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ABSTRACT:	  We	  establish	  a	  procedure	   for	   the	   fabrication	  of	  electrocatalytically	  active,	  nanoporous	   surfaces	  coated	  with	  Pt	  and	  
exhibiting	  a	  high	  geometric	  area.	  Firstly,	  the	  mechanism	  of	  the	  surface	  reactions	  between	  platinum(II)	  acetylacetonate	  and	  ozone	  
is	   investigated	  by	  piezoelectric	  microbalance	  measurements.	  The	  data	   reveal	   that	  ozone	  oxidizes	   the	  metallic	  Pt	   surface,	   to	  an	  
extent	  which	  can	  exceed	  one	  monolayer	  depending	  on	   the	   reaction	  conditions.	  Proper	   reaction	  parameters	  yield	  a	  self-‐limited	  
growth	  in	  atomic	  layer	  deposition	  (ALD)	  mode.	  Secondly,	  the	  ALD	  procedure	  is	  applied	  to	  porous	  anodic	  substrates,	  the	  morphol-‐
ogy	  and	  the	  crystal	  structure	  of	  the	  deposits	  are	  characterized.	  The	  ALD	  coating	  results	  in	  a	  continuous	  layer	  of	  Pt	  nanocrystallites	  
along	  deep	  pore	  walls	  (aspect	  ratio	  70).	  Thirdly,	  the	  Pt/TiO2	  are	  shown	  to	  be	  electrochemically	  active	  in	  both	  acidic	  and	  alkaline	  
media,	  in	  a	  way	  that	  qualitatively	  conforms	  to	  literature	  precedents	  based	  on	  Pt.	  Finally,	  we	  apply	  the	  anodization	  and	  ALD	  pro-‐
cedure	  to	  commercial	  Ti	  felts	  and	  demonstrate	  systematically	  how	  the	  electrochemical	  current	  density	  is	  increased	  by	  the	  large	  
specific	  surface	  area	  and	  by	  the	  presence	  of	  the	  catalyst.	  Thereby,	  the	  catalyst	  loading,	  as	  well	  as	  its	  efficient	  utilization,	  can	  be	  
optimized	  accurately.	  The	  preparative	  approach	  demonstrated	  here	  can	  be	  generalized	  and	  applied	  to	  the	  various	  electrocatalytic	  
reactions	  of	  energy	  conversion	  devices.	  	  	  	  	  	  	  	  

1.	  Introduction	  

The	  efficient	   and	   affordable	   interconversion	  of	   different	   energy	  
forms	  without	   heat	   generation	   is	   becoming	   increasingly	   desira-‐
ble,	  in	  particular	  with	  photovoltaics	  (light	  to	  electricity),	  batteries	  
and	  fuel	  cells	  (electricity	  to	  fuels	  and	  vice	  versa),	  as	  well	  as	  pho-‐
toelectrochemistry	   (or	   artificial	   photosynthesis).1-‐5	   Optimizing	  
the	   throughput	   of	   such	   energy	   conversion	   devices,	   therefore,	  
amounts	   to	   fine-‐tuning	   the	   intrinsic	   catalytic	   efficiency	   of	   the	  
material,	  on	  the	  one	  hand,	  and	  the	  geometry	  of	  the	  surface,	  on	  
the	   other	   hand,	   so	   that	   none	   of	   these	   two	   aspects	   becomes	  
clearly	   limiting	   over	   the	   other.	   In	   particular,	   a	   transport-‐limited	  
system	   inherently	   under-‐utilizes	   the	   efficient	   catalyst	   available.	  
Conversely,	  the	  overall	  throughput	  of	  a	  system	  limited	  by	  surface	  
reaction	   at	   a	   poor	   catalyst	   could	  be	   increased	   simply	  by	   an	  en-‐
hanced	  porosity.	  Platinum	  is	  well	  established	  as	  a	  most	  efficient	  
catalyst	   for	   water	   reduction	   and	   alcohol	   oxidation,	   two	   promi-‐
nent	   reactions	  of	   energy	   conversion	   (in	  water	   splitting	   and	   fuel	  
cells,	  respectively).6	   Its	  high	  cost	  and	   limited	  resources	  render	   it	  
crucial	  to	  accurately	  control	  its	  efficient	  utilization.	  In	  that	  sense,	  
controlling	  the	  geometry	  of	  an	  electrode’s	  surface	  accurately	  can	  
be	   a	   conduit	   towards	   lowered	   noble	  metal	   loadings	   in	   electro-‐
chemical	  devices,	  and	  thereby,	  to	  more	  competitive	  fuel	  cells.	  

A	  flurry	  of	  activity	  has	  been	  dedicated	  to	  nanostructured	  positive	  
and	   negative	   fuel	   cell	   electrodes	   lately,	   with	   the	   prospects	   of	  

large	   surface	   area	   and	   potentially	   efficient	   usage	   of	   low	   noble	  
metal	  loadings.7-‐9	  However,	  a	  direct	  comparison	  between	  related	  
systems	  has	  been	   rendered	  difficult	  by	   the	   limited	   level	  of	   con-‐
trol	   over	   the	   geometry	   of	   the	   electrode	   surface.	   Indeed,	  
transport	   is	   usually	   modeled	   at	   simple	   geometries.	   In	   the	   ex-‐
treme	  case	  of	  fast	  electrochemical	  reactions	  at	  an	  array	  of	  closely	  
packed,	  parallel	  nanowires	  (convex)	  or	  nanotubes	  (concave),	  the	  
galvanic	  current	   is	  hardly	  affected	  by	  the	  nanowire	  or	  nanotube	  
length	   (and	   thereby	  by	   the	  electrode’s	   geometric	   surface	  area),	  
whereas	  capacitive	  effects	  are	  enhanced	  by	  them.10	  The	  situation	  
is	   a	   completely	   different	   one	  when	   the	   surface	   electrochemical	  
reaction	  steps	  are	  slower	  than	  diffusion:	  in	  this	  case,	  the	  current	  
can	   increase	  with	   the	   specific	   surface	   area,	   in	   some	   cases	   even	  
linearly.11,12	   This	   is	   why	   technically	   relevant	   electrodes	   of	   fuel	  
cells	   are	   always	   porous	   in	   order	   to	   enhance	   the	   geometric	   sur-‐
face	   area	   at	  which	   the	   slow	  multielectron	   transformations	   take	  
place.13,14	  The	  cases	   in	  which	  the	  electrochemical	  characteristics	  
were	   determined	   experimentally	   for	   a	   systematically	   varying	  
length	   of	   an	   arrayed	   nanostructure	   at	   the	   surface	   are	   rare.13	  
Thus,	   the	   development	   of	   preparative	   methods	   tailored	   to	   the	  
accurate	   definition	   of	   nanostructured	   surfaces	   the	   geometry	   of	  
which	   is	   simple,	  well	   defined	   and	   tunable,	   is	   a	   crucial	   determi-‐
nant	   of	   experimental	   advances.	   Some	  model	   electrode	   systems	  
have	  been	  proposed	  (such	  as	  melt-‐pulled	  Pt	  wires	   in	  glass	  capil-‐
laries,	  electroless	  coated	  metals	  in	  polycarbonate	  templates,	  and	  
elongated	   metallic	   lines	   prepared	   by	   standard	   thin	   film	   tech-‐
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niques),	   but	   they	   do	   not	   provide	   order	   on	   a	   large	   scale,15-‐19	   so	  
that	   the	   diffusion	   profiles	   overlap	   in	   an	   ill-‐defined	   manner.15	  
Conversely,	   a	   very	   accurate	   and	   tunable	   distance	   between	  
neighbors	   can	   be	   achieved	   by	   conventional	   micromachining	  
techniques,	   with	   a	   limitation	   on	   the	   size	   of	   the	   structures	   pro-‐
duced.20,21	  

