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Abstract 
Abstract	
   of	
   CHEMICAL	
  AND	
  THERMOCHEMICAL	
  PROPERTIES	
  OF	
  GRAPHENE	
  OXIDE	
  BASED	
  

MATERIALS:	
   SAFETY	
   IMPLICATIONS	
   AND	
   APPLICATIONS	
   by	
   YANG	
   QIU,	
   Ph.D.,	
   Brown	
  

University,	
  May	
  2016	
   	
  

The	
   successful	
   application	
   of	
   new	
   materials	
   requires	
   good	
   understanding	
   of	
   their	
   basic	
  

properties	
   which	
   govern	
   their	
   behaviors	
   during	
   manufacturing,	
   processing,	
   storage	
   and	
  

disposal.	
   Graphene	
   based	
   materials	
   as	
   an	
   emerging	
   family	
   of	
   carbon	
   materials	
   with	
  

promising	
  mechanical,	
   electrical	
   and	
   thermal	
   properties	
   have	
   been	
   believed	
   to	
   be	
   “game	
  

changer”	
   materials.	
   Among	
   these	
   materials,	
   the	
   most	
   promising	
   category	
   for	
   large-­‐scale	
  

production	
   and	
   application	
   in	
   industry	
   are	
   graphene	
   oxide	
   based	
  materials,	
   but	
   some	
   of	
  

their	
  properties	
  are	
  still	
  not	
  well	
  understood.	
  Here	
  this	
  thesis	
   focuses	
  on	
  investigating	
  the	
  

chemical	
   and	
   thermochemical	
   properties	
   of	
   graphene	
   oxide	
   based	
   materials	
   with	
   both	
  

experimental	
   and	
   theoretical	
   approaches.	
   These	
   properties	
   are	
   found	
   closely	
   related	
   to	
  

materials	
  chemical	
  structures,	
  more	
  specifically	
  the	
  functional	
  groups	
  of	
  the	
  materials	
  at	
  the	
  

molecular	
   level.	
   For	
   example,	
   the	
   conjugated	
   π	
   domain	
   determines	
   their	
   capability	
   to	
  

scavenge	
   free	
   radicals;	
   the	
   hydroxyl	
   and	
   carboxyl	
   groups	
   determine	
   the	
   dispersibility	
   in	
  

aqueous	
   or	
   polar	
   solvents;	
   the	
   epoxy	
   groups	
   determine	
   the	
   exothermic	
   nature	
   of	
   the	
  

graphene	
  oxide	
  pyrolysis;	
  the	
  carbon	
  backbone	
  determines	
  the	
  reducing	
  capability	
  at	
  high	
  

temperature.	
   With	
   the	
   knowledge	
   learned	
   in	
   this	
   study,	
   their	
   implications	
   for	
   safe	
  

processing	
   and	
   storage	
   were	
   investigated	
   using	
   numeric	
   simulations.	
   New	
   potential	
  

applications	
   like	
  oxidation	
  protection	
  using	
  the	
  antioxidant	
  properties	
  of	
  the	
  π	
  conjugated	
  

domain	
  and	
  multifunctional	
  platform	
  for	
  theranostics	
  or	
  pollutant	
  cleanup	
  using	
  a	
  couple	
  of	
  

the	
  unique	
  properties	
  of	
  graphene	
  oxide	
  have	
  been	
  proposed	
  and	
  explored.	
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1.1	
  Graphene	
  oxide	
  

Graphene	
   oxide	
   (GO)	
   is	
   a	
   nonstoichiometric	
   carbon	
   material	
   with	
   various	
   compositions.	
  

Though	
   its	
  name	
   sounds	
   like	
   a	
   graphene	
  derived	
  material,	
   it	
  was	
   actually	
  discovered	
  and	
  

studied	
   far	
   earlier	
   than	
   the	
   “groundbreaking	
   experiments	
   regarding	
   the	
   two-­‐dimensional	
  

material	
  graphene”	
  in	
  2004.1-­‐2	
  The	
  study	
  on	
  GO	
  can	
  be	
  tracked	
  back	
  to	
  late	
  1850s	
  when	
  B.	
  

Brodie	
  attempted	
  to	
  determine	
  the	
  “atomic	
  weight	
  of	
  graphite”.3	
   	
  

	
   Differed	
  from	
  graphene,	
  the	
  chemical	
  structure	
  of	
  GO	
  is	
  still	
  in	
  controversy	
  though	
  has	
  

been	
  studied	
  for	
  decades.	
  In	
  the	
  early	
  pursuit	
  to	
  answer	
  this	
  question,	
  Hofmann	
  and	
  Holst	
  

proposed	
  epoxy	
  as	
   the	
  only	
  oxygen	
   functionality	
  and	
  an	
   ideal	
   formula	
  of	
  GO	
  as	
  C2O.4	
  This	
  

model	
  however	
  cannot	
  explain	
  the	
  relatively	
  high	
  hydrogen	
  contents	
  since	
  only	
  edge	
  sites	
  

are	
   supposed	
   to	
   bound	
   to	
   hydrogen	
   atoms.	
   Ruess	
   proposed	
   a	
   wrinkled	
   structure	
   with	
  

cyclohexane	
   chairs	
   and	
   axial	
   hydroxyl	
   groups	
   and	
   ether	
   oxygens	
   in	
   1,3	
   positions.5	
   This	
  

model	
   better	
   explained	
   the	
   hydrogen	
   content	
   and	
   also	
   explained	
   the	
   observed	
   acidity	
   by	
  

enolic	
  hydroxyl	
  species	
  and	
  carboxylic	
  groups	
  at	
  the	
  edge	
  sites.	
  Later	
  this	
  model	
  was	
  further	
  

improved	
  by	
  Scholz	
  and	
  Boehm	
  by	
  removing	
  ether	
  groups	
  and	
  opening	
  some	
  hexane	
  rings	
  

since	
  characterizations	
  on	
  GO	
  indicated	
  no	
  presence	
  of	
  ether.6	
  Two	
  decades	
  later	
  Nakajima	
  

et	
   al	
   proposed	
   another	
   structure	
   as	
   an	
   analog	
   of	
   poly	
   carbon	
   fluoride,	
   (C2F)n,	
   based	
   on	
  

characterizations	
  on	
  fluorinated	
  GO.7	
  As	
  more	
  advanced	
  experimental	
  techniques	
  have	
  been	
  

used	
   in	
   investigating	
   this	
   issue.	
   Researchers	
   gradually	
   recognized	
   that	
   GO	
   does	
   not	
   have	
  

determined	
   stoichiometric	
   structure.	
   The	
   most	
   widely	
   accepted	
   model	
   by	
   present	
  

researchers	
   is	
   such	
   a	
  model.	
   Randomly	
   distributed	
   oxygen	
   functionalities	
   like	
   epoxyl	
   and	
  

hydroxyl	
   cover	
   the	
   six-­‐membered	
   carbon	
   ring	
   sheets,	
   which	
   terminate	
   with	
   carboxyls,	
  

ketones	
  and	
  phenolic	
  hydroxyls.	
  This	
  model	
  was	
  proposed	
  by	
  Lerf	
  et	
  al	
  based	
  on	
  a	
  series	
  of	
  



	
  

3	
  

solid-­‐state	
  NMR	
  studies	
  together	
  with	
  XPS	
  and	
  FTIR	
  characterization	
  in	
  late	
  1990s	
  and	
  early	
  

2000s.8-­‐9	
   	
  

	
  

Figure	
  1.1	
  GO	
  structural	
  models	
  

Hoffmann	
   et	
   al	
   proposed	
   oxygen	
   species	
   bind	
   to	
   the	
   carbon	
   atoms	
   of	
   the	
   hexagons	
   by	
   epoxy	
  
(1,2-­‐ether)	
  linkages	
  with	
  an	
  ideal	
  formula	
  of	
  C2O.	
  Ruess	
  proposed	
  a wrinkled carbon sheet composed of 
trans linked cyclohexane chairs with the fourth valencies of carbon atoms bound to axial OH groups and 
ether oxygens in 1,3 positions. Scholtz and Boehm revised the stereochemical structure of Reuess model 
based on the experimental observations. Nakajima and Matsuo proposed a (C2F)n type model by studying 
the structure of fluorinated GO. Lerf and Klinowski proposed a GO layer as a random distribution of flat 
aromatic regions with unoxidized benzene rings and wrinkled regions of alicyclic six-membered rings 
bearing hydroxyl and ether groups with carboxyl and phenolic or aliphatic hydroxyl groups on the edge 
sites based on NMR studies. This is consistent with most of the experimental observations on GO and is the 
most accepted model to date.	
  Adapted	
  from	
  Chemistry	
  of	
  Materials	
  2006	
  10 

1.2	
  The	
  production	
  of	
  GO	
   	
  

GO	
   can	
   be	
   produced	
   in	
   various	
   ways.	
   Some	
   of	
   them	
   are	
   dramatically	
   different	
   from	
   the	
  

others.	
  As	
  other	
  nanomaterials,	
  GO	
  can	
  be	
  produced	
  through	
  either	
  bottom-­‐up	
  or	
  top-­‐down	
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strategy.	
  Bottom-­‐up	
  strategy	
  is	
  the	
  direct	
  oxidation	
  of	
  monolayer	
  or	
  few	
  layer	
  graphene.	
  It	
  

can	
  involve	
  chemical	
  or	
  thermal	
  treatment.11	
  This	
  strategy	
  has	
  been	
  seldom	
  used	
  either	
  in	
  

research	
  or	
   industry.	
  The	
   top-­‐down	
  strategy	
  has	
  been	
  almost	
  exclusively	
  used	
   in	
   the	
  vast	
  

majority	
   of	
   GO	
   research	
   and	
   manufacturing.	
   This	
   strategy	
   is	
   essentially	
   exfoliation	
   of	
  

oxidized	
  graphite	
  and	
  usually	
  involves	
  three	
  steps	
  as	
  oxidation,	
  purification	
  and	
  exfoliation.	
  

The	
  first	
  step	
  is	
  treating	
  graphite	
  with	
  strong	
  oxidizing	
  reagents	
  in	
  liquid	
  or	
  gas	
  phase.	
  The	
  

second	
  step	
  is	
  a	
  series	
  of	
  washing,	
  centrifugation	
  and/or	
  filtration	
  to	
  purify	
  and	
  collect	
  the	
  

desired	
   product.	
   The	
   third	
   step	
   is	
   achieved	
   mainly	
   through	
   shearing	
   or	
   sonicating	
   the	
  

product	
  in	
  polar	
  solvents.	
  

	
  

Figure	
  1.2	
  Top	
  down	
  production	
  strategy	
  of	
  GO	
  sheets.	
    

Graphite	
   is	
   first	
   oxidized	
   by	
   strong	
   oxidizing	
   agents.	
   This	
   can	
   sometimes	
   involve	
   multistep	
   or	
  
repeated	
   oxidation	
   to	
   create	
   satisfactory	
   amount	
   of	
   oxygen	
   functionalities.	
   After	
   extensive	
  
purification	
  the	
   final	
  GO	
  product	
  can	
  be	
  dispersed	
   in	
  polar	
  solvents	
   like	
  water.	
  Adapted	
  from	
  Nano	
  
Today	
  2012	
  12	
  

	
   Solution	
   processing	
   is	
   most	
   widely	
   used	
   to	
   oxidize	
   graphite.	
   There	
   are	
   three	
   most	
  

common	
  methods,	
  namely,	
  Brodie	
  method3,	
  Staudenmaier	
  method	
  13	
  and	
  Hummers	
  method	
  

14.	
  In	
  the	
  original	
  research,	
  Brodie	
  attempted	
  to	
  determine	
  the	
  “atomic	
  weight	
  of	
  graphite”	
  

and	
   used	
   this	
   oxidizing	
   mixture	
   to	
   treat	
   graphite	
   of	
   Ceylon,	
   the	
   natural	
   occurring	
   vein	
  

graphite	
  mined	
   in	
  Sri	
  Lanka.	
  He	
  used	
  a	
  mixture	
  of	
  potassium	
  chlorate	
  (KClO3)	
  and	
   fuming	
  

nitric	
  acid	
  (HNO3)	
  to	
  treat	
  graphite.	
  Both	
  KClO3	
  and	
  fuming	
  HNO3	
  are	
  among	
  the	
  strongest	
  

oxidizing	
  agents	
   in	
   chemical	
  processing.	
  Fuming	
  HNO3	
   is	
  known	
   to	
  be	
  effective	
   to	
  oxidize	
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graphenic	
   carbon	
   surfaces	
  while	
  KClO3	
   is	
   known	
   to	
   generate	
   oxidizer	
   dioxygen.15	
   The	
  GO	
  

product	
  he	
  obtained	
  has	
  a	
  C:H:O	
  ratio	
  of	
  61.04	
   :	
  1.85	
   :	
  37.11.	
   3	
  The	
  oxidation	
  efficiency	
  of	
  

this	
   treatment	
   is	
  not	
   satisfactory.	
  Repeated	
  oxidation	
   treatments	
   are	
  usually	
  necessary	
   to	
  

achieve	
   desired	
   oxidation.	
   40	
   years	
   later,	
   Staudenmeier	
   improved	
   Brodie	
   method.	
   He	
  

proposed	
   adding	
  KClO3	
   in	
  multiple	
   aliquots	
   into	
   the	
   oxidation	
  mixture	
   in	
   the	
   presence	
   of	
  

concentrated	
   sulfuric	
   acid	
   (H2SO4)	
   over	
   the	
   course	
   of	
   reaction.	
   This	
   greatly	
   improves	
   the	
  

oxidation	
   efficiency	
   of	
   a	
   single	
   treatment	
   used	
   in	
   Brodie	
   method.13	
   This	
   also	
   allows	
   a	
  

one-­‐batch	
  processing	
  to	
  be	
  possible.	
  However,	
  due	
  to	
  safety	
  concerns	
  of	
  the	
  highly	
  toxic	
  and	
  

explosive	
   gas	
   byproduct	
   chlorine	
   dioxide	
   (ClO2),	
   only	
   a	
   small	
   number	
   of	
   researchers	
  

produce	
  GO	
  through	
  these	
   two	
  methods.	
  A	
  safer	
  method	
  was	
  developed	
  by	
  Hummers	
  and	
  

Offeman	
   in	
   the	
   1950s.	
   The	
   oxidizing	
   mixture	
   of	
   this	
   method	
   consists	
   of	
   potassium	
  

permanganate	
   (KMnO4),	
   sodium	
  nitrate	
   (NaNO3)	
   and	
   concentrated	
  H2SO4	
  14	
   and	
   therefore	
  

no	
   ClO2	
   is	
   produced	
   in	
   this	
   processing.	
   This	
   is	
   a	
   safer	
   and	
   easier	
   method	
   than	
   its	
   two	
  

predecessors.	
  Hummers	
  method	
  has	
  since	
  become	
  the	
  most	
  popular	
  one	
  to	
  produce	
  GO	
  in	
  

research	
   laboratories.16	
   It	
   has	
  been	
  modified	
  and	
   improved	
  a	
   lot	
   in	
  different	
  ways	
  during	
  

the	
  last	
  few	
  decades	
  and	
  varies	
  versions	
  of	
  modified	
  Hummers	
  methods	
  have	
  been	
  used	
  by	
  

different	
   labs.	
   Though	
   modified	
   Hummers	
   methods	
   are	
   more	
   popular	
   in	
   research	
   lab,	
  

Staudenmeier	
   method	
   is	
   still	
   being	
   used	
   in	
   industry	
   due	
   to	
   its	
   relatively	
   less	
   tedious	
  

purification	
  steps	
  and	
  easier	
  processing	
  procedures.	
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Figure	
  1.3	
  Purification	
  of	
  GO	
  

Neither	
   filtration	
  nor	
  centrifugation	
  of	
  GO	
   in	
  water	
   is	
  practical.	
  The	
   flexible	
  sheets	
  can	
  easily	
  stack	
  
and	
  quickly	
  block	
  the	
  pores	
  on	
  the	
  membrane	
  during	
  filtration,	
  preventing	
  water	
  going	
  through	
  the	
  
membrane.	
  The	
  as	
  prepared	
  GO	
  colloidal	
  suspension	
  is	
  very	
  stable	
  and	
  is	
  thus	
  difficult	
  to	
  pellet	
  with	
  
the	
  centrifugal	
  force	
  generated	
  by	
  regular	
  benchtop	
  centrifuge.	
  To	
  overcome	
  this	
  issue,	
  acid	
  (usually	
  
HCl)	
  could	
  be	
  added	
  to	
  neutralize	
  the	
  GO	
  surface	
  charge	
  so	
  as	
  to	
  destabilize	
  the	
  colloidal	
  system.	
  This	
  
treatment	
  makes	
  centrifugation	
  much	
  easier.	
  The	
  HCl	
  can	
  be	
  washed	
  away	
  by	
  acetone	
  in	
  subsequent	
  
purification	
  steps.	
  Adapted	
  from	
  Nano	
  Today	
  2012	
  12	
  

	
   Purification	
  is	
  usually	
  a	
  challenging	
  step	
  in	
  the	
  process	
  of	
  GO	
  production	
  since	
  GO	
  tends	
  

to	
   gel	
   in	
   water,	
   which	
   leads	
   to	
   clogging	
   and	
   blocking	
   membrane	
   during	
   filtration	
   or	
  

dialysis.3,	
  12	
  Ultra	
  high-­‐speed	
  centrifugation	
  is	
  an	
  option	
  but	
  the	
  instrument	
  is	
  costly	
  and	
  is	
  

not	
  available	
  for	
  most	
  labs.	
  A	
  more	
  practical	
  way	
  is	
  to	
  make	
  GO	
  colloidal	
  system	
  less	
  stable,	
  

which	
  allows	
  GO	
  pelleting	
  with	
  regular	
  benchtop	
  centrifuge.	
  An	
  effective	
  approach	
  is	
  to	
  add	
  

acid.	
   GO	
   tends	
   to	
   aggregate	
   at	
   highly	
   acidic	
   environment	
   since	
   the	
   electrical	
   repulsion	
  

between	
   individual	
   floating	
   sheets	
   is	
   reduced.	
   A	
   large	
   amount	
   of	
   protons	
   in	
   solution	
  

suppresses	
   the	
  deprotonation	
  of	
  hydroxyl	
  and	
  carboxyl	
  groups	
  of	
  GO	
  and	
   in	
   turn	
  shift	
  GO	
  

ζ-­‐potential	
   towards	
   neutral.	
   The	
   enhanced	
   ionic	
   strength	
   also	
   contributes	
   to	
   reduce	
   the	
  

ζ-­‐potential	
   according	
   to	
   DLVO	
   theory.	
   Hydrochloric	
   acid	
   wash	
   has	
   been	
   proved	
   to	
   be	
  

effective	
   to	
   prevent	
   gelation	
   in	
   aqueous	
   phase.17	
   Subsequent	
   washing	
   is	
   necessary	
   to	
  

remove	
   the	
   anions	
   introduced	
  by	
   acid	
  washing.	
  Acetone	
   is	
   usually	
   used	
   for	
   removing	
   the	
  

chloride	
   ions.	
   It	
   however	
   bares	
   threats	
   for	
   the	
   processing	
   safety.	
   As	
   Lee	
   et	
   al	
   reported	
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residual	
  acetone	
  left	
  on	
  the	
  glassware	
  could	
  be	
  converted	
  by	
  peroxide	
  and	
  sulfuric	
  acid	
  to	
  

acetone	
  peroxide,	
  which	
  is	
  a	
  highly	
  explosive	
  substance.	
  18	
  

	
   GO	
   solids	
   spontaneously	
   disperse	
   in	
  water	
   and	
   form	
  multilayer	
   platelets.	
   To	
   achieve	
  

monolayer	
  GO	
  dispersion,	
   exfoliation	
   is	
   usually	
   necessary.	
   It	
   is	
   not	
   a	
   difficult	
   process	
   but	
  

still	
  not	
  trivial	
  and	
  can	
  greatly	
  affect	
  the	
  lateral	
  dimension	
  of	
  exfoliated	
  GO	
  sheets.	
  There	
  are	
  

numerous	
   ways	
   to	
   exfoliate	
   layered	
   materials,	
   like	
   shear,	
   ultrasonication	
   and	
   thermal	
  

expansion.	
   However,	
   GO	
   undergoes	
   rapid	
   chemical	
   change	
   upon	
   heat	
   treatment,	
   thermal	
  

expansion	
  is	
  not	
  an	
  option	
  to	
  obtain	
  exfoliated	
  GO.	
  Shearing	
  in	
  solution	
  is	
  a	
  good	
  approach	
  

but	
   can	
   be	
   inefficient	
   if	
   the	
   applied	
   force	
   is	
   not	
   strong	
   enough	
   and	
   can	
   potentially	
   take	
  

extremely	
   long	
   time	
   to	
   obtain	
   a	
   majority	
   of	
   monolayer.	
   Ultrasonication	
   is	
   an	
   easier	
   and	
  

more	
  common	
  choice	
  to	
  obtain	
  monolayer	
  GO	
  in	
  solution	
  but	
  it	
  also	
  has	
  some	
  problems.	
  For	
  

example	
  larger	
  sheets	
  can	
  easily	
  be	
  broken	
  into	
  smaller	
  pieces	
  by	
  sonication.	
  This	
  happens	
  

even	
  with	
  mild	
  bath	
  sonication.	
  

	
   The	
   composition	
   and	
   properties	
   of	
   GO	
   can	
   vary	
   a	
   lot	
   depending	
   on	
   the	
   oxidative	
  

processing.	
   For	
   instance,	
   the	
   C:O	
   ratios	
   of	
   GO	
  produced	
   by	
  Brodie	
   and	
   original	
  Hummers	
  

methods	
   are	
   usually	
   higher	
   (indicating	
   less	
   oxidization)	
   than	
   those	
   by	
   Staudenmeier	
  

method.	
   Later	
   developed	
   modified	
   Hummers	
   methods	
   greatly	
   improve	
   the	
   oxidation	
  

efficiency	
  and	
  could	
  achieve	
  similar	
  or	
  even	
  better	
  oxidation	
  than	
  Staudenmeier	
  method.16	
  

Moreover,	
   the	
   graphite	
   source	
   and	
   processing	
   conditions	
   also	
   contribute	
   to	
   the	
   great	
  

variance	
  of	
  GO	
  properties.	
  The	
   lateral	
  dimension	
  and	
  thickness	
  of	
   the	
  resulting	
  GO	
  largely	
  

depend	
   upon	
   the	
   starting	
   graphite	
   and	
   exfoliation	
   process.	
   Smaller	
   graphite	
   flakes	
   and	
  

stronger	
   sonication	
   condition	
   are	
   more	
   favorable	
   to	
   produce	
   thinner	
   GO	
   sheets	
   since	
  

smaller	
  graphite	
  flakes	
  are	
  more	
  likely	
  to	
  be	
  oxidized	
  to	
  high	
  extent	
  and	
  highly	
  oxidized	
  GO	
  

solids	
  are	
  easier	
  to	
  exfoliate.	
  Larger	
  graphite	
  flakes	
  are	
  potentially	
  better	
  choice	
  to	
  produce	
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GO	
  of	
  larger	
  lateral	
  dimension	
  but	
  larger	
  graphite	
  flakes	
  are	
  at	
  the	
  same	
  time	
  more	
  difficult	
  

to	
  oxidize	
  and	
  the	
  obtained	
  GO	
  solids	
  are	
  in	
  turn	
  more	
  difficult	
  to	
  exfoliate.	
  In	
  addition,	
  GO	
  

sheets	
  exfoliated	
  by	
   sonication	
  usually	
  have	
   small	
   lateral	
  dimension	
   though	
   it	
   is	
   the	
  most	
  

widely	
   used	
   method.	
   To	
   get	
   larger	
   GO	
   sheets,	
   shearing	
   by	
   gentle	
   stirring	
   can	
   be	
   a	
   good	
  

choice	
  though	
  the	
  yield	
  of	
  monolayer	
  is	
  low.19	
   	
  

1.3	
  GO	
  properties	
  and	
  applications	
  

GO	
   differs	
   from	
   graphene	
   in	
   many	
   ways	
   though	
   both	
   are	
   graphenic	
   two-­‐dimensional	
  

materials.	
   Graphene	
   has	
   superior	
   thermal	
   and	
   electrical	
   conductivity	
   while	
   GO	
   does	
   not;	
  

graphene	
   is	
   highly	
   hydrophobic	
   while	
   GO	
   is	
   hydrophilic;	
   graphene	
   is	
   an	
   ideal	
   all	
   carbon	
  

atom	
   based	
   material	
   while	
   GO	
   contains	
   a	
   large	
   portion	
   of	
   heteroatoms;	
   graphene	
   is	
  

chemically	
   inert	
   and	
   stable	
   in	
   atmosphere	
   while	
   GO	
   is	
   reactive	
   with	
   a	
   large	
   range	
   of	
  

substances	
  and	
  can	
  even	
  spontaneously	
  change	
  in	
  atmosphere	
  over	
  time;	
  20	
  graphene	
  does	
  

not	
  have	
  special	
  affinity	
  to	
  water	
  molecules	
  but	
  dry	
  GO	
  is	
  a	
  highly	
  hygroscopic	
  material	
  and	
  

automatically	
  adsorbs	
  water	
  in	
  atmosphere.	
  

	
   Due	
  to	
  its	
  unique	
  properties,	
  GO	
  itself	
  have	
  been	
  proposed	
  for	
  a	
  variety	
  of	
  applications.	
  

For	
   instance,	
   its	
  hydrophilic	
  oxygen	
   functionalities	
   together	
  with	
  hydrophobic	
  sp2	
  batches	
  

on	
   its	
   surface	
   make	
   it	
   an	
   ideal	
   surfactant.	
   It	
   can	
   form	
   stable	
   Pickering	
   emulsions	
   with	
  

organic	
   solvents	
   the	
   same	
  way	
   as	
   regular	
   nanoparticles.	
   It	
   can	
   also	
   process	
   hydrophobic	
  

materials	
   in	
  water	
   the	
  same	
  way	
  as	
  molecular	
  dispersing	
  agents. 21	
  GO	
   is	
   considered	
  as	
  a	
  

two-­‐dimensional	
   random	
   diblock	
   copolymer	
   with	
   a	
   graphitic	
   block	
   and	
   a	
   heavily	
  

hydroxylated	
   block.	
   It	
   can	
   spontaneously	
   form	
   liquid	
   crystal	
   structures	
   in	
   aqueous	
   phase	
  

under	
  mechanical	
  force	
  22-­‐23	
  and	
  can	
  also	
  guide	
  the	
  assembly	
  of	
  other	
  materials	
  through	
  π-­‐π	
  

stacking	
  and	
  hydrogen	
  bonding	
  when	
  incorporated	
  into	
  them.12	
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1.4	
  GO	
  based	
  materials	
  

GO	
   is	
  also	
  a	
  promising	
  precursor	
   for	
   large-­‐scale	
  manufacturing	
  of	
  graphene-­‐based	
  carbon	
  

materials.	
   The	
   traditional	
   and	
   commonly	
   used	
   approaches	
   to	
   produce	
   graphene	
   include	
  

micromechanical	
   exfoliation,	
   chemical	
   vapor	
   deposition	
   (CVD)	
   of	
   hydrocarbon,	
   epitaxial	
  

growth	
  and	
  colloidal	
   suspension	
  exfoliation.	
  Micromechanical	
  exfoliation,	
  or	
   “Scotch	
   tape”	
  

method,	
  is	
  the	
  method	
  Geim	
  et	
  al	
  used	
  in	
  their	
  groundbreaking	
  experiments,	
  which	
  lead	
  to	
  

the	
  discovery	
  of	
  graphene.	
  Through	
  repeated	
  peeling	
  of	
  highly	
  oriented	
  pyrolytic	
  graphite	
  

(HOPG),	
   a	
   mixture	
   of	
   single	
   layer	
   and	
   few	
   layer	
   graphene	
   can	
   be	
   obtained.	
   2,	
   24	
   It	
   is	
  

apparently	
   difficult	
   to	
   produce	
   a	
   large	
   quantity	
   of	
   high	
   quality	
   graphene	
   through	
   this	
  

method.	
   CVD	
  with	
   hydrocarbon	
   is	
   probably	
   the	
  most	
   promising	
  way	
   till	
   now	
   to	
   produce	
  

high	
   quality	
   monolayer	
   graphene	
   with	
   low	
   level	
   of	
   defect	
   and	
   large	
   lateral	
   dimension.25	
  

However,	
  it	
  is	
  relatively	
  tedious	
  to	
  transfer	
  the	
  as-­‐prepared	
  graphene	
  thin	
  film	
  from	
  metal	
  

substrate	
  onto/into	
  other	
  surface/medium	
  and	
  more	
  importantly	
  the	
  materials	
  yield	
  is	
  not	
  

much	
   higher	
   than	
   the	
   “Scotch	
   tape”	
   method	
   and	
   cost	
   is	
   high.	
   Similarly,	
   the	
   graphene	
  

epitaxial	
   growth	
   on	
   electrical	
   insulating	
   surfaces	
   such	
   as	
   SiC	
   is	
   achieved	
   through	
   the	
  

graphitization	
  of	
  carbide	
  at	
  high	
   temperature	
  under	
  ultra-­‐high	
  vacuum.	
   26-­‐27	
  Although	
   this	
  

method	
   produces	
   high	
   quality	
   epitaxial	
   graphene	
   it	
   still	
   suffers	
   similar	
   problems	
   as	
   CVD	
  

method.	
   Colloidal	
   suspension	
   exfoliation	
   is	
   relatively	
   new	
   and	
   has	
   been	
   proved	
   to	
   be	
  

applicable	
   to	
   a	
   large	
   number	
   of	
   similar	
   two	
   dimensional	
   materials	
   like	
   molybdenum	
  

disulfide	
  (MoS2)	
  and	
  hexagonal	
  boron	
  nitride	
  (h-­‐NB).	
  Organic	
  solvent	
  whose	
  surface	
  energy	
  

matches	
   that	
   of	
   graphene	
   can	
   stabilize	
   exposed	
   graphene	
   surfaces	
   generated	
  by	
   agitation	
  

like	
   sonication,	
   electric	
   field	
   or	
   shearing,	
   thus	
   allowing	
   accumulation	
   of	
   exfoliated	
   sheets,	
  

which	
  is	
  usually	
  unlikely	
  to	
  happen	
  in	
  aqueous	
  solution.	
  Some	
  ionic	
  or	
  nonionic	
  surfactant	
  

can	
   achieve	
   similar	
   goal	
   if	
   they	
   can	
   cover	
   the	
   exposed	
   graphene	
   surface	
   and	
   reduce	
   its	
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surface	
  energy	
  in	
  aqueous	
  phase.	
  28-­‐29	
  This	
  is	
  a	
  very	
  promising	
  method	
  to	
  produce	
  graphene	
  

in	
  large	
  scale.	
  The	
  problem	
  for	
  this	
  method	
  is	
  the	
  extremely	
  low	
  yield	
  of	
  single	
  and	
  few	
  layer	
  

sheets	
   and	
   the	
   difficulty	
   involved	
   in	
   their	
   separation.	
   The	
   resulting	
   product	
   is	
   usually	
   a	
  

mixture	
  of	
  graphene	
  sheets	
  with	
  a	
  great	
  variety	
  of	
  thickness	
  and	
  lateral	
  dimension.	
  Only	
  a	
  

small	
   portion	
   of	
   the	
  mixture	
   is	
   one	
   or	
   two	
   layer	
   sheets.	
   The	
   separation	
   is	
   tedious	
   and	
   to	
  

achieve	
   better	
   results	
   ultrahigh	
   speed	
   centrifugation	
   and	
   density	
   gradient	
   reagents	
   are	
  

usually	
  used.30	
  To	
  improve	
  the	
  yield,	
  more	
  violent	
  or	
  longer	
  exfoliation	
  can	
  be	
  applied,	
  but	
  

the	
   lateral	
   dimension	
   of	
   the	
   graphene	
   produced	
   in	
   this	
   process	
   is	
   very	
   small.	
   Repeated	
  

exfoliation	
  of	
  the	
  large/thick	
  sediment	
  after	
  each	
  separation	
  cycle	
  is	
  proved	
  to	
  be	
  helpful	
  to	
  

mitigate	
  this	
  issue	
  and	
  to	
  certain	
  extent	
  improve	
  the	
  yield	
  of	
  thin	
  sheets.	
  30	
  In	
  summary	
  the	
  

traditional	
  ways	
  to	
  produce	
  graphene	
  all	
  share	
  similar	
  problem	
  of	
  low	
  yield	
  though	
  they	
  can	
  

produce	
  relatively	
  high	
  quality	
  monolayer	
  or	
  few	
  layer	
  graphene.	
  GO	
  reduction	
  nevertheless	
  

provides	
  an	
  alternative	
  way	
  to	
  achieve	
  high	
  yield	
  production	
  of	
  graphene-­‐based	
  materials.	
  

More	
   strictly	
   speaking,	
   this	
   family	
  of	
  materials	
   should	
  be	
   called	
  GO	
  based	
  materials	
   since	
  

their	
  precursors	
  are	
  GO.	
  

	
   Chemical,	
  electrochemical,	
  and	
  physical	
  treatments	
  can	
  be	
  applied	
  to	
  produce	
  GO	
  based	
  

materials.	
   These	
  materials	
   can	
   be	
   of	
   various	
   properties	
   and	
   be	
   produced	
   in	
   hundreds	
   of	
  

ways,	
  but	
  the	
  majority	
  of	
  them	
  contain	
  reduced	
  GO	
  (rGO).	
  Reduction	
  partially	
  restores	
  the	
  

electrical/thermal	
   conductivity	
   and	
   hydrophobicity	
   of	
   pristine	
   graphene	
   for	
   use	
   as	
   a	
   2D	
  

composite	
   filler	
   or	
   conducting	
   film.	
   Chemical	
   reductions	
   are	
   usually	
   easier	
   to	
   tune	
   since	
  

reductant	
   concentration	
   determines	
   the	
   reaction	
   rate	
   and	
   the	
   concentration	
   is	
   easy	
   to	
  

control,	
  but	
  it	
  could	
  introduce	
  heteroatoms	
  into	
  the	
  final	
  product	
  under	
  many	
  situations.	
  A	
  

wide	
   range	
   of	
   reducing	
   agents	
   are	
   known	
   to	
   be	
   applicable	
   to	
   reduce	
   GO.	
   Both	
   strong	
  

reductants,	
   such	
   as	
   hydrazine31,	
   dimethylhydrazine32,	
   hydroquinone33	
  and	
   sodium	
   boron	
  

hydride	
  (NaBH4)	
  34	
  and	
  weak/mild	
  reductants	
   like	
  glutathione35,	
  ascorbic	
  acid36	
  and	
  citric	
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acid37	
  have	
  been	
  proved	
  to	
  be	
  capable	
  of	
  reducing	
  GO.	
  Electrochemical	
  reduction	
  is	
  usually	
  

achieved	
   through	
   depositing	
   GO	
   on	
   electrode	
   which	
   supplies	
   electrons	
   to	
   reduce	
   oxygen	
  

functionalities.	
   This	
   approach	
   does	
   not	
   involve	
   the	
   use	
   of	
   reducing	
   agents.	
   It	
   has	
   been	
  

demonstrated	
   as	
   an	
   effective	
  way	
   to	
   produce	
   highly	
   conductive	
   rGO	
  products	
   though	
   the	
  

details	
   of	
   the	
   mechanism	
   are	
   till	
   not	
   clear.	
   38	
   The	
   greatest	
   concern	
   of	
   this	
   method	
   is	
   its	
  

inability	
  to	
  scale	
  up	
  to	
  meet	
  industry	
  needs	
  due	
  to	
  the	
  limited	
  amount	
  of	
  GO	
  allowed	
  to	
  be	
  

deposited	
  onto	
  the	
  small	
  surface	
  of	
  electrode.	
   	
  

	
   “GO	
  thermal	
  reduction”	
  is	
  the	
  term	
  used	
  in	
  this	
  field	
  to	
  denote	
  GO	
  thermal	
  treatment	
  in	
  

inert	
  gas	
  because	
  the	
  main	
  goal	
  is	
  to	
  produce	
  the	
  reduced,	
  graphene-­‐like	
  solid	
  product,	
  rGO.	
  

Strictly	
  speaking,	
  this	
  process	
  is	
  not	
  a	
  reduction	
  from	
  the	
  chemical	
  point	
  of	
  view	
  since	
  there	
  

is	
   no	
   external	
   reductant	
   (electron	
   donor),	
   but	
   is	
   rather	
   a	
   pyrolysis	
   or	
   chemical	
  

disproportionation,	
  in	
  which	
  the	
  original	
  carbon	
  atoms	
  partition	
  into	
  reduced	
  forms	
  in	
  solid	
  

rGO	
   and	
   oxidized	
   forms	
   that	
   are	
   primarily	
   carbon	
   oxide	
   gas-­‐phase	
   byproducts	
   (CO,	
   CO2).	
  

Thermal	
  reduction	
  is	
  usually	
  “clean”	
  in	
  terms	
  of	
  the	
  elemental	
  composition	
  of	
  final	
  product	
  

and	
  its	
  influence	
  to	
  the	
  environment;	
  however	
  it	
  usually	
  results	
  in	
  restacking	
  which	
  leads	
  to	
  

no	
  or	
  little	
  surface	
  area	
  of	
  the	
  final	
  product	
  material.	
  

	
   GO	
  thermal	
  reduction	
  could	
  happen	
  in	
  two	
  modes,	
  mild	
  deoxygenation	
  (non-­‐explosive	
  

mode)	
   and	
   violent	
   spontaneous	
   exfoliation	
   (explosive	
   mode).	
   The	
   product	
   of	
   mild	
  

deoxygenation	
  normally	
  maintains	
  the	
  morphology	
  of	
  the	
  precursor	
  GO	
  solid.	
  As	
  GO	
  drying	
  

leads	
  to	
  massive	
  surface	
  area	
  loss	
  (for	
  example	
  from	
  2600	
  to	
  40	
  m2g-­‐1)	
  due	
  to	
  alignment	
  and	
  

face-­‐to-­‐face	
   restacking39,	
   direct	
   deoxygenation	
   of	
   consolidated	
   GO	
   solids,	
   i.e.	
   GO	
   cake	
   or	
  

graphite	
  oxide,	
  will	
  produce	
   rGO	
  cake	
  with	
   similar	
  morphology	
  and	
  small	
   specific	
   surface	
  

area.	
  However,	
  if	
  the	
  GO	
  precursor	
  can	
  be	
  dispersed	
  in	
  some	
  solid	
  medium,	
  this	
  method	
  still	
  

maintains	
   the	
   initial	
   morphology	
   and	
   keeps	
   the	
   exposed	
   surface	
   of	
   GO	
   sheets	
   during	
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reduction.	
   This	
   is	
   especially	
   attractive	
   for	
   in	
   situ	
   reduction	
   of	
   GO	
   as	
   filler	
   in	
   composite	
  

materials	
  as	
  the	
  structure	
  of	
  composite	
  materials	
  should	
  be	
  maintained	
  over	
  the	
  course	
  of	
  

the	
  processing.	
  The	
  violent	
  thermal	
  exfoliation	
  is	
  a	
  fast	
  thermal	
  runaway	
  process	
  at	
  elevated	
  

temperature	
  when	
   over	
   pressure	
   quickly	
   builds	
   up	
   and	
   overcome	
   the	
   interlayer	
   Van	
   der	
  

Waals	
  forces.	
  Depending	
  on	
  the	
  GO	
  initial	
  mass,	
  the	
  sample	
  can	
  generate	
  a	
  large	
  amount	
  of	
  

gas	
   products	
   (40	
   to	
   50	
   %	
   of	
   the	
   initial	
   mass)	
   and	
   can	
   produce	
   highly	
   porous	
   products,	
  

whose	
   surface	
   area	
   can	
   be	
   much	
   higher	
   than	
   those	
   obtained	
   by	
   mild	
   deoxygenation.	
  

