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A	  core-‐level	  spectroscopic	  investigation	  of	  the	  preparation	  and	  
electrochemical	  cycling	  of	  nitrogen-‐modified	  carbon	  as	  a	  model	  
catalyst	  support	  	  
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The	   synthesis	   and	   electrochemical	   cycling	   of	   platinum-‐ruthenium	  
nanoparticles	   sputtered	   onto	   nitrogen-‐implanted	   highly-‐oriented-‐pyrolytic-‐
graphite	  (HOPG)	  was	  studied	  with	  soft	  X-‐ray	  spectroscopy.	  The	  near	  edge	  X-‐
ray	   absorption	   fine	   structure	   (NEXAFS)	   of	   the	   carbon	   1s,	   nitrogen	   1s,	   and	  
oxygen	   1s	   transitions	  were	  measured	   as	   a	   function	   of	   sample	   preparation	  
and	  electrochemical	   cycling.	   	   The	  NEXAFS	  of	   the	  C	  1s	   edge	   indicate	  defect	  
formation	   in	   the	   graphitic	   (sp2)	   network	   of	   the	   carbon	   support	   due	   to	  
implantation.	   	   The	   primary	   nitrogen	   species	   include	   pyridinic,	   nitrilic,	   and	  
graphitic	  with	  no	  evidence	  of	  pyrolic	  nitrogen.	   	  Upon	  exposure	   to	  ambient	  
conditions,	   the	   carbon	   defects	   react	   and	   produce	   both	   –C=O	   and	   –C-‐OH	  
species.	   	   Sputtering	   Pt:Ru	   and	   subsequent	   air	   exposure	   introduces	   more	  
defects	   that	   react	   with	   ambient	   oxygen	   to	   increase	   the	   number	   of	   –C=O	  
species.	   	   The	   samples	   also	   show	   signs	   of	   oxidization	   after	   implantation.	  	  
Electrochemical	   cycling	   of	   the	   samples	   restores	   the	   C	   1s	   fine	   structure	  
associated	   with	   graphitic	   (sp2)	   carbon	   and	   alters	   the	   concentration	   of	  
nitrogen	   species	   associated	   with	   the	   nitrile	   functional	   groups.	   The	   cycling	  
also	  induces	  platinum	  oxidation	  and	  ruthenium	  loss,	  determined	  from	  X-‐ray	  
photoelectron	  spectroscopy	  (XPS)	  of	  the	  Pt	  4f,	  Ru	  3d	  and	  Ru	  3p.	  	  The	  results	  
provide	   useful	   evidence	   of	   the	   types	   of	   nitrogen	   species	   that	   are	   present	  
after	  electrochemical	  processes	  which	  can	  be	  used	  in	  the	  rational	  design	  of	  
future	  electrocatalyst	  systems.	  	  

1.	  Introduction	  
	   Carbon-‐based	  materials	  often	  serve	  as	  supports	  to	  disperse	  
metallic	   nanoparticles	   for	   use	   as	   electrocatalysts.	   The	   carbon	  
to	  catalyst	  metal	   interaction	  is	  relatively	  weak	  and	  most	  likely	  
relies	  on	  van	  der	  Waals	  forces.	  This	  interaction	  does	  allow	  for	  

charge	   transport	   that	   is	   critical	   for	   electro-‐catalysis	   but	  
unfortunately	   does	   not	   prevent	   deleterious	   morphological	  
changes	   during	   typical	   reaction	   conditions.	   	   For	   example,	  
common	   electro-‐catalysts	   in	   polymer	   electrolyte	   membrane	  
(PEM)	   fuel	   cells	   suffer	   degradation	   due	   to	   dissolution	   and/or	  
coarsening	   of	   the	   nanostructured	   platinum	   group	   metals	  
(PGMs).	  One	  approach	  to	  develop	  more	  stable	  nanostructured	  
PGMs	  is	  to	  modify	  the	  carbon	  support	  chemistry	  and	  structure	  
with	   the	   inclusion	  of	  hetero-‐atoms	   in	   the	  carbon	  matrix,	  e.g.,	  
nitrogen-‐modified	   carbon	   supports	   have	   demonstrated	  
improved	  catalyst	  dispersion	  and	  stability.	  1-‐13	  	  The	  expectation	  
is	   that	   the	   nitrogen	   species	   increases	   the	   support	   interaction	  
with	   the	   metal	   to	   form	   a	   stronger	   bond	   versus	   the	   metal-‐
carbon	   interaction.	   	   A	   strong	   interaction	   is	   expected	   to	  
counteract	  the	  degradation	  resulting	  from	  the	  electrochemical	  
environment.	   	   Density	   functional	   theory	   (DFT)	   predicts	   that	  
certain,	   	   nitrogen	   species	   incorporated	   into	   carbon,	   such	   as	  
pyridinic,	  should	  provide	  an	  interaction	  for	  metal	  species	  than	  
the	  native	  carbon	  structures.14-‐16	  The	  mechanism	  can	  be	  more	  
complex	   than	   direct	   localization	   of	   metal	   atoms	   on	   nitrogen	  
moieties.	   	   DFT	   calculations	   by	   Holme	   et	   al.14	   indicated	   that	  
Pt:Ru	  nanoparticles	  attach	  adjacent	  to	  nitrogen	  species	  which	  
was	   also	   supported	   by	   some	   experimental	   evidence16.	   	   The	  
effect	  of	  nitrogen	  modification	  has	  lead	  to	  reduced	  dissolution	  
of	   Pt:Ru	   nanoparticles10	   	   and	   longer	   durability	   for	   complete	  
fuel	  cell	  systems11.	  	  

