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Rapid	
  Growth	
  of	
  Vertically	
  Aligned	
  Multi-­‐Walled	
  Carbon	
  
Nanotubes	
  on	
  a	
  Lamellar	
  Support	
  
N.	
  M.	
  Briggsa	
  and	
  S.	
  P.	
  Crossley*a	
  	
  

Vertically	
  aligned	
  carbon	
  nanotubes	
  offer	
  several	
  advantages	
  over	
  nanotubes	
  synthesized	
  using	
  traditional	
  techniques.	
  An	
  
inherent	
  disadvantage	
  of	
  vertically	
  aligned	
  nanotubes	
  is	
  the	
  necessary	
  use	
  of	
  low	
  surface	
  area	
  flat	
  catalyst	
  supports	
  during	
  
synthesis	
  that	
  are	
  not	
  easily	
  amenable	
  to	
  scale	
  up.	
  Attempts	
  to	
  synthesize	
  nanotubes	
  within	
  layers	
  of	
  a	
  lamellar	
  support	
  in	
  
a	
  scalable	
  manner	
  in	
  a	
  fluidized	
  bed	
  while	
  protecting	
  the	
  catalyst	
  surface	
  from	
  attrition	
  have	
  been	
  limited	
  to	
  lower	
  
reaction	
  temperatures	
  and	
  slow	
  growth	
  rates	
  due	
  to	
  rapid	
  particle	
  sintering.	
  This	
  article	
  reports	
  on	
  the	
  synthesis	
  of	
  
vertically	
  aligned	
  multi-­‐walled	
  carbon	
  nanotube	
  (V-­‐MWNT)	
  forests	
  with	
  heights	
  over	
  80	
  µm	
  and	
  growth	
  rates	
  eight	
  times	
  
faster	
  than	
  previously	
  reported	
  in	
  a	
  fluidized	
  bed	
  on	
  lamellar	
  supports.	
  The	
  addition	
  of	
  an	
  Al	
  precursor	
  to	
  Fe	
  and	
  Co	
  
catalyst	
  precursors	
  between	
  layers	
  of	
  mica	
  clay	
  was	
  found	
  to	
  play	
  a	
  key	
  role	
  in	
  the	
  promotion	
  of	
  nanotube	
  forest	
  growth.	
  
The	
  volume	
  expansion	
  in	
  the	
  catalyst	
  after	
  synthesis	
  of	
  the	
  V-­‐MWNTs	
  was	
  correlated	
  to	
  the	
  average	
  nanotube	
  forest	
  
length	
  to	
  obtain	
  a	
  simple	
  bulk	
  descriptor	
  of	
  forest	
  height.	
  Modifications	
  to	
  the	
  reduction	
  and	
  reaction	
  temperatures	
  
enabled	
  control	
  over	
  the	
  carbon	
  nanotube	
  diameters.	
  Forests	
  with	
  V-­‐MWNT	
  diameters	
  as	
  large	
  as	
  33	
  nm	
  and	
  small	
  as	
  7	
  
nm	
  were	
  obtained,	
  with	
  the	
  smallest	
  diameter	
  V-­‐MWNTs	
  being	
  double	
  and	
  triple	
  walled.	
  

Introduction	
  
Carbon	
  nanotubes	
  have	
  found	
  uses	
  in	
  a	
  variety	
  of	
  applications	
  

ranging	
  from	
  catalyst	
  supports	
  to	
  electronic	
  devices.1-­‐7	
  The	
  vertical	
  
alignment	
   of	
   carbon	
   nanotube	
   forests	
   exhibit	
   several	
   advantages	
  
over	
  non-­‐aligned	
  carbon	
  nanotubes	
  that	
   tend	
  to	
  agglomerate.	
  The	
  
unique	
   orientation	
   of	
   the	
   carbon	
   nanotubes	
   makes	
   them	
   useful	
  
because	
   of	
   their	
   field	
   emission	
   properties8	
   and	
   their	
   self-­‐cleaning	
  
capabilities	
  resulting	
  from	
  the	
  super	
  hydrophobicity	
  created	
  by	
  the	
  
lotus	
  leaf	
  effect	
  of	
  their	
  arrays.9	
  Vertically	
  aligned	
  carbon	
  nanotubes	
  	
  
have	
   also	
   shown	
   promise	
   for	
   use	
   in	
   thermal	
   management,10	
  
hydrogen	
  storage,11,	
  12	
  sensors,13	
  yarns,14,15	
  energy	
  adsorbing	
  hybrid	
  
composites,16	
   compressible	
   foams,17	
   lithium-­‐ion	
   batteries,5	
  
hydrophobic	
   coatings,2	
   oil	
   adsorption,18	
   and	
   applications	
   that	
  
require	
  strong	
  adhesive	
  forces.19	
  	
  

An	
   additional	
   key	
   benefit	
   of	
   vertically	
   aligned	
   carbon	
  
nanotubes	
   is	
   the	
   reduced	
   catalyst	
   weight	
   required	
   to	
   produce	
   a	
  
given	
   amount	
   of	
   nanotubes	
   as	
   a	
   result	
   of	
   longer	
   lengths.	
   The	
  
reduced	
   catalyst	
   requirement	
   could	
   enable	
   the	
   use	
   of	
   carbon	
  
nanotubes	
   in	
   applications	
   that	
   would	
   otherwise	
   be	
   cost	
  
prohibitive.20	
  In	
  addition,	
  due	
  to	
  the	
  unconfined	
  growth	
  in	
  a	
  vertical	
  
array,	
   Hata	
   et	
   al.	
   reported	
   that	
   the	
   addition	
   of	
   small	
   amounts	
   of	
  
water	
  during	
   the	
   synthesis	
   can	
   result	
   in	
  ultra	
   long	
   (up	
   to	
  2.5	
  mm)	
  
vertically	
  aligned	
  nanotubes	
  in	
  ten	
  minutes.21	
  Due	
  to	
  the	
  increased	
  
length,	
   a	
   carbon	
   purity	
   of	
   99.98%	
   was	
   achieved	
   and	
   the	
   carbon	
  
nanotubes	
  could	
  more	
  easily	
  be	
  removed	
  from	
  the	
  substrate.21	
  This	
  

easy	
  separation	
  from	
  the	
  substrate	
  and	
  high	
  purity	
  should	
  eliminate	
  
the	
  need	
  for	
  typical	
  purification	
  processes	
  that	
  may	
  create	
  defects20	
  
and	
  change	
  the	
  point	
  of	
  zero	
  charge	
  of	
  the	
  carbon	
  nanotubes.22	
  

The	
   synthesis	
  of	
   aligned	
   carbon	
  nanotubes	
  was	
   first	
   reported	
  
on	
   mesoporous	
   silica	
   in	
   199623	
   and	
   on	
   glass	
   in	
   1998.24	
   Two	
  
approaches	
   to	
   further	
   increase	
   the	
   yield	
   of	
   vertical	
   carbon	
  
nanotube	
   arrays	
   that	
   have	
   been	
   proposed	
   are	
   by	
   moving	
   flat	
  
substrates	
   on	
   a	
   conveyor	
   belt25,26	
   and	
   by	
   using	
   lamellar	
   clay	
   as	
  
supports	
   in	
   fluidized	
   beds.16,27-­‐30	
   By	
   synthesizing	
   the	
   nanotubes	
  
within	
  the	
  layers	
  of	
  the	
  lamellar	
  support,	
  the	
  vertical	
  growth	
  of	
  the	
  
tubes	
   is	
   enabled	
   while	
   avoiding	
   cleavage	
   of	
   the	
   nanotubes	
   from	
  
attrition	
   during	
   fluidization.	
  While	
   vertical	
   carbon	
  nanotubes	
   have	
  
been	
   grown	
   on	
   substrates	
   with	
   different	
   geometries,	
   including	
  
