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The	  Golden	  Gate	  to	  Photocatalytic	  Hydrogen	  Production	  	  
Philip	  Kalismana,	  Lothar	  Houbenb†, Eran	  Aronovitchc,	  Yaron	  Kauffmannd,	  Maya	  Bar-‐Sadanc,	  and	  
Lilac	  Amirava*	  

We	  demonstrate	  improved	  efficiency	  for	  the	  photocatalytic	  water	  
splitting	   reduction	   half	   reaction	   by	   employing	   Au-‐Pt	   bimetallic	  
cocatalyst.	   We	   employ	   nanoparticle-‐based	   photocatalyst	  
consisting	  of	  CdSe@CdS	  rods	  tipped	  with	  Au,	  Pt,	  Au-‐Pt	  core	  shell	  
or	  Au	  decorated	  with	  Pt	  islands.	  By	  tailoring	  the	  composition	  and	  
morphology	   of	   the	   Au-‐Pt	   bimetallic	   catalysts,	  we	   achieved	  more	  
than	   fourfold	   increase	   in	   activity	   for	   hydrogen	   production	  
compared	  to	  pure	  Pt.	  	  

The	   solar-‐driven	   photocatalytic	   splitting	   of	   water	   into	  
hydrogen	   and	   oxygen	   is	   a	   potential	   source	   of	   clean	   and	  
renewable	   fuels.	   Semiconductor	   photocatalysts	   are	   often	  
loaded	   with	   metallic	   cocatalysts,	   which	   promote	   charge	  
separation	   of	   photogenerated	   electrons	   and	   holes	   and	   also	  
acts	  as	  the	  site	  for	  the	  reduction	  reaction.1,2	  These	  cocatalysts	  
play	   an	   essential	   role	   in	   reactions	   such	   as	   water	   splitting,	   as	  
they	  offer	   lower	  activation	  potentials	   for	  hydrogen	  evolution,	  
thereby	   greatly	   enhancing	   the	   photocatalytic	   activity.3-‐7	   The	  
metals	   demonstrating	   the	   greatest	   catalytic	   performance	   do	  
not	  necessarily	  form	  an	  ideal	  interface	  with	  the	  semiconductor	  
they	   are	   grown	   on,	   resulting	   in	   less	   than	   optimal	   charge	  
transfer	   (or	   accumulation).	   Utilization	   of	   a	   bimetallic	   catalyst	  
may	   enable	   separate	   optimization	   of	   the	   different	   interfaces	  
within	   such	   a	   heterostructure	   photocatalyst	   system	   (i.e.	  
semiconductor	  –	  metal	  interface	  and	  metal	  –	  liquid	  junction).	  	  
Employing	   a	   bimetallic	   catalyst	   also	   extends	   the	   range	   of	  
tunable	   properties	   for	   the	   metallic	   compounds,	   allowing	   for	  
improved	   rational	   design	   of	   heterogeneous	   catalysts.8-17	   The	  

