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  Announcements	
  
§ Project	
  proposals	
  due	
  no	
  later	
  than	
  Friday	
  
§  Please	
  give	
  me	
  printed	
  copy,	
  and	
  register	
  at	
  hCp://bit.ly/9RWlEx	
  	
  	
  

§ Peer	
  review	
  on	
  project	
  proposals	
  instead	
  of	
  video	
  review	
  
§  Due	
  Fri	
  Apr/2,	
  but	
  please	
  do	
  asap	
  	
  
§  Honor	
  system,	
  5	
  reviews	
  per	
  person	
  and	
  per	
  proposal	
  
§  2.5%	
  grade	
  (0.5%	
  per	
  review),	
  no	
  credit	
  if	
  late	
  
§  Review	
  sheet	
  and	
  updated	
  project	
  descripWon	
  to	
  be	
  posted	
  later	
  today	
  

§ PSET4	
  will	
  be	
  (relaWvely)	
  brief,	
  and	
  will	
  be	
  a	
  team	
  assignment,	
  
due	
  M	
  Apr/12	
  

§ Project	
  is	
  50%	
  of	
  course	
  grade!	
  
§  Start	
  now	
  and	
  make	
  a	
  schedule	
  
§  Don’t	
  get	
  hung	
  up	
  on	
  ideas	
  
§  Divide	
  and	
  conquer	
  
§  MeeWngs	
  to	
  be	
  scheduled	
  late	
  next	
  week	
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Nanomanufacturing:	
  our	
  mission	
  
§ Understand	
  the	
  fundamental	
  properWes	
  of	
  
nanostructures,	
  e.g.,	
  nanoparWcles,	
  nanotubes,	
  and	
  
nanowires	
  

§ Understand	
  how	
  nanostructures	
  interact	
  with	
  one	
  
another	
  and	
  their	
  surroundings	
  

§ Understand	
  how	
  to	
  make	
  and	
  assemble	
  
nanostructures;	
  	
  how	
  to	
  control	
  their	
  size,	
  structure,	
  
and	
  placement	
  

§ Understand	
  how	
  the	
  properWes	
  of	
  nanostructures	
  scale	
  
based	
  on	
  their	
  assembly	
  and	
  interacWons	
  

§ Combine	
  our	
  knowledge	
  to	
  design	
  new	
  devices,	
  
materials,	
  and	
  manufacturing	
  processes	
  

7	
  lectures	
  to	
  go	
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What	
  comes	
  aCer	
  bulk	
  synthesis	
  of	
  
nanostructures?	
  

§ 	
  Purifica7on	
  
§ Remove	
  impuriWes	
  such	
  as	
  undesired	
  byproducts,	
  unreacted	
  
catalyst	
  

§ Anneal	
  to	
  improve	
  crystallinity	
  
§ Etch	
  to	
  control	
  size	
  

§ 	
  Stabiliza7on	
  and	
  func7onaliza7on	
  
§  ACach/associate	
  molecules	
  with	
  nanomaterial	
  surfaces	
  to	
  
facilitate	
  interacWon	
  with	
  other	
  materials	
  and	
  phases	
  

§ 	
  Separa7on/sor7ng	
  
§  ParWWon	
  elements	
  by	
  size,	
  shape,	
  and/or	
  electronic	
  structure	
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§  Process	
  order	
  is	
  generally	
  interchangeable	
  based	
  on	
  
applicaWon;	
  however,	
  it’s	
  useful	
  to	
  have	
  structures	
  
isolated	
  (dispersed)	
  in	
  soluWon	
  before	
  etching	
  or	
  sorWng	
  

	
  
§  Func7onaliza7on	
  is	
  ocen	
  a	
  means	
  of	
  	
  
§ dispersion	
  (exfoliaWon/isolaWon),	
  and	
  	
  
§  interfacing	
  structures	
  to	
  one	
  another,	
  or	
  to	
  other	
  
materials	
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Today’s	
  readings	
  