Thermal	
   exfoliation	
   of	
   consolidated	
   GO	
   solid	
   is	
   especially	
   attractive	
   for	
   large-­‐scale	
  

production	
   of	
   GO-­‐derived	
   few-­‐layer-­‐graphene	
   flakes	
   40,	
   or	
   expanded	
   graphene-­‐based	
  

powders	
   with	
   high	
   porosity	
   and	
   surface	
   area	
   for	
   catalysis,	
   separation,	
   or	
   gas	
   storage	
  

applications.41	
   Thermal	
   exfoliation	
   of	
   multilayer	
   GO	
   for	
   the	
   production	
   of	
   thin	
   graphene	
  

flakes	
  has	
  been	
  studied	
  from	
  different	
  aspects	
  in	
  recent	
  years	
  42-­‐48.	
  A	
  rapid	
  heating	
  is	
  usually	
  

needed	
   to	
   make	
   sure	
   heat	
   and	
   gas	
   generation	
   beat	
   heat	
   loss	
   and	
   gas	
   transport	
   so	
   as	
   to	
  

initiate	
   thermal	
   runaway	
   reaction.	
  High	
  vacuum	
  provides	
   extra	
   support	
   for	
   exfoliation	
  by	
  

increasing	
  the	
  mechanical	
  driving	
  force	
  for	
  flake	
  expansion,	
  which	
  is	
  the	
  difference	
  between	
  

the	
   internal	
   (interstitial)	
   pressure	
   and	
   the	
   environmental	
   pressure.	
   High	
   vacuum	
   can	
   be	
  

used	
   for	
   improving	
   low	
   temperature	
   exfoliation	
   efficiency.	
   45,	
   48	
   The	
   introduction	
   of	
  

hydrogen	
   (H2)	
   in	
   the	
   surrounding	
   gas	
   phase	
   and	
   pretreatment	
   of	
   GO	
  with	
   hydrochloride	
  

(HCl)	
  has	
  also	
  been	
  found	
  to	
  enhance	
  the	
  thermal	
  exfoliation	
  of	
  graphite	
  oxide.49	
  Hydrogen	
  

in	
   the	
   gas	
   environment	
   during	
   reduction	
   can	
   violently	
   react	
   with	
   hydroxyls	
   on	
   GO,	
   and	
  

induce	
   thermal	
   decomposition.49	
   HCl	
   is	
   a	
   volatile	
   species.	
   Under	
   thermal	
   treatment,	
   the	
  

rapid	
  gasification	
  and	
  release	
  of	
  intercalated	
  HCl	
  molecules	
  create	
  additional	
  overpressure	
  

needed	
  to	
  successfully	
  overcome	
  interlayer	
  Van	
  der	
  Waals	
  forces.	
  Thermal	
  exfoliation	
  in	
  GO	
  

induces	
  the	
  decomposition	
  of	
  epoxides	
  and	
  hydroxyls,	
  the	
  reaction	
  rate	
  of	
  which	
  competes	
  

with	
   the	
   diffusion	
   of	
   their	
   gas	
   products	
   CO2	
   and	
   CO.	
   Successful	
   thermal	
   exfoliation	
   is	
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achieved	
  when	
  decomposition	
  rate	
  of	
  GO	
  overwhelms	
  the	
  mass	
  transfer	
  of	
  gas	
  products	
  so	
  

that	
   the	
   internal	
  pressure	
   can	
  build	
  up	
   to	
   reach	
   the	
   threshold	
  overpressure.	
   50	
   Increasing	
  

O/C	
   ratio	
  of	
  GO	
   43	
   is	
  beneficial	
   for	
  higher	
  GO	
  decomposition	
   rate	
  and	
   therefore,	
   enhances	
  

thermal	
   exfoliation	
  due	
   to	
   the	
   higher	
   density	
   of	
   reactive	
   sites.	
   For	
   the	
   successful	
   thermal	
  

exfoliation	
  overpressure	
  is	
  needed	
  to	
  overcome	
  the	
  van	
  der	
  Waals	
  forces	
  in	
  the	
  adjacent	
  GO	
  

layers.	
  50	
  

1.5	
   GO	
   based	
  materials	
   as	
   important	
  materials	
   for	
  

advanced	
  applications	
  

Due	
  to	
  the	
  large	
  amount	
  of	
  defects	
  introduced	
  during	
  the	
  oxidation,	
  GO	
  based	
  materials	
  are	
  

in	
  general	
  not	
  ideal	
  materials	
  for	
  building	
  electronic	
  devices	
  like	
  field	
  effect	
  transistors,	
  but	
  

their	
   good	
   stability	
   to	
  maintain	
   exfoliated	
   state	
   and	
   the	
   ease	
   to	
   scale	
   up	
   their	
   production	
  

make	
   them	
   ideal	
   starting	
  materials	
   to	
  produce	
  various	
   types	
  of	
  graphene-­‐based	
  materials	
  

for	
   other	
   applications.	
   Most	
   GO	
   based	
   materials	
   in	
   application	
   are	
   in	
   reduced	
   form.	
  

Therefore	
   the	
   following	
  discussion	
  will	
   focus	
  on	
   this	
   type	
  of	
  materials	
  while	
  non-­‐reduced	
  

form	
  will	
  also	
  be	
  mentioned.	
  

1.5.1	
  GO	
  based	
  materials	
  in	
  composite	
  materials	
  

Thanks	
  to	
  its	
  good	
  electrical	
  conductivity,	
  reduced	
  GO	
  based	
  materials	
  are	
  considered	
  good	
  

candidate	
   to	
  be	
   incorporated	
   into	
   the	
  matrix	
  of	
   other	
  materials	
   to	
  produce	
   composite.	
  As	
  

compared	
  with	
  the	
  solution	
  process	
  exfoliated	
  graphite,	
  the	
  aspect	
  ratio	
  (lateral	
  dimension:	
  

thickness)	
   of	
   individual	
   rGO	
   sheet	
   can	
   be	
   high	
   if	
   processed	
   properly	
   and	
   the	
   size	
  

distribution	
   can	
   be	
   better	
   controlled,	
   which	
   is	
   crucial	
   for	
   achieving	
   lower	
   percolation	
  

threshold	
  when	
  incorporated	
  into	
  composite	
  51-­‐53.	
  Processing	
  condition	
  largely	
  determines	
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the	
  product’s	
  electrical	
  and	
  mechanical	
  properties.	
  If	
  reduction	
  precedes	
  the	
  introduction	
  of	
  

the	
   stabilizing	
   matrix	
   like	
   polymer,	
   severe	
   aggregation	
   will	
   happen	
   and	
   compromise	
   the	
  

performance	
  of	
  the	
  composite.	
  An	
  alternative	
  and	
  better	
  strategy	
  is	
  to	
  incorporate	
  GO	
  into	
  

polymer	
  before	
  reduction.	
  As	
  reported	
  by	
  Stankovich	
  et	
  al,	
  thoroughly	
  mixing	
  exfoliated	
  GO	
  

with	
   polystyrene	
   and	
   phenyl	
   isocynate	
   in	
   dimethylformamide(DMF)	
   and	
   subsequently	
  

adding	
  reducing	
  agent	
  dimethylhydrazine	
  at	
  80	
  °C	
   for	
  24	
  h	
  can	
  produce	
  a	
  composite	
  with	
  

rGO	
  single	
  sheets	
  uniformly	
  distributed	
  in	
  the	
  polystyrene	
  matrix	
  without	
  obvious	
  stacking.	
  

32	
   In	
  addition	
   to	
  being	
  used	
  as	
   filler	
   in	
  a	
   composite,	
   rGO	
  can	
  also	
  be	
  used	
  as	
  a	
   support	
   to	
  

anchor	
   semiconductor	
   or	
   metal	
   nanoparticles	
   to	
   achieve	
   various	
   types	
   of	
   functions,	
   in	
  

particular,	
   sensor	
   and	
   catalysis.	
   Either	
   in	
   situ	
   synthesizing	
   nanoparticles	
   when	
   GO	
   was	
  

reduced	
  or	
  attaching	
  pre-­‐synthesized	
  nanoparticles	
  onto	
  functionalized	
  or	
  unfunctionalized	
  

rGO	
   sheets	
   can	
   produce	
   this	
   type	
   of	
   composites.	
   Muszynski	
   et	
   al	
   developed	
   a	
   way	
   to	
  

synthesize	
   gold	
   nanoparticles	
   at	
   the	
   same	
   time	
   when	
   reducing	
   GO	
   using	
   NaBH4.54	
   The	
  

resulting	
  composite	
  maintains	
  the	
  surface	
  plasma	
  resonance	
  feature	
  of	
  gold	
  nanoparticles.	
  

Yang	
   et	
   al	
   reported	
   synthesis	
   of	
   superparamagnetic	
   Fe3O4-­‐graphene	
   oxide	
   composite	
  

through	
   in	
  situ	
  co-­‐precipitation55.	
   As	
   an	
   alternative	
   strategy,	
  He	
   et	
   al	
   functionalized	
  Fe3O4	
  

nanoparticles	
   with	
   tetraethyl	
   orthosilicate	
   and	
   (3-­‐aminopropyl)	
   triethoxysilane	
   and	
   then	
  

covalently	
  bind	
  the	
  nanoparticles	
  onto	
  the	
  1-­‐ethyl-­‐3-­‐(3-­‐dimethyaminopropyl)	
  carbodiimide	
  

and	
  N-­‐hydroxysuccinnimide	
  activated	
  GO	
  surface56.	
  Williams	
  et	
  al	
  used	
  UV	
   light	
   to	
  reduce	
  

GO	
   in	
   the	
   presence	
   of	
   TiO2	
   nanoparticles	
   to	
   produce	
   TiO2-­‐graphene	
   composite.	
   In	
   this	
  

system	
  the	
  as-­‐synthesized	
  TiO2	
  nanoparticles	
  spontaneously	
  bind	
  to	
  the	
  carboxyl	
  groups	
  on	
  

GO	
  surface	
  and	
  donate	
  electrons	
  to	
  reduce	
  GO	
  upon	
  UV	
  irradiation.57	
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1.5.2	
  GO	
  based	
  materials	
  for	
  energy	
  storage	
  

A	
   great	
   variety	
   of	
   GO	
   based	
   materials	
   have	
   been	
   synthesized	
   for	
   energy	
   storage.	
   One	
  

important	
   application	
   is	
   in	
   lithium	
  battery.	
   GO	
   based	
  materials	
   are	
   good	
   anode	
  materials	
  

due	
   to	
   their	
   large	
   specific	
   surface	
   area	
   and	
   their	
   capability	
   to	
   facilitate	
   electron	
   and	
   hole	
  

transfer	
  on	
  the	
  surface.	
  The	
  traditional	
  rechargeable	
  lithium	
  ion	
  battery	
  electrode	
  material	
  

graphite	
   has	
   a	
   theoretical	
  maximum	
   lithium	
   insertion	
   capacity	
   of	
   372	
  mAh/g	
   by	
   forming	
  

LiC6.58	
   However,	
   the	
   theoretical	
   insertion	
   capacity	
   for	
   monolayer	
   graphene	
   as	
   electrode	
  

material	
   is	
   744	
  mAh/g	
  when	
   forming	
   Li2C6.59-­‐60	
   The	
   experimentally	
  measured	
   capacity	
   of	
  

graphene	
   nanosheet	
   electrode	
   is	
   540	
   mAh/g	
   which	
   is	
   much	
   higher	
   than	
   the	
   graphite	
  

electrode.	
  When	
  carbon	
  nanotube	
  or	
   fullerene	
   is	
   incorporated	
   into	
   the	
  electrode	
  material,	
  

the	
   capacity	
   can	
   be	
   further	
   improved	
   to	
   730	
   or	
   784	
   mAh/g,	
   respectively.61	
   Functional	
  

materials	
   can	
   further	
   improve	
   GO	
   based	
   materials’	
   battery	
   capacity.	
   The	
   battery	
   using	
  

silicon-­‐rGO	
  composite	
  as	
  electrode	
  materials	
  shows	
  capacity	
  of	
  more	
  than	
  2200	
  mAh/g	
  as	
  

reported	
  by	
  Lee,	
  J.	
  et	
  al.62	
  Another	
  important	
  energy	
  storage	
  application	
  is	
  super	
  capacitor.	
  

GO	
   based	
   materials	
   may	
   be	
   used	
   to	
   build	
   electrical	
   double	
   layer	
   capacitors	
   and	
  

pseudo-­‐capacitors.	
   Capacitance	
   of	
   electrical	
   double	
   layer	
   capacitors	
   is	
   generated	
   by	
  

electrostatic	
   charge	
   accumulation	
   at	
   the	
   interface	
   of	
   electrode	
   and	
   electrolyte.	
   Porous	
  

carbon	
  materials	
   have	
   long	
   been	
   used	
   for	
   this	
   type	
   of	
   capacitors.	
   The	
  most	
   widely	
   used	
  

carbon	
  material	
   is	
   activated	
   carbon	
   or	
   template	
   carbon;	
   however,	
   though	
   these	
   types	
   of	
  

materials	
   have	
   high	
   specific	
   surface	
   areas	
   they	
   suffer	
   from	
   problems	
   like	
   uncontrollable	
  

random	
  porous	
  structures,	
  which	
  reduce	
  the	
  capacitance.	
  The	
  pore	
  structures	
  of	
  rGO	
  based	
  

electrical	
   double	
   layer	
   capacitors	
   are	
   easier	
   to	
   control	
   and	
   the	
   intrinsic	
   high	
   electron	
  

mobility	
   of	
   graphene	
   sheets	
   is	
   also	
   beneficial	
   for	
   obtaining	
  high	
   capacitance.63	
  One	
  of	
   the	
  

most	
   promising	
   super	
   capacitors	
   was	
   developed	
   with	
   high	
   vacuum	
   assisted	
   low	
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temperature	
   (~200	
   °C)	
   exfoliated	
   rGO	
   with	
   a	
   reported	
   capacitance	
   of	
   264	
   F/g.45	
   The	
  

relatively	
   low	
   temperature	
   used	
   here	
   as	
   compared	
   with	
   the	
   common	
   used	
   thermal	
  

exfoliation	
   temperature	
   (above	
   1000	
   °C)	
   minimizes	
   new	
   defects	
   introduced	
   in	
   the	
  

processing	
   and	
  maintains	
   the	
   integrity	
   of	
   individual	
   precursor	
   sheets,	
  which	
   is	
   important	
  

for	
  achieving	
  high	
  capacitance.45	
  The	
  advantage	
  of	
  this	
  processing	
  is	
   its	
  great	
  potential	
   for	
  

the	
  scale	
  up	
  of	
  production.	
  Another	
  promising	
  super	
  capacitor	
  was	
  developed	
  by	
  Fan,	
  Z	
  et	
  al.	
  

The	
   capacitance	
   of	
   this	
   carefully	
   designed	
   and	
   constructed	
   CNT-­‐graphene	
   sandwich	
  

structure	
  was	
  measured	
  to	
  be	
  385	
  F/g,	
  which	
  is	
  among	
  the	
  highest	
  capacitances	
  reported	
  to	
  

date.64	
   Pseudo-­‐capacitor	
   does	
   not	
   generate	
   electrical	
   capacitance;	
   however,	
   the	
   energy	
   is	
  

stored	
   via	
   faradic	
   processes	
   like	
   redox	
   and	
   adsorption.	
   The	
   contribution	
   of	
   adsorption	
  

pseudo	
  capacitance	
   is	
  much	
  smaller	
   than	
  redox	
  pseudo	
  capacitance	
  and	
   therefore	
  pseudo	
  

capacitance	
   is	
   often	
   called	
   redox	
   capacitance.	
   Carbon	
   material	
   itself	
   is	
   not	
   a	
   pseudo	
  

capacitor	
   material	
   since	
   it	
   does	
   not	
   have	
   reversible	
   redox	
   properties	
   under	
   normal	
  

conditions	
   of	
   electrochemical	
   process.	
   Pseudo	
   capacitor	
  materials	
   are	
   usually	
   conducting	
  

polymers	
  and	
  transition	
  metal	
  oxides	
  or	
  hydroxide	
  which	
  have	
  high	
  theoretical	
  capacitance	
  

and	
   intrinsically	
   fast	
   and	
   reversible	
   redox	
   reactions,	
   but	
   the	
   pure	
   functioning	
   materials	
  

suffers	
   from	
   low	
   conductivity	
   at	
   neutral	
   condition	
   and	
   low	
   specific	
   surface	
   area,	
   which	
  

lowers	
  the	
  effective	
  capacitance	
  and	
  causes	
  poor	
  cycling	
  stability.65	
  GO	
  based	
  materials	
  can	
  

improve	
   their	
   performance	
   by	
   providing	
   good	
   conductive	
   support	
   and	
   maintaining	
   high	
  

specific	
   surface	
   area	
   for	
   these	
  pseudo	
   capacitor	
  materials.	
  One	
  of	
   the	
  highest	
   capacitance	
  

achieved	
  to	
  date	
  was	
  in	
  the	
  study	
  by	
  Yan,	
  J.	
  et	
  al.	
  The	
  rGO-­‐polyaniline	
  composite	
  as	
  prepared	
  

by	
   in	
   situ	
   polymerization	
   of	
   aniline	
   on	
   rGO	
   nanosheets	
   has	
   1046	
   F/g	
   capacitance	
   as	
  

compared	
  with	
  115	
  F/g	
  capacitance	
  of	
  the	
  pure	
  polyaniline.66	
  GO	
  based	
  materials	
  have	
  also	
  

been	
   used	
   in	
   many	
   other	
   energy	
   storage	
   applications	
   like	
   electrocatalysis	
   in	
   fuel	
   cells,67	
  

photocatalysis	
  for	
  hydrogen	
  production,68-­‐69	
  and	
  solar	
  cells.70	
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1.5.3	
  GO	
  Based	
  materials	
  for	
  sensor	
  application	
  

GO	
  based	
  materials	
  are	
  also	
  promising	
  materials	
  for	
  sensor	
  applications.	
  For	
  example,	
  rGO	
  

itself	
   can	
   act	
   as	
   gas	
   sensor.	
   It	
   responds	
   to	
   H2	
   and	
   CO	
   gas	
   adsorption	
   by	
   changing	
  

conductivity.71	
  When	
  coupled	
  with	
  gold	
  nanoparticles,	
  rGO	
  can	
  also	
  detect	
  gas	
  molecules	
  by	
  

changing	
  gold	
  nanoparticles	
  color	
  as	
  an	
  optical	
  sensor.72	
  

	
  

Figure	
  1.4	
  Time-­‐resolved	
  tests	
  for	
  Au-­‐rGO	
  sensor	
  as	
  exposure	
  to	
  multiple	
  air-­‐gas	
  
cycles	
  

The	
   Au-­‐rGO	
   sensor	
   responds	
   to	
   reducing	
   gas	
   H2	
  and	
   CO	
   by	
   increasing	
   optical	
   absorption	
   and	
   to	
  
oxidizing	
  gas	
  NO2	
  by	
  reducing	
  optical	
  absorption.	
  Adapted	
  from	
  Carbon	
  2014	
  72	
  

	
  

1.5.4	
  GO	
  based	
  materials	
  for	
  biomedical	
  applications	
  

GO	
   based	
   materials	
   also	
   have	
   wide	
   applications	
   in	
   biomedical	
   fields.	
   In	
   addition	
   to	
  

biosensors,	
   they	
   have	
   also	
   been	
   used	
   for	
   molecular	
   imaging,	
   tissue	
   engineering	
   and	
  

drug/gene	
   delivery.	
   In	
   the	
   early	
   efforts,	
   graphene	
   materials	
   were	
   conjugated	
   with	
  

fluorescent	
   molecules	
   or	
   quantum	
   dots	
   and	
   were	
   introduced	
   into	
   cells	
   for	
   intracellular	
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imaging.73-­‐74	
   Fluorescence	
   imaging	
   however	
   was	
   later	
   found	
   challenging	
   since	
   graphene	
  

materials	
   quench	
   fluorescence.	
   Other	
   options	
   include	
   radioactive	
   and	
   magnetic	
   labeling	
  

which	
   enables	
   positron	
   emission	
   tomography	
   (PET)	
   or	
   magnetic	
   resonance	
   imaging	
  

(MRI).75-­‐76	
  Stem	
  cell	
  differentiation	
  plays	
  a	
  key	
  role	
  in	
  building	
  new	
  tissues	
  or	
  even	
  organs	
  

in	
   the	
   field	
   of	
   tissue	
   engineering.	
   Chen,	
   G.	
   et	
   al	
   reported	
   GO	
   can	
   support	
   the	
   growth	
   of	
  

induced	
  pluripotent	
  stem	
  cells	
  (iPSC)	
  as	
  a	
  substrate	
  and	
  the	
  attachment	
  and	
  differentiation	
  

of	
   iPSC	
  can	
  be	
   tuned	
  by	
  changing	
   the	
  reduction	
  state	
  of	
  GO.77	
  Drug	
  delivery	
  has	
  also	
  been	
  

demonstrated	
   with	
   functionalized	
   rGO	
   and	
   other	
   GO	
   based	
   materials.	
   Numerous	
  

chemotherapy	
  drugs	
  like	
  doxorubicin78	
  and	
  SN3879	
  have	
  been	
  successfully	
  conjugated	
  to	
  the	
  

carrier	
  graphene	
  sheets	
   to	
  achieve	
  higher	
  cytotoxicity	
   towards	
  specific	
   targets	
   like	
  cancer	
  

cells.	
  It	
  is	
  also	
  possible	
  to	
  simultaneously	
  conjugate	
  multiple	
  drugs	
  onto	
  GO	
  based	
  materials	
  

to	
   achieve	
   synergistic	
   therapeutic	
   effects.80	
   In	
   addition	
   to	
   regular	
   chemotherapy	
   drugs,	
  

more	
   sophisticated	
   therapeutic	
   functions	
   have	
   also	
   been	
   coupled	
   with	
   rGO	
   carrier.	
   For	
  

instance,	
   photosensitizer	
   can	
   be	
   introduced	
   to	
   enable	
   photodynamic	
   therapy.81	
   Also,	
   the	
  

intrinsic	
  near	
  infrared	
  photothermal	
  effect	
  of	
  graphene	
  sheets	
  makes	
  photothermal	
  therapy	
  

possible	
   even	
   without	
   photothermal	
   sensitizer.	
   When	
   combined	
   with	
   chemotherapy,	
   GO	
  

based	
   materials	
   can	
   be	
   used	
   for	
   multi-­‐mode	
   synergetic	
   therapy.82	
   Moreover,	
   controlled	
  

release	
   as	
   an	
   important	
   function	
   for	
   drug	
   delivery	
   has	
   also	
   been	
   demonstrated	
   when	
  

sensitive	
   polymers	
   are	
   grafted	
   onto	
   the	
   carrier.	
   pH-­‐	
   or	
   thermal-­‐sensitive	
   release	
   systems	
  

have	
   been	
   developed	
   with	
   Pluronic	
   F127	
   and	
   poly(N-­‐isopropylacrylamide),	
  

respectively.83-­‐84	
   There	
   are	
   also	
   growing	
   interests	
   on	
   graphene	
   based	
   gene	
   delivery	
   in	
  

recent	
   years.	
   For	
   instance,	
   plasmid	
   DNA	
   delivery	
   has	
   been	
   demonstrated	
   through	
  

electrostatically	
  binding	
  DNA	
  on	
  the	
  PEI-­‐GO	
  nanosheets.85	
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1.6	
  The	
  energetic	
  nature	
  of	
  GO	
   	
  

As	
  a	
   facile	
  route	
   to	
  produce	
  rGO,	
   thermal	
  reduction	
  however	
   involves	
  safety	
  concerns.	
  GO	
  

has	
   long	
   been	
   known	
   as	
   thermally	
   unstable,	
   energetic	
   material	
   3, 12, 50, 86-94.	
   50	
   years	
   ago	
  

Boehm et al. reported that when “heated quickly to about 180 C it deflagrates with production of 

high volume per mass fluffy carbon” consisting of relatively “thin carbon sheet platelets”.88 

Nanoscale	
  ribbons	
  of	
  GO	
  made	
  from	
  the	
  oxidative	
  unzipping	
  of	
  carbon	
  nanotubes	
  can	
  also	
  

undergo	
  explosive	
  decomposition	
   if	
  heated	
   in	
  N2	
  gas.	
   93	
  Kim	
  et	
  al.	
   90	
  and	
  Krishnan	
  et	
  al.	
   12	
  

reported	
   the	
   spontaneous	
   ignition	
   of	
   rGO	
   films	
   in	
   air	
   under	
   the	
   influence	
   of	
   potassium	
  

hydroxide	
  that	
  act	
  as	
  a	
  catalyst	
  for	
  the	
  carbon	
  combustion.	
  These	
  energetic	
  properties	
  are	
  

largely	
  due	
  to	
  the	
  exothermic	
  nature	
  of	
  GO	
  thermal	
  reduction.	
  It	
  is	
  relatively	
  unusual	
  among	
  

the	
  oxygen	
   rich	
  organic	
  materials	
   (GO	
  can	
  be	
   seen	
  as	
  an	
  organic	
  material	
  due	
   to	
   its	
   large	
  

portion	
   of	
   oxygen	
   functionalities).95-99	
   GO	
   thermal	
   reduction	
   is	
   typically	
   conducted	
   in	
   the	
  

absence	
  of	
  air,	
  either	
  in	
  vacuum	
  or	
  inert	
  gas	
  to	
  protect	
  the	
  rGO	
  product.	
  Under	
  these	
  inert	
  

conditions	
  there	
  have	
  been	
  observations	
  of	
  the	
  exfoliation	
  behavior	
  40,	
  50,	
  but	
  no	
  systematic	
  

studies	
  on	
  the	
  factors	
  that	
  determine	
  whether	
  a	
  given	
  sample	
  will	
  exhibit	
  the	
  explosive	
  or	
  

non-­‐explosive	
  mode.	
  

1.7	
  The	
  scopes	
  of	
  this	
  thesis	
  

	
   Here	
   in	
   this	
   thesis	
   the	
   energetic	
   thermal	
   reduction	
   of	
   GO	
   will	
   be	
   studied	
   in	
   a	
   more	
  

systematic	
   approach	
   so	
   as	
   to	
   develop	
   a	
   theory	
   to	
   address	
   these	
   issues.	
  We	
   hypothesized	
  

that	
  the	
  energetic	
  nature	
  of	
  graphene	
  oxide	
  is	
  due	
  to	
  its	
  special	
  chemical	
  structure	
  and	
  must	
  

be	
  understood	
  and	
  characterized	
  for	
  the	
  safe	
  handling	
  of	
  GO,	
  especially	
  at	
  large	
  scale.	
  In	
  the	
  

following	
   chapters,	
   key	
   factors	
   that	
   could	
   determine	
   the	
   reaction	
   mode	
   (explosive	
   or	
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non-­‐explosive)	
  of	
  thermal	
  reduction	
  are	
  investigated.	
  To	
  further	
  understand	
  the	
  mechanism	
  

of	
  the	
  exothermic	
  thermal	
  reduction	
  process	
  the	
  underlying	
  kinetics	
  and	
  thermochemistry	
  

of	
  the	
  non-­‐explosive	
  mode	
  thermal	
  reduction	
  are	
  also	
  studied.	
  In	
  addition,	
  the	
  influence	
  of	
  

thermal	
  treatment	
  on	
  the	
  chemical	
  behavior	
  of	
  GO	
  based	
  materials	
  in	
  biological	
  system	
  will	
  

be	
   studied	
   with	
   special	
   focus	
   on	
   their	
   oxidative	
   and	
   antioxidative	
   activities.	
   Lastly,	
   the	
  

application	
  of	
  thermal	
  treatment	
  on	
  different	
  types	
  of	
  GO	
  based	
  materials	
  are	
  also	
  studied	
  

and	
  demonstrated	
  to	
  be	
  a	
  useful	
  approach	
  to	
  better	
  control	
  the	
  property	
  and	
  function	
  of	
  GO	
  

based	
  materials	
  or	
  even	
  used	
  as	
  a	
  facile	
  way	
  to	
  produce	
  sophisticated	
  or	
  challenging	
  nano-­‐	
  

or	
  microscale	
  systems.	
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This	
  chapter	
  is	
  based	
  on	
  the	
  published	
  work	
  by	
  Y.	
  Qiu,	
  F.	
  Guo,	
  R.	
  Hurt	
  and	
  I.	
  Külaots,	
  Carbon	
  

2014.	
    

	
  

2.1	
  Introduction	
  

Graphene	
   oxide	
   and	
   graphite	
   oxide	
   (GO)	
   are	
   promising	
   precursors	
   for	
   large-­‐scale	
  

manufacturing	
   of	
   graphene-­‐based	
   carbon	
   materials.	
   GO	
   can	
   be	
   thermally	
   or	
   chemically	
  

treated	
   to	
   obtain	
   reduced	
   graphene	
   oxide	
   (rGO),	
   which	
   partially	
   restores	
   the	
   electrical	
  

conductivity	
   and	
   hydrophobicity	
   of	
   pristine	
   graphite	
   for	
   use	
   as	
   a	
   2D	
   composite	
   filler	
   or	
  

conducting	
   film.	
   Processing	
   of	
  monolayer	
   GO	
   can	
   lead	
   to	
  massive	
   area	
   loss	
   (for	
   example	
  

from	
  2600	
  to	
  40	
  m2g-­‐1	
   1)	
  due	
   to	
  alignment	
  and	
   face-­‐to-­‐face	
  stacking	
  during	
  GO	
  deposition	
  

and	
   drying	
   1.	
   Thermal	
   exfoliation	
   of	
   bulk	
   GO	
   (graphite	
   oxide)	
   is	
   attractive	
   for	
   large-­‐scale	
  

production	
   of	
   GO-­‐derived	
   few-­‐layer-­‐graphene	
   flakes	
   2,	
   or	
   expanded	
   graphene-­‐based	
  

powders	
   with	
   high	
   porosity	
   and	
   surface	
   area	
   for	
   catalysis,	
   separation,	
   or	
   gas	
   storage	
  

applications.	
  The	
  heating	
  of	
  GO	
  in	
   inert	
  gas	
   is	
  commonly	
  called	
  “thermal	
  reduction”	
   in	
  the	
  

field	
   because	
   the	
  main	
   goal	
   is	
   to	
   produce	
   the	
   reduced,	
   graphene-­‐like	
   solid	
   product,	
   rGO.	
  

Strictly	
  speaking,	
  it	
  is	
  not	
  a	
  reduction	
  since	
  there	
  is	
  no	
  external	
  reducing	
  agent,	
  but	
  is	
  rather	
  

a	
   chemical	
   disproportionation,	
   in	
  which	
   the	
   original	
   carbon	
   atoms	
   partition	
   into	
   reduced	
  

forms	
  in	
  solid	
  rGO	
  and	
  oxidized	
  forms	
  that	
  are	
  primarily	
  carbon	
  oxide	
  gas-­‐phase	
  byproducts	
  

(CO,	
   CO2).	
   Thermal	
   reduction	
   of	
  multilayer	
  GO	
  has	
   been	
   extensively	
   investigated	
   3-­‐9.	
   High	
  

vacuum	
  has	
  been	
  reported	
  to	
  support	
  low	
  temperature	
  exfoliation	
  (below	
  about	
  300°C)	
  by	
  

increasing	
  the	
  mechanical	
  driving	
  force	
  for	
  flake	
  expansion,	
  which	
  is	
  the	
  difference	
  between	
  

the	
   internal	
   (interstitial)	
   pressure	
   and	
   the	
   environmental	
   pressure	
   6,	
  9.	
   Porous	
   materials	
  

from	
  photothermal	
  reduction	
  of	
  graphene	
  oxide	
  papers	
  have	
  been	
  prepared	
  by	
  Mukherjee	
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et	
  al.	
  10	
  for	
  lithium-­‐ion	
  battery	
  applications.	
  The	
  presence	
  of	
  H2	
  in	
  the	
  surrounding	
  gas	
  phase	
  

and	
  pretreatment	
  of	
  GO	
  with	
  HCl	
  have	
  both	
  been	
  shown	
  to	
  enhance	
  the	
  thermal	
  exfoliation	
  

of	
  graphite	
  oxide	
  11.	
  Higher	
  rates	
  of	
  thermal	
  exfoliation	
  are	
  obtained	
  by	
  rapid	
  release	
  of	
  the	
  

highly	
  volatile	
  HCl,	
  which	
  creates	
  additional	
  overpressure	
  needed	
  to	
  successfully	
  overcome	
  

van	
  der	
  Waals	
  forces	
  between	
  GO	
  sheets.	
  In	
  addition,	
  hydrogen	
  in	
  gas	
  environment	
  during	
  

reduction	
   can	
   violently	
   react	
   to	
   with	
   –OH	
   functionality	
   in	
   GO,	
   and	
   induce	
   thermal	
  

decomposition	
   11.	
   Thermal	
   exfoliation	
   in	
   GO	
   induces	
   the	
   decomposition	
   of	
   epoxides	
   and	
  

hydroxyls,	
  the	
  rate	
  of	
  which	
  competes	
  with	
  the	
  diffusion	
  rate	
  of	
  the	
  reaction	
  products	
  CO2	
  

and	
   CO	
   decomposition.	
   Successful	
   thermal	
   exfoliation	
   is	
   achieved	
   when	
   rate	
   of	
  

decomposition	
   of	
   GO	
   exceeds	
   the	
   rate	
   of	
   diffusion	
   of	
   gas	
   products	
   and	
   needed	
   threshold	
  

overpressure	
  is	
  built	
  between	
  individual	
  GO	
  layers	
  12.	
  Increasing	
  O/C	
  ratio	
  of	
  GO	
  4	
  increases	
  

GO	
  decomposition	
  rate	
  and	
  therefore,	
  will	
  enhance	
  thermal	
  exfoliation	
  due	
  the	
  build	
  up	
  of	
  

larger	
  gas	
  volumes	
  during	
  reduction.	
  For	
  the	
  successful	
  thermal	
  exfoliation	
  overpressure	
  is	
  

needed	
  to	
  overcome	
  the	
  van	
  der	
  Waals	
  forces	
  existing	
  between	
  the	
  two	
  adjacent	
  GO	
  layers	
  

12.	
  

	
   It	
   is	
   well	
   known	
   that	
   GO	
   can	
   be	
   thermally	
   unstable	
   and	
   should	
   be	
   regarded	
   as	
   an	
  

energetic	
   material	
   13-­‐15.	
   Nanoscale	
   GO	
   made	
   from	
   the	
   oxidative	
   unzipping	
   of	
   carbon	
  

nanotubes	
  can	
  also	
  undergo	
  explosive	
  decomposition	
  if	
  heated	
  in	
  N2	
  gas	
  16.	
  Kim	
  et	
  al.	
  14	
  and	
  

Krishnan	
  et	
  al.	
   15	
  report	
   the	
  spontaneous	
   ignition	
  of	
  GO	
  films	
   in	
  air	
  under	
  the	
   influence	
  of	
  

potassium	
   residues	
   that	
   act	
   as	
   a	
   catalyst	
   for	
   the	
   carbon	
   combustion	
   reaction:	
   C	
   +	
   O2	
   =>	
  

CO/CO2,	
   where	
   “C”	
   represents	
   the	
   rGO	
   film.	
   GO	
   thermal	
   reduction	
   or	
   disproportionation	
  

reaction	
  is	
  typically	
  conducted	
  in	
  the	
  absence	
  of	
  air,	
  either	
  in	
  vacuum	
  or	
  inert	
  gas	
  blanket	
  to	
  

protect	
   the	
   rGO	
   product.	
   Under	
   these	
   inert	
   conditions	
   there	
   have	
   been	
   observations	
   of	
   a	
  

“popping”	
  behavior	
  -­‐-­‐	
  rapid	
  GO	
  reduction	
  with	
  sudden	
  onset	
   in	
  some	
  experiments	
  2,	
  12,	
  but	
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no	
  systematic	
  studies	
  of	
  the	
  factors	
  that	
  determine	
  whether	
  a	
  given	
  sample	
  will	
  exhibit	
  the	
  

explosive	
  or	
  non-­‐explosive	
  mode.	
   	
   	
  

	
   We	
   made	
   the	
   presumption	
   that	
   the	
   self-­‐initiating	
   rapid	
   reduction	
   of	
   GO	
   with	
  

large-­‐volume	
  gas	
   release	
  would	
   show	
   features	
   in	
   common	
  with	
   other	
   energetic	
  materials	
  

(explosives	
   and	
   mono-­‐propellants)	
   17-­‐19	
   and	
   of	
   some	
   reactive	
   chemicals	
   that	
   represent	
  

important	
  safety	
  concerns	
   in	
   industry	
  20-­‐22,	
  and	
  must	
  be	
  understood	
  and	
  characterized	
   for	
  

the	
  safe	
  handling	
  of	
  GO,	
  especially	
  at	
  large	
  scale.	
  In	
  the	
  present	
  study,	
  we	
  observe	
  explosive	
  

decomposition	
   during	
   the	
   thermal	
   reduction	
   of	
   GO	
   in	
   inert	
   gas	
   environments	
   leading	
   to	
  

laboratory	
   equipment	
   damage,	
   which	
   occurs	
   for	
   some	
   GO	
   samples,	
   but	
   not	
   others.	
   We	
  

systematically	
  explore	
  the	
  thermochemistry	
  and	
  mechanism	
  of	
  this	
  energetic	
  behavior	
  and	
  

discuss	
  its	
  implications	
  for	
  safe	
  GO	
  processing	
  and	
  scale-­‐up.	
  