flakes31,	
   spheres32-­‐35,	
   and	
   fibers36,	
   lamellar	
   supports16,27-­‐30	
   have	
  
shown	
  the	
  best	
  potential	
  to	
  produce	
  the	
  highest	
  ratio	
  of	
  nanotube	
  
weight	
  per	
  gram	
  of	
  catalyst.27	
  The	
  longest	
  reported	
  vertical	
  carbon	
  
nanotubes	
  arrays	
  produced	
  over	
  lamellar	
  supports	
  are	
  50	
  μm	
  with	
  a	
  
growth	
   rate	
  a	
   rate	
  of	
  20	
  μm/h.	
  While	
   these	
   lengths	
  are	
  promising	
  
for	
   fluidized	
   bed	
   growth	
   and	
   indicate	
   there	
   is	
   potential	
   to	
   grow	
  
longer	
  vertically	
  aligned	
  carbon	
  nanotubes	
  in	
  large	
  quantities,	
  there	
  
is	
   significant	
   room	
   for	
   improvement	
   to	
   approach	
   the	
   nanotube	
  
lengths	
  obtained	
  on	
  single	
  flat	
  substrates.	
  

In	
   this	
   article,	
   the	
   growth	
   of	
   vertically	
   aligned	
   multi-­‐walled	
  
carbon	
   nanotubes	
   (V-­‐MWNTs)	
   is	
   investigated	
   in	
   a	
   fluidized	
   bed	
  
using	
   lamellar	
   supports	
   while	
   incorporating	
   alumina	
   within	
   the	
  
catalyst	
   to	
   inhibit	
   metal	
   particle	
   sintering.	
   We	
   report	
   V-­‐MWNT	
  
growth	
  rates	
  of	
  160	
  µm/h	
  with	
  lengths	
  over	
  80	
  microns,	
  which	
  is	
  8	
  
times	
   faster	
   than	
   the	
  highest	
   rate	
   reported	
  over	
   lamellar	
   supports	
  
with	
   unprecedented	
   lengths.16,27-­‐30	
   Only	
   a	
   small	
   handful	
   of	
  
literature	
  reports16,27-­‐30	
  investigate	
  V-­‐MWNTs	
  growth	
  with	
  	
  lamellar	
  
clay	
  supports.	
  Most	
   literature	
  on	
   lamellar	
  supports	
  reports	
  growth	
  
of	
   randomly	
   oriented	
   carbon	
   nanotubes.37-­‐41	
   The	
   limited	
   work	
   on	
  
this	
  subject	
  only	
  emphasizes	
  the	
  need	
  to	
  further	
  understand	
  these	
  
systems	
   to	
   maximize	
   length	
   and	
   production	
   of	
   vertically	
   aligned	
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carbon	
  nanotube	
  arrays.	
  This	
  article,	
  therefore,	
  reports	
  on	
  the	
  role	
  
of	
   varying	
   amounts	
   of	
   Al,	
   Fe,	
   and	
   Co,	
   the	
   method	
   by	
   which	
   the	
  
catalyst	
   is	
   deposited,	
   and	
   the	
   effect	
   of	
   reduction	
   and	
   reaction	
  
temperatures.	
   The	
   role	
   of	
   elevated	
   catalyst	
   impregnation	
  
temperature	
   is	
   also	
   discussed.	
   A	
   typical	
   approach	
   for	
   increasing	
  
carbon	
   nanotube	
   length	
   is	
   to	
   increase	
   the	
   reaction	
   temperature,	
  
however,	
   this	
   typically	
   results	
   in	
   larger	
   diameter	
   carbon	
  
nanotubes.42,43	
   This	
   article	
   shows	
   that	
   by	
   modifying	
   the	
   catalyst	
  
loading,	
  alumina	
  concentration,	
  reduction	
  temperature,	
  and	
  partial	
  
pressure	
  of	
   the	
  carbon	
  source,	
   the	
   length	
  of	
   the	
  V-­‐MWNTs	
  grown	
  
between	
  layers	
  of	
  a	
  lamellar	
  catalyst	
  support	
  can	
  be	
  increased	
  with	
  
a	
   minimal	
   increase	
   in	
   nanotube	
   diameter.	
   The	
   critical	
   role	
   of	
   an	
  
aluminium	
  precursor	
   is	
  also	
  discussed,	
  which	
   inhibits	
  sintering	
  and	
  
enables	
   the	
   use	
   of	
   higher	
   temperatures	
   where	
   longer	
   carbon	
  
nanotubes	
  and	
  more	
  rapid	
  growth	
  rates	
  are	
  achieved.	
  

Experimental	
  Section	
  
Mica	
  grade	
  V-­‐5	
  muscovite	
  with	
  a	
   lateral	
   size	
  of	
  75	
  mm	
  by	
  50	
  

mm	
   and	
   thickness	
   of	
   0.15	
   mm	
   was	
   purchased	
   from	
   SPI	
  
Supplies/Structure	
  Probe,	
   Inc.	
   The	
  mica	
   sheets	
  were	
   then	
   cut	
   into	
  
small	
   rectangular	
   pieces	
   roughly	
   2	
  mm	
   by	
   2	
  mm	
   and	
   placed	
   in	
   a	
  
beaker	
  of	
  water.	
  A	
  T25	
  Digital	
  Ultra	
  Turrax	
  with	
  dispersant	
  element	
  
IKA	
   S	
   25	
  N	
   –	
   18	
  GA	
  was	
   then	
   used	
   to	
   break	
   the	
  mica	
   sheets	
   into	
  
small	
  mica	
  flakes	
  by	
  homogenizing	
  them	
  in	
  water	
  for	
  three	
  minutes	
  
at	
   10,000	
   rpm.	
   The	
   flakes	
   were	
   then	
   sieved	
   to	
   sort	
   out	
   sizes	
  
between	
  150	
  and	
  355	
  μm	
  using	
  Cole	
  Parmer	
  mesh	
  screens.	
  

	
  For	
   wet	
   impregnation	
   of	
   the	
   mica	
   flakes,	
   Iron	
   (III)	
   nitrate	
  
nonahydrate,	
  Cobalt	
  (II)	
  nitrate	
  hexahydrate,	
  and	
  Aluminium	
  nitrate	
  
nonahydrate	
  were	
   added	
   to	
   a	
   beaker	
   to	
   obtain	
   the	
   desired	
  metal	
  
concentrations.	
   Fifty	
   millilitres	
   of	
   either	
   18	
   MΩ	
   water	
   or	
  
isopropanol	
   (IPA)	
  was	
   then	
   added	
   to	
   the	
   beaker	
   as	
   a	
   solvent	
   and	
  
the	
   solution	
   was	
   mixed	
   to	
   dissolve	
   the	
   catalyst	
   precursors.	
   Two	
  
grams	
  of	
   the	
  mica	
   flakes	
  were	
   then	
  placed	
   in	
   a	
  mesh	
  boat	
  with	
   a	
  
sieve	
  size	
  of	
  66	
  μm.	
  The	
  mesh	
  boat	
  was	
  then	
  placed	
  in	
  a	
  glass	
  petri	
  
dish	
   and	
   the	
   catalyst	
   solution	
  was	
   poured	
   into	
   the	
  petri	
   dish.	
   The	
  
mica	
   flakes	
  were	
   then	
   soaked	
   in	
   the	
   solution	
   for	
   two	
   hours,	
   after	
  
which	
   the	
  mesh	
   boat	
   was	
   slowly	
   removed	
   from	
   the	
   solution	
   and	
  
hung	
   for	
   two	
  days	
   to	
   allow	
   for	
   excess	
   catalyst	
   solution	
   to	
  drip	
  off	
  
and	
  for	
  the	
  catalyst	
  solution	
  to	
  dry.	
  

