removal	
  of	
  

some	
   of	
   the	
   C3N4	
   layer,	
   allowing	
   access	
   to	
   the	
   SiO2	
   surface	
   which	
   is	
   better	
   at	
  

absorbing	
  oxygen.	
  	
  These	
  result	
  are	
  consistent	
  with	
  previous	
  experiments	
  showing	
  

that	
   C3N4	
   is	
   unsuitable	
   for	
   absorbing	
   oxygen,	
   a	
   key	
   factor	
   in	
   activity	
   of	
   Au	
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Figure	
  3.8 Activity per gram for both Au/C3N4/SBA-15 and a similar sample treated at 

300°C in air before Au deposition.	
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nanoparticles	
   for	
   CO	
   Oxidation	
   and	
   the	
   addition	
   of	
   the	
   silica	
   support	
   allows	
   for	
  

much	
   higher	
   activity	
   than	
   previously	
   reported	
   in	
   Au/C3N4	
   systems22,89.	
   Unlike	
  

previous	
   amine	
   surface-­‐modification	
   strategies	
   which	
   require	
   modification	
   of	
   the	
  

silica	
  sol-­‐gel	
  before	
  calcination	
  or	
  organic	
  solvents,	
  this	
  method	
  is	
  accomplished	
  by	
  

simple	
   dry	
   mixing	
   between	
   the	
   fully	
   synthesized	
   silica	
   and	
   dicyandiamide	
   and	
  

further	
   calcination.	
   	
   While	
   removal	
   of	
   some	
   of	
   the	
   C3N4	
   layer	
   is	
   required	
   for	
   CO	
  

oxidation	
   in	
   air,	
   the	
   possibility	
   remains	
   that	
   this	
   layer	
   may	
   prove	
   useful	
   for	
   its	
  

ability	
  to	
  be	
  functionalized	
  by	
  organic	
  molecules	
  or	
  its	
  photocatalytic	
  properties.	
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Chapter	
  4	
  -­‐-­‐ Metal-­‐oxide	
  modified	
  silica	
  for	
  supported	
  

nanoparticle	
  catalysts	
  

4.1 Introduction	
  

4.1.1 Introduction	
  

	
   Traditionally,	
  supports	
  for	
  metal	
  nanoparticles	
  have	
  been	
  classified	
  by	
  their	
  

ability	
   to	
   provide	
   reactive	
   oxygen	
   to	
   the	
   CO	
   oxidation	
   reaction19.	
   	
   Silica	
   has	
   long	
  

been	
  deemed	
  an	
  “inert”	
  support	
  for	
  this	
  very	
  reason49.	
  Despite	
  this,	
  silica	
  is	
  a	
  highly	
  

desirable	
   support	
   due	
   to	
   its	
   mechanical	
   strength,	
   high	
   thermal	
   stability,	
   and	
   the	
  

numerous	
   methods	
   available	
   to	
   synthesize	
   it	
   with	
   very	
   high	
   surface	
   area49,91,92.	
  

Promotion	
  of	
  an	
  inert	
  support	
  (generally	
  SiO2	
  or	
  Al2O3)	
  with	
  an	
  active	
  metal	
  oxide	
  

has	
   previously	
   been	
   tested	
  with	
   a	
  wide	
   range	
   of	
  metal	
   oxides	
   including	
   FeOx93,94,	
  

CoOx95,	
  CeO274,	
  and	
  others49.	
  	
  In	
  most	
  cases,	
  the	
  increased	
  activity	
  of	
  the	
  catalyst	
  was	
  

attributed	
   to	
   the	
   ability	
   of	
   the	
   active	
   component	
   to	
   supply	
   active	
   oxygen	
   to	
   the	
  

reaction.	
  	
  	
  

	
   The	
  Dai	
   group	
   has	
   also	
   studied	
   the	
   effects	
   of	
   pre-­‐modification	
   of	
   the	
   silica	
  

support	
   with	
   an	
   active	
   metal	
   oxide.	
   	
   In	
   those	
   studies,	
   Au	
   nanoparticles	
   were	
  

deposited	
   onto	
   silica	
   supports	
   modified	
   with	
   layers	
   of	
   metal-­‐oxides	
   by	
  

impregnation,	
   precipitation,	
   or	
   surface	
   sol-­‐gel	
   techniques96,97.	
   	
   In	
   many	
   cases,	
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particularly	
  with	
  FeOx,	
  TiOx,	
  and	
  BaOx,	
   the	
  activity	
  of	
   the	
  catalyst	
  was	
  significantly	
  

increased	
  along	
  with	
  stability.	
  	
  	
  

	
   This	
   chapter	
   presents	
   work	
   studying	
   the	
   effects	
   of	
   surface	
  modification	
   of	
  

silica	
  with	
  a	
  metal	
  oxide	
   in	
   supported	
  Au	
  and	
  Pd	
  cataysts.	
  The	
   first	
   example	
   is	
  an	
  

extension	
  of	
   the	
  work	
  presented	
   in	
  chapter	
  3	
   in	
  which	
  carbon	
  nitride	
  was	
  used	
  to	
  

load	
   the	
   silica	
   surface	
  with	
   iron	
   prior	
   to	
   the	
   deposition	
   of	
   Au.	
   	
   The	
   results	
   show	
  

increased	
   dispersion	
   of	
   Fe2O3	
   on	
   silica	
   compared	
   to	
   standard	
   impregnation,	
  

increased	
   activity	
   for	
   CO	
   oxidation,	
   and	
   high	
   stability	
   even	
   at	
   800°C.	
   	
   The	
   second	
  

example	
   is	
   a	
   study	
   of	
   Pd	
   deposited	
   on	
   zirconia-­‐modified	
   silica.	
   	
   The	
   zirconia-­‐

modified	
   support	
   showed	
   higher	
   stability	
   for	
   the	
   Pd	
   particles	
   and	
   enhanced	
   their	
  

activity	
   for	
   CO	
   and	
   C3H6	
   oxidation.	
   	
   Furthermore,	
   in	
   both	
   cases	
   metal-­‐oxide	
  

modification	
   led	
   to	
   higher	
   stability	
   for	
   the	
   silica	
   support	
   at	
   high	
   temperature.	
   In	
  

both	
   examples	
   C3H6	
   was	
   found	
   to	
   dramatically	
   inhibit	
   CO	
   oxidation,	
   diffuse	
  

reflectance	
   FTIR	
   spectroscopy	
   (DRIFTS)	
   was	
   used	
   to	
   study	
   this	
   effect	
   on	
  

Pd/ZrO2/SiO2.	
  

4.1.2 Materials	
  

	
   For	
   the	
   Au/Fe%-­‐CN/SiO2	
   catalyst	
   the	
   chemicals	
   used	
   were	
   hydrogen	
  

tetrachloroaurate	
  (III)	
  trihydrate	
  (HAuCl4	
  •	
  3H2O),	
  iron	
  chloride	
  (FeCl2),	
  commercial	
  

silica	
  Cab-­‐o-­‐sil,	
  and	
  dicyandiamide	
  (H2NC(NH)NHCN)	
  obtained	
  from	
  Aldrich.	
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   For	
  the	
  Pd/ZrO2/SiO2	
  catalyst	
  the	
  chemicals	
  used	
  were	
  Amorphous	
  silica	
  gel	
  

(Davisil	
   Grade	
   635,	
   Aldrich),	
   anhydrous	
   ethanol	
   (200	
   proof,	
   anhydrous,	
   ≥	
   99.5%,	
  

Aldrich),	
   zirconium(IV)	
   n-­‐propoxide	
   (70%	
   w/w	
   in	
   n-­‐propanol,	
   Alfa	
   Aesar),	
   and	
  

Palladium	
  (II)	
  nitrate	
  solution	
  (Pd	
  12~16	
  w/w,	
  Alfa	
  Aesar).	
  

	
   All	
  chemicals	
  were	
  used	
  as	
  received	
  without	
  further	
  purification	
  

4.1.3 Preparation	
  of	
  FeOx/SiO2	
  Support	
  via	
  Fe-­‐C3N4	
  Deposition	
  

	
   1	
   g	
   dicyandiamide	
   (DCDA)	
   was	
   stirred	
   in	
   deionized	
   water	
   (10	
   mL)	
   with	
  

varying	
  amounts	
  of	
  FeCl2.	
   	
  The	
  solution	
  was	
   then	
  heated	
   to	
  90°C	
  and	
  stirred	
  until	
  

the	
  water	
  was	
  removed.	
  	
  The	
  resulting	
  red	
  mixture	
  is	
  denoted	
  Fe%-­‐DCDA	
  (where	
  the	
  

%	
  indicates	
  the	
  percentage	
  of	
  FeCl2	
  by	
  weight).	
  	
  0.1	
  g	
  Fe%-­‐DCDA	
  precursor	
  was	
  then	
  

added	
  to	
  1	
  g	
  commercial	
  Cab-­‐o-­‐sil	
  and	
  ground	
  in	
  a	
  ball	
  mill	
  for	
  10	
  min	
  to	
  achieve	
  an	
  

even	
  mixture.	
   	
   The	
   Fe%-­‐DCDA/SiO2	
   powder	
   was	
   then	
   heated	
   under	
   flowing	
   inert	
  

atmosphere	
  to	
  550°C	
  over	
  4	
  h	
  and	
  held	
  at	
  this	
  temperature	
  for	
  another	
  4	
  h	
  before	
  

cooling	
   naturally	
   to	
   room	
   temperature.	
   	
   The	
   resulting	
   reddish-­‐brown	
   powder	
   is	
  

denoted	
   Fe%-­‐C3N4/SiO2	
   where	
   the	
   %	
   again	
   indicates	
   the	
   percent	
   of	
   FeCl2	
   in	
   the	
  

precursor.	
  

4.1.4 Prepartion	
  of	
  Au/FeOx/SiO2	
  

	
   The	
  Au/FeOx/SiO2	
  catalysts	
  were	
  prepared	
  by	
  deposition-­‐precipitation	
  (DP)	
  

method42.	
   	
   First,	
   2.0	
   g	
   of	
  HAuCl4●3H2O	
  was	
   dissolved	
   in	
   deionized	
  H2O	
   to	
   form	
   a	
  

gold	
  precursor	
  solution.	
  	
  From	
  this	
  solution,	
  the	
  support	
  and	
  desired	
  amount	
  of	
  Au	
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(~5%	
  wt.,	
  confirmed	
  by	
  ICP)	
  was	
  added	
  to	
  30	
  mL	
  of	
  H2O	
  and	
  the	
  pH	
  was	
  adjusted	
  to	
  

~10	
  by	
   the	
  addition	
  of	
  1.0	
  M	
  NaOH	
  at	
   room	
  temperature.	
   	
  This	
   solution	
  was	
   then	
  

heated	
   to	
   80°C	
   under	
   vigorous	
   stirring.	
   	
   The	
   resulting	
   solution	
   was	
   left	
   to	
   stir	
  

continuously	
   for	
  2	
  hr.	
   	
  The	
  catalyst	
  was	
  separated	
   from	
  solution	
  by	
  centrifugation	
  

and	
  washed	
   three	
   times	
  with	
   deionized	
  water.	
   	
   The	
   final	
   product	
  was	
   left	
   to	
   dry	
  

under	
  vacuum	
  overnight	
  followed	
  by	
  calcination	
  in	
  air	
  at	
  600°C,	
  700°C,	
  or	
  800°C	
  for	
  

2	
  hours.	
  	
  The	
  final	
  sample	
  was	
  denoted	
  AFS%	
  where	
  the	
  %	
  indicates	
  the	
  percent	
  Fe	
  

content	
  in	
  the	
  catalyst	
  determined	
  by	
  ICP.	
  

4.1.5 Preparation	
  of	
  Pd/SiO2,	
  Pd/ZrO2,	
  and	
  Pd/ZrO2/SiO2	
  Catalysts	
  

	
   Amorphous	
   silica	
   gel	
   was	
   used	
   as	
   a	
   support	
   for	
   the	
   preparation	
   of	
   Pd	
  

catalysts.	
  ZrO2	
  was	
  incorporated	
  on	
  the	
  SiO2	
  surface	
  using	
  the	
  following	
  procedure:	
  

SiO2	
  was	
  first	
  dehydrated	
  with	
  anhydrous	
  ethanol	
  and	
  reacted	
  at	
  80	
  °C	
  for	
  3	
  h	
  with	
  

zirconium(IV)	
   n-­‐propoxide	
   dissolved	
   in	
   ethanol.	
   ZrO2-­‐incorporated	
   SiO2	
   were	
  

obtained	
   by	
   removing	
   the	
   non-­‐reacted	
   precursors	
   through	
   washing	
   with	
   ethanol	
  

followed	
  by	
  drying	
  at	
  100	
  °C	
  and	
  calcining	
  at	
  500	
  °C	
  for	
  2	
  h.	
  Palladium	
  (II)	
  nitrate	
  

solution	
  was	
  impregnated	
  on	
  ZrO2-­‐SiO2	
  supports	
  by	
  incipient	
  wetness	
  method	
  to	
  1	
  

wt%	
  Pd	
  loading.	
  	
  Pd/SiO2	
  and	
  Pd/ZrO2	
  were	
  synthesized	
  through	
  incipient	
  wetness	
  

method	
   to	
   1%	
   Pd	
   loading,	
   using	
   amorphous	
   silica	
   gel	
   and	
   zirconium	
   (IV)	
   oxide	
  

(Aldrich),	
  respectively.	
  	
  After	
  the	
  impregnation,	
  the	
  catalysts	
  were	
  dried	
  at	
  100	
  °C	
  in	
  

air	
  and	
  reduced	
  in	
  a	
  flow	
  of	
  10%	
  H2	
  in	
  Ar	
  at	
  500	
  °C	
  for	
  2	
  h.	
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4.1.6 Catalyst	
  Characterization	
  

	
   Powder	
   X-­‐ray	
   diffraction	
   (XRD)	
   data	
   were	
   collected	
   via	
   a	
   Panalytical	
  

Empyrean	
  diffractometer	
  with	
  Cu	
  Kα	
  radiation	
  (λ	
  =	
  1.5418	
  Å).	
  Both	
  bright-­‐field	
  and	
  

dark-­‐field	
  (Z-­‐contrast)	
  transmission	
  electron	
  microscopy	
  (TEM)	
  investigations	
  were	
  

carried	
  out	
   using	
   an	
  HD-­‐2000	
   scanning	
   transmission	
   electron	
  microscope	
   (STEM)	
  

operated	
  at	
  200	
  kV.	
  Elemental	
  analysis	
  was	
  performed	
  via	
  ICP.	
  

4.1.7 Catalytic	
  Evaluation	
  

	
   Catalyst	
  activity	
  for	
  CO	
  and	
  C3H6	
  conversion	
  were	
  taken	
  using	
  a	
  custom	
  fixed	
  

bed	
  reactor.	
   	
  Typically,	
   the	
  catalyst	
  was	
  packed	
   into	
  a	
  6mm	
  i.d.	
  quartz	
  U-­‐tube	
  and	
  

supported	
  by	
  quartz	
  wool.	
  	