What	   may	   be	   underemphasized	   in	   efforts	   to	   enhance	  
catalyst-‐support	   interactions	   is	   the	   response	   of	   a	   modified	  
support	   to	   the	   same	   catalytic	   environment	   that	   the	   catalyst	  
experiences.	   	  The	  expectation	  is	  that	  the	  nitrogen	  species	  will	  
be	   stable	   with	   respect	   to	   the	   electrochemical	   environment.	  	  
The	  inclusion	  of	  nitrogen	  introduces	  changes	  to	  the	  electronic	  
and	  physical	  structure	  of	  the	  carbon	  support.	  	  It	  is	  possible	  that	  
degradation	  pathways	  of	  the	  catalyst	  support	  could	  result.	  	  	  In	  
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parallel,	   the	  different	   nitrogen	  moieties	  may	   react	   differently	  
to	   the	   electrochemistry.	   	   Understanding	   how	   the	   nitrogen	  
reacts	  to	  the	  electrochemical	  environment	  will	  benefit	  efforts	  
to	  design	  a	  more	   robust	   catalyst-‐support	   system,	  especially	   if	  
specific	   nitrogen	   species	   are	   found	   to	   persist	   following	  
electrochemical	  processes.	  
	   Nitrogen	   incorporation	   into	   carbon	   has	   been	   studied	  
extensively	   and	  we	   refer	   specifically	   to	   Zhou	  et	   al.	   how	  have	  
reviewed	  the	  topic	  in	  the	  context	  of	  catalyst	  supports.17	  	  Core-‐
level	   spectroscopy	   such	   as	   X-‐ray	   photoelectron	   spectroscopy	  
(XPS)	   has	   been	  often	   employed	   to	   characterize	   the	   system(s)	  
given	   the	   sensitivity	   of	   the	   chemical	   environment	   in	   the	   final	  
state.	   	   An	   electron	   binding	   energy	   shift,	   often	   referred	   to	   as	  
the	   chemical	   shift,	   is	   an	   indirect	   probe	   to	   identify	   chemical	  
structures.	   Through	   XPS	   investigations,	   the	   predominant	  
nitrogen	   species	   identified	   to	   improve	   the	   catalysts	   are	  
derivatives	  of	  pyridine,	  pyrrole,	  graphitic,	  and	  quaternary	  that	  
are	  integrated	  into	  the	  graphitic	  carbon	  structures.9,	  15,	  18,	  19	  	   X-‐
ray	   absorption	   spectroscopy	   (XAS)	   is	   another	   core-‐level	  
spectroscopy	   technique	   that	   can	   provide	   rich	   information	  
regarding	  chemical	  structure	  through	  the	  local	  mapping	  of	  the	  
partial,	  unoccupied	  density	  of	   states	   (DOS).20	   	   Specifically,	   for	  

the	  light	  elements	  (e.g.	  C,	  N	  and	  O)	  the	  anti-‐bonding	  states	  of	  
p-‐character	   are	   directly	   probed	   in	   the	   NEXAFS	   within	   the	  
dipole	  selection	  rule.	  This	  sensitivity	  and	  richness	  of	  NEXAFS	  to	  
functional	   groups	   with	   different	   chemical	   bonds	   typically	  
allows	   for	   a	   definitive	   identification	   of	   nitrogen	   species	   in	  
modified	  carbon	  supports.	  	  
	   As	   indicated	   above,	   the	   effects	   of	   catalytic	   processes	   on	  
the	   nitrogen-‐modified	   supports	   are	   needed	   to	   establish	   the	  
viability	  of	  an	  enhanced	  support	  interaction	  and	  to	  identify	  the	  
most	  promising	  strategies	  to	  successful	   implementation.	   	   	  We	  
investigate	   the	  evolution	  of	   the	  carbon,	  nitrogen,	  oxygen	  and	  
metal	   species	   as	   a	   function	   of	   the	   nitrogen-‐incorporation	  
process,	   metal	   deposition	   (platinum-‐ruthenium),	   and	  
electrochemical	   cycling	   of	   the	   support.	   	   The	   electrochemical	  
cycling	   consisted	   of	   sweeping	   the	   voltage	   of	   an	  
electrochemical	  half-‐cell	   in	  acidic	  conditions.	   	  This	   is	   intended	  
as	  a	  model	  catalytic	  environment	  that	  could	  induce	  changes	  to	  
both	  the	  modified	  substrate	  and	  deposited	  metal.	  	  The	  NEXAFS	  
of	   the	   C,	   N,	   and	  O	   K	   edges	   and	   XPS	   of	   the	   Pt:Ru	   provided	   a	  
measure	  of	  the	  evolution	  of	  the	  local	  atomic	  environment.	  	  	  

Our	   work	   focuses	   specifically	   on	   a	  model	   catalyst	   system	  
for	   direct	   methanol	   fuel	   cells	   (DMFCs)	   where	   Pt:Ru	   alloy	   is	  
deposited	   on	   nitrogen-‐modified	   highly	   oriented	   pyrolytic	  
graphite	  (HOPG)	  substrates.	  	  While	  the	  emphasis	  of	  this	  paper	  
deals	  with	   the	   evolution	  of	   the	  HOPG	   support,	   the	   impact	   of	  
enhanced	   support	   interactions	   is	   particularly	   important,	   as	  
dissolution	  of	  ruthenium	  is	  a	  critical	   issue	  for	  DMFC	  catalysts.	  	  
HOPG	  was	   selected	   as	   it	   provides	   a	   convenient	   substrate	   for	  
characterization	   of	   the	   nitrogen	   incorporation,	   metal	  
deposition	   and	   post-‐mortem	   electrochemical	   cycling.	   	   In	   this	  
study,	   the	   nitrogen	   modification	   was	   accomplished	   by	   ion	  
implantation,	   while	   the	   Pt:Ru	   was	   deposited	   via	   magnetron	  
sputtering,	  which	  we	  and	  others	  have	  reported	  previously.9,	  10,	  
19	   Ion	   implantation	   has	   been	   shown	   to	   produce	   several	  
different	   nitrogen	   species	   in	   graphitic	   carbons	   such	   as	  
pyridinic,	  nitrilic,	  pyrrolic,	  cyano	  and	  graphitic.9,	  21,	  22	  The	  metal	  
deposition	   process	   via	   sputtering	   was	   previously	   reported	   to	  
deposit	  small,	  uniform	  Pt:Ru	  nanoparticles.23	  	  

2.	  Results	  and	  Discussion	  	  
2.1	  C	  1s	  NEXAFS	  

The	  normalized	  C	  1s	  →	  π*	  	  NEXAFS	  are	  plotted	  in	  Figure	  1	  
for:	  an	  unmodified	  HOPG	  reference	  scan;	  a	  nitrogen	  implanted	  
(NI)	   HOPG;	   a	   nitrogen	   implanted	   and	   Pt:Ru	   sputtered	   (NIPR)	  
HOPG;,	   and	   electrochemically	   cycled	   (NIPREC)	   nitrogen	  
implanted	   and	   Pt:Ru	   sputtered	   HOPG.	   Figure	   1	   also	   includes	  
peaks	  extracted	  from	  fitting	  analysis.	  Table	  1	  provides	  the	  peak	  
positions	  for	  fitting	  analysis	  of	  the	  C	  1s	  spectra	  in	  the	  1s	  →	  1π*	  
region.	   	   The	  1s	  →	   1π*	   region	   is	   useful	   for	   identifying	   carbon	  
species	  by	  comparison	  of	  molecular	  and	  condensed	  phases	   in	  
the	  NEXAFS	  literature.	  The	  main	  C	  1s	  →	  1	  σ	  *	  contributions	  are	  
found	   around	   292-‐294	   eV	   (with	   the	   core	   excition	   at	   around	  
291.65	   eV24)	   and	   multiple	   scattering	   effects	   sensitive	   to	  
structural	   order	   can	   be	   found	   at	   higher	   energies	   in	   the	   pure	  
HOPG.	   The	   spectra	   in	   Figure	   1	   (and	   subsequent	   NEXAFS	  