We	  propose	  an	  ordered	  nanoporous	   template	  such	  as	   that	  pro-‐
vided	  by	  anodic	  oxides	  to	  provide	  both	  advantages	  of	  order	  and	  
small	   sizes	   simultaneously.22-‐28	   In	   addition	   to	   the	   fundamental	  
aspect	  of	  an	  accurately	  defined	  geometry	  and	  wide	  tunability	  of	  
pore	  diameter	  and	  length,	  coating	  such	  oxide	  surfaces	  with	  noble	  
metal	  catalyst	  particles	  delivers	  materials	  systems	  akin	  to	  classi-‐
cal	   supported	   catalysts.29	   The	   catalyst	   coating	   has	   been	   per-‐
formed	   by	   electrodeposition	   into	   the	   pores,30,31	   and	   by	   atomic	  
layer	   deposition	   (ALD)	   onto	   the	   pore	   walls.32-‐34	   In	   addition	   to	  
being	   inherently	   suitable	   to	   conformally	   coating	   narrow	   pores	  
based	  on	  its	  self-‐limited	  surface	  chemistry,35,36	  ALD	  provides	  the	  
additional	   advantage	   that	   it	   is	   independent	   on	   the	   electrical	  
properties	  of	  the	  substrate.	  

Thus,	   the	   present	   report	   establishes	   a	   preparative	   method	   for	  
generating	  nanoporous	  Pt	  surfaces	  of	  accurately	  tunable	  geome-‐
try,	   demonstrates	   the	   effect	   of	   pore	   length	   on	   electrocatalytic	  
current	   density	   at	  model	   electrodes	   systematically,	   and	   applies	  
the	   methods	   to	   a	   substrate	   of	   technical	   significance.	   First,	   the	  
growth	   mechanism	   of	   Pt	   ALD	   using	   a	   Pt(acac)2/O3	   reaction	   is	  
investigated	  in	  situ	  by	  piezoelectric	  microbalance,	  and	  the	  mate-‐
rial	   is	   characterized	  by	  X-‐ray	  diffraction	   (XRD)	   energy-‐dispersive	  
X-‐ray	   spectroscopy	   (EDS),	   and	   scaning	   electron	   microscopy	  
(SEM).	   Secondly,	   the	   ALD	   procedure	   is	   applied	   to	   a	   variety	   of	  
anodized	   substrates	   (planar	  Al,	   planar	   Ti,	   and	  Ti	   fleece).	   Finally,	  
the	   electrochemical	   performance	   of	   the	   catalytic	   systems	   is	  
compared	  by	  cyclic	  voltammetry	  (CV)	  for	  the	  electrooxidation	  of	  
ethanol	  and	  the	  hydrogen	  evolution	  reaction.	  

2.	  Experimental	  	  

Standard	   chemicals	   were	   purchased	   from	   Sigma	   Aldrich	   and	  
VWR.	  Water	  was	  purified	  in	  a	  Millipore	  Direct-‐Q	  system.	  
	  
Growth	  of	  nanostructured	  catalysts	  supports.	  Anodic	  aluminum	  
oxide	   (AAO)	   membranes	   have	   been	   prepared	   according	   to	   the	  
usual	   so-‐called	   2-‐step	   anodization	   process.37	   Al	   foils	   (99.99%	  
pure)	   were	   purchased	   from	   SmartMembranes.	   The	   AAO	   pores	  
have	   been	   grown	   in	   1%	   phosphoric	   acidic	   solution	   under	   an	  
applied	   voltage	   of	   195	  V	   at	   2°C.	   Home-‐made	   PVC	   beakers	   have	  
been	  used	   to	  maintain	   the	  Al	   samples	  and	  Ag	  wires	  maintained	  
on	  a	  stirrer	  were	  used	  as	  counter	  electrode.	  An	  EA-‐PS	  8360-‐10	  DT	  
power	   supply	   was	   used	   to	   control	   the	   applied	   potential.	   TiO2	  
nanotubes	   (TiO2-‐nt)	   have	   been	   grown	   from	   Ti	   foils	   purchased	  
from	  Advent	  Materials	   (99.6%	   in	   purity)	   in	   an	   aqueous	   electro-‐
lyte	  containing	  1	  M	  H3PO4,	  1	  M	  NaOH	  and	  0.5%	  HF	  at	  room	  tem-‐
perature	  under	  a	  potential	  of	  20	  V	  for	  1	  h.	  The	  Ti	  foils	  were	  clea-‐
ned	  beforehand	   in	   successive	  acetone,	   isopropanol	  and	  ethanol	  
baths	   under	   ultrasonication	   for	   5	  min	   and	   dried	   in	   a	   nitrogen	  
flow.	  The	  Ti	  felts	  were	  provided	  by	  Bekaert.	  They	  were	  anodized	  
in	   glycerol	   and	   0.5	  wt.-‐%	  NH4F	   under	   various	   applied	   potentials	  
from	  10	  to	  40	  V.	  An	  EA-‐PS	  2342-‐06	  B	  power	  supply	  was	  used	  for	  
growing	  the	  pores	  from	  both	  Ti	  foils	  and	  felts.	  
	  