  Activity	
  was	
  measured	
  as	
  a	
  function	
  of	
  temperature	
  at	
  a	
  

rate	
   of	
   5°C/min	
   to	
   a	
   maximum	
   temperature	
   of	
   600°C,	
   700°C,	
   or	
   800°C.	
   	
   Unless	
  

otherwise	
  specified,	
   the	
  simulated	
  exhaust	
  stream	
  consisted	
  of	
  a	
  mixture	
  of	
   [O2]	
  =	
  

10%,	
  [H2O]	
  =	
  1%	
  (Au	
  catalysts)	
  or	
  5%	
  (Pd	
  catalysts),	
  [NO]	
  =	
  0.05%,	
  [CO]	
  =	
  1%	
  (Au	
  

catalysts)	
   or	
   0.4%	
   (Pd	
   catalysts),	
   [C3H6]	
   =	
   0.1%,	
   balanced	
   with	
   Ar.	
   	
   Water	
   was	
  

introduced	
  into	
  the	
  system	
  by	
  bubbling	
  Ar	
  gas	
  through	
  water	
  heated	
  consistently	
  at	
  

50°C	
  and	
  heated	
  gas	
  lines	
  maintained	
  at	
  150°C.	
  	
  Mass	
  flow	
  controllers	
  were	
  used	
  to	
  

maintain	
  desired	
  gas	
  concentrations.	
   	
  The	
  gas	
  exiting	
   the	
  reactor	
  was	
  analyzed	
  by	
  

mass	
  spectrometer	
  (SRS	
  RGA100).	
  	
  	
  

	
   DRIFTS	
  measurements	
  were	
  performed	
  using	
  a	
  Digilab	
  FTS	
  7000	
  series	
  FTIR	
  

spectrometer	
  equipped	
  with	
  a	
  Praying	
  Mantis	
  DRIFTS	
  apparatus.	
  The	
  catalyst	
  bed	
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was	
   first	
   cleaned	
   by	
   heating	
   to	
   400°C	
   in	
   O2/Ar.	
   	
   DRIFTS	
   spectra	
  were	
   taken	
   at	
   a	
  

temperature	
   within	
   a	
   region	
   of	
   5-­‐10%	
   CO	
   oxidation	
   as	
   determined	
   by	
   reactor	
  

analysis.	
   	
   After	
   the	
   cleaning	
   step,	
   the	
   bed	
  was	
   cooled	
   to	
   the	
   analysis	
   temperature	
  

and	
  a	
  clean	
  background	
  was	
  taken	
  in	
  10%	
  O2/Ar	
  prior	
  to	
  experiments.	
  	
  Spectra	
  were	
  

obtained	
  at	
  2	
  cm-­‐1	
  resolution	
  with	
  64	
  co-­‐scans.	
  

4.2 Au/FeOx/SiO2	
  via	
  C3N4-­‐Assisted	
  Deposition	
  

4.2.1 CO	
  Oxidation	
  over	
  Au/FeOx/SiO2	
  in	
  Simulated	
  Exhaust	
  Streams	
  

	
   Based	
  on	
  previous	
  studies	
  of	
  Fe-­‐C3N4	
  materials89,98	
  we	
  began	
  with	
  an	
  Fe10%-­‐

DCDA	
   precursor	
   which	
   resulted	
   in	
   Au/FeOx/SiO2	
   with	
   an	
   Fe	
   content	
   of	
   3.4%	
  wt,	
  

denoted	
   as	
   AFS3.4%.	
   	
   CO	
   oxidation	
   was	
   performed	
   on	
   this	
   catalyst	
   in	
   a	
   stream	
  

consisting	
  of	
  [CO]	
  =	
  1.8%,	
  [O2]	
  =	
  10%,	
  and	
  balanced	
  with	
  Ar.	
  	
  The	
  light-­‐off	
  curves	
  for	
  

AFS3.4%	
  calcined	
  at	
  600°C,	
  700°C,	
  and	
  800°C,	
  are	
  shown	
  in	
  figure	
  4.1.	
  	
  The	
  addition	
  of	
  

FeOx	
   to	
   the	
   surface	
   of	
   SiO2	
   vastly	
   increased	
   the	
   activity	
   compared	
   to	
   Au/SiO2	
  

prepared	
   by	
   C3N4-­‐deposition	
   without	
   Fe	
   (see	
   Chapter	
   3).	
   	
   This	
   increase	
   in	
  

conversion	
   is	
   despite	
   higher	
   CO	
   stream	
   content	
   (1.8%	
   vs	
   1%)	
   and	
   lower	
   surface	
  

area	
  (Cab-­‐o-­‐sil	
  vs	
  SBA-­‐15).	
   	
  A	
  sample	
  of	
  FeOx/SiO2	
  (equivalent	
  Fe	
  content)	
  without	
  

the	
   presence	
   of	
   Au	
   was	
   prepared	
   and	
   tested	
   as	
   a	
   comparison.	
   	
   The	
   much	
   lower	
  

activity	
   indicates	
   that	
   the	
   increased	
   CO	
   oxidation	
   activity	
   is	
   not	
   solely	
   due	
   to	
   CO	
  

oxidation	
   occurring	
   on	
   the	
   FeOx	
   component,	
   i.e.	
   the	
   Au	
   nanoparticles	
   are	
   the	
  

primary	
   active	
   component	
   of	
   this	
   catalyst	
   though	
   it	
   is	
   clear	
   that	
   FeOx	
   acts	
   as	
   a	
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Figure	
  4.1	
  CO	
  oxidation	
  of	
  AFS3.4%	
  after	
  calcination	
  at	
  600°C	
  (black),	
  700°C	
  (blue),	
  

and	
   800°C	
   (red)	
   in	
   air.	
   	
   CO	
   oxidation	
   of	
   FeOx/SiO2	
   calcined	
   at	
   600°C	
   is	
   shown	
  

(green).	
  



77	
  

	
  

promoter	
  when	
   compared	
   to	
  Au/SiO2.	
   	
   AFS3.4%	
   is	
   shown	
   to	
   be	
   stable	
   up	
   to	
   700°C	
  

with	
  very	
  high	
  activity	
  (T70	
  ≈	
  100°C)	
  but	
  loses	
  activity	
  at	
  800°C	
  calcination.	
  

	
   To	
  study	
  the	
  effects	
  of	
  varying	
  Fe	
  content	
  on	
  the	
  catalyst	
  performance,	
  Fe5%-­‐

DCDA	
  and	
  Fe20%-­‐DCDA	
  were	
  prepared	
  and	
  used	
  to	
  synthesize	
  catalysts	
  AFS1.86%	
  and	
  

AFS7.86%,	
  respectively.	
  	
  Light-­‐off	
  curves	
  for	
  CO	
  oxidation	
  under	
  similar	
  conditions	
  to	
  

AFS3.4%	
  are	
  shown	
  in	
  figures	
  4.2	
  and	
  4.3.	
  	
  In	
  both	
  cases,	
  the	
  activity	
  was	
  much	
  lower	
  

for	
   all	
   calcination	
   temperatures	
   involved	
   (though	
   still	
   higher	
   than	
   the	
   catalyst	
  

prepared	
   without	
   Au).	
   	
   In	
   particular	
   though,	
   the	
   low	
   Fe	
   content	
   AFS1.86%	
   was	
  

particularly	
   effected	
   by	
   the	
   temperature	
   of	
   calcination	
  with	
   a	
   shift	
   in	
   T50	
   ≈	
   400°C	
  

between	
  calcination	
  at	
  600°C	
  and	
  800°C.	
  

	
   AFS3.4%	
  was	
  then	
  tested	
  in	
  simulated	
  exhaust	
  consisting	
  of	
  [CO]	
  =	
  1%,	
  [NO]	
  =	
  

0.05%,	
   [C3H6]	
   =	
  0.1%,	
   [O2]	
   =	
  10%,	
   [H2O]	
  =	
  1%,	
   and	
  balanced	
  with	
  Ar.	
   	
   Figure	
  4.4	
  

(green)	
  shows	
  the	
  CO	
  oxidation	
  light-­‐off	
  curve	
  under	
  these	
  conditions.	
  	
  Despite	
  the	
  

lower	
  content	
  of	
  CO	
  in	
  the	
  stream,	
  the	
  catalysis	
  activity	
  was	
  greatly	
  reduced	
  by	
  the	
  

presence	
  of	
  nitric	
  oxide	
  (NO)	
  and	
  propene	
  (T50	
  ≈	
  300°C).	
   	
  Subsequent	
  experiments	
  

with	
  and	
  without	
  these	
  inhibitors	
  indicate	
  that	
  C3H6	
  is	
  the	
  strongest	
  inhibitor	
  by	
  far.	
  	
  

Without	
   these	
   inhibitors	
   AFS3.4%	
   is	
   able	
   to	
   achieve	
   complete	
   conversion	
   of	
   CO	
   at	
  

50°C.	
  	
  The	
  presence	
  of	
  NO	
  only	
  reduced	
  the	
  conversion	
  at	
  that	
  temperature	
  to	
  97%	
  

while	
  propene	
  nearly	
  eliminated	
  all	
  CO	
  oxidation	
  at	
  low	
  temperatures.	
  

	
   Hydrocarbons	
   such	
   as	
   propene	
   are	
   known	
   to	
   inhibit	
   the	
   CO	
   oxidation	
  

reaction	
  on	
  supported	
  precious	
  metal	
  catalysts	
  by	
  way	
  of	
  competitive	
  adsorption	
  on	
  



78	
  

	
  

	
  

Figure	
   4.2	
   CO	
   Oxidation	
   over	
   AFS1.86%	
   calcined	
   at	
   600°C	
   (black),	
   700°C	
   (blue),	
  

800°C	
  (red).	
  [CO]=1.8%	
  and	
  [O2]=10%	
  balanced	
  with	
  Ar.	
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Figure	
   4.3	
   CO	
   oxidation	
   over	
   AFS7.86%	
   after	
   calcination	
   at	
   600°C	
   (black),	
   700°C	
  

(blue),	
  and	
  800°C	
  (red).	
  [CO]=1.8%,	
  [O2]=10%,	
  balanced	
  with	
  Ar.	
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Figure	
  4.4	
  CO	
  oxidation	
  over	
  AFS3.5%	
  in	
  the	
  presence	
  of	
  NO	
  (red),	
  C3H6	
  (blue),	
  both	
  

NO	
  and	
  C3H6(green),	
  and	
  neither	
  (black).	
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the	
  active	
  sites	
  of	
  the	
  catalyst57,99.	
  	
  The	
  light-­‐off	
  curves	
  for	
  CO	
  and	
  C3H6	
  conversions	
  

over	
   AFS3.4%	
   (figure	
   4.5	
   black	
   and	
   blue,	
   respectively)	
   show	
   that	
   the	
   CO	
   oxidation	
  

light-­‐off	
  has	
  shifted	
  to	
  coincide	
  with	
  the	
  light-­‐off	
  of	
  C3H6	
  which	
  is	
  to	
  be	
  expected	
  if	
  

CO	
  oxidation	
  is	
  dependent	
  on	
  the	
  removal	
  of	
  adsorbed	
  propene57.	
  	
  

	
   Outlet	
   concentrations	
   of	
   NO	
   and	
   NOx	
   determined	
   by	
   chemiluminescence	
  

(figure	
   4.5	
   red)	
   indicates	
   that	
   the	
   selective	
   catalytic	
   reduction	
   (SCR)	
   of	
   NOx	
   by	
  

propene	
   also	
   occurs	
   over	
   this	
   catalyst.	
   The	
   concentration	
   of	
   NO	
   reaches	
   its	
  

minimum	
   near	
   the	
   maximum	
   of	
   propene	
   conversion	
   and	
   then	
   quickly	
   increases,	
  

which	
   is	
  a	
  general	
   trend	
  among	
  NOx	
  SCR	
  catalysts	
  when	
  oxygen	
   is	
  present54.	
   	
  The	
  

concentration	
  of	
  NOx	
  was	
   the	
   same	
  as	
  NO	
   indicating	
   that	
  NO	
  was	
   indeed	
   reduced	
  

either	
  to	
  N2	
  or	
  N2O.	
  	
  The	
  CO	
  oxidation	
  inhibition	
  by	
  NO	
  at	
  low	
  temperature	
  and	
  the	
  

cumulative	
   nature	
   of	
   the	
   inhibition	
   effects	
   (i.e.	
   the	
   total	
   inhibition	
   by	
  NO+C3H6	
   is	
  

greater	
  than	
  that	
  of	
  NO	
  or	
  C3H6	
  individually)	
  indicates	
  that	
  NO	
  is	
  also	
  a	
  competitor	
  

for	
  the	
  needed	
  CO	
  oxidation	
  active	
  sites.	
  

4.2.2 Catalyst	
  Characterization	
  Results	
  and	
  Discussion	
  

	
   Nanoparticle	
   size	
   is	
   of	
   utmost	
   importance	
   in	
   supported	
   precious	
   metal	
  

catalysts	
  and	
  particularly	
  for	
  Au,	
  which	
  has	
  an	
  incredibly	
  size-­‐dependent	
  activity28.	
  	
  	
  

Therefore	
  to	
  determining	
  the	
  culprit	
  for	
  a	
  change	
  in	
  activity	
  for	
  the	
  various	
  catalysts	
  

and	
  calcination	
  temperatures,	
  the	
  first	
  step	
  is	
  to	
  determine	
  the	
  effects	
  of	
  Fe	
  loadings	
  

and	
   calcination	
   temperatures	
   on	
   the	
   Au	
   particle	
   size.	
   	
   X-­‐ray	
   diffraction	
   was	
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Figure	
  4.5	
  Light-­‐off	
  curves	
  for	
  CO	
  oxidation	
  (black)	
  and	
  C3H6	
  conversion	
  (blue),	
  and	
  

NOx	
  chemiluminescence	
  	
  data	
  (red)	
  during	
  catalyst	
  testing	
  in	
  simulated	
  exhaust.	
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performed	
  on	
  AFS3.4%	
  and	
  the	
  resulting	
  patterns	
  are	
  shown	
  in	
  figure	
  4.6.	
   	
  Scherrer	
  

calculation	
   on	
   the	
   Au	
   (111)	
   peak	
   of	
   the	
   as-­‐calcined	
   AFS3.4%	
   (600°C	
   calcination),	
  

which	
  showed	
  the	
  highest	
  activity,	
  was	
  found	
  to	
  have	
  ~4	
  nm	
  average	
  particle	
  size.	
  	
  

As	
   expected,	
   sample	
   evaluated	
   in	
   simulated	
   exhaust	
   at	
   800°C	
   did	
   result	
   in	
   a	
  

moderate	
  particle	
  size	
  increase	
  to	
  ~6	
  nm,	
  which	
  explains	
  the	
  drop	
  in	
  activity	
  for	
  this	
  

sample.	
   	
  To	
  rule	
  out	
   the	
  effects	
  of	
  gas	
  phase	
  reactants	
  on	
   the	
  particle	
  size,	
  a	
  post-­‐

evaluation	
  600°C	
  calcined	
  sample	
  was	
  also	
  examined	
  with	
  XRD	
  and	
  showed	
  no	
  sign	
  

of	
  increasing	
  average	
  particle	
  size.	
  	