Figure	  1.	   	  Carbon	  1s	  NEXAFS	  data	  for	  the	  sample	  preparation	  conditions:	  cleaved	  
HOPG,	  nitrogen	  implanted	  (NI),	  nitrogen-‐implanted-‐platinum-‐ruthenium	  deposited	  
(NIPR),	   and	  NIPR	  electrochemically	   cycled	   (NIPREC).	   	  Also	   plotted	  are	   the	   results	  
from	  the	  fitting	  analysis.	  	  The	  changes	  of	  π*	  at	  ~285	  eV	  and	  other	  features	  show	  an	  
evolution	  of	  the	  carbon	  specie	  from	  a	  highly	  ordered	  to	  heterogeneous	  structure.	  
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figures)	  are	  taken	  on	  different	  samples	  for	  the	  specific	  sample	  
conditions.	  	  

The	   HOPG	   sample	   shows	   a	   well-‐defined	   π-‐resonance	   (at	  
285.5	   eV)	   and	   sharp	   resonance	   at	   291.7	   eV.	   	   The	   peak	   near	  
285.5	   eV	   corresponds	   to	   the	   aromatic	   π*	   of	   the	   graphitic	  
planes	   (–C=C–)	   and	   is	   an	   indication	   of	   the	   degree	   of	  
unperturbed	  sp2	  sites	  in	  the	  carbon	  lattice.	  The	  sharp	  C	  1s	  core	  
exciton	   at	   291.65	   eV,	   present	   in	   all	   conditions,	   marks	   the	  
transition	   to	   the	  σ*	  region.	  This	  core-‐exciton	   is	  very	  sensitive	  
to	  structural	  order.24	  The	  behavior	  of	  these	  two	  features	  when	  
considered	   as	   a	   function	   of	   sample	   preparation	   provides	  
general	   information	   on	   how	   the	   number	   of	   carbon	   in	   sp2	  
configuration	  and	  the	  long-‐range	  order	  of	  the	  carbon	  atoms	  is	  
affected.	   	   In	  all	   sample	  preparations	   the	  π*	  and	  exciton	  peak	  
are	   reduced,	  which	   indicates	   a	   disruption	   of	   the	   sp2	   bonding	  
and	  long-‐range	  order.	  	  This	  is	  likely	  due	  to	  point	  defects	  due	  to	  
bombardment	  during	  ion	  implantation	  and	  sputtering.	  In	  order	  
to	  compare	  preparation	  conditions,	  we	  define	  the	  ratio	  π*	  /	  σ*	  
as	  the	  ratio	  between	  the	  π*	  peak	  height	  and	  the	  maximum	  of	  
the	  σ*	  region.	   	  The	  NIPREC	  shows	  an	   increased	  π*	  /	  σ*	  ratio,	  
suggesting	   that	   electrochemical	   cycling	   has	   the	   effect	   to	  
restore	  long-‐range	  order	  in	  the	  sp2	  plane.	  	  	  	  

All	   of	   the	   sample	   preparation	   conditions	   show	   features	  
between	  285	  and	  292	  eV	   that	  are	  due	   to	   functionalization	  of	  
the	  sp2	  carbon	  lattice.	  We	  note	  that	  these	  features	  are	  rather	  
broad	   and	   there	   are	   several	   components	   that	   are	   difficult	   to	  
extract	  reliably,	  which	  it	  not	  surprising	  given	  the	  heterogeneity	  
expected	   from	   implantation,	   sputtering,	   and/or	   subsequent	  
exposure	   to	   air.	   We	   applied	   peak	   fitting	   analysis	   to	   aid	   in	  
identifying	   the	   possible	   carbon	   species	   responsible	   for	   the	  
NEXAFS.	  	  The	  region	  286-‐290	  eV	  can	  be	  associated	  with	  many	  

functional	  groups;	  we	  limit	  the	  discussion	  to	  major	  H,	  C,	  O	  and	  
N	   combinations.	   	   Carboxylic	   species,	   -‐C=O,	   have	   been	  
identified	  at	  288.5	  eV.20,	   25-‐27	  The	  most	  dominant	  peak	  occurs	  
near	  288.5	  eV	   for	  all	  preparation	  conditions,	  which	  we	  assign	  
from	   literature	   to	   1s	  →	   π*	   for	   -‐C=O	   carboxylic	   species.	   The	  
region	   of	   286-‐287	   eV	   in	   the	   C	   1s	   NEXAFS	   contains	   several	  
different	   carbon	   species,	   carbon-‐oxygen	   and	   carbon-‐nitrogen	  
including:	  aromatic	  –C-‐OH;28	  and	  sp2	  –C-‐OH;29	  pyrrolic	  –C-‐N-‐C-‐;	  
30,	  31	  and	  nitrilic	  –C≡N	  (286.2	  eV).32	  The	  fitting	  analysis	  yielded	  a	  
peak	   near	   286.1	   eV.	   We	   assign	   this	   feature	   to	   a	   “dangling”	  
nitrilic	  –C≡N,	  which	  will	  be	  further	  discussed	  in	  more	  detail	  for	  
the	  N	  1s	  NEXAFS	  (Fig	  2).	   	  The	  features	  near	  288	  eV	  for	  NI	  and	  
NIPR	  are	  assigned	  to	  –C≡N	  species	  in	  pyridinic	  structure	  based	  
on	  previous	  work	  on	  carbon	  nitride	  films.33	  	  	  We	  also	  note	  the	  
–C-‐H	  bond	  is	  found	  at	  287.5	  eV.20	  Molecular	  pyridinic	  –C-‐N-‐C-‐	  
has	  been	  identified	  at	  287.4	  eV34.	  