2.2	
  Materials	
  and	
  methods	
   	
  

2.2.1	
  Materials	
  

SP-­‐1	
   graphite	
  powder	
  was	
  purchased	
   from	
  Bay	
  Carbon	
   (Bay	
  City,	
  MI).	
   	
   K2S2O8,	
  KMnO4,	
  

reduced	
  glutathione	
   (GSH),	
   ascorbic	
   acid,	
   hydrazine,	
  H3PO4	
  and	
  Acetone	
  were	
  purchased	
  

from	
   Sigma	
   Chemicals	
   Co	
   (St.	
   Louis,	
   MO).	
   Trolox	
  

(6-­‐Hydroxy-­‐2,5,7,8-­‐tetramethylchroman-­‐2-­‐carboxylic	
   acid),	
   KOH,	
   NaOH,	
   Ca(OH)2,	
   NaNO3,	
  

P2O5,	
  H2O2,	
  HCl	
  and	
  concentrated	
  H2SO4	
  (98	
  %)	
  were	
  purchased	
  from	
  Fisher	
  Scientific	
  Inc.	
  

(Pittsburgh,	
  PA).	
  

	
   GO	
  synthesis	
  was	
  achieved	
  through	
  the	
  modified	
  Hummers	
  method	
  with	
  pre-­‐oxidation	
  

and	
   two-­‐step	
   acid-­‐acetone	
   wash.	
   Pre-­‐oxidation	
   was	
   performed	
   through	
   mixing	
   14	
   g	
  

Graphite	
  powder	
  with	
  10	
  g	
  K2S2O8	
  and	
  10	
  g	
  P2O5	
  in	
  hot	
  98%	
  H2SO4	
  and	
  keeping	
  stirring	
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at	
  80	
  °C	
  for	
  5	
  hours.	
  After	
  filtration,	
  the	
  collected	
  powder	
  sample	
  was	
  washed	
  with	
  DI	
  water	
  

and	
  dried	
  overnight.	
  The	
  pre-­‐oxidized	
  powder	
  was	
   then	
  oxidized	
  by	
  a	
  mixture	
  containing	
  

10	
  g	
  NaNO3,	
  70	
  g	
  KMnO4	
  in	
  98%	
  H2SO4	
  at	
  temperatures	
  below	
  40	
  °C.	
  After	
  3	
  hours	
  stirring	
  

unreacted	
   KMnO4	
   is	
   then	
   neutralized	
   by	
   30%	
  H2O2.	
   The	
   sample	
  was	
   then	
   purified	
   by	
   a	
  

two-­‐step	
  HCl-­‐acetone	
  wash	
  to	
  remove	
  the	
  salt	
  byproducts	
  23.	
  The	
  product	
  was	
  dried	
  under	
  

ambient	
  atmosphere	
   in	
  dark.	
  The	
   raw	
  GO	
  product	
  was	
  stored	
   in	
   the	
   form	
  of	
  a	
   lump,	
  bulk	
  

solid,	
  or	
  GO	
  cake.	
  The	
  aqueous	
  suspensions	
  of	
  GO	
  can	
  be	
  derived	
  through	
  dispersing	
  1.0	
  g	
  

GO	
  in	
  500	
  mL	
  nanopure	
  water.	
  

2.2.2	
  Methods	
  

The	
   GO	
   multilayer	
   films	
   were	
   prepared	
   by	
   pipetting	
   2	
   mg	
   ml-­‐1	
   GO	
   solution	
   onto	
   clean	
  

polystyrene	
   substrate	
   and	
   left	
   to	
   dry	
   at	
   room	
   temperature	
   overnight	
   (see	
   procedure	
  

schematic	
  in	
  supporting	
  information	
  section	
  of	
  manuscript	
  Fig.S1a).	
  Each	
  day	
  the	
  thickness	
  

of	
  the	
  existing	
  GO	
  film	
  was	
  increased	
  by	
  pipetting	
  fresh	
  2	
  mgml-­‐1	
  GO	
  solution	
  on	
  top	
  of	
  the	
  

previously	
   dried	
   film	
   until	
   the	
   desired	
   cycle	
   number	
   (cycle	
   corresponds	
   to	
   each	
   day)	
   GO	
  

drop-­‐cast	
   film	
   thickness	
  was	
   achieved.	
  After	
   drying	
  was	
   complete	
   the	
   x-­‐cycle	
   number	
  GO	
  

film	
  was	
  peeled	
  off	
  from	
  the	
  polystyrene	
  surface	
  [see	
  GO	
  films	
  in	
  Figures	
  S1b	
  and	
  S1c].	
  The	
  

total	
  number	
  of	
  graphene	
  oxide	
  layers	
  in	
  each	
  film	
  can	
  estimated	
  from:	
  

N  =  (m/A)/ρδ   (2.1)  

where	
  ρ	
  is	
  the	
  material	
  density,	
  δ	
  the	
  interlayer	
  spacing,	
  m	
  mass	
  of	
  GO	
  and	
  A	
  the	
  area	
  of	
  GO	
  

sample	
  used.	
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Figure	
  2.1	
  GO	
  film	
  preparation.	
   	
  

The	
  GO	
  multilayer	
   films	
  were	
  prepared	
  by	
  pipetting	
  2	
  mgml-­‐1	
  GO	
  solutions	
  onto	
  clean	
  polystyrene	
  
substrate	
  and	
   left	
   to	
  dry	
  at	
  room	
  temperature	
  overnight.	
  Each	
  day	
  the	
   thickness	
  of	
   the	
  existing	
  GO	
  
film	
  was	
  increased	
  by	
  pipetting	
  fresh	
  2	
  mgml-­‐1	
  GO	
  solution	
  on	
  top	
  of	
  the	
  previously	
  dried	
  film	
  until	
  
the	
   desired	
   cycle	
   number	
   (each	
   cycle	
   corresponds	
   to	
   each	
   day)	
   GO	
   drop-­‐cast	
   film	
   thickness	
   was	
  
achieved	
  (A).	
  The	
  film	
  thickness	
  grows	
  day	
  by	
  day	
  (B).	
  The	
  dried	
  x-­‐cycle	
  number	
  GO	
  film	
  was	
  peeled	
  
off	
  from	
  the	
  polystyrene	
  surface	
  before	
  conducting	
  thermal	
  analysis	
  (C).	
   	
  

	
  

	
   Drop-­‐cast	
  GO	
  film	
  and	
  GO	
  cake	
  reduction	
  experiments	
  were	
  performed	
  in	
  a	
  differential	
  

scanning	
   calorimeter	
   (DSC)	
   model	
   2910	
   from	
   TA	
   Instruments	
   and	
   thermogravimetric	
  

apparatus	
  model	
  951	
  from	
  TA	
  Instruments	
  in	
  nitrogen	
  gas	
  flow.	
  The	
  heating	
  rates	
  applied	
  

were	
  10	
  to	
  50	
  Kmin-­‐1	
  and	
  the	
  maximum	
  thermal	
  reduction	
  temperature	
  250°C.	
  The	
  surface	
  

morphology	
  and	
  the	
  chemical	
  composition	
  of	
  the	
  rGO	
  samples	
  were	
  characterized	
  by	
  field	
  

emission	
  SEM	
  with	
  energy	
  dispersive	
  X-­‐ray	
  analysis	
  (SEM-­‐EDX).	
  The	
  metals	
  content	
  of	
  GO	
  

cake	
   samples	
   was	
   characterized	
   by	
   inductively	
   coupled	
   plasma	
   emission	
   spectroscopy	
  

(ICP-­‐ES).	
   The	
   77K	
   N2	
   and	
   273K	
   CO2	
   adsorption	
   isotherms	
   were	
   recorded	
   applying	
  

…

24 hours 
drying 

3-cycle drop-
cast GO film 

2 mgml-1 
GO solution 

Polystyrene 
substrate 

1-cycle drop-
cast GO film 

15-cycle drop-
cast GO film 

Drying 

Drying 

24 hours 
drying 

24 hours 
drying 24 hours 

drying 

A 

B 
C 
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Autosorb-­‐1	
   instrument	
   from	
   Quantachrome,	
   Inc.	
   The	
   BET	
   surface	
   areas	
   were	
   calculated	
  

from	
  N2	
  adsorption	
  isotherms	
  using	
  relative	
  pressures	
  ranging	
  from	
  0.05	
  to	
  0.30,	
   if	
  nearly	
  

perfect	
   linear	
  BET	
   correlations	
  were	
  observed.	
  The	
  BET	
   surface	
   area	
  was	
   recorded	
  when	
  

linear	
   correlation	
   factor	
   at	
   least	
   R2	
   =	
   0.9999	
  was	
   achieved.	
   Pore	
   size	
   distributions	
   (PSD)	
  

were	
  calculated	
  applying	
  non-­‐local	
  density	
  functional	
  theory	
  (NLDFT)	
  slit	
  pore	
  model	
  24-­‐25.	
  

	
  

2.3	
  Results	
  and	
  Discussion	
  

2.3.1	
  Explosive	
  thermal	
  reduction	
  of	
  GO	
  

During	
  investigating	
  GO	
  thermal	
  reduction,	
  we	
  occasionally	
  observed	
  violent	
  decomposition	
  

events	
   in	
   the	
  TGA	
   in	
   inert	
   gas	
   that	
   resulted	
   in	
   loss	
   of	
   sample	
   from	
   the	
  pan,	
   failure	
  of	
   the	
  

experiment,	
  and	
  coating	
  of	
  very	
  fine	
  powder	
  product	
  throughout	
  the	
  interior	
  of	
  the	
  device.	
  

The	
  event	
  was	
  reproducible.	
  More	
  dramatically	
  we	
  observed	
  an	
  explosive	
  decomposition	
  in	
  

the	
  DSC	
  leading	
  to	
  interruption	
  and	
  failure	
  of	
  the	
  experiment	
  as	
  well	
  as	
  DSC	
  cell	
  damage	
  as	
  

shown	
   in	
  Figure	
  2.2A	
  and	
  Figure	
  2.2B.	
  The	
  metal	
  DSC	
  hermetic	
   sample	
  pan	
  was	
   torn	
   into	
  

two	
   parts,	
   the	
   reference	
   pan	
   was	
   displaced	
   and	
   graphene-­‐derived	
   powder	
   was	
   spread	
  

throughout	
   the	
   cell.	
   Images	
   from	
   the	
   TGA	
   experiment	
   are	
   also	
   presented	
   in	
   Figure	
   2.2C	
  

(before	
   micro-­‐explosion)	
   and	
   in	
   Figure	
   2.2D	
   (after	
   micro-­‐explosion).	
   In	
   other	
   reduction	
  

experiments	
   in	
   TGA	
   and	
   DSC,	
   the	
   integrity	
   of	
   the	
   solid	
   GO	
   body	
   was	
   preserved.	
   We	
  

hypothesized	
   this	
   damage	
   was	
   the	
   result	
   of	
   a	
   thermal	
   runaway	
   reaction	
   driven	
   by	
   the	
  

exothermicity	
  of	
  GO	
  reduction.	
  We	
  had	
  not	
  appreciated	
  the	
  potential	
  for	
  equipment	
  damage	
  

when	
   processing	
   small	
   amounts	
   of	
   GO,	
   and	
   were	
   intrigued	
   that	
   some	
   samples	
   behaved	
  

energetically	
  in	
  inert	
  gas,	
  while	
  others	
  did	
  not.	
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Figure	
  2.2	
  Images	
  of	
  DSC	
  cell	
  and	
  TGA	
  sample	
  pan	
  before	
  and	
  after	
  micro-­‐explosions.	
   	
  

Initially,	
   approximately	
   2	
   mg	
   of	
   GO	
   cake	
   was	
   placed	
   into	
   aluminum	
   hermetic	
   sample	
   pan.	
   Upper	
  
images	
   show	
   the	
   hematic	
   pans	
   before	
   (A)	
   and	
   after	
   (B)	
   explosion.	
  Note,	
   after	
  micro-­‐explosion	
   the	
  
hermetic	
  pan	
  is	
  torn	
  into	
  two	
  parts	
  -­‐	
  the	
  lid	
  and	
  the	
  bottom	
  parts,	
  and	
  both	
  the	
  sample	
  and	
  reference	
  
pan	
   are	
   misplaced.	
   Black	
   colored	
   fine	
   GO	
   cake	
   powder	
   covers	
   most	
   of	
   the	
   cell.	
   TGA	
   sample	
   pan	
  
images	
  before	
  (C)	
  and	
  after	
  (D)	
  explosion	
  with	
  3.6	
  mg	
  GO	
  cake.	
  

	
  

	
   We	
  therefore	
  investigated	
  the	
  thermochemistry	
  of	
  GO	
  reduction	
  by	
  employing	
  uniform	
  

multilayer	
  films	
  of	
  controlled	
  thickness	
  in	
  DSC	
  (see	
  example	
  thermogram	
  shown	
  in	
  Figure	
  

2.3A)	
   and	
   in	
   TGA	
   (see	
   example	
   TGA	
   curve	
   on	
   Figure	
   2.3B	
   and	
   Figure	
   2.3C.).	
   Thermal	
  

reduction	
   of	
   15-­‐cycle	
   drop-­‐cast	
   film	
   leads	
   to	
   a	
   large	
   exothermic	
   peak	
   in	
   DSC,	
   with 	
  

decomposition	
  ΔH	
  of	
  approximately	
  -­‐1,680	
  Jg-­‐1.	
  The	
  onset	
  temperature	
  for	
  the	
  exothermic	
  

transition	
  occured	
  near	
  150°C.	
  This	
  decomposition	
  enthalpy	
  (1,680	
  Jg-­‐1)	
  corresponds	
  to	
  an	
  

estimated	
   adiabatic	
   final	
   temperature	
   of	
   1,240°C,	
   calculated	
   for	
   the	
   case	
  where	
   the	
   onset	
  



	
  

40	
  

temperature	
   is	
   150°C	
   and	
   the	
   product	
   distribution	
   is	
   40	
   wt%	
   gas	
   (as	
   CO2)	
   and	
   60	
   wt%	
  

carbonaceous	
  (as	
  graphite)	
  product.	
  Adiabatic	
  final	
  temperature	
  Ta	
  was	
  estimated	
  from:	
   	
   	
  

ΔH = − C!dT
!!
!!

   (2.2)           

	
   where	
  To	
  is	
  onset	
  temperature,	
  ΔH	
  decomposition	
  enthalpy	
  as	
  obtained	
  experimentally	
  

with	
  DSC,	
  Cp	
  specific	
  heat	
  capacities	
  of	
  the	
  final	
  products	
  of	
  CO2	
  (polynomial	
  applied)	
  and	
  of	
  

pure	
  graphite.	
  

	
  

Figure	
  2.3	
  Thermal	
  analysis	
  of	
  the	
  GO	
  reduction	
  process	
  and	
  pore	
  structure	
  of	
  the	
  
rGO	
  product.	
   	
  

(A)	
   DSC	
   thermogram	
   of	
   15-­‐cycle	
   drop-­‐cast	
   GO	
   film	
   (1.1	
   ·	
   105	
  GO	
   layers)	
   in	
   50	
   ml/min ︎ 	
   N2	
   flow;	
  
heating	
  rate	
  10	
  K/min,	
  (B)	
  TGA	
  curve	
  of	
  the	
  same	
  15-­‐cycle	
  drop-­‐cast	
  GO	
  film	
  in	
  100	
  ml/min	
  N2	
  flow;	
  
heating	
   rate	
  10	
  K/min,	
   (C)	
  Differential	
  TGA	
  curve	
  of	
   the	
   same	
  GO	
   film,	
   (D)	
  and	
   (E)	
  SEM	
   images	
  of	
  
9-­‐cycle	
  drop-­‐cast	
  GO	
  film	
  (6	
  ·	
  104	
  GO	
  layers)	
  and	
  15-­‐cyle	
  drop-­‐cast	
  GO	
  film	
  (1.1	
  ·	
  105	
  GO	
  layers).	
  (F)	
  
15-­‐Cycle	
   drop-­‐cast	
   GO	
   and	
   rGO	
   film	
   CO2	
  isotherm	
  NLDFT	
   pore	
   size	
   distribution	
   applying	
   slit	
   pore	
  
model.	
   	
  

	
  

	
   In	
  the	
  DSC	
  thermograph	
  of	
  GO	
  undergoing	
  non-­‐explosive	
  thermal	
  reduction	
  as	
  shown	
  

in	
  Figure	
  2.3A,	
  the	
  heat	
  evolution	
  was	
  continuous	
  and	
  smooth	
  and	
  the	
  reaction	
  of	
  GO	
  in	
  this	
  

film	
  form	
  did	
  not	
  produce	
  a	
  violent	
  micro-­‐explosion	
  or	
  sample	
  pan	
  damage.	
  We	
  hypothesize	
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that	
  the	
  thin	
  film	
  structure	
  allow	
  sufficiently	
  fast	
  heat	
  transfer	
  to	
  prevent	
  local	
  temperature	
  

rise	
  and	
  thermal	
  runaway,	
  and	
  allow	
  sufficiently	
  fast	
  mass	
  transfer	
  of	
  gas	
  phase	
  products	
  to	
  

prevent	
   internal	
   pressure	
   build-­‐up	
   and	
   rGO	
   film	
  disintegration.	
   Similar	
   behaviour	
   is	
   seen	
  

when	
   the	
  15-­‐cycle	
  drop-­‐cast	
  GO	
   film	
  was	
   tested	
   in	
  TGA	
   in	
   inert	
  gas	
  environment.	
  The	
  GO	
  

film	
  reduction	
  does	
  produce	
  a	
  porous	
  rGO	
  product,	
  but	
  does	
  not	
  explode	
  (see	
  rGO	
  films	
  on	
  

SEM	
  images	
  in	
  Figure	
  2.3D	
  and	
  Figure	
  2.3E).	
  The	
  total	
  mass	
  loss	
  in	
  our	
  GO	
  decomposition	
  is	
  

approxiamely	
  40	
  wt-­‐%	
  (not	
  including	
  water,	
  see	
  TGA	
  example	
  curve	
  in	
  Fig.1b),	
  suggesting	
  

that	
   our	
   GO	
   film	
   has	
   relatively	
   high	
   O/C	
   ratio	
   (30	
   wt-­‐%	
   reported	
   in	
   2,	
   12).	
   Table	
   2.1	
  

summarizes	
   the	
   DSC	
   results	
   for	
   a	
   number	
   of	
   experiments	
   using	
   GO	
   samples	
   of	
   different	
  

form	
  (cake	
  or	
  film)	
  and	
  mass.	
  The	
  temperatures	
  at	
  the	
  peak	
  of	
  the	
  DSC	
  exotherm	
  reported	
  

in	
   Table	
   2.1	
   for	
   all	
   GO	
   films	
   are	
   within	
   the	
   reported	
   decomposition	
   range	
   for	
  

oxygen-­‐containing	
   functional	
   groups	
   on	
   GO.	
   As	
   the	
   drop-­‐cast	
   GO	
   film	
   thickness	
   increases	
  

(while	
   keeping	
   the	
   lateral	
   area	
   the	
   same),	
   the	
   total	
   energy	
   released	
   during	
   GO	
  

decomposition	
  increases	
  linearly,	
  and	
  the	
  correlation	
  is	
  independent	
  of	
  heating	
  rates	
  tested	
  

10	
  or	
  50	
  K/min.	
  The	
  specific	
  exothermic	
  GO	
  decomposition	
  heat	
  released	
  is	
  quite	
  significant	
  

and	
  is	
  reproducible	
  in	
  the	
  range	
  1400	
  to	
  1650	
  Joules	
  per	
  gram	
  of	
  GO,	
  which	
  is	
  similar	
  to	
  the	
  

1500	
  J/g	
  reported	
  by	
  McAllister	
  et	
  al.	
  12.	
  

	
   Krishnan	
  et	
  al.	
  15	
  reports	
  a	
  significantly	
  higher	
  exothermic	
  decomposition	
  enthalpy	
  of	
  6	
  

–	
  8	
  kJ/g,	
  which	
  may	
  be	
  due	
  to	
  differences	
  in	
  synthesis	
  or	
  to	
  aging	
  effects	
  26,	
  which	
  require	
  

more	
   study.	
   	
   All	
   thermochemical	
   data	
   in	
   Table	
   1	
   originate	
   from	
   the	
   same	
   original	
   GO	
  

synthesis	
   batch	
   and	
   none	
   of	
   these	
   uniform	
   multilayer	
   films	
   underwent	
   explosive	
  

decomposition	
   in	
   this	
   set	
   of	
   experiments,	
   so	
   the	
   calorimetry	
   results	
   are	
   quantitatively	
  

reliable.	
   The	
   FTIR	
   scan	
   results	
   of	
   15-­‐cycle	
   drop-­‐cast	
   GO	
   film	
   and	
   the	
   same	
   rGO	
   film	
   are	
  

shown	
   on	
   Figure	
   S3c.	
   As	
   seen	
   GO	
   film	
   investigated	
   has	
   wide	
   hydroxyl	
   peak	
   (ranging	
  

between	
   2900-­‐3600	
   cm-­‐1),	
   together	
   with	
   epoxides	
   (962	
   cm-­‐1),	
   ethers	
   (1035	
   cm-­‐1)	
   and	
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carboxyls	
   (1724	
   cm-­‐1).	
   The	
   1619	
   cm-­‐1	
   peak	
   is	
   related	
   to	
   vibrations	
   from	
   the	
  

unfunctionalized	
  graphenic	
  domains	
  of	
  GO.	
  During	
  thermal	
  exfoliation	
  in	
  inert	
  gas	
  most	
  of	
  

the	
  oxides	
  are	
   removed	
  when	
  heated	
   to	
  250°C.	
  This	
   result	
   is	
   consistent	
  what	
  has	
  been	
  as	
  

seen	
  by	
  others	
  2,	
  12.	
  Our	
  SEM-­‐EDX	
  results	
  give	
  an	
  average	
  C/O	
  atomic	
  ratio	
  of	
  ~	
  1.8	
  in	
  our	
  GO	
  

samples.	
  

Table	
  2.1	
  Measured	
  thermochemical	
  parameters	
  of	
  graphene	
  oxide	
  reduction.	
  

GO	
  film	
  
drop-­‐cast	
  
cycle	
  
number	
  

GO	
  layer	
  
number	
  
(estimated	
  

from	
  GO	
  mass)	
  

Heating	
  Rate,	
  10	
  K	
  min−1	
   	
   Heating	
  Rate,	
  50	
  K	
  min−1	
  

GO	
  
[mg]	
  

Tmax	
  	
  
[°C]	
  

ΔH	
  
[J/g]	
  

Total	
  
heat	
  [J]	
   	
   GO	
  

[mg]	
  
Tmax	
  
[°C]	
  

ΔH	
  
[J/g]	
  

Total	
  
heat	
  [J]	
  

6	
   3E+4	
   0.334	
   202	
   1568	
   0.524	
   	
   0.463	
   230	
   1394	
   0.645	
  

9	
   6E+4	
   0.648	
   200	
   1659	
   1.075	
   	
   0.684	
   228	
   1459	
   0.998	
  

12	
   9E+4	
   1.046	
   202	
   1639	
   1.714	
   	
   1.064	
   227	
   1509	
   1.606	
  

15	
   1.1E+5	
   1.242	
   206	
   1680	
   2.087	
   	
   1.306	
   227	
   1457	
   1.903	
  

GO	
  cake	
   2.9E+5	
   3.250	
   190	
   1463	
   4.77	
   	
   N/A	
   N/A	
   N/A	
   N/A	
  

	
  

2.3.2	
  Morphology	
  and	
  pore	
  structure	
  of	
  the	
  rGO	
  products	
  

The	
  surface	
  area	
  and	
  porosity	
  of	
  the	
  rGO	
  samples	
  listed	
  in	
  Table	
  2.1	
  were	
  investigated	
  both	
  

with	
  N2	
  and	
  CO2	
  probes.	
  The	
  N2	
  and	
  CO2	
  adsorption	
  analysis	
  for	
  BET	
  surface	
  area	
  and	
  PSD	
  

revealed	
   that	
   GO	
   films	
   prior	
   to	
   reduction	
   have	
   very	
   low	
   surface	
   areas,	
   similar	
   to	
   those	
  

reported	
  1,	
  6,	
  27.	
  For	
  example,	
  3	
  and	
  6	
  cycle	
  drop-­‐cast	
  GO	
  film	
  N2	
  BET	
  surface	
  areas	
  are	
  0.25	
  

and	
   0.21	
   m2	
  g-­‐1,	
   respectively	
   and	
   the	
   corresponding	
   thermal	
   reduced	
   samples	
   have	
   only	
  

slightly	
   higher	
   surface	
   areas	
   around	
   0.85	
  m2g-­‐1.	
   Therefore,	
   low	
   temperature,	
   low	
   heating	
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rate,	
   and	
   atmospheric	
   pressure	
   thermal	
   reduction	
   of	
   thin	
   GO	
   films	
   leads	
   to	
   relatively	
  

non-­‐porous	
   rGO.	
  When	
   a	
   thicker	
   film	
   (15-­‐cycle	
   drop-­‐cast)	
   is	
   reduced	
   in	
  DSC	
   (SEM	
   image	
  

shown	
  on	
  Figure	
  2.3E)	
  we	
  obtain	
  much	
  higher	
  values:	
  an	
  N2	
  surface	
  area	
  of	
  171	
  m2g-­‐1,	
  and	
  a	
  

CO2	
  BET	
  surface	
  area	
  as	
   large	
  as	
  1471	
  m2g-­‐1.	
  To	
  our	
  knowledge	
   this	
   is	
   the	
   largest	
   surface	
  

area	
  reported	
   for	
   thermally	
  reduced	
  GO	
  films.	
  As	
   the	
  pore	
  size	
  distribution	
  shows	
  (Figure	
  

2.3F)	
  most	
  of	
  the	
  regained	
  surface	
  area	
  originates	
  from	
  super-­‐micropores	
  –	
  those	
  with	
  pore	
  

sizes	
  ~0.35	
  nm.	
  This	
  is	
  the	
  micro-­‐pore	
  size	
  range	
  that	
  can	
  show	
  molecular	
  sieving	
  behavior	
  

and	
  allow	
  access	
  to	
  CO2	
  at	
  273	
  K,	
  but	
  not	
  N2	
  at	
  77	
  K	
  due	
  to	
  activated	
  diffusion	
  processes	
  28.	
  

	
  

Figure	
  2.4	
  Morphology	
  and	
  pore	
  structure	
  of	
  powder	
  produced	
  by	
  explosive	
  thermal	
  
reduction	
  of	
  GO	
  cake.	
   	
  

SEM	
   images	
   (A	
   and	
   B),	
   N2	
   vapor	
   adsorption	
   isotherm(C),	
   N2	
   isotherm	
   NLDFT	
  and	
  slit	
   pore	
  
distribution	
  (D).	
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   Returning	
   to	
   the	
   forensic	
   investigation	
   of	
   why	
   certain	
   GO	
   samples	
   explode	
   during	
  

thermal	
   reduction,	
   we	
   examined	
   the	
   rGO	
   powder	
   product	
   obtained	
   after	
   the	
  

micro-­‐explosions	
   of	
   the	
   GO	
   cake	
   in	
   the	
   DSC.	
   Powders	
   from	
   the	
   GO	
   cake	
   reduction	
   were	
  

carefully	
   removed	
   from	
  DSC	
   cell	
   (Figure	
   2.2B)	
   and	
   from	
   the	
   TGA	
   pan	
   (Figure	
   2.2D),	
   and	
  

imaged	
   in	
   SEM.	
   In	
   Figure	
   2.4A	
   the	
   individual	
   rGO	
   particles	
   are	
   seen	
   to	
   have	
   a	
   highly	
  

irregular	
  shape	
  and	
  with	
  a	
  lateral	
  dimension	
  from	
  1	
  to	
  3	
  µm.	
  The	
  SEM	
  image	
  on	
  Figure	
  2.4B	
  

reveals	
   that	
   the	
  powder	
  shown	
   in	
  Figure	
  2.4A	
   is	
  multi-­‐layer	
  rGO	
  platelet.	
  Figure	
  2.4C	
  and	
  

Figure	
  2.4D	
   show	
   the	
  N2	
   adsorption	
   isotherm	
  of	
   the	
   same	
   rGO	
  powder	
  obtained	
  after	
  GO	
  

cake	
  micro-­‐explosion	
  together	
  with	
  the	
  pore	
  size	
  distribution	
  (PSD)	
  applying	
  the	
  non-­‐local	
  

density	
   function	
   theory	
   (NLDFT)	
   slit	
   pore	
  model	
   24-­‐25.	
   The	
  BET	
  N2	
   surface	
   area	
   of	
   the	
  GO	
  

cake	
  is	
  only	
  2	
  m2g-­‐1,	
  while	
  the	
  exploded	
  rGO	
  cake	
  product	
  N2	
  BET	
  surface	
  area	
  is	
  300	
  m2g-­‐1,	
  

implying	
  a	
  mean	
  apparent	
  layer	
  number	
  per	
  stack	
  of	
  8-­‐9	
  using	
  the	
  scaling	
  law	
  S.A	
  ~	
  2600N-­‐1	
  

1.	
   The	
   CO2	
   BET	
   surface	
   area	
   of	
   GO	
   cake	
   is	
   in	
   the	
   same	
  magnitude	
   as	
   sensed	
  with	
  N2,	
   but	
  

somewhat	
   larger	
   at	
   502	
   m2g-­‐1,	
   likely	
   due	
   to	
   accessible	
   internal	
   super-­‐microporosity.	
  

Interestingly,	
  the	
  rGO	
  powder	
  surface	
  area	
  is	
  much	
  smaller	
  than	
  the	
  CO2	
  BET	
  surface	
  area	
  of	
  

non-­‐exploded	
   15-­‐cycle	
   drop-­‐cast	
   rGO	
   film	
   as	
   reported	
   above	
   1471	
   m2g-­‐1.	
   This	
   is	
   an	
  

interesting	
   finding,	
   as	
   it	
   suggests	
   that	
   the	
  micro-­‐explosion	
   is	
  not	
  necessarily	
  desirable	
   for	
  

achieving	
  the	
  highest	
  possible	
  surface	
  area.	
  The	
  lower	
  surface	
  area	
  in	
  the	
  exploded	
  sample	
  

may	
  be	
  due	
   to	
   early	
   release	
   of	
   the	
   internal	
   pressure	
  when	
   the	
   film	
  undergoes	
  multipoint	
  

mechanical	
   fracture	
   partway	
   through	
   the	
   gas	
   evolution	
   process.	
   Samples	
   that	
   evolve	
   gas	
  

quickly	
   but	
   not	
   fast	
   enough	
   to	
   explosively	
   fracture	
   likely	
   develop	
   the	
   highest	
   internal	
  

pressures	
  to	
  overcome	
  interlayer	
  van	
  der	
  Waals	
  forces.	
  

The	
  PSD	
  of	
  GO	
  cake	
  powder	
  (Figure	
  2.4D	
  insert)	
  reveals	
  an	
  interesting	
  periodicity,	
  which	
  is	
  

similar	
  to	
  pore	
  size	
  periodicity	
  reported	
  in	
  1.	
  This	
  type	
  of	
  periodicity	
  can	
  be	
  evidenced	
  when	
  

investigating	
   porosity	
   of	
   solid	
   few-­‐layer	
   GO	
   (FLGO)	
   when	
   each	
   particle	
   is	
   considered	
   as	
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thick	
   platelet,	
   which	
   stay	
   mostly	
   non-­‐porous	
   and	
   have	
   relatively	
   uniform	
   thickness.	
   The	
  

primary	
  porosity	
  generated	
  in	
  this	
  type	
  of	
  GO	
  system	
  originates	
  from	
  the	
  external	
  surfaces	
  

of	
  the	
  multilayer	
  rGO	
  plates.	
  A	
  close	
  examination	
  of	
  the	
  PSD	
  presented	
  on	
  Figure	
  2.4A	
  insert	
  

suggests	
  that	
  the	
  rGO	
  plate	
  thickness	
  can	
  be	
  approximated	
  to	
  be	
  4	
  nm.	
  Therefore	
  suggesting	
  

that	
  each	
  rGO	
  plate	
  would	
  include	
  approximately	
  11	
  individual	
  rGO	
  sheet	
  layers.	
  From	
  this	
  

layer	
  number	
  BET	
  area	
  is	
  calculated	
  to	
  be	
  250	
  m2g-­‐1	
  (applying	
  power-­‐law,	
  S.A	
  =	
  2600N-­‐1	
  as	
  

shown	
   in	
   1).	
  This	
   area	
   result	
   is	
   in	
   reasonable	
   agreement	
  with	
   the	
  measured	
  300	
  m2g-­‐1	
  N2	
  

BET	
  surface	
  area.	
  

	
  

2.3.3	
  Factors	
  influencing	
  the	
  thermal	
  reaction	
  mode	
  

2.3.3.1	
  Water	
  

A	
   series	
   of	
   control	
   experiments	
   were	
   made	
   to	
   understand	
   how	
   the	
   explosive	
   mode	
  

reduction	
   happens	
   and	
   its	
   dependence	
   on	
  GO	
   sample	
   properties.	
   Figure	
  2.5	
   shows	
   a	
  DSC	
  

thermogram	
   of	
   GO	
   thermal	
   reduction	
   for	
   an	
   8	
   mg	
   cake	
   sample	
   in	
   a	
   sealed	
   aluminum	
  

hermetic	
  pan	
   in	
   inert	
  gas	
   is	
  shown	
  in	
  Figure	
  2.5A.	
  This	
   is	
  one	
  of	
   the	
  GO	
  cake	
  experiments	
  

that	
  produced	
  explosive	
  decomposition.	
  The	
  DSC	
  thermogram	
  on	
  Figure	
  2.5A	
  shows	
  a	
  very	
  

clear	
  endothermic	
  water	
  peak	
  with	
  the	
  maximum	
  occurring	
  at	
  126°C.	
  The	
  water	
  removed	
  at	
  

this	
  temperature	
  is	
  likely	
  bound	
  water	
  trapped	
  between	
  individual	
  GO	
  sheets	
  by	
  hydrogen	
  

bonding.	
   The	
   free	
   external	
   water	
   is	
   removed	
   at	
   around	
   50°C	
   (see	
   differential	
   TGA	
   curve	
  

Figure	
  2.3C),	
  which	
  DSC	
  thermogram	
  on	
  Figure	
  2.5A	
  does	
  not	
  show.	
  As	
  seen	
  in	
  thermogram	
  

Figure	
   2.5A	
   the	
   smooth	
   endothermic	
   water	
   peak	
   is	
   followed	
   by	
   a	
   GO	
   thermal	
   reduction	
  

exotherm,	
  and	
  in	
  this	
  case	
  the	
  peak	
  is	
  asymmetric	
  and	
  truncated	
  with	
  a	
  smooth	
  rise	
  on	
  the	
  

low-­‐temperature	
  side	
  and	
  an	
  abrupt	
  cliff	
  on	
  the	
  high-­‐temperature	
  side.	
  Throughout	
  our	
  DSC	
  



	
  

46	
  

experiments,	
   this	
   type	
   of	
   truncated	
   exothermic	
   peak	
   correlates	
   with	
   the	
   presence	
   of	
   the	
  

explosive	
  event.	
  The	
  GO	
  micro-­‐explosion	
  is	
  preceded	
  by	
  a	
  slight	
  inflection	
  in	
  the	
  DSC	
  curve	
  

caused	
  by	
  local	
  temperature	
  rise	
  (see	
  arrow	
  Figure	
  2.5A)	
  that	
  signals	
  the	
  runaway	
  reaction,	
  

followed	
  by	
  a	
  peak	
  and	
  abrupt	
  decay	
  as	
  the	
  sample	
  pan	
  loses	
  contact	
  with	
  the	
  DSC	
  sensor.	
  

The	
  onset	
  temperature	
  of	
  the	
  GO	
  runaway	
  reaction	
  in	
  this	
  experiment	
  is	
  about	
  ~155°C	
  and	
  

the	
   peak	
   temperature	
   is	
   ~171°C.	
   We	
   initially	
   thought	
   that	
   interstitial	
   water	
   might	
   be	
  

responsible	
   for	
   the	
   violent	
   GO	
   micro-­‐explosion	
   during	
   reduction	
   in	
   DSC	
   by	
   providing	
  

additional	
  gas	
  volume	
  to	
  increase	
  internal	
  interstitial	
  pressure.	
   	
  

	
  

Figure	
  2.5	
  Effect	
  of	
  interstitial	
  water	
  on	
  the	
  mode	
  of	
  GO	
  thermal	
  reduction	
  (explosive	
  
vs.	
  non-­‐explosive)-­‐DSC	
  thermograms	
   	
  

(A)	
  GO	
  cake	
  which	
  exploded	
  during	
  thermal	
  reduction	
  in	
  N2	
  gas,	
  (B)	
  24	
  h	
  low	
  temperature	
  oven	
  dried	
  
GO	
   cake	
   (note	
   GO	
   cake	
   still	
   explodes	
   after	
   drying	
   as	
   indicated	
   by	
   the	
   truncated	
   asymmetric	
  
exotherm),	
   (C)	
   humidified	
   GO	
   cake	
   DSC	
   thermogram	
   (note	
   large	
   water	
   endotherm	
   and	
   smooth	
  
exotherm	
  indicating	
  no	
  explosion).	
  Interstitial	
  water	
  does	
  not	
  cause	
  or	
  promote	
  the	
  explosive	
  mode	
  
of	
  GO	
  reduction.	
   	