The	
   mica	
   flakes	
   were	
   then	
   calcined	
   in	
   air	
   in	
   a	
   Thermolyne	
  
48000	
  furnace	
  for	
  two	
  hours	
  at	
  450°C.	
  To	
  grow	
  the	
  V-­‐MWNTs,	
  100	
  
mg	
  of	
  the	
  catalyst	
  was	
  placed	
  on	
  top	
  of	
  a	
  quartz	
  frit	
  in	
  the	
  center	
  of	
  
a	
   1	
   inch	
   diameter	
   quartz	
   tube.	
   The	
   quartz	
   tube	
   was	
   oriented	
  
vertically,	
   so	
   that	
   fluidization	
   of	
   the	
  mica	
   flakes	
   could	
   take	
   place.	
  
The	
   catalyst	
  was	
   reduced	
   by	
   increasing	
   the	
   temperature	
   to	
   either	
  
560°C	
  or	
  650°C	
  at	
  a	
  rate	
  of	
  10°C	
  per	
  minute	
  under	
  a	
  hydrogen	
  flow	
  
rate	
   of	
   300	
   sccm.	
   The	
   temperature	
   was	
   then	
   held	
   at	
   the	
   desired	
  
reduction	
  temperature	
  for	
  30	
  minutes	
  with	
  a	
  hydrogen	
  flow	
  rate	
  of	
  
300	
   sccm.	
   After	
   reduction,	
   the	
   temperature	
  was	
   increased	
   to	
   the	
  
desired	
   reaction	
   temperature	
   at	
   a	
   rate	
   of	
   10°C	
   per	
   minute	
   at	
   a	
  
nitrogen	
  flow	
  rate	
  of	
  300	
  sccm.	
  The	
  temperature	
  was	
  then	
  held	
  at	
  
the	
   reaction	
   temperature	
   for	
   10	
   minutes	
   under	
   nitrogen	
   flow	
   to	
  
bring	
   the	
   reactor	
   temperature	
   to	
   a	
   steady	
   state.	
   Ethylene	
   or	
   a	
  
mixture	
   of	
   ethylene	
   and	
   nitrogen	
   was	
   then	
   introduced	
   for	
   30	
  
minutes	
  with	
  a	
  total	
   flow	
  rate	
  of	
  400	
  sccm.	
  After	
  the	
  reaction,	
  the	
  
reactor	
  was	
  allowed	
  to	
  cool	
  to	
  room	
  temperature	
  under	
  a	
  flow	
  rate	
  
of	
  300	
  sccm	
  nitrogen.	
  

Table	
  1	
   contains	
   the	
   sample	
   labels,	
   precursor	
   concentrations,	
  
solvent	
  used	
  to	
  dissolve	
  the	
  catalyst,	
  temperature	
  of	
  reduction	
  and	
  
reaction,	
   and	
   flow	
   rates	
   of	
   ethylene	
   and	
   hydrogen	
   used	
   during	
  
reaction.	
  	
  

For	
  SEM	
  characterization,	
  a	
  Zeis	
  NEON	
  40	
  EsB	
  SEM	
  was	
  used	
  to	
  
determine	
  vertical	
  alignment	
  of	
  the	
  V-­‐MWNTs	
  and	
  take	
  images	
  for	
  
measurement	
   of	
   their	
   lengths	
   using	
   ImageJ	
   software.	
   For	
   TEM	
  
characterization,	
  a	
  JEOL	
  2010F	
  high	
  resolution	
  TEM,	
  equipped	
  with	
  
a	
   field	
   emission	
   gun,	
   was	
   used	
   to	
   take	
   images	
   that	
   were	
   used	
   to	
  
measure	
   the	
   diameter	
   distribution	
   of	
   the	
   carbon	
   nanotubes.	
  
Measurement	
  of	
  the	
  inner	
  and	
  outer	
  diameters	
  was	
  determined	
  by	
  
using	
   ImageJ	
   software.	
   The	
   average	
   inner	
   and	
   outer	
   diameter	
  
measurements	
  of	
   100	
   randomly	
   selected	
  nanotubes	
  were	
  used	
   to	
  
obtain	
   an	
   estimate	
   of	
   the	
   average	
   number	
   of	
   walls	
   assuming	
   an	
  
average	
  nanotube	
  wall	
  thickness	
  of	
  0.344	
  nm.44	
  To	
  test	
  the	
  validity	
  
of	
  this	
  method	
  the	
  number	
  of	
  walls	
  for	
  100	
  carbon	
  nanotubes	
  were	
  
also	
  counted	
  for	
  three	
  samples.	
  The	
  three	
  samples	
  were	
  HRRx760,	
  
HRRx650D,	
  and	
  HRRx650D-­‐D,	
  which	
  span	
  a	
  range	
  from	
  an	
  average	
  
of	
   4	
   to	
   32	
   walls.	
   Both	
   methods	
   for	
   determining	
   the	
   number	
   of	
  
carbon	
  nanotube	
  walls	
   gave	
   comparable	
   results	
   as	
   can	
  be	
   seen	
   in	
  
the	
  Electronic	
  Supplementary	
  Information	
  (ESM).	
  The	
  validity	
  of	
  this	
  
approach	
   is	
   further	
   supported	
   by	
   Chiodarelli	
   et	
   al.,	
  

	
  
Table	
  1	
  Sample	
  Description.	
  NoAl	
  =	
  No	
  alumina	
  layer	
  made,	
  HW	
  =	
  hot	
  water	
  was	
  used	
  a	
  solvent,	
  W	
  =	
  Water	
  was	
  used	
  as	
  a	
  solvent,	
  D	
  =	
  

ethylene	
  was	
  diluted	
  with	
  nitrogen,	
  and	
  HR	
  =	
  reduction	
  temperature	
  of	
  650°C.	
  
who	
  came	
  to	
  the	
  same	
  conclusion	
  upon	
  correlating	
  the	
  number	
  of	
  
walls	
  of	
  multiwalled	
  carbon	
  nanotubes	
  to	
  their	
  diameters.45	
  Carbon	
  

yields	
   were	
   determined	
   by	
   oxidizing	
   the	
   carbon	
   nanotubes	
   and	
  
catalyst	
   in	
   air	
   to	
   800°C	
   in	
   the	
   previously	
   described	
   calcination	
  

Samples	
  
Metal	
  precursor	
  concentration	
  (mM)	
  

Solvent	
  
Temperature	
  of	
   Flow	
  rate	
  (sccm)	
  

Fe	
   Co	
   Al	
   Reduction	
  (°C)	
   Reaction	
  (°C)	
   C2H4	
   N2	
  
NoAlRx760	
   2.6	
   0.7	
   0	
   Isopropanol	
   560	
   760	
   400	
   0	
  
WRx760	
   2.6	
   0.7	
   5.3	
   Water	
   560	
   760	
   400	
   0	
  
HWRx760	
   2.6	
   0.7	
   5.3	
   Water	
  (Heated)	
   560	
   760	
   400	
   0	
  
Rx760	
   2.6	
   0.7	
   5.3	
   Isopropanol	
   560	
   760	
   400	
   0	
  
HRRx760	
   2.6	
   0.7	
   5.3	
   Isopropanol	
   650	
   760	
   400	
   0	
  
HRRx650	
   2.6	
   0.7	
   5.3	
   Isopropanol	
   650	
   650	
   400	
   0	
  
HRRx650D	
   2.6	
   0.7	
   5.3	
   Isopropanol	
   650	
   650	
   200	
   200	
  
HRRx650D-­‐A	
   2.2	
   1.1	
   5.3	
   Isopropanol	
   650	
   650	
   200	
   200	
  
HRRx650D-­‐B	
   2.6	
   0.7	
   2.6	
   Isopropanol	
   650	
   650	
   200	
   200	
  
HRRx650D-­‐C	
   2.2	
   1.1	
   2.6	
   Isopropanol	
   650	
   650	
   200	
   200	
  
HRRx650D-­‐D	
   2.2	
   1.1	
   2.6	
   Isopropanol	
   650	
   700	
   200	
   200	
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system	
   and	
   measuring	
   the	
   resulting	
   weight	
   loss	
   using	
   a	
   Metler	
  
Toledo	
  AL204	
  analytical	
  balance.	
  