As	   mentioned	   above	   the	   electrochemical	   cycling	   leads	   to	  
features	   that	   are	   associated	  with	   long-‐range	  order	   in	   carbon.	  	  
We	   propose	   that	   the	   electrochemistry	   has	   the	   ability	   to	   do	  
work	  on	   the	  system	  to	   remove	  and/or	   reform	  carbon	  defects	  
formed	   by	   the	   substrate	   preparation.	   	   The	   result	   produces	  
NEXAFS	   that	   indicates	   a	   carbon	   structure	   with	   long-‐range	  
order	  improved	  to	  that	  of	  the	  as	  processed.	  	  The	  impact	  to	  the	  
electrochemistry	   is	   that	   carbon	  defects	   do	  not	  persist	   in	   that	  
environment	   and	   therefore	   their	   participation	   in	  
electrochemical	  processes	  would	  come	  at	  a	  diminishing	  level.	  	  	  

	  
2.2	  N	  1s	  NEXAFS	  

	   Figure	   2	   shows	   the	   normalized	   N	   1s	   NEXAFS	   data	   and	  
fitting	  results.	  Based	  on	  previous	  work	  under	  similar	  conditions	  
the	   estimated	   ion	   implantation	   depth	   into	   the	   HOPG	   is	   5-‐10	  
nm.9	   	   The	   reported	   spectra	   are	   from	   the	   total	   electron	   yield,	  
which	  was	  selected	  based	  on	  best	  signal	  to	  background.	  	  Auger	  
electron	   yield	   was	   also	   collected	   but	   did	   not	   exhibit	   suitable	  
signal-‐to-‐background	  for	  analysis.	  	  The	  peak	  positions	  from	  the	  
fitting	   analysis	   are	   given	   in	   Table	   2.	   	   Samples	   implanted	  with	  
nitrogen	  (NI,	  NIPR,	  NIPREC)	  all	  have	  common	  features	  in	  the	  1s	  
→	   1π*	   region	   (Eγ	   <	   406.0	   eV)	   in	   the	   form	   of	   three	   peaks	  
situated	  near	  398.4,	  399.5,	  and	  400.7	  eV.	  Table	  2	  also	  provides	  
the	   total	   area	   of	   the	   respective	   NEXAFS	   spectra	   prior	   to	  
intensity	  normalization.	  	  This	  total	  area	  provides	  a	  measure	  of	  
the	   absolute	   nitrogen	   content	   resulting	   from	   the	   sample	  
preparation.	   	   The	   data	   in	   Figure	   2	   have	   been	   plotted	   after	  
being	   normalized	   to	   the	   respective	   areas	   in	   Table	   2.	   	   The	  
nitrogen	  content	  increases	  from	  NI	  to	  NIPR,	  which	  is	  consistent	  
with	   previous	   XPS	   studies35	   	   Most	   important,	   there	   is	   no	  
significant	   loss	   of	   nitrogen	   content	   from	   electrochemical	  
cycling.	  	  	  

Nitrogen	  functionalization	  and	  associated	  NEXAFS	  features	  
have	   been	   well	   documented	   in	   the	   literature	   for	   nitrogen	  
modified	   carbon	  materials,	   i.e.	   the	  N	  1s	  →	   π*	   transitions	   for	  
pyridinic	  (398.3	  eV),	  nitrilic	  (399.5	  eV),	  and	  graphitic	  (400.7	  eV)	  
nitrogen	  species.21,	  22,	  32,	  36-‐39	  Shimoyama	  et	  al.	  studied	  nitrogen	  
implanted	   HOPG	   and	   reported	   the	   incident	   X-‐ray	   angle	  
dependence	   of	   these	   features,	   demonstrating	   a	   structure	  
where	  the	  nitrilic	  nitrogen	  was	  connected	  to	  the	  edge	  sites	  of	  

Figure	  2.	   	  NEXAFS	  data	  and	  fits	  for	  Nitrogen	  1s	  absorption	  edge	  for	  NI,	  NIPR,	  and	  
NIPREC	  sample	  preparation	  conditions.	  	  Nitrogen	  implantation	  produces	  pyridinic,	  
nitrilic,	  and	  graphitic	  species	  as	  observed	  by	  the	  peaks	  near	  399	  eV.	   	  	  Subsequent	  
processing	   causes	   these	   specific	   functionalities	   to	   be	   reduced	   but	   the	   overall	  
nitrogen	  content	  does	  not	  change	  significantly.	  	  See	  Table	  2.	  	  	  
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graphitic	  sheets	  and	  that	  the	  graphitic	  nitrogen	  π	  orbitals	  were	  
coplanar	   with	   the	   graphitic	   carbon	   π	   orbitals.21,	   22	   Graphitic,	  
pyridinic	  and	  nitrilic	  nitrogen	  and	  their	  angular	  dependence	  in	  
XAS	  have	  also	  been	  reported	  for	  sub-‐percent	  concentration	  of	  
nitrogen	   in	   graphene.39	   	   	   We	   did	   not	   observe	   any	   angle	  
dependence	   of	   the	   intensity	   in	   these	   peaks,	   which	  
demonstrate	  the	  absence	  of	  well-‐defined	  high-‐symmetry	  sites	  
of	   the	  nitrogen-‐containing	  functional	  groups	   .	  We	  note	  that	  –
N=O	  has	  been	  reported	  at	  399.1	  eV.20	  Also,	  the	  N	  1s	  NEXAFS	  of	  
porphyrin	   gives	   N	   1s	  →	   π*	   resonances	   near	   398.3	   eV	   and	  
400.3	   eV.40,	   41	   	  Pyrrole has been assigned to the	   C	   1s	  →	   1π*	  
peak	  at	  288.3	  eV.31,	  and	  to	  the	  N1s	  →	  π*	  transition	  at	  402.1-‐3	  
eV.30,	  31	  Since	  spectral	  features	  not	  clearly	  distinguished	  in	  any	  
of	   our	   N1s	   NEXAFS	   data,	   we	   assume	   a	   limited	   presence	   of	  
pyrrolic	  nitrogen	  in	  our	  samples.	  
	   The	   N	   1s	   →	   σ*	   region	   (Eγ	   >	   406.0	   eV)	   is	   more	  
straightforward	   to	   interpret	   than	   the	  C	  1s	  →	  σ*	   region	   since	  
the	   signal	   is	   solely	   associated	   with	   the	   nitrogen	   containing	  
functional	   groups	   and	   not	   the	   carbon	   matrix.	   	   Graphitic	  
nitrogen	  can	  be	  associated	  with	  a	  σ*	   resonance	  at	  405	  eV	   32,	  
pyridinic	   C-‐N	   σ*	   features	   in	   pyridine	   have	   been	   observed	   at	  
408	  eV	  and	  414	  eV.34	  	  In	  our	  case,	  for	  the	  NI	  and	  NIPR	  the	  σ*	  
region	   is	   rather	   broad	   and	   featureless	   which	   indicate	   a	  
multitude	  of	  local	  structures	  with	  varying	  C-‐N	  bond	  lengths.	  	  
	   Electrochemical	  cycling	  produces	  dramatic	  changes	  in	  both	  
the	  π*	  and	  σ*	  N	  1s	  NEXAFS.	   	  The	  π*	  /	  σ*	   	   ratios	  are	   roughly	  
equivalent	   for	   the	   NI	   and	   NIPR	   cases	   where	   as	   the	   π*	   are	  
approximately	  half	  the	  height	  of	  the	  σ*	  region	  for	  NIPREC.	  The	  
σ*	   transitions	   for	   NI	   and	   NIPR	   show	   broad	   continuum	  
resonances	   consistent	   with	   structural	   heterogeneity.	   The	   σ*	  
region	  for	  the	  NIPREC	  condition	  exhibit	  a	  well-‐defined	  peak	  at	  
around	   406	   eV	   as	   well	   as	   increased	   fine	   structure	   at	   higher	  
energy.	  	  The	  changes	  in	  the	  N	  1s	  due	  to	  electrochemical	  cycling	  
are	   consistent	   with	   the	   C	   1s	   NEXAFS	   that	   show	   reduced	  
functionalization	   and	   increased	   carbon	   lattice	   order.	  	  
Specifically,	   the	   formation	   of	   a	   well	   defined	  σ*	   is	   consistent	  
with	   a	  more	  narrow	  distribution	  of	   species	  with	   similar	   bond	  
length.20	  	  