Atomic	   layer	   deposition.	   ALD	   coatings	   were	   performed	   in	   a	  
commercial	  GEMStar-‐6	  ALD	  reactor	  from	  Arradiance.	  The	  precur-‐

sors	   employed	   were	   Pt(acac)2	   purchased	   from	   ABCR	   and	   O3	  
generated	  from	  a	  BMT	  803N	  ozone	  generator	  using	  oxygen	  pur-‐
chased	  from	  Air	  Liquide.	  The	  Pt(acac)2	  container	  was	  maintained	  
at	  80°C	  and	  connected	  to	  a	  N2-‐boosted	  line,	  whereas	  the	  cham-‐
ber	   temperature	   was	   set	   at	   either	   130°C	   or	   150°C.	   Boosting	  
consists	   of	   injecting	   a	   few	   sccm	   of	   nitrogen	   directly	   into	   the	  
canister	  that	  contains	  the	  precursor	  before	  pulsing	  it	  towards	  the	  
reaction	  chamber.	  The	  standard	  ALD	  sequence	  consists	  of	  pulse,	  
exposure,	  and	  pumping	  steps	  repeated	  over	  one	  cycle,	  with	  the	  
durations	  25	  ms	  /	  1	  to	  30	  s	  /	  60	  s	  and	  40	  ms	  /	  1	  to	  30	  s	  /	  60	  s	  for	  
Pt(acac)2	   and	  O3,	   respectively.	   Cycles	  with	   several	   Pt(acac)2	  mi-‐
cropulses	   contained	   several	   repeats	   of	   the	   pulse	   and	   exposure	  
steps	   before	   the	   60-‐s	   pumping	   step.	   The	   growth	   of	   the	   Pt	   film	  
was	   continuously	   monitored	   in	   situ	   by	   a	   piezoelectric	   crystal	  
microbalance,	   equilibrated	   to	   the	   reactor’s	   temperature,	   based	  
on	  an	  Inficon	  SQC-‐310	  controller	  and	  a	  GaPO4	  crystal	  (R-‐20	  from	  
Piezocryst)	   as	   oscillator.	   We	   will	   use	   the	   convenient	   acronym	  
QCM	   throughout	   the	   text	   to	   abbreviate	   ‘piezoelectric	   crystal	  
microbalance’,	  even	  though	  our	  crystal	  does	  not	  consist	  of	  quartz	  
in	  this	  study.	  Each	  QCM-‐monitored	  deposition	  was	  preceded	  by	  a	  
short	   Al2O3	   ALD	   coating,	   in	   order	   that	   nucleation	   of	   the	   Pt	   film	  
can	  be	   characterized.	  The	  Pt	  magnetron	   sputter	  deposition	  was	  
carried	  out	  (for	  comparison	  purposes)	   in	  a	  Torr	  Research	  Coater	  
CRC-‐622	  equipped	  with	  quartz	   crystal	  microbalance	  monitoring,	  
resulting	  in	  a	  final	  Pt	  layer	  of	  10	  nm	  

Characterization.	   The	   geometry	   of	   the	   structures	   and	   the	  mor-‐
phology	  of	  the	  ALD	  deposits	  were	  observed	  by	  scanning	  electron	  
microscopy	  using	  a	  JEOL	  JSM	  6400	  equipped	  with	  a	  X-‐ray	  photoe-‐
lectron	  detector	  in	  order	  to	  perform	  the	  chemical	  microanalysis,	  
and	   a	   Hitachi	   S-‐4800	   FEG	   SEM.	   The	   crystalline	   structure	   was	  
studied	   by	   powder	   X-‐ray	   diffraction	   measurements	   using	   a	  
Bruker	  D8	  Advance	  diffractometer	  in	  reflection	  mode.	  The	  radia-‐
tion	  length	  corresponds	  to	  Cu	  Kα1	  (1.54056	  Å).	  

Electrochemistry.	   The	   electrochemical	   measurements	   were	  
performed	  at	  room	  temperature	   in	  both	  alkaline	  (1	  M	  KOH)	  and	  
acidic	  (0.5	  M	  H2SO4)	  media,	  with	  and	  without	  addition	  of	  ethanol.	  
The	  cyclic	  voltammogramms	  were	  acquired	  using	  a	  conventional	  
3-‐electrode	  setup	  with	  a	  Gamry	  600	  potentiostat.	  A	  Pt	  mesh	  was	  
used	  as	  counter	  electrode	  with	  an	  Ag	  /	  AgCl	  /	  KCl(sat.)	  reference	  
electrode	  (E°	  =	  0.20	  V	  vs.	  NHE).	  The	  electrolyte	  was	  deoxygenat-‐
ed	  by	  bubbling	  N2	  for	  15	  min	   in	  the	  solution	  before	  starting	  the	  
measurements.	  

3.	  Results	  and	  discussion	  

3.1.	  Atomic	  layer	  deposition	  of	  Pt	  

Let	   us	   first	   investigate	   the	  mechanism	   of	   the	   ALD	   reaction	   be-‐
tween	   platinum(II)	   acetylacetonate	   and	   O3	   to	   deposit	   metallic	  
platinum	   and/or	   platinum	   oxide.38	   We	   choose	   Pt(acac)2	   as	   a	  
significantly	   less	   expensive	   alternative,39	   and	   thereby	  perhaps	   a	  
more	  viable	  one	   in	  applications,	   to	   the	   standard	  Pt	  ALD	  precur-‐
sor,	   the	   platinum(IV)	   (methylcyclopentadienyl)trimethyl,	  
(MeCp)PtMe3.