Temperature	
  Programmed	
  Reduction	
   (TPR)	
  experiments	
  were	
  
conducted	
  by	
  flowing	
  5%	
  H2	
  in	
  Ar	
  at	
  a	
  rate	
  of	
  30	
  sccm	
  over	
  a	
  packed	
  
bed	
  of	
  60	
  mg	
  of	
  mica	
  flakes	
  with	
  catalyst.	
  A	
  temperature	
  increase	
  of	
  
10°C	
  per	
  minute	
  starting	
  at	
  room	
  temperature	
  and	
  ending	
  at	
  900°C	
  
was	
   used.	
   Analysis	
   of	
   effluent	
   gas	
   was	
   detected	
   with	
   an	
   SRI	
   110	
  
thermal	
  conductivity	
  detector	
  (TCD).	
  The	
  effluent	
  gas	
  was	
  dried	
  by	
  
passing	
   through	
   a	
   packed	
   bed	
   filled	
   with	
   Drierite	
   before	
  
introduction	
  into	
  the	
  TCD	
  detector.	
  

Results	
  and	
  Discussion	
  
Relationship	
   between	
   volume	
   of	
   nanotube	
   arrays	
   and	
   nanotube	
  
length	
  	
  

A	
   noticeable	
   change	
   in	
   the	
   volume	
  of	
   the	
  mica	
   flakes	
   can	
   be	
  
observed	
  during	
  the	
  nanotube	
  growth.	
  This	
  can	
  be	
  attributed	
  to	
  the	
  
expansion	
  of	
  the	
  mica	
  via	
  V-­‐MWNT	
  growth	
  between	
  the	
  layers.	
  An	
  
average	
   length	
   of	
   the	
   V-­‐MWNTs	
   is	
   measured	
   for	
   each	
   sample	
   by	
  
estimating	
   the	
   lengths	
   of	
   over	
   50	
   arrays	
   via	
   SEM	
   imaging.	
   The	
  
volume	
  of	
   the	
  recovered	
  catalyst	
  and	
  nanotubes	
  post	
   reaction	
  are	
  
plotted	
   against	
   the	
   average	
   lengths	
   of	
   the	
   V-­‐MWNTs	
   as	
   shown	
   in	
  
Figure	
  1.	
  All	
  reaction	
  data	
  obtained	
  with	
  pure	
  ethylene	
  used	
  during	
  
the	
  reaction	
  step	
  is	
  plotted	
  in	
  Figure	
  1	
  (a)	
  while	
  the	
  results	
  obtained	
  
with	
   an	
   ethylene	
   stream	
   diluted	
  with	
   N2	
   during	
   the	
   reaction	
   step	
  

are	
  shown	
  in	
  Figure	
  1	
  (b).	
  The	
  role	
  of	
  reactant	
  dilution	
  is	
  discussed	
  
in	
   following	
   sections	
   of	
   this	
   article.	
   Carbon	
   yield	
   is	
   also	
   plotted	
  
versus	
  average	
  V-­‐MWNT	
  length	
  as	
  shown	
  by	
  Figure	
  S1	
  &	
  S2	
  of	
  the	
  
ESM.	
  These	
  figures	
  show	
  a	
   linear	
  correlation	
   in	
  both	
  cases	
  but	
  the	
  
slope	
   is	
   not	
   as	
   pronounced	
   as	
   the	
   volume	
   expansion	
   of	
   the	
  
material.	
   As	
   will	
   be	
   discussed	
   in	
   the	
   following	
   sections,	
   a	
   small	
  
fraction	
  of	
  the	
  ethylene	
  decomposes	
  during	
  the	
  reaction	
  to	
  form	
  an	
  
amorphous	
   carbon	
   layer	
   under	
   certain	
   conditions.	
   This	
   leads	
   to	
   a	
  
more	
   direct	
   and	
   pronounced	
   correlation	
   between	
   the	
   catalyst	
  
volume	
   expansion	
   and	
   nanotube	
   length	
   when	
   compared	
   to	
   the	
  
relationship	
  between	
  volume	
  expansion	
  and	
  carbon	
  yield.	
  

To	
   demonstrate	
   the	
   important	
   role	
   of	
   Al	
   in	
   the	
   growth	
   of	
   V-­‐
MWNTs	
  on	
  mica	
  flakes,	
  Fe	
  and	
  Co	
  catalysts	
  were	
  tested	
  without	
  any	
  
additional	
  Al	
  precursor.	
   This	
  approach	
  does	
  not	
   create	
  a	
  V-­‐MWNT	
  
forest	
   upon	
   reaction	
   at	
   760°C	
   as	
   shown	
   for	
   sample	
   NoAlRx760	
   in	
  
Figure	
   2(a)	
   with	
   only	
   small	
   fragments	
   of	
   non	
   aligned	
   carbon	
  
nanotubes	
  observed.	
  	
  

Precursors	
  that	
  decompose	
  to	
  form	
  alumina	
  have	
  been	
  shown	
  
to	
  play	
   a	
   critical	
   role	
   in	
   the	
   synthesis	
  of	
  V-­‐MWNTs	
  by	
   Fe	
   catalysts	
  
supported	
   on	
   silicon	
   wafers.21,46,47	
   The	
   incorporation	
   of	
   an	
   Al	
  
precursor	
   during	
   catalyst	
   synthesis	
   results	
   in	
   a	
   similar	
   positive	
  
influence	
   resulting	
   in	
   the	
   production	
   VMWNT	
   arrays	
   on	
   lamellar	
  
supports	
   as	
   shown	
   in	
   Figure	
   1(a)	
   and	
   2(b).	
   The	
   increase	
   in	
   both	
  
length	
   and	
   volume,	
   shown	
   by	
   comparison	
   of	
   samples	
   NoAlRx760	
  
and	
  Rx760,	
  is	
  significant	
  since	
  the	
  only	
  change	
  is	
  the	
  incorporation	
  

	
  

Figure	
  1	
  (a)	
  Correlation	
  between	
  volume	
  of	
  catalyst	
  and	
  V-­‐MWNTs	
  and	
  average	
  length	
  of	
  V-­‐MWNTs	
  when	
  only	
  ethylene	
  is	
  used	
  during	
  the	
  
reaction	
  step.	
  	