  Thus,	
  the	
  increase	
  in	
  particle	
  size	
  is	
  due	
  to	
  lower	
  

Au	
  nanoparticle	
  stability	
  at	
  higher	
  temperatures.	
  	
  TEM	
  imaging	
  (figure	
  4.7)	
  indicates	
  

that	
   while	
   the	
   majority	
   of	
   particles	
   are	
   near	
   the	
   XRD	
   determined	
   averages,	
   the	
  

particle	
   sizes	
   are	
   not	
   completely	
   uniform	
  with	
   sizes	
   for	
   the	
   600°C	
   sample	
   (figure	
  

4.7a)	
  ranging	
  from	
  less	
  than	
  2.5	
  nm	
  to	
  10	
  nm.	
  

	
   Figure	
   4.8	
   shows	
   the	
   XRD	
   patterns	
   of	
   AFS	
   samples	
   calcined	
   at	
   800°C	
  with	
  

varying	
   iron	
   contents.	
   	
   Both	
   AFS7.86%	
   and	
   AFS1.86%	
   showed	
   increases	
   in	
   average	
  

particle	
   size	
   of	
   ~11	
   nm	
   and	
   ~20	
   nm,	
   respectively,	
   which	
   partly	
   explains	
   their	
  

overall	
   lower	
   activity.	
   	
   Interestingly,	
   the	
   XRD	
   pattern	
   of	
   AFS1.86%	
   shows	
   distinct	
  

peaks	
   for	
   cristobalite	
   silica,	
   a	
   polymorph	
   of	
   crystalline	
   quartz.	
   	
   Both	
   Au	
   and	
   iron	
  

oxide	
  have	
  been	
  shown	
   to	
   induce	
  crystallization	
  of	
   silica	
   to	
   the	
   cristobalite	
  phase,	
  

though	
   only	
   Au	
   is	
   able	
   to	
   do	
   so	
   at	
   temperatures	
   approaching	
   800°C	
   100-­‐102.	
   	
   TEM	
  

images	
  of	
  the	
  AFS1.86%	
  sample	
  (figure	
  4.7c	
  and	
  d)	
  confirm	
  the	
  crystallization	
  of	
  the	
  

Cab-­‐o-­‐sil	
  as	
  well	
  as	
  encapsulation	
  of	
  Au	
  nanoparticles.	
  	
  Along	
  with	
  the	
  overall	
  large	
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Figure	
  4.6	
  XRD	
  patterns	
  of	
  Au/FeOx/SiO2	
  (AFS3.5%)	
  before	
  (black)	
  and	
  after	
  catalytic	
  

tests	
  at	
  600°C	
  (blue)	
  and	
  800°C	
  (red).	
   	
  Au	
  nanoparticle	
  size	
  calculated	
  by	
  Scherrer	
  

method.	
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Figure	
   4.7	
   TEM	
   images	
   of	
   Au/FeOx/SiO2.	
   	
   AFS3.5%	
   after	
   performance	
   testing	
   at	
  

600°C	
  (A)	
  and	
  800°C	
  (B).	
   	
  Encapsulation	
  of	
  Au	
  particles	
   in	
   the	
  AFS2%	
  sample	
  after	
  

performance	
  testing	
  at	
  800°C	
  (C)	
  and	
  (D).	
  

	
  

(A) (B) 

(C) (D) 
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Figure	
  4.8	
  XRD	
  patterns	
  for	
  Au/FeOx/SiO2	
  with	
  varying	
  content	
  of	
  iron.	
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average	
  particle	
  size,	
  the	
  encapsulation	
  of	
  the	
  Au	
  nanoparticles	
  explains	
  not	
  only	
  the	
  

low	
   activity	
   of	
   the	
   catalyst	
   but	
   also	
   much	
   larger	
   drop	
   in	
   activity	
   upon	
   reaching	
  

800°C	
  compared	
  to	
  the	
  moderate	
  losses	
  found	
  in	
  the	
  other	
  two	
  samples.	
  	
  	
  

	
   The	
   cause	
   of	
   the	
   increased	
   nanoparticle	
   size	
   of	
   AFS7.86%	
   is	
   not	
   clear.	
   A	
  

possible	
  explanation	
  is	
  that	
  a	
  higher	
  chloride	
  content	
  was	
  imparted	
  onto	
  the	
  catalyst	
  

due	
   to	
   the	
   higher	
   FeCl2	
   content	
   in	
   the	
   precursor	
   (Fe20%-­‐DCDA	
   vs	
   the	
   Fe10%-­‐DCDA	
  

used	
   for	
   AFS3.4%)	
   since	
   chloride	
   content	
   is	
   a	
   known	
   factor	
   in	
   the	
   sintering	
   of	
   Au	
  

nanoparticles66,	
   though	
   the	
   pH	
   at	
   which	
   deposition-­‐precipitation	
   is	
   completed	
  

should	
  make	
   this	
   a	
   non-­‐factor.	
   	
   Further	
   analysis	
   of	
   the	
   Fe%-­‐DCDA	
   precursor	
   and	
  

Fe%-­‐C4N4/SiO2	
  support	
  will	
  be	
  required	
  to	
  determine	
  if	
  this	
  is	
  the	
  case.	
  

	
   In	
   all	
   samples	
   no	
   FeOx	
   peaks	
   could	
   be	
   found	
   in	
   the	
   XRD	
   data.	
   	
   This	
   is	
  

unexpected,	
   particularly	
   for	
   the	
   high	
   Fe	
   content	
   sample,	
   e.g.	
   AFS7.86%,	
   as	
   previous	
  

studies	
  on	
  a	
  Au/FeOx/SiO2	
  system	
  showed	
  clear	
  Fe2O3	
  peaks	
  at	
  only	
  6%	
  wt.	
  Fe	
  and	
  

500°C	
  calcination94.	
   	
  Two	
  samples	
  were	
  prepared	
  with	
  nominal	
  8%	
  wt.	
  Fe	
  content	
  

using	
  C3N4-­‐deposition	
  and	
  standard	
  impregnation	
  and	
  then	
  calcined	
  to	
  800°C	
  in	
  air.	
  	
  

XRD	
   patterns	
   for	
   these	
   samples	
   are	
   shown	
   in	
   figure	
   4.9.	
   	
   As	
   before,	
   the	
   sample	
  

synthesized	
   using	
   the	
   Fe-­‐DCDA	
   precursor	
   showed	
   no	
   sign	
   of	
   FeOx	
   but	
   the	
  

impregnated	
  sample	
  showed	
  definite	
  peaks	
  corresponding	
  to	
  Fe2O3.	
  	
  It	
  would	
  seem	
  

that	
   the	
  C3N4-­‐deposition	
   results	
   in	
  amorphous	
  or	
  very	
   small	
  FeOx	
  particles	
  on	
   the	
  

surface	
  of	
  the	
  silica.	
  	
  An	
  explanation	
  for	
  this	
  would	
  be	
  increased	
  initial	
  dispersion	
  of	
  

Fe	
   due	
   to	
   its	
   interaction	
  with	
   C3N4	
   as	
   compared	
   to	
   a	
   nucleation	
   processes	
   during
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Figure	
  4.9	
  X-­‐ray	
  diffraction	
  patterns	
  for	
  Fe-­‐modified	
  silica	
  (~8%	
  Fe)	
  using	
  the	
  C3N4-­‐

assisted	
   deposition	
   (blue)	
   and	
   standard	
   impregnation	
   (black)	
   after	
   calcination	
   at	
  

800°C	
  in	
  air.	
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  impregnation.	
   	
   Further	
   experiments	
   using	
   XPS	
   and	
   X-­‐ray	
   mapping	
   may	
   help	
   to	
  

characterize	
  the	
  state	
  of	
  the	
  iron	
  and	
  the	
  dispersion	
  of	
  Fe	
  species	
  on	
  the	
  support.	
  

4.3 Pd/ZrO2/SiO2	
  via	
  Sol-­‐Gel	
  Approach	
  

4.3.1 Collaborative	
  Work	
  Disclosure	
  

	
   The	
  work	
  described	
  below	
  in	
  section	
  4.3	
  is	
  collaborative	
  work	
  completed	
  as	
  

part	
  of	
  a	
  collaboration	
  with	
  Dr.	
  Mi-­‐Young	
  Kim	
  (XRD,	
  TEM)	
  of	
  the	
  Fuels,	
  Engines,	
  and	
  

Emissions	
   Research	
   Center,	
   Oak	
   Ridge	
   National	
   Laboratory	
   and	
   Dr.	
   Jihua	
   Chen	
  

(TEM)	
   of	
   the	
   Center	
   for	
   Nanophase	
   Materials	
   Sciences,	
   Oak	
   Ridge	
   National	
  

Laboratory.	
  

	
   My	
   contributions	
   to	
   this	
   work	
   included	
   (i)	
   BET	
   measurements	
   of	
   the	
  

samples,	
   (ii)	
   catalyst	
   performance	
   evaluation	
   under	
   various	
   simulated	
   exhaust	
  

streams,	
  (iii)	
  DRIFTS	
  experiments,	
  (iv)	
  processing	
  and	
  analyzing	
  experimental	
  data	
  

for	
   the	
   experiments	
   above,	
   (v)	
   discussion	
   of	
   data	
   and	
   its	
   significance	
  with	
   fellow	
  

collaborators,	
  and	
  (vi)	
  presentation	
  of	
  this	
  work	
  at	
  the	
  8th	
  International	
  Conference	
  

on	
  Environmental	
  Catalysis.	
  

4.3.2 Catalyst	
  Characterization	
  

	
   To	
  study	
  the	
  thermal	
  stability	
  of	
  the	
  catalysts,	
  the	
  as-­‐synthesized	
  samples	
  of	
  

Pd/SiO2,	
  Pd/ZrO2/SiO2,	
  and	
  Pd/ZrO2	
  were	
  aged	
  at	
  800°C	
  and	
  900°C.	
  	
  N2	
  adsorption-­‐

desorption	
   data	
   for	
   each	
   catalyst	
   (fresh	
   and	
   800°C	
   aged)	
   is	
   shown	
   in	
   figure	
   4.10.	
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Figure	
  4.10	
  N2	
  adsorption/desorption	
   isotherms	
   for	
  Pd/SiO2	
   (top),	
  Pd/ZrO2/SiO2	
  

(middle),	
  and	
  Pd/ZrO2	
  (bottom)	
  and	
  pore	
  size	
  distribution	
  (inset).	
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The	
   amorphous	
   silica	
   gel	
   has	
   very	
  high	
   surface	
   area	
   compared	
   to	
  ZrO2	
  but	
  

after	
   aging	
   the	
   SiO2	
   loses	
   ~38%	
   and	
   ~33%	
   of	
   its	
   surface	
   area	
   and	
   pore	
   volume,	
  

respectively.	
  Sol-­‐gel	
  addition	
  of	
  ZrO2	
  to	
  the	
  silica	
  support	
  results	
  in	
  a	
  corresponding	
  

decrease	
   in	
   surface	
   area.	
   	
   Overall	
   pore	
   volume	
   is	
   also	
   lower	
   after	
   the	
   addition	
   of	
  

ZrO2	
  (0.9	
  cm3g-­‐1	
  and	
  0.7cm3g-­‐1	
  for	
  SiO2	
  and	
  ZrO2/SiO2,	
  respectively)	
  consistent	
  with	
  

ZrO2	
   forming	
   inside	
   the	
   pores	
   of	
   the	
   amorphous	
   silica	
   gel.	
   	
   Additionally,	
   the	
   ZrO2	
  

surface	
   modification	
   is	
   able	
   to	
   stabilize	
   the	
   silica	
   support	
   at	
   high	
   temperature.	
  	
  

While	
  some	
  surface	
  area	
  and	
  pore	
  volume	
  was	
  lost	
  upon	
  aging,	
  the	
  effect	
  was	
  much	
  

less	
  drastic	
  with	
  only	
  losses	
  of	
  ~20%	
  surface	
  area	
  and	
  ~15%	
  pore	
  volume.	
  	
  In	
  fact,	
  

the	
  final	
  aged	
  ZrO2/SiO2	
  support	
  has	
  higher	
  surface	
  area	
  than	
  SiO2.	
  	
  	
  

	
   XRD	
   patterns	
   of	
   fresh	
   and	
   aged	
   catalysts	
   are	
   shown	
   in	
   figure	
   4.11.	
   	
   With	
  

respect	
   to	
   the	
   sol-­‐gel	
   synthesis	
   of	
   ZrO2/SiO2,	
   the	
   XRD	
   pattern	
   of	
   Pd/ZrO2/SiO2	
  

shows	
   no	
   peaks	
   associated	
  with	
   zirconia	
   until	
   900°C	
  when	
   a	
   very	
   broad	
   zirconia	
  

peak	
   is	
   evident.	
   	
   The	
  ZrO2	
   coating	
   stays	
  well	
   dispersed	
   even	
   at	
   high	
   temperature.	
  	
  

Pd/ZrO2	
   is	
   clearly	
   able	
   to	
   stabilize	
   small	
   particles	
   of	
   Pd	
   better	
   than	
   either	
   of	
   the	
  

silica-­‐containing	
   supports,	
  no	
  peaks	
  attributable	
   to	
  Pd	
  nanoparticles	
   can	
  be	
   found	
  

on	
  the	
  XRD	
  pattern	
  for	
  Pd/ZrO2	
  even	
  up	
  to	
  900°C.	
  	
  Both	
  Pd/SiO2	
  and	
  Pd/ZrO2/SiO2	
  

were	
   able	
   to	
   stabilize	
   Pd	
   relatively	
   well	
   though,	
   Pd	
   metal	
   diffraction	
   peaks	
   only	
  

show	
  at	
  900°C	
  and	
  are	
  still	
   fairly	
  broad	
   indicating	
  small	
  size.	
   	
  The	
  SiO2-­‐containing	
  

catalysts	
  also	
  show	
  a	
  peak	
  for	
  PdO	
  as	
  aging	
  temperature	
  increases	
  but	
  it	
  is	
  unknown	
  

if	
  this	
  is	
  unique	
  to	
  SiO2	
  as	
  this	
  peak	
  is	
  very	
  near	
  the	
  monoclinic	
  ZrO2	
  peaks	
  found	
  on	
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Figure	
   4.11	
   XRD	
   patterns	
   of	
   supported	
   Pd	
   catalysts	
   hydrothermally	
   aged	
   at	
  

different	
  temperatures.	
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Pd/ZrO2.	
  	
  	
  

	
   TEM	
   imaging	
   of	
   each	
   catalyst	
   (fresh	
   and	
   800°C	
   aged)	
   are	
   shown	
   in	
   figure	
  

4.12.	
  	
  As	
  expected	
  from	
  the	
  XRD,	
  the	
  bulk	
  ZrO2	
  support	
  is	
  shown	
  to	
  stabilize	
  the	
  Pd	
  

particles	
  to	
   incredibly	
  small	
  size	
  (<	
  2nm).	
   	
  The	
  zirconia-­‐coated	
  silica	
  only	
  partially	
  

retained	
  this	
  advantage.	
  	