40-‐42	   The	   vapor	   pressure	   of	   both	   compounds	   is	  
similarly	   low,	   which	   is	   circumvented	   in	   our	   study	   by	   using	   N2	  
boosting.	  Dosage	  of	   the	  Pt	   precursor	   is	   adjusted	  by	   varying	   the	  
number	   of	   ‚micropulses’	   within	   the	   half-‐cycle	   before	   the	   purge	  
from	  1	  to	  8	  s,43	  while	  growth	  is	  monitored	  in	  situ	  by	  QCM.	  
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Figure	  1.	  Growth	  rates	  determined	  as	  a	  function	  of	  the	  Pt(acac)2	  
dosage	  by	  QCM	  for	  depositions	  using	  short	  1	   to	  8	  s	   (green)	  and	  
long	   30	  s	   (red)	   exposure	   times.	   The	   former	   give	   rise	   to	   self-‐
limiting	  ALD	  behavior,	  the	  latter	  do	  not.	  
 
Figure	  1	  shows	  the	  QCM	  growth	  rate	  determined	  in	  steady	  state	  
in	   three	   different	   conditions,	   as	   a	   function	   of	   the	   Pt	   precursor	  
dosage.	   Two	   sets	   of	   conditions	   demonstrate	   ALD	   (self-‐limiting)	  
behavior,	   with	   a	   curve	   that	   approaches	   an	   asymptote	   at	   large	  
dosage:	   the	   150-‐degree	   growth	   with	   short	   exposure	   durations,	  
and	  the	  130-‐degree	  growth.	  The	  saturated	  growth	  rates	  are	  0.8	  
and	  0.6	  Å/cycle,	   respectively,	   comparable	   to	   the	   value	   reported	  
by	  Hämäläinen	  et	  al..38	  The	  third	  set	  of	  conditions	  stands	  in	  stark	  
contrast	  to	  the	  other	  results:	  when	  large	  exposure	  durations	  are	  
used	   between	   the	  micropulses	   at	   150°C,	   growth	   rate	   increases	  
with	   dosage	   in	   a	   linear	   manner,	   inconsistent	   with	   self-‐limiting	  
surface	   chemistry.	   The	   reason	   for	   these	   fundamentally	   distinct	  
behaviors	   is	   provided	   by	   investigating	   the	   details	   of	   the	   QCM	  
curves.	  	  

	  
Figure	   2.	   Mass	   evolution	  measured	   by	   piezoelectric	   crystal	   mi-‐
crobalance	  during	  Pt	  deposition	  carried	  out	  at	  150°C	  with	  5	  s	  (a)	  
and	   30	  s	   (b)	   exposure	   duration.	   The	   light	   blue	   and	   red	   vertical	  
lines	  highlight	  the	  pulses	  of	  Pt(acac)2	  and	  ozone,	  respectively.	  
 
In	   Figure	  2,	   the	  mass	   gain	   curves	   obtained	   at	   150°C	  with	   short	  
and	   long	   exposure	   durations	   exhibit	   contrasting	   shapes.	   The	  
commonality	  is	  that	  mass	  increases	  during	  the	  ozone	  pulse.	  This	  
can	  only	  be	  rationalized	  if	  ozone	  oxidizes	  the	  metallic	  surface,	  as	  
has	   been	   observed	   in	   similar	   conditions	   in	   the	   past.39,44	   In	   the	  
short	   exposure	   conditions,	   Figure	  2a,	   the	   Pt(acac)2	   half-‐cycle	  
results	   in	  a	  further	  mass	  uptake,	  consistent	  with	  the	  self-‐limited	  
immobilization	   of	   one	  monolayer	   of	   it	   by	   the	   reactive,	   oxidized	  
surface.45-‐47	   The	   long	   exposure	   conditions	   (Figure	  2b)	   differ	   in	  
that	  exposure	  to	  Pt(acac)2	  results	  in	  large	  mass	  variations,	  and	  in	  
an	  overall	  mass	  loss.	  Given	  that	  mass	  increases	  overall,	  Pt	  uptake	  
from	  the	  gaseous	  precursor	  must	  be	  correlated	  with	   the	   loss	  of	  
oxygen	  from	  the	  solid	  by	  decomposition	  of	  the	  platinum	  oxide	  to	  
the	  metallic	   state.	   The	  absolute	  mass	   loss	   at	   this	   stage	  exceeds	  
the	   mass	   gain	   over	   each	   cycle,	   therefore	   it	   cannot	   be	   due	   to	  
combustion	  of	  the	  ligands	  alone.	  This	  indicates	  a	  ‚deep’	  oxidation	  
of	  the	  Pt	  surface	  to	  a	  metastable	  oxide,	  followed	  by	  its	  decompo-‐

sition	  triggered	  by	  the	  Pt(acac)2	  —	  again	  a	  precedented	  phenom-‐
enon.44,48-‐50	  
	  

	  

Figure	   3.	   Mass	   evolution	  measured	   by	   piezoelectric	   crystal	   mi-‐
crobalance	   during	   Pt	   deposition	   carried	   out	   at	   150°C	   with	   5	  s	  
exposure	  duration.	  
	  
In	   other	   words,	   the	   ‘short	   exposure’	   conditions	   do	   not	   leave	  
sufficient	   time	   for	   the	   decomposition	   of	   the	   platinum	  oxide,	   so	  
that	   a	   well-‐behaved	   ALD	   growth	   of	   PtO2	   ensues.	   In	   the	   ‘long	  
exposure’	  conditions,	  the	  film	  oscillates	  between	  states	  in	  which	  
it	   is	  metallic	  and	  oxidic.	   In	   this	  case,	   the	  amount	  of	   reactive	  ox-‐
ide,	  capable	  of	  immobilizing	  Pt(acac)2,	  is	  not	  under	  experimental	  
control,	   which	   results	   in	   non-‐ALD	   growth.	   That	   these	   two	   con-‐
trasting	   cases	   are	   close	   is	   demonstrated	   by	   the	   QCM	   data	   rec-‐
orded	   during	   nucleation	   in	   the	   ‘short	   exposure’	   case,	   Figure	  3.	  
During	  the	  first	  30	  cycles	  or	  so	  in	  the	  ALD	  conditions,	  mass	  oscil-‐
lations	  are	  observed	  reminiscent	  of	  those	  that	  prevail	  in	  the	  non-‐
limited	   conditions.	   The	   growth	   then	   slowly	   reaches	   the	   well-‐
behaved	  steady	  state.	  A	  nucleation	  stage	  is	  often	  observed	  when	  
elemental	  metals	  are	  grown	  on	  oxide	  surfaces.51	  The	  transition	  to	  
steady-‐state	  growth	  could	  be	  associated	  with	  coalescence	  of	  the	  
isolated	  nuclei	  to	  a	  continuous,	  more	  thermodynamically	  stable,	  
film.	  This	  effect	  has	  been	  demonstrated	  previously.38	  

Figure	   4.	   Mass	   evolution	  measured	   by	   piezoelectric	   crystal	   mi-‐
crobalance	  during	  Pt	  deposition	  carried	  out	  at	  130°C.	  (a)	  Overall	  
mass	  evolution,	  (b)	  enlarged	  view	  over	  one	  ALD	  cycle.	  	  