  (b)	
  Correlation	
  between	
  volume	
  of	
  catalyst	
  and	
  V-­‐MWNTs	
  and	
  average	
  length	
  of	
  V-­‐MWNTs	
  when	
  ethylene	
  is	
  diluted	
  with	
  
nitrogen	
  during	
  the	
  reaction	
  step.	
  

of	
   an	
   Al	
   precursor	
   with	
   the	
   Fe	
   and	
   Co	
   catalyst.	
   The	
   average	
   V-­‐
MWNT	
  length	
  increased	
  from	
  1	
  to	
  50	
  μm	
  and	
  the	
  volume	
  increased	
  
from	
  one	
  cm3	
  to	
  almost	
  four	
  cm3,	
  as	
  can	
  be	
  seen	
  in	
  Figure	
  1(a).	
  As	
  
observed	
   on	
   non-­‐lamellar	
   supports,	
   alumina	
   likely	
   hinders	
   the	
  
sintering	
   of	
   the	
   catalyst	
   particles	
   responsible	
   for	
   growth	
   of	
   the	
  
carbon	
   nanotubes,	
   as	
   has	
   been	
   shown	
   by,	
   Mattevi	
   et	
   al.46	
   and	
  
Kaneko	
  et	
  al.47Both	
  groups	
  showed	
  reduced	
  sintering	
  of	
  the	
  iron	
  by	
  
using	
   alumina	
   resulting	
   in	
   a	
   narrower	
   carbon	
   nanotube	
   diameter	
  
because	
  of	
   the	
  narrower	
  catalyst	
   size	
  distribution	
  when	
  compared	
  
to	
  silica	
  supported	
  catalysts.	
  This	
  reduction	
  in	
  the	
  rate	
  of	
  sintering	
  is	
  

likely	
   responsible	
   for	
   the	
   longer	
   growth	
   of	
   V-­‐MWNTs	
   in	
   a	
   shorter	
  
time	
   frame	
   than	
   was	
   achieved	
   by	
   other	
   groups	
   that	
   previously	
  
synthesized	
   vertically	
   aligned	
   carbon	
   nanotubes	
   between	
   lamellar	
  
supports.16,27-­‐30	
  

Mattevi	
  et	
  al.	
  showed	
  the	
  existence	
  of	
  Fe2+	
  and	
  Fe3+	
  and	
  their	
  
strong	
   interaction	
   with	
   the	
   surface	
   oxygen	
   atoms	
   of	
   the	
   alumina	
  
support	
   by	
   using	
   in-­‐situ	
   X-­‐ray	
   photoelectron	
   spectroscopy	
   and	
  
annealing	
   under	
   H2	
   and	
   Ar	
   at	
   580°C.

46This	
   group	
   found,	
   however,	
  
that	
   only	
   metallic	
   Fe	
   existed	
   on	
   a	
   silica	
   surface,	
   when	
   annealed	
  
under	
  the	
  same	
  conditions.	
  Interface	
  states	
  formed	
  between	
  the	
  Fe	
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and	
   surface	
   oxygen	
   atoms	
   of	
   the	
   alumina	
  were	
   proposed	
   to	
   help	
  
reduce	
   the	
   surface	
   mobility,	
   which	
   are	
   not	
   present	
   when	
   Fe	
   is	
  
supported	
  on	
   silica.	
  Because	
  no	
   interfacial	
   states	
   formed	
  between	
  
Fe	
  and	
  silica,	
  the	
  Fe	
  coalesces	
  into	
  large	
  islands.	
  It	
  can,	
  therefore,	
  be	
  
concluded	
   that	
   the	
   Al	
   precursor	
   is	
   likely	
   forming	
   interface	
   states	
  
with	
   the	
   Fe,	
   which	
   is	
   reducing	
   the	
   sintering	
   of	
   Fe	
   and	
   promoting	
  
growth	
  of	
  the	
  V-­‐MWNTs.	
  An	
  Al	
  precursor	
  is	
  therefore	
  incorporated	
  
in	
  all	
  samples	
  discussed	
  hereafter.	
  

The	
   role	
   of	
   heating	
   the	
   catalyst	
   and	
   mica	
   flakes	
   during	
  
impregnation	
   at	
   80°C	
   in	
   reflux	
   for	
   24	
   hours	
   was	
   investigated	
   by	
  
preparing	
   a	
   sample,	
   HWRx760,	
   in	
   a	
   similar	
   manner	
   to	
   literature	
  
reports.27,	
   28,	
   30	
   Other	
   studies	
   report	
   catalyst	
   impregnation	
   in	
  
lamellar	
   supports	
   at	
   ambient	
   temperatures,16	
   with	
   no	
   clear	
  
rationale	
   for	
   either	
   impregnation	
   technique.	
   Samples	
   HWRx760,	
  
WRx760	
   and	
   Rx760	
   serve	
   to	
   elucidate	
   the	
   role	
   of	
   heating	
   solvent	
  
choice	
  during	
  wet	
  impregnation	
  of	
  the	
  catalyst	
  within	
  layers	
  of	
  mica	
  
flakes.	
  An	
  Al	
  precursor	
  was	
  incorporated	
  in	
  each	
  case.	
  	
  

Previous	
   reports	
   demonstrated	
   growth	
   of	
   V-­‐MWNT	
   arrays	
  
between	
  layers	
  of	
  lamellar	
  clay	
  supports	
  of	
  approximately	
  10	
  µm	
  in	
  
nanotube	
   length	
   in	
   half	
   an	
   hour,16,	
   27-­‐30	
   while	
   sample	
   HWRx760	
  
shows	
   growth	
   of	
   20	
   µm	
  over	
   the	
   same	
   period	
   of	
   time.	
   As	
   can	
   be	
  
seen	
   in	
   Figure	
   1(a)	
   for	
   sample	
   HWRx760,	
   the	
   volume	
   expands	
   to	
  
approximately	
   two	
   cm3	
   post	
   reaction.	
   SEM	
   and	
   TEM	
   results	
   are	
  
shown	
  in	
  Figure	
  S3	
  of	
  the	
  ESM	
  along	
  with	
  outer	
  and	
  inner	
  diameters	
  
of	
   the	
   V-­‐MWNTs.	
   During	
   preparation	
   of	
   sample	
   HWRx760,	
   the	
  
heating	
  turned	
  the	
  catalyst	
  solution	
  from	
  a	
  transparent	
  orange	
  to	
  a	
  

dark	
  red	
  color.	
  The	
  darker	
  color	
  of	
  the	
  heated	
  solution	
  could	
  be	
  due	
  
to	
   the	
   formation	
   of	
   insoluble	
   iron	
   hydroxide	
   particulates,	
   in	
  
agreement	
  with	
  literature	
  observations.48	
  

By	
   maintaining	
   the	
   catalyst	
   solution	
   at	
   ambient	
   temperature	
  
the	
   formation	
   of	
   the	
   precipitate	
   is	
   avoided,	
   with	
   the	
   resulting	
  
catalyst	
   sample	
   designated	
   as	
   WRx760.	
   V-­‐MWNT	
   length	
  
significantly	
   increased	
   over	
   the	
   heated	
   precursor	
   impregnation	
  
sample,	
  HWRx760,	
  as	
  can	
  be	
  seen	
  in	
  Figure	
  1(a).	
  This	
  result	
  implies	
  
that	
   insoluble	
   iron	
  hydroxide	
  particulates	
  hinder	
  V-­‐MWNT	
  growth.	
  
SEM	
  and	
   TEM	
   images	
   can	
   be	
   seen	
   in	
   Figure	
   S4	
   of	
   the	
   ESM,	
   along	
  
with	
  inner	
  and	
  outer	
  diameter	
  measurements	
  of	
  the	
  V-­‐MWNTs.	
  	
  

To	
  test	
  the	
  impact	
  of	
  the	
  solvent	
  during	
  catalyst	
  impregnation,	
  
isopropanol	
  was	
  used	
  as	
  a	
  solvent	
  in	
  place	
  of	
  water,	
  sample	
  Rx760.	
  