  

	
  

	
   	
   In	
  order	
  to	
  test	
  the	
  hypothesis	
  that	
  water	
  is	
  responsible	
  of	
  these	
  micro-­‐explosions,	
  we	
  

oven-­‐dried	
   the	
   GO	
   cake	
   sample	
   that	
   was	
   known	
   to	
   explode	
   (DSC	
   thermogram	
   shown	
   on	
  

Figure	
   2.5A)	
   overnight	
   at	
   relative	
   low	
   temperatures	
   (~80°C)	
   and	
   repeated	
   the	
   DSC	
  

experiment	
   in	
   inert	
   gas	
   environment	
  with	
   heating	
   rate	
   10	
  Kmin-­‐1.	
   Figure	
   2.5B	
   shows	
   the	
  

oven-­‐dried	
  GO	
   cake	
   thermogram,	
  which	
   now	
   is	
  missing	
   the	
   endothermic	
  water	
   peak,	
   but	
  

still	
   ended	
   with	
   micro-­‐explosion.	
   Since	
   the	
   water	
   endothermic	
   peak	
   is	
   missing,	
   one	
   can	
  

easily	
  determine	
  the	
  onset	
  temperature	
  of	
   the	
  GO	
  thermal	
  reduction	
  as	
  140°C.	
   In	
  order	
  to	
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further	
  investigate	
  the	
  possible	
  role	
  of	
  water	
  in	
  GO	
  explosive	
  reduction	
  we	
  humidified	
  one	
  

of	
   the	
   GO	
   cake	
   samples	
   that	
   was	
   known	
   not	
   to	
   explode	
   in	
   a	
   fully	
   saturated	
  water	
   vapor	
  

environment	
   at	
   ambient	
   temperature	
   overnight.	
   The	
   thermogram	
   in	
   Figure	
   2.5C	
   shows	
   a	
  

very	
   large	
   endotherm,	
  but	
   the	
   experiment	
  did	
  not	
   end	
  with	
   the	
  micro-­‐explosion.	
  One	
   can	
  

note	
  the	
   large	
  water	
  endothermic	
  peak,	
  which	
  specific	
  heat	
  determined	
  from	
  thermogram	
  

and	
  the	
  mass	
  of	
  water	
  removed	
  closely	
  matched	
  with	
  the	
  latent	
  heat	
  of	
  water	
  of	
  evaporation	
  

2,260	
   J/g	
   at	
   ambient	
   pressure.	
   The	
   thermal	
   reduction	
   onset	
   temperature	
   is	
   now	
   at	
  

approximately	
  160°C,	
  which	
  is	
  approximately	
  ~20°C	
  higher	
  temperature	
  if	
  compared	
  to	
  GO	
  

cake	
   onset	
   temperature	
   provided	
   on	
   Figure	
   2.5B.	
  Note	
   the	
   smoothness	
   of	
   exothermic	
  GO	
  

thermal	
   reduction	
   peak.	
   The	
   heat	
   and	
   mass	
   generated	
   during	
   reduction	
   has	
   time	
   to	
  

dissipate,	
   and	
   therefore	
   the	
   sample	
   did	
   not	
   explode.	
   These	
   control	
   experiments	
   clearly	
  

show	
  that	
  water	
   is	
  not	
  necessary	
   for	
   the	
  explosive	
  reduction	
  of	
  GO	
  and	
  does	
  not	
  promote	
  

the	
  explosive	
  mode	
  of	
  reduction.	
  GO	
  explosive	
  decomposition	
  is	
  occurring	
  in	
  the	
  dry	
  state.	
  

	
  

Figure	
  2.6	
  Role	
  of	
  potassium	
  hydroxide	
  immersion,	
  residual	
  potassium	
  content	
  (K),	
  
and	
  total	
  sample	
  mass	
  in	
  the	
  explosive	
  mode	
  of	
  GO	
  reduction.	
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(A)	
   DSC	
   thermogram	
   of	
   GO	
   cake	
   that	
   did	
   not	
   explode,	
   (B)	
   DSC	
   thermogram	
   of	
   the	
   same	
   cake	
  
immersed	
   to	
   1	
  wt.%	
   KOH	
   solution	
   and	
   drying	
   (note	
   sharp	
   exotherm	
   which	
   indicates	
   explosive	
  
reduction).	
  (C)	
  and	
  (D)	
  TGA	
  curves	
  of	
  two	
  different	
  GO	
  cakes	
  (C)	
  GO	
  cake	
  which	
  has	
  33-­‐fold	
  higher	
  K	
  
content	
   than	
   the	
   GO	
   cake	
   thermogram	
   shown	
   in	
   (D).	
   Note	
   the	
   K	
   effect	
   to	
   explosion	
   temperature,	
  
sample	
  with	
  high-­‐K	
  (C)	
  explodes	
  at	
  36	
  °C	
  lower	
  temperature	
  compared	
  to	
  low-­‐K	
  GO	
  sample	
  in	
  (D).	
  (E)	
  
shows	
   TGA	
   curves	
   of	
   low-­‐K	
   content	
   GO	
   varying	
   initial	
   sample	
   mass	
   in	
   thermal	
   reduction:	
   4	
  mg,	
  
3.5	
  mg	
  and	
  1.6	
  mg.	
  Sample	
  with	
  1.6	
  mg	
  does	
  not	
  explode,	
  while	
  the	
  larger	
  mass	
  GO	
  samples	
  do.	
    

2.3.3.2	
  Impurities	
  

	
   Further	
  control	
  experiments	
  were	
  conducted	
  to	
  see	
  if	
  explosive	
  reduction	
  is	
  related	
  to	
  

impurities.	
   GO	
   synthesis	
   involves	
   potassium	
   permanganate	
   KMnO4	
   and	
   samples	
   may	
  

contain	
  residual	
  potassium	
  14-­‐15.	
  Potassium	
  has	
  been	
  reported	
  to	
  cause	
  GO	
  ignition	
  through	
  

catalysis	
  of	
  the	
  combustion	
  reaction	
  14-­‐15,	
  but	
  there	
  is	
  no	
  air	
  in	
  the	
  current	
  experiments,	
  so	
  

combustion	
   catalysis	
   is	
  not	
   a	
  possible	
  mechanism.	
  As	
  a	
   control	
   experiment	
  we	
  used	
  a	
  GO	
  

cake	
  sample	
  that	
  did	
  not	
  explode	
  in	
  the	
  DSC	
  (see	
  smooth	
  thermogram	
  in	
  Figure	
  2.6A)	
  and	
  

immersed	
  it	
   into	
  1	
  wt-­‐%	
  KOH	
  solution	
  and	
  repeated	
  the	
  DSC	
  experiment	
  (10	
  Kmin-­‐1	
   in	
  N2	
  

gas).	
  The	
  resulting	
  DSC	
  thermogram	
  is	
  shown	
  in	
  Figure	
  2.6B.	
  There	
  is	
  no	
  water	
  endotherm	
  

present,	
  and	
  the	
  cake	
  did	
  explode,	
  indicating	
  a	
  promoting	
  effect	
  of	
  potassium	
  or	
  hydroxide.	
  

In	
  addition,	
  the	
  exotherm	
  onset	
  temperature	
  is	
  about	
  50°C	
  lower	
  than	
  the	
  undoped	
  GO	
  cake	
  

sample,	
  which	
  somewhat	
   larger	
  KOH	
  treatment	
  effect	
   than	
  20°C	
   lower	
  onset	
   temperature	
  

observed	
   elsewhere	
   15.	
   We	
   conducted	
   SEM	
   EDX	
   and	
   ICP-­‐AES	
   experiments	
   on	
   two	
   of	
   the	
  

as-­‐produced	
  samples,	
  only	
  one	
  of	
  which	
  was	
  observed	
  to	
  undergo	
  explosive	
  reduction.	
  The	
  

energetic	
   sample	
   had	
   8-­‐fold	
   higher	
   potassium	
   content	
   (0.08	
   atom-­‐%)	
   than	
   the	
  

non-­‐energetic	
   sample	
   (0.01	
   atom-­‐%)	
   by	
   EDX.	
   A	
   more	
   accurate	
   ICP-­‐AES	
   analysis	
   showed	
  

potassium	
   contents	
   of	
   0.0436±0.0017	
  wt.-­‐%	
   for	
   the	
   energetic	
   sample	
   and	
  0.0013±0.0003	
  

wt.-­‐%	
  for	
   the	
  non-­‐energetic	
  sample.	
  Together these results suggest that potassium may play a 

role in promoting the explosive decomposition of GO. In addition to potassium’s well-known 

behavior as a catalyst for carbon combustion, C + O2 => CO/CO2 14, it has also been reported be 

catalysts for the pyrolysis of biomass and other oxygenated organic compounds 29-32. Addition of 
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potassium to cellulosic material has been reported to increase gas and char (solid) yields, while 

reducing the yield of higher molecular weight volatiles (tars) 29, 31-32. Potassium has been reported 

to increase CO and CO2 yield 30 or rate of evolution 29 and to reduce the pyrolysis activation 

energy by 50 kJmol-1 and lower the main pyrolysis temperature by 41-67°C 29, which is very 

similar to the difference in onset temperatures seen in our GO thermal experiments (see Figure	
  

2.6A and 2.6B). The molecular mechanism of K-catalysis of pyrolysis is not fully understood, but 

has been proposed to involve K-promoted heterolytic ring opening and cracking reactions 29 and 

deoxygenation reactions 30. Alternatively, the catalytic effect of KOH immersion may be due to 

hydroxide, which can establish basic conditions in the interstitial water phase. Several studies 

have reported base-catalyzed GO deoxygenation 33-35, which may reduce the exotherm onset 

temperatures observed here. More work is needed to understand the effect of impurities and 

additives on the potential for GO explosive decomposition. 

	
   Potassium	
   hydroxide	
   addition	
   promotes	
   GO	
   explosive	
   decomposition	
   and	
   lowers	
   the	
  

onset	
   temperature,	
   but	
   it	
   remains	
   to	
   be	
   seen	
   if	
   it	
   is	
   necessary	
   for	
   GO	
   explosive	
  

decomposition.	
   We	
   therefore	
   conducted	
   series	
   of	
   TGA	
   experiments	
   with	
   varying	
   the	
   GO	
  

cake	
  mass.	
  Figure	
  2.6C	
  shows	
  TGA	
  thermogram	
  of	
  a	
  GO	
  cake	
  sample	
  known	
  to	
  explode	
   in	
  

the	
  DSC	
  under	
   identical	
   heating	
   conditions.	
  The	
   sample	
  undergoes	
   abrupt	
   total	
  mass	
   loss	
  

indicating	
   explosive	
   reduction	
   at	
   162°C,	
   which	
   is	
   similar	
   to	
   the	
   ~167°C	
   explosion	
  

temperature	
  seen	
  in	
  the	
  DSC.	
  A	
  low-­‐K	
  GO	
  cake	
  that	
  did	
  not	
  explode	
  when	
  used	
  in	
  film	
  form	
  

in	
  the	
  DSC	
  was	
  also	
  studied	
  (see	
  Figure	
  2.6D).	
  This	
  sample	
  does	
  explode	
  in	
  the	
  TGA,	
  but	
  at	
  

196°C,	
   which	
   is	
   34°C	
   higher	
   than	
   the	
   high-­‐K	
   cake	
   (Figure	
   2.6C).	
   Therefore,	
   GO	
   KOH	
  

immersion	
  or	
  high	
  potassium	
  content	
  is	
  not	
  required	
  for	
  explosive	
  decomposition.	
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2.3.3.3	
  Sample	
  Mass	
  

Table	
  2.2	
  Decomposition	
  enthalpies	
  for	
  graphene	
  oxide	
  and	
  a	
  selection	
  of	
  energetic	
  

materials	
  and	
  reactive	
  industrial	
  chemicals	
  known	
  to	
  pose	
  processing	
  safety	
  hazards	
  

associated	
  with	
  thermal	
  runaway	
  reactions.	
   	
  

Material/chemical  
Chemical application  

Decomposition 
enthalpy (J g-1) Reference  

Graphene oxide (GO)  Precursor for reduced GO 1400–1700 Current study  
Benzoyl peroxide  Industrial chemical 1602 Severini, 198422  

Cumene hydroperoxide Industrial chemical  1219 Di Somma, 200821 
Ethyl oleate ozonide  Industrial chemical  684 Cataldo 201320 

Trinitrotoluene (TNT)  Monopropellant and explosive 2305 Ksiazczak 200018 
Hydrazine   Monopropellant and explosive 2980–4906 Jang et al. 201217 

Nitrocellulose Monopropellant and explosive 1900–2400  Sovizi et al. 200919 
	
  

	
   Figure	
  2.6E	
  shows	
  that	
  the	
  explosive	
  reduction	
  of	
  GO	
  can	
  be	
  initiated	
  by	
  increasing	
  GO	
  

cake	
   mass.	
   In	
   other	
   known	
   energetic	
   materials,	
   thermal	
   runaway	
   reactions	
   occur	
   when	
  

decomposition	
   reaction	
   heat	
   cannot	
   be	
   dissipated	
   fast	
   enough	
   to	
   the	
   surroundings,	
   and	
  

local	
   temperatures	
   within	
   the	
   sample	
   rise.	
   Decomposition	
   reactions	
   have	
   significant	
  

activation	
   energies,	
   and	
   the	
   elevated	
   local	
   temperatures	
   thus	
   cause	
   accelerated	
  

decomposition	
  rates	
  and	
  further	
  heating	
  in	
  uncontrolled	
  fashion	
  leading	
  to	
  rapid	
  gas	
  release	
  

and	
  pressure	
  waves	
  associated	
  with	
  deflagration	
  or	
  detonation	
  mechanisms	
  17.	
  The	
  stability	
  

of	
   energetic	
   materials	
   is	
   typically	
   mass	
   dependent,	
   as	
   the	
   rate	
   of	
   heat	
   generation	
   is	
  

proportional	
  to	
  L3	
  (for	
  3D	
  bodies),	
  while	
  heat	
  loss	
  is	
  related	
  to	
  surface	
  area	
  (~L2)	
  and	
  size	
  

dependent	
   heat	
   transfer	
   coefficients.	
   For	
   bulk	
   GO	
   samples,	
   large	
   sample	
   mass	
   favors	
  

internal	
  buildup	
  of	
  both	
  heat	
  and	
  gaseous	
  reduction	
  products,	
   leading	
  to	
  thermal	
  runaway	
  

and	
   explosive	
   exfoliation.	
   It	
   is	
   significant	
   that	
   the	
   explosive	
   reduction	
   can	
   occur	
   for	
   GO	
  

sample	
  masses	
  as	
  small	
  few	
  milligrams.	
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2.3.4	
  Safety	
  implications	
  

Even	
  slow	
  heating	
  of	
   few	
  milligram-­‐sized	
  graphene	
  oxide	
  samples	
   in	
   inert	
  gas	
  can	
   lead	
   to	
  

uncontrolled	
  micro-­‐explosions	
  that	
  show	
  the	
  characteristics	
  of	
  thermal	
  runaway	
  reactions.	
  

The	
  thermal	
  runaway	
  reaction	
  is	
  caused	
  by	
  the	
  exothermicity	
  of	
  GO	
  decomposition	
  (~	
  1,600	
  

J	
   g-­‐1)	
   coupled	
   with	
   heat	
   and	
   mass	
   transfer	
   limitations	
   that	
   become	
   more	
   severe	
   with	
  

increasing	
   sample	
  mass.	
   Table	
   2	
   shows	
   that	
   GO	
  mass-­‐specific	
   enthalpy	
   of	
   decomposition	
  

associated	
  with	
   its	
   thermal	
   reduction	
   is	
  comparable	
  with	
   the	
  decomposition	
  enthalpies	
  of	
  

known	
  hazardous	
  industrial	
  chemicals	
  such	
  as	
  benzoyl	
  peroxide	
  22,	
  cumene	
  hydroperoxide	
  

21,	
   and	
   some	
   explosives	
   or	
   monopropellants	
   such	
   as	
   hydrazine	
   17,	
   nitrocellulose	
   19	
   and	
  

trinitrotoluene	
   (TNT)	
   18.	
  The	
  micro-­‐explosions	
  observed	
  here	
  occur	
   for	
   sample	
  masses	
   as	
  

low	
   as	
   few	
   milligrams	
   and	
   can	
   damage	
   laboratory	
   equipment,	
   but	
   a	
   potentially	
   more	
  

significant	
   concern	
   is	
   the	
   large-­‐scale	
   storage,	
   handling,	
   and	
   processing	
   of	
   bulk	
   graphene	
  

oxide	
   as	
   GO-­‐based	
   technologies	
   are	
   piloted	
   and	
   commercialized.	
   The	
   hazards	
   associated	
  

with	
   large	
  bulk	
  GO	
  samples	
   include	
  heat	
   generation,	
   fire,	
   gas	
   release	
  and	
  overpressure	
   in	
  

vessels,	
  and	
  potential	
  pressure	
  or	
  shock	
  waves	
  when	
  GO	
  undergoes	
  explosive	
  reduction	
  in	
  

confined	
  environments	
  or	
  in	
  open	
  air,	
  especially	
  when	
  self	
  heating	
  and	
  self-­‐initiation	
  causes	
  

the	
   thermal	
   runaway	
   reaction	
   to	
   occur	
   in	
   an	
   unanticipated	
   way	
   during	
   storage	
   and	
  

handling.	
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Figure	
  2.7	
  Safety	
  implications	
  of	
  GO	
  explosive	
  reduction.	
   	
  

Bottom:	
  total	
  heat	
  release	
  and	
  total	
  evolved	
  gas	
  volume	
  as	
  a	
  function	
  of	
  GO	
  processing	
  mass.	
  The	
  gas	
  
volume	
  calculation	
  was	
  done	
  for	
  two	
  limiting	
  cases	
  for	
  the	
  gas	
  composition	
  (pure	
  CO2	
  and	
  pure	
  CO),	
  
but	
  the	
  gas	
  composition	
  does	
  not	
  significantly	
  affect	
  the	
  total	
  gas	
  volumes	
  estimated.	
  Top:	
  Estimated	
  
overpressure	
   following	
  unanticipated	
  GO	
  decomposition	
   in	
   sealed	
  processing	
  or	
   storage	
   vessels	
   of	
  
various	
  sizes.	
   	
  

	
   Figure	
  2.7	
  shows	
  the	
  results	
  of	
  calculations	
  of	
  heat	
  release,	
  volumetric	
  gas	
  release,	
  and	
  

overpressure	
  for	
  a	
  range	
  of	
  conditions	
  and	
  GO	
  sample	
  mass.	
  The	
  common	
  x-­‐axis	
  is	
  the	
  mass	
  

of	
  dry	
  bulk	
  GO,	
  and	
  y-­‐axis	
  volume	
  of	
  STP	
  gas	
  generated,	
  total	
  energy	
  released	
  (J)	
  due	
  to	
  GO	
  

decomposition	
  and	
  overpressure	
   (atm)	
   created	
   if	
   sealed	
   into	
   closed	
   containers	
  with	
   fixed	
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volume	
  (varying	
  container	
  volumes	
  from	
  1	
  ml	
  to	
  100	
  liters	
  shown	
  curves	
  on	
  Figure	
  2.7	
  top).	
  

For	
  example,	
   if	
  1	
  gram	
  of	
  GO	
  is	
  used	
  with	
  the	
  mass	
  loss	
  of	
  roughly	
  40	
  %	
  by	
  weight,	
   it	
  will	
  

generate	
  about	
  0.20	
  liters	
  of	
  gas	
  and	
  1500	
  Joules	
  of	
  heat.	
  Applying	
  the	
  ideal	
  gas	
  law	
  and	
  a	
  

chamber	
  volume	
  1	
  ml	
  150°C	
  temperature	
  (typical	
  GO	
  runaway	
  decomposition	
  temperature),	
  

one	
  can	
  calculate	
  the	
  overpressure	
  created	
  during	
  thermal	
  reduction	
  of	
  1	
  gram	
  of	
  GO	
  to	
  be	
  

320	
   atmospheres.	
   The	
   mechanical	
   stresses	
   associated	
   with	
   overpressure	
   may	
   be	
  

augmented	
  by	
  pressure	
  waves	
  associated	
  with	
  deflagration	
  or	
  detonation	
  processes.	
  More	
  

work	
   on	
   the	
   detailed	
   kinetics	
   and	
   transport	
   processes	
   that	
   govern	
   GO	
   explosive	
  

decomposition	
  to	
  understand	
  the	
  behavior	
  as	
  an	
  energetic	
  material.	
  

	
  

2.4	
  Conclusions	
  

The	
  thermal	
  reduction	
  of	
  graphene	
  oxide	
  samples	
  in	
  inert	
  environments	
  under	
  slow	
  heating	
  

can	
   occur	
   in	
   either	
   a	
   controlled,	
   continuous	
  mode,	
   or	
   in	
   an	
   uncontrolled	
   explosive	
  mode.	
  

The	
   explosive	
   mode	
   is	
   a	
   thermal	
   runaway	
   reaction	
   driven	
   by	
   the	
   exothermicity	
   of	
   GO	
  

reduction	
  coupled	
  with	
  a	
  threshold	
  sample	
  mass	
  or	
  minimum-­‐dimension	
  that	
  retards	
  heat	
  

and	
   mass	
   transfer	
   allowing	
   local	
   temperature	
   rise	
   and	
   internal	
   pressure	
   development.	
  

Understanding	
   and	
   managing	
   the	
   explosive	
   mode	
   of	
   GO	
   reduction	
   is	
   important	
   for	
  

exfoliation	
  efficiency,	
  surface	
  area	
  development,	
  and	
  processing	
  safety.	
  Thermal	
  reduction	
  

in	
  the	
  controlled	
  (non-­‐explosive)	
  mode	
  achieves	
  an	
  optimal	
  CO2	
  BET	
  surface	
  area	
  as	
  high	
  as	
  

1471	
  m2g-­‐1,	
  which	
  originates	
  from	
  pores	
  approximately	
  0.35	
  nm	
  in	
  size.	
  Explosive	
  reduction	
  

leads	
   to	
   lower	
   surface	
   areas,	
   as	
   fracture	
   causes	
   early	
   gas	
   release	
   that	
   limits	
   internal	
  

pressure	
   development.	
   The	
   explosive	
  mode	
   of	
   GO	
   reduction	
   in	
   inert	
   gas	
   is	
   not	
   caused	
   or	
  

promoted	
  by	
  the	
  presence	
  of	
  interstitial	
  water.	
  Potassium	
  hydroxide	
  immersion	
  lowers	
  the	
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onset	
   temperature	
   for	
   the	
   GO	
   reduction	
   exotherm	
   and	
   increases	
   the	
   probability	
   of	
   the	
  

explosive	
  mode.	
  The	
  intrinsic	
  exothermicity	
  of	
  GO	
  reduction	
  (~1600	
  Jg-­‐1)	
  is	
  comparable	
  to	
  

some	
  hazardous	
  industrial	
  chemicals	
  and	
  explosives,	
  and	
  GO	
  should	
  thus	
  be	
  regarded	
  as	
  an	
  

energetic	
  material	
  that	
  represents	
  safety	
  hazards	
  during	
  large-­‐scale	
  storage,	
  handling,	
  and	
  

processing.	
   More	
   work	
   is	
   needed	
   to	
   understand	
   the	
   kinetics	
   and	
   mechanisms	
   of	
   the	
  

explosive	
   reduction	
   process	
   in	
   order	
   to	
   fully	
   characterize	
   the	
   hazards	
   associated	
   with	
  

large-­‐scale	
  GO	
  processing	
  and	
  allow	
  its	
  safe	
  development	
  and	
  commercialization.	
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3.1	
  Introduction	
  

Graphite	
  oxide	
  (GO)	
  is	
  the	
  bulk	
  raw	
  product	
  of	
  graphite	
  oxidation	
  with	
  strong	
  oxidants	
  that	
  

intercalate	
  the	
  graphite	
  crystal	
   lattice	
  and	
  introduce	
  oxygen	
  functional	
  groups	
  to	
  the	
  basal	
  

plane.	
   GO	
   has	
   long	
   been	
   recognized	
   as	
   a	
   thermally	
   unstable,	
   energetic	
   material	
   1-­‐12.	
   For	
  

example,	
  Boehm	
  et	
  al	
  in	
  1962	
  reported	
  “when	
  heated	
  quickly	
  to	
  about	
  180°C	
  it	
  deflagrates	
  

with	
   production	
   of	
   a	
   very	
   voluminous	
   fluffy	
   carbon”,	
  which	
   “consists	
   of	
   very	
   thin	
   carbon	
  

sheets”	
  4.	
  

	
   Isolation	
  of	
  the	
  graphene	
  monolayer	
  in	
  2004	
  13-­‐15	
  has	
  greatly	
  increased	
  interests	
  in	
  this	
  

old	
  material,	
  GO,	
  first	
  for	
  its	
  role	
  as	
  an	
  intermediate	
  in	
  the	
  chemical	
  route	
  to	
  graphene,	
  and	
  

more	
  recently	
  as	
  a	
  precursor	
  for	
  solution	
  exfoliation	
  into	
  graphene	
  oxide	
  as	
  an	
  end	
  product.	
  

Graphene	
   oxide	
   is	
   a	
   hydrophilic	
   water-­‐processable	
   two-­‐dimensional	
   monolayer	
   material	
  

with	
  its	
  own	
  applications	
  (e.g.	
  in	
  membranes	
  16,	
  emulsifiers	
  17,	
  hydrogels	
  18,	
  aerogels	
  19	
  and	
  

sorbents	
   20),	
   some	
  of	
  which	
   are	
   distinct	
   from	
   the	
   applications	
   of	
   pristine	
   graphene.	
  GO	
   is	
  

also	
   of	
   great	
   interest	
   as	
   a	
   bulk	
   starting	
   material	
   for	
   controlled	
   thermal	
   exfoliation	
   into	
  

multilayer	
   rGO	
   flakes	
   used	
   as	
   composite	
   fillers	
   21-­‐24.	
   High-­‐aspect-­‐ratio	
   flakes	
   achieve	
   low	
  

percolation	
  thresholds,	
  and	
  are	
  thus	
  especially	
  attractive	
  in	
  conductive	
  composites	
  21,	
  25-­‐26.	
   	
  

 The current strong focus on graphene applications 27-31 together with the important role of 

GO as an intermediate in some processes, have now led to an intense interest in the large-scale 

manufacture and commercialization of bulk GO. With large-scale manufacturing also come 

scale-up issues, which include safety, and this motivates a much closer look at the behavior of 

GO as an energetic material under typical manufacturing and process conditions 5. 
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   The	
   thermal	
  decomposition	
  of	
  GO	
  yields	
   large	
  volumes	
  of	
   gaseous	
  products,	
   typically	
  

from	
  40	
  up	
  to	
  60%	
  per	
  mass	
  of	
  the	
  original	
  sample	
  mass	
  depending	
  on	
  initial	
  C:O	
  ratio.	
  The	
  

decomposition	
   is	
   highly	
   exothermic	
   and	
   accompanied	
   by	
   self-­‐heating,	
   which	
   for	
   bulk	
  

samples	
  above	
  a	
  critical	
  size	
  can	
  lead	
  to	
  significant	
  heat	
  accumulation	
  and	
  thermal	
  runaway	
  

reaction.	
  If	
  this	
  occurs	
  spontaneously	
  in	
  an	
  unexpected	
  or	
  undesired	
  processing	
  or	
  storage	
  

step,	
  it	
  can	
  lead	
  to	
  gas	
  release,	
  vessel	
  overpressure	
  5,	
  10,	
  or	
  ignition	
  of	
  the	
  volatile	
  gases	
  with	
  

atmospheric	
  oxygen	
  and	
  large-­‐scale	
  fire	
  hazard	
  32.	
  

	
   This	
  study	
  addresses	
  important	
  unresolved	
  issues	
  that	
  impact	
  GO	
  processing	
  safety	
  at	
  

large	
   scale.	
   First	
   there	
   is	
   an	
   unexplained	
   large	
   variation	
   in	
   GO	
   decomposition	
   exotherm	
  

onset	
   temperatures.	
   The	
   onset	
   temperature	
   marks	
   the	
   practical	
   start	
   of	
   the	
   self-­‐heating	
  

process	
   and	
   defines	
   the	
   maximum	
   temperature	
   for	
   safe	
   storage	
   and	
   processing.	
   Many	
  

studies	
  report	
  onset	
  temperatures	
  in	
  the	
  range	
  of	
  150-­‐220°C	
  10-­‐11,	
  33-­‐34,	
  but	
  our	
  preliminary	
  

data	
   also	
   identifies	
   samples	
   with	
   onset	
   temperatures	
   near	
   100°C,	
   which	
   coincides	
   with	
  

typical	
   condition	
   used	
   in	
   common	
   drying	
   operations	
   8,	
   35-­‐36.	
   What	
   causes	
   low	
   GO	
  

decomposition	
  onset	
   temperature	
   in	
  some	
  samples,	
  and	
  how	
  can	
   it	
  be	
  avoided?	
  Secondly,	
  

there	
   is	
   a	
   relatively	
   large	
   variation	
   in	
   the	
   reported	
   magnitudes	
   of	
   the	
   exotherm	
   ranging	
  

from	
   1000	
   to	
   8000	
   J	
   g-­‐1	
   7,	
  10,	
  32.	
   Also,	
   to	
   our	
   knowledge	
   there	
   are	
   no	
   data	
   on	
   enthalpy	
   of	
  

formation	
  and	
  combustion	
  of	
  GO.	
  Thirdly,	
  GO	
  has	
  been	
  reported	
  to	
  undergo	
  dynamic	
  aging	
  

processes	
   37-­‐41,	
   whose	
   effect	
   on	
   thermal	
   decomposition	
   reactivity	
   and	
   heat	
   release	
   are	
  

unknown.	
  Finally,	
  GO	
  is	
  a	
  complex	
  material,	
  and	
  work	
  is	
  needed	
  to	
  understand	
  the	
  role	
  of	
  

partial	
   reduction,	
   salt	
   impurities	
   17,	
   and	
   suspension	
   pH	
   prior	
   to	
   drying	
   in	
   the	
   thermal	
  

decomposition	
  process.	
   	
  

	
   We	
  address	
  each	
  of	
  these	
  issues	
  by	
  measuring	
  quantitative	
  thermochemical	
  and	
  kinetic	
  

parameters	
  for	
  GO	
  thermal	
  decomposition.	
  Those	
  kinetics	
  are	
  then	
  used	
  in	
  a	
  computational	
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study	
   of	
   the	
   sample	
   sizes	
   and	
   environmental	
   temperatures	
   required	
   to	
   avoid	
   self-­‐heating	
  

and	
   allow	
   safe	
   storage	
   and	
   processing	
   that	
   will	
   be	
   needed	
   for	
   successful	
  

nano-­‐manufacturing	
  of	
  GO-­‐based	
  materials.	
  

	
  

3.2	
  Materials	
  and	
  methods	
   	
  

3.2.1	
  Materials	
  

GO was produced with the method as described in the last chapter. The	
  desired	
  mass	
  of	
  

additives	
  (KOH,	
  KCl,	
  ascorbate	
  etc.)	
  was	
  weighed	
  and	
  transferred	
  into	
  a	
  solution	
  with	
  fixed	
  

concentration	
  by	
  adding	
  DI	
  water.	
  Then,	
   the	
  desired	
  mass	
  of	
   solid	
  GO	
  was	
  added	
   into	
   the	
  

premixed	
   solution	
   (with	
   dry	
  GO:	
   additive	
  mass	
   ratio	
   of	
   100:1).	
   The	
  mixture	
  was	
   agitated	
  

vigorously	
  using	
   a	
   vortex	
  mixer	
   for	
   approximately	
  30	
   seconds,	
   after	
  which,	
   vials	
  with	
  GO	
  

plus	
  salt	
  solution	
  were	
  left	
  uncapped	
  in	
  a	
  60°C	
  oven	
  overnight	
  to	
  dry.	
  The	
  resulting	
  product	
  

is	
  in	
  the	
  form	
  of	
  flaky	
  powder.	
  

	
  

3.2.2	
  Characterization	
  

3.2.2.1	
  Morphology	
  

The	
  morphologies	
  of	
  all	
  the	
  materials	
  used	
  in	
  this	
  work	
  were	
  characterized	
  with	
  a	
  LEO	
  1530	
  

field-­‐emission	
   scanning	
   electron	
  microscope	
   (SEM).	
   The	
   oxygen	
   functional	
   groups	
   on	
   the	
  

graphenic	
  plane	
  and	
  edges	
  were	
   characterized	
  using	
  ATR	
  accessory	
   in	
  Fourier	
  Transform	
  

Infrared	
  Spectroscopy	
  (JASCO	
  FT/IR-­‐4100)	
  and	
  X-­‐ray	
  photoelectron	
  spectroscopy	
  (XPS)	
  on	
  

Physical	
  Electronics	
  5500	
  (PHI	
  5500)	
  Multi-­‐technique	
  Surface	
  Analyzer.	
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3.2.2.2	
  Thermal	
  analysis	
   	
  

TA	
   Instruments	
   DSC-­‐2910	
   Differential	
   Scanning	
   Calorimeter	
   was	
   applied	
   to	
   measure	
  

enthalpies	
  of	
  decomposition,	
  and	
  determine	
  GO	
  decomposition	
  reaction	
  onset	
  temperatures.	
  

MT	
  TGA/DSC-­‐1	
   instrument	
  was	
  applied	
  to	
   test	
  simultaneous	
  mass	
   loss	
  and	
  heat	
  effects	
  of	
  

GO.	
   A	
   heating	
   rate	
   of	
   10	
   K	
   min-­‐1	
   was	
   used	
   in	
   most	
   experiments,	
   except	
   in	
   the	
   kinetics	
  

experiments,	
   where	
   it	
   was	
   systematically	
   varied	
   to	
   determine	
   activation	
   energy	
   and	
  

frequency	
   factor.	
   The	
   enthalpy	
   of	
   combustion	
   of	
   GO	
   was	
   determined	
   by	
   using	
   Parr	
  

Instruments	
  model	
  1421	
  semi-­‐micro	
  oxygen	
  bomb	
  calorimeter.	
  

	
  

3.2.3	
  Decomposition	
  kinetics	
  and	
  thermochemistry	
  analysis	
   	
  

3.2.3.1	
  Decomposition	
  reaction	
  kinetics	
   	
  

Decomposition	
  reaction	
  rate	
  constant	
  activation	
  energy	
  and	
  frequency	
  factor	
  were	
  defined	
  

from	
  variable	
  heating	
  rate	
  DSC	
  data	
  applying	
  Kissinger	
  equation	
  42	
  

ln !
!!! = ln !"

!!
− !!
!!!

	
   (3.1)	
  

where	
   𝜙	
   is	
  heating	
  rate;	
  Tm,	
  the	
  temperature	
  at	
  which	
  the	
  heat	
  flow	
  reaches	
  a	
  maximum;	
  A,	
  

frequency	
   factor;	
  Ea,	
  activation	
  energy.	
  The	
  empirical	
   reaction	
  order	
  n	
  was	
   first	
  estimated	
  

using	
  Eq.	
   (3.2)	
   42	
   and	
   then	
   verified	
   by	
   fitting	
   isothermal	
  DSC	
  data	
  with	
   the	
   kinetic	
  model	
  

represented	
  by	
  Eq.	
  (3.1)	
  and	
  (3.2).	
  

n = 1.26  S!.!   (3.2)  

In	
  Eq.	
  (3.2),	
  S	
  is	
  the	
  curve	
  shape	
  index	
  defined	
  as	
  the	
  absolute	
  value	
  of	
  the	
  ratio	
  of	
  the	
  slopes	
  

of	
  tangents	
  to	
  the	
  DSC	
  curve	
  at	
  the	
  two	
  inflection	
  points.	
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3.2.3.2	
  Self-­‐heating	
  analysis	
  

Self-­‐heating	
  simulations	
  were	
  conducted	
  applying	
  the	
  following	
  energy	
  balance	
  equation	
   	
  

mC!
!"
!"
=−m∆H!"

!"
−hS(T−T!)   (3.3)  

where	
  m	
  is	
  the	
  mass	
  of	
  GO,	
  Cp	
  is	
  the	
  specific	
  heat	
  capacity,	
  x	
  is	
  the	
  mass	
  fraction	
  reacted,	
  ΔH	
  

is	
  the	
  enthalpy	
  of	
  decomposition,	
  h	
  is	
  the	
  heat	
  transfer	
  coefficient	
  to	
  the	
  local	
  environment,	
  

T0	
   is	
   surrounding	
   environment	
   temperature	
   (which	
   was	
   also	
   taken	
   to	
   be	
   the	
   initial	
  

temperature	
   of	
   GO)	
   and	
   S	
   is	
   bulk	
   GO	
   external	
   surface	
   area,	
   which	
   is	
   exposed	
   to	
   gas	
  

atmosphere.	
   Adiabatic	
   and	
   non-­‐adiabatic	
   condition	
   self-­‐heating	
   curves	
   were	
   computed	
  

applying	
  numerical	
  methods	
  to	
  Eq.	
  (3.3).	
   	
  

	
  

3.2.3.3	
  Enthalpy	
  of	
  decomposition	
  analysis	
   	
  

GO	
   thermal	
   reduction	
   is	
   essentially	
   an	
   organic	
   disproportionation	
   or	
   decomposition	
  

reaction	
  expressed	
  as	
  

GO    →     rGO+CO!+CO+   H!O   (3.4)  

where	
  rGO	
  is	
  solid	
  reduced	
  graphite	
  oxide	
  product.	
  The	
  enthalpy	
  of	
  decomposition	
  for	
  the	
  

reaction	
  above	
  can	
  be	
  estimated	
   if	
   the	
  GO	
  and	
  rGO	
  enthalpies	
  of	
   formation	
  are	
  known.	
   In	
  

this	
  work,	
  we	
  used	
  the	
  group	
  contribution	
  method,	
  proposed	
  by	
  J.	
  Marrero	
  and	
  R.	
  Gani	
  43	
  to	
  

obtain	
  the	
  GO	
  enthalpy	
  of	
  formation	
  for	
  a	
  variety	
  of	
  hypothetical	
  GO	
  organic	
  structures.	
  By	
  

introducing	
  varying	
  amounts	
  of	
  epoxides	
  or	
  hydroxyls	
  to	
  a	
  polyaromatic	
  (graphene)	
  cluster	
  

with	
  periodic	
  boundaries,	
  the	
  quantitative	
  contributions	
  of	
  these	
  two	
  types	
  of	
  groups	
  to	
  the	
  

GO	
  enthalpy	
  of	
  formation	
  is	
  estimated.	
  More	
  details	
  about	
  these	
  calculations	
  can	
  be	
  found	
  in	
  

electronic	
  supplemental	
  information	
  section.	
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3.3	
  Results	
  and	
  discussion	
  

3.3.1	
  GO	
  thermal	
  exfoliation	
  in	
  nitrogen	
  and	
  air	
  atmospheres	
   	
  

Figure	
  3.1	
   illustrates	
   the	
  basic	
   thermochemical	
  behavior	
  of	
  GO	
  upon	
  slow	
  heating	
  at	
  10	
  K	
  

min-­‐1.	
  In	
  DSC	
  under	
  N2	
  flow	
  GO	
  shows	
  a	
  small	
  endotherm	
  associated	
  with	
  water	
  evaporation	
  

followed	
   by	
   a	
   single	
   exotherm	
   corresponding	
   to	
   thermal	
   decomposition	
   with	
   an	
   onset	
  

temperature	
  near	
  150°C	
  and	
  a	
  total	
  heat	
  release	
  of	
  ~1600	
  J	
  g-­‐1.	
  When	
  heated	
  in	
  air,	
  a	
  second	
  

exotherm	
  onset	
  temperature	
  also	
  appears	
  at	
  ~	
  550°C,	
  which	
  is	
  a	
  typical	
  onset	
  temperature	
  

for	
   the	
   oxidation	
   of	
   disordered	
   or	
   defective	
   carbons	
   prepared	
   at	
   low	
   temperature	
   44-­‐45.	
  