reactivity	   may	   be	   tailored	   by	   changing	   the	   composition,	   and	  
the	   exterior	   electronic	   and	   geometric	   structures	   of	   the	  
bimetallic	   surfaces.18-‐24	   Hence,	   bimetallic	   materials	   are	  
considered	   highly	   promising	   candidates	   for	   heterogeneous	  
catalysis.	   	   In	   particular,	   alloys	   where	   the	   solid	   solute	  
concentration	   near	   the	   surface	   differs	   from	   the	   bulk	   have	  
proven	   quite	   successful.25,26	   Here	  we	   examine	   a	   combination	  
of	   gold	   and	   platinum	   as	   an	   improved	   cocatalyst	   for	   the	  
photocatalytic	  water	  splitting	  reduction	  half	  reaction.	  	  
Two	   factors	  differentiate	  bimetallic	   catalysts	   from	  pure	  metal	  
surfaces	  and	  improve	  their	  catalytic	  performance:	  (1)	  the	  strain	  
effect	  from	  the	  size-‐mismatch	  of	  the	  component	  metal	  atoms,	  
and	   (2)	   heterometallic	   bonding	   interactions,	   termed	   the	  
‘‘ligand	  effect”,	  between	  the	  surface	  atoms	  and	  the	  substrate.	  
Both	  of	   these	  effects	  change	   the	  width	  and	  subsequently	   the	  
energetic	  position	  of	  the	  surface	  d	  band,	  thereby	  changing	  the	  
surface	  chemical	  and	  catalytic	  properties.27	  Of	  relevance	  is	  the	  
dissociative	  adsorption	  energy	  of	  hydrogen,	  which	  is	  controlled	  
by	  changes	  induced	  in	  the	  average	  energy	  of	  the	  d	  band.	  	  
In	   a	   semiconductor-‐metal	   photocatalytic	   system,	   the	  
semiconductor	   substrate	   upon	   which	   the	   nanoscale	   metallic	  
components	   are	   grown	   is	   likely	   to	   affect	   their	   electronic	   and	  
geometric	   characteristic	   as	  well.	   In	   addition,	  modifications	   to	  
the	  electronic	  properties	  of	  the	  metallic	  component	  might	  also	  
affect	  interfacial	  charge-‐transfer	  processes.	  	  
We	   set	   out	   to	   examine	   the	   opportunities	   for	   improving	   the	  
photocatalytic	   hydrogen	   production	   by	   coupling	   Pt,	   a	   known	  
active	  catalyst,	  with	  Au,	  a	  metal	  that	  demonstrated	  the	  ability	  
to	  accumulate	  charges	  even	  on	  the	  nanoscale.28	  We	  employ	  a	  
well-‐controlled	   nanoparticle-‐based	   system	   for	   catalyzing	   the	  
reduction	   half	   reaction.29	   The	   light	   absorption	   and	   excitation	  
unit	   consists	   of	   a	   cadmium	   selenide	   (CdSe)	   quantum	   dot	  
embedded	   asymmetrically	   within	   a	   cadmium	   sulfide	   (CdS)	  
quantum	   rod.30-32	   This	   structure	   has	   been	   widely	   studied	  
optically	   and	  photo-‐catalytically	   and	   is	  well	   characterized.33-‐40	  
The	   pure	   metals,	   Au	   and	   Pt,	   and	   different	   combinations	  
thereof,	  were	  grown	  onto	  nanorods	   forming	  a	  single	  catalytic	  
reduction	  site,	  as	  can	  be	  seen	  in	  Figure	  1.	  	  

Page 1 of 5 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION	   Journal	  Name	  

2 	  |	  J.	  Name.,	  2012,	  00,	  1-‐3	   This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  20xx	  

Please	  do	  not	  adjust	  margins	  

Please	  do	  not	  adjust	  margins	  

Figure	   1.	   TEM	   (A,B)	   and	   HAADF	   (C,D)	  micrographs	   of	   CdSe@CdS	   nanorod	  
photocatalysts	  with	  Au-‐Pt	  bimetallic	  tips	  acting	  as	  cocatalyst	  reduction	  sites.	  	  

Growth	  of	   the	  metal	   tips	  was	   attained	  with	  photodeposition,	  
using	   procedures	   loosely	   based	   on	   previous	   protocols	   for	  
deposition	   of	   Pt41	   and	   Au42.	   Photodeposition	   was	   preferred	  
over	   colloidal	   growth43,44	   as	   it	   allows	   for	   metal	   deposition	   at	  
room	  temperature.	  It	  is	  presumed	  that	  such	  moderate	  growth	  
conditions	   are	   necessary	   for	   the	   formation	   of	  well-‐controlled	  
structures.	   Noteworthy	   is	   the	   fact	   that	   despite	   the	   use	   of	   a	  
seeded	  rod	  as	  the	  semiconductor	  substrate,	  the	  metal	  catalyst	  
was	  deposited	  almost	  exclusively	  at	  the	  tip,	  rather	  than	  along	  
the	   side	   of	   the	   rod,	   adjacent	   to	   the	   seed,	   as	   was	   previously	  
observed	  for	  similar	  structures.	  41,42,45	  