Nominal:	
  (ctools)	
  
§ Athakul	
  et	
  al.,	
  “Size	
  fracWonaWon	
  of	
  metal	
  nanoparWcles	
  by	
  
membrane	
  filtraWon”	
  

§ Arnold	
  et	
  al.,	
  “SorWng	
  carbon	
  nanotubes	
  by	
  electronic	
  structure	
  
using	
  density	
  differenWaWon”	
  

§ Ho	
  et	
  al.,	
  “Free	
  flow	
  electrophoresis	
  for	
  separaWon	
  of	
  CdTe	
  
nanoparWcles”	
  

	
  
For	
  reference:	
  (ctools)	
  
§ Hirsch,	
  “FuncWonalizaWon	
  of	
  single-­‐walled	
  carbon	
  nanotubes”	
  
§  Sharma	
  et	
  al.,	
  “Shape	
  separaWon	
  of	
  gold	
  nanorods	
  using	
  
centrifugaWon”	
  

§ Williams,	
  “Etch	
  rates	
  for	
  micromachining	
  processing”	
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only	
  100g!	
  
(courtesy	
  NCT	
  Japan)	
  

Large-­‐scale	
  CNT	
  manufacturing	
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Large	
  scale	
  CNT	
  manufacturing	
  process:	
  
growth,	
  annealing,	
  mixing	
  

Nano	
  Carbon	
  Technologies	
  (NCT),	
  Japan	
  

Reactor Raw 
Material 

No.1 High 
Temperature 

Furnace 

No.2 High 
Temperature 

Furnace 

Carrier Gas 

Products 

Master-batch 
Production 

Base Resin 

ACer	
  “Endo”	
  process	
  (beginning	
  ∼1986)	
  
Ø FloaWng	
  catalyst	
  CVD	
  
Ø Followed	
  by	
  two	
  stages	
  of	
  high	
  temperature	
  treatment	
  
Ø Now	
  >	
  300	
  tons/yr	
  
Ø High	
  purity:	
  99.5	
  wt%	
  as	
  carbon	
  
Ø CNT	
  diameter	
  40-­‐90	
  nm	
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High-­‐temperature	
  annealing	
  of	
  CNTs	
  
§ Heals	
  defects	
  by	
  atomic	
  rearrangement	
  
§ Also	
  evaporates	
  catalyst	
  
§  See	
  also	
  “welding”	
  by	
  ion/electron	
  beams	
  (later)	
  

Nano	
  Carbon	
  Technologies	
  (NCT),	
  Japan	
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Purifica7on:	
  chemical	
  etching	
  
§  Largely	
  similar	
  to	
  “microfabricaWon	
  etching”,	
  just	
  be	
  
especially	
  aware	
  of	
  geometry-­‐	
  and	
  crystal-­‐sensiWve	
  etch	
  
rates	
  

§  Some	
  bulk-­‐nano	
  differences	
  are	
  driven	
  by	
  	
  electronic	
  
structure	
  

§ Consider	
  role	
  of	
  defects	
  in	
  propagaWng	
  breakage	
  or	
  fast-­‐
etch	
  direcWons	
  à	
  much	
  more	
  important	
  for	
  
nanostructures	
  than	
  for	
  thin	
  films!	
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Example:	
  acid	
  purifica7on	
  (etching)	
  of	
  CNTs	
  
§ Mixture	
  of	
  HNO3,	
  H2SO4	
  

§ Cuts	
  CNTs	
  at	
  defect	
  sites	
  à	
  
exponenWal	
  length	
  decay	
  

§ Acid	
  can	
  also	
  remove	
  catalyst	
  

Forrest	
  et	
  al.,	
  Journal	
  of	
  Physical	
  Chemistry	
  C	
  111:10792,	
  2007.	
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Example:	
  acid	
  purifica7on	
  (etching)	
  of	
  CNTs	
  