The	   reduction	   of	   primarily	   the	   nitrilic	   peak	   at	   399.5	   eV	   is	  
indicative	  of	  the	  loss	  of	  nitrile	  groups.	  This	  is	  not	  surprising	  as	  
the	   –C≡N	   would	   either	   be	   attached	   the	   basal	   plane	   of	   the	  
HOPG	  or	  at	  sp3	  carbon	  defects.	  The	  total	  area,	  however,	  from	  
Table	   2	   would	   suggest	   that	   nitrogen	   is	   not	   lost	   during	  
electrochemical	   cycling.	   	   Again	   we	   note	   the	   data	   shown	   in	  
Figure	  2	  has	  been	  normalized	  by	  the	  respective	  area	  values	  in	  
Figure	  2.	  	  The	  reduced	  π*/σ*	  ratio	  is	  indicative	  of	  a	  reduction	  
of	   unsaturated	   nitrogen	   local	   configuration	   (strong	   π*	  
resonances)	   and	   an	   increase	   of	   saturated	   nitrogen	   local	  
configurations	   that	   are	   not	   graphitic.	   We	   propose	   that	   the	  
nitrogen	   in	   the	   nitrile	   groups	   and	   other	   polydisperse	   species	  
that	   originate	   in	   sample	  preparation	   could	  be	   converted	   to	   a	  
form	  where	  π	  bonding	   is	  minimal.	  Some	  π	  bonding	   is	   in	  any	  
case	  retained	  after	  electrochemical	  cycling	  as	  evident	  in	  Figure	  
2.	  	  

Several	   amine	   groups,	   such	   as	   those	   in	  
tetrakisdimethylamino	  silane,	  are	  candidates	  that	  demonstrate	  
similar	  spectral	  features	  in	  the	  NEXAFS.42,	  43	  	  The	  actual	  nature	  

of	   the	   nitrogen	   groups	   would	   be	   a	   protonated	   –NH3+	  
(ammonium)	   due	   to	   the	   acidic	   conditions	   of	   the	  
electrochemical	   cycling.	   	   After	   cycling	   the	   ammonium	   may	  
return	   to	   amino,	   -‐NH2,	   otherwise	   an	   ammonium	   salt	   would	  
need	   to	   form.	   This	   was	   not	   observed	   nor	   expected.	   	   The	  
spectral	   differences	   for	  NEXAFS	  would	   not	   be	   distinguishable	  
for	  amino	  or	  ammonium	  with	  our	  experimental	  capabilities	   in	  
any	  case.	  For	  convenience,	  we	  will	  treat	  amine	  and	  ammonium	  
as	  the	  same	  and	  refer	  to	  them	  as	  amino.	  	  	  

The	   observed	   restructuring	   of	   nitrogen	   groups	   upon	  
electrochemical	  cycling	  gives	  insight	  into	  the	  moieties	  that	  are	  
likely	   to	   persist	   throughout	   the	   catalyst	   life	   span.	   	   From	   the	  
changes	   described,	   there	   remains	   pryridinic,	   some	   nitrilic,	  
graphitc	  and	  possible	  amino	  groups.	  	  From	  the	  DFT	  studies,	  we	  
understand	   that	   the	   pyridinic	   groups	   would	   be	   best	   for	  
interacting	  with	   the	  metal	   catalyst	  and	  by	   this	   same	  measure	  
the	   graphitic	   are	   not	   likely	   to	   be	   important	   for	   metal	  
interactions.	   	   The	   inclusion	   of	   nitrilic	   and	   possibly	   amino	  
groups	  has	  not	  been	  considered	  within	  the	   literature.	   	   	  These	  
moieties	   could	   impact	   both	   the	   interaction	   with	   the	   metal	  
atoms	   and	   electrochemical	   processes.	   The	   pyridinic,	   nitrilic,	  
and	   amino	   groups	   all	   act	   as	   Lewis	   bases	   and	   lie	  within	   close	  
proximity	  to	  catalyst	  sites.	  	  	  
	  
2.3	  O	  1s	  NEXAFS	  

	   In	  Figure	  3	  we	  show	  the	  data	  and	  fitting	  results	  for	  the	  O	  1s	  
NEXAFS	   for	   the	   various	   sample	   conditions.	   The	   fitted	   peak	  
positions	  and	  the	  total	  area	  prior	  to	  normalization	  for	  the	  O	  1s	  
spectra	  are	  given	   in	  Table	  3.	   	  A	  broad	  peak	   in	  the	  O	  1s	  →	  π*	  
region	  (Eγ	  <	  537.0	  eV)	  located	  near	  532	  eV	  is	  present	  in	  all	  the	  