  At	
  high	
  temperature	
  the	
  majority	
  of	
  particles	
  are	
  seen	
  to	
  be	
  

very	
  small	
  (<	
  3nm)	
  but	
  a	
  small	
  number	
  of	
  large	
  agglomerates	
  were	
  also	
  found	
  (not	
  

shown)	
   similar	
   to	
   those	
   found	
   on	
   Pd/SiO2	
   	
   (figure	
   4.12	
   inset).	
   	
   The	
   XRD	
   data	
  

indicates	
   the	
   presence	
   of	
   some	
   crystalline	
   zirconia	
   at	
   very	
   high	
   temperature,	
   this	
  

implies	
  that	
  the	
  even	
  coating	
  of	
  ZrO2	
  itself	
  agglomerates	
  into	
  small	
  particles	
  during	
  

calcination,	
   leaving	
   some	
   of	
   the	
   silica	
   bare.	
   	
   Pd	
   impregnated	
   on	
   these	
   bare	
   silica	
  

patches	
  then	
  grow	
  to	
  a	
  much	
  larger	
  size	
  than	
  those	
  on	
  the	
  zirconia.	
  

	
   TPD	
  of	
  adsorbed	
  NOx	
  was	
  used	
  to	
  probe	
  the	
  surface	
  area	
  of	
  accessible	
  ZrO2	
  

since	
  it	
  is	
  selective	
  toward	
  zirconia	
  and	
  does	
  not	
  adsorb	
  onto	
  silica103,	
  	
  the	
  result	
  is	
  

shown	
   in	
   figure	
  4.13.	
   	
  The	
   large	
  decrease	
   in	
  surface	
  area	
  of	
  ZrO2	
  compared	
   to	
   the	
  

overall	
  surface	
  area	
  determined	
  by	
  BET	
  demonstrates	
  that	
  the	
  zirconia	
  coating	
  has	
  

indeed	
   agglomerated	
   into	
   nanoparticles	
   during	
   calcination	
   rather	
   than	
   evenly	
  

coating	
  the	
  full	
  surface	
  of	
  the	
  silica	
  material.	
  	
  	
  

4.3.3 CO	
  Oxidation	
  over	
  Pd/ZrO2/SiO2	
  in	
  Simulated	
  Exhaust	
  Streams	
  

	
   The	
  supported	
  Pd	
  catalysts	
  aged	
  at	
  different	
  temperatures	
  were	
  evaluated	
  in	
  

simulated	
  exhaust	
  and	
  the	
  T50	
  of	
  each	
  is	
  shown	
  in	
  figure	
  4.14.	
  	
  As	
  expected	
  the	
  ZrO2	
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Figure	
   4.12	
   TEM	
   images	
   and	
   particle	
   size	
   distribution	
   (inset)	
   of	
   supported	
   Pd	
  

catalysts	
  hydrothermally	
  aged	
  at	
  800°C	
  (bottom)	
  and	
  fresh	
  (top).	
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Figure	
   4.13	
   NOx	
   TPD	
   results	
   over	
   Pd/ZrO2/SiO2	
   and	
   calculated	
   accessible	
   ZrO2	
  

surface	
  area	
  and	
  dispersion.	
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Figure	
  4.14	
  CO	
  Oxidation	
  temperatures	
  at	
  50%	
  conversion	
  (T50)	
  for	
  supported	
  Pd	
  

catalysts	
  calcined	
  at	
  600°C,	
  800°C,	
  or	
  900°C.	
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sol-­‐gel	
   coating	
   increased	
   the	
   activity	
   of	
   the	
   catalyst	
   over	
   that	
   of	
   Pd/SiO2	
   at	
   all	
  

calcination	
  temperatures.	
   	
  That	
  said,	
  the	
  Pd/ZrO2/SiO2	
  was	
  not	
  as	
  active	
  overall	
  as	
  

the	
  Pd/ZrO2	
  catalyst.	
  As	
  discussed	
  in	
  the	
  previous	
  section,	
  zirconia	
  is	
  far	
  more	
  able	
  

to	
   stabilize	
   small	
   Pd	
   nanoparticles	
   than	
   silica.	
   	
   The	
   smaller	
   particles	
   present	
   on	
  

Pd/ZrO2	
  over	
  all	
  temperature	
  ranges	
  results	
  in	
  higher	
  CO	
  conversion	
  rates	
  at	
  a	
  given	
  

temperature	
  despite	
  the	
  much	
  lower	
  surface	
  area	
  of	
  the	
  catalyst.	
  	
  	
  

	
   The	
  particle	
  size	
  distribution	
  as	
  determined	
  by	
  TEM	
  in	
  figure	
  4.12	
  indicates	
  

that	
   the	
   mean	
   particle	
   size	
   of	
   Pd	
   on	
   Pd/ZrO2/SiO2	
   is	
   actually	
   reduced	
   at	
   high	
  

temperature	
  which	
  is	
  indicative	
  of	
  a	
  strong	
  metal-­‐support	
  interaction	
  (SMSI)104.	
  	
  In	
  

general,	
   the	
   ZrO2	
   coating	
   acts	
   to	
   increase	
   the	
   stability	
   and	
   dispersion	
   of	
   Pd	
  

nanoparticles	
  on	
  the	
  catalyst	
  surface	
  but	
  the	
  Pd/ZrO2/SiO2	
  catalyst	
  is	
  held	
  back	
  by	
  

agglomeration	
  of	
  the	
  ZrO2	
  phase	
  and	
  therefore	
  the	
  growth	
  of	
  large	
  (and	
  less	
  active)	
  

Pd	
   particles	
   over	
   the	
   silica	
   phase.	
   	
   In	
   effect,	
   the	
   Pd/ZrO2/SiO2	
   is	
   only	
   effectively	
  

utilizing	
  part	
  of	
  the	
  deposited	
  active	
  species	
  (Pd).	
  If	
  an	
  even	
  ZrO2	
  phase	
  can	
  be	
  made	
  

to	
   cover	
   the	
   entire	
   silica	
   surface	
   then	
   perhaps	
   the	
   best	
   of	
   both	
   worlds	
   can	
   be	
  

achieved,	
  i.e.	
  high	
  surface	
  area	
  and	
  small	
  Pd	
  particles	
  via	
  SMSI	
  with	
  zirconia.	
  	
  

	
   The	
   Pd/ZrO2/SiO2	
   catalyst	
   was	
   then	
   tested	
   for	
   the	
   inhibition	
   effects	
   found	
  

with	
   the	
   Au	
   catalysts	
   by	
   removing	
   NO,	
   C3H6,	
   or	
   both	
   from	
   the	
   stream.	
   	
   The	
   CO-­‐

oxidation	
   light-­‐off	
   curves	
   for	
   these	
   tests	
   are	
   shown	
   in	
   figure	
  4.15.	
   	
  Once	
  again	
  we	
  

found	
   propene	
   and	
   NO	
   to	
   be	
   significant	
   inhibitors	
   to	
   CO	
   oxidation	
   with	
   propene	
  

being	
  the	
  major	
  component.	
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   We	
   examined	
   the	
   inhibition	
   by	
   propene	
   using	
   diffuse	
   reflectance	
   infrared	
  

	
  

Figure	
  4.15	
  CO	
  oxidation	
  light-­‐off	
  curves	
  over	
  Pd/ZrO2/SiO2	
  under	
  various	
  stream	
  

compositions.	
  



99	
  

	
  

spectroscopy	
   (figure	
   4.16).	
   [CO]	
   =	
   0.4%	
  was	
   first	
   introduced	
   into	
   the	
   stream	
   and	
  

spectrum	
  were	
  taken	
  periodically	
  over	
  10min.	
  	
  	
  Bands	
  associated	
  with	
  gaseous	
  CO2	
  

(~2360	
  cm-­‐1	
  and	
  ~2340	
  cm-­‐1)	
  and	
  Pd2+-­‐carbonyl	
  (2140	
  cm-­‐1)	
  can	
  be	
  seen	
  indicating	
  

adsorption	
   of	
   CO	
   onto	
   the	
   Pd	
   active	
   sites	
   and	
   oxidation	
   to	
   CO2105.	
   	
   Next,	
   [C3H6]	
   =	
  

0.1%	
  was	
   introduced	
  and	
  a	
   spectrum	
   taken	
   immediately	
   and	
  periodically	
  over	
  20	
  

min.	
   	
   Immediately	
   the	
   Pd2+-­‐CO	
   band	
   completely	
   disappears	
   and	
   over	
   time	
   a	
   new	
  

band	
   associated105	
   	
   with	
   Pd+-­‐CO	
   reappears.	
   	
   Clearly	
   there	
   is	
   direct	
   interaction	
  

between	
  C3H6	
  and	
  the	
  CO	
  binding	
  site.	
  	
  CO	
  was	
  then	
  removed	
  from	
  the	
  stream	
  to	
  see	
  

whether	
   this	
   new	
   Pd+-­‐CO	
   band	
   is	
   due	
   to	
   adsorbed	
   CO	
   or	
   a	
   result	
   of	
   the	
   C3H6	
  

oxidation	
  process.	
   	
  Evidently,	
  the	
  Pd+-­‐CO	
  band	
  does	
  not	
  disappear	
  but	
  does	
  reduce	
  

in	
  strength	
  along	
  with	
   the	
   reduction	
  of	
   the	
  gaseous	
  CO2	
  bands.	
   	
  Fully	
  oxidizing	
  all	
  

surface	
  species	
  by	
  O2	
  at	
  450°C	
  (indicated	
  by	
  the	
  black	
  line	
  in	
  figure	
  4.16)	
  does	
  not	
  

change	
  this	
  result,	
  introduction	
  of	
  propene	
  alone	
  also	
  results	
  in	
  a	
  return	
  of	
  the	
  weak	
  

Pd+-­‐CO	
   band	
   likely	
   from	
   an	
   intermediate	
   in	
   the	
   oxidation	
   of	
   C3H6.	
   	
   These	
   results	
  

show	
   propene	
   inhibition	
   is	
   caused	
   by	
   a	
   direct	
   competition	
   for	
   Pd	
   active	
   sites	
  

between	
  CO	
  and	
  propene	
  oxidation.	
  	
  	
  

4.4 Conclusion	
  and	
  Future	
  Work	
  

	
   The	
  initial	
  goal	
  of	
  the	
  two	
  projects	
  shown	
  in	
  this	
  chapter	
  were	
  to	
  increase	
  the	
  

activity	
  of	
  precious	
  metal	
  catalysts	
  supported	
  on	
  silica	
  by	
  the	
  addition	
  of	
  an	
  “active”	
  

metal	
   oxide,	
   namely	
   FeOx	
   and	
   ZrO2,	
   and	
   to	
   test	
   their	
   performance	
   in	
   simulated	
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Figure	
  4.16	
  DRIFTS	
  data	
  for	
  Pd/ZrO2/SiO2.	
  	
  The	
  reaction	
  of	
  the	
  Pd-­‐CO	
  binding	
  site	
  

to	
  the	
  introduction	
  of	
  propene.	
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exhaust	
  streams.	
  	
  It	
  is	
  clear	
  that	
  the	
  addition	
  of	
  these	
  metal	
  oxides	
  to	
  silica	
  improved	
  

the	
  performance	
  of	
   both	
  Au	
   and	
  Pd	
   supported	
  nanoparticles	
   for	
  CO	
  oxidation	
  but	
  

these	
  modifications	
  also	
  showed	
  benefits	
  toward	
  the	
  silica	
  support	
  itself.	
  	
  In	
  the	
  case	
  

of	
  Au/FeOx/SiO2,	
  the	
  amorphous	
  silica	
  support	
  underwent	
  crystallization	
  unless	
  the	
  

iron	
  content	
  was	
  sufficiently	
  high	
  enough.	
  	
  The	
  encapsulation	
  of	
  Au	
  nanoparticles	
  by	
  

SiO2	
  crystallization	
  has	
  been	
  reported	
  before	
  and	
  Al2O3	
  was	
  used	
  to	
  protect	
  the	
  silica	
  

from	
  crystallization	
  at	
  high	
  loading102.	
  	
  The	
  results	
  here	
  show	
  that	
  FeOx,	
  even	
  at	
  the	
  

relatively	
   low	
   ~3.5%	
   wt.	
   loading	
   can	
   retard	
   the	
   SiO2	
   crystallization	
   process	
   and	
  

protect	
   the	
   Au	
   nanoparticles	
   from	
   encapsulation.	
   This	
   beneficial	
   effect	
   was	
   also	
  

shown	
   in	
  Pd/ZrO2/SiO2	
  where	
   the	
   sol-­‐gel	
   addition	
  of	
   ZrO2	
   allowed	
   the	
   catalyst	
   to	
  

retain	
  its	
  surface	
  area	
  much	
  better	
  at	
  high	
  temperatures.	
  	
  Further	
  research	
  into	
  this	
  

effect	
  would	
  be	
  a	
  boon	
   to	
   synthesis	
  of	
  high	
   surface	
  area	
   silica	
   catalysts	
  which	
  are	
  

prone	
  to	
  pore	
  collapse	
  and	
  restructuring	
  at	
  high	
  temperatures.	
  

	
   Another	
  interesting	
  finding	
  of	
  this	
  work	
  was	
  the	
  ability	
  of	
  C3N4-­‐deposition	
  to	
  

create	
   highly	
   dispersed	
   or	
   amorphous	
   FeOx	
   over	
   silica	
   supports.	
   	
   Much	
   is	
   still	
  

unknown	
  about	
  why	
  this	
  procedure	
  leads	
  to	
  less	
  FeOx	
  crystallization	
  than	
  standard	
  

impregnation	
  at	
  equivalent	
  iron	
  content,	
  especially	
  considering	
  that	
  carbon	
  nitride	
  

was	
  shown	
  in	
  our	
  previous	
  work	
  to	
  be	
  completely	
  removed	
  from	
  the	
  catalyst	
  at	
  the	
  

temperatures	
   used	
   in	
   this	
   study	
   and	
   the	
   presence	
   of	
   Fe	
   in	
   C3N4	
   only	
   caused	
   the	
  

decomposition	
  of	
  carbon	
  nitride	
  to	
  occur	
  at	
  even	
  lower	
  temperatures89.	
   	
  A	
  start	
  to	
  

understanding	
  these	
  results	
  would	
  be	
  to	
  study	
  the	
  state	
  and	
  dispersion	
  of	
  the	
  FeOx	
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via	
  XPS	
  and	
  X-­‐ray	
  mapping	
  before	
  and	
  after	
  removal	
  of	
  the	
  carbon	
  nitride	
  species.	
  

High	
  resolution	
  TEM	
  imaging	
  would	
  also	
  be	
  useful	
  to	
  directly	
  investigate	
  the	
  lattice	
  

interaction	
  between	
  FeOx	
  and	
  the	
  SiO2	
  surface.	
  	
  

	
   The	
  last	
  major	
  finding	
  is	
  the	
  profound	
  effect	
  NO	
  and	
  C3H6	
  has	
  on	
  CO	
  oxidation	
  

catalysts	
   in	
   exhaust	
   environments.	
   These	
   stream	
   components	
   reduce	
   the	
   CO	
  

oxidation	
   capabilities	
   of	
   the	
   catalysts	
  more	
   than	
   any	
   of	
   the	
   support	
   or	
   structural	
  

effects	
  studied	
  here.	
  The	
  creation	
  of	
  low	
  temperature	
  exhaust	
  catalysts	
  hinges	
  upon	
  

strategies	
  to	
  overcome	
  this	
  critical	
  problem.	
   	