Forrest	
  et	
  al.,	
  Journal	
  of	
  Physical	
  Chemistry	
  C	
  111:10792,	
  2007.	
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Structural	
  selec7vity:	
  opening	
  CNT	
  caps	
  by	
  
plasma/oxygen	
  etching	
  

Huang	
  et	
  al.,	
  J.	
  Physical	
  Chemistry	
  B	
  106:3543,	
  2002.	
   Prof.	
  Alex	
  ZeCl,	
  Berkeley	
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Plasma	
  etching	
  to	
  expose	
  NWs	
  grown	
  within	
  
a	
  membrane	
  template	
  

Yu	
  et	
  al.,	
  Nano	
  Le8ers	
  3(6):815,	
  2003	
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Etchants	
  (“Williams	
  chart”)	
  

Williams	
  et	
  al.,	
  JMEMS	
  12(6):3543,	
  2003.	
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  Williams	
  et	
  al.,	
  JMEMS	
  12(6):3543,	
  2003.	
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Cataly7c	
  etching	
  of	
  graphene	
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Purifica7on:	
  chemical	
  etching	
  
§ Etch	
  types	
  
§  Wet	
  
§  Dry	
  

§ What	
  will	
  etch?	
  
§  Organics	
  
§  Semiconductors	
  
§  Oxides	
  
§  Metals	
  

§ ConsideraWons	
  
§  Etch	
  rate	
  
§  SelecWvity	
  (e.g.,	
  rate_A/rate_B)	
  
§  CompaWbility	
  with	
  other	
  materials	
  in	
  your	
  process	
  
§  Drying	
  process	
  (aggregaWon	
  and	
  capillary	
  forces)	
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Dispersion	
  vs.	
  solu7on	
  

A.	
  Penicaud	
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Basic	
  dispersion	
  of	
  CNTs	
  in	
  H2O	
  

A.	
  Penicaud	
  

	
  e.g.,	
  <0.1	
  wt%	
  CNTs	
  in	
  1%	
  SDS	
  (sodium	
  dodecyl	
  sulfate)	
  in	
  DI-­‐H2O	
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10	
  nm	
  

Carbon	
  
nanotubes	
  

Surfactant	
  
molecules	
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SonicaWon	
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Surfactant	
  

Legend:	
  	
  

Nanotube	
  

Latex	
  
parWcle	
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Horn	
  sonicator	
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Monitoring	
  exfolia7on	
  of	
  CNTs	
  

N.	
  Grossiord	
  et	
  al.,	
  Composites	
  Science	
  and	
  Technology	
  67:778-­‐782,	
  2008.	
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100	
  nm	
  

Step	
  2:	
  	
  

NTs	
  mixed	
  
with	
  a	
  
polymer	
  
latex	
  

N.	
  Grossiord	
  et	
  al.	
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  Step	
  3:	
  Freeze-­‐drying	
  of	
  the	
  mixture	
  

200 nm 60 ºC 

N.	
  Grossiord	
  et	
  al.	
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  Step	
  4:	
  Compression	
  Molding	
  

200 nm 100 ºC 

N.	
  Grossiord	
  et	
  al.	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  30	
  

2 µm 

	
  Final	
  product:	
  Nanocomposite	
  film	
  

N.	
  Grossiord	
  et	
  al.	
  



Dispersed	
  phase	
  

Con7nuous	
  phase	
  

N.	
  Grossiord	
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Func7onaliza7on:	
  approaches	
  
§ Covalent	
  bonding	
  
§ Non-­‐covalent	
  associaWon	
  (e.g.,	
  polymer	
  wrapping)	
  
§  Ionic	
  (charge)	
  stabilizaWon	
  

§  FuncWonal	
  group:	
  a	
  specific	
  group	
  of	
  atoms	
  within	
  a	
  
molecule	
  that	
  is	
  responsible	
  for	
  chemical	
  reacWons	
  involving	
  
the	
  molecule	
  

Ini7ally	
  associated	
  molecules	
  can	
  be	
  a	
  template	
  for	
  
secondary	
  bonding	
  to	
  desired	
  outer	
  func7onal	
  groups	
  
àfunc7onaliza7on	
  “pla_orms”	
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Where	
  do	
  func7onal	
  groups	
  a`ach?	
  