Integration	
  of	
  the	
  higher-­‐temperature	
  peak	
  gives	
  a	
  reaction	
  enthalpy	
  of	
  3920	
  J	
  g-­‐1-­‐initial-­‐GO.	
  

This	
   result	
   is	
   in	
   good	
   agreement	
   with	
   the	
   theoretical	
   standard	
   heat	
   of	
   reaction	
   for	
   the	
  

incomplete	
  carbon	
  (rGO)	
  oxidation	
  to	
  CO:	
  C	
  +	
  1/2O2	
  à	
  CO,	
  which	
  is	
  9200	
  J	
  g-­‐1-­‐C,	
  and	
  when	
  

renormalized	
  to	
  initial	
  GO	
  mass	
  gives	
  a	
  value	
  similar	
  to	
  the	
  experimental	
  result	
  of	
  3900	
  J	
  g-­‐1	
  

initial-­‐GO-­‐solid.	
   The	
   renormalization	
   is	
   performed	
   by	
   using	
   GO	
   C:O	
   atomic	
   ratio	
   2:1,	
   and	
  

assuming	
   the	
  decomposition	
  products	
  as	
   rGO,	
  CO	
  and	
  CO2	
  with	
  CO:CO2	
   ratio	
  of	
  1:2	
   in	
  gas	
  

products	
  (CO:CO2	
  ratio	
  based	
  on	
  study	
  in	
  Jung	
  et	
  al.,	
  200946).	
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Figure	
  3.1	
  DSC	
  thermograms	
  of	
  GO	
  thermal	
  reduction	
  under	
  different	
  condition	
  

(A)	
   DSC	
   thermograms	
   of	
   GO	
   thermal	
   reduction	
   in	
   nitrogen	
   compared	
   with	
   the	
   same	
   sample	
  
reduction	
  and	
  oxidation	
   in	
  air.	
   (B)	
  The	
  GO	
   initial	
  mass	
  and	
  solid	
   form	
  (powder	
  versus	
   single	
   large	
  
piece)	
   determine	
   if	
   the	
   decomposition	
   of	
   GO	
   occurs	
   in	
   explosive	
   or	
   non-­‐explosive	
   modes.	
   The	
  
non-­‐explosive	
  thermal	
  reduction	
  produces	
  a	
  large	
  rGO	
  monolith	
  similar	
  to	
  the	
  starting	
  form	
  of	
  the	
  GO	
  
cake	
   (lower	
   inset	
   image),	
   while	
   the	
   explosive	
   mode	
   produces	
   rGO	
   in	
   the	
   form	
   of	
   micron-­‐sized	
  
particles	
  (upper	
  inset	
  image).	
  

	
  

	
   We	
  have	
  also	
  measured	
  the	
  total	
  enthalpy	
  of	
  combustion	
  of	
  GO	
  using	
  an	
  oxygen	
  bomb	
  

calorimeter.	
   Our	
   duplicate	
   experiments	
   yielded	
   a	
   GO	
   heat	
   of	
   combustion	
   of	
   14,100	
   J	
   g-­‐1	
  

initial-­‐GO-­‐solid,	
  which	
   is	
  within	
  a	
  range	
  of	
  enthalpy	
  of	
  combustion	
   for	
   low	
  calorie	
  content	
  

solid	
   fuels	
   such	
   as	
   lignites,	
   brown	
   coals	
   and	
   biomasses.	
   Based	
   on	
   our	
   experimental	
  

measurements,	
   theoretical	
   predictions	
   and	
   literature	
   review,	
   it	
   appears	
   that	
   the	
   true	
  

decomposition	
  enthalpy	
   for	
  GO	
   is	
   clearly	
   in	
   the	
  range	
  of	
  1000-­‐2000	
   J	
  g-­‐1,	
   and	
   the	
   isolated	
  

reports	
   of	
  much	
   higher	
   values	
   (~8000	
   J	
   g-­‐1)	
  may	
   reflect	
   studies	
   carried	
   out	
   in	
   air,	
  which	
  

effectively	
  report	
  the	
  sum	
  of	
  the	
  decomposition	
  enthalpy	
  and	
  further	
  oxidation	
  of	
  either	
  the	
  

char	
  (rGO)	
  or	
  the	
  gaseous	
  decomposition	
  products.	
  

	
   The	
  smooth	
  DSC	
  heat	
  decomposition	
  curves	
  in	
  Figures	
  1A	
  and	
  1B	
  change	
  to	
  a	
  truncated,	
  

asymmetric	
   curve	
   when	
   larger	
   sample	
   size	
   is	
   used	
   (see	
   top	
   curve	
   on	
   Figure	
   3.1B).	
   This	
  

behavior	
   is	
  known	
   to	
   represent	
   the	
  explosive	
  mode	
   thermal	
  decomposition,	
  which	
  occurs	
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when	
  GO	
  decomposition	
  reaction	
  rate	
  exceeds	
  mass	
  and	
  heat	
  transfer	
  rates	
  leading	
  to	
  local	
  

self-­‐heating	
  and	
   thermal	
   runaway	
   reaction	
   5,	
  10,	
  32.	
  Both	
   the	
   sample	
  mass	
  and	
   sample	
   form	
  

(powder	
   vs.	
   consolidated	
   “cake”)	
   affect	
   this	
   transition	
   (Figure	
   3.1B).	
   While	
   we	
   are	
  

interested	
  in	
  the	
  explosive	
  events,	
  and	
  in	
  ways	
  to	
  avoid	
  them	
  during	
  processing	
  and	
  storage,	
  

the	
  remainder	
  of	
  this	
  study	
  is	
  carried	
  out	
  with	
  relatively	
  small	
  size	
  samples	
  to	
  achieve	
  the	
  

non-­‐explosive	
  mode	
  decomposition,	
  which	
  is	
  required	
  to	
  obtain	
  the	
  smooth	
  non-­‐truncated	
  

heat	
   curves	
   needed	
   to	
   accurately	
   measure	
   and	
   report	
   quantitative	
   kinetic	
   and	
  

thermochemical	
  parameters.	
  

 

3.3.2	
   Role	
   of	
   salt	
   impurities	
   and	
   reducing	
   agents	
   in	
   GO	
  

decomposition	
  reaction	
  

Figure	
  3.2	
  explores	
  the	
  role	
  of	
  various	
  salt	
  impurities	
  and	
  chemical	
  additives	
  on	
  GO	
  thermal	
  

behavior.	
   Potassium	
   is	
   a	
   common	
   impurity	
   as	
   a	
   residue	
   of	
   the	
   potassium	
   permanganate	
  

used	
  in	
  graphite	
  oxidation,	
  and	
  has	
  been	
  reported	
  to	
  promote	
  ignition	
  of	
  GO	
  upon	
  heating	
  32.	
  

Our	
   previous	
   study	
   5	
   reported	
   that	
   KOH	
   addition	
   reduced	
   the	
   onset	
   temperature	
   for	
   GO	
  

thermal	
   decomposition,	
   and	
   in	
   some	
   cases	
   the	
   initial	
   portion	
   of	
   the	
   exotherm	
   extended	
  

down	
   into	
   the	
   range	
  of	
   common	
  drying	
  operations	
   (100-­‐120°C).	
  We	
  have	
  undertaken	
   the	
  

study	
   to	
  understand	
   the	
  effect	
   and	
   the	
  mechanism	
  of	
  KOH	
   treatment,	
  because	
   such	
  a	
   low	
  

onset	
   temperature	
   raises	
   special	
   safety	
   concerns.	
   The	
   new	
   data	
   in	
   Figure	
   3.2A,B	
   clearly	
  

show	
   that	
   the	
   catalytic	
   effect	
   of	
   KOH	
   on	
   GO	
   decomposition	
   is	
   due	
   to	
   OH-­‐	
   and	
   not	
   to	
   K+.	
  

Hydroxyl	
   ion	
   has	
   been	
   previously	
   reported	
   to	
   be	
   a	
   catalyst	
   for	
   GO	
   reduction	
   in	
   aqueous	
  

suspension	
   40,	
   but	
   this	
   is	
   the	
   first	
   report	
   of	
   its	
   effect	
   as	
   a	
   catalyst	
   for	
   GO	
   thermal	
  

decomposition	
  in	
  dried	
  samples.	
  While	
  K+	
  does	
  not	
  effect	
  GO	
  thermal	
  decomposition,	
  it	
  does	
  

catalyze	
   the	
   subsequent	
   carbon	
   (rGO)	
   combustion	
   reaction	
   occurring	
   at	
   much	
   higher	
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temperatures	
  (Figure	
  3.2C).	
  Potassium	
  addition	
  reduces	
  the	
  onset	
  temperature	
  for	
  C+O2	
  à	
  

CO/CO2	
  by	
  up	
  to	
  200°C	
  in	
  Figure	
  3.2C,	
  which	
  is	
  consistent	
  with	
  potassium’s	
  known	
  role	
  as	
  

an	
  active	
  char	
  combustion	
  catalyst	
  47-­‐49.	
  These	
  results	
  indicate	
  that	
  when	
  GO	
  is	
  heated	
  in	
  air,	
  

the	
  presence	
  of	
   residual	
  K+	
  will	
  not	
  promote	
   the	
  original	
  decomposition,	
  but	
   can	
   increase	
  

the	
  probability	
  of	
  subsequent	
  ignition	
  and	
  rGO	
  combustion	
  with	
  corresponding	
  fire	
  hazard	
  

32	
  (Figure	
  3.2E).	
   	
  

 

 

Figure	
  3.2	
  Role	
  of	
  salt	
  impurities	
  on	
  GO	
  decomposition	
  and	
  rGO	
  combustion	
  kinetics.	
   	
  

Samples	
  were	
  prepared	
  by	
  adding	
  salts,	
  bases,	
  or	
  acids	
  into	
  GO	
  suspensions	
  (GO:additive	
  =	
  100:1	
  by	
  
mass)	
  and	
  dried	
  overnight	
  at	
  60°C	
  in	
  air.	
  (A,	
  B)	
  DSC	
  thermograms	
  show	
  that	
  K+	
  does	
  not	
  catalyze	
  GO	
  
thermal	
   decomposition,	
   but	
   OH-­‐	
   does.	
   (C)	
   DSC	
   thermograms	
   on	
   GO	
   with	
   salt	
   additives	
   in	
  
non-­‐hermetic	
   DSC	
   pan	
   in	
   air.	
   K+	
   does	
   not	
   affect	
   GO	
   decomposition,	
   but	
   strongly	
   catalyzes	
   rGO	
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combustion	
  at	
  higher	
  temperature.	
   (D)	
  FTIR	
  spectra	
  of	
  GO	
  and	
  GO	
  with	
  salt	
  additives.	
  KCl	
  addition	
  
has	
  no	
  effect	
  on	
  the	
  spectrum,	
  while	
  KOH	
  addition	
  alters	
  several	
  peaks	
  associated	
  with	
  C-­‐O	
  or	
  C=O	
  
bonding.	
  (E)	
  Global	
  reactions	
  in	
  GO	
  thermal	
  behavior.	
  

	
   The	
  FTIR	
  spectras	
  in	
  Figure	
  3.2D	
  show	
  that	
  K+	
  does	
  not	
  affect	
  carbon-­‐oxygen	
  bonding	
  

in	
   GO,	
   but	
   OH-­‐	
   addition	
   does,	
   which	
   may	
   provide	
   insight	
   into	
   its	
   catalytic	
   effects	
   on	
  

decomposition.	
   Specific	
   peak	
   interpretations	
   for	
   GO	
   can	
   be	
   difficult	
   due	
   to	
   overlapping	
  

features	
  40,	
  but	
  we	
  can	
  point	
  out	
  several	
  specific	
  alterations	
  to	
  the	
  spectra	
  upon	
  OH-­‐	
  addition.	
  

There	
  is	
  a	
  decrease	
  in	
  intensity	
  of	
  the	
  1750	
  cm-­‐1	
  shoulder	
  peak	
  (labeled	
  “4”)	
  relative	
  to	
  the	
  

adjacent	
   1620	
   cm-­‐1	
   peak,	
   which	
   is	
   commonly	
   associated	
   with	
   pristine	
   graphenic	
   domain	
  

C=C	
  vibrations.	
  This	
  same	
  change	
  as	
  been	
  seen	
  by	
  Taniguchi	
  et	
  al	
  50,	
  and	
  the	
  reduction	
  in	
  the	
  

1750	
   cm-­‐1	
  peak	
   was	
   suggested	
   to	
   be	
   related	
   to	
   carboxyl	
   groups	
   that	
   become	
   reversibly	
  

quenched	
  by	
  K+	
  binding	
  in	
  basic	
  solution.	
  Dimiev	
  et	
  al.	
   40	
  see	
  a	
  similar	
  change	
  in	
  this	
  peak	
  

ratio	
  (1750/1620	
  cm-­‐1)	
  with	
  addition	
  of	
  base	
  and	
  assign	
  it	
   to	
  differences	
   in	
  water	
  content	
  

between	
   the	
   two	
  samples.	
  Base	
  addition	
   to	
  GO	
   increases	
  or	
   creates	
  a	
  peak	
  at	
  ~1350	
  cm-­‐1	
  

(labeled	
  “3”),	
  which	
  could	
  be	
  C-­‐OH	
  51,	
  or	
  carboxylic	
  acid,	
  O=C-­‐OH	
  52.	
  In	
  the	
  C-­‐O	
  region	
  from	
  

900-­‐1200	
   cm-­‐1,	
   there	
   is	
   a	
   decrease	
   in	
   the	
   970	
   cm-­‐1	
   (labeled	
   “1”)	
   shoulder	
   peak	
   (possibly	
  

epoxide)	
   relative	
   to	
   the	
   main	
   1042	
   cm-­‐1	
   (labeled	
   “2”)	
   peak	
   representing	
   various	
   C-­‐O	
  

structures	
  18.	
  These	
  changes	
  may	
  represent	
  epoxide	
  ring-­‐opening	
  during	
  chemical	
  reduction,	
  

which	
   is	
   discussed	
   in	
   more	
   detail	
   later.	
   At	
   the	
   same	
   time	
   we	
   observed	
   broadening	
   of	
  

hydroxyl	
   peak	
   around	
   1040	
   cm-­‐1,	
   indicating	
  more	
   complicated	
   alcoholic	
   structures	
   form.	
  

These	
   two	
   changes	
   imply	
   the	
   conversion	
   from	
   epoxides	
   to	
   hydroxyls	
   during	
   chemical	
  

reduction	
  of	
  GO.	
  

	
   Motivated	
  by	
  the	
  observed	
  effect	
  of	
  OH-­‐,	
  we	
  performed	
  additional	
  experiments	
  to	
  study	
  

pH	
  effects	
  more	
  broadly.	
  Figure	
  3.3A	
  and	
  B	
  show	
  that	
  the	
  pH	
  of	
  the	
  original	
  GO	
  suspension	
  

has	
  a	
  strong	
  effect	
  on	
  thermal	
  decomposition	
  kinetics.	
  Increasing	
  pH	
  from	
  2	
  to	
  12	
  decreases	
  

the	
  DSC	
  peak	
  onset	
  temperature	
  by	
  over	
  50°C,	
  which	
  is	
  a	
  highly	
  significant	
   increase	
  in	
  GO	
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reactivity.	
  Back-­‐titration	
   from	
  pH=12	
  to	
  pH=2	
  before	
  drying	
  reverses	
   this	
  effect	
  –	
   the	
   low	
  

reactivity	
  of	
   the	
  pH=2	
  product	
   is	
  restored,	
  but	
  only	
  a	
   fraction	
  of	
   the	
  total	
  exothermic	
  heat	
  

(area	
  under	
  the	
  curve)	
  remains.	
  This	
  behavior	
  suggests	
  that	
  OH-­‐	
  catalyzes	
  GO	
  reduction	
  in	
  

suspension,	
  which	
   has	
   already	
   been	
   reported	
   53,	
   but	
   it	
   further	
   suggests	
   that	
   the	
   partially	
  

reduced	
   states	
   captured	
   by	
   drying	
   solid	
   GO	
   from	
   pH=12	
   suspensions	
   have	
   an	
   elevated	
  

thermal	
  reactivity.	
   	
  

 

Figure	
  3.3	
  pH	
  effects	
  on	
  the	
  structural	
  and	
  thermal	
  behavior	
  of	
  GO.	
   	
  

The	
  GO	
  samples	
  used	
  for	
  these	
  characterizations	
  are	
  recovered	
  and	
  dried	
  from	
  suspension	
  stored	
  at	
  
different	
  pH’s.	
  (A)	
  DSC	
  thermograms	
  of	
  acidic	
  and	
  basic	
  GOs.	
  Base	
  treatment	
  to	
  pH	
  =	
  12	
  reduces	
  GO,	
  
however	
   lowers	
   significantly	
   decomposition	
   onset	
   temperature	
   down	
   to	
   ~100°C.	
   Same	
   GO	
   back	
  
treatment	
   to	
   pH	
   =	
   2	
   increases	
   enthalpy	
   of	
   decomposition,	
   hence	
   the	
   total	
   heat	
   is	
   still	
   less	
   than	
  
original	
   pH	
   =	
   2	
   GO	
   heat	
   of	
   decomposition.	
   Onset	
   temperature	
   moves	
   back	
   to	
   ~150°C	
   after	
   acid	
  
treatment	
  of	
  GO.	
  (B)	
  FTIR	
  and	
  XPS	
  spectras	
  of	
  acid	
  and	
  based-­‐treated	
  GO	
  samples.	
  GO	
  base	
  treatment	
  
to	
  pH	
  =	
  12	
  reduces	
  FTIR	
  peaks	
  at	
  1050	
  cm-­‐1,	
  970	
  cm-­‐1,	
  1754	
  cm-­‐1	
  groups.	
  GO	
  recovered	
  from	
  pH	
  =	
  2,	
  
back	
   treated	
   from	
   pH	
   =	
   12	
   exhibits	
   similar	
   but	
   not	
   identical	
   functionalities	
   as	
   pH	
   =	
   2.	
   The	
  
de-­‐convoluted	
   peaks	
   in	
   XPS	
   spectra	
   are	
   C-­‐C/C=C	
   (red),	
   C-­‐O	
   (blue)	
   and	
   C=C	
   (green),	
   respectively.	
  
Similar	
   to	
   FTIR,	
   GO	
   back	
   titrated	
   from	
   pH	
   =	
   12	
   to	
   pH=2	
   exhibits	
   similar	
   but	
   not	
   identical	
  
functionalities	
   as	
   initial	
   pH	
   =	
   2	
   sample.	
   (C)	
   DSC	
   thermograms	
   of	
   common	
   weak	
   reducing	
   agent	
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treated	
   GOs.	
   The	
   decomposition	
   reaction	
   onset	
   temperature	
   is	
   lowered	
   in	
   all	
   four	
   cases.	
   (D)	
   A	
  
semi-­‐global	
   kinetic	
   structure	
   of	
   the	
   coupled	
   thermal	
   and	
   base-­‐catalyzed	
   reduction	
   of	
   GO:	
   pH	
   of	
  
precursor	
  suspension	
  influences	
  reactivity	
  and	
  safety	
  of	
  thermal	
  reduction.	
   	
  

	
   The	
  molecular	
  mechanism	
  is	
  not	
   fully	
  understood,	
  but	
  FTIR	
  and	
  XPS	
  provide	
  relevant	
  

information.	
  Figure	
  3.3B	
  shows	
  reversible	
  changes	
  in	
  the	
  C1s	
  XPS	
  spectra	
  upon	
  pH	
  change	
  

from	
  2	
  to	
  12	
  and	
  back-­‐titration	
  to	
  2.	
  Similar	
  behavior	
  has	
  been	
  reported	
  by	
  Tanigushi	
  et	
  al.	
  

50	
   and	
   interpreted	
   as	
   base-­‐catalyzed	
   epoxy	
   ring	
   opening	
   reactions	
   that	
   are	
   reversible	
   on	
  

addition	
  of	
   acid.	
  Reversible	
  behavior	
   is	
   also	
   seen	
   in	
   the	
  FTIR	
  spectra	
  of	
  Figure	
  3.3B	
  –	
   the	
  

spectral	
   changes	
   that	
  occur	
  on	
  base	
  addition,	
  discussed	
  already	
  prior	
   (and	
   seen	
   in	
  Figure	
  

3.2D),	
  disappear	
  upon	
  back	
  titration,	
  and	
  the	
  pH=2	
  spectrum	
  is	
  essentially	
  identical	
  before	
  

and	
   after	
   the	
   titration	
   cycle.	
   Taniguchi	
   et	
   al.	
   present	
   a	
   theory	
   for	
   the	
   reversible	
   behavior	
  

based	
  on	
  pH-­‐dependent	
  epoxy	
  ring	
  opening/closing	
  reactions	
  50.	
  Dimiev	
  et	
  al.	
  also	
  discuss	
  

base	
  catalyzed	
  epoxy	
  ring	
  opening	
  reactions	
  to	
  form	
  vicinal	
  diols	
  40,	
  which	
  react	
  further	
  and	
  

irreversibly	
   involving	
   C-­‐C	
   bond	
   cleavage	
   and	
   formation	
   of	
   vinylogous	
   carboxylic	
   acids.	
  

Further	
   reaction	
   in	
   basic	
   solution	
   leads	
   to	
   CO2	
   release,	
   GO	
   deoxygenation,	
   and	
   eventual	
  

degradation	
   of	
   GO	
   into	
   humic-­‐like	
   substances	
   40.	
   The	
   present	
   paper	
   does	
   not	
   shed	
   new	
  

insight	
  into	
  this	
  molecular	
  mechanism,	
  but	
  does	
  show	
  for	
  the	
  first	
  time	
  that	
  these	
  chemical	
  

transformations	
  lead	
  to	
  increased	
  thermal	
  reactivity	
  in	
  GO	
  when	
  the	
  intermediate,	
  partially	
  

reduced	
  states	
  are	
  captured	
  by	
  drying.	
  This	
  is	
  consistent	
  with	
  the	
  proposed	
  mechanisms	
  of	
  

base-­‐catalyzed	
  GO	
  transformation,	
  which	
  involve	
  defect	
  creation	
  during	
  C-­‐C	
  bond	
  breakage	
  

40.	
   The	
   elevated	
   reactivity	
   of	
   partially	
   reduced	
   GO	
   has	
   important	
   implications	
   for	
   the	
  

maximum	
   allowed	
   temperatures	
   for	
   safe	
   processing	
   of	
   dry	
   GO.	
   A	
   semi-­‐global	
   reaction	
  

scheme	
  that	
  is	
  consistent	
  with	
  our	
  data	
  and	
  the	
  recent	
  literature	
  is	
  shown	
  in	
  Figure	
  3.3D.	
  

	
   A	
   series	
   of	
   experiments	
   were	
   carried	
   out	
   to	
   test	
   if	
   only	
   OH-­‐	
   affects	
   the	
   thermal	
  

reactivity	
  of	
  dried	
  GO,	
  or	
  if	
  other	
  chemical	
  reducing	
  agents	
  have	
  similar	
  effects.	
  Figure	
  3.3C	
  

shows	
  a	
   series	
  of	
  DSC	
   traces	
  on	
  GO	
  samples	
  before	
  and	
  after	
   incubation	
  with	
  a	
  variety	
  of	
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chemical	
  reducing	
  agents	
  (glutathione,	
  ascorbic	
  acid,	
  citric	
  acid,	
  and	
  Trolox).	
   In	
  each	
  case,	
  

partial	
   chemical	
   reduction	
   lowers	
   the	
   enthalpy	
   of	
   thermal	
   decomposition,	
   but	
   raises	
   the	
  

reactivity,	
  seen	
  as	
  a	
  lowering	
  of	
  the	
  thermal	
  decomposition	
  onset	
  temperature.	
  The	
  effect	
  of	
  

base	
   seen	
   in	
   Figure	
   3.3C	
   appears	
   to	
   be	
   a	
   general	
   effect	
   of	
   partial	
   chemical	
   reduction.	
   In	
  

addition,	
  NaBH4	
  and	
  hydrazine	
  have	
  also	
  been	
   tested,	
  which	
  exhibit	
   similar	
   effect	
   (Figure	
  

3.4).	
  The	
  elevated	
  reactivity	
  is	
  seen	
  when	
  the	
  chemical	
  reducing	
  agent	
  is	
  left	
  in	
  the	
  dried	
  GO,	
  

but	
   also	
  when	
   it	
   is	
   removed	
   by	
  washing,	
   though	
   less	
   significantly.	
   This	
   suggests	
   that	
   the	
  

source	
   of	
   the	
   elevated	
   rGO	
   reactivity	
   lies	
   in	
   the	
   transformed	
   chemical	
   structure	
   of	
   the	
  

partially	
  rGO,	
  and	
  not	
  the	
  presence	
  of	
  the	
  chemical	
  agent	
  during	
  heating.	
  

	
  

Figure	
  3.4	
  Reduction	
  effects	
  on	
  the	
  thermal	
  behavior	
  of	
  GO.	
   	
  

The	
  GO	
  samples	
  used	
  for	
  these	
  characterizations	
  are	
  recovered	
  and	
  dried	
  from	
  suspension	
  incubated	
  
with	
  hydrazine	
  or	
  NaBH4.	
  DSC	
  thermograms	
  of	
  hydrazine	
  (A)	
  or	
  NaBH4	
  (B)	
  treated	
  GO.	
  In	
  both	
  cases,	
  
partial	
   reduction	
   lowers	
   the	
   enthalpy	
   of	
   decomposition	
   but	
   at	
   the	
   same	
   time	
   shifts	
   the	
   onset	
  
temperature	
   lower.	
   The	
   washed	
   sample	
   shows	
   similar	
   behavior.	
   Complete	
   reduction	
   with	
   high	
  
concentration	
   reducing	
   agents	
   however	
   removes	
   most	
   of	
   the	
   exothermicity	
   probably	
   due	
   to	
   the	
  
removal	
  of	
  active	
  oxygen	
  function	
  groups.	
  

	
  

3.3.3	
  Effect	
  of	
  GO	
  aging	
   	
  

There	
   have	
   been	
   several	
   publications,	
   which	
   report	
   that	
   GO	
  molecular	
   structure	
   evolves	
  

over	
  the	
  time	
  during	
  storage	
  in	
  the	
  dry	
  state	
  or	
  in	
  suspension	
  37-­‐41.	
  One	
  study	
  reports	
  that	
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GO	
  aging	
  involves	
  loss	
  of	
  reactive	
  epoxide	
  groups	
  38.	
  However,	
  it	
  seems	
  that	
  epoxide	
  groups	
  

are	
   likely	
   source	
   of	
   the	
   high	
   formation	
   energy	
   for	
   GO	
   structure,	
   and	
   therefore	
   high	
  

decomposition	
  energy	
  (see	
  our	
  group	
  contribution	
  calculations	
  results	
  in	
  Figure	
  3.5A).	
  We	
  

thus	
  initially	
  suspected	
  that	
  aging	
  would	
  reduce	
  the	
  heat	
  and/or	
  reactivity	
  associated	
  with	
  

thermal	
  decomposition.	
  The	
  results	
  in	
  Figure	
  3.5B	
  show	
  that	
  in	
  approximately	
  three-­‐month	
  

period	
   this	
   is	
   not	
   the	
   case.	
   Storage	
  of	
  GO	
   in	
   ambient	
   conditions	
   for	
   up	
   to	
  82	
  days	
  has	
  no	
  

significant	
  effect	
  on	
  the	
  decomposition	
  enthalpy,	
  and	
  the	
  reactivity	
  shows	
  a	
  slight	
  increase	
  

(measured	
   as	
   slight	
   decrease	
   in	
   exotherm	
   onset	
   temperature).	
   Therefore,	
   exothermic	
  

decomposition	
  and	
  explosion	
  hazards	
  are	
  not	
  just	
  features	
  of	
  freshly	
  prepared	
  GO,	
  but	
  also	
  

of	
  aged	
  GO	
  stored	
  up	
  to	
  at	
  least	
  several	
  months.	
  

Figure	
  3.5	
  Origin	
  of	
  the	
  exothermicity	
  and	
  aging	
  effects	
  of	
  GO	
  thermal	
  reduction.	
  

(A)	
  Theoretical	
  decomposition	
  enthalpies	
  of	
  potential	
  GO	
  structures	
  with	
  varying	
  O:C	
  ratio,	
  and	
  the	
  
amount	
   of	
   either	
   epoxides	
   (structure	
   shown	
   in	
   lower	
   left	
   inset)	
   or	
   hydroxyls	
   (structure	
   shown	
   in	
  
upper	
   right	
   inset)	
   estimated	
   applying	
   calculated	
   enthalpies	
   of	
   formation	
   of	
   GO	
   (from	
   group	
  
contribution	
   method).	
   Increasing	
   epoxide	
   content	
   makes	
   GO	
   decomposition	
   significantly	
   more	
  
exothermic,	
   while	
   increasing	
   hydroxyl	
   content	
  makes	
   GO	
   decomposition	
   slightly	
   endothermic.	
   (B)	
  
The	
   effect	
   of	
   GO	
   aging	
   on	
   thermal	
   decomposition	
   enthalpy	
   and	
   reactivity.	
   In	
   approximately	
   three	
  
months	
   time	
   frame	
   GO	
   aging	
   does	
   not	
   significantly	
   affect	
   the	
   decomposition	
   enthalpy	
   but	
   does	
  
slightly	
  lower	
  the	
  GO	
  onset	
  temperature.	
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3.3.4	
  Results	
  of	
  the	
  decomposition	
  kinetics	
  analysis	
  

Calculation	
   methods	
   are	
   needed	
   to	
   define	
   safe	
   storage	
   and	
   processing	
   conditions	
   for	
   a	
  

variety	
   of	
   sample	
   sizes,	
   shapes,	
   and	
   external	
   environments.	
   Such	
   calculations	
   require	
  

quantitative	
  decomposition	
  kinetics	
  data,	
  which	
  we	
  derive	
  here	
   from	
  DSC	
  data	
   taken	
  with	
  

systematic	
  variation	
  of	
  heating	
  rate.	
  Results	
  in	
  Figure	
  3.6A	
  show	
  a	
  regular	
  shift	
  in	
  DSC	
  trace	
  

with	
  increasing	
  heating	
  rate.	
  The	
  kinetic	
  analysis	
  applied	
  here	
  is	
  based	
  on	
  peak	
  maximum	
  

temperature	
  42	
  recorded	
  at	
  each	
  heating	
  rate	
  to	
  give	
  activation	
  energy	
  and	
  frequency	
  factor	
  

as	
  defined	
  in	
  Eq.	
  (1).	
  The	
  activation	
  energy	
  obtained	
  in	
  this	
  work	
  (142	
  kJ/mol)	
  is	
  similar	
  to	
  

those	
   reported	
   previously	
   using	
   similar	
   or	
   different	
  methods	
   46,	
  54.	
   By	
   analyzing	
   dynamic	
  

mode	
  DSC	
  data	
  the	
  apparent	
  reaction	
  order	
  n	
  was	
  estimated	
  to	
  be	
  0.8.	
  The	
  latter	
  value	
  was	
  

then	
   corrected	
   to	
   be	
   0.7,	
   applying	
   actual	
   isothermal	
   mode	
   DSC	
   data	
   and	
   the	
   kinetic	
  

parameters	
  determined	
  earlier	
  (see	
  results	
  in	
  Figure	
  3.6C).	
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Figure	
  3.6	
  Quantitative	
  determination	
  of	
  GO	
  thermal	
  decomposition	
  kinetics.	
   	
  

The	
  GO	
  used	
  here	
   is	
   as-­‐prepared	
  GO	
  stored	
  at	
   room	
   temperature	
   in	
   atmosphere.	
  The	
  experiments	
  
were	
  carried	
  out	
  with	
  small	
  sample	
  sizes	
  to	
  avoid	
  the	
  explosive	
  mode	
  of	
  decomposition.	
  (A)	
  Dynamic	
  
mode	
   DSC	
   thermograms	
   with	
   systematic	
   variation	
   in	
   heating	
   rate.	
   (B)	
   Extraction	
   of	
   quantitative	
  
kinetics	
   parameters.	
   (C)	
   Validation	
   of	
   theoretical	
   kinetic	
   data	
   obtained	
   (activation	
   energy,	
  
pre-­‐exponential	
   factor	
   and	
   rate	
   order).	
   Experimental	
   isothermal	
  DSC	
   data	
   (data	
   points)	
   compared	
  
with	
  the	
  theoretical	
  curve	
  (solid	
  line).	
  The	
  determined	
  kinetic	
  model	
  matches	
  well	
  with	
  experimental	
  
data.	
  

 
3.3.5	
  Discussion	
  of	
  results	
  

Thermal	
   reduction	
   of	
   GO	
   is	
   clearly	
   a	
   complex	
   process,	
   and	
   results	
   in	
   Figures	
   1-­‐5	
   provide	
  

some	
   insight	
   into	
  molecular	
  mechanism	
  and	
  have	
  direct	
   implications	
   for	
   safety	
   in	
  storage	
  

and	
   processing.	
   Thermal	
   “reduction”	
   is	
   in	
   reality	
   thermal	
   decomposition	
   or	
   pyrolysis	
  

process	
  55-­‐57	
  and	
  GO	
  is	
  unusual	
  in	
  that	
  pyrolysis	
  of	
  oxygen-­‐rich	
  organic	
  materials	
  like	
  coals	
  

and	
   biomass	
   is	
   typically	
   endothermic	
   58-­‐62.	
   The	
   annealing	
   of	
   oxidized	
   carbon	
   surfaces	
  

leading	
  to	
  deoxygenation	
  (or	
  devolatilization)	
  is	
  also	
  usually	
  endothermic	
  63,	
  but	
  there	
  are	
  

exceptions	
  for	
  some	
  oxidized	
  carbon	
  materials,	
  for	
  example	
  ozonized	
  fullerene	
  and	
  KMnO4	
  

oxidized	
   carbon	
   nanotubes	
   11,	
   64.	
   When	
   compared	
   with	
   other	
   common	
   types	
   of	
  

oxygen-­‐containing	
  carbon	
  materials,	
  the	
  most	
  significant	
  structural	
  differences	
  of	
  GO	
  is	
  the	
  

presence	
  of	
  large	
  amount	
  of	
  epoxide	
  65,	
  which	
  are	
  reactive	
  groups	
  with	
  bond	
  strain	
  38,	
  and	
  

are	
   not	
   typically	
   the	
   primary	
   functional	
   group	
   on	
   carbon	
   surfaces	
   that	
   are	
   the	
   results	
   of	
  

reactions	
  with	
  ambient	
  O2.	
  Our	
  group	
  contribution	
  calculations	
   (Figure	
  3.5A)	
  suggest	
   that	
  

epoxides	
   are	
   the	
   source	
   of	
   the	
   high	
   formation	
   energy	
   of	
   GO	
   and	
   thus	
   its	
   exothermic	
  

decomposition.	
   A	
   common	
   feature	
   of	
   oxidized	
   carbons	
   that	
   decompose	
   exothermically	
  

appears	
   to	
   be	
   the	
   use	
   of	
   certain	
   oxygen	
   ring-­‐creating	
   oxidants	
   like	
   ozone,	
   which	
   forms	
  

highly	
   reactive	
   ozonides,	
   or	
   permanganate,	
   which	
   is	
   a	
   well-­‐known	
   catalyst	
   for	
   epoxide	
  

formation	
   in	
   synthetic	
   organic	
   chemistry	
   66-­‐67.	
   Ozonized	
   fullerene	
   and	
   KMnO4	
   oxidized	
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carbon	
  nanotubes	
  both	
  show	
  exothermic	
  decomposition	
  under	
  heating	
  11,	
  64,	
  which	
  supports	
  

our	
  calculation-­‐based	
  argument	
  about	
  the	
  epoxide	
  role	
  in	
  exothermic	
  decomposition	
  of	
  GO.	
  

	
   This	
  work	
  further	
  suggests	
  that	
  epoxides	
  are	
  involved	
  in	
  the	
  complex	
  response	
  of	
  GO	
  to	
  

suspension	
   pH.	
   Base	
   treatment	
   renders	
   GO	
  more	
   reactive	
   to	
   thermal	
   decomposition,	
   and	
  

back	
  titration	
  to	
  low	
  pH	
  partially	
  reverses	
  the	
  effect.	
  Reversible	
  pH	
  effects	
  have	
  been	
  seen	
  

by	
   Taniguchi	
   are	
   attributed	
   to	
   epoxide	
   ring	
   opening/closing	
   50,	
   while	
   the	
   present	
   paper	
  

shows	
   for	
   the	
   first	
   time	
   that	
   these	
   reversible	
   transformations	
   also	
   affect	
   thermal	
  

decomposition	
  reactivity.	
  Drying	
  GO	
  from	
  basic	
  solutions	
  can	
  produce	
  a	
  more	
  reactive	
  solid	
  

product	
   that	
   begins	
   to	
   decompose	
   at	
   lower	
   temperatures	
   –	
   in	
   some	
   cases	
   down	
   into	
   the	
  

range	
   of	
   common	
   drying	
   operations,	
   which	
   can	
   become	
   a	
   special	
   safety	
   concern.	
   The	
  

reactive	
   species	
   may	
   be	
   vicinal	
   diols	
   resulting	
   from	
   epoxy	
   ring	
   opening,	
   and	
   these	
   can	
  

further	
   cleave	
   to	
   produce	
   ketones	
   or	
   aldehydes	
   68.	
   Ketones	
   and	
   aldehydes	
   are	
   capable	
   of	
  

further	
  conversion	
  to	
  carboxyls	
  under	
  alkaline	
  or	
  thermal	
  treatment	
  40,	
  69.	
  Diols	
  can	
  also	
  be	
  

converted	
   back	
   to	
   cyclic	
   ethers	
   including	
   epoxides	
   in	
   acidic	
   environments,	
   leading	
   to	
   the	
  

partial	
  reversibility	
  shown	
  in	
  Figure	
  3.3D.	
  The	
  high	
  thermal	
  reactivity	
  of	
  the	
  diol	
  relative	
  to	
  

epoxy	
   is	
   consistent	
   with	
   molecular	
   dynamics	
   and	
   DFT	
   simulations	
   of	
   GO	
   thermal	
  

decomposition	
   41,	
   69	
   that	
   show	
   lower	
   activation	
   barriers	
   for	
   the	
   initial	
   step	
   of	
   OH	
  

decomposition	
  compared	
  to	
  epoxy.	
  

	
   The	
   observation	
   of	
   elevated	
   thermal	
   reactivity	
   in	
   partially	
   reduced	
   GO	
  may	
   be	
  more	
  

general.	
   It	
   occurs	
   not	
   only	
   following	
   OH-­‐	
   treatment	
   but	
   also	
   for	
   a	
   variety	
   of	
   chemical	
  

reducing	
  agents	
  and	
  reduction	
  pathways	
  (Figure	
  3.3C).	
  Ahn	
  et	
  al.	
  have	
  also	
  observed	
  high	
  

reactivity	
  in	
  partially	
  reduced	
  GO	
  samples	
  70.	
  