Figure	  3.	   	  Oxygen	  1s	  NEXAFS	  data	  and	  fits	  for	  the	  sample	  preparation	  conditions.	  
Oxygen	   species	   due	   to	   air	   exposure	   become	   less	   polydisperse	   due	   to	  
electrochemical	   cycling	   (NIPREC).	   	   This	   correlates	   with	   losses	   of	   polydisperse	  
carbon	  from	  the	  C	  1s	  NEXAFS.	  
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samples.	   	   This	   peak	   is	   typically	   associated	  with	   –C=O	   species	  
although	   it	   is	   somewhat	   insensitive	   to	   the	   type	   of	   carbonyl	  
species	   (e.g.	   carboxylic	   vs.	   ketone).	   The	   peak	   could	   also	   be	  
related	  to	  –N=O	  species.	   	  A	  reduction	   in	   intensity	  of	  the	  peak	  
at	  532	  eV	  is	  directly	  related	  to	  a	  loss	  of	  –R=O	  species	  where	  ‘R’	  
could	   be	   carbon	   or	   nitrogen.	   	   The	   π*	   for	   the	   NIPR	   is	   nearly	  
equal	   to	   the	  1s	  →σ*	   	   (Eγ	  >	  537.0	  eV)	  whereas	   it	   is	  much	   less	  
for	   the	   NI	   and	   NIPREC.	   	   We	   interpret	   this	   as	   the	   extended	  
oxidation	   due	   to	   exposure	   to	   air	   after	   the	   Pt:Ru	   deposition.	  	  
The	  loss	  of	  the	  π*	  peak	  for	  NIPREC	  is	  suggestive	  of	  a	  loss	  of	  –
C=O	  and	  possible	  –N=O.	  	  The	  O	  1s	  →σ*	  region	  displays	  peaks	  
near	   536	   and	   539	   eV,	   which	   can	   be	   associated	   with	   single	  
bonded	   oxygen,	   e.g.	   –C-‐O-‐C–	   and	   –OH.	   	   Peaks	   can	   also	   be	  
found	  near	  544	  and	  560	  eV.	  	  (Note: that the σ* resonances for 
carbonyl (-‐C=O)	  have	  been	  reported	  at	  544.0	  eV.20 ) 

Several changes occur in the O 1s NEXAFS in each 
processing step.  We find that the total area of the O 1s 
NEXAFS increases going from NI to NIPR to NIPREC (Table 
3). This shows that each step introduces more oxygen species 
with NIPR causing the greatest increase.  With respect to the 
spectra in Figure 3, the	   height	   of	   the	   1s →	   π*	   is	   nearly	  
equivalent	   to	   the	   1s	  →σ*	   for	   the	   NIPR	  where	   as	   the	   NI	   and	  
NIPREC	   have	   a	   π*	   that	   are	   approximately	   one	   third	   the	   σ*.	  	  
The	   NI	   treatment	   introduces	   some	   oxygen	   species	   at	   the	  
expense	  of	  sp2	  carbon	  based	  on	  the	  reduction	  of	  the	  π*	  peak	  
in	   the	  C	  1s	   spectra.	  The	  subdued	  π*	  peak	   in	   the	  NI	   condition	  
and	  the	  σ*	  near	  536	  eV	  could	  originate	  for	  –OH	  upon	  exposure	  
to	   ambient	   moisture.	   The	   NIPR	   condition	   introduces	   more	  

oxygen	  species	  in	  the	  sp2	  carbon.	  	  These	  species	  tend	  to	  have	  a	  
greater	   degree	   of	   –C=O.	   Similar	   to	   the	   nitrogen	   XAS,	   we	  
observe	   the	   greatest	   changes	   to	   the	   spectra	   after	  
electrochemical	  cycling.	  The	  π*	  peak	   is	  greatly	  reduced	   in	  the	  
NIPREC	   compared	   to	   the	   NIPR,	   which	   clearly	   indicates	   a	  

decrease	  of	   the	  –C=O	  species.	   	  The	  peaks	   in	   the	  1s	  →σ*	  also	  

become	   more	   well	   defined,	   indicating	   a	   loss	   of	   polydisperse	  
oxygen	   species,	   similar	   to	   the	  nitrogen	   functionalized	  groups.	  
Similar	   to	   the	   argument	   for	   the	   formation	   of	   amino	   groups	  
based	  on	  the	  N	  1s,	  the	  O	  1s	  spectra	  exhibit	  1s	  →σ*	  similar	  to	  
several	   alcohols	   investigated	   by	   Hitchcock	   et	   al.42	   	   Thus	   we	  
hypothesize	   that	   the	   electrochemical	   cycling	   increases	   the	  
amount	  of	  –OH	  groups	  via	  protonation	  in	  an	  acidic	  media.	  	  	  
	  
2.4	  Pt	  and	  Ru	  XPS	  

	   The	  normalized	  Pt	  4f	   XPS	  data	   is	   given	   in	  Figure	  4	   for	   the	  
NIPR	   and	   NIPREC	   cases.	   The	   NIPR	   sample	   condition	   shows	   a	  
chemical	   shift	   of	   the	   Pt	   4f	   doublet	   within	   the	   uncertainty	   of	  
the	  measurement.	   	   This	   suggests	   that	   the	   platinum	   is	   almost	  
entirely	  in	  metallic	  form.	  	  The	  data	  for	  the	  NIPREC	  show	  a	  shift	  
of	   +1.0	   ±	   0.2	   eV	   and	   the	   shape	   of	   the	   Pt4f	   doublet	   is	   not	   as	  
well	   defined.	   	   The	   onset	   of	   oxidation	   for	   platinum	   can	   be	  
measured	  with	  positive	  chemical	  shift	  of	  the	  binding	  energy.44,	  
45	   These	   results	   suggest	   the	   electrochemical	   cycling	   leads	   to	  
some	  platinum	  oxidation.	  	  
	   The	   normalized	   Ru	   3d	   and	   3p	   XPS	   are	   shown	   in	   Figure	   5.	  	  
The	  C	  1s	  and	  Ru	  3d3/2	  binding	  energies	  are	  very	  close	  at	  384.5	  
eV	  and	  384.2	  eV,	   respectively.	   Some	  overlap	   is	  expected,	  but	  
the	  3d3/2	  photoelectron	  cross	  section	  is	  smaller	  than	  the	  3d5/2	  
thus	  the	  contribution	  to	  the	  peak	  near	  384.5	  eV	  is	  small.	   	  We	  
included	  the	  Ru	  3p	  data	  to	  support	  the	  main	  observation	  that	  
after	   electrochemical	   cycling,	   the	   Ru	   signal	   drops	   below	   the	  
signal	  detection	  limit.	  	  This	  is	  not	  surprising	  as	  Ru	  loss	  in	  acidic	  
conditions	  is	  well	  known	  and	  a	  significant	  problem	  for	  DMFCs.	  	  

3.	  Experiment	  
3.1	  Sample	  preparation	  

Figure	   4.	   	   Platinum	   4f	   XPS	   data	   for	   the	   NIPR	   and	   NIPREC	   sample	   preparation	  
conditions.	   	   The	   NIPREC	   binding	   energy	   data	   has	   shifted	   +1	   eV	   higher	   and	   is	  
broadened.	  	  The	  dashed	  line	  marks	  the	  Pt	  4f7/2	  binding	  energy	  of	  71.2	  eV.	  	  	  	  	  	  	  