Replacing	
  isopropanol	
  with	
  water	
  as	
  a	
  solvent	
  yielded	
  an	
  increase	
  in	
  
V-­‐MWNT	
  length	
  as	
  shown	
  in	
  Figure	
  2(b),	
  and	
  volume	
  of	
  material	
  as	
  
shown	
   in	
   Figure	
   1(a).	
   Measurements	
   of	
   the	
   V-­‐MWNTs	
   from	
   TEM	
  
images,	
   such	
  as	
  Figure	
  2(c),	
   indicate	
   their	
  average	
  outer	
  and	
   inner	
  
diameters	
  to	
  be	
  19.2±6.9	
  nm	
  and	
  6.7±2.3	
  nm,	
  respectively,	
  and	
  with	
  
an	
   average	
   wall	
   number	
   of	
   18.	
   The	
   variance	
   in	
   growth	
   resulting	
  
from	
   the	
   two	
  different	
   solvents	
  during	
   catalyst	
  deposition	
  may	
  be	
  
due	
   to	
   (i)	
   hindered	
   amounts	
   of	
   iron	
   hydroxide	
   formation	
   in	
  
isopropanol	
  or	
  (ii)	
  isopropanol,	
  having	
  a	
  lower	
  surface	
  tension	
  than	
  
water,	
  may	
  have	
  created	
  a	
  more	
  uniform	
  coating	
  of	
   catalyst	
  upon	
  
evaporation	
   of	
   the	
   solvent.	
   The	
   lower	
   surface	
   tension	
   may	
   have	
  
resulted	
  in	
  the	
  catalyst	
  being	
  left	
  behind	
  as	
  the	
  isopropanol	
  	
  

	
  

Figure	
  2	
  (a)	
  SEM	
  image	
  of	
  sample	
  NoAlRx760	
  without	
  incorporation	
  of	
  alumina,	
  (b)	
  SEM	
  image	
  of	
  sample	
  Rx760,	
  incorporation	
  of	
  alumina,	
  
and	
  (c)	
  TEM	
  image	
  of	
  sample	
  Rx760.	
  	
  
	
  

evaporated	
  whereas	
   with	
   water	
   a	
   higher	
   surface	
   tension	
   will	
   pull	
  
the	
  catalyst	
  particles	
  to	
  the	
  remaining	
  liquid	
  as	
  evaporation	
  occurs.	
  
Isopropanol	
   appears	
   to	
   be	
   a	
   superior	
   catalyst	
   deposition	
   solvent,	
  
and	
   as	
   will	
   be	
   discussed	
   in	
   the	
   following	
   sections,	
   further	
  
optimization	
  of	
  reaction	
  conditions	
  using	
  this	
  deposition	
  technique	
  
results	
   in	
  V-­‐MWNT	
  lengths	
  over	
  80	
  μm	
  and	
  a	
  volume	
  expansion	
  of	
  
almost	
  four	
  cm3.	
  

During	
   the	
   reaction	
   step	
   when	
   pure	
   ethylene	
   was	
   flowed	
  
above	
   700°C,	
   an	
   orange-­‐yellow	
   colored	
   gas	
   was	
   produced	
   due	
   to	
  
pyrolysis	
   of	
   ethylene.	
   The	
   quartz	
   glass	
   tube	
   after	
   reaction	
   was	
  
coated	
   with	
   a	
   black	
   opaque	
   layer	
   of	
   carbon.	
   Similar	
   observations	
  
have	
   been	
   reported	
   during	
   V-­‐MWNT	
   growth	
  with	
   ethylene	
   in	
   the	
  
literature.34	
   It	
   is	
   possible	
   this	
   pyrolysis	
   of	
   ethylene	
   is	
   producing	
  
carbon	
  that	
  is	
  coking	
  and	
  deactivating	
  catalyst	
  particles	
  or	
  possibly	
  
fusing	
  layers	
  of	
  the	
  mica.	
  

	
  To	
   overcome	
   the	
   problem	
   of	
   fast	
   coking	
   or	
   fusing	
   layers	
   of	
  
mica	
   together,	
   ethylene	
   was	
   diluted	
   with	
   nitrogen	
   during	
   the	
  

reaction	
   step.	
   The	
   dilution	
   of	
   the	
   ethylene	
   resulted	
   in	
   a	
   large	
  
increase	
  in	
  V-­‐MWNTs	
  volume	
  and	
  a	
  decrease	
  in	
  diameter	
  as	
  shown	
  
in	
   Figure	
   1(b),	
   which	
   will	
   be	
   discussed	
   in	
   later	
   sections.	
   This	
  
indicates	
   there	
   is	
   more	
   growth	
   of	
   V-­‐MWNT	
   arrays	
   since	
   the	
  
detrimental	
   impact	
   of	
   high	
   ethylene	
   concentrations	
   is	
   minimized.	
  
Regardless	
  of	
  whether	
  nitrogen	
  was	
  or	
  was	
  not	
  used	
   to	
  dilute	
   the	
  
ethylene	
   during	
   the	
   reaction	
   step,	
   a	
   linear	
   relationship	
  was	
   found	
  
between	
  the	
  average	
  length	
  of	
  the	
  V-­‐MWNTs	
  and	
  the	
  volume	
  of	
  the	
  
samples	
  post	
  reaction	
  as	
  shown	
  in	
  Figure	
  1(b).	
  
	
  
Role	
  of	
  reduction	
  temperature	
  

V-­‐MWNTs	
  with	
   lengths	
  over	
  80	
  μm	
  were	
  obtained	
  for	
  sample	
  
HRRx760	
  by	
   increasing	
   the	
   reduction	
   temperature	
   to	
   650°C.	
   Inner	
  
and	
   outer	
   diameters	
   of	
   the	
   V-­‐MWNTs	
   of	
   sample	
   HRRx760	
   were	
  
8.3±1.9	
   nm	
   and	
   32±3.5	
   nm	
   respectively,	
   resulting	
   in	
   an	
   average	
  
number	
  of	
  36	
  walls	
  per	
  nanotube.	
  SEM	
  and	
  TEM	
  images	
  of	
  sample	
  
HRRx760	
  can	
  be	
  seen	
   in	
  the	
  supplementary	
   information,	
  Figure	
  S5	
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of	
   the	
   ESM.	
   A	
   reasonable	
   explanation	
   for	
   the	
   increased	
   length	
   of	
  
the	
  V-­‐MWNTs	
  is	
  that	
  the	
  Fe	
  and	
  Co	
  have	
  been	
  reduced	
  to	
  a	
  greater	
  
extent	
  at	
  650°C,	
  as	
  shown	
  by	
  the	
  TPR	
  in	
  Figure	
  3.	
  	
  

  

Figure	
   3	
   Temperature	
   programmed	
   reduction	
   of	
   catalyst	
   used	
   for	
  
samples	
  RX760,	
  HRRX760,	
  HRRX650,	
  and	
  HRRX650D.	
  
When	
  the	
  Fe	
  and	
  Co	
  is	
  not	
  fully	
  reduced,	
  the	
  ethylene	
  serves	
  as	
  the	
  
reducing	
   agent,	
   potentially	
   at	
   the	
   expense	
   of	
   excessive	
   carbon	
  
deposition,	
  that	
  may	
  deactivate	
  the	
  catalyst	
  for	
  V-­‐MWNTs	
  growth.	
  

Consistent	
   with	
   Brown	
   et	
   al.	
   the	
   major	
   reduction	
   of	
   bulk	
   Fe	
  
and	
  Co	
  is	
  around	
  650°C,	
  see	
  Figure	
  3.49	
  The	
  peak	
  at	
  300°C	
  shown	
  on	
  
Figure	
  3	
  was	
  observed	
  by	
  this	
  group	
  for	
  both	
  Fe	
  and	
  Co.	
  Brown	
  et	
  
al.	
  attributed	
  this	
  peak	
  to	
  well	
  dispersed	
  Fe	
  and	
  Co	
  on	
  the	
  alumina.	
  
The	
  maximum	
  hydrogen	
  uptake	
  was	
   found	
   to	
  be	
   greater	
   at	
   lower	
  
temperatures	
  as	
  the	
  Co	
  to	
  Fe	
  ratio	
   increased,	
  which	
  is	
  observed	
  in	
  
the	
   TPR	
   profile	
   shown	
   in	
   Figure	
   S6	
   of	
   the	
   ESM.	
   Mossbauer	
  
spectroscopy	
   revealed	
   as	
   the	
   Co	
   to	
   Fe	
   ratio	
   increased	
   Fe	
   and	
   Co	
  
spinels	
  formed	
  because	
  of	
  the	
  depletion	
  of	
  Fe2O3	
  by	
  Co.