In	  addition	  to	  pure	  metals	  that	  were	  examined	  for	  comparison,	  
sets	   of	   different	   compositions	   of	   Au-‐Pt	   bimetal	   tips	   were	  
made.	   This	   included	   Pt	   deposition	   on	   premade	   Au	   tips	  
(Au@Pt),	   and	   codeposition	   of	  Au	   and	  Pt	   (varying	   the	   relative	  
precursor	  amounts	  and	  growth	  time).	  Each	  set	  was	  grown	  on	  
the	   same	   sample	   of	   CdSe@CdS	   rods,	   and	   great	   care	   was	  
devoted	  to	  insuring	  that	  the	  composition	  of	  the	  metal	  tip	  was	  
the	  only	  altered	  parameter.	  	  	  
We	   examined	   the	   activity	   of	   these	   sets	   of	   rods	   towards	  
hydrogen	   production.	   Solutions	   of	   rods	   suspended	   in	   water	  
with	   IPA	   (10%	   by	   volume)	   acting	   as	   a	   hole	   scavenger	   were	  
placed	   in	   a	   home	   made	   gas-‐tight	   reaction	   cell	   purged	   with	  
argon.	  The	   samples	  were	   then	   illuminated	  with	  a	  455nm	  LED	  
adjusted	   to	  50	  mW	  (a	  photon	   flux	  of	  1.15×1017	  photons/sec).	  
The	   evolving	   hydrogen	   was	   analyzed	   using	   an	   online	   gas	  
chromatograph	   equipped	   with	   a	   thermal	   conductivity	  
detector.	   The	   apparent	   quantum	   efficiency	   of	   the	   sample,	  
which	   is	   defined	   as	   QE =   2𝑁!! 𝑁!!,  was	   determined	   by	  
quantifying	  the	  amount	  of	  evolved	  hydrogen	  at	  a	  given	  photon	  
flux.	   The	   results	   for	   a	   representative	   set	   are	   presented	   in	  
Figure	  2.	  	  
	  

	  
Figure	   2.	   Relative	   efficiency	   for	   the	   photocatalytic	   hydrogen	  
production	  half	  reaction	  utilizing	  CdSe@CdS	  nanorods	  decorated	  with	  
different	  metal	  cocatalysts	  serving	  as	  the	  reduction	  site:	  Au,	  Pt,	  Au@Pt	  
core	   shell	   and	   Au-‐Pt.	   All	   measurements	   were	   done	   using	   identical	  
solution	  conditions,	  and	  at	  equivalent	  concentrations.	  
	  