	
   As	
  mentioned	
   by	
   previous	
   theoretical	
   studies	
   41,	
  69,	
  71,	
   the	
   energy	
   of	
   GO	
   is	
   lowered	
   by	
  

clustering	
   of	
   the	
   oxidized	
   sites	
   into	
   domains,	
   which	
   co-­‐exist	
   with	
   pristine	
   sp2	
   domains.	
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Partial	
   reduction	
   here	
   may	
   break	
   up	
   the	
   oxidized	
   domains	
   leading	
   to	
   more	
   isolated	
  

oxygen-­‐containing	
  functional	
  groups	
  with	
  high	
  reactivity.	
  

	
   Of	
  course,	
  extensive	
  or	
  complete	
  reduction	
  eliminates	
  the	
  exotherm	
  completely,	
  as	
  seen	
  

in	
   results	
   offered	
   on	
   Figure	
   3.1S	
   (GO	
   treatment	
   with	
   high	
   concentration	
   hydrazine).	
   The	
  

phenomenon	
  of	
  elevated	
  reactivity	
  in	
  GO	
  samples	
  after	
  partial	
  chemical	
  reduction	
  deserves	
  

further	
  study.	
  

	
   Finally,	
  the	
  new	
  kinetic	
  parameters	
  allow	
  estimations	
  of	
  expected	
  self-­‐heating	
  behavior	
  

relevant	
  to	
   industrial	
  safety	
  (Figure	
  3.7).	
  An	
  unsteady	
  heat	
  balance	
  on	
  a	
  uniform	
  GO	
  mass	
  

gives	
  the	
  differential	
  equation	
  seen	
  in	
  Figure	
  3.7A,	
  which	
  can	
  be	
  solved	
  numerically	
  to	
  give	
  

the	
  predictions	
  offered	
  in	
  Figure	
  3.7B,C.	
  The	
  simplest	
  case	
  is	
  adiabatic	
  self-­‐heating,	
  in	
  which	
  

all	
   of	
   the	
   reaction	
   heat	
   is	
   retained	
   in	
   the	
   GO	
   body	
   and	
   the	
   system	
   always	
   reaches	
   the	
  

theoretical	
  adiabatic	
  temperature:	
   	
   ΔT	
  =	
  ΔH/Cp,	
  which	
  here	
  is	
  >	
  2,000°C	
  for	
  Cp	
  around	
  0.5	
  J	
  

g-­‐1K-­‐1.	
   The	
   temperature	
   behavior	
   (see	
   Figure	
   3.7B)	
   shows	
   first	
   an	
   incubation	
   period	
   of	
  

variable	
  time	
  length,	
  followed	
  by	
  the	
  temperature	
  upturn,	
  which	
  leads	
  to	
  a	
  thermal	
  runaway.	
  

At	
  room	
  temperature	
  the	
  incubation	
  times	
  are	
  very	
  long,	
  but	
  at	
  temperatures	
  above	
  ~150°C	
  

runaway	
  can	
  happen	
  in	
  minutes.	
  

	
   Adiabatic	
  self-­‐heating	
  analysis	
  is	
  a	
  crude	
  estimate	
  that	
  only	
  gives	
  satisfactory	
  result	
  for	
  

fast	
  processes	
  that	
  occur	
  with	
  short	
  time	
  for	
  heat	
  loss.	
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Figure	
  3.7	
  Self-­‐heating	
  behavior	
  of	
  large	
  GO	
  samples	
  during	
  storage.	
   	
  

(A)	
  Differential	
  energy	
  balance	
  and	
  decomposition	
  mechanism	
  (B)	
  Temperature	
  curves	
  for	
  numerical	
  
solutions	
  for	
  adiabatic	
  self-­‐heating	
  case,	
  (C)	
  Tc	
  vs	
  m	
  for	
  non-­‐adiabatic	
  self-­‐heating	
  cases	
  as	
  a	
  function	
  
of	
  heat	
   transfer	
  coefficient	
  and	
  surface	
  area	
  product,	
  hS;	
  Tc	
   is	
   the	
  critical	
   initial	
   temperature	
  above	
  
which	
  the	
  runaway	
  occurs	
  and	
  below	
  which	
  a	
  steady-­‐state	
  temperature	
  is	
  achieved;	
  m,	
   the	
  mass	
  of	
  
GO;	
  h,	
   the	
  heat	
   transfer	
   coefficient;	
  S,	
   the	
   external	
   surface	
   area.	
  GO	
  with	
   greater	
  mass	
   and	
   smaller	
  
value	
  of	
  hS	
   is	
  more	
   likely	
   to	
   reach	
   the	
  point	
  of	
  no	
   return	
   to	
   initiate	
   the	
   thermal	
   runaway	
  reaction.	
  
Three	
   example	
   cases	
   are	
   shown	
   with	
   different	
   sample	
   dimensions	
   and	
   associated	
   typical	
   heat	
  
transfer	
   coefficients	
   when	
   heat	
   convection	
   from	
   the	
   GO	
   surface	
   to	
   the	
   environment	
   is	
   the	
   rate	
  
limiting	
  in	
  heat	
  transfer	
  mechanism.	
   	
  

	
   The	
   results	
   of	
   non-­‐adiabatic	
   analysis	
   are	
  more	
   practical.	
   The	
  method	
   applies	
   specific	
  

values	
  of	
  heat	
   transfer	
   coefficient	
   (h)	
  and	
   the	
  GO	
  external	
   surface	
  area	
   (S).	
   In	
   some	
  cases	
  

this	
   analysis	
   gives	
   a	
   steady	
   state	
   temperature,	
  while	
   in	
   other	
   cases	
   it	
   gives	
   an	
   incubation	
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period	
   followed	
   by	
   an	
   upturn	
   and	
   thermal	
   runaway.	
   Figure	
   3.7C	
   plots	
   the	
   critical	
  

temperature	
   Tc	
   above,	
   which	
   the	
   runaway	
   occurs	
   (and	
   below	
   which	
   a	
   steady-­‐state	
  

temperature	
  is	
  achieved	
  and	
  no	
  runaway)	
  as	
  a	
  function	
  of	
  the	
  initial	
  bulk	
  GO	
  mass	
  m.	
  Some	
  

typical	
  values	
  for	
  large	
  and	
  small	
  GO	
  forms	
  (sample	
  dimension	
  in	
  centimetres)	
  and	
  typical	
  

heat	
   transfer	
   coefficients	
   (assuming	
  GO	
   to	
   be	
   a	
   sphere)	
   affecting	
   critical	
   temperature	
   are	
  

shown	
  in	
  Figure	
  3.7C.	
  As	
  seen	
   from	
  this	
   figure	
   larger	
   in	
  size	
  GO	
  pieces	
  have	
   lower	
  critical	
  

temperatures.	
  

3.4	
  Conclusions	
  

The	
   energetic	
   nature	
   of	
   GO	
   was	
   first	
   identified	
   long	
   ago,	
   but	
   a	
   significant	
   body	
   of	
   new	
  

research	
   is	
  needed	
   to	
  understand	
   it	
  at	
  a	
   level	
   that	
  will	
   allow	
   the	
  safe	
  management	
  of	
   this	
  

behavior	
   in	
   large-­‐scale	
   nano-­‐manufacturing	
   of	
   graphene-­‐based	
   materials.	
   This	
   article	
  

presents	
   an	
   experimental	
   characterization	
   of	
   the	
   thermochemistry	
   of	
   GO,	
   and	
   reports	
  

quantitative	
  values	
  for	
  the	
  enthalpy	
  of	
  combustion,	
  the	
  enthalpy	
  of	
  thermal	
  decomposition,	
  

the	
  rates	
  of	
  thermal	
  decomposition,	
  and	
  their	
  dependence	
  on	
  temperature,	
  GO	
  composition,	
  

and	
  processing	
  history.	
  GO	
  decomposition	
   is	
   shown	
   to	
   be	
   accelerated	
  by	
  partial	
   chemical	
  

reduction,	
   or	
   by	
   exposure	
   to	
   high-­‐pH	
   conditions	
   in	
   suspension	
   prior	
   to	
   drying.	
  

Transformations	
   of	
   epoxide	
   groups	
   are	
   suggested	
   as	
   the	
   cause	
   of	
   the	
   exothermic	
  

decomposition	
  and	
  the	
  reversible	
  effects	
  of	
  acid/base	
   treatment.	
  Residual	
  potassium	
  does	
  

not	
   catalyze	
   GO	
   decomposition,	
   but	
   rather	
   catalyzes	
   the	
   subsequent	
   heterogeneous	
  

combustion	
  of	
  the	
  rGO	
  carbon	
  product.	
  This	
  body	
  of	
  data	
  suggests	
  that	
  large	
  samples	
  of	
  GO	
  

in	
   some	
   storage	
   and	
   handling	
   scenarios	
   will	
   be	
   capable	
   of	
   self-­‐heating	
   and	
   spontaneous	
  

decomposition	
   leading	
   to	
   high-­‐volume	
   gas	
   release	
   and	
   explosive	
   events.	
   The	
   quantitative	
  

kinetic	
   parameters	
   reported	
   here	
   can	
   be	
   used	
   to	
   identify	
   safe	
   conditions	
   for	
   storage	
   and	
  

handling,	
   and	
   to	
   identify	
   compositions	
   and	
  processing	
  protocols	
   that	
  will	
   help	
   ensure	
   the	
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successful	
   transition	
   of	
   GO-­‐based	
   graphene	
   materials	
   from	
   laboratory	
   subjects	
   to	
  

commodity	
  products.	
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This	
  chapter	
  is	
  based	
  on	
  the	
  published	
  work	
  by	
  Y.	
  Qiu,	
  Z.	
  Wang,	
  A.	
  C.	
  E.	
  Owens,	
  I.	
  Kulaots,	
  Y.	
  

Chen,	
  A.	
  B.	
  Kane	
  and	
  R.	
  H.	
  Hurt,	
  Nanoscale,	
  2014	
  

4.1	
  Introduction	
  

The	
  planer	
  sp2	
  structure	
  has	
  been	
  known	
  ideal	
   for	
  stabilizing	
  free	
  radicals.1	
   Idea	
  graphene	
  

exclusively	
  consists	
  of	
  sp2	
  structure,	
  but	
  its	
  perfect	
  lattice	
  also	
  implies	
  high	
  energy	
  barrier	
  to	
  

break	
   the	
   symmetry	
  and	
   to	
   introduce	
  unpaired	
  electrons	
  or	
   small	
  molecular	
  moieties.	
  GO	
  

based	
  materials	
  usually	
  contain	
  a	
  large	
  portion	
  of	
  heteroatoms	
  and	
  defect	
  sites	
  though	
  the	
  

sp2	
  domain	
  still	
  exists	
  as	
  the	
  major	
  species.	
  This	
  property	
  might	
  make	
  them	
  highly	
  efficient	
  

free	
   radical	
   scavenger	
  and	
   ideal	
   antioxidant	
   against	
   reactive	
  oxygen	
   species	
   (ROS),	
  but	
   to	
  

data	
  there	
  is	
  no	
  report	
  on	
  the	
  intrinsic	
  antioxidant	
  property	
  of	
  GO	
  based	
  materials.	
   	
  

	
   ROS	
  play	
   important	
   roles	
   in	
   food	
  spoilage,2	
  oil	
   rancidification,2	
  polymer	
  degradation,3	
  

and	
   damage	
   to	
   biological	
   structures	
   that	
   include	
   cell	
  membranes,	
   protein	
   structures,	
   and	
  

DNA.4-­‐6	
  Oxidation	
  protection	
   is	
  a	
  broad	
  area	
  of	
   chemical	
  and	
  biochemical	
   technology	
  with	
  

applications	
  in	
  nutrition,7	
  food	
  and	
  pharmaceutical	
  formulations,5,	
  8-­‐9	
  biomedical	
  implants,10	
  

topical	
   protection,11	
   cosmetics,8	
   metal	
   corrosion,12	
   wound	
   healing	
   therapies,13	
   and	
   the	
  

long-­‐term	
   stabilization	
   of	
   chemical	
   products	
   and	
   polymer	
  materials.3	
   GO-­‐based	
  materials	
  

have	
  been	
  explored	
  as	
  two-­‐dimensional	
  physical	
  barriers	
  that	
  restrict	
  access	
  of	
  oxidants	
  to	
  

surfaces,	
   but	
   the	
   potential	
   for	
   graphene-­‐based	
   materials	
   as	
   chemical	
   agents	
   in	
   oxidation	
  

protection	
  has	
  not	
  been	
  systematically	
  explored	
  to	
  our	
  knowledge.	
  

	
   Low	
   temperature	
   oxidation	
   protection	
   often	
   involves	
   destroying	
   or	
   inhibiting	
   the	
  

formation	
   of	
   ROS,	
   which	
   form	
   by	
   the	
   uncontrolled	
   and	
   undesired	
   partial	
   reduction	
   of	
  

molecular	
  oxygen	
  in	
  the	
  presence	
  of	
  Fenton-­‐active	
  metal	
  catalysts,	
  material	
  surfaces,	
  or	
  UV	
  

radiation.	
   Carbon	
   nanomaterials	
   can	
   generate	
   ROS	
   through	
   surface	
   reactions,	
   often	
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involving	
   defect	
   or	
   heteroatom	
   sites,14-­‐15	
   or	
   through	
   transition	
   metal	
   impurities.16-­‐18	
   A	
  

variety	
  of	
  heteroatoms	
  can	
  be	
  present	
  in	
  chemically	
  modified	
  nano	
  carbons	
  and	
  these	
  may	
  

govern	
   ROS	
   generation	
   or	
   toxicity.19-­‐21	
   Carbon	
   nanomaterials	
   may	
   also	
   scavenge	
   ROS,	
   as	
  

reported	
   by	
   several	
   studies	
   focused	
   on	
   fullerenes,	
   carbon	
   nanotubes	
   (CNTs)	
   and	
  

functionalized	
   carbon	
   dots.22-­‐28	
   Oxidation	
   protection	
   by	
   carbon	
   materials	
   may	
   involve	
  

radical	
  adduct	
   formation	
  at	
   sp2	
  carbon	
  sites,	
  which	
  delocalizes	
  spin	
  across	
   the	
  conjugated	
  

graphenic	
   backbone29	
   and	
   leads	
   to	
   destruction	
   of	
   the	
   radical	
   following	
   second	
   adduct	
  

formation;26,	
  28	
   through	
   electron	
   transfer;30-­‐31	
   through	
   hydrogen	
   donation	
   from	
   functional	
  

groups;32	
   or	
   through	
   chelation	
   of	
   transitional	
   metal	
   ions	
   and	
   inhibition	
   of	
   Fenton-­‐based	
  

radical	
  generation.33-­‐35	
  Graphene-­‐based	
  materials	
  may	
  show	
  one	
  or	
  more	
  of	
  these	
  important	
  

behaviors,	
  but	
  this	
  has	
  not	
  been	
  confirmed,	
  and	
  the	
  relative	
  activity	
  of	
  different	
  members	
  of	
  

the	
  graphene	
  family,	
  or	
  toward	
  different	
  radicals	
  or	
  ROS	
  is	
  unknown.	
   	
   	
  

	
   Here	
  we	
  hypothesize	
  GO	
  based	
  materials	
  may	
  be	
   antioxidant.	
   To	
   test	
   this	
   hypothesis	
  

we	
   investigated	
   the	
   basic	
   chemical	
   activity	
   of	
   several	
   representative	
   GO	
   based	
  materials,	
  

namely	
  graphene	
  oxide	
  (GO),	
  reduced	
  graphene	
  oxide	
  (rGO),	
  and	
  few-­‐layer	
  graphene	
  (FLG)	
  

against	
  various	
  ROS:	
  hydroxyl	
  radical,	
  superoxide,	
  peroxide/peroxyl,	
  and	
  the	
  model	
  stable	
  

radicals	
   2,2-­‐diphenyl-­‐1-­‐picrylhydrazyl	
   (DPPH)	
   and	
   2,2'-­‐azino-­‐bis(3-­‐ethylbenzothiazoline	
  

-­‐6-­‐sulphonic	
   acid)	
   (ABTS)	
   radical	
   cation.	
   Hydroxyl	
   radicals	
   (.OH)	
   are	
   generated	
   in	
   situ	
  

through	
   Fenton	
   chemistry	
   or	
   UV	
   irradiation,	
   and	
   detected	
   by	
   electron	
   paramagnetic	
  

resonance	
  (EPR).	
  Additional	
  experiments	
  are	
  designed	
  to	
  test	
  whether	
  suspended	
  graphene	
  

sheets	
   can	
   protect	
   organic	
   dyes	
   from	
   destruction	
   by	
   in	
   situ	
   generated	
   .OH.	
   Multiple	
  

experiments	
   here	
   show	
   that	
   GO	
   is	
   an	
   effective	
   scavenger	
   of	
   .OH	
   and	
   can	
   protect	
   water	
  

soluble	
  dyes	
  and	
  spin	
  traps	
  from	
  oxidation.	
  FLG	
  is	
  more	
  active	
  despite	
  its	
  lower	
  surface	
  area,	
  

suggesting	
  that	
  the	
  main	
  scavenging	
  sites	
  are	
  on	
  the	
  pristine	
  graphenic	
  basal	
  plane	
  and	
  are	
  

not	
   associated	
   with	
   H-­‐donation	
   from	
   hydroxyl	
   groups.	
   In	
   experiments	
   involving	
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UV-­‐induced	
   .OH	
  generation,	
  some	
  of	
  the	
  protective	
  effect	
  is	
  attributed	
  to	
  UV	
  absorption	
  by	
  

graphene	
  in	
  addition	
  to	
  radical	
  scavenging.	
  These	
  behaviors	
  are	
  discussed	
  in	
  relations	
  to	
  the	
  

physical	
  and	
  chemical	
  structures	
  of	
  GO	
  and	
  FLG.	
  Finally,	
  we	
  demonstrate	
  one	
  application,	
  in	
  

which	
   graphene	
   nanosack	
   encapsulation	
   is	
   used	
   to	
   reduce	
   ROS	
   generation	
   and	
   oxidative	
  

damage	
  that	
  are	
  undesired	
  side	
  effects	
  when	
  TiO2	
  nanoparticles	
  are	
  used	
  for	
  UV	
  protection.	
  

4.2	
  Materials	
  and	
  methods	
   	
  

4.2.1	
  Materials	
  

GO	
   based	
   materials	
   were	
   produced	
   with	
   the	
   methods	
   as	
   described	
   later	
   in	
   the	
   method	
  

section.	
   Few	
   layer	
   graphene	
   (3-­‐5	
   layers	
  with	
   nominal	
   lateral	
   dimension	
   of	
   800	
   nm)	
  was	
  

obtained	
  commercially	
  and	
  characterized.	
   	
  

	
   SP-­‐1	
  graphite	
  powder	
  was	
  purchased	
  from	
  Bay	
  Carbon	
  (Bay	
  City,	
  MI).	
   	
   K2S2O8,	
  KMnO4,	
  

ascorbic	
  acid,	
  titanium	
  (IV)	
  oxide	
  (TiO2)	
  nanopowders	
  (<25	
  nm	
  particle	
  size,	
  >99.5	
  %	
  trace	
  

metal	
  basis),	
   iron	
   (II)	
   sulfate	
  haptahydrate	
   (FeSO4·7H2O),	
   reduced	
  GSH,	
  D-­‐mannitol,	
  pC60,	
  

xanthine,	
   xanthine	
   oxidase	
   from	
   bovine	
   milk	
   grade	
   IV,2,2’-­‐azobis(2-­‐amidinopropane)	
  

hydrochloride	
   (AAPH),	
   thiobarbituric	
   acid	
   (TBA),	
   trichloricacetic	
   acid	
   (TCA),	
   DPPH,	
  

2-­‐deoxy-­‐D-­‐ribose	
   (deoxyribose),	
   sodium	
   dodecyl	
   sulfate	
   (SDS),	
   ABTS,	
   β-­‐Nicotinamide	
  

adenine	
   dinucleotide	
   2′-­‐phosphate	
   reduced	
   tetrasodium	
   salt	
   hydrate	
   (NADH),	
  

phenazinemethosulfate	
  (PMS),	
  xanthine,	
  xanthine	
  oxidase	
  from	
  bovine	
  milk,	
  and	
  NBT	
  were	
  

purchased	
   from	
   Sigma	
   Chemicals	
   Co	
   (St.	
   Louis,	
   MO).	
   Trolox	
  

(6-­‐Hydroxy-­‐2,5,7,8-­‐tetramethylchroman-­‐2-­‐carboxylic	
   acid),	
   hydrogen	
   peroxide	
   (H2O2),	
  

phosphate	
  buffered	
  saline	
  (PBS)	
  (pH	
  7.4),	
  and	
  EDTA	
  were	
  purchased	
  from	
  Fisher	
  Scientific	
  

Inc.	
   (Pittsburgh,	
   PA).	
   5,5-­‐dimethyl-­‐1-­‐pyrroline-­‐N-­‐oxide	
   (DMPO)	
   was	
   purchased	
   from	
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Dojindo	
  Molecular	
   Technologies,	
   Inc.	
   (Rockville,	
  MD).	
   ThioGlo-­‐1	
   fluorescent	
   thiol	
   reagent	
  

was	
  purchased	
  from	
  EMD	
  Millipore	
  Chemical	
  (Darmstadt,	
  Germany).	
  Nanopure	
  water	
  was	
  

used	
  throughout.	
   	
  

4.2.2	
  Characterization	
  

The	
  morphologies	
   of	
   all	
   the	
  materials	
   used	
   in	
   this	
   study	
   were	
   characterized	
   with	
   a	
   LEO	
  

1530	
   field-­‐emission	
   scanning	
   electron	
   microscope	
   (SEM)	
   and	
   an	
   FEI	
   CM20	
   TEM.	
   	
   The	
  

graphenic	
   structure	
   was	
   characterized	
   with	
   a	
   WITEC	
   Alpha	
   300S	
   Scanning	
   Near-­‐field	
  

Optical	
  Microscope	
  with	
  micro	
  Raman	
  system	
  using	
  the	
  532	
  nm	
  laser.	
  The	
  functional	
  groups	
  

on	
   the	
   graphenic	
   plane	
   and	
   edges	
   were	
   identified	
   using	
   a	
   JASCO	
   FT/IR-­‐4100	
   Fourier	
  

Transform	
  Infrared	
  Spectrometer.	
  N2	
  vapor	
  isotherms	
  at	
  77	
  K	
  and	
  CO2	
  vapor	
  isotherms	
  at	
  

273K	
  were	
  measured	
  using	
  Autosorb-­‐1	
   instrument	
   from	
  Quantachrome	
  Corporation	
   from	
  

which	
  surface	
  areas	
  were	
  calculated	
  by	
  applying	
  Brunauer	
  Emmett	
  Teller	
  (BET)	
  model,	
  and	
  

pore	
  size	
  distributions	
  by	
  using	
  carbon	
  slit	
  pore	
  model	
  nonlocal	
  density	
   functional	
   theory	
  

(NL-­‐DFT).36	
  The	
  size	
  of	
  TiO2	
  nanoparticles	
  were	
   found	
   to	
  be	
  around	
  20~30	
  nm	
  with	
  TEM	
  

and	
  about	
  57	
  nm	
  with	
  dynamic	
  light	
  scattering	
  (DLS).	
  The	
  dominant	
  phase	
  was	
  identified	
  to	
  

be	
  anatase	
  with	
  X-­‐ray	
  Diffraction	
   (XRD)	
  pattern	
  on	
  a	
  Bruker	
  AXS	
  D8	
  Advance	
   instrument	
  

with	
  Cu	
  KR	
  radiation	
  (λ	
  =	
  1.5418	
  Å)	
  (see	
  SI).	
  

	
  

4.2.3	
  Methods	
  

4.2.3.1	
  GO	
  based	
  materials	
  preparation	
  

GO	
  was	
   synthesized	
   using	
   a	
  modified	
  Hummers	
  method	
   as	
   described	
   in	
   the	
   last	
   chapter.	
   	
  

The	
  rGO	
  used	
  in	
  this	
  study	
  was	
  prepared	
  through	
  thermal	
  reduction,	
  i.e.,	
  rapid	
  heating	
  GO	
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cake	
   to	
   250	
   °C	
   in	
   nitrogen	
   flow	
   and	
   keeping	
   that	
   temperature	
   for	
   30	
   min.	
   An	
   explosive	
  

exfoliation	
  was	
  observed	
  during	
  its	
  preparation.	
   	
  

4.2.3.2	
  Dye	
  protection	
  assay	
  for	
  •OH	
  scavenging	
  

Phenol	
   red	
   was	
   used	
   as	
   a	
   model	
   target	
   molecule	
   for	
   oxidant	
   attack,	
   and	
   the	
   effects	
   of	
  

graphene-­‐based	
  materials	
  on	
  its	
  decoloration	
  rate	
  in	
  the	
  presence	
  of	
  hydroxyl	
  radical	
  used	
  

as	
   a	
  measure	
  of	
   antioxidant	
   activity.	
   10	
  mL	
   solutions	
   (pH	
  6.2)	
   containing	
  phenol	
   red	
   (0.1	
  

mM),	
   FeCl2	
   (0.5μM),	
  H2O2	
   (50	
  mM)	
   and	
   graphene-­‐based	
  materials	
   (0.10	
   g	
   L-­‐1)	
   in	
   PBS	
   (50	
  

mM)	
  were	
  continuously	
  stirred	
  on	
  a	
  rotator	
   for	
  8	
  hours.	
  1.5	
  mL	
  solutions	
  were	
  taken	
  out,	
  

centrifuged	
   at	
   12,000	
   rpm	
   to	
   remove	
   graphene-­‐based	
  materials	
   and	
   then	
   the	
   absorption	
  

spectra	
  of	
  the	
  supernatant	
  were	
  measured	
  with	
  a	
  JASCO	
  V-­‐630	
  UV/Vis	
  Spectrometer.	
  

4.2.3.3	
  •OH	
  scavenging	
  assay	
  by	
  EPR	
  

EPR	
  spectra	
  were	
  obtained	
  using	
  a	
  Bruker	
  EMXplus	
  spectrometer	
  with	
  procedures	
  similar	
  

to	
  our	
  previous	
   research.37	
   Spectra	
  were	
  obtained	
  at	
   center	
   field	
  of	
  3519	
  G;	
   sweep	
  width	
  

100	
   G;	
   microwave	
   power	
   2	
   mW;	
   sweep	
   time	
   30	
   s;	
   number	
   of	
   scans	
   10;	
   modulation	
  

amplitude	
  1	
  G;	
  time	
  constant,	
  81.92	
  ms.	
   .OH	
  were	
  generated	
  in	
  situ	
  through	
  three	
  methods:	
  

Fenton	
  reactions,	
  UV	
  photolysis	
  and	
  sonochemical	
  cleavage	
  of	
  H2O2.	
  In	
  the	
  former	
  method,	
  

180	
  μL	
  solution	
  containing	
  DMPO	
  (11	
  mM),	
  H2O2	
  (1.1	
  mM),	
  graphene-­‐based	
  materials	
  (GO,	
  

rGO,	
  FLG,	
  etc)	
   (up	
   to	
  222	
  ppm)	
   in	
  PBS	
  (5.5	
  mM,	
  pH	
  3)	
  was	
  prepared	
   in	
  a	
  centrifuge	
   tube.	
  

Fe(II)	
   (20	
  μL,	
  1.0	
  ppm)	
  aqueous	
   solution	
   freshly	
  prepared	
   from	
  FeSO4	
  was	
   then	
  added	
   to	
  

initiate	
  the	
  reaction.	
  After	
  brief	
  stirring,	
  about	
  50	
  μL	
  of	
  solution	
  was	
  then	
  transferred	
  into	
  a	
  

capillary	
   tube,	
   which	
  was	
   in	
   turn	
  mounted	
   onto	
   the	
   EPR	
   spectrometer	
   for	
   scanning.	
   The	
  

scanning	
  started	
  exactly	
  20	
  min	
  after	
  the	
  addition	
  of	
  Fe	
  (II)	
  solution.	
  In	
  the	
  latter	
  method,	
  a	
  

solution	
  containing	
  DMPO	
  (1	
  mM),	
  H2O2	
  (1	
  mM),	
  GO	
  aqueous	
  solution	
  (up	
  to	
  20	
  ppm)	
  in	
  PBS	
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(100	
  mM,	
  pH	
  7.4)	
  in	
  a	
  quartz	
  cuvette	
  was	
  exposed	
  to	
  UV	
  light	
  (365	
  nm	
  at	
  ~10	
  mW	
  cm-­‐2)	
  for	
  

20	
  min.	
  50	
  μL	
  of	
  the	
  solution	
  was	
  then	
  transferred	
  into	
  a	
  capillary	
  tube,	
  which	
  was	
  in	
  turn	
  

mounted	
  onto	
  the	
  EPR	
  spectrometer	
  for	
  scanning.	
  

4.2.3.4	
  Non-­‐enzymatic	
  superoxide	
  radical	
  scavenging	
  assay	
  

The	
  interaction	
  of	
  graphene-­‐based	
  materials	
  with	
  superoxide	
  anion	
  was	
  investigated	
  using	
  

the	
  NADH/PMS	
  reaction	
  system	
  to	
  generate	
  superoxide	
  in	
  a	
  method	
  similar	
  to	
  Valentao	
  et	
  

al.38	
  In	
  a	
  96-­‐well	
  plate,	
  200	
  μL	
  solution	
  containing	
  NADH	
  (200	
  μM),	
  NBT	
  (50	
  μM),	
  and	
  test	
  

materials	
  (100	
  ppm)	
  in	
  PBS	
  (20	
  mM)	
  was	
  prepared	
  and	
  the	
  reaction	
  initiated	
  by	
  addition	
  of	
  

PMS	
   (40	
   μL,	
   15	
   μM).	
   The	
   absorption	
   at	
   560	
   nm	
  was	
  monitored	
  with	
   a	
  Molecular	
   Device	
  

SpectraMax	
  M2	
  Multimode	
  Microplate	
  Reader	
  for	
  10	
  min	
  at	
  room	
  temperature.	
  

4.2.3.5	
  Enzymatic	
  superoxide	
  radical	
  scavenging	
  assay	
  

Here	
  superoxide	
  radicals	
  were	
  generated	
  using	
  the	
  xanthine/xanthine	
  oxidase	
  system	
  using	
  

a	
   procedure	
   similar	
   to	
   Valentao	
   et	
   al.38	
   In	
   96-­‐well	
   plates,	
   200	
   μL	
   solution	
   containing	
  

xanthine	
   (2.0	
  mM),	
  NBT	
   (50	
  μM),	
   sample	
   solution	
   (100	
  ppm),	
  EDTA	
  (0.5	
  mM)	
   in	
  PBS	
   (20	
  

mM	
  )	
  was	
  prepared	
  and	
  the	
  reaction	
  initiated	
  by	
  addition	
  of	
  xanthine	
  oxidase	
  (5	
  μL,	
  20	
  unit	
  

mL-­‐1).	
  Optical	
  absorption	
  at	
  560	
  nm	
  was	
  monitored	
  with	
  Molecular	
  Device	
  SpectraMax	
  M2	
  

Multimode	
  Microplate	
  Reader	
  for	
  10min	
  at	
  room	
  temperature.	
  

4.2.3.6	
  DPPH•	
  and	
  ABTS•+	
  scavenging	
  assay	
  

DPPH•	
   and	
   ABTS•+	
   are	
   both	
   relatively	
   stable	
   radicals	
   and	
   are	
   often	
   used	
   to	
   assess	
  

antioxidant	
  activity	
  of	
  substances.39-­‐40	
  A	
  procedure	
  similar	
  to	
  that	
  reported	
  by	
  Fukumoto	
  et	
  

al	
   34	
   was	
   used	
   here	
   in	
   which	
   DPPH•	
   concentration	
   is	
   monitored	
   through	
   	
   its	
   	
  

characteristic	
   absorption	
   around	
   515	
   nm.	
   1000	
   μL	
   of	
   DPPH•	
   (200	
   μM)	
   solution	
   freshly	
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prepared	
  with	
  80%	
  methanol	
  and	
  PBS	
  (20	
  mM,	
  pH	
  7.4)	
  were	
  mixed	
  with	
  111	
  μL	
  aqueous	
  

suspensions	
  of	
  the	
  test	
  samples	
  (1.0	
  g	
  L-­‐1).	
  The	
  mixtures	
  were	
  then	
  left	
  in	
  the	
  dark	
  at	
  room	
  

temperature	
  (25	
  °C)	
  and	
  the	
  optical	
  absorption	
  at	
  516	
  nm	
  were	
  measured	
  at	
  regular	
  time	
  

intervals	
  up	
  to	
  680	
  min.	
  

A	
  modified	
   procedure	
   from	
  Re	
   et	
   al	
   41	
  was	
   applied	
   to	
   serve	
   similar	
   purpose	
  with	
  ABTS•+	
  

here.	
   Briefly,	
   ABTS	
   (7	
   mM)	
   aqueous	
   solution	
   was	
   prepared	
   and	
   activated	
   by	
   potassium	
  

persulfate	
  at	
  room	
  temperature	
  for	
  12-­‐16	
  hours	
  before	
  use.	
  The	
  activated	
  ABTS•+	
  radical	
  is	
  

stable	
  in	
  the	
  dark	
  for	
  up	
  to	
  2	
  days.	
  The	
  free	
  radical	
  solution	
  is	
  diluted	
  with	
  PBS	
  (100	
  mM,	
  pH	
  

7.4)	
   to	
  get	
  a	
  solution	
  with	
  absorbance	
  of	
  around	
  0.70	
  at	
  734	
  nm.	
  The	
  aqueous	
  solution	
  of	
  

tested	
  materials	
  (100	
  μL,	
  2000	
  ppm)	
  or	
  nanopure	
  water	
  (100	
  μL)	
  as	
  control	
  was	
  added	
  into	
  

the	
  above	
  solution	
  (1.0	
  mL).	
  The	
  absorbance	
  is	
  recorded	
  every	
  1	
  min	
  after	
  the	
  addition	
  of	
  

the	
  tested	
  solution.	
  

4.2.3.7	
  GSH	
  competitive	
  oxidation	
  assay	
  

Experiments	
  were	
  performed	
  to	
  test	
  whether	
  the	
  presence	
  of	
  graphene-­‐based	
  materials	
  in	
  

suspension	
   could	
   protect	
   GSH	
   from	
   oxidation	
   by	
   hydrogen	
   peroxide.	
   The	
   extent	
   of	
   GSH	
  

oxidation	
  was	
  determined	
  by	
  measuring	
  unreacted	
  thiol	
  groups	
  using	
  ThioGlo	
  1	
  fluorescent	
  

reagent.14	
   Briefly,	
   a	
   solution	
   containing	
   GSH	
   (4	
   mM),	
   H2O2	
  (1	
   mM),	
   and	
   graphene-­‐based	
  

materials	
   (40	
   ppm)	
   in	
   PBS	
   (100	
  mM,	
   pH	
   7.4)	
  were	
   stirred	
  with	
   rotator	
   for	
   2	
   h	
   and	
   then	
  

filtered	
   through	
  Amicon	
  Ultra-­‐4	
  Centrifugal	
   Filter	
  Unit	
  with	
   an	
  Ultracel-­‐3	
  membrane.	
  The	
  

filtrates	
  were	
  collected	
  and	
  incubated	
  with	
  ThioGlo-­‐1	
  (20	
  μM)	
  in	
  the	
  dark	
  for	
  30	
  min	
  after	
  

which	
   fluorescence	
   emission	
   was	
   measured	
   at	
   513	
   nm	
   (excitation	
   at	
   379	
   nm)	
   with	
   the	
  

SpectraMax	
  M2	
  Microplate	
  Reader.	
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4.2.3.8	
  MDA	
  assay	
  

The	
  effect	
  of	
  graphene-­‐based	
  materials	
  on	
  the	
   .OH-­‐mediated	
  oxidation	
  of	
  deoxyribose	
  was	
  

studied	
   using	
   an	
   MDA	
   assay	
   modified	
   from	
   Halliwell	
   and	
   Gutteridge.42	
   Briefly,	
   freshly	
  

prepared	
  deoxyribose	
  (100	
  mM)	
  solution	
  was	
  mixed	
  with	
  Fenton	
  reagents	
  (FeCl2	
  and	
  H2O2)	
  

and	
   FLG	
   or	
   GO	
   suspension	
   to	
   get	
   a	
   solution	
   containing	
   FLG	
   or	
   GO	
   (100	
   ppm)	
   and	
  

deoxyribose	
  (6.7	
  mM).	
  An	
  equivalent	
  volume	
  of	
  TCA	
  (3%	
  w/v)	
  aqueous	
  solution	
  was	
  added	
  

after	
  20	
  min	
  incubation	
  at	
  room	
  temperature	
  to	
  stop	
  the	
  Fenton	
  reaction.	
  The	
  solution	
  was	
  

then	
  filtered	
  through	
  0.2	
  μm	
  membrane	
  to	
  remove	
  the	
  FLG	
  or	
  GO.	
  Part	
  of	
  the	
  filtrate	
  (2	
  mL)	
  

was	
  moved	
   into	
  a	
   test	
   tube	
  and	
  TBA	
   (1	
  mL,	
  1%)	
  aqueous	
  dispersion	
  was	
  added.	
  The	
   test	
  

tube	
  was	
  kept	
  in	
  a	
  boiling	
  water	
  bath	
  for	
  15	
  min	
  to	
  develop	
  the	
  pink	
  chromogen.	
  The	
  tube	
  

was	
  then	
  cooled	
  down	
  in	
  another	
  water	
  bath	
  at	
  room	
  temperature	
  for	
  10	
  min.	
  The	
  solution	
  

was	
  then	
  moved	
  into	
  cuvette	
  and	
  absorbance	
  by	
  the	
  pink	
  chromogen	
  at	
  532	
  nm	
  was	
  then	
  

recorded	
   with	
   a	
   JASCO	
   V-­‐630	
   UV/Vis	
   Spectrometer.	
   To	
   rule	
   out	
   adsorptive	
   artifacts,	
   the	
  

ability	
   of	
   FLG	
   to	
   physically	
   adsorb	
   deoxyribose	
   was	
   characterized	
   by	
   pre-­‐incubating	
  

deoxyribose	
  solutions	
  with	
  FLG	
  for	
  10	
  min	
  and	
  then	
  removing	
  the	
  solids	
  with	
  filtration.	
  The	
  

filtrate	
   was	
   then	
   incubated	
   with	
   the	
   Fenton	
   reagents	
   and	
   the	
   pink	
   chromogen	
   was	
  

developed	
   and	
   measured	
   in	
   the	
   same	
   way.	
   To	
   further	
   test	
   for	
   artifacts	
   involving	
   MDA	
  

adsorption,	
   the	
  same	
  Fenton	
  reaction	
  was	
  carried	
  out	
  without	
  FLG	
  for	
  20	
  min	
  after	
  which	
  

TCA	
  and	
  FLG	
  were	
  added.	
   	