  DRIFTS	
  data	
  shows	
  that	
   the	
  propene	
  

inhibition	
   is	
   caused	
   by	
   direct	
   interaction	
   between	
   C3H6	
   and	
   the	
   CO	
   binding	
   site.	
  	
  

Other	
  works	
  ascribe	
  this	
  inhibition	
  to	
  competitive	
  adsorption	
  between	
  propene	
  and	
  

CO54,57.	
   Chapter	
   5	
   describes	
   work	
   recently	
   completed	
   that	
   shows	
   potential	
   to	
  

overcome	
   this	
  problem	
  (at	
   least	
  with	
   respect	
   to	
  propene)	
  utilizing	
  a	
  non-­‐precious	
  

metal	
  catalyst.	
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Chapter	
  5	
  -­‐-­‐ Mixed	
  Oxide	
  Alternative	
  to	
  Deposited	
  Metal	
  

Nanoparticles	
  

5.1 Introduction	
  

In	
   order	
   to	
   reduce	
   greenhouse	
   gas	
   emissions	
   and	
   reduce	
   petroleum	
  

consumption,	
  new	
  fuel	
  economy	
  standards	
  for	
  passenger	
  cars	
  and	
  light	
  trucks	
  have	
  

been	
  implemented	
  by	
  the	
  National	
  Highway	
  Traffic	
  Safety	
  Administration	
  (NHTSA)	
  

and	
   the	
   Environmental	
   Protection	
   Agency	
   (EPA)	
   in	
   the	
   U.S106.	
   	
   As	
   fuel	
   economy	
  

improvements	
   occur	
   to	
   meet	
   these	
   standards,	
   the	
   automotive	
   industry	
   will	
   also	
  

reduce	
   pollutant	
   tailpipe	
   emissions	
   that	
   affect	
   air	
   quality	
   and	
   human	
   health.	
  	
  

Specifically,	
   emission	
   levels	
   of	
   the	
   criteria	
   gaseous	
   pollutants	
   NOx	
   (oxides	
   of	
  

nitrogen),	
   CO,	
   and	
   non-­‐methane	
   hydrocarbons	
   are	
   all	
   being	
   further	
   reduced	
   from	
  

present	
   day	
   levels	
   by	
   U.S.	
   EPA	
   Tier	
   3	
   emission	
   standards107.	
   	
   The	
   combination	
   of	
  

improving	
   fuel	
   economy	
   while	
   reducing	
   tailpipe	
   pollutant	
   emissions	
   presents	
   a	
  

challenge	
  for	
  the	
  automotive	
  industry.	
  

Vehicles	
   with	
   internal	
   combustion	
   engines	
   will	
   likely	
   remain	
   a	
   dominant	
  

fraction	
  of	
  the	
  light-­‐duty	
  fleet	
  in	
  both	
  hybrid	
  and	
  non-­‐hybrid	
  drivetrains108,	
  and	
  new	
  

combustion	
   techniques	
   are	
   showing	
   greater	
   fuel	
   efficiency	
   for	
   these	
   engines.	
  	
  

Obviously,	
  improved	
  engine	
  efficiencies	
  help	
  meet	
  the	
  fuel	
  economy	
  goals,	
  but	
  lower	
  

exhaust	
   temperatures	
   resulting	
   from	
   the	
   improved	
   extraction	
   of	
   work	
   inside	
   the	
  

engine	
  cylinders	
  can	
  be	
  problematic	
  for	
  catalytic	
  emissions	
  control.	
  	
  Furthermore,	
  a	
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promising	
   class	
   of	
   fuel-­‐efficient	
   advanced	
   combustion	
   techniques,	
   while	
  

demonstrating	
  less	
  NOx	
  and	
  particulate	
  emissions,	
  produces	
  higher	
  levels	
  of	
  CO	
  and	
  

hydrocarbons.	
  	
  The	
  combination	
  of	
  lower	
  exhaust	
  temperatures	
  and	
  higher	
  CO	
  and	
  

hydrocarbons109,110	
   levels	
   challenges	
   existing	
   catalyst	
   technologies	
   and	
   thus	
   new	
  

technologies	
  are	
  being	
  considered.	
  

The	
  vast	
  majority	
  of	
   commercial	
   catalysts	
   employed	
   in	
   automotive	
   exhaust	
  

streams	
  make	
  use	
  of	
   supported	
  platinum-­‐group	
  metal	
   (PGM)	
  nanoparticles.	
  There	
  

are	
  a	
  number	
  of	
  examples	
  of	
  PGM-­‐based	
  catalysts	
  showing	
  exceptional	
  activity	
   for	
  

CO	
  oxidation	
  20,105,111	
  but	
  upon	
   introduction	
  of	
  hydrocarbons	
  (HCs)	
   these	
  catalysts	
  

experience	
  severe	
  inhibition	
  due	
  to	
  competition	
  for	
  PGM	
  active	
  sites	
  57	
  which	
  limits	
  

their	
  use	
  for	
  low	
  temperature	
  catalysis	
  in	
  practical	
  applications.	
  	
  PGM	
  catalysts	
  are	
  

also	
   susceptible	
   to	
   sintering	
   at	
   high	
   temperature,	
   which	
   can	
   also	
   reduce	
   crucial	
  

pollutant	
  conversion	
  at	
  low-­‐temperature.	
  	
  These	
  critical	
  weaknesses,	
  as	
  well	
  as	
  the	
  

high	
   cost	
   of	
   precious	
   metal	
   materials,	
   have	
   spurred	
   considerable	
   interest	
   in	
   the	
  

development	
  of	
   a	
   low	
   cost,	
   highly	
   stable	
   catalysts	
   that	
   are	
   capable	
  of	
  meeting	
   the	
  

demands	
  of	
  complex	
  exhaust	
  streams.	
  

Catalysis	
  studies	
  of	
  binary	
  oxides	
  composed	
  of	
  CuO,	
  Co2O3,	
  and	
  CeO2	
  have	
  all	
  

previously	
  shown	
  high	
  activity	
  for	
  both	
  CO	
  112,113	
  and	
  hydrocarbon	
  37,114	
  oxidation.	
  	
  

Furthermore,	
  in	
  a	
  report	
  by	
  Luo	
  et.	
  al.	
  115	
  the	
  active	
  sites	
  for	
  CO	
  and	
  C3H8	
  oxidations	
  

were	
  proposed	
   to	
  be	
   in	
  completely	
  separate	
   locations.	
   	
  The	
  ability	
   to	
  separate	
   the	
  

active	
   sites	
   of	
   CO	
   and	
  HCs	
  may	
   be	
   a	
   strategy	
   to	
   reduce	
   the	
   inhibition	
   effects	
   that	
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plague	
  current	
  PGM	
  catalysts.	
  	
  Unfortunately,	
  as	
  with	
  previous	
  binary	
  oxide	
  studies,	
  

the	
   oxidation	
   reactions	
  were	
   studied	
   separately	
   and	
   at	
   space	
   velocities	
   far	
   below	
  

those	
   necessary	
   for	
   automotive	
   viability.	
   Encouraged	
   by	
   an	
   earlier	
   study	
   on	
   CuO-­‐

Co2O3-­‐CeO2	
  by	
  Liu	
  and	
   coworkers	
   44	
  which	
   showed	
   room	
   temperature	
  activity	
   for	
  

CO	
  oxidation	
  (T50<70°C)	
  even	
  after	
  treatment	
  at	
  temperatures	
  as	
  high	
  as	
  800°C,	
  we	
  

studied	
  this	
  ternary	
  oxide	
  system	
  in	
  hopes	
  of	
  overcoming	
  the	
  weaknesses	
  of	
  current	
  

PGM	
  catalysts.	
   	
   In	
  this	
  work	
  we	
  present	
  a	
  ternary	
  oxide	
  catalyst	
  composed	
  of	
  CuO,	
  

Co3O4,	
  and	
  CeO2	
  with	
  a	
  CO	
  oxidation	
  activity	
  that	
  outperforms	
  current	
  commercial	
  

PGM-­‐based	
   diesel	
   oxidation	
   catalysts	
   (DOCs)	
   and	
   shows	
   significant	
   resistance	
   to	
  

inhibition	
  effects	
  by	
  propene	
  in	
  simulated	
  exhaust	
  streams.	
  	
  

5.2 Experimental	
  

5.2.1 Removal	
  of	
  DOC	
  washcoat	
  (DOC)	
  	
  

A	
   piece	
   of	
   commercial	
   diesel	
   oxidation	
   catalyst	
   (DOC)	
   core	
   obtained	
   from	
  

Ford	
   was	
   placed	
   in	
   an	
   ultrasonic	
   bath	
   of	
   deionized	
   water	
   at	
   60°C.	
   	
   Ultrasonic	
  

vibration	
  released	
  considerable	
  washcoat	
  from	
  the	
  core	
  and	
  remaining	
  catalyst	
  was	
  

removed	
  by	
  dipping	
  the	
  core	
  into	
  liquid	
  nitrogen	
  and	
  repeating	
  ultrasonic	
  vibration	
  

three	
   times.	
   	
   The	
   catalyst	
  was	
   then	
  obtained	
  by	
   vaccum	
   filtration	
   and	
  dried.	
   	
   Any	
  

remaining	
   monolith	
   fragments	
   were	
   removed	
   by	
   sieving.	
   	
   The	
   catalyst	
   was	
   then	
  

calcined	
  at	
  600°C	
  in	
  air	
  prior	
  to	
  catalytic	
  testing.	
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5.2.2 Synthesis	
  of	
  Pd/ZrO2-­‐SiO2	
  catalyst	
  (PdZrSi)	
  

	
  Amorphous	
  silica	
  gel	
  (Davisil	
  Grade	
  635,	
  Aldrich)	
  was	
  used	
  as	
  a	
  support	
  for	
  

the	
  preparation	
  of	
  Pd	
  catalysts.	
  ZrO2	
  was	
  incorporated	
  on	
  the	
  SiO2	
  surface	
  following	
  

the	
  procedure.	
  SiO2	
  was	
  first	
  dehydrated	
  with	
  anhydrous	
  ethanol	
  (≥	
  99.5%,	
  Aldrich)	
  

and	
   reacted	
   at	
   80	
   °C	
   for	
   3	
   h	
   with	
   zirconium(IV)	
   n-­‐propoxide	
   (70%	
   w/w	
   in	
   n-­‐

propanol,	
  Alfa	
  Aesar)	
  dissolved	
  in	
  ethanol.	
  ZrO2-­‐incorporated	
  SiO2	
  were	
  obtained	
  by	
  

removing	
   the	
   non-­‐reacted	
   precursors	
   through	
   washing	
   with	
   ethanol	
   followed	
   by	
  

drying	
  at	
  100	
  °C	
  and	
  calcining	
  at	
  500	
  °C	
  for	
  2	
  h.	
  Palladium	
  (II)	
  nitrate	
  solution	
  (Pd	
  

12~16	
   w/w,	
   Alfa	
   Aesar)	
   was	
   impregnated	
   on	
   ZrO2-­‐SiO2	
   supports	
   by	
   incipient	
  

wetness	
  method	
   to	
   1	
  wt%	
  Pd	
   loading.	
   After	
   the	
   impregnation,	
   the	
   catalysts	
  were	
  

dried	
  at	
  100	
  °C	
  in	
  air	
  and	
  reduced	
  in	
  a	
  flow	
  of	
  10%	
  H2	
  in	
  Ar	
  at	
  500	
  °C	
  for	
  2	
  h.	
  	
  The	
  

catalyst	
  was	
  then	
  calcined	
  at	
  600°C	
  in	
  air	
  prior	
  further	
  analysis.	
   	
  The	
  final	
  catalyst	
  

was	
  denoted	
  as	
  PdZrSi.	
  

5.2.3 Synthesis	
  of	
  CuO,	
  Co3O4,	
  CeO2	
  mixed	
  oxide	
  catalysts	
  (CCC,	
  CuCo,	
  CoCe,	
  and	
  

CuCe)	
  	
  

Mixed	
   oxide	
   catalysts	
   composed	
   of	
   CuO,	
   Co3O4,	
   and	
   CeO2	
   phases	
   were	
  

synthesized	
   by	
   coprecipitation	
  method	
   to	
   desired	
  molar	
   Cu:Co:Ce	
   ratios.	
   	
   For	
   Cu-­‐

containing	
  catalysts,	
  0.2416g	
  (1mmol)	
  of	
  Cu(NO3)2·3H2O	
  and	
  appropriate	
  amounts	
  

of	
  CoCl2·6H2O	
  and	
  Ce(NO3)2·6H2O	
  were	
  simultaneously	
  added	
  to	
  100mL	
  deionized	
  

water	
   and	
   dissolved	
   at	
   room	
   temperature;	
   100mL	
   NaOH	
   solution	
   (0.375M)	
   was	
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then	
   added	
   dropwise	
   under	
   vigorous	
   stirring.	
   After	
   approximately	
   30min	
   the	
  

precipitate	
  was	
  ready	
  to	
  be	
  filtered	
  by	
  vacuum	
  filtration.	
   	
  The	
  obtained	
  precipitate	
  

was	
  washed	
  with	
  H2O	
  followed	
  by	
  ethanol	
  and	
  allowed	
  to	
  dry	
  at	
  room	
  temperature	
  

until	
   it	
   flaked	
   easily	
   from	
   the	
   filter	
   paper	
   followed	
   by	
   further	
   drying	
   at	
   60°C	
   in	
   a	
  

vacuum	
   oven.	
   	
   Calcination	
   at	
   600°C	
   (1°C/min	
   rate)	
   in	
   air	
   resulted	
   in	
   the	
   as-­‐

synthesized	
   catalyst.	
   	
   The	
   catalysts	
   were	
   calcined	
   again	
   at	
   600°C	
   in	
   air	
   prior	
   to	
  

further	
  analysis.	
  

For	
  CoCe,	
  the	
  procedure	
  was	
  the	
  same	
  except	
  5mmol	
  each	
  of	
  CoCl2·6H2O	
  and	
  

Ce(NO3)2·6H2O	
   were	
   added	
   to	
   100mL	
   deionized	
   water	
   and	
   dissolved	
   at	
   room	
  

temperature.	
  	
  Cu,	
  Co,	
  and	
  Ce	
  precursors	
  were	
  obtained	
  from	
  Aldrich.	
  

5.2.4 Catalytic	
  Tests	
  	
  

Catalyst	
  activity	
  for	
  CO	
  and	
  C3H6	
  conversion	
  were	
  taken	
  using	
  a	
  custom	
  fixed	
  

bed	
   reactor.	
   	
   Typically,	
   catalyst	
   was	
   packed	
   into	
   a	
   6mm	
   i.d.	
   quartz	
   U-­‐tube	
   and	
  

supported	
  by	
  quartz	
  wool.	
  	
  Catalyst	
  amounts	
  were	
  chosen	
  to	
  maintain	
  equal	
  reactor	
  

volume	
   and	
   achieve	
   a	
   gas	
   hourly	
   space	
   velocity	
  GHSV	
  ≈150,000hr-­‐1.	
   	