50	
  The	
  role	
  
of	
   the	
  Co	
   to	
   Fe	
   ratio	
   on	
  V-­‐MWNT	
  growth	
  will	
   be	
   discussed	
   in	
   the	
  
following	
  sections.	
  

	
  
	
  
	
  
	
  
	
  
	
  

Growth	
  of	
  few	
  walled	
  V-­‐MWNTs	
  
Due	
  to	
  the	
  assumption	
  that	
  excessive	
  pyrolysis	
  occurs	
  when	
  flowing	
  
pure	
   ethylene,	
   the	
   ethylene	
   was	
   diluted	
   with	
   nitrogen	
   and	
   the	
  
reaction	
   temperature	
   lowered	
   for	
   this	
   research	
   in	
   an	
   attempt	
   to	
  
decrease	
  the	
  diameter	
  of	
  the	
  V-­‐MWNTs	
  and	
  to	
  produce	
  few-­‐walled	
  
V-­‐MWNTs,	
  defined	
  as	
  two	
  to	
  five	
  layers	
  of	
  side	
  walls	
  and	
  diameters	
  
between	
   three	
   to	
   eight	
   nm.51	
   To	
   study	
   the	
   effect	
   of	
   diluting	
   the	
  
ethylene	
  and	
   lowering	
   the	
   reaction	
   temperatures	
  both	
  cases	
  were	
  
studied,	
  using	
  increased	
  reduction	
  temperature	
  of	
  650°C	
  instead	
  of	
  
560°C.	
   Sample	
   HRRx650	
   is	
   the	
   result	
   of	
   lowering	
   the	
   reaction	
  
temperature,	
   which	
   resulted	
   in	
   no	
   observable	
   pyrolysis	
   or	
   oil	
  
coating	
  the	
  glass	
  reactor	
  vessel	
  during	
  the	
  reaction	
  step.	
  Based	
  on	
  
SEM	
  and	
  TEM	
  images	
  Figure	
  S7	
  of	
  the	
  ESM,	
  V-­‐MWNT	
  lengths	
  up	
  to	
  
30	
  μm	
  were	
   produced	
  with	
   average	
   outer	
   and	
   inner	
   diameters	
   of	
  
6.9±2.4	
  nm	
  and	
  3.7±1.3	
  nm,	
  respectively.	
  From	
  this	
  information,	
  the	
  
average	
  number	
  of	
  V-­‐MWNT	
  walls	
  was	
  determined	
  to	
  be	
  five,	
  with	
  
some	
  double	
  and	
  triple	
  walled	
  V-­‐MWNTs	
  present.	
  

Carbon	
   nanotube	
   yield	
   can	
   be	
   increased	
   by	
   changing	
   the	
  
partial	
  pressure	
  of	
   the	
  carbon	
  source.52	
  To	
   increase	
  the	
  yield	
  of	
  V-­‐
MWNTs,	
   the	
   partial	
   pressure	
   of	
   ethylene	
   was	
   modified	
   while	
  
keeping	
  all	
  other	
  parameters	
   the	
  same	
  as	
   for	
  sample	
  HRRx650.	
  To	
  
change	
   the	
   partial	
   pressure	
   of	
   ethylene,	
   an	
   equal	
   volume	
   of	
  
nitrogen	
  and	
  ethylene	
  were	
  flown,	
  sample	
  HRRx650D.	
  This	
  ratio	
  of	
  
ethylene	
   to	
   nitrogen	
   results	
   in	
   an	
   increase	
   in	
   volume	
   expansion	
  
with	
   the	
   same	
   catalyst,	
   Figure	
   1	
   (a	
  &	
  b).	
   The	
  V-­‐MWNTs	
  produced	
  
are	
  up	
  to	
  30	
  μm	
  in	
  length	
  as	
  shown	
  in	
  Figure	
  4	
  (a).	
  

An	
   explanation	
   for	
   the	
   increase	
   in	
   volume	
   of	
   the	
   collected	
  
material	
   is	
   the	
   change	
   in	
   partial	
   pressure,	
   which	
   decreased	
   the	
  
amount	
   of	
   catalyst	
   particles	
   that	
  were	
   deactivated	
   or	
   inaccessible	
  
due	
   to	
   the	
   excessive	
   ethylene	
   partial	
   pressures.	
   TEM	
   results	
   for	
  
sample	
  HRRx650D	
  are	
  similar	
  to	
  results	
  shown	
  for	
  sample	
  HRRx650.	
  
Sample	
   HRRx650	
   shows	
   an	
   average	
   V-­‐MWNT	
   outer	
   diameter	
   of	
  
6.8±2.4	
  nm	
  and	
  inner	
  diameter	
  of	
  3.9±2.4	
  nm,	
  and	
  an	
  average	
  of	
  4	
  
walls	
  with	
  some	
  double	
  and	
  triple	
  walls	
  being	
  present	
  as	
  shown	
  in	
  
Figure	
  4	
  (b).	
  The	
  use	
  of	
  the	
  proper	
  reduction	
  temperature	
  allows	
  for	
  
a	
   lower	
   reaction	
   temperature	
   to	
   be	
   used	
   and	
   still	
   grow	
   longer	
   V-­‐
MWNTs	
  with	
  few	
  walls.	
  Dilution	
  of	
  the	
  ethylene	
  during	
  the	
  reaction	
  
step	
  increased	
  the	
  yield	
  of	
  V-­‐MWNTs.	
  	
  
	
  
Role	
  of	
  catalyst	
  ratios	
  and	
  temperature	
  

The	
   role	
  of	
   the	
  Co	
   to	
   Fe	
   ratio	
  was	
  modified	
   in	
   an	
  attempt	
   to	
  
increase	
   the	
   length	
   of	
   the	
   V-­‐MWNTs	
   without	
   increasing	
   the	
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Figure	
  4	
  (a)	
  SEM	
  image	
  of	
  sample	
  HRRx650D,	
  decrease	
  in	
  partial	
  pressure	
  of	
  ethylene	
  and	
  reduction	
  temperature	
  of	
  650°C	
  (b)	
  TEM	
  image	
  
of	
  sample	
  HRRx650D,	
  (c)	
  SEM	
  image	
  of	
  sample	
  HRRx650D-­‐D,	
  reaction	
  temperature	
  of	
  700°C	
  and	
  catalyst	
  precursor	
  of	
  Al	
  decreased	
  and	
  Co	
  
increased,	
  and	
  (d)	
  TEM	
  image	
  of	
  sample	
  HRRx650D-­‐D.	
  	
  
 
V-­‐MWNTs’	
   diameters,	
   which	
   is	
   usually	
   the	
   case	
   when	
   increasing	
  
temperature.42,	
   43	
   The	
   synergistic	
   effect	
   of	
   Fe	
   and	
   Co	
   has	
   been	
  
shown	
  to	
  give	
  a	
  higher	
  yield	
  of	
  carbon	
  nanotubes	
  than	
  either	
  Fe	
  or	
  
Co	
   alone.53	
   Increasing	
   the	
   Co	
   to	
   Fe	
   ratio	
   for	
   sample	
   HRRx650D-­‐A,	
  
resulted	
  in	
  an	
  increase	
  in	
  V-­‐MWNT	
  length	
  and	
  volume	
  compared	
  to	
  
using	
   a	
   lower	
   Co	
   to	
   Fe	
   ratio	
   as	
   used	
   for	
   sample	
   HRRx650D.	
   TEM	
  
results	
   show	
   that	
   the	
   average	
   diameter	
   and	
   number	
   of	
   walls	
   for	
  
sample	
   HRRx650D-­‐A	
   are	
   comparable	
   to	
   HRRx650D.	
   SEM	
   and	
   TEM	
  
images	
   for	
   sample	
  HRRx650D-­‐A	
   are	
   in	
   Figure	
   S8	
   of	
   the	
   ESM.	
   Two	
  
possible	
  reasons	
  for	
  the	
  increased	
  length	
  and	
  volume	
  expansion	
  of	
  
material	
  are,	
  (i),	
  the	
  Co	
  helps	
  to	
  reduce	
  the	
  Fe	
  further48	
  and,	
  (ii)	
  the	
  
formation	
  of	
  Fe	
  and	
  Co	
  spinels	
  may	
  hinder	
  particle	
  sintering.49	
  	