.	
  

§  Some	
  funcWonalizaWon	
  
typically	
  naWve	
  acer	
  growth,	
  
e.g.,	
  -­‐COOH	
  at	
  ends	
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Example:	
  CNT	
  sidewall	
  func7onaliza7on	
  

§  Smaller	
  
diameter	
  =	
  
easier	
  to	
  
subsWtute	
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Func7onaliza7on	
  as	
  a	
  pla_orm	
  

Zyvex	
  

§ Two	
  levels	
  
§  van	
  der	
  Waals	
  (non-­‐covalent)	
  
§  covalent	
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Applica7on:	
  composites	
  for	
  spor7ng	
  goods	
  

Zyvex	
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Func7onaliza7on	
  of	
  semiconductor	
  NPs	
  

Medintz	
  et	
  al.	
  Nature	
  Materials	
  	
  4:435,	
  2005.	
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Func7onaliza7on	
  of	
  semiconductor	
  NPs	
  

Medintz	
  et	
  al.	
  Nature	
  Materials	
  	
  4:435,	
  2005.	
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Func7onaliza7on	
  of	
  metal	
  oxide	
  NPs	
  

-­‐R	
  =	
  alkyl	
  group	
  
	
  CnH2n+1	
  

Koh,	
  Ph.D.	
  Thesis,	
  U.	
  Maryland,	
  2005.	
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Separa7on	
  and	
  sor7ng:	
  methods	
  
§ CentrifugaWon	
  
§ Electrophoresis	
  à	
  when	
  we	
  discuss	
  external	
  fields	
  later	
  
§  Filtering,	
  size	
  exclusion	
  
	
  
Overarching	
  principle:	
  create	
  and	
  amplify	
  a	
  difference	
  in	
  
mobility	
  of	
  nanostructures	
  in	
  a	
  fluid	
  based	
  on	
  their	
  size,	
  shape,	
  
and/or	
  surface	
  charge	
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Centrifuge	
  

	
  
hCp://en.wikipedia.org/wiki/Ultracentrifuge	
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Differen7al	
  centrifuga7on	
  
§  Spin	
  a	
  soluWon	
  (or	
  suspension)	
  in	
  a	
  uniform	
  density	
  soluWon	
  
§  Larger	
  parWcles	
  sediment	
  faster	
  (earlier	
  steps	
  shown	
  below),	
  
and	
  at	
  lower	
  speeds	
  

§ Wash	
  sediment	
  between	
  steps	
  to	
  remove	
  contaminants	
  

hCp://www.coleparmer.com/techinfo/techinfo.asp?htmlfile=basic-­‐centrifugaWon.htm&ID=30	
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Density	
  gradient	
  centrifuga7on	
  

hCp://www.coleparmer.com/techinfo/techinfo.asp?htmlfile=basic-­‐centrifugaWon.htm&ID=30	
  

	
  	
  
rate-­‐zonal	
  (size,	
  mass)

	
  	
  

Useful	
  if	
  mass	
  differs	
  but	
  density	
  does	
  not	
  
If	
  centrifuge	
  too	
  long,	
  all	
  parWcles	
  seCle	
  

Reaches	
  equilibrium	
  

	
  	
  
isopycnic	
  (density)	
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CNT	
  separa7on	
  using	
  density	
  gradients	
  