Figure	  5.	  	  Ruthenium	  3d	  and	  3p	  XPS	  data	  for	  NIPR	  and	  NIPREC.	  	  The	  Carbon	  1s	  and	  
Ru	  3d3/2	  peaks	  overlap	  within	  the	  uncertainty	  of	  the	  binding	  energy.	  	  
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The	   experimental	   details	   of	   the	   HOPG	   preparation	   have	  
been	  described	  in	  detail	  elsewhere.9,	  10	  The	  samples	  consisted	  
of	   grade	   2	   HOPG	   sized	   10×10×1	   mm	   	   (SPI	   Inc.).	   	   Ion	  
implantation	  was	  performed	  at	  room	  temperature	  in	  a	  vacuum	  
chamber	   using	   nitrogen	   gas	  with	   an	   ion	   beam	  energy	   of	   100	  
eV,	   ion	  current	  of	  13.5	  mA	  and	  an	   implantation	  time	  of	  ~45	  s	  
with	   the	   ion	   beam	   directed	   55˚	   off	   the	   sample	   normal.	   	   The	  
estimated	   ion	   dose	   for	   this	   condition	   was	   5×1016	   ions/cm2.	  	  
The	  samples	  were	  then	  transferred	  in	  air	  to	  a	  different	  vacuum	  
system	   for	   metal	   deposition.	   	   Platinum-‐ruthenium	   was	  
sputtered	  onto	  the	  HOPG	  surface	  using	  a	  2	  inch,	  Pt:Ru	  (50:50)	  
alloy	   target	   with	   an	   Onyx	   magnetron	   II	   (Angstrom	   Science).	  	  
Magnetron	   sputtering	   using	   argon	   processing	   gas	   (20	  mTorr)	  
was	   performed	   in	  DC	  mode	   at	   constant	   power	   of	   20	  W	  with	  
~360	  V	  potential	  for	  5	  s.	  
	  	  Electrochemical	   cycling	   was	   performed	   in	   an	   aqueous	  
solution	  of	  1	  M	  H2SO4	  with	  the	  HOPG	  as	  the	  working	  electrode,	  
a	   platinum	   counter	   electrode	   and	   a	   reference	   electrode	   of	  
Ag/AgCl.	  	  The	  potential	  was	  cycled	  300	  times	  from	  0	  to	  1.1	  V	  vs	  
Ag/AgCl	  at	  a	  scan	  rate	  of	  250	  mV/s.	  The	  cycling	  was	  performed	  
using	  a	  electrochemical	  cell	  where	  an	  o-‐ring	  seal	  was	  pressed	  
against	   the	  HOPG	  surface	  to	  expose	  an	  8	  mm	  circular	  area	  of	  
the	  working	  electrode.	  
	  
3.2	  Synchrotron	  measurements	  

The	  NEXAFS	  data	  were	  collected	  at	  end	  station	  10-‐1	  of	  the	  
Stanford	   Synchrotron	   Radiation	   Lightsource	   (SSRL)	   in	   SLAC	  
National	  Accelerator	   Laboratory.	   	   The	  Beamline	   (10-‐1)	   uses	   a	  
wiggler	   insertion	   device	   and	   a	   spherical	   grating	  
monochromator,	   yielding	   a	   linear	   polarization	   of	   ~80%,	   an	  
energy	  resolution	  (ΔE/E)	  better	  than	  2×10-‐4,	  and	  a	  spot	  size	  of	  
<1	  mm2.	  The	  analysis	  chamber	  is	  operated	  at	  a	  vacuum	  of	  ~10-‐
9	  torr	  and	  is	  equipped	  with	  a	  cylindrical	  mirror	  analyzer	  (CMA,	  
PHI	   Inc),	   a	   Channeltron	   total	   electron	   yield	   detector,	   and	   a	  
sample	   translation	   stage	   that	   provides	   x-‐y-‐z	   rotation	   of	   the	  
sample.	   Auger	   Electron	   Yield	   was	   collected	   by	   measuring	   a	  
wide	  (~2	  eV)	  window	  using	  the	  CMA	  set	  at	  or	  below	  the	  main	  
Auger	   energy	   of	   each	   element.	   The	   incoming	   flux	   was	  
normalized	   by	   monitoring	   the	   beam	   flux	   with	   a	   gold	   mesh	  
mounted	   upstream	   of	   the	   main	   chamber.	   The	   slits	   of	   the	  
monochromator	  were	  opened	  to	  provide	  intermediate	  energy	  
resolution	   (<0.2	   eV)	   in	   the	   NEXAFS,	   and	   in	   the	   XPS	  
measurements,	  the	  CMA	  analyzer	  was	  operated	  at	  50	  eV	  pass	  
energy	  for	  a	  resolution	  of	  about	  0.5	  eV	  (~0.7	  eV	  total).	  	  

The	   energy	   scale	   of	   the	   NEXAFS	   scans	   was	   calibrated	   by	  
first	  correcting	  monochromator	  energy	  drifts	  by	  simultaneous	  
collection	   of	   a	   reference	   spectra	   from	   a	   calibration	   sample	  
intercepting	  a	  few	  percent	  of	  the	  beam	  upstream	  of	  the	  main	  
chamber,	  IREF(E),	  for	  all	  scans.	  	  The	  reference	  data,	  IREF(E),	  were	  
then	   fit	   to	   the	   data	   of	   the	   HOPG	   control,	   ,	  
according	  to:	  

[1]	  
with	  p	  terms	  being	  fitting	  constants	  and	  ε0	  providing	  the	  shift	  
in	   energy	  of	   the	   reference	   relative	   to	   the	  HOPG	   control.	   This	  
method	   enabled	   all	   data	   to	   be	   aligned	   to	   the	   same	   energy	  
scale.	   The	   absolute	   energy	   scale	   was	   then	   determined	   by	  

comparison	  to	  standards:	  	  the	  C	  1s	  σ*	  exciton	  (291.65	  ±	  0.025	  
eV);46	   	   the	  nitrilic	  N	  1s→	  π*	   	   	  peak	  at	  399.5	  eV;21,	   22	   the	  pre-‐
edge	   peak	   of	   the	  O	   1s	   for	  MnO2	   	   (529.2	   eV).