  

Excessive	
  amounts	
  of	
  the	
  Al	
  precursor	
  could	
  possibly	
  coat	
  the	
  
Fe	
   and	
   Co	
   and	
   render	
   them	
   inactive.	
   The	
   role	
   of	
   Al	
   precursor	
  
concentration	
  was	
  explored	
  by	
  decreasing	
  the	
  concentration	
  by	
  half	
  
as	
   shown	
   for	
   sample	
   HRRx650D-­‐B.	
   With	
   the	
   reaction	
   conditions	
  
kept	
   the	
   same	
   as	
   for	
   sample	
  HRRx650D,	
   there	
  was	
   an	
   increase	
   in	
  

the	
   volume	
   of	
   V-­‐MWNTs	
   and	
   the	
  mica.	
   TEM	
   results	
   indicate	
   that	
  
the	
   average	
   diameters	
   and	
   the	
   number	
   of	
   walls	
   were	
   similar	
   to	
  
samples	
  HRRx650D-­‐A	
  and	
  HRRx650D.	
  SEM	
  and	
  TEM	
  images	
  can	
  be	
  
found	
  in	
  the	
  Figure	
  S9	
  of	
  the	
  ESM.	
  By	
  decreasing	
  the	
  amount	
  of	
  Al	
  
precursor,	
  more	
  Fe	
  and	
  Co	
  may	
  be	
  exposed	
  for	
  growing	
  V-­‐MWNTs,	
  
which	
  is	
  a	
  likely	
  reason	
  for	
  the	
  increased	
  volume	
  expansion.	
  	
  

While	
   improvements	
   in	
   the	
   volume	
   expansion	
   and	
   length	
   of	
  
the	
  V-­‐MWNTs	
  are	
  observed	
  by	
  either	
   increasing	
  the	
  amount	
  of	
  Co	
  
or	
   decreasing	
   the	
   amount	
   of	
   Al	
   in	
   the	
   sample,	
   further	
  
improvements	
   are	
   not	
   obtained	
   by	
   combining	
   both	
   strategies.	
  
HRRx650D-­‐C	
   was	
   prepared	
   with	
   both	
   a	
   higher	
   Co	
   and	
   lower	
   Al	
  
loading.	
   This	
   resulted	
   in	
   an	
   effect	
   similar	
   to	
   both	
   samples	
  
HRRx650D-­‐B	
  and	
  HRRx650D-­‐C,	
  in	
  which	
  neither	
  a	
  significant	
  volume	
  
expansion	
  or	
  length	
  change	
  of	
  the	
  V-­‐MWNTs	
  occurred.	
  TEM	
  results	
  
for	
   sample	
   HRRx650D-­‐C	
   show	
   no	
   significant	
   change	
   in	
   average	
  
diameter	
  or	
  number	
  of	
  walls.	
  Supplementary	
   information	
  has	
  SEM	
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and	
  TEM	
  images	
  of	
  sample	
  HRRx650D-­‐C	
  as	
  shown	
  by	
  Figure	
  S10	
  of	
  
the	
  ESM.	
  

The	
   reaction	
   temperature	
   has	
   a	
   significant	
   influence	
   on	
   the	
  
final	
   nanotube	
   length	
   and	
   diameter.	
   This	
   is	
   illustrated	
   by	
   sample	
  
HRRx650D-­‐D,	
   which	
   was	
   prepared	
   using	
   the	
   same	
   catalyst	
   as	
   in	
  
sample	
  HRRx650D-­‐C	
  at	
  a	
  higher	
  reaction	
  temperature	
  of	
  700°C.	
  The	
  
results	
   of	
   these	
   changes	
   are	
   quite	
   dramatic	
   showing	
   a	
   significant	
  
increase	
   in	
   the	
   length	
   of	
   the	
   V-­‐MWNTs,	
   over	
   80	
   μm,	
   and	
   a	
  
significant	
   volume	
   expansion	
   in	
   material	
   as	
   shown	
   in	
   Figure	
   4(c).	
  
The	
   V-­‐MWNTs	
   grew	
   at	
   a	
   rate	
   of	
   160	
   μm/h,	
   which	
   is	
   eight	
   times	
  
faster	
  than	
  previously	
  reported.16,	
  27-­‐30	
  In	
  addition	
  to	
  the	
  length	
  and	
  
significant	
   volume	
   expansion,	
   the	
   diameter	
   of	
   the	
   V-­‐MWNTs	
  
doubled	
   to	
   an	
   average	
   outer	
   diameter	
   of	
   11.5±3.5	
   nm,	
   average	
  
inner	
   diameter	
   of	
   5.6±1.8	
   nm,	
   and	
   average	
   wall	
   number	
   of	
   9,	
   as	
  
shown	
  in	
  Figure	
  4(d).	
  Increased	
  nanotube	
  diameters	
  as	
  a	
  function	
  of	
  
temperature	
   have	
   also	
   been	
   reported	
   in	
   the	
   literature	
   using	
  
vermiculite	
  clay	
  supports.30	
  The	
  increase	
  in	
  growth	
  of	
  the	
  V-­‐MWNT	
  
arrays	
  results	
  in	
  the	
  separation	
  of	
  layers	
  within	
  the	
  mica	
  sheets,	
  as	
  
can	
  be	
  seen	
   in	
  Figure	
  4(c).	
  This	
   finding	
   is	
   in	
  agreement	
  with	
   those	
  
reported	
  by	
  Zhang	
  et	
  al.	
  who	
  observed	
  unequal	
   rates	
  of	
  nanotube	
  
growth	
   along	
   the	
  mica	
   surfaces	
   resulting	
   in	
   fracturing	
  of	
   the	
  mica	
  
sheets.27	
    

Conclusions	
  
	
   The	
   synthesis	
   of	
   V-­‐MWNTs	
   in	
   a	
   scalable	
   fashion	
   over	
  
lamellar	
  supports	
  at	
  lengths	
  greater	
  than	
  those	
  reported	
  in	
  the	
  
literature	
   is	
   achieved.	
   This	
   is	
   accomplished	
   through	
   the	
  
incorporation	
  of	
   Co	
   and	
  Al	
  within	
   the	
   Fe	
   catalyst	
   to	
  promote	
  
metal	
   reduction	
   and	
   reduce	
   sintering.	
   Few	
   walled	
   V-­‐MWNTs	
  
with	
  lengths	
  of	
  up	
  to	
  40	
  μm	
  are	
  synthesized	
  via	
  this	
  approach.	
  
The	
   incorporation	
   of	
   Al	
   enables	
   increased	
   growth	
  
temperatures,	
  resulting	
  in	
  V-­‐MWNTs	
  over	
  80	
  μm	
  in	
  length.	
  The	
  
height	
   of	
   the	
   expanded	
   mica	
   flakes	
   post	
   reaction	
   shows	
   a	
  
linear	
   correlation	
   with	
   the	
   average	
   MWNT	
   length.	
  
Modifications	
   in	
   precursor	
   concentration,	
   catalyst	
   deposition	
  
method,	
   and	
   reaction	
   temperature	
   allow	
   for	
   control	
   of	
   both	
  
nanotube	
  length	
  and	
  diameter	
  in	
  lamellar	
  supports.	
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