At	   a	   deposition	   temperature	   of	   130°C,	   mass	   fluctuations	   are	  
consistently	   observed	   at	   all	   exposure	   durations	   (Figure	  4),	   but	  
with	  a	  smaller	  absolute	  amplitude.	  We	  interpret	  this	  observation	  
as	  indicating	  the	  formation	  upon	  O3	  reaction	  of	  an	  oxide	  species	  
exclusively	   confined	   to	   the	   surface,	   which	   then	   reacts	   with	   a	  
limited	  amount	  of	  Pt(acac)2	  in	  a	  fast	  manner.	  
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Figure	  5.	  (a)	  Close-‐up	  view	  of	  the	  AAO	  pores	  mouth	  coated	  by	  a	  
continuous	  layer	  of	  Pt	  clusters	  grown	  at	  130°C.	  (b)	  Cross	  section	  
view	   of	   AAO	   pores	   filled	   with	   Pt	   deposited	   by	   ALD.	   The	   back-‐
scattered	  electron	   signal	   is	   colored	   in	   sepia	   tone	   to	  highlight	  Pt	  
on	   the	   alumina	   background	   (the	   secondary	   electron	   signal	   is	   in	  
white).	  

The	  ALD	  reaction	  between	  Pt(acac)2	  and	  ozone	  enables	  us	  to	  coat	  
deep	   pores	   conformally	   in	   both	   sets	   of	   self-‐limiting	   conditions	  
defined	  above.	  Figure	  5	   shows	  SEM	  micrographs	  of	  a	  Pt	  deposit	  
performed	  at	  130°C	  on	  anodic	  alumina	  (AAO)	  membranes	  featur-‐
ing	   parallel	   pores	   of	   200	  nm	   diameter.	   The	   close-‐up	   view	   (Fig-‐
ure	  5a)	  shows	  near	  the	  opening	  of	  the	  pores	  that	  the	  Pt	  deposit	  
is	   continuous	   but	   with	   a	   significant	   roughness.	   The	   low-‐
magnification	   cross-‐section	   (Figure	  5b)	   demonstrates	   a	   confor-‐
mal	  Pt	  deposit	  over	  25	  μm	  long	  pores.	  

	  
Figure	  6.	  SEM	  micrograph	  of	  AAO	  membrane	  coated	  by	  Pt	  depos-‐
ited	  by	  ALD	  at	  150°C.	  	  

Depositions	   carried	   out	   at	   150°C	   using	   short	   metal	   exposure	  
durations	  yield	  films	  with	  a	  larger	  roughness	  and	  the	  thickness	  of	  
which	  decreases	  over	  depth	   in	   the	  pores,	  so	  that	  coating	   is	   lim-‐
ited	  to	  an	  aspect	  ratio	  of	  50	  (Figure	  6).	  Note	  that	  in	  freestanding	  

membranes	   (with	   the	   barrier	   oxide	   layer	   removed),	   precursor	  
accesses	  more	  easily	  from	  both	  sides	  of	  the	  membrane	  resulting	  
in	  even	  coating	  at	  an	  aspect	  ratio	  of	  70.	  

	  
Figure	   7.	   X-‐ray	   diffractograms	   of	   Pt	   deposited	   on	   AAO	   mem-‐
branes	  by	  ALD	  at	  130°C	  (a)	  and	  150°C	  (b).	  	  	  	  

The	   crystalline	   structure	   of	   Pt	   films	   supported	   on	   AAO	   mem-‐
branes	  was	  analyzed	  by	  X-‐ray	  diffraction.	  The	  diffractograms	  for	  
both	  films	  grown	  at	  150°C	  and	  130°C	  are	  shown	  on	  Figure	  7.	  The	  
three	  peaks	  located	  at	  2θ	  values	  of	  40.0°,	  46.4°	  and	  67.7°	  can	  be	  
assigned	   to	   the	   [111],	   [200]	  and	   [220]	   reflexes	  of	   the	   fcc	  Pt	   lat-‐
tice.	  This	  polycrystalline	  structure	  of	  Pt	   is	   likely	  the	  cause	  of	  the	  
observed	  film	  roughness.	  Note	  that	  no	  crystalline	  platinum	  oxide	  
is	  evident.	  Furthermore,	  no	  shift	  of	  the	  peaks	  with	  respect	  to	  the	  
pure	  metallic	  reference	  is	  apparent,	  which	  could	  be	  due	  to	  incor-‐
poration	  of	  oxidized	  species.52	  	  

3.2.	   Electrocatalytic	   activity	   of	   a	  model	   Pt/TiO2	   nanotube	   sys-‐
tem	  	  	  	  	  	  	  

Applying	  our	  nanoporous	  Pt	  system	  to	  electrocatalysis	  entails	  the	  
use	   of	   an	   electrically	   conducting	   substrate.	   We	   choose	   anodic	  
TiO2	  tube	  arrays	  for	  this	  purpose.	  Figure	  8a	  shows	  the	  TiO2	  nano-‐
tubes	  grown	   in	  an	  aqueous	   fluorine-‐containing	  electrolyte	  using	  
literature	   procedures).28	   The	   diameter	   of	   the	   pores	   is	   about	  
70	  nm	  and	  the	   length	  approximately	  500	  nm	  for	  1	  h	  of	  anodiza-‐
tion	  at	  20	  V.	  An	  annealing	  is	  performed	  for	  2	  h	  at	  450°C	  in	  air	   in	  
order	  to	  crystallize	  TiO2	   in	  the	  anatase	  phase.	  This	   improves	  the	  
electrical	   conductivity	   of	   the	  material	   as	  well	   as	   its	   subsequent	  
interaction	  with	   the	  metallic	   catalyst.29	   The	  nanotubes	  are	   then	  
functionalized	   by	   depositing	   a	   conformal	   layer	   of	   Pt	   clusters	   by	  
ALD	  at	   130°C	  using	   the	  parameters	   described	   above.	   The	   thick-‐
ness	   of	   the	   deposit	   is	   on	   the	   order	   10	  nm	   (on	   each	   side	   of	   the	  
TiO2	   tube	   wall),	   as	   depicted	   on	   Figure	   8b	   (see	   also	   Supporting	  
Information	  Figure	  S1).	  This	  value	  obtained	  for	  100	  ALD	  cycles	  is	  
compatible	  with	  the	  growth	  rate	  determined	  above.	  
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Figure	   8.	   TiO2	   nanotubes	   (a)	   as	   grown	   by	   anodic	   oxidation	   and	  
(b)	  functionalized	  with	  Pt	  clusters.	  