47	   	   The	   electron	  
yield	  for	  the	  samples	  was	  normalized	  to	  the	  signal	  from	  a	  clean	  
gold	   grid	   that	   was	   taken	   simultaneously	   with	   all	   spectra.	   A	  
linear	  background	  was	  fitted	  to	  each	  data	  set	  and	  subtracted.	  
The	  data	  were	  then	  area	  normalized	  over	  the	  region	  under	  the	  
curve.	   XPS	  binding	  energies	  were	   calibrated	   to	   the	   carbon	  1s	  
peak	  at	  284.5	  eV	  with	  the	  uncertainty	  being	  	  ±0.2	  eV.	  	  .	  	  	  

The	   fitting	   analysis	   was	   performed	   after	   removal	   of	   the	  
NEXAFS	   step	   features,	   which	   is	   based	   on	   the	   following	  
equation,	  S(x),	  	  from	  Stöhr:20	  	  

𝑆 𝑥 =   𝐴 ∗ !
!
+ !
!
𝑒𝑟𝑓 2 𝑙𝑛2!!!!

!
,	  x	  ≤	  x0	  +σ	  	  [2]	  

where	  A	  is	  the	  step	  height,	  x0	  the	  position	  of	  the	  step,	  and	  σ	  is	  
the	  step	  width.	  	  The	  processed	  data	  were	  fitted	  with	  Gaussian	  
functions.	   The	   Gaussian	   peak	   area	   and	   position	   was	   fit	   as	   a	  
free	   parameter	   whereas	   the	   peak	   width	   was	   either	   held	  
constant	  or	  constrained	  so	  as	   to	  approximate	  a	  physical	  peak	  
broadening	  with	  core-‐hole	  lifetime	  and	  vibrational	  broadening.	  	  
In	   some	   cases	   for	   the	   C	   1s	   spectra,	   an	   additional	   spline	   was	  
subtracted	  to	  address	  the	  complex	  background	  structure.	  	  	  

Conclusion	  
We	   report	   a	   soft	   x-‐ray	   spectroscopy	   study	   of	   nitrogen	  
implantation	   and	   electrochemical	   cycling.	   We	   find	   that	  
nitrogen	  implantation	  introduces	  nitrogen	  species	  and	  defects	  
into	   HOPG.	   The	   primary	   nitrogen	   species	   include	   pyridinic,	  
nitrilic,	   and	   graphitic	   with	   no	   evidence	   of	   pyrolic	   nitrogen.	  	  
Upon	   exposure	   to	   ambient	   conditions,	   the	   carbon	   defects	  
react	  and	  produce	  both	  –C=O	  and	  –C-‐OH	  species.	   	   Sputtering	  
Pt:Ru	   and	   subsequent	   air	   exposure	   introduces	   more	   defects	  
that	   react	  with	   ambient	   oxygen	   to	   increase	   the	   number	   of	   –
C=O	  species.	  Electrochemical	  cycling	  reduces	  heterogeneity	   in	  
both	   –C-‐O-‐	   and	   –C-‐N-‐	   species.	   	   It	   also	   reduces	   unsaturated	  
species	   such	   as	   –C=O	  and	  –C≡N	  denoted	  by	   reduction	  of	   the	  
π*	   peaks	   for	   specific	   species	   such	   as	   nitrile.	   	   The	   result	   is	   a	  
bonding	  with	   a	   stronger	  σ	   character,	   possibly	  with	   hydrogen	  
termination	  such	  as	  –OH	  or	  –NH2.	   	  There	   is	  no	  significant	   loss	  
of	   total	   nitrogen	   area	   from	   cycling.	   	   The	   electrochemical	  
cycling	   also	   leads	   to	   oxidation	   of	   the	   platinum	   and	   loss	   of	  
ruthenium.	   The	   effects	   that	   the	   electrochemical	   processes	  
produce	   on	   support	   materials	   used	   in	   fuel	   cell	   technologies	  
urges	   more	   future	   work	   with	   these	   techniques.	   We	   did	   not	  
observe	   direct	   evidence	   of	   a	   metal-‐support	   interaction	   most	  
likely	   due	   to	   number	   of	   polydisperse	   carbon	   and	   nitrogen	  
species.	   	   The	   results	   provide	   useful	   evidence	   of	   the	   types	   of	  
nitrogen	   species	   that	   are	   present	   after	   electrochemical	  
processes.	  	  This	  should	  be	  incorporated	  into	  future	  efforts	  that	  
seek	   to	   improve	   the	   metal-‐support	   interaction	   within	   this	  
system.	   	   Furthermore,	   additional	   theory	   experiments	   could	  
target	   the	   effects	   on	   the	   metal-‐support	   interaction	   with	   the	  
presence	  of	  amino	  and	  nitrilic	  side	  groups	  on	  a	  carbon	  surface.	  	  
The	   acid-‐base	   chemistry	   of	   these	   groups	   should	   also	   be	  
considered	   for	   the	  electrochemical	   reactions	   that	   are	  used	   in	  
fuel	  cells.	  	  	  

€ 

IREF
HOPG (E)

€ 

IREF
HOPG (E) = p0I(E + ε0) + p1
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Tables	  

Table	  1.	  C	  1s	  π*	  fitting	  results	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Peakè	  
	  
	  
Conditionsê	  

1	   2	   3	   4	   5	  

NI	   285.5	   	   288*	   288.5	   291.6	  
NIPR	  	   285.3	   286.1	   287.8	   288.5	   	  
NIPREC	   285.4	   	   	   288.6	  291.6	  
*Determined	  graphically.	  

	  

Table	  2.	  N	  1s	  fitting	  results	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Peakè	  
	  
	  
Conditionsê	  

1	   2	   3	   4	   5	   Total	  
Area	  
[A.U.]	  

NI	   398.6	   399.6	   400.9	   404.7	   409.5	   7.8	  
NIPR	   398.5	   399.6	   400.8	   404.4	   410.8	   9.40	  
NIPREC	   398.4	   399.6	   400.8	   405.5	   408.9	   10.0	  
	  

Table	  3.	  O	  1s	  fitting	  results	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Peakè	  
	  
	  
Conditio
nsê	  

1	   2	   3	   4	   5	   Total	  	  
Area	  	  
[A.U.]	  

NI	   531.3	   536.3	   	   542.1	   	   1.95	  
NIPR	   531.8	   	   538.4	   543.8	   562.5	   11.4	  
NIPREC	   531.5	   536.7	   537.5	   542.5	   561.0	   14.4	  
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X-‐ray	   absorption	   spectroscopy	   shows	   the	   dramatic	   changes	   a	  
nitrogen	   modified	   carbon	   support	   can	   undergo	   due	   to	  
electrochemical	  processes.	  	  
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