   After	
  a	
  further	
  10	
  min	
  incubation,	
  the	
  FLG	
  was	
  filtered	
  after	
  and	
  

the	
  filtrates	
  treated	
  as	
  above	
  to	
  develop	
  and	
  measure	
  the	
  pink	
  chromogen.	
  

4.2.3.9	
  Lipid	
  peroxidation	
   	
  

Linoleic	
  acid	
  oxidation	
  is	
  used	
  as	
  a	
  model	
  in	
  this	
  study.	
  The	
  oxidation	
  is	
  initiated	
  by	
  an	
  azo	
  

initiator	
  AAPH.43	
  Fresh	
  linoleic	
  acid	
  (150	
  µL)	
  was	
  dispersed	
  in	
  PBS	
  (150	
  µL,	
  50	
  mM,	
  pH	
  7.4)	
  

with	
  SDS	
  (10	
  mM)	
  as	
  surfactant.	
  The	
  solution	
  was	
  then	
  diluted	
  20	
  times	
  and	
  added	
  tested	
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materials	
  (200	
  ppm	
  final	
  concentration).	
  Oxidation	
  is	
  initiated	
  by	
  the	
  addition	
  of	
  AAPH	
  (2.4	
  

mM	
   final	
   concentration)	
   into	
   the	
   above	
   solution	
   preheated	
   in	
   40	
   °C	
   water	
   bath.	
   The	
  

progress	
   of	
   oxidation	
   was	
   monitored	
   by	
   taking	
   a	
   small	
   sample	
   of	
   the	
   solution	
   and	
  

measuring	
   the	
  amount	
  of	
   lipid	
  peroxides,	
  which	
   is	
  determined	
  by	
  boiling	
   the	
  sample	
  with	
  

TBA	
  (3%	
  w/v)	
  for	
  15	
  min	
  and	
  comparing	
  the	
  absorbance	
  at	
  531	
  nm.44	
  Higher	
  absorbance	
  

indicates	
  lipid	
  oxidized	
  to	
  higher	
  extent.	
  

4.2.3.10	
  TiO2	
  encapsulation	
  by	
  graphene	
  for	
  ROS	
  suppression	
  

Here	
  0.01	
  mM	
  Rhodamine	
  B	
  (RhB)	
  was	
  used	
  to	
  monitor	
  the	
  production	
  of	
   .OH-­‐induced	
  by	
  

UV	
   irradiation	
   (365	
  nm	
  at	
  ~10	
  mW	
  cm-­‐2)	
   and	
   the	
   relative	
  quenching	
  ability	
  of	
  GO	
  added.	
  

Water	
  is	
  transparent	
  to	
  the	
  wavelength	
  used	
  here.45	
  The	
  suspension	
  containing	
  GO	
  (20	
  ppm)	
  

and	
   TiO2	
  (80	
   ppm)	
   looks	
   uniform	
   without	
   agglomeration	
   in	
   PBS	
   (pH	
   7.4).46	
   An	
   intrinsic	
  

contact	
  between	
  graphene	
  based	
  materials	
  and	
  TiO2	
  is	
  achieved.	
  We	
  used	
  a	
  method	
  similar	
  

to	
   a	
   previous	
   study	
   by	
   our	
   group	
   to	
   produce	
  TiO2	
  graphene	
   nanosacks.47	
  Nanosacks	
   (100	
  

ppm,	
   ~80%	
   TiO2	
   and	
   ~20%	
   graphene-­‐based	
   materials)	
   were	
   used	
   for	
   comparison.	
   The	
  

mixture	
  of	
  dye,	
  TiO2	
   (and	
  GO)	
   in	
  buffer	
  was	
   left	
   for	
  30	
  min	
   in	
  darkness	
  under	
  continuous	
  

stirring	
  with	
   rotator	
   for	
   physisorption	
   before	
   exposure.	
   After	
   exposed	
   to	
   UV	
   light	
  with	
   a	
  

distance	
  of	
  ~5	
  cm	
  between	
  irradiation	
  source	
  and	
  the	
  solution	
  under	
  continuous	
  stirring	
  for	
  

various	
   length	
   of	
   time	
   the	
   solid	
   materials	
   were	
   removed	
   through	
   filtration	
   and	
   the	
  

absorbance	
  of	
  RhB	
  was	
  recorded.	
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4.3	
  Results	
  and	
  discussion	
  

4.3.1	
  Characterization	
  

Figure	
   4.1	
   summarizes	
   the	
   properties	
   of	
   the	
   graphene-­‐based	
   materials	
   synthesized	
   and	
  

used	
  in	
  this	
  study.	
  The	
  GO	
  has	
  typical	
  lateral	
  dimensions	
  from	
  1–5	
  µm	
  (Figure	
  4.1B)	
  and	
  is	
  

primarily	
  in	
  monolayer	
  form	
  (Figure	
  4.1C),	
  which	
  exhibits	
  ~2600	
  m2	
  g-­‐1	
  surface	
  area	
  when	
  

fully	
   dispersed	
   in	
   aqueous	
   media.	
   In	
   contrast,	
   the	
   FLG	
   and	
   rGO	
  materials	
   are	
   multilayer	
  

structures	
   that	
   were	
   obtained/fabricated	
   as	
   dry	
   powders	
   that	
   must	
   be	
   dispersed	
   in	
   the	
  

aqueous	
   test	
  media.	
   Vapor	
   adsorption	
  methods	
   provide	
   information	
   on	
   surface	
   area	
   and	
  

pore	
  structure	
  of	
  these	
  graphene-­‐based	
  powders	
  (Figure	
  4.1D),	
  which	
  are	
  lower	
  (663-­‐713	
  

m2	
  g-­‐1)	
  than	
  the	
  monolayer	
  surface	
  area	
  due	
  to	
  face-­‐to-­‐face	
  association	
  of	
   individual	
   layers	
  

(or	
  incomplete	
  exfoliation	
  in	
  some	
  cases).	
  The	
  surface	
  area	
  of	
  rGO	
  powders	
  measured	
  by	
  N2	
  

probe	
  is	
  only	
  10	
  m2	
  g-­‐1	
  (data	
  not	
  shown)	
  but	
  680	
  m2	
  g-­‐1	
  when	
  measured	
  by	
  CO2	
  probe.	
  This	
  is	
  

a	
   well-­‐known	
   effect	
   in	
   carbon	
   materials	
   (Areanitrogen	
  <<	
   Areacarbon-­‐dioxide)	
   that	
   indicates	
   the	
  

presence	
  of	
  super-­‐micropores	
  near	
  the	
  molecular	
  diameter	
  of	
  N2	
  (0.3-­‐0.84	
  nm)	
  that	
  are	
  not	
  

accessible	
   to	
   the	
   N2	
   probe	
   at	
   the	
   low	
   temperature	
   of	
   the	
   experiment	
   (77	
   K)	
   due	
   to	
  

diffusional	
   limitations	
   but	
   are	
   accessible	
   to	
   CO2	
  (a	
   similarly	
   sized	
  molecule)	
   at	
   the	
   higher	
  

temperatures	
   used	
   to	
   obtain	
   those	
   isotherms	
   (273	
   K).48	
   The	
   presence	
   of	
   these	
   ultrafine	
  

micropores	
   capable	
   of	
   molecular	
   sieving	
   has	
   been	
   observed	
   previously	
   in	
   rGO	
   films.49	
  

Raman	
  characterization	
  (Figure	
  4.1A)	
  shows	
  lower	
  defect	
  densities	
  on	
  FLG,	
  as	
  expected	
  for	
  

this	
   material	
   that	
   has	
   not	
   been	
   subjected	
   to	
   permanganate-­‐mediated	
   basal	
   surface	
  

oxidation.	
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Figure	
  4.1	
  GO	
  based	
  materials	
  characterization.	
   	
  

(A)	
  Raman	
  spectra;	
  (B)	
  Typical	
  SEM	
  image	
  showing	
  1-­‐5	
  µm	
  nominal	
  lateral	
  dimension	
  for	
  GO	
  sheets	
  
on	
   silicon	
   substrate;	
   (C)	
   AFM	
   image	
   of	
   typical	
   GO	
   sheet.	
   Line	
   scan	
   shows	
   1.04	
   nm	
   step	
   height	
  
indicating	
  monolayer	
  GO;	
  D:	
  Differential	
  pore	
  size	
  distributions	
  (Diff.	
  PSD)	
  for	
  rGO	
  and	
  FLG	
  as	
  bulk	
  
dry	
  powders	
  as	
  probed	
  by	
  CO2	
  at	
  273	
  K	
  (main	
  plot)	
  and	
  N2	
  at	
  77	
  K	
  (inset).	
   	
   The	
  total	
  surface	
  areas	
  
near	
  700	
  m2	
  g-­‐1	
   indicate	
   that	
   the	
  materials	
  are	
  composed	
  of	
  multilayer	
  stacks	
  of	
  approximately	
  3-­‐4	
  
layers	
   (2600/700).	
  The	
  N2	
  Diff.	
   PSD	
   show	
  characteristic	
  modes	
  with	
  a	
  periodic	
   spacing	
  of	
  1-­‐2	
  nm,	
  
which	
  has	
  been	
  interpreted	
  as	
  the	
  pores	
  formed	
  by	
  irregular	
  stacking	
  of	
  1-­‐2	
  nm	
  plate-­‐like	
  structures	
  
50	
  

4.3.2	
  Hydroxyl	
  radical	
  scavenging	
  

Multiple	
   assays	
  were	
  employed	
   to	
   characterize	
   the	
  ability	
  of	
   graphene-­‐based	
  materials	
   to	
  

scavenge	
   ·OH,	
  which	
   is	
   a	
   highly	
   reactive	
   radical	
   implicated	
   in	
   a	
  wide	
   range	
   of	
   undesired	
  

low-­‐temperature	
   oxidation	
   processes	
   and	
   biochemical	
   reactions.	
   Figure	
   4.2	
   shows	
   the	
  



	
  

100	
  

ability	
  of	
  (monolayer)	
  GO	
  in	
  suspension	
  to	
  protect	
  organic	
  molecules	
  in	
  solution	
  from	
  ·OH	
  

oxidation.	
  Here	
  the	
  ·OH	
  is	
  generated	
  by	
  Fenton	
  chemistry	
  (Fe2+	
  +	
  H2O2	
  →	
  ·OH	
  +	
  OH-­‐	
  +	
  Fe3+),	
  

and	
   the	
   oxidizable	
   target	
   molecules	
   are	
   tracked	
   by	
   UV-­‐vis.	
   spectroscopy	
   (for	
   the	
   case	
   of	
  

phenol	
   red,	
  Figure	
  4.2A)	
  or	
  by	
  EPR	
  (for	
  DMPO,	
  which	
   forms	
   the	
  DMPO-­‐OH	
  radical	
  adduct	
  

with	
   its	
  characteristic	
  EPR	
  spectrum	
  shown	
  in	
  Figure	
  4.2B).	
  The	
  protective	
  effect	
  of	
  GO	
  in	
  

both	
  cases	
  is	
  dose-­‐dependent	
  and	
  quite	
  pronounced	
  above	
  100	
  µg	
  mL-­‐1	
  (100	
  ppm).	
   	
  

	
  

	
  

Figure	
  4.2	
  GO	
  as	
  a	
  hydroxyl-­‐radical	
  scavenger.	
   	
  

(A)	
  Addition	
  of	
  100	
  ppm	
  GO	
   	
   protects	
  phenol	
   red	
   from	
  oxidation	
  by	
  Fenton-­‐generated	
   .OH	
  over	
  8	
  
hrs.	
   (B)	
   Addition	
   of	
   GO	
   protects	
   the	
   spin-­‐trap	
   DMPO	
   from	
   oxidation	
   by	
   Fenton-­‐generated	
   .OH	
  
detected	
   by	
   EPR	
   spectroscopy.	
   The	
   protective	
   effect	
   is	
   concentration	
   dependent	
   over	
   the	
   range	
  
0.1-­‐90	
   ppm	
   GO.	
   (C)	
   Both	
   phenol	
   red	
   monitoring	
   and	
   EPR	
   were	
   used	
   to	
   test	
   if	
   the	
   GO-­‐mediated	
  
protective	
   effect	
   is	
   due	
   to	
   radical	
   scavenging	
   or	
   Fenton	
   suppression	
   by	
   Fe-­‐binding.	
   The	
  protective	
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effect	
  of	
  GO	
  is	
  still	
  present	
  when	
  GO-­‐Fe	
  binding	
  is	
  suppressed	
  by	
  EDTA,	
  confirming	
  the	
  importance	
  of	
  
radical	
   scavenging.	
   (D)	
   GO	
   also	
   protects	
   DMPO	
   when	
   .OH	
   is	
   generated	
   sonochemically,	
   in	
   a	
  
non-­‐Fenton	
  assay,	
   providing	
   additional	
   evidence	
   for	
   true	
   radical	
   scavenging.	
  All	
   experiments	
  were	
  
done	
  in	
  PBS	
  (pH	
  3.5).	
  

	
   We	
   considered	
   the	
   possibility	
   that	
   the	
   observed	
   effect	
   was	
   due	
   to	
   inhibition	
   of	
   the	
  

Fenton	
  reaction	
  by	
  iron	
  complexation	
  at	
  oxygen-­‐containing	
  functional	
  groups	
  on	
  GO	
  rather	
  

than	
  radical	
  scavenging,	
  and	
  carried	
  out	
  two	
  control	
  experiments	
  to	
  evaluate	
  this	
  possibility.	
   	
  

Figure	
   4.2C	
   shows	
   that	
   the	
   GO	
   protective	
   effect	
   is	
   still	
   observed	
   when	
   an	
   excess	
   of	
  

ethylenediamine	
  tetra	
  acetic	
  acid	
  (EDTA)	
  is	
  added,	
  whose	
  strong	
  chelation	
  ability	
  prevents	
  

iron	
   complexation	
  with	
   GO.	
   (Separate	
   experiments	
   involving	
   iron	
   analysis	
   by	
   inductively	
  

coupled	
   plasma-­‐atomic	
   emission	
   spectroscopy	
   (ICP-­‐ES)	
   show	
   that	
   GO	
   does	
   bind	
   iron	
   in	
  

these	
  solutions,	
  but	
  not	
  in	
  the	
  presence	
  of	
  the	
  much	
  stronger	
  complexing	
  agent	
  EDTA	
  –	
  see	
  

ESI).	
   	
   The	
   EDTA-­‐Fe	
   complex	
   retains	
   some	
   redox	
   activity,	
   which	
   leads	
   to	
   phenol	
   red	
  

oxidation	
  and	
  DMPO	
  adduct	
  formation,	
  and	
  these	
  oxidation	
  processes	
  are	
  still	
  inhibited	
  by	
  

GO,	
   confirming	
   the	
   presence	
   of	
   the	
   radical	
   scavenging	
   mechanism.	
   Further,	
   Figure	
   4.2D	
  

shows	
  that	
  GO	
   is	
  still	
  protective	
  when	
   ·OH	
   is	
  generated	
  by	
  sonochemistry,	
  which	
   involves	
  

homolytic	
  cleavage	
  of	
  H2O2	
  51-­‐52	
  by	
  a	
  mechanism	
  that	
  does	
  not	
  involve	
  iron.	
  Another	
  possible	
  

artifact	
   here	
   would	
   be	
   the	
   direct	
   reaction	
   between	
   GO	
   and	
   H2O2	
   used	
   in	
   the	
  

Fenton-­‐generation	
  of	
  ·OH,	
  but	
  this	
  reaction	
  was	
  found	
  to	
  be	
  slow	
  by	
  direct	
  measurement	
  of	
  

H2O2	
  (see	
   ESI)	
   and	
   through	
   a	
   later	
   assay	
   (Figure	
   4.6A).	
   Overall,	
   it	
   is	
   clear	
   that	
   dispersed	
  

monolayer	
  GO	
  at	
  100	
  ppm	
  concentration	
  is	
  quite	
  active	
  as	
  an	
  ·OH	
  scavenger.	
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Figure	
  4.3	
  GO	
  antioxidant	
  function	
  in	
  systems	
  with	
  .OH	
  generation	
  by	
  UV-­‐irradiation	
  
of	
  hydrogen	
  peroxide.	
   	
  

(A)	
   GO	
   (200	
   ppm)	
   retards	
   phenol	
   red	
   oxidation,	
   (B)	
   GO	
   (200	
   ppm)	
   suppresses	
   DMPO-­‐OH	
   radical	
  
adduct	
   formation;	
   (C)	
   Mechanism	
   -­‐	
   additional	
   experiments	
   to	
   separate	
   the	
   effects	
   of	
   radical	
  
scavenging	
  and	
  UV	
  adsorption	
  by	
  GO.	
  Placing	
  GO	
  in	
  the	
  UV	
  beam	
  path	
  but	
  physically	
  separated	
  from	
  
the	
  dye	
  reveals	
   the	
  contribution	
  of	
  UV	
  absorption	
   to	
   the	
   total	
  protective	
  effect	
  of	
  GO.	
  Results	
   from	
  
both	
  dye	
  monitoring	
  (main	
  plot,	
  200	
  ppm	
  GO)	
  and	
  EPR	
  (inset,	
  100	
  ppm	
  GO)	
  show	
  that	
  the	
  protective	
  
effect	
  of	
  GO	
  in	
  these	
  systems	
  is	
  a	
  combination	
  of	
  UV	
  absorption	
  and	
  radical	
  scavenging.	
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   Figure	
  4.3	
  characterizes	
  the	
  behavior	
  of	
  GO	
  in	
  systems	
  where	
  ·OH	
  is	
  generated	
  by	
  water	
  

photolysis	
  rather	
  than	
  Fenton	
  chemistry.	
  Here	
  again,	
  suspended	
  monolayer	
  GO	
  shows	
  some	
  

protective	
   effect	
   for	
   phenol	
   red	
   (Figure	
   4.3A)	
   and	
   for	
   DMPO	
   (Figure	
   4.3B).	
   These	
   effects	
  

cannot	
   be	
   related	
   to	
   iron	
  binding,	
   but	
  may	
   involve	
   ·OH	
   scavenging	
  or	
  UV	
   absorption	
   that	
  

inhibits	
   the	
   original	
   ·OH	
   generation.	
   Figure	
   4.3C	
   shows	
   the	
   results	
   of	
   special	
   control	
  

experiments	
  to	
  determine	
  the	
  separate	
  contributions	
  of	
  UV	
  absorption	
  and	
  ·OH	
  scavenging.	
  

The	
   red	
   curves	
   (second	
   from	
   bottom)	
   were	
   generated	
   by	
   placing	
   the	
   GO	
   in	
   a	
   separate	
  

cuvette	
  -­‐	
  isolated	
  from	
  the	
  target	
  molecule,	
  but	
  in	
  the	
  beam	
  path	
  where	
  UV	
  absorption	
  can	
  

occur	
  but	
  not	
  scavenging	
  in	
  a	
  manner	
  that	
  could	
  protect	
  the	
  phenol	
  red	
  (main	
  plot)	
  or	
  the	
  

DMPO	
  (inset).	
  These	
  results	
  show	
  that	
  the	
  antioxidant	
  effect	
  of	
  GO	
  here	
  is	
  a	
  combination	
  of	
  

UV	
   absorption	
   and	
   ·OH	
   scavenging.	
   The	
   UV	
   absorption	
   is	
   a	
   type	
   of	
   preventative	
  

antioxidation	
  mechanism,	
  and	
  because	
  this	
  absorption	
  is	
  the	
  result	
  of	
  integration	
  along	
  the	
  

total	
  beam	
  path,	
  it	
  should	
  be	
  more	
  important	
  in	
  thicker	
  systems	
  (tissues,	
  bulk	
  materials	
  or	
  

thick	
  films)	
  and	
  less	
  important	
  in	
  thin	
  film	
  systems	
  according	
  to	
  Beer-­‐Lambert	
  law.	
  

	
   An	
  important	
  goal	
  of	
  this	
  work	
  is	
  to	
  explore	
  the	
  relative	
  antioxidant	
  activity	
  of	
  different	
  

members	
  of	
  the	
  graphene	
  material	
  family	
  as	
  a	
  guide	
  to	
  material	
  selection	
  and	
  design.	
   	
  

	
   We	
  attempted	
  to	
  use	
  all	
  three	
  materials	
  (GO,	
  rGO,	
  FLG)	
  in	
  all	
  assays,	
  but	
  found	
  that	
  the	
  

hydrophobic	
  varieties	
   (rGO,	
  FLG)	
  produced	
  adsorptive	
  artifacts,	
  especially	
   in	
   those	
  assays	
  

involving	
   dye	
   destruction,	
   due	
   to	
   the	
   well-­‐known	
   affinity	
   of	
   pristine	
   carbon	
   surfaces	
   for	
  

conjugated	
   dyes.	
   We	
   therefore	
   focused	
   on	
   GO	
   in	
   most	
   assays,	
   but	
   devised	
   special	
  

experiments	
   to	
   compare	
   the	
   three	
  materials	
   in	
   a	
   reliable	
  manner	
   free	
   of	
   artifacts.	
   Figure	
  

4.4A	
   compares	
   the	
   .OH	
   scavenging	
   activities	
   of	
   GO,	
   rGO,	
   FLG,	
   and	
   reference	
   antioxidants	
  

using	
  the	
  DMPO	
  spin	
  trap	
  protection	
  assay	
  with	
  Fenton-­‐generated	
  .OH	
  and	
  EPR	
  detection	
  of	
  

DMPO-­‐OH	
  as	
  above.	
  At	
  200	
  ppm,	
  all	
  the	
  graphene-­‐based	
  materials	
  are	
  active	
  scavengers	
  and	
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are	
   more	
   active	
   than	
   the	
   reference	
   antioxidants	
   mannitol	
   and	
   the	
   fullerene	
   derivative	
  

pyrrolidine	
   tris-­‐acid	
  C60	
  (pC60),	
  which	
   is	
   a	
   commercially	
   available	
  water-­‐soluble	
   fullerene	
  

derivative	
  reported	
  to	
  show	
  antioxidant	
  activity.24	
  Ascorbic	
  acid	
  is	
  seen	
  to	
  be	
  a	
  pro-­‐oxidant	
  

under	
  these	
  conditions,	
  as	
  has	
  been	
  observed	
  previously,53	
  and	
  attributed	
  to	
   its	
  activity	
   in	
  

reducing	
  Fe3+	
   to	
  Fe2+	
   for	
   further	
  Fenton	
  reaction	
  with	
  peroxide11,	
  54,	
  which	
  accelerates	
   .OH	
  

generation	
  in	
  this	
  assay.	
  

	
   The	
  antioxidant	
  activity	
  of	
  the	
  graphene-­‐based	
  materials	
  toward	
   .OH	
  falls	
  in	
  the	
  order	
  

FLG	
  >	
  rGO	
  >	
  GO.	
  Because	
  monolayer	
  GO	
  has	
  by	
  far	
  the	
  highest	
  surface	
  area,	
  this	
  rank	
  order	
  

indicates	
   a	
   much	
   higher	
   area-­‐specific	
   (intrinsic)	
   activity	
   for	
   the	
   pristine	
   or	
   reduced	
  

graphene	
   forms	
   (FLG,	
   rGO),	
   an	
   observation	
   that	
   provides	
   insight	
   into	
   the	
   mechanism	
   of	
  

antioxidation	
   (see	
  Discussion).	
   	
   The	
   left	
   two	
  bars	
   in	
  Figure	
  4.4B	
   shows	
   that	
   FLG	
   is	
  more	
  

active	
   than	
   GO	
   in	
   protecting	
   deoxyribose	
   from	
   .OH	
   attack.	
   We	
   were	
   concerned	
   about	
  

artifacts,	
   since	
   the	
  pristine	
  hydrophobic	
  surfaces	
  of	
   the	
  FLG	
  samples	
  can	
  cause	
  significant	
  

physical	
   adsorption	
   of	
   dyes	
   and	
   reagents	
   in	
   biological	
   fluids	
   and	
   assays.55	
   We	
   therefore	
  

carried	
   out	
   an	
   additional	
   assay	
   with	
   deoxyribose	
   as	
   a	
   very	
   soluble	
   hydrophilic	
   target	
  

molecule	
  that	
  is	
  not	
  depleted	
  by	
  physical	
  adsorption	
  under	
  these	
  conditions	
  (the	
  right	
  two	
  

bars	
   in	
   Figure	
   4.4B).	
   Here	
   too	
   FLG	
   is	
   more	
   active	
   indicating	
   that	
   it	
   is	
   an	
   intrinsically	
  

better	
   .OH	
   scavenger	
   than	
   GO.	
   Additional	
   controls	
   indicate	
   that	
   the	
   EPR	
   effects	
   in	
   Figure	
  

4.4A	
  are	
  not	
  due	
  to	
  FLG	
  interacting	
  with	
  DMPO	
  or	
  its	
  OH	
  adduct	
  (see	
  ESI).	
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Figure	
  4.4	
  Comparison	
  of	
  different	
  graphene-­‐based	
  materials	
  as	
  .OH	
  scavengers.	
   	
  

(A)	
  EPR	
  spectra	
  of	
  DMPO-­‐OH.	
  adduct	
  formed	
  through	
  20	
  min	
  Fenton	
  reaction-­‐	
  in	
  the	
  presence	
  of	
  200	
  
ppm	
   graphene-­‐based	
   and	
   	
   reference	
   materials.	
   Radical	
   scavenging	
   potency	
   follows	
   rank	
   order:	
   	
  
FLG	
  >	
  rGO	
  >	
  GO	
  >	
  mannitol>	
  pC60.	
  Ascorbic	
  acid	
   is	
  a	
  pro-­‐oxidant	
  under	
  these	
  conditions.	
  (B)	
  MDA	
  
assay	
  showing	
  100	
  ppm	
  FLG	
  is	
  more	
  active	
  than	
  100	
  ppm	
  GO	
  in	
  protection	
  of	
  100	
  mM	
  deoxyribose	
  
from	
  Fenton-­‐generated	
   .OH	
  oxidation.	
  The	
  right-­‐hand	
   two	
  bars	
  show	
  control	
  experiments	
   that	
  rule	
  
out	
  adsorptive	
  artifacts	
  in	
  the	
  FLG	
  experiment.	
  When	
  FLG	
  is	
  added	
  and	
  removed	
  before	
  the	
  oxidation	
  
step	
  (third	
  bar),	
  there	
  is	
  no	
  effect	
  (which	
  rules	
  out	
  physical	
  adsorption	
  of	
  deoxyribose).	
  When	
  FLG	
  is	
  
added	
  and	
  removed	
  after	
  the	
  oxidation	
  (fourth	
  bar),	
  there	
  is	
  also	
  no	
  effect	
  (which	
  rules	
  our	
  physical	
  
adsorption	
  of	
  the	
  deoxyribose	
  oxidation	
  products)	
  

	
  

4.3.3	
  Other	
  radical	
  and	
  oxidant	
  interactions	
  

Superoxide	
   anion,	
   O2·-­‐,	
   is	
   another	
   important	
   oxygen-­‐centered	
   radical	
   species	
   that	
   forms	
  

through	
   the	
   one-­‐electron	
   reduction	
   of	
   molecular	
   oxygen,	
   and	
   is	
   scavenged	
   in	
   biological	
  

system	
   by	
   the	
   superoxide	
   dismutase	
   family	
   of	
   antioxidant	
   enzymes	
   that	
   catalyze	
   its	
  

destruction	
  through	
  disproportionation	
  to	
  H2O2	
  and	
  O2.56	
  Figure	
  4.5	
  shows	
  the	
  effects	
  of	
  GO	
  

on	
   superoxide	
   concentrations	
   following	
   O2·-­‐	
   generation	
   by	
   non-­‐enzymatic	
   (A)	
   and	
  

enzymatic	
  (B)	
  routes.	
  The	
  assay	
  monitors	
  the	
  superoxide-­‐mediated	
  conversion	
  of	
  nitroblue	
  

tetrazolium	
   chloride	
   (NBT)	
   to	
   the	
   blue	
   chromagen	
   formazan,	
   which	
   has	
   a	
   characteristic	
  

absorption	
  peak	
  at	
  560	
  nm.38	
  Figure	
  4.5A	
  shows	
  that	
  GO	
  shows	
  a	
  modest	
  scavenging	
  effect	
  

against	
  superoxide	
  compared	
  to	
  ascorbic	
  acid	
  and	
  pC60,	
  which	
  both	
  have	
  been	
  reported	
  as	
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strong	
   O2·-­‐	
   scavengers.24,	
   57-­‐59	
   Because	
   the	
   activity	
   is	
   seen	
   in	
   both	
   the	
   enzymatic	
   and	
  

non-­‐enzymatic	
   systems,	
   the	
   results	
   cannot	
   be	
   attributed	
   to	
   GO-­‐mediated	
   enzyme	
  

deactivation.	
  

	
   In	
  addition	
  to	
  the	
  protection-­‐based,	
  three-­‐molecule	
  (oxidant,	
  target,	
  antioxidant)	
  assays	
  

described	
  above,	
  antioxidant	
  activity	
  can	
  also	
  be	
  assessed	
  by	
  measuring	
  the	
  direct	
  reaction	
  

rates	
  of	
  candidate	
  antioxidant	
  molecules	
  (here	
  graphene-­‐based	
  materials)	
  with	
  model	
  free	
  

radicals	
  of	
  sufficient	
  stability	
  for	
  use	
  in	
  laboratory	
  assays.	
  Figure	
  4.5C	
  shows	
  results	
  for	
  the	
  

standard	
  radical	
  DPPH·34,	
  39,	
  60	
  and	
  Figure	
  4.5D	
   for	
  ABTS.+.41	
  GO	
  shows	
  weak	
  activity	
  toward	
  

DPPH·	
   in	
  comparison	
  to	
  the	
  known	
  reference	
  antioxidants	
  pC60	
  and	
  ascorbate.7	
  Similarly,	
  

GO	
   shows	
   weak	
   but	
   measureable	
   activity	
   toward	
   ABTS.+	
   relative	
   to	
   known	
   antioxidants	
  

ascorbate,	
  pC60,	
  and	
  Trolox.41,	
  61	
  Because	
  the	
  quenching	
  of	
  DPPH·	
  and	
  ABTS.+	
  typically	
  occur	
  

through	
  hydrogen	
  donation40-­‐41	
  the	
  weak	
  activity	
  of	
  GO	
  here	
  suggests	
  it	
  is	
  a	
  poor	
  H-­‐donor.	
  



	
  

107	
  

	
  

Figure	
  4.5	
  GO	
  interactions	
  with	
  other	
  radical	
  species.	
   	
  

(A,B)	
  superoxide	
  radical	
  scavenging	
  by	
  GO	
  and	
  reference	
  antioxidants	
  (83	
  ppm)	
  using	
  nonenzymatic	
  
(A)	
   and	
   enzymatic	
   (B)	
  methods	
  of	
   superoxide	
   generation.	
   Superoxide	
  was	
  monitored	
   for	
  600	
   s	
   by	
  
measuring	
   the	
   absorbance	
   of	
   superoxide-­‐reduced	
   NBT	
   at	
   560	
   nm.	
   GO	
   shows	
   modest	
   scavenging	
  
activity	
   in	
   this	
  assay.	
  C,	
  D:	
   Interaction	
  of	
  GO	
  and	
  reference	
  antioxidants	
   (100	
  ppm)	
  with	
   the	
  model	
  
stable	
   free	
  radicals	
  DPPH.	
   (C)	
  and	
  ABTS.+	
  radical	
  cation	
  (D).	
  GO	
  shows	
  weak	
  activity	
  relative	
  to	
   the	
  
known	
  H-­‐donor	
  antioxidants	
  ascorbic	
  acid	
  and	
  Trolox.	
  

	
  

	
   Glutathione	
  (GSH)	
  is	
  a	
  key	
  endogenous	
  antioxidant,	
  whose	
  depletion	
  is	
  widely	
  used	
  as	
  a	
  

measure	
  of	
  oxidative	
  stress	
  in	
  biological	
  systems.56,	
  62-­‐63	
  GSH	
  oxidation	
  can	
  be	
  catalyzed	
  by	
  

carbon	
  nanotubes14	
  and	
  an	
  acellular	
  GSH	
  oxidation	
  assay	
  has	
  been	
  proposed	
  as	
  a	
  measure	
  

of	
   pro-­‐oxidant	
   potential	
   for	
   carbon	
   nanomaterials.14-­‐15	
   GSH	
   reacts	
   quickly	
  with	
   hydrogen	
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peroxide	
   14	
   and	
  here	
  we	
   carried	
  out	
   experiments	
   to	
   see	
   if	
  GO	
   could	
   inhibit	
   that	
  oxidation	
  

and	
  protect	
  GSH.	
  Figure	
  4.6A	
  shows	
  that	
  GO	
  has	
  no	
  measurable	
  ability	
  to	
  protect	
  GSH	
  from	
  

H2O2.	
  Figure	
  4.6B	
  shows	
  that	
  the	
  presence	
  of	
  GO	
  caused	
  a	
  slight	
  delay	
  in	
  lipid	
  peroxidation	
  

initiated	
   by	
   the	
   azo	
   free-­‐radical	
   initiator	
   2,2’-­‐azobis(2-­‐amidinopropane)	
   hydrochloride	
  

(AAPH)	
  which	
  decomposes	
  by	
  a	
  first	
  order	
  kinetics.	
  Lipid	
  peroxidation	
  is	
  a	
  major	
  cause	
  of	
  

food	
  and	
  drug	
  product	
  spoilage	
  and	
  has	
  been	
  implicated	
  in	
  human	
  disease.4	
  Here	
  GO	
  shows	
  

a	
   weaker	
   antioxidant	
   activity	
   than	
   Trolox,	
   an	
   analog	
   of	
   vitamin	
   E	
   used	
   as	
   a	
   standard	
  

reference	
  antioxidant	
  for	
  lipid	
  peroxidation.	
   	
  

	
  

Figure	
  4.6	
  Graphene	
  material	
  activity	
  against	
  hydrogen	
  peroxide	
  and	
  lipid	
  peroxyl	
  
radicals	
  

(A)	
  GO	
  and	
  rGO	
  (100	
  ppm)	
  shows	
  no	
  protection	
  on	
  4	
  mM	
  GSH	
  against	
  oxidation	
  by	
  1	
  mM	
  H2O2.	
  (B)	
  
GO	
  (200	
  ppm)	
  shows	
  weak	
  protection	
  on	
  linoleic	
  acid	
  against	
  oxidation.	
  

	
  

4.3.4	
  Discussion	
   	
  

Figures	
   4.2-­‐6	
   provide	
   the	
   first	
   systematic	
   data	
   on	
   the	
   antioxidant	
   behaviors	
   of	
  

graphene-­‐based	
   materials.	
   A	
   number	
   of	
   clear	
   patterns	
   are	
   seen:	
   first	
   they	
   are	
   active	
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against	
  .OH	
  in	
  multiple	
  independent	
  assays,	
  and	
  when	
  present	
  in	
  a	
  well-­‐dispersed	
  state	
  at	
  ~	
  

100	
  ppm	
  can	
  protect	
  dissolved	
  organic	
  dyes	
  and	
  spin	
  traps	
  from	
   .OH	
  oxidation.	
  They	
  show	
  

modest	
   activity	
   against	
   superoxide,	
   but	
   are	
   relatively	
   inactive	
   toward	
  hydrogen	
  peroxide,	
  

lipid	
   peroxyl	
   radicals,	
   and	
   two	
   stable	
   free	
   radicals	
   (DPPH.,	
   ABTS.+)	
   that	
   are	
   often	
   used	
   as	
  

standard	
   probes	
   to	
   assess	
   the	
   activity	
   of	
   molecular	
   antioxidants.	
   The	
   graphene-­‐based	
  

materials	
   show	
  OH	
  radical	
   scavenging	
  activities	
   in	
   the	
  order	
  FLG	
  >	
   rGO	
  >	
  GO,	
  which	
   is	
   in	
  

inverse	
  order	
  to	
  their	
  total	
  surface	
  area.	
  

	
   To	
  what	
  extent	
  can	
  this	
  pattern	
  of	
  antioxidant	
  activity	
  be	
  related	
  to	
  the	
  structures	
  of	
  GO	
  

or	
  pristine	
  FLG?	
  First	
  we	
  note	
  that	
  graphene	
  materials	
  may	
  also	
  have	
  pro-­‐oxidant	
  activities,	
  

and	
  the	
  observed	
  ROS	
  inhibition	
  here	
  is,	
   in	
  principle,	
   the	
  net	
  effect	
  of	
  ROS	
  scavenging	
  and	
  

generation,	
  though	
  the	
  high	
  concentrations	
  of	
  externally	
  generated	
  ROS	
  may	
  be	
  expected	
  to	
  

overwhelm	
  the	
  material-­‐dependent	
  ROS.	
  We	
  have	
  carried	
  out	
  studies	
  of	
  oxidant	
  production	
  

from	
   this	
   set	
   of	
   materials	
   (see	
   ESI),	
   and	
   the	
   order	
   of	
   activity	
   is	
   also	
   FLG	
   >	
   rGO	
   >	
   GO,	
   so	
  

pro-­‐oxidant	
  contributions	
  cannot	
  explain	
  the	
  trends	
  seen	
  here	
  for	
  anti-­‐oxidant	
  activity.  