   Activity	
  was	
  

measured	
   as	
   a	
   function	
   of	
   temperature	
   at	
   a	
   rate	
   of	
   5°C/min	
   to	
   a	
   maximum	
  

temperature	
  of	
  600°C.	
  	
  The	
  simulated	
  exhaust	
  stream	
  consisted	
  of	
  a	
  mixture	
  of	
  [O2]	
  

=	
  10%,	
  [H2O]	
  =	
  5%,	
  [NO]	
  =	
  0.05%,	
  [CO]	
  =	
  0.4%,	
  [C3H6]	
  =	
  0.1%,	
  and	
  balanced	
  with	
  Ar.	
  	
  

Water	
   was	
   introduced	
   into	
   the	
   system	
   by	
   bubbling	
   Ar	
   gas	
   through	
  water	
   heated	
  

consistently	
   at	
   50°C	
   and	
   heated	
   gas	
   lines	
   maintained	
   at	
   150°C.	
   	
   Mass	
   flow	
  



108	
  

	
  

controllers	
  were	
  used	
  to	
  maintain	
  desired	
  gas	
  concentrations.	
   	
  The	
  gas	
  exiting	
   the	
  

reactor	
  was	
   analyzed	
   by	
  mass	
   spectrometer	
   (SRS	
   RGA100).	
   	
   The	
   catalyst	
   activity	
  

tests	
   showed	
   good	
   repeatability	
   and	
   stability	
   after	
   an	
   initial	
   run	
   to	
   600°C;	
   no	
  

deactivation	
  was	
  seen	
  over	
  through	
  the	
  course	
  of	
  normal	
  gas	
  exposure.	
  	
  

5.2.5 Catalyst	
  Characterization	
  

Powder	
   X-­‐ray	
   diffraction	
   (XRD)	
   data	
   were	
   collected	
   via	
   a	
   Panalytical	
  

Empyrean	
   diffractometer	
   with	
   Cu	
   Ka	
   radiation	
   (k	
   =	
   1.5418	
   A	
   ̊	
   ).	
   	
   Surface	
   area	
  

characterization	
   was	
   accomplished	
   using	
   nitrogen	
   adsorption-­‐desorption	
  

measurement	
   (Tristar,	
   Micromeretics).	
   	
   JEOL	
   JSM-­‐6060	
   scanning	
   electron	
  

microscope	
   equipped	
  with	
   EDX	
   analyzer	
   operating	
   at	
   a	
   30kV	
   accelerating	
   voltage	
  

determined	
   elemental	
   composition.	
   	
   Atomic	
   percentages	
   were	
   averaged	
   over	
  

multiple	
  200µm	
  scans	
  of	
  different	
  catalyst	
  agglomerates.	
  	
  

To	
  study	
  the	
  adsorption	
  of	
  propene	
  over	
  PdZrSi	
  and	
  CCC,	
  TPO	
  was	
  conducted	
  

using	
  the	
  catalyst	
  reactor	
  described	
  above.	
  	
  First	
  the	
  catalyst	
  were	
  brought	
  to	
  600°C	
  

in	
  flowing	
  10%	
  O2/Ar	
  for	
  2	
  hours	
  and	
  allowed	
  to	
  cool	
  to	
  30°C.	
   	
  The	
  flow	
  was	
  then	
  

switched	
  to	
  Ar	
  only	
  until	
  all	
  mass	
  spectrometer	
  signals	
  stabilized.	
  	
  Next	
  a	
  mixture	
  of	
  

[C3H6]	
  =	
  1.5%	
  and	
  [H2O]	
  =	
  2%	
  balanced	
  with	
  Ar	
  was	
  flowed	
  over	
  the	
  catalyst	
  for	
  15	
  

minutes.	
   	
   The	
   flow	
   was	
   then	
   switched	
   back	
   to	
   Ar	
   only	
   to	
   remove	
   physisorbed	
  

species.	
   	
   Lastly,	
   10%	
  O2/Ar	
  was	
   flowed	
   over	
   the	
   catalyst	
   as	
   the	
   temperature	
  was	
  

increased	
  at	
  a	
  rate	
  of	
  5°C/min.	
  Resulting	
  CO2	
  was	
  analyzed	
  by	
  gas	
  chromatography	
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(Agilent	
  Micro	
  GC	
  490).	
   	
  No	
  partial	
  oxidation	
  products	
  or	
  propene	
   fragmentations	
  

were	
  found	
  by	
  mass	
  spectrometry	
  during	
  the	
  runs	
  indicating	
  complete	
  oxidation	
  of	
  

any	
  adsorbed	
  propene.	
  

5.2.6 DRIFTS	
  measurements	
  

	
  DRIFTS	
  measurements	
  were	
  performed	
  using	
  a	
  Digilab	
  FTS	
  7000	
  series	
  FTIR	
  

spectrometer	
  equipped	
  with	
  a	
  Praying	
  Mantis	
  DRIFTS	
  apparatus.	
  The	
  catalyst	
  bed	
  

was	
   first	
   cleaned	
   by	
   heating	
   to	
   400°C	
   in	
   O2/Ar.	
   	
   DRIFTS	
   spectra	
  were	
   taken	
   at	
   a	
  

temperature	
   within	
   a	
   region	
   of	
   of	
   5-­‐10%	
   CO	
   oxidation	
   as	
   determined	
   by	
   reactor	
  

analysis.	
  	
  After	
  the	
  cleaning	
  step,	
  the	
  bed	
  was	
  cooled	
  the	
  analysis	
  temperature	
  and	
  a	
  

clean	
  background	
  was	
  taken	
  in	
  10%	
  O2/Ar.	
   	
  [CO]	
  =	
  0.4%	
  was	
  then	
  introduced	
  into	
  

the	
  stream	
  and	
  a	
  spectrum	
  taken	
  after	
  30min	
  of	
  exposure.	
  	
  [C3H6]	
  =	
  0.1%	
  was	
  then	
  

added	
  and	
  a	
  spectrum	
  was	
  taken	
  immediately	
  up	
  introduction	
  followed	
  by	
  addition	
  

spectrum	
  at	
  10	
  min,	
  20	
  min,	
  and	
  30	
  min	
  exposure	
  times.	
  	
  Spectrum	
  were	
  obtained	
  at	
  

2	
  cm-­‐1	
  resolution	
  with	
  64	
  co-­‐scans.	
  

5.3 Results	
  and	
  Discussion	
  

	
   Figure	
  5.1	
  presents	
  CO	
  and	
  C3H6	
  conversion	
  activities	
  for	
  CCC,	
  PdZrSi	
  and	
  the	
  

commercial	
   DOC.	
   	
   The	
   PGM-­‐free	
   CCC	
   is	
   active	
   at	
   lower	
   temperatures	
   than	
   the	
  

commercial	
  catalyst	
  for	
  CO	
  oxidation	
  in	
  simulated	
  exhaust	
  conditions;	
  however,	
  the	
  

propene	
   oxidation	
   activity	
   is	
   significantly	
   worse	
   with	
   the	
   CCC.	
   	
   For	
   further	
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Figure	
  5.1 Light-­‐off	
  curves	
  under	
  simulated	
  exhaust	
  conditions	
  for	
  CCC,	
  PdZrSi,	
  and	
  

DOC	
  catalysts.	
  	
  

(A)	
  CO	
  Oxidation	
  with	
   and	
  without	
   [C3H6]	
  =	
  0.1%	
   (solid	
   and	
   circle,	
   respectively).	
  

(B)	
  C3H6	
  conversion.	
  [O2]	
  =	
  10%,	
  [H2O]	
  =	
  5%,	
  [NO]	
  =	
  0.05%,	
  [CO]	
  =	
  0.4%	
  balanced	
  

with	
  Ar	
  at	
  GHSV	
  ≈150,000-­‐1.	
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comparison,	
  we	
   synthesized	
   another	
   high	
   performing	
   PGM	
   catalyst,	
   Pd/ZrO2/SiO2	
  

(PdZrSi),	
  and	
  compared	
  its	
  properties	
  with	
  the	
  ternary	
  oxide,	
  CCC.	
  	
  Despite	
  far	
  lower	
  

BET	
   specific	
   surface	
   area	
   (SSAPdZrSi	
   =	
   404	
  m2g-­‐1,	
   SSACCC	
   =	
   41.7	
  m2g-­‐1),	
   the	
   ternary	
  

oxide	
  demonstrates	
  improved	
  CO	
  oxidation	
  activity	
  over	
  the	
  PGM	
  catalyst.	
   	
  Similar	
  

to	
  the	
  DOC,	
  	
  PdZrSi	
  also	
  outperformed	
  CCC	
  in	
  C3H6	
  oxidation	
  behavior.	
  	
  

	
   In	
  order	
  to	
  examine	
  the	
  inhibitory	
  effects	
  of	
  hydrocarbons	
  on	
  CO	
  oxidation,	
  

propene	
  (0.1%)	
  was	
  included	
  in	
  the	
  evaluation	
  as	
  a	
  model	
  hydrocarbon	
  (figure	
  5.1a,	
  

circles).	
   	
   As	
   expected,	
   the	
   PdZrSi	
   catalyst	
   showed	
   a	
   significant	
   loss	
   in	
   activity	
  

(∆T50=56°C)	
  due	
   to	
   the	
   introduction	
  of	
   C3H6,	
  whereas	
  CO	
  oxidation	
   activity	
   in	
   the	
  

propene-­‐containing	
   stream	
   was	
   unaffected	
   on	
   CCC.	
   	
   The	
   inhibitory	
   effect	
   of	
  

hydrocarbons	
  on	
  CO	
  oxidation	
  over	
  PGM-­‐based	
  catalysts	
  is	
  well	
  known56,57	
  and	
  has	
  

been	
  widely	
  attributed	
  to	
  competitive	
  adsorption	
  between	
  reactants	
  on	
  PGM	
  active	
  

sites57,116.	
  Indeed,	
  DRIFTS	
  data	
  (figure	
  5.2a)	
  shows	
  that	
  upon	
  introduction	
  of	
  C3H6	
  to	
  

PdZrSi	
   with	
   pre-­‐adsorbed	
   CO,	
   the	
   Pd-­‐carbonyl	
   band	
   immediately	
   disappears	
   and	
  

reappears	
   with	
   time	
   at	
   a	
   significantly	
   shifted	
   position	
   (Δ	
   =	
   -­‐35cm-­‐1)	
   indicating	
   a	
  

reduction	
  in	
  the	
  oxidation	
  state	
  of	
  the	
  Pd	
  metal	
  and	
  a	
  change	
  in	
  the	
  CO	
  adsorption	
  

site	
   on	
   the	
   active	
   metal105.	
   	
   On	
   the	
   CCC	
   catalyst,	
   no	
   disappearance	
   of	
   the	
   Cu+-­‐

carbonyl	
  band	
  (figure	
  5.2b)	
  is	
  observed	
  and	
  only	
  a	
  slight	
  shift	
  (Δ	
  =	
  -­‐	
  5cm-­‐1)	
  can	
  be	
  

seen	
  on	
  the	
  DRIFTS	
  spectra	
  of	
  CCC,	
  still	
  within	
  the	
  region	
  for	
  Cu+-­‐carbonyl	
  on	
  CuO-­‐

CeO2117.	
   	
  Furthermore,	
  the	
  C-­‐H	
  stretching	
  bands	
  that	
  appear	
  upon	
  C3H6	
  adsorption	
  

are	
   significantly	
   weaker	
   and	
   broader	
   for	
   the	
   CCC	
   catalyst	
   compared	
   to	
   PdZrSi,	
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Figure	
  5.2	
  DRIFTS	
  data	
  collected	
  for	
  (A)	
  CCC	
  at	
  120°C	
  and	
  (B)	
  PdZrSi	
  at	
  140°C	
  

before	
  and	
  after	
  introduction	
  of	
  [C3H6]	
  =	
  0.1%.	
  	
  Initial	
  stream:	
  [O2]	
  =	
  10%,	
  [CO]	
  =	
  

0.4%,	
  Ar	
  balance.	
  

	
  	
  

cm-1 Assignment 
2105 Pd+-CO 
2140 Pd2+-CO 
2111 

 
Cu+-CO 

2340,2361 
 

CO2 gas 

2800-
3200 

Propene C-H 
stretch 
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suggesting	
   a	
   weaker	
   C3H6	
   adsorption	
   by	
   CCC	
   at	
   lower	
   temperatures	
   where	
   CO	
  

oxidation	
  occurs.	
  	
  The	
  increased	
  adsorption	
  of	
  propene	
  at	
  lower	
  temperatures	
  over	
  

PdZrSi	
   was	
   demonstrated	
   by	
   TPO	
   of	
   pre-­‐adsorbed	
   propene	
   (figure	
   5.3).	
   Weaker	
  

propene	
   adsorption	
   and	
   interaction	
   with	
   active	
   Cu	
   sites	
   may	
   play	
   a	
   role	
   in	
   the	
  

inherent	
  resistance	
  to	
  inhibition	
  shown	
  by	
  CCC.	
  	
  

	
   To	
  better	
  understand	
  the	
  individual	
  properties	
  of	
  the	
  metal	
  oxides	
  present	
  in	
  

the	
   CCC	
   catalyst,	
   a	
   series	
   of	
   binary	
   catalysts	
   were	
   prepared.	
   Molar	
   ratios	
   of	
  

individual	
  metals	
  and	
  structural	
  characteristics	
  of	
  the	
  calcined	
  catalysts	
  are	
  given	
  in	
  

Table	
  5.1.	
   	
  EDX	
  elemental	
  data	
  was	
  averaged	
  over	
  several	
  200µm	
  scans	
  and	
  show	
  

expected	
  molar	
  ratios	
  of	
  Cu,	
  Co,	
  and	
  Ce.	
  	
  X-­‐ray	
  diffraction	
  patterns	
  (Figure	
  5.4)	
  of	
  the	
  

catalysts	
  confirm	
  the	
  presence	
  of	
  Co3O4	
  and	
  CeO2	
  in	
  the	
  relevant	
  samples	
  but	
  no	
  CuO	
  

peaks	
   could	
   be	
   found	
   indicating	
   a	
   well-­‐dispersed	
   CuO	
   phase	
   in	
   each	
   of	
   the	
   Cu-­‐

containing	
   catalysts.	
   Previously,	
   Liotta	
   et.	
   al.	
   reported	
   that	
   CeO2	
   enhances	
   the	
  

textural	
  properties	
  of	
  Co3O4-­‐CeO2	
  binary	
  catalysts	
  with	
  surface	
  area	
  increasing	
  with	
  

increasing	
   ceria	
   content	
   37.	
  Thus,	
   the	
   combination	
  of	
  BET	
  and	
  XRD	
  measurements	
  

indicates	
  that	
  not	
  only	
  is	
  the	
  presence	
  of	
  ceria	
  a	
  requirement	
  for	
  higher	
  surface	
  area	
  

but	
  a	
   small	
  CeO2	
  crystallite	
   size	
   is	
   critical	
   for	
   increased	
  surface	
  area	
  which	
  agrees	
  

with	
  previous	
  work	
  on	
  the	
  temperature	
  dependence	
  of	
  the	
  CCC	
  structure44.	
  	