The	   presence	   of	   Pt	   in	   the	   nanoporous	   samples	   is	   confirmed	   by	  
energy-‐dispersive	   X-‐ray	   spectroscopic	   chemical	   microanalysis	  
(peaks	  at	  2.0,	  9.5	  and	  11.0	  keV	  in	  Figure	  9a).	  The	  X-‐ray	  diffracto-‐
gram	  of	   the	   resulting	  Pt/TiO2	  system	  (Figure	  9b)	   shows	   that	   the	  
new	   substrate	   does	   not	   influence	   the	   polycrystalline	   nature	   of	  
the	  Pt	  deposit.	  Peaks	  at	  40.0°,	  46.4°	  and	  67.7°	  correspond	  to	  the	  
[111],	   [200]	   and	   [220]	   fcc	   Pt	   reflexes.	   Moreover,	   the	   peak	   at	  
about	   26°	   corresponds	   to	   the	   anatase	   phase	   of	   the	   crystalline	  
TiO2	  tubes,	  whereas	  the	  metallic	  Ti	  substrate	  gives	  rise	  to	  recog-‐
nizable	  sharp	  peaks.	  	  

	  
Figure	  9.	  (a)	  X-‐ray	  diffractogram	  and	  (b)	  energy	  dissipative	  X-‐ray	  
spectroscopy	   analysis	   performed	   on	   Pt	   deposited	   by	   ALD	   on	  
annealed	  TiO2	  nanotubes.	  	  

The	   electrochemical	   characteristics	   of	   the	   Pt/TiO2	   nanotubular	  
systems	  are	  qualitatively	  similar	  to	  those	  of	  planar	  systems,53	  as	  
investigated	  by	  cyclic	  voltammetry.	  Starting	  from	  the	  open-‐circuit	  
potential	  (OCP)	  measured	  at	  0.05	  V	  (vs.	  Ag/AgCl),	  the	  cyclic	  volt-‐
ammogram	   (CV)	   recorded	   in	   aqueous	   acidic	   medium	   (0.5	  M	  
H2SO4,	  Figure	  10a)	  shows	  two	  reduction	  peaks	  located	  at	  –0.10	  V	  
and	  –0.19	  V	  on	  the	  cathodic	  scan	   (with	  corresponding	  oxidation	  

maxima	  at	  –0.08	  V	  and	  –0.14	  V.	  They	  correspond	  to	  the	  reductive	  
adsorption	  of	  protons	  as	  hydrogen	  adatoms	  on	  the	  Pt	  surface.	  At	  
–0.27	  V,	   bulk	   dihydrogen	   evolution	   sets	   on.	   This	   shape	   of	   the	  
cyclic	  voltammogram	  is	  fully	  consistent	  with	  reports	  of	  planar	  Pt	  
electrodes	  in	  the	  literature.53	  
The	  same	  conclusion	   is	  reached	  when	  ethanol	  (1	  M)	   is	  added	  to	  
the	   mixture.	   The	   resulting	   CV	   curve	   (Figure	  10b)	   displays	   an	  
oxidation	   onset	   at	   0.40	  V,	   an	   anodic	   maximum	   at	   0.68	  V,	   fol-‐
lowed	  by	  a	  new	  anodic	  maximum	  on	   the	   reverse	   scan.	  This	  be-‐
havior,	   which	   is	   characteristic	   of	   CO	   poisoning	   and	   subsequent	  
surface	  reactivation,	  is	  again	  known	  for	  the	  planar	  Pt	  system.53	  
The	   curves	   recorded	   in	  basic	   conditions	   (Figure	  11)	   display	   very	  
similar	   features,	   shifted	   along	   the	   potential	   axis	   due	   to	   the	   dif-‐
ference	   in	   pH.	   Once	   again,	   the	   surface	   electrochemistry	   of	   our	  
nanotubular	   Pt/TiO2	   system	   conforms	   to	   that	   known	   for	   pure,	  
planar	  Pt.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  

	  
Figure	  10.	  Cyclic	  voltammograms	  of	  Pt	  clusters	  supported	  on	  TiO2	  
nanotubes	   carried	   out	   in	   acidic	   medium	   (0.5	  M	   H2SO4	   (a),	   and	  
0.5	  M	  H2SO4	  +	  1	  M	  EtOH	  (b)).	  Scan	  rate:	  50	  mV/s.	  
	  
Although	   the	   curves	   qualitatively	   conform	   to	   the	   known	   planar	  
case,	  they	  differ	  from	  it	  in	  a	  quantitative	  sense.	  Indeed,	  the	  cur-‐
rent	   densities	   obtained	   are	   significantly	   higher,	   up	   to	   tens	   of	  
mA/cm2.	  Taking	   into	  account	   the	  geometry	  of	   the	   samples,	   this	  
corresponds	   to	  a	  specific	  current	  on	   the	  order	  of	  50	  mA/mg	  Pt,	  
comparable	  to	  the	  state	  of	  the	  art.54	  This	  highly	  efficient	  utiliza-‐
tion	   of	   the	   noble	  metal	   catalysts	   suggests	   that	   our	   preparative	  
method	  might	  be	  of	   interest	   for	   in	  electrochemical	   energy	   con-‐
version	  applications.	  
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Figure	  11.	  Cyclic	  voltammograms	  of	  Pt	  clusters	  supported	  on	  TiO2	  
nanotubes	  carried	  out	  in	  1	  M	  KOH	  and	  in	  1	  M	  KOH	  +	  1	  M	  EtOH.	  
Scan	  rate:	  50	  mV/s.	  
	  
