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Abstract


The  experiment  aimed  to  determine  the  three-dimensional  shape,  orientation  and  atomic  arrangement  of  size-selected  gold  nanoclusters  using  aberration-corrected  scanning  transmission  electron  microscopy  (STEM),  coupled  with  simple  imaging  simulation.

Gold  clusters  were  formed  by  gas-phase  condensation  of  sputtered  atoms  in  a  rare  gas  atmosphere,  size-selected  by  a  lateral  time-of-flight  mass  spectrometer  and  soft-landed  on  an  amorphous  carbon  support.  The  three-dimensional  atomic  structures  of  the  size-selected  clusters  were  obtained  by  comparison  of  the  experimental  results  with  both  kinematic  and  dynamical  image  simulations  based  on  structural  models  optimized  by  a  realistic  many-body  potential.

It  was  found  that  a  detailed  structural  and  stability  analysis  of  size-selected  metallic  clusters  on  solid  supports  at  atomic  resolution  could  be  obtained  using  STEM.  The  atomic  arrangement  of  soft-landed  Au​309  ​clusters  on  amorphous  carbon  supports  was  consistent  with  many  local  energy  minima  predicted  for  clusters  of  this  size.  Increased  fluctuations  and  motion  of  the  surface  atoms  of  the  cluster  were  also  found.  This  may  be  due  to  an  intrinsic  property  of  the  gold  clusters  that  could  be  related  to  their  catalytic  properties.  Techniques  used  in  this  investigation  may  allow  routine  three-dimensional  structural  characterization  tool  for  small  nanoparticles  at  the  atomic-scale  level.

Summary

The  purpose  of  this  investigation  was  to  determine  a  clear-cut  three-dimensional  structure  of  size-selected  gold  nanoclusters.  When  studying  stable  and  stationary  particles,  a  technique  known  as  electron  tomography  is  usually  used.  This  technique  takes  a  series  of  images  of  the  specimen  at  different  positions  using  an  electron  beam.  A  simple  computer  program  can  then  collate  them  and  create  a  three-dimensional  structure.  The  authors  of  the  letter  found  that  nanoparticles  were  structurally  unstable,  and  hence  broke  down  under  dense  electron  beams  such  as  this.  
The  authors  believe  that  finding  a  precise  structure  will  help  our  understanding  in  the  roles  of  these  gold  nanoclusters  as  size  and  structure  specific  catalysts.  The  investigation  of  the  technique  of  determining  the  structure  of  nanoclusters  of  gold  may  also  prove  useful  to  similar  investigations  involving  different  metal  particles  of  similar  sizes.

To  go  about  finding  the  structure  of  these  small,  unstable  nanoclusters,  the  authors  used  aberration-corrected  scanning  transmission  electron  microscopy  (STEM).  Using  a  high-angle  annular  dark  field  (HAADF)  detector  with  this  allowed  atomic  resolution  of  images  using  electron  beams  that  are  transparent  enough  to  avoid  the  breakdown  of  the  nanocluster  structure.

This  method  of  collecting  images  is  appealing  for  a  number  of  reasons.  Firstly,  the  images  obtained  from  the  apparatus  have  varying  intensities  at  an  atomic  resolution.  The  variance  of  intensity  is  in  accordance  with  the  atomic  number,  Z,  of  atoms.  High  resolution  transmission  electron  microscopy  typically  uses  phase  contrast,  which  requires  computer  simulation  to  create  a  suitable  image.  The  method  used  in  this  investigation  is  more  direct.  It  is  also  appealing  to  use  this  procedure  as  it  allows  the  number  of  atoms  in  a  column  to  be  observed  accurately.

To  obtain  an  image  of  the  cluster,  HAADF-STEM  was  used  to  create  a  computer  simulation.  The  mean  intensity  value  for  each  cluster  size  was  also  measured,  and  plotted  as  a  function  of  the  selected-size  N.  The  width  of  the  distribution  was  found  to  be  finite,  which  suggests  that  the  nanocluster  did  not  suffer  significant  fragmentation  or  coalescence.  This  suggests  that  the  technique  used  to  gain  imagery  of  the  particles  did  not  harm  their  intrinsic  structure,  signifying  the  potential  for  this  method  to  be  used  for  imagery  of  other  small  metallic  particles.

A  closer  inspection  of  the  intensities  found  gave  rise  to  the  atomic  structure  of  the  clusters.  High  resolution  images  of  intensity  showed  various  shapes  of  the  nanoclusters.  Pentagonal,  cubic  and  hexagonal  structures  were  clearly  seen  at  an  atomic  level.  For  different  sized  nanoclusters,  it  was  found  that  different  shapes  are  more  stable.  For  clusters  less  than  100  atoms,  the  icosahedral  shape  was  most  stable.  The  total  potential  energy  is  in  the  order  of:  icosahedral>Ino-decahedral>cuboctahedral.  However,  for  the  larger  clusters,  between  500  and  1,000  atoms,  the  order  of  stability  begins  to  change,  with  the  Ino-decahedral  structure  becoming  more  stable.  The  order  becomes  Ino-decahedral>  icosahedral>cuboctahedral.  Further  increasing  the  cluster  size  results  in  the  order  of  stability  changing  to:  Ino-decahedral>  cuboctahedral>icosahedral.

The  intensity  profile  from  the  centre  of  the  cluster  to  one  of  the  corners  was  also  calculated.  This  showed  a  general  decrease,  with  5  peaks  and  a  shoulder  seen  across  various  points  on  the  graph.  The  five  peaks  seen  are  in  agreement  of  theoretical  data,  which  shows  peaks  at  similar  points,  suggesting  that  the  quantisation  of  HAADF  intensity  correlates  to  the  quantisation  of  the  number  of  atoms  in  the  material.

The  main  conclusions  drawn  from  this  experiment  are  that  HAADF-STEM  techniques  are  suitable  for  determining  a  detailed  structural  and  stability  analysis  for  gold  nanoclusters.  The  success  of  this  experiment  suggests  that  a  similar  achievement  will  be  possible  for  other  metallic  particles  of  similar  sizes.  The  HAADF-STEM  technique  found  that  there  was  an  assortment  of  cluster  geometries,  such  as  icosahedral,  ino-decahedral  and  cuboctahedral  shapes.  The  stability  of  these  shapes  was  seen  to  vary  with  cluster  size,  with  different  shapes  being  more  dominantly  stable  for  larger  clusters.

The  letter  showed  ultimately  that  rows  of  single  atoms  are  able  to  be  detected  using  a  technique  that  has  a  practical  advantage  over  others,  such  as  being  able  to  detect  the  structure  of  atoms  in  a  cluster  without  damaging  its  structure  or  stability.  The  processes  used  in  this  letter  could  eventually  provide  a  dynamical  insight  into  the  changes  of  atomic  structure  that  occur  in  catalytic  reactions.