  

	
   Catalytic	
  oxidation	
  under	
  simulated	
  exhaust	
  conditions	
  were	
  again	
  studied	
  to	
  

compare	
  the	
  ternary	
  CCC	
  catalyst	
  with	
  the	
  synthesized	
  binary	
  catalysts	
  CoCe,	
  CuCo,	
  

and	
  CuCe.	
  	
  Figure	
  5.5a	
  shows	
  the	
  CO	
  oxidation	
  light-­‐off	
  for	
  each	
  catalyst.	
  While	
  all	
  of	
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Figure	
  5.3	
   CO2	
   concentrations	
  during	
   temperature	
  programmed	
  oxidation	
  of	
  pre-­‐

adsorbed	
  C3H6	
  on	
  CCC	
  and	
  PdZrSi.	
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Table	
  5.1	
  Compositional	
  and	
  structural	
  properties	
  of	
  ternary	
  and	
  binary	
  catalysts	
  

 

Sample EDX atomic percentage a Ratio 

(Cu:Co:Ce) 

Crystallite size b SSA 

(m2 g-1) Cu Co Ce dCo3O4 dCeO2  

CCC 9 ± 2 46 ± 1 45 ± 1 1 : 5 : 5 18 8 41.8 

CoCe -- 52 ± 2 48 ± 2 0 : 1 : 1 13 10 34.9 

CuCe 9 ± 1 -- 91 ± 1 1 : 0 : 10 -- 17 26.7 

CuCo 9 ± 2 91 ± 2 -- 1 : 10 : 0 26 -- 8.6 

a mean values calculated using several 200µm scans 
b crystallite size calculated via Scherrer method 
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Figure	
  5.4	
   Powder	
  XRD	
  patterns	
   of	
   ternary	
   (CCC)	
   and	
  binary	
   (CoCe,	
   CuCe,	
   CuCo)	
  

catalysts	
  composed	
  of	
  CuO,	
  Co3O4,	
  and	
  CeO2.	
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Figure	
  5.5	
  Light-­‐off	
  curves	
  under	
  simulated	
  exhaust	
  conditions	
  for	
  ternary	
  CCC	
  and	
  

binary	
  catalysts.	
  	
  	
  

(A)	
  CO	
  oxidation.	
  	
  (B)	
  C3H6	
  conversion.	
  	
  [O2]	
  =	
  10%,	
  [H2O]	
  =	
  5%,	
  [NO]	
  =	
  0.05%,	
  [CO]	
  

=	
  0.4%,	
  [C3H6]	
  =	
  0.1%,	
  balanced	
  with	
  Ar	
  at	
  GHSV	
  ≈150,000-­‐1.	
  



118	
  

	
  

the	
   catalysts	
   are	
   active	
   for	
   CO	
   oxidation,	
   clearly	
   the	
   unique	
   synergy	
   between	
   all	
  

three	
   oxides	
   in	
   CCC	
   increases	
   its	
   activity	
   over	
   the	
   binary	
   catalysts.	
   	
   Of	
   the	
   binary	
  

catalysts	
  CuCe	
  is	
  the	
  most	
  active	
  at	
  lower	
  temperatures	
  with	
  the	
  initiation	
  reaction	
  

starting	
  at	
   lower	
   temperatures	
   than	
  either	
  CoCe	
  or	
  CuCo,	
  and	
  very	
  similar	
   to	
  CCC.	
  

Though	
   it	
   is	
   the	
  most	
  active	
  of	
   the	
  binary	
  catalysts,	
   there	
   is	
  a	
  bend	
   in	
   the	
   light-­‐off	
  

curve	
  for	
  CuCe	
  at	
  about	
  50%	
  conversion.	
  Reports	
  of	
  CO	
  oxidation	
  over	
  these	
  oxide	
  

mixtures	
   indicate	
   a	
   low	
   intrinsic	
   activity	
   of	
   pure	
   CeO2	
   for	
   CO	
   oxidation	
   112,118-­‐120;	
  

thus,	
   it	
   is	
   likely	
  that	
  the	
  highly	
  dispersed	
  CuO	
  interacting	
  with	
  CeO2	
  is	
  the	
  primary	
  

active	
  component	
  in	
  the	
  low	
  temperature	
  light-­‐off	
  for	
  CCC.	
  The	
  Co3O4	
  phase	
  (which	
  

is	
   more	
   abundant	
   than	
   the	
   CuO	
   phase)	
   may	
   be	
   necessary	
   for	
   maintaining	
   good	
  

conversion	
  at	
   the	
  high	
   flow	
  rates	
   studied.	
   	
   In	
  particular,	
   the	
   interaction	
  of	
  CuO	
  or	
  

Co3O4	
   and	
   CeO2	
   has	
   been	
   reported	
   to	
   weaken	
   the	
   oxygen	
   bonds	
   at	
   the	
   interface	
  

increasing	
   the	
   availability	
   of	
   active	
   oxygen	
   at	
   the	
   surface	
   115,119.	
   The	
   intrinsically	
  

higher	
  activity	
  of	
  the	
  CuO	
  phase	
  paired	
  with	
  a	
  high	
  amount	
  of	
  these	
  interface	
  sites	
  

provided	
  by	
  the	
  majority	
  Co3O4	
  and	
  CeO2	
  phases	
  explains	
  the	
  great	
  improvement	
  in	
  

activity	
  for	
  CCC	
  over	
  CuCe.	
  	
  	
  	
  

	
  	
   For	
  propene	
  conversion	
  (figure	
  5.5b)	
  we	
  find	
  that	
  all	
  three	
  cobalt-­‐containing	
  

catalysts	
   show	
   nearly	
   the	
   same	
   light-­‐off	
   temperatures	
   despite	
   the	
   significant	
  

differences	
   in	
   surface	
   area	
   and	
  Co3O4	
   crystallite	
   size	
   between	
  CuCo	
   and	
   the	
   other	
  

catalysts;	
  however,	
   the	
   temperature	
  at	
  which	
  90%	
  conversion	
  occurs	
   increases	
  as	
  

surface	
   area	
   decreases	
   indicating	
   possible	
   mass-­‐transfer	
   limitations	
   at	
   this	
   flow	
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rate121.	
   	
   Evidently,	
   the	
   Co3O4	
   phase	
   alone	
   is	
   the	
   primary	
   active	
   component	
   for	
  

propene	
  conversion	
  since	
  the	
  increased	
  number	
  of	
   interface	
  sites	
   in	
  CoCe	
  and	
  CCC	
  

do	
  not	
  increase	
  the	
  activity	
  over	
  CuCo,	
  and	
  CuCe	
  is	
  incapable	
  of	
  converting	
  propene	
  

to	
   the	
   same	
   degree.	
   The	
   high	
   intrinsic	
   activity	
   of	
   Co3O4	
   for	
   volatile	
   organic	
  

compound	
   (VOC)	
   oxidation	
   is	
   well	
   known	
   and	
   pure	
   Co3O4	
   alone	
   is	
   even	
   able	
   to	
  

catalyze	
   propene	
   oxidation	
   at	
   equivalent	
   or	
   lower	
   temperatures	
   than	
   Co3O4-­‐MOx	
  

binary	
   mixtures	
   37,122.	
   	
   The	
   mechanism	
   for	
   olefin	
   oxidation	
   over	
   metal	
   oxides	
   is	
  

believed	
   to	
  occur	
  via	
  hydrogen	
  abstraction	
   followed	
  by	
  reaction	
  with	
  electrophilic	
  

oxygen	
  at	
  the	
  surface	
  122-­‐124	
  without	
  the	
  need	
  for	
  weakened	
  M-­‐O	
  bonds	
  at	
  interfacial	
  

sites.	
  The	
   required	
  hydrogen	
  abstraction	
  step	
   is	
  also	
  what	
  prompted	
  Luo	
  et.	
   al.	
   to	
  

propose	
  a	
  separation	
  of	
  active	
  sites	
  for	
  propane	
  (C3H8)	
  and	
  CO	
  oxidation115.	
  	
  Though	
  

they	
   did	
   not	
   test	
   their	
   catalysts	
   using	
   a	
   stream	
   containing	
   CO	
   and	
   propane	
  

simultaneously,	
  a	
  separation	
  in	
  active	
  sites	
  would	
  remove	
  the	
  competition	
  between	
  

the	
  reactions	
  seen	
  on	
  PGM	
  catalysts.	
  	
  In	
  this	
  way,	
  another	
  explanation	
  for	
  the	
  lack	
  of	
  

CO	
  oxidation	
  inhibition	
  on	
  CCC	
  presents	
  itself	
  in	
  a	
  separation	
  of	
  primary	
  active	
  sites	
  

on	
  the	
  catalyst.	
  	
  

5.4 Conclusion	
  

	
   Regulations	
  and	
  advances	
  in	
  engine	
  combustion	
  technology	
  have	
  resulted	
  in	
  

the	
  need	
  to	
  push	
  the	
  activity	
  of	
  emissions	
  control	
  catalysts	
  to	
   lower	
  temperatures,	
  

<200°C,	
   and	
   in	
   turn	
   the	
   catalysts	
   are	
   required	
   to	
   convert	
   higher	
   levels	
   of	
   CO	
   and	
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HCs.	
  	
  The	
  PGM-­‐based	
  catalysts	
  in	
  their	
  current	
  manifestation	
  are	
  unable	
  to	
  operate	
  

effectively	
   in	
   these	
   conditions	
   and	
   thus	
   alternative	
   solutions	
   are	
   necessary.	
   	
   The	
  

CuO-­‐Co3O4-­‐CeO2	
  ternary	
  oxide	
  (CCC)	
  presented	
  here	
  shows	
  potential	
  as	
  a	
   low	
  cost	
  

alternative	
   to	
   PGM	
   catalysts	
   with	
   higher	
   capability	
   for	
   low-­‐temperature	
   CO	
  

oxidation	
   and	
   a	
   unique	
   resistance	
   to	
   inhibition	
   by	
   hydrocarbons.	
   	
   While	
   the	
  

necessary	
   hydrocarbon	
   activity	
   is	
   currently	
   too	
   low	
   for	
   CCC,	
   combining	
   these	
  

catalysts	
  with	
  a	
  more	
  active	
  HC	
  oxidation	
  catalyst	
  or	
  through	
  the	
  enhancing	
  of	
  the	
  

Co-­‐phase	
  activity/surface	
  area	
  in	
  the	
  CCC	
  catalyst,	
  a	
  complete	
  solution	
  for	
  the	
  CO	
  +	
  

HC	
  challenges	
  could	
  be	
  achieved.	
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Chapter	
  6	
  -­‐-­‐ Summary	
  and	
  Future	
  Work	
  

6.1 Summary	
  

	
   The	
  development	
  of	
  effective	
  heterogeneous	
  catalysts	
   is	
  a	
  multifaceted	
  task	
  

which	
   requires	
   researchers	
   to	
   address	
  many	
   challenges	
   simultaneously	
   and	
   often	
  

overcoming	
   one	
   problem	
   simply	
   serves	
   to	
   bring	
   another	
   into	
   focus.	
   	
   As	
   such,	
   the	
  

research	
  presented	
  in	
  this	
  thesis	
  spans	
  a	
  number	
  of	
  related	
  topics	
  in	
  the	
  field.	
  These	
  

include:	
   (i)	
   a	
  method	
   for	
   the	
   deposition	
   of	
   active	
   nanoparticles	
   onto	
   unfavorable,	
  

low	
   isoelectric	
   point	
   supports;	
   (ii)	
   the	
   promotion	
   of	
   “inert”	
   supports	
   by	
   “active”	
  

metal	
   oxides	
   for	
   increased	
   overall	
   activity;	
   (iii)	
   and	
   overcoming	
   inhibition	
   effects	
  

which	
  can	
  significantly	
  reduce	
  activity	
  of	
  catalysts	
  in	
  practical	
  conditions.	
  

	
   Initially	
   our	
   focus	
  was	
   on	
   the	
   use	
   of	
   supported	
   Au	
   nanoparticles	
   as	
   highly	
  

active	
   carbon	
  monoxide	
   oxidation	
   catalysts26,42,43,125,126.	
   	
  With	
   these	
   catalysts	
   it	
   is	
  

vital	
  to	
  obtain	
  small	
  particle	
  size	
  on	
  deposition	
  of	
  the	
  metal	
  and	
  high	
  stability	
  of	
  the	
  

particle	
   at	
   high	
   temperatures.	
   	
  Deposition	
  of	
   gold	
   onto	
   low	
   isoelectric	
   point	
   (IEP)	
  

supports,	
  such	
  as	
  SiO2,	
  often	
  results	
  in	
  low	
  loading	
  and	
  very	
  large	
  particle	
  sizes	
  due	
  

to	
  unfavorable	
  electrostatic	
   interactions	
  between	
   the	
  support	
  and	
  Au	
  precursor	
   in	
  

high	
  pH	
  solutions.	
  	
  We	
  approached	
  this	
  problem	
  by	
  modifying	
  silica	
  supports	
  with	
  a	
  

nitrogen-­‐containing	
  polymer,	
  carbon	
  nitride	
  (C3N4),	
  which	
  can	
  readily	
  complex	
  with	
  

the	
   metal	
   precursor,	
   effectively	
   ignoring	
   the	
   unfavorable	
   IEP	
   of	
   SiO242.	
   Unlike	
  

previous	
  amine	
  surface-­‐modification	
  schemes,	
  this	
  method	
  is	
  advantageous	
  in	
  that	
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it	
   requires	
  no	
   solvents	
   and	
   takes	
  place	
  on	
  previously	
   synthesized	
  SiO2,	
  meaning	
  a	
  

wide	
  range	
  of	
  porous	
  structures	
  are	
  available	
  to	
  use	
  with	
  this	
  method.	
  	
  

	
   The	
   C3N4/SiO2	
   support	
   readily	
   absorbed	
   gold	
   using	
   the	
   deposition-­‐

precipitation	
  process	
  and	
  stabilized	
  small	
  Au	
  nanoparticles	
  even	
  at	
  temperatures	
  as	
  

high	
  as	
  500°C.	
  	
  Unfortunately,	
  we	
  found	
  that	
  removal	
  of	
  the	
  polymer	
  was	
  necessary	
  

to	
  achieve	
  good	
  CO	
  oxidation	
  capability.	
  	
  The	
  oxygen	
  adsorption	
  capability	
  of	
  C3N4	
  is	
  

poor	
  and	
   thus	
   it	
   is	
  unable	
   to	
  provide	
  needed	
  oxygen	
   to	
   the	
  CO	
  oxidation	
  reaction.	
  	
  

Upon	
  removal	
  of	
  the	
  polymer	
  layer,	
  the	
  SiO2	
  support	
  is	
  able	
  to	
  better	
  provide	
  oxygen	
  

to	
  the	
  reaction	
  and	
  thus	
  the	
  activity	
  increases.	
  	