3.3.	  Electrocatalytic	  activity	  of	  a	  real	  Pt/TiO2/Ti	  felt	  system	  

Electrocatalysis	   applications	   such	   as	   fuel	   cells	   and	   electrolyzers	  
typically	   rely	   on	   electrically	   conductive	   fleeces	   or	   felts	   as	   elec-‐
trode	   substrates	   instead	   of	   planar	   foils.	   Graphite	   and	   titanium	  
are	   the	   two	  most	   prominently	   used	  materials	   for	   this	   purpose,	  
which	  withstand	   the	   corrosive	   conditions.	   Transferring	   our	   pre-‐
parative	  procedure	  described	  above	  to	  such	  a	  felt	  implies	  anodiz-‐
ing	  it	  as	  the	  first	  step.	  This	  has	  not	  been	  reported	  to	  date.	  Apply-‐
ing	   40	  V	   to	   such	   a	   commercially	   available	   Ti	   fleece	   (shown	   in	  
Figure	  12a)	  for	  2	  h	  in	  a	  0.5	  wt-‐%	  NH4F	  solution	  in	  glycerol	  as	  the	  
solvent	   results	   in	   the	   formation	   of	   a	   well-‐defined	   nanoporous	  
TiO2	   layer,	  as	  documented	  by	  the	  SEM	  micrographs,	  Figure	  12b-‐
d.	   The	   cross	   section	   views	   (Figure	   12b,c)	   show	   the	   resulting	  
narrow	   tubes	  with	   a	   length	   of	   about	   1.5	  μm	   and	   a	   diameter	   of	  
20	  nm.	  The	  lower	  extremity	  of	  the	  tubes	  (Figure	  12d)	  exhibits	  the	  
typical	   ‘barrier’	   layer	   of	   oxide	   in	   contact	   with	   the	   underlying	  
metal.	   Care	   must	   be	   taken	   to	   rinse	   the	   anodized	   sample	   with	  
ethanol	  exhaustively	  after	  the	  anodic	  treatment	  in	  order	  to	  pre-‐
vent	   that	   the	  nanoporous	  TiO2	   layer	   is	   covered	  by	  a	  dense	  con-‐
tinuous	  oxide	  film	  (see	  Supporting	  Information	  Figure	  S2).	  

The	   anodized	   felts	   are	   subsequently	   coated	   by	   a	   thin	   (5	  nm)	  
catalytic	  layer	  of	  Pt	  by	  ALD	  carried	  out	  at	  130°C	  using	  the	  param-‐
eters	   described	   above.	   For	   comparison	   purposes,	   anodized	   Ti	  
felts	  submitted	  to	  a	  deposition	  of	  10	  nm	  Pt	  by	  magnetron	  sput-‐
tering	  are	  also	  considered.	  

The	   comparison	   of	   the	   electrocatalytic	   activity	   (in	   a	   1-‐M	  H2SO4	  
solution)	  of	  Ti	  felts	  submitted	  to	  various	  treatments	  is	  shown	  on	  
Figure	   13.	   The	   potentials	   are	   measured	   with	   respect	   to	   an	  
Ag/AgCl	   reference	   electrode.	   Starting	   from	   the	   open	   circuit	   po-‐
tential	  measured	  at	  about	  +0.6	  V,	  the	  potentials	  are	  at	  first	  swept	  
anodically	  up	  to	  +1.65	  V,	  after	  which	  the	  CV	  is	  continued	  down	  to	  	  
–0.45	   (at	   100	  mV/s).	   For	   Ti	   felts	   without	   any	   electrochemical	  
treatment	  nor	  Pt	   layer,	   the	   current	  density	   remains	   low	   (below	  
2	  mA/cm2	   in	   absolute	   value),	   no	   electrochemical	   activity	   is	   ob-‐
served	   (gray	   curve).	   Providing	   a	   larger	   specific	   surface	   area	   by	  
anodizing	   the	   Ti	   felts	   for	   2	  h	   (blue	   curve)	   increases	   the	   current	  
somewhat,	   especially	   in	   the	   H2	   evolution	   region	   (the	   most	   ca-‐
thodic	   potentials).	   However,	   the	   absolute	   current	   density	   re-‐
mains	   low,	  a	  few	  microamperes	  per	  cm2	  of	   felt	   (measured	  mac-‐
roscopically),	  due	  to	  the	  absence	  of	  an	  appropriate	  catalyst.	  

Figure	  12.	   SEM	  micrographs	  of	  Ti	   fleeces	  before	  anodization	   (a)	  
and	  after	  anodization	  (glycerol	  +	  0.5	  wt-‐%	  NH4F,	  40	  V,	  2	  h,	  (b,c)).	  
The	   lower	   extremity	   of	   TiO2	   tubes	   in	   an	   oxide	   block	   separated	  
from	  the	  underlying	  Ti	   is	   shown	   in	   (d).	  An	  ultrasonication	   treat-‐
ment	   has	   been	   performed	   before	   SEM	   observation	   in	   order	   to	  
provide	  insight	  into	  the	  otherwise	  solid	  oxide	  layer.	  

Deposition	  of	  10	  nm	  Pt	  by	  magnetron	  sputtering	  on	  the	  commer-‐
cial	   Ti	   felts	   causes	   a	   significant	   increase	   in	   electrolytic	   current	  
density	   (pink	   curve),	   reaching	   maximum	   current	   densities	   of	   –
20	  mA/cm2	   and	   5	  mA/cm2	   at	   –0.45	  V	   and	   +1.65	  V,	   respectively.	  
These	   values	   remain	   quite	   modest	   for	   a	   felt	   (as	   opposed	   to	   a	  
foil).	   Indeed,	   magnetron	   sputtering	   has	   limited	   ability	   to	   coat	  
non-‐planar	  substrates.	  Being	  a	  directional	  deposition	  method,	   it	  
only	   generates	   a	   film	   on	   the	   uppermost	   surfaces	   of	   the	   felt	   in-‐
stead	  of	  coating	  each	  fiber.	  The	  ALD	  technique	  provides	  precisely	  
the	   advantage	   of	   conformal	   coating.	   Depositing	   5	  nm	   of	   Pt	   by	  
ALD,	   one	   obtains	   yet	   a	   further	   increase	   in	   current	   density	   (red	  
curve)	  with	  respect	  to	  the	  sputter-‐coated	  sample.	  Moreover,	  the	  
curve	   shape	   is	   now	   clearly	   reminiscent	   of	   that	   known	   for	   plati-‐
num	  (Figure	  11),	  with	  the	  anodic	  formation	  of	  surface	  hydroxide	  
and	   oxide	   at	   positive	   potentials	   and	   the	   cathodic	   generation	   of	  
surface	  hydrides	   in	   the	  negative	  potential	   region.	   In	   the	  bulk	  H2	  
generation	  regime,	  for	  potentials	  below	  –0.3	  V,	  the	  current	  den-‐
sity	  reaches	  –35	  mA/cm2	  at	  –0.45	  V.	  Finally,	  we	  consider	  a	  Ti	  felt	  
combining	   all	   favorable	   treatments:	   anodization	   (2	  h)	   for	   the	  
large	   surface	   area,	   followed	   by	   ALD	   coating	   with	   5	  nm	   Pt	   for	  
catalytic	  proficiency.	  