It	  is	  important	  to	  note	  that	  the	  absolute	  activity	  of	  the	  sample	  
is	   strongly	   related	   to	   the	   rod	  morphology.29	  Here	  we	  worked	  
with	  30-‐40	  nm	   long	   rods	   that	  do	  not	   realize	   the	   system’s	   full	  
potential	   for	   hydrogen	   production,	   but	   allow	   for	   improved	  
elemental	  analysis	  of	  the	  tip.	  Hence,	  only	  relative	  evaluation	  of	  
the	  activity	  is	  given	  significance	  for	  these	  sets.	  	  
As	  expected,	  rods	  decorated	  with	  a	  Au	  cocatalyst	  showed	  very	  
low	   activity,	   compered	   to	   rods	   with	   a	   Pt	   cocatalyst.	  When	   a	  
preformed	   Au	   tip	   was	   coated	   with	   Pt	   the	   activity	   towards	  
hydrogen	  production	   improved	   further,	   resulting	   in	  a	   twofold	  
increase	   compared	   to	   pure	   Pt.	   This	   improved	   activity	   can	   be	  
explained	   by	   the	   reasoning	   described	   in	   the	   introduction.	  
Further	  more,	  Yu	  et	  al.	  reported	  recently	  that	  the	   injection	  of	  
photoinduced	   electrons	   from	   CdSe	   nanorod	   into	   a	   Au	   tip	   is	  
faster	   than	   their	   injection	   into	   a	   Pt	   tip,	   but	   only	   Pt	   can	  
completely	   extract	   the	   excited	   electrons	   from	   the	  
semiconductor	   nanorod.46	   Consequently,	   the	   combination	   of	  
the	   two	  metals	   is	   expected	   to	   enable	   both	   fast	   and	   efficient	  
charge	  transfer,	  as	  required	  for	  hydrogen	  production.	  	  
Interestingly,	   the	   highest	   activity	   for	   the	   reduction	   half	  
reaction,	  with	  more	   than	   fourfold	   increase	  compared	   to	  pure	  
Pt,	   was	   obtained	   from	   the	   sample	   for	   which	   the	   two	  metals	  
were	  deposited	  simultaneously.	  	  
In	   order	   to	   better	   understand	   the	   structure-‐property	  
relationship	   these	   hybrid	   nanostructures	   were	   characterized	  
on	   the	   atomic	   level.	   Given	   the	   size	   of	   the	  metal	   tip	   (ranging	  
from	  2	   to	   4	   nm)	   and	   the	   similar	   Z	   contrast	   of	   Pt	   and	  Au,	  we	  
focused	   on	   elemental	   mapping	   with	   X-‐ray	   energy	   dispersive	  
spectroscopy	   (EDS),	   for	   the	   analysis	   of	   the	   composition.	   The	  
results,	  which	  are	  presented	   in	  Figure	  3,	   indicate	   that	   for	   the	  
bimetal	  tip	  that	  was	  grown	  with	  simultaneous	  codeposition	  of	  
Au	   and	   Pt,	   a	   core	   of	   Au	   decorated	   with	   islands	   of	   Pt	   was	  
formed.	  	  
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Figure	   3.	   X-‐ray	   energy	   dispersive	   spectroscopy	   micrographs	   with	  
elemental	  mapping	  (A-‐C)	  and	  an	  atomic	  resolution	  HAADF	  image	  (D)	  of	  
the	   bimetallic	   tip,	   demonstrating	   the	   formation	   of	   a	   Au	   core	   that	   is	  
decorated	  with	  islands	  of	  Pt	  (E).	  The	  Au-‐Pt	  boundary	  is	  suggested	  to	  be	  
the	  active	  catalytic	  site.	  	  
	  