  

	
   While	
  the	
  activity	
  of	
  the	
  Au/C3N4/SiO2	
  catalyst	
  increased	
  after	
  removal	
  of	
  the	
  

carbon	
   nitride,	
   the	
   activity	
   was	
   still	
   low	
   when	
   compared	
   to	
   gold	
   nanoparticles	
  

supported	
  on	
  other	
  metal	
  oxides	
  such	
  as	
  FeOx	
  or	
  TiO2.	
  Silica	
  is	
  better	
  able	
  than	
  C3N4	
  

to	
  provide	
  oxygen	
  to	
  the	
  CO	
  oxidation	
  reaction,	
  but	
  relative	
  to	
  more	
  easily	
  reducible	
  

oxides	
  silica	
  is	
  still	
  much	
  less	
  able	
  to	
  supply	
  needed	
  oxygen	
  for	
  the	
  very	
  high	
  activity	
  

that	
  is	
  expected	
  of	
  supported	
  Au	
  catalysts49.	
   	
  In	
  order	
  to	
  obtain	
  the	
  benefits	
  of	
  this	
  

“inert”	
   support	
   (i.e.	
   its	
   mechanical	
   strength,	
   high	
   thermal	
   stability,	
   and	
   various	
  

synthesis	
   methods	
   for	
   porous	
   structures49,91,92)	
   while	
   increasing	
   the	
   activity	
   we	
  

decided	
  modify	
   the	
   silica	
   support	
  with	
   small	
   amounts	
   of	
   “active”	
  metal	
   oxides	
   in	
  

order	
  to	
  provide	
  more	
  active	
  oxygen	
  to	
  the	
  supported	
  nanoparticles.	
  

	
   We	
  studied	
   two	
  of	
   these	
  oxide-­‐promoted	
  catalysts,	
   a	
  Au/FeOx/SiO2	
   catalyst	
  

prepared	
   using	
   an	
   iron	
   containing	
   carbon	
   nitride	
   (Fe-­‐C3N4)	
   and	
   a	
   Pd/ZrO2/SiO2	
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prepared	
   via	
   sol-­‐gel	
   modification	
   of	
   the	
   silica.	
   	
   As	
   expected,	
   in	
   both	
   cases	
   these	
  

promoted	
  catalysts	
  were	
  more	
  active	
  than	
  their	
  unmodified	
  counterparts	
  (Au/SiO2	
  

and	
   Pd/SiO2)	
   but	
   the	
   addition	
   of	
   FeOx	
   and	
   ZrO2,	
   respectively,	
   also	
   imparted	
  

increased	
   stability	
   to	
   the	
   SiO2	
   support	
   at	
   very	
   high	
   temperature	
   calcination	
  

(≥800°C).	
   	
  Furthermore,	
  we	
  found	
  that	
  the	
  Fe-­‐C3N4	
  modification	
  method	
  results	
   in	
  

very	
  small	
  or	
  highly	
  amorphous	
  FeOx	
  on	
  the	
  silica	
  surface	
  even	
  at	
  iron	
  loadings	
  that	
  

normally	
  result	
  in	
  Fe2O3	
  crystalline	
  structures	
  (as	
  seen	
  by	
  powder	
  x-­‐ray	
  diffraction)	
  

via	
  standard	
  impregnation.	
  

	
   Through	
   a	
   collaboration	
   with	
   the	
   Fuels,	
   Engines,	
   and	
   Emissions	
   Research	
  

Center	
  we	
  also	
  began	
  studying	
  these	
  catalysts	
  under	
  simulated	
  exhaust	
  conditions	
  

for	
   application	
   in	
   automotive	
   exhaust	
   pollution	
   control.	
   	
  We	
   found	
   that	
  while	
   our	
  

previous	
  catalysts	
  were	
  highly	
  active	
  for	
   low	
  temperature	
  CO	
  oxidation,	
  they	
  were	
  

also	
   very	
   susceptible	
   to	
   inhibition	
   by	
   other	
   common	
   exhaust	
   stream	
   components,	
  

and	
  in	
  particular,	
  propene.	
  	
  The	
  presence	
  of	
  these	
  inhibitors	
  was	
  enough	
  to	
  shift	
  CO	
  

oxidation	
   light-­‐off	
   curves	
   for	
   Au/FeOx/SiO2	
   and	
   Pd/ZrO2/SiO2	
   to	
   higher	
  

temperatures	
   by	
   hundreds	
   of	
   degrees.	
   Through	
   our	
   own	
  DRIFTS	
   characterization	
  

we	
   found	
   evidence	
   of	
   competitive	
   adsorption	
   between	
   propene	
   and	
   carbon	
  

monoxide	
   over	
   Pd	
   active	
   sites	
   which	
   agreed	
   well	
   with	
   literature	
   on	
   propene	
  

inhibition	
  over	
  precious	
  metal	
  catalysts54,57.	
  

	
   In	
  order	
   to	
   tackle	
  problem	
  of	
   inhibition,	
  we	
  sought	
   to	
  create	
  a	
  catalyst	
   that	
  

could	
  separate	
  the	
  active	
  sites	
  of	
  propene	
  and	
  carbon	
  monoxide	
  such	
  that	
  inhibition	
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effects	
   would	
   be	
   negligible.	
   	
   Previous	
   research	
   on	
   binary	
   mixed	
   oxide	
   catalysts	
  

composed	
  of	
   copper,	
   cobalt,	
   and/or	
   cerium	
  oxides	
   indicated	
   that	
   propene	
   and	
  CO	
  

oxidation	
   likely	
  occurred	
  at	
  different	
   sites	
  on	
   these	
   catalysts37,99,115.	
   	
   In	
  particular,	
  

CO	
   oxidation	
   occurs	
   primarily	
   at	
   interface	
   sites	
   between	
   metal	
   oxides	
   and	
   C3H6	
  

oxidation	
   occurs	
   primarily	
   over	
   the	
   surface	
   of	
   the	
   copper	
   and	
   cobalt	
   oxides.	
  

Furthermore,	
   our	
   previous	
  work	
  with	
   a	
   ternary	
   oxide	
   composed	
   of	
   these	
  metals,	
  

CuO-­‐Co3O4-­‐CeO2	
   (dubbed	
  CCC),	
   showed	
   that	
   this	
   catalyst	
  was	
  highly	
   active	
   for	
  CO	
  

oxidation	
  at	
  low	
  temperature	
  and	
  stable	
  at	
  temperatures	
  as	
  high	
  as	
  800°C44	
  making	
  

CCC	
  a	
  natural	
  candidate	
  for	
  potentially	
  overcoming	
  the	
  inhibition	
  seen	
  on	
  precious	
  

metal	
  catalysts.	
  

	
   CO	
   oxidation	
   studies	
   in	
   simulated	
   exhaust	
   streams	
   showed	
   that	
   the	
   CCC	
  

catalyst	
   was	
   able	
   to	
   oxidize	
   CO	
   at	
   lower	
   temperatures	
   than	
   Pd/ZrO2/SiO2	
   and	
   a	
  

commercial	
   diesel	
   oxidation	
   catalyst.	
   	
  Moreover,	
   the	
   introduction	
   of	
   propene	
   into	
  

the	
   stream	
   showed	
   no	
   effect	
   on	
   this	
   catalyst.	
   	
   DRIFTS	
   data	
   confirmed	
   very	
   little	
  

interaction	
   between	
   propene	
   and	
   the	
   Cu+-­‐carbonyl	
   binding	
   site	
   in	
   CCC	
   and	
   low	
  

adsorption	
  of	
  the	
  propene	
  on	
  the	
  catalyst	
  surface.	
  	
  Catalysis	
  experiments	
  using	
  CuO-­‐

Co3O4,	
  CuO-­‐CeO2,	
  and	
  Co3O4-­‐CeO2	
  binary	
  oxides	
  also	
  matches	
  well	
  with	
  a	
  model	
   in	
  

which	
  the	
  interface	
  sites	
  are	
  responsible	
  for	
  CO	
  oxidation	
  and	
  the	
  surface	
  sites	
  are	
  

responsible	
  for	
  propene	
  oxidation.	
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6.2 Future	
  Work	
  

	
   The	
   work	
   presented	
   here	
   introduces	
   a	
   number	
   of	
   important	
   problems	
   in	
  

heterogeneous	
  catalysis	
  and	
  approaches	
   to	
   tackling	
   them,	
  but	
   there	
  are	
  still	
  many	
  

questions	
   left	
   to	
   answer	
   about	
   these	
   catalysts.	
   	
   Further	
   research	
   involving	
   these	
  

catalysts	
  would	
  be	
  immensely	
  useful	
  for	
  further	
  generalizing	
  these	
  approaches	
  and	
  

understanding	
   the	
   properties	
   of	
   these	
  materials.	
   	
   In	
   particular,	
   the	
   most	
   striking	
  

results	
   of	
   these	
   experiments	
   are	
   (i)	
   the	
   observation	
   of	
   small	
   or	
   amorphous	
   FeOx	
  

resulting	
  from	
  Fe-­‐C3N4	
  deposition	
  even	
  at	
  concentrations	
  that	
  result	
  in	
  Fe2O3	
  using	
  

impregnation	
   and	
   (ii)	
   the	
   lack	
   of	
   propene	
   inhibition	
   effects	
   on	
   carbon	
   monoxide	
  

oxidation	
  observed	
  over	
  CuO-­‐Co3O4-­‐CeO2.	
  

	
   For	
   the	
  FeOx/SiO2	
   samples	
  our	
   x-­‐ray	
  diffraction	
   results	
   showed	
  a	
   complete	
  

lack	
  of	
  iron	
  oxide	
  peaks	
  after	
  the	
  removal	
  of	
  the	
  carbon	
  nitride	
  in	
  the	
  deposited	
  Fe-­‐

C3N4	
   and	
   calcination	
   at	
  800°C	
   in	
   air.	
   	
   This	
   is	
   intriguing	
  because	
   it	
   demonstrates	
   a	
  

unique	
   property	
   in	
   this	
   deposition	
   method,	
   the	
   ability	
   to	
   deposit	
   small	
   or	
  

amorphous	
   iron	
   onto	
   the	
   surface	
   of	
   silica	
   that	
   is	
   stable	
   at	
   high	
   temperature.	
  	
  	
  

Further	
   research	
   into	
   this	
   material	
   should	
   start	
   with	
   a	
   determination	
   of	
   the	
   Fe	
  

species.	
   	
   One	
   explanation	
   for	
   our	
   results	
   is	
   that	
   the	
   iron	
   exists	
   in	
   an	
   amorphous	
  

oxide	
   on	
   the	
   surface	
   of	
   the	
   silica.	
   	
   The	
   synthesis	
   of	
   amorphous	
   Fe2O3	
   has	
   been	
  

reported	
  using	
  a	
  variety	
  of	
  methods127	
  including	
  thermal	
  decomposition	
  of	
  	
  prussian	
  

blue	
  (Fe4[Fe(CN)6]3)128.	
   	
   If	
   this	
   is	
   the	
  case,	
  high-­‐resolution	
  TEM	
  imaging	
  should	
  be	
  

able	
   to	
   see	
   these	
   iron	
   oxide	
   particles	
   and	
   electron	
   diffraction	
   can	
   be	
   used	
   to	
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unambiguously	
  confirm	
  their	
  amorphous	
  nature.	
  X-­‐ray	
  photoelectron	
  spectroscopy	
  

can	
  also	
  be	
  used	
  to	
  confirm	
  the	
  presence	
  of	
  Fe3+	
  species	
  indicative	
  of	
  Fe2O3129.	
  While	
  

the	
   vast	
   majority	
   of	
   reported	
   amorphous	
   iron	
   oxides	
   quickly	
   crystallize	
   at	
  

temperatures	
  as	
  low	
  as	
  300°C,	
  Fe2O3-­‐SiO2	
  composites	
  have	
  been	
  shown	
  to	
  be	
  stable	
  

up	
   to	
   700°C	
  with	
   very	
   high	
   iron	
   content	
   (16.9	
   wt%)130.	
   	
   The	
   discovery	
   of	
   a	
   new	
  

method	
  to	
  deposit	
  stable	
  amorphous	
  FeOx	
  would	
  be	
  beneficial	
  to	
  a	
  number	
  of	
  fields	
  

including	
  solar	
  energy	
  production,	
  electronics,	
  and	
  electrochemistry127.	
  

	
   For	
  the	
  CuO-­‐Co3O4-­‐CeO2	
  catalyst,	
  the	
  lack	
  of	
  propene	
  inhibition	
  observed	
  is	
  a	
  

new	
  and	
  promising	
  property	
  for	
  this	
  type	
  of	
  catalyst	
  (mixed	
  oxides	
  of	
  copper,	
  cobalt,	
  

and	
   ceria)	
   but	
   this	
   three-­‐phase	
   system	
   is	
   complex	
   even	
   compared	
   to	
   supported	
  

nanoparticle	
  catalysts.	
  	
  While	
  a	
  great	
  deal	
  of	
  work	
  has	
  been	
  done	
  on	
  oxide	
  catalysts	
  

to	
  elucidate	
  reaction	
  mechanisms	
  for	
  CO	
  and	
  hydrocarbon	
  oxidation,	
  and	
  the	
  role	
  of	
  

oxygen	
   species	
   and	
   vacancies	
   on	
   catalyst	
   activity115,122,124,131,132,	
   the	
   fact	
   remains	
  

that	
  the	
  study	
  of	
  mixed	
  oxide	
  systems	
  often	
  require	
  post-­‐hoc	
  analysis	
  to	
  ferret	
  out	
  

valuable	
   information.	
   The	
   development	
   and	
   use	
   of	
   model	
   systems	
   to	
   study	
  

interfacial	
   effects	
   could	
   prove	
   very	
   valuable	
   in	
   identifying	
   clear	
   paths	
   to	
   improve	
  

these	
  catalysts	
  further.	
  	
  	
  

	
   Recently,	
   the	
   use	
   of	
   model	
   particles	
   with	
   well	
   defined	
   shapes	
   and	
  

crystallographic	
   planes	
   to	
   understand	
   catalytic	
   effects	
   was	
   highlighted	
   in	
   Yadong	
  

and	
   Zhou133.	
   	
   One	
   noteworthy	
   example	
   is	
   that	
   of	
   CuO	
   particles	
   deposited	
   on	
  

structured	
  CeO2	
  surfaces134.	
  	
  This	
  work	
  demonstrated	
  that	
  the	
  reducibility,	
  and	
  thus	
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the	
  CO	
  oxidation	
  activity,	
  of	
  CuO/CeO2	
  is	
  greatly	
  improved	
  if	
  the	
  CuO-­‐CeO2	
  interface	
  

involves	
   {001}	
   or	
   {110}	
   CeO2	
   crystal	
   planes.	
   	
   Various	
   nanostructures	
   (including	
  

nanobelts,	
  nanocubes,	
  plates,	
  etc..)	
  with	
  different	
  predominant	
  crystal	
  planes	
  can	
  be	
  

synthesized	
  for	
  CuO,	
  CeO2,	
  and	
  Co3O4	
  which	
  present	
  a	
  library	
  of	
  possible	
  interfacial	
  

structures	
   to	
   examine133.	
   	
   Further	
   research	
   could	
   utilize	
   these	
   structures	
   and	
   the	
  

now	
   familiar	
   battery	
   of	
   characterization	
   techniques	
   to	
   determine	
   key	
   interfaces	
  

responsible	
   for	
   increased	
   activity	
   in	
   these	
   mixed	
   oxides	
   and	
   guide	
   future	
  

development	
  of	
  mixed	
  oxide	
  catalysts.	
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