The	   result,	   shown	  as	   the	  green	  curve	  of	  Figure	  13,	   is	  quite	  dra-‐
matic.	  The	  qualitative	  curve	  shape	  of	  a	  Pt	   surface	   is	   clearly	   rec-‐
ognizable,	  but	  the	  quantitative	  values	  of	  the	  current	  density	  are	  
very	   high.	   Both	   extremities	   of	   the	   cyclic	   voltammogram	   (in	   the	  
bulk	  hydrogen	  and	  oxygen	  evolution	  regions)	  reach	  current	  den-‐
sities	  on	   the	  order	  of	  100	  mA/cm2.	  This	   represents	  an	  enhance-‐
ment	   by	   a	   factor	   >50	  with	   respect	   to	   the	  naked,	   commercial	   Ti	  
felt.	  Much	  of	  the	  success	  of	  our	  preparative	  strategy	  is	  attributa-‐
ble	   to	   the	   generation	   of	   a	   large	   surface	   area.	   The	   catalytically	  
active	   Pt	   surface	   area	   can	   be	   evaluated	   by	   integrating	   the	   hy-‐
dride	   generation	   current	   and	   comparing	   it	   to	   the	   established	  
value	   of	   0.21	   mC/cm2	   of	   planar	   Pt.55	   This	   approach	   delivers	   a	  
roughness	   factor	   (microscopic	   catalytically	   active	   surface	   area	  
over	  macroscopically	  defined	  sample	  area)	  of	  approximately	  300.	  
This	   experimentally	   derived	   area	   combined	   with	   the	   known	   Pt	  



 7 

film	   thickness	   also	   yields	   an	   upper	   bound	   for	   the	   Pt	   loading	   of	  
3	  mg/cm2	   felt.	  With	  this	  value,	   the	  electrocatalytic	  water	   reduc-‐
tion	  efficiency	   is	  on	   the	  order	  of	  30	  mA/mg	  Pt	   at	   –0.45	  V.	  Note	  
that	   the	  capacitive	  contribution	  to	   the	  current	  measured	  at	   this	  
potential	   is	   insignificant,	   as	   indicated	   by	   the	   light	   blue	   curve	   of	  
Figure	  13.	  

	  
Figure	   13.	   Cyclic	   voltammetry	   performed	   on	   Ti	   fleeces	   under	  
different	   conditions	   with	   and	   without	   Pt.	   Ti	   fleeces	   have	   been	  
anodized	  and	  Pt	  has	  been	  deposited	  either	  by	  magnetron	   sput-‐
tering	  or	  by	  ALD.	  Scan	  rate:	  100	  mV/s.	  

4.	  Conclusions	  

This	   study	   characterizes	   a	   novel	   preparative	   method	   for	  
nanostructured	   surfaces	   and	   investigates	   its	   potential	   for	   appli-‐
cation.	   The	  mechanism	   of	   the	   atomic	   layer	   deposition	   reaction	  
between	  Pt(acac)2	  and	  O3	  is	  shown	  to	  involve	  an	  oxidation	  of	  the	  
metallic	   surface	  which,	   depending	  on	   the	   conditions,	   can	   affect	  
more	   than	   the	   topmost	  atomic	   layer.	  Controlling	   this	  oxidation,	  
therefore,	  is	  crucial	  to	  the	  definition	  of	  a	  self-‐limiting	  deposition	  
procedure	  (ALD	  behavior).	  Using	  adequate	  experimental	  parame-‐
ters,	   this	   ALD	   process	   yields	   excellent	   coverage	   of	   high	   aspect	  
ratio	   nanopores	   with	   metallic	   Pt.	   Different	   electrochemically	  
grown	   nanoporous	   oxide	   substrates	   are	   applicable	   to	   this	   ALD	  
procedure,	  derived	  either	  from	  foils	   (anodized	  alumina	  and	  tita-‐
nia)	   or	   from	   three-‐dimensional	   structures	   (anodized	   Ti	   felts).	  
After	   Pt	   ALD	   coating,	   the	   TiO2-‐based	   systems	   are	   electrochemi-‐
cally	   active	   in	   a	   way	   that	   qualitatively	   conforms	   to	   established	  
knowledge	   of	   the	   electrocatalytic	   Pt	   system.	   Current	   densities	  
are	  large	  due	  to	  the	  high	  specific	  surface	  area	  of	  the	  nanoporous	  
substrate.	  Pt	  utilization	  is	  efficient,	  as	  an	  excellent	  film	  thickness	  
control	  is	  achievable	  by	  ALD.	  

The	  method	  established	  here	   is	   quite	   general,	   and	   is	   applicable	  
to	  various	  noble	  metals	  and	  various	  electrochemical	  applications.	  
Based	   on	   it,	   further	   development	   is	   possible	   by	   exploitation	   of	  
binary	   or	   ternary	   catalytic	   materials	   based	   for	   example	   on	   the	  
combination	   of	   platinum	   and	   iridium,	   in	   elemental	   and/or	   oxi-‐
dized	   form.	   Such	   systems,	   which	   can	   be	   obtained	   by	   ALD,	   are	  
well	   established	   as	   reversible	   fuel	   cell	   electrode	   catalysts	   with	  
properties	   that	   can	   be	   optimized	   in	   terms	   of	   chemical	   stability	  
and	  electrocatalytic	  throughput.56-‐59	  
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