The	  bulk	  phase	  diagram	  for	  Au/Pt	  shows	   limited	  miscibility	  of	  
the	   two	   metals.47	   The	   degree	   of	   segregation	   and	   atomic	  
ordering	   in	   nanoscale	   alloys	   depends	   on	   multiple	   factors,	  
mainly	  bond	  strengths,	  surface	  energetics,	  and	  atomic	  sizes.48	  
Since	  the	  Au-‐Pt	  bonds	  are	  not	  sufficiently	  strong	  compared	  to	  
Au-‐Au	  and	  Pt-‐Pt,	  segregation	   is	   favored.	  Typically,	   the	  species	  
forming	  strongest	  homonuclear	  bonds	  tends	  to	  be	  at	  the	  core	  
of	   the	   nanoparticle,	   while	   the	   element	   with	   lowest	   surface	  
energy	  tends	  to	  segregate	  to	  the	  surface.	  The	  observed	  atomic	  
arrangement	   for	   this	   particular	   Au-‐Pt	   nanoparticle	   depends	  
critically	  on	  the	  balance	  of	  the	  factors	  outlined	  above,	  as	  well	  
as	   on	   the	   preparation	   method	   and	   experimental	   conditions.	  
The	  bimetal	  nanoparticle	   is	  supported	  by	   the	  CdS	  rod	  on	  one	  
side	  and	  is	  passivated	  by	  ligands	  on	  the	  other.	  The	  strength	  of	  
binding	   to	   the	   support	   or	   ligands	   will	   also	   affect	   the	   atomic	  
order.	  The	  Au	  core	  Pt	  shell	  arrangement	  is	  consistent	  with	  the	  
fact	  that	  Au	  is	  more	  noble	  and	  hence	  easier	  to	  reduce	  than	  Pt,	  
making	   this	   the	   kinetic	   product,	   though	   surface	   and	   cohesive	  
energy	  would	  favor	  the	  reverse	  configuration.49,50	  	  
While	   bulk	   Au-‐Pt	   alloys	   exhibit	   a	   miscibility	   gap,	   Chen	   et	   al.	  
report	  that	  Au-‐Pt	  surface	  alloys	  may	  exhibit	  a	  series	  of	  ordered	  
striped	   structures,	   due	   to	   competition	   between	   the	   energy	  
penalty	   of	   Au-‐Pt	   bonds	   at	   the	   boundaries	   and	   strain	  
relaxation.51	  This	  is	  consistent	  with	  the	  observed	  formation	  of	  
Pt	  islands,	  which	  decorate	  the	  Au	  core.	  	  
Of	   significance	   is	   the	   reported	  effect	  of	   lateral	  heterogeneity.	  
Strong	  correlation	  was	  found	  between	  oxygen	  binding	  energy	  
and	   the	   local	   Au/Pt	   environment	   of	   the	   surface	   adsorbate.51	  
DFT	  calculations	  indicate	  that	  CO	  binds	  strongly	  to	  both	  the	  Pt	  
and	   Au	   atoms,	   with	   the	   strongest	   binding	   being	   to	   Pt	   atoms	  
that	  are	  adjacent	  to	  Au.52	  This	  was	  reflected	  in	  high	  activity	  of	  
Pt-‐Au	   nanoalloys	   for	   the	   electrocatalytic	   oxidation	   of	   CO.53	  
Hence,	   we	   suggest	   that	   the	   unique	   morphology	   of	   Au	   core	  

decorated	   with	   Pt	   islands,	   which	   introduces	   numerous	  
exposed	   interfaces	   between	   the	   two	   phases,	   contributes	   to	  
the	  improved	  activity	  towards	  hydrogen	  production.	  	  
Privman	  and	  coworkers	  applied	  a	  kinetic	  Monte	  Carlo	  model	  to	  
the	   shell	   formation	   in	   core−shell	   particle	   synthesis.	   They	  
observed	   formation	  of	   cluster-‐structured,	   or	   smooth	  epitaxial	  
shells	   that	   are	   formed	   at	   higher	   temperature.54	   We	   thus	  
suggest	   that	   the	   control	   over	   tip	   morphologies	   was	   made	  
possible	  by	  the	  flexibility	  of	  photochemical	  deposition,	  and	  the	  
moderate	   growth	   conditions	   it	   allows.	  Millstone,55	   Khashab,56	  
Goia57	   and	   their	   coworkers	   reported	   recently	   of	   alternative	  
strategies	   for	   the	   formation	   of	   organized	   decoration	   of	   Au	  
nanosubstrates	   with	   Pt	   nanoparticles.	   Here,	   we	   demonstrate	  
that	   this	   synthetic	   effort	   is	   advantageous	   also	   for	  
photocatalysis.	  

Conclusions	  
Building	   a	   golden	   gate	   through	   which	   electrons	   can	   migrate	  
from	   the	   semiconductor	   photocatalyst	   to	   the	   Pt	   cocatalyst	  
islands	  results	  in	  increased	  activity	  for	  the	  water	  reduction	  half	  
reaction.	  	  
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