§  Disperse	
  CNTs	
  in	
  surfactant	
  mix:	
  compeWng	
  surfactants	
  adsorb	
  
based	
  on	
  CNT	
  electronic	
  structure	
  

§  Ultracentrifuge	
  (≈50,000	
  rpm,	
  ≈ 12h)	
  in	
  a	
  density	
  gradient	
  and	
  
repeat	
  

§  SeparaWon	
  >	
  97%	
  within	
  0.02nm	
  diameter	
  	
  
§  DifferenWate	
  metal/semiconducWng	
  as	
  well	
  

Arnold	
  et	
  al.,	
  Nature	
  Nanotechnology	
  1:60-­‐65,	
  2006	
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CoMoCat	
  CNT	
  growth	
  process	
  

Resasco	
  et	
  al.,	
  University	
  of	
  Oklahoma	
  

CNT	
  diameter	
  
increases	
  with	
  

reacWon	
  
temperature	
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Characteriza7on:	
  photoluminescence	
  

Arnold	
  et	
  al.,	
  Nature	
  Nanotechnology	
  1:60-­‐65,	
  2006	
  

	
  star7ng	
  CoMoCat	
  

(6,5)	
  

(7,5)	
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Tuning	
  selec7vity	
  by	
  surfactant	
  mixture	
  

Arnold	
  et	
  al.,	
  Nature	
  Nanotechnology	
  1:60-­‐65,	
  2006	
  

Sodium	
  
cholate,	
  
no	
  buffer	
  
pH	
  7.4	
  

Sodium	
  
cholate,	
  
+buffer	
  
pH	
  8.5	
  

SC+SDS	
  

red	
  =	
  (6,5)	
  
green	
  =	
  (7,5)	
  
blue	
  =	
  (9,5)	
  and	
  (8,7)	
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Separa7on	
  of	
  graphene	
  by	
  Nlayers	
  

Green	
  and	
  Hersam,	
  Nano	
  Le8ers	
  9(12):4031-­‐4036,	
  2009.	
  

Disperse	
  

Centrifuge	
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Shape	
  separa7on	
  of	
  Au	
  nanostructures	
  

	
  Start	
  

	
  Sidewall	
  

Bo`om	
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CNT	
  separa7on	
  by	
  func7onaliza7on	
  then	
  
electrophoresis	
  

Kim	
  et	
  al.,	
  Chem.	
  Mater.	
  19:1571,	
  2007.	
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  Kim	
  et	
  al.,	
  Chem.	
  Mater.	
  19:1571,	
  2007.	
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Membrane	
  filtra7on	
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Dialysis/cell	
  membrane	
  
Fuel	
  cell	
  

Disc	
  filter	
  	
  pore	
  size	
  uniformity	
  is	
  important	
  
hCp://en.wikipedia.org/wiki/Semipermeable_membrane	
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Regimes	
  of	
  membrane	
  filtra7on	
  

hCp://www.dow.com	
  à	
  membrane	
  separaWons	
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Nanoporous	
  anodic	
  alumina	
  membranes	
  

Whatman	
  anopore	
  membranes	
  
(not	
  templated)	
  

Template	
  method:	
  control	
  size	
  
and	
  spacingà	
  regular	
  arrays	
  

Krishnan	
  et	
  al.,	
  Nanotechnology	
  16:841,	
  2005.	
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Membrane	
  filtra7on	
  of	
  nanopar7cles	
  by	
  size	
  
exclusion	
  (polymer	
  membranes)	
  

Athakul	
  et	
  al.,	
  Adv.	
  Mater.	
  17(5):532,	
  2005.	
  

original	
  

filtered	
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CNT	
  forests	
  as	
  mechanically	
  tunable	
  filters	
  

Compression	
  

Li	
  et	
  al.,	
  Small	
  3(4):595-­‐599,	
  2007.	
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A	
  combina7on	
  of	
  methods	
  usually	
  seeks	
  the	
  
desired	
  final	
  result	
  (e.g.,	
  seed	
  amplificaWon)	
  	
  

Smalley,	
  Tour,	
  et	
  al.	
  