	
   The	
  ranking	
  FLG	
  >	
  rGO	
  >	
  GO	
  suggests	
  that	
  the	
  primary	
  actives	
  sites	
  are	
  associated	
  with	
  

the	
  pristine	
  graphenic	
  network,	
  rather	
  than	
  oxygen-­‐containing	
  functional	
  groups.	
  We	
  note	
  

that	
  the	
  activity	
  of	
  oxygen-­‐containing	
  groups	
  may	
  be	
  pH-­‐dependent,	
  but	
  the	
  high	
  activity	
  of	
  

FLG	
   relative	
   to	
   GO	
   is	
   seen	
   at	
   both	
   pH3	
   and	
   pH7	
   in	
   separate	
   assays.	
   Most	
   molecular	
  

antioxidants	
  that	
  show	
  activity	
  toward	
  DPPH.	
  and	
  ABTS.+	
  are	
  hydrogen	
  donors	
  of	
  the	
  form	
  

AH	
  that	
  act	
  through:	
  AH	
  +	
  R.	
  →	
  RH	
  +	
  A.,	
  where	
  the	
  new	
  radical	
  A.	
  is	
  sufficiently	
  stable	
  not	
  to	
  

propagate	
  the	
  free-­‐radical	
  chain	
  reaction.	
  Many	
  H-­‐donor	
  antioxidants	
  for	
  .OH	
  scavenging	
  act	
  

through	
   R-­‐O-­‐H	
   groups	
  where	
   the	
   O-­‐H	
   bond	
   dissociation	
   energy	
   (BDE)	
   is	
   low	
   enough	
   for	
  

sufficient	
   reactivity.	
   32,	
  64	
   It	
   is	
   interesting	
   that	
  GO	
   is	
   seen	
  here	
   to	
  be	
  a	
  weak	
  antioxidant	
   in	
  

these	
   standard	
   assays,	
   and	
   is	
   thus	
   a	
   poor	
   H-­‐donor	
   antioxidant	
   despite	
   its	
   high	
   hydroxyl	
  



	
  

110	
  

content	
  compared	
  with	
  rGO	
  and	
  FLG	
  as	
  shown	
  by	
  the	
  FTIR	
  spectra	
  in	
  ESI	
  (OH/C	
  ratio	
  ~0.25	
  

as	
  reported	
  in	
  literature).65	
  

	
   We	
   believe	
   the	
   weak	
   activity	
   of	
   GO	
   as	
   a	
   donor	
   antioxidant	
   is	
   consistent	
   with	
   its	
  

chemical	
   structure.	
   Many	
  antioxidants	
   are	
   phenolic	
  compounds,1	
   whose	
   radical	
   forms	
  

following	
   H-­‐donation	
   are	
   stabilized	
   by	
   resonance	
   structures,66	
   in	
   which	
   the	
   unpaired	
  

electron	
   can	
   reside	
   on	
   the	
   oxygen	
   atom,	
   or	
   on	
   ortho	
   or	
   para	
   carbons	
   on	
   the	
   adjacent	
  

aromatic	
  ring.67	
  GO	
  has	
  many	
  hydroxyl	
  groups	
  and	
  also	
  extensive	
  aromaticity	
  in	
  the	
  form	
  of	
  

pristine	
   sp2-­‐carbon	
   domains	
   between	
   oxidized	
   regions,	
   but	
   is	
   not	
   highly	
   active	
   as	
   an	
  

H-­‐donor.	
  Most	
  accepted	
  models	
  for	
  GO	
  structure	
  place	
  the	
  OH	
  groups	
  out-­‐of-­‐plane	
  at	
  basal	
  

sites,	
  where	
  oxidation	
  of	
  C=C	
  double	
  bonds	
  has	
  created	
  local	
  sp3	
  sites	
  that	
  do	
  not	
  offer	
  the	
  

adjacent	
   conjugated	
   structure	
   necessary	
   for	
   radical	
   resonant	
   stabilization.	
   Such	
   basal	
   OH	
  

groups	
  on	
  GO	
  are	
  not	
  expected	
  to	
  show	
  strong	
  antioxidant	
  activity.	
  

	
   In	
   the	
   absence	
   of	
   basal	
   defects	
   in	
   GO,	
   the	
   only	
   source	
   of	
   phenolic	
   groups	
   (aromatic	
  

hydroxyl	
  sites)	
  would	
  be	
  at	
  the	
  sheet	
  periphery.	
  Such	
  sites	
  are	
  very	
  few,	
  however,	
  for	
  the	
  GO	
  

sheets	
  of	
  microscale	
  lateral	
  dimension	
  (L	
  ~	
  1	
  µm)	
  used	
  here	
  and	
  in	
  most	
  other	
  studies.	
  The	
  

ratio	
   of	
   basal-­‐to-­‐edge	
   sites	
   scales	
   as	
   Lsheet/LC-­‐C-­‐bond,	
   which	
   is	
   of	
   order	
   103	
   for	
   microscale	
  

sheets.	
   Even	
   if	
   phenolic	
   OH	
   groups	
   were	
   to	
   cover	
   the	
   entire	
   GO	
   edge,	
   at	
   1:1000	
  

edge-­‐to-­‐basal-­‐site	
  ratio,	
  phenols	
  cannot	
  realistically	
  contribute	
  a	
  significant	
   fraction	
  of	
   the	
  

total	
  hydroxyl	
  sites	
  in	
  GO.	
  Most	
  OH	
  in	
  GO	
  must	
  be	
  non-­‐phenolic,	
  and	
  this	
  is	
  consistent	
  with	
  

the	
  low	
  H-­‐donor	
  antioxidant	
  activity	
  observed	
  here.	
  

	
   Figure	
   4.7A	
   summarizes	
   the	
   behaviors	
   observed	
   in	
   this	
   study.	
   Graphene-­‐based	
  

materials	
   are	
   effective	
   scavengers	
   hydroxyl	
   radical,	
   and	
   show	
   some	
   activity	
   toward	
  

superoxide.	
   The	
   primary	
   radical	
   scavenging	
   sites	
   are	
   believed	
   to	
   be	
   associated	
   with	
   the	
  

pristine	
   sp2-­‐carbon	
   domains,	
   which	
   act	
   through	
   adduct	
   formation28	
   or	
   electron	
   transfer.	
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Graphene-­‐based	
  materials	
  may	
  also	
  act	
  as	
  preventative	
  antioxidants	
  through	
  UV	
  absorption	
  

during	
   photochemical	
   ROS	
   formation.	
   Graphene-­‐based	
   materials	
   including	
   GO	
   are	
   weak	
  

H-­‐donor	
  antioxidants,	
  which	
  together	
  with	
  the	
  fact	
  that	
  they	
  are	
  large	
  non-­‐diffusible	
  species	
  

limits	
   their	
   use	
   to	
   certain	
   applications	
   in	
   oxidation	
  protection.	
  Graphene-­‐based	
   sheet-­‐like	
  

materials	
   of	
   microscale	
   lateral	
   dimension	
   can	
   be	
   thought	
   of	
   as	
   stationary,	
   passive	
  

scavengers	
  of	
  the	
  more	
  reactive	
  species,	
  such	
  as	
  .OH,	
  and	
  to	
  be	
  effective	
  in	
  this	
  data,	
  must	
  be	
  

present	
  at	
  concentrations	
  on	
  the	
  same	
  order	
  as	
  the	
  target	
  molecules	
  they	
  protect.	
  In	
  some	
  

terminologies,	
  materials	
   in	
   this	
   class	
   are	
   referred	
   to	
   oxidation	
   retarders	
   rather	
   than	
   true	
  

antioxidants,68	
  the	
  latter	
  term	
  being	
  reserved	
  for	
  materials	
  that	
  are	
  effective	
  at	
  much	
  lower	
  

concentrations.	
   This	
   pattern	
  of	
   activity	
   suggests	
   two	
  possible	
   antioxidant	
   applications	
   for	
  

graphene-­‐based	
  materials:	
   	
  

(1)	
   as	
   fillers	
   or	
   additives	
   in	
   a	
   continuous	
   organic	
   matrix	
   phase,	
   where	
   their	
   ultrahigh	
  

surface	
   area	
   provides	
   good	
   site	
   availability	
   and	
   large	
   capacity	
   for	
   .OH	
   or	
   .O2-­‐	
   scavenging.	
  

These	
   applications	
   will	
   require	
   high	
   concentrations	
   of	
   the	
   carbon	
   material,3	
   in	
   a	
  

well-­‐dispersed	
  state,	
  and	
  are	
  thus	
   likely	
  of	
  most	
   interest	
  when	
  the	
  graphene	
  material	
  also	
  

provides	
  a	
  second	
  function	
  as	
  a	
  conductive	
  filler	
  or	
  mechanical	
  reinforcement.69	
  

(2)	
   as	
   planar	
   films	
   or	
   encapsulation	
   shells	
  where	
   the	
   graphene	
  material	
   serves	
   both	
   as	
   a	
  

chemical	
  antioxidant	
  and	
  a	
  physical	
  barrier	
  to	
  oxidant	
  transport	
  to	
  achieve	
  a	
  high	
  degree	
  of	
  

oxidation	
   protection.	
   This	
   class	
   of	
   application	
   makes	
   use	
   of	
   the	
   unique	
   2D	
   geometry	
   of	
  

graphene.	
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Figure	
  4.7	
  Antioxidant	
  mechanisms	
  and	
  example	
  application.	
   	
   	
  

(A)	
  Overview	
  of	
  relevant	
  antioxidant	
  mechanisms	
  (UV	
  absorption,	
  iron	
  binding,	
  .OH	
  adduct	
  formation	
  
on	
  sp2–carbon	
  sites;	
  electron	
   transfer,	
  and	
  hydrogen	
  donation).	
  This	
   study	
  shows	
   that	
   the	
  primary	
  
antioxidant	
   activity	
   for	
   graphene-­‐based	
   materials	
   is	
   against	
   .OH	
   and	
   is	
   associated	
   with	
   pristine	
  
sp2-­‐carbon	
  domains.	
   	
   Hydrogen	
  donation	
  activity	
   is	
   limited	
  by	
   the	
   low	
  population	
  of	
  phenolic	
  OH,	
  
which	
  are	
   found	
  on	
  edge	
  but	
  not	
  basal	
   sites.	
   (B)	
  Example	
   application	
  of	
   graphene-­‐based	
  oxidation	
  
protection.	
   TiO2-­‐mediated	
   photocatalytic	
   destruction	
   of	
   Rhodamine	
   B	
   dye	
   in	
   the	
   presence	
   and	
  
absence	
  of	
  graphene-­‐based	
  materials	
  when	
  exposed	
  to	
  365	
  nm	
  long-­‐wavelength	
  UV.	
   	
   Addition	
  of	
  GO	
  
(final	
   concentration	
   20	
   ppm)	
   in	
   suspension	
   	
   slightly	
   inhibits	
   dye	
   destruction.	
   	
   Encapsulation	
   of	
  
TiO2	
   in	
   graphene	
   nanosacks	
   (0.1	
   mg	
   mL-­‐1	
   nanosacks	
   with	
   ~80	
   wt%	
   TiO2	
   and	
   ~20	
   wt%	
   rGO)	
  
significantly	
   inhibits	
  dye	
  oxidation.	
   	
   ROS	
  produced	
  at	
  TiO2	
  surfaces	
  are	
  scavenged	
  by	
   internal	
   rGO	
  
surfaces	
  prior	
  to	
  release	
  and	
  dye	
  oxidation.	
   	
  

As	
   a	
   first	
   demonstration	
   of	
   application	
   type	
   (2)	
   we	
   explored	
   the	
   potential	
   for	
   graphene	
  

encapsulation	
   to	
   suppress	
   the	
   release	
   of	
   ROS	
   from	
   TiO2	
   nanoparticle	
   surfaces.	
   TiO2	
  

nanoparticles	
   are	
   widely	
   used	
   in	
   exterior	
   coatings,	
   paints	
   and	
   sunscreens	
   to	
   scatter	
   and	
  

absorb	
   potentially	
   damaging	
   ultraviolet	
   radiation	
   (290-­‐400	
   nm)	
   in	
   sunlight.70	
   Ultraviolet	
  

photon	
  absorption	
  produces	
  electron-­‐hole	
  pairs	
  in	
  TiO2	
  that	
  lead	
  to	
  ROS	
  formation	
  through	
  

surface	
  reactions,71	
  which	
  in	
  turn	
  causes	
  oxidative	
  damage	
  in	
  the	
  paint,	
  coating,	
  or	
  adjacent	
  

skin	
  tissue.	
  Organic	
  and	
  inorganic	
  coatings	
  have	
  been	
  used	
  to	
  suppress	
  ROS	
  formation	
  and	
  

protect	
  the	
  product	
  or	
  tissue.72-­‐73	
  The	
  present	
  results	
  suggest	
  that	
  graphene-­‐based	
  materials	
  

may	
  be	
  effective	
  in	
  this	
  role	
  both	
  through	
  UV	
  adsorption	
  and	
  radical	
  quenching	
  if	
  a	
  suitable	
  

TiO2-­‐graphene	
  hybrid	
  architecture	
  can	
  be	
  designed.	
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   One	
   possible	
   architecture	
   involves	
   graphene	
   encapsulation,	
   which	
   has	
   been	
  

demonstrated	
   through	
   electrostatic	
   wrapping74-­‐75	
   or	
   through	
   continuous	
   aerosol	
  

microdroplet	
   drying	
   to	
   form	
   filled	
   graphene	
   nanosacks.47,	
  76-­‐77	
   An	
   important	
   pathway	
   for	
  

TiO2-­‐mediated	
  oxidative	
  damage	
   involves	
   .OH	
  production	
  according	
  to:	
  OH-­‐+	
  hole+→	
   .OH78	
  

followed	
   by	
   .OH	
   diffusion	
   from	
   the	
   surface	
   to	
   attack	
   adjacent	
   molecular	
   targets.	
   In	
   a	
  

TiO2-­‐filled	
   graphene	
  nanosack,	
   these	
   surface	
   hole	
   sites	
  would	
   exist	
   only	
   inside	
   the	
   folded	
  

sack,	
  and	
  the	
   .OH	
  produced	
  would	
  have	
  to	
  diffuse	
  through	
  the	
  porous	
   interior	
  and	
  around	
  

internal	
   graphene	
   structures	
   to	
   reach	
   surrounding	
   tissue.	
  We	
   hypothesized	
   that	
   the	
   high	
  

reactivity	
  of	
   .OH	
  toward	
  graphenic	
  surfaces	
  would	
  lead	
  to	
  quenching	
  before	
  radical	
  release,	
  

and	
   that	
   graphene	
   sack	
   encapsulation	
   would	
   be	
   effective	
   at	
   mitigating	
   TiO2	
  

nanoparticle-­‐induced	
  oxidative	
  damage.	
  

	
   Figure	
   4.7B	
   shows	
   the	
   effect	
   of	
   graphene-­‐based	
   materials	
   on	
   TiO2-­‐induced	
  

photocatalytic	
  dye	
  destruction.	
   	
   TiO2	
  nanoparticles	
  alone	
  catalyze	
   the	
  destruction	
  of	
  most	
  

of	
   the	
   dye	
   (Rhodamine	
   B)	
  within	
   3	
   hrs,	
   and	
   addition	
   of	
   GO	
   in	
   co-­‐suspension	
   has	
   a	
   slight	
  

inhibitory	
  effect	
  under	
  these	
  conditions.	
  Much	
  more	
  significant	
  inhibition	
  is	
  seen	
  when	
  all	
  of	
  

the	
  TiO2	
  particles	
  are	
  encapsulated	
   in	
   folded	
  graphene	
  nanosacks,	
  which	
  are	
  known	
  to	
  be	
  

multilayer	
  (3-­‐10)	
  rGO	
  structures	
  whose	
  irregular	
  folding	
  allows	
  rapid	
  diffusional	
  exchange	
  

of	
  solutes	
  in	
  aqueous	
  phases,47	
  here	
  oxygen	
  and	
  ROS.	
  The	
  overall	
  antioxidant	
  function	
  seen	
  

in	
   Figure	
   4.7B	
   is	
   believed	
   to	
   be	
   a	
   combination	
   of	
   UV	
   absorption,	
   ROS	
   scavenging	
   in	
   the	
  

graphene	
   sack	
   interior,	
   and	
  possible	
  passivation	
  of	
   a	
  portion	
  of	
   the	
  TiO2	
  surfaces	
  by	
   close	
  

contact	
  with	
  internal	
  conforming	
  graphene	
  structures	
  (see	
  SI)	
  in	
  a	
  manner	
  analogous	
  to	
  the	
  

passivation	
  of	
  silica	
  by	
  carbon	
  black	
  following	
  co-­‐grinding	
  to	
  produce	
  intimate	
  contact.79	
   	
  

	
   It	
   is	
   interesting	
   that	
   some	
  other	
   studies	
   report	
   the	
   opposite	
   trend	
   -­‐	
   increases	
   in	
  TiO2	
  

photochemical	
   activity	
   following	
   hybridization	
   with	
   graphene.80-­‐81	
   These	
   prior	
   studies	
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fabricate	
   TiO2	
   nanostructures	
   bound	
   to	
   planar	
   graphene	
   sheets	
   and	
   attribute	
   the	
  

enhancement	
   to	
   electron	
   transfer	
   from	
   TiO2	
   to	
   graphene,	
   which	
   reduces	
   electron-­‐hole	
  

recombination	
  and	
  improves	
  the	
  photochemical	
  efficiency.	
  This	
  same	
  effect	
  may	
  be	
  present	
  

in	
  the	
  data	
  in	
  Figure	
  4.7B,	
  but	
  is	
  overwhelmed	
  by	
  the	
  antioxidant	
  function	
  in	
  the	
  nanosack	
  

configuration,	
  and	
  the	
  net	
  result	
   is	
  significant	
   inhibition	
  of	
  ROS	
  and	
  oxidative	
  damage.	
  We	
  

believe	
  this	
  is	
  a	
  unique	
  behavior	
  of	
  the	
  sack-­‐cargo	
  architecture,	
  which	
  places	
  the	
  oxidizing	
  

sites	
  (holes)	
  entirely	
  inside	
  a	
  porous	
  graphenic	
  structure	
  that	
  provides	
  numerous	
  sites	
  for	
  

radical	
   scavenging	
  before	
  ROS	
  species	
   can	
  be	
   released	
   to	
   the	
   surrounding	
  medium.	
   	
   This	
  

simple	
   demonstration	
   suggests	
   that	
   graphene	
   sack	
   encapsulation	
   may	
   be	
   useful	
   for	
  

managing	
   the	
   environmental	
   and	
   health	
   risks	
   associated	
   with	
   some	
   nanoparticle-­‐based	
  

technologies.	
  

4.4	
  Conclusions	
  

Here	
  we	
   show	
   that	
   graphene	
   oxide	
   exhibits	
   significant	
   antioxidant	
   activity	
   in	
   the	
   form	
  of	
  

hydroxyl	
   and	
   superoxide	
   radical	
   scavenging,	
   and	
   can	
   protect	
   a	
   variety	
   of	
   biomolecular	
  

target	
  molecules	
  from	
  oxidation.	
  Thermally	
  reduced	
  rGO	
  and	
  few-­‐layer	
  graphene	
  are	
  more	
  

active	
  than	
  GO	
  despite	
  its	
  lower	
  surface	
  area,	
  indicating	
  that	
  the	
  main	
  scavenging	
  activity	
  is	
  

associated	
  with	
  pristine	
  sp2	
  carbon	
  domains	
  on	
  basal	
  surfaces	
  rather	
  than	
  H-­‐donation	
  from	
  

hydroxyl	
  or	
  hydroquinone	
  groups.	
  In	
  experiments	
  involving	
  UV-­‐induced	
  .OH	
  generation,	
  the	
  

protective	
  effect	
  is	
  a	
  combination	
  of	
  UV	
  absorption	
  by	
  graphene	
  and	
  radical	
  scavenging.	
  The	
  

combination	
   of	
   radical	
   scavenging,	
   UV	
   absorption,	
   ultrahigh	
   surface	
   area,	
   and	
   elasticity	
  

make	
   GO	
   based	
   materials	
   promising	
   for	
   selected	
   antioxidant	
   applications	
   as	
   dispersed	
  

phase	
   fillers,	
   or	
   as	
   conformal	
   encapsulating	
   agents	
   that	
   can	
  mitigate	
  ROS	
   production	
   and	
  

toxicity	
  from	
  redox-­‐active	
  nanoparticle	
  cargos.	
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This	
  chapter	
  is	
  based	
  on	
  published	
  work	
  by	
  Y.	
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and	
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5.1	
  Introduction	
  

GO	
   in	
   aqueous	
   solution	
   is	
   a	
   relatively	
   flexible	
   material	
   and	
   can	
   easily	
   fold/unfold	
   under	
  

applied	
   force.	
   This	
   particular	
   feature	
   makes	
   it	
   possible	
   to	
   use	
   water	
   surface	
   tension	
   to	
  

manipulate	
   two	
   dimension	
   (2D)	
   GO	
   sheets	
   into	
   various	
   dimensions	
   and	
   structures	
   of	
  

interests.	
  One	
  instance	
  is	
  the	
  self	
  assembling	
  of	
  GO	
  Langmuir-­‐Blodgett	
  film	
  to	
  construct	
  2D	
  

structure	
   –monolayer	
   assembly	
   using	
   water	
   surface	
   tension.1	
   However,	
   it	
   is	
   more	
  

challenging	
  to	
  build	
  well-­‐controlled	
  3D	
  structures,	
  as	
  it	
  would	
  require	
  the	
  3D	
  manipulation	
  

of	
   water	
   droplets.	
   One	
   effective	
   way	
   to	
   achieve	
   this	
   is	
   aerosol	
   processing,2-­‐4	
   which	
   is	
   a	
  

two-­‐step	
  process.	
  The	
  first	
  step	
  is	
  the	
  transport	
  of	
  dispersed	
  GO	
  sheets	
  in	
  the	
  bulk	
  solution	
  

onto	
  the	
  air-­‐water	
  interface	
  of	
  droplet	
  and	
  the	
  second	
  step	
  involves	
  water	
  droplet-­‐actuated	
  

scrolling,	
   folding	
   and	
   collapsing.	
  The	
   first	
   step	
   is	
   thermodynamically	
   favorable	
  due	
   to	
   the	
  

drop	
  of	
  free	
  energy	
  as	
  the	
  solid-­‐liquid	
  interface	
  and	
  the	
  liquid-­‐gas	
  interface	
  are	
  destructed	
  

and	
  an	
  equal	
  area	
  solid-­‐gas	
  interface	
  is	
  created.	
  The	
  second	
  step	
  involves	
  a	
  “guide	
  and	
  glide”	
  

assembly	
   process	
   in	
   which	
   the	
   water	
   droplet	
   drags	
   the	
   GO	
   sheets	
   inward	
   during	
  

vaporization	
  and	
  guide	
  the	
  formation	
  of	
  crumpled	
  and	
  plastically	
  deformed	
  structures	
  with	
  

kinks.2	
  This	
  crumpled	
  structure	
  has	
  been	
  shown	
  to	
  be	
  a	
  versatile	
  platform	
  for	
  building	
  3D	
  

graphene	
   composite	
   assemblies	
  with	
   various	
   cargo	
  materials	
   (nanoparticles,	
   polymers	
   or	
  

salts)	
   being	
   encapsulated.	
   2-­‐4	
   Here	
   using	
   aerosol	
   processing	
   as	
   an	
   effective	
   and	
   relatively	
  

simple	
  way	
  to	
  construct	
  multifunctional	
  composite	
  materials	
  is	
  explored.	
  

	
   The	
   crumpled	
   structure	
   can	
   be	
   synthesized	
   through	
   aerosol	
   processing	
   at	
   room	
  

temperature	
  if	
  the	
  partial	
  pressure	
  of	
  water	
  in	
  the	
  drying	
  chamber	
  is	
  enough	
  low.	
  This	
  can	
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be	
  achieved	
  through	
  replacing	
  tube	
  furnace	
  with	
  diffusion	
  dryer.2	
  However,	
  the	
  unreduced	
  

crumpled	
  GO	
  product	
  can	
  spontaneously	
  unfold	
  rapidly	
  if	
  dispersed	
  in	
  aqueous	
  solution	
  due	
  

to	
  the	
  highly	
  hygroscopic	
  nature	
  of	
  GO,	
  which	
  attracts	
  water	
  molecules	
  to	
  penetrate	
  into	
  the	
  

interlayer	
  space	
  of	
  stacked	
  sheets	
  of	
  the	
  crumpled	
  GO	
  shell,	
  expand	
  the	
  interlayer	
  space	
  and	
  

unfold	
   the	
   3D	
   assembly	
   into	
   smaller	
   2D	
   flakes.	
   Thermal	
   treatment	
   is	
   thus	
   necessary	
   to	
  

stabilize	
   the	
   crumpled	
   structure	
   in	
   such	
  a	
   system.	
  Once	
   the	
  pristine	
  GO	
   changes	
   into	
   rGO	
  

under	
   heating	
   the	
   strong	
   Van	
   der	
  Waals	
   interaction	
   between	
   rGO	
   layers	
   firmly	
   holds	
   the	
  

sheets	
   together,	
   thus	
   prevents	
   the	
   introduction	
   of	
  water	
  molecules	
   and	
   stabilizes	
   the	
   3D	
  

structure	
  when	
  dispersed	
  in	
  water.	
  In	
  addition	
  to	
  reducing	
  GO	
  the	
  thermal	
  treatment	
  could	
  

also	
  play	
  other	
  roles.	
  In	
  this	
  chapter,	
  different	
  systems	
  will	
  be	
  investigated	
  and	
  mechanisms	
  

will	
  be	
  discussed.	
  

5.2	
  Materials	
  and	
  methods	
   	
  

5.2.1	
  Materials	
  

SP-­‐1	
   graphite	
   powder	
   was	
   purchased	
   from	
   Bay	
   Carbon	
   (Bay	
   City,	
   MI).	
   	
   K2S2O8,	
   KMnO4,	
  

FeCl3�6H2O,	
  HAuCl4,	
   Fe3O4	
  and	
  CuO	
  NPs	
  with	
   a	
   particle	
   size	
   of	
   <50	
  nm	
  and	
  Acetone	
  were	
  

purchased	
  from	
  Sigma Aldrich Chemicals Co (St. Louis, MO).	
  20	
  nm	
  Fe3O4	
  and	
  50	
  nm	
  BaTiO3	
  

NPs	
  were	
  purchased	
  from	
  U.S.	
  Research	
  Nanomaterials	
  Inc	
  (Houston,	
  TX).	
  NaNO3,	
  P2O5,	
  HCl	
  

and	
  concentrated	
  H2SO4	
  (98	
  %)	
  were	
  purchased	
  from	
  Fisher Scientific Inc. (Pittsburgh, PA).	
  

GO	
  was	
  synthesized	
  with	
  the	
  modified	
  Hummers	
  method	
  with	
  pre-­‐oxidation	
  and	
  two-­‐step	
  

acid-­‐acetone	
  wash	
  as	
  described	
  in	
  previous	
  chapters.	
  



	
  

127	
  

5.2.2	
  Methods	
  

5.2.2.1	
  Synthesis	
  of	
  Au	
  NPs	
  

40	
   nm	
  Au	
  NPs	
  were	
   synthesized	
   by	
   the	
   reduction	
   of	
   50	
  mL	
   of	
   HAuCl4	
  in	
   the	
   presence	
   of	
  

citrate	
   and	
   tannic	
   acids.	
   Briefly,	
   24	
   mL	
   0.25	
   %	
   (w/v)	
   HAuCl4	
   was	
   added	
   into	
   115	
   mL	
  

nanopure	
  water	
  and	
  heated	
  up	
  to	
  60	
  °C.	
  Under	
  vigorous	
  stirring,	
  a	
  solution	
  mixed	
  by	
  5	
  mL	
  

1	
  %	
   (w/v)	
   tannic	
   acid,	
   0.2	
  mL	
  1	
  %	
   (w/v)	
   trisodium	
   citrate	
   and	
  5mL	
  2.5	
  mM	
  K2CO3	
  was	
  

rapidly	
   added.	
   The	
   color	
   changed	
   rapidly	
   after	
   the	
   addition	
   of	
   the	
   reducing	
   agents.	
   The	
  

solution	
  was	
  then	
  heated	
  to	
  boiling	
  for	
  10-­‐15	
  min	
  and	
  cooled	
  down	
  to	
  room	
  temperature.	
  

After	
  vigorous	
  washing	
  with	
  nanopure	
  water	
  and	
  concentration,	
  the	
  obtained	
  stock	
  solution	
  

of	
  10	
  mg/mL	
  can	
  be	
  stored	
  in	
  refrigerator	
  for	
  weeks.	
   	
  

5.2.2.2	
  Synthesis	
  of	
  FeOOH	
  Nanorods:	
   	
  

FeOOH	
   nanorods	
   with	
   average	
   length	
   around	
   200	
   nm	
   were	
   synthesized	
   by	
   modified	
  

hydrothermal	
   methods	
   reported	
   before.5	
   FeCl3·6H2O	
   was	
   dissolved	
   in	
   100	
   mL	
   deionized	
  

water	
  to	
  prepare	
  0.02	
  M	
  FeCl3	
  solution,	
  and	
  then	
  heated	
  at	
  80oC	
  with	
  mechanical	
  stirring	
  in	
  

water	
   bath	
   for	
   12	
   hr	
   to	
   obtain	
   FeOOH	
   nanorods.	
   These	
   particles	
   were	
   collected	
   by	
  

centrifugation	
  and	
  washed	
  with	
  DI	
  water	
  several	
  times.	
  

5.2.2.3	
  Aerosol	
  processing	
  of	
  GO	
  

Colloidal	
  suspensions	
  of	
  GO	
  (0.5	
  mg/mL)	
  and	
  one	
  or	
  more	
  cargo	
  nanoparticles	
  were	
  subject	
  

to	
   sonication	
   together	
   to	
   obtain	
   a	
  dispersion	
   and	
   then	
  ultrasonically	
   nebulized	
   to	
   aerosol	
  

microdroplets	
  (nebulizing	
  feed	
  rate:	
  10	
  mL/h)	
  suspended	
  in	
  nitrogen	
  gas	
  (0.7	
  L/min)	
  and	
  

passed	
   directly	
   into	
   a	
   horizontal	
   benchtop	
   electric	
   tube	
   furnace	
   operated	
   at	
   desired	
  

temperature	
   as	
   explained	
   in	
   Chen	
   et	
   al.2	
  The	
   products,	
   which	
   are	
   cargo-­‐filled	
   graphene	
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nanosacks,	
  were	
  collected	
  on	
  a	
  heated	
  (∼90	
  °C)	
  Teflon	
  filter	
  (PTU024750,	
  Sterlitech	
  Co.)	
  or	
  

onto	
  a	
   small	
   silicon	
  wafer	
  chip	
   (5	
  x	
  5	
  mm,	
  Ted	
  Pella,	
   Inc.)	
  or	
  copper	
  grid	
   (Ted	
  Pella,	
   Inc.)	
  

placed	
  on	
  top	
  for	
  SEM	
  or	
  TEM	
  analysis.	
  The	
  controlled	
  release	
  experiments	
  used	
  nebulizing	
  

feed	
   suspensions	
   containing	
   GO,	
   CsCl,	
   and	
   the	
   water-­‐soluble	
   polymer	
   sodium	
  

carboxymethycellulose	
   (Sigma	
   Aldrich)	
   at	
   a	
   mass	
   ratio	
   CMC/GO/CsCl	
   of	
   0.5:1:4.	
   The	
  

primary	
  drying	
  temperature	
  was	
  reduced	
  to	
  80-­‐100	
  °C	
  and	
  followed	
  by	
  post-­‐	
  carbonization	
  

of	
  CMC	
  at	
  500	
  °C	
  by	
  slow	
  heating	
  in	
  a	
  batch	
  tube	
  furnace	
  for	
  30	
  min.	
   	
  

5.2.2.4	
  Characterization	
  

SEM	
  (LEO	
  1530	
  VP	
  at	
  15	
  kV),	
  TEM	
  (Philips	
  CM	
  20	
  at	
  200	
  kV),	
  and	
  HRTEM	
  (JEOL	
  JEM-­‐2010	
  

at	
  200	
  kV)	
  were	
  carried	
  out	
  at	
  the	
  Brown	
  IMNI	
  Electron	
  Microscopy	
  Facility.	
  Zeta-­‐potential	
  

and	
  particle	
  size	
  distributions	
  were	
  measured	
  in	
  DI	
  water	
  using	
  a	
  Malvern	
  Nano-­‐ZS	
  dynamic	
  

light	
  scattering	
  (DLS)	
  instrument.	
  Before	
  measuring	
  the	
  zeta-­‐potential,	
  the	
  pH	
  value	
  of	
  the	
  

suspension	
   was	
   measured	
   by	
   using	
   an	
   Orion	
   5-­‐Star	
   Plus	
   pH/ORP/ISE/conductivity/	
   DO	
  

meter	
   (Thermo	
   Scientific	
   Inc.).	
   Prior	
   to	
   zeta-­‐potential	
   measurement,	
   the	
   pH	
   values	
   of	
  

nanoparticle	
  suspensions	
  were	
  adjusted	
  with	
  0.1	
  M	
  NaOH	
  or	
  0.1	
  M	
  HCl	
  to	
  match	
  the	
  pH	
  in	
  

the	
   binary	
   suspensions	
   used	
   in	
   the	
   nebulizer	
   feed.	
   A	
   Quantachrome	
   Auto-­‐	
   sorb-­‐1	
  

instrument	
   was	
   used	
   to	
   measure	
   N2	
   vapor	
   isotherms	
   at	
   77	
   K,	
   from	
   which	
  

Brunauer_Emmett_Teller	
  (BET)	
  surface	
  areas	
  and	
  pore	
  size	
  distributions	
  applying	
  nonlocal	
  

density	
  functional	
  theory	
  (DFT)	
  with	
  a	
  carbon	
  slit	
  pore	
  model34	
  were	
  calculated.	
   	
  

5.2.2.5	
  MRI/CT/Magnetometry	
   	
  

A	
   dry	
   sample	
   of	
   the	
   hybrid	
   Au/Fe3O4-­‐	
   loaded	
   graphene	
   nanosacks	
   was	
   assessed	
   for	
  

developed	
   (saturation)	
   magnetization	
   and	
   hysteresis	
   (retentivity	
   and	
   coercivity)	
   using	
   a	
  

vibrating	
  sample	
  magnetometer	
  (Lakeshore	
  VSM	
  model	
  7300).	
  A	
  15	
  mg	
  sample	
  was	
  placed	
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in	
  a	
  5	
  mm	
  plastic	
  capsule	
  with	
  a	
  PTFE	
  plug	
  to	
  constrain	
  the	
  material.	
  The	
  applied	
  magnetic	
  

field	
   strength	
  was	
   swept	
   from	
   -­‐0.8	
   to	
   0.8	
   T	
   while	
   441	
  measurements	
   were	
   taken.	
   Three	
  

versions	
   of	
   loaded	
   nanosacks	
   were	
   assessed	
   for	
   imaging	
   properties:	
   iron	
   oxide	
  

nanoparticles	
  (Fe3O4)	
  as	
  an	
  MRI	
  agent,	
  gold	
  nanoparticles	
  as	
  an	
  X-­‐ray	
  CT	
  agent,	
  and	
  a	
  hybrid	
  

Au/Fe3O4	
  version	
   for	
   multimodal	
   X-­‐ray	
   and	
   MRI	
   application.	
   The	
   hybrid	
   sample	
   was	
   the	
  

same	
  one	
  used	
  for	
  the	
  magnetometry	
  assessment.	
  Iron	
  oxide	
  is	
  used	
  in	
  clinically	
  approved	
  

MRI	
  T2	
  agents	
  and	
  produced	
  a	
  strong	
  susceptibility	
  effect.	
  Gold	
  is	
  being	
  investigated	
  for	
  use	
  

in	
   nanoparticle	
   contrast	
   and	
   therapy	
   agents	
   owing	
   to	
   its	
   strong	
   X-­‐ray	
   attenuation	
   and	
  

scattering	
  proper-­‐	
   ties.	
  The	
  mass	
  attenuation	
  coefficient	
  of	
  gold	
  at	
  100	
  keV	
   is	
  5.16	
  cm2/g,	
  

which	
  is	
  93%	
  that	
  of	
  lead	
  for	
  the	
  same	
  photon	
  energy.6-­‐7	
  

	
   For	
  MRI,	
  nanosacks	
  filled	
  with	
  Fe3O4	
  or	
  Au/Fe3O4	
  nanoparticles	
  were	
  suspended	
  in	
  CMC	
  

gel	
  (1	
  %)	
  at	
  concentrations	
  of	
  0.5,	
  1,	
  2,	
  5,	
  10,	
  20,	
  and	
  50	
  μg/mL	
  for	
  Fe3O4	
  and	
  0.05,	
  0.1,	
  0.5,	
  1,	
  

5,	
  10,	
  50,	
  100,	
  500,	
  and	
  2000	
  μg/mL	
  for	
  the	
  hybrid.	
  These	
  preparations	
  were	
  placed	
  in	
  5	
  mL	
  

vials	
   along	
   with	
   control	
   preparations	
   of	
   the	
   same	
   concentrations	
   but	
   not	
   containing	
  

graphene	
   nanosacks.	
   In	
   addition,	
   control	
   samples	
   were	
   included	
   in	
   the	
   form	
   of	
   distilled	
  

water	
   and	
   gel	
   with	
   no	
   added	
  material.	
   MRI	
   data	
   were	
   acquired	
   at	
   the	
   Brown	
   University	
  

Magnetic	
  Resonance	
  Facility	
  using	
  a	
  3	
  T	
  Siemens	
  Tim	
  Trio	
  scanner.	
  Samples	
  were	
  placed	
  in	
  

a	
  32	
  channel	
  receive	
  resonator,	
  and	
  the	
  volume	
  body	
  resonator	
  was	
  used	
  for	
  transmit.	
  Cross	
  

section	
  tomographic	
  images	
  were	
  obtained	
  using	
  a	
  spin	
  echo	
  acquisition	
  for	
  mapping	
  T2.	
   	
  

	
   T1-­‐weighted	
   images	
  were	
   obtained	
   using	
   an	
   inversion	
   recovery	
   contrast	
   preparation	
  

prior	
  to	
  the	
  spin	
  echo	
  readout.	
  An	
  inversion	
  recovery	
  series	
  was	
  used	
  for	
  mapping	
  T1.	
  Slice	
  

thickness	
  was	
  3	
  mm,	
  and	
  first-­‐order	
  shimming	
  was	
  performed	
  to	
  optimize	
  static	
  magnetic	
  

field	
   homogeneity	
   over	
   the	
   samples.	
   In-­‐plane	
   resolution	
   was	
   0.7	
   mm	
   using	
   a	
   256	
   ×	
   256	
  

reconstruction	
  matrix.	
  Repetition	
  time	
  for	
  the	
  spin	
  echo	
  acquisition	
  was	
  2000	
  ms	
  and	
  4000	
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ms	
  for	
  the	
  inversion	
  recovery	
  series.	
  Echo	
  times	
  for	
  the	
  spin	
  echo	
  acquisition	
  ranged	
  from	
  

10	
  to	
  240	
  ms	
  in	
  10	
  ms	
  steps	
  (24	
  echoes).	
  For	
  the	
  inversion	
  recovery	
  series,	
  inversion	
  delay	
  

times	
  were	
  100,	
  200,	
  300,	
  400,	
  600,	
  1000,	
  and	
  2000	
  ms.	
  Relaxation	
  time	
  constant	
  maps	
  (T1,	
  

T2)	
  were	
   computed	
  on	
  a	
  pixel	
   basis	
  using	
   three-­‐parameter	
   least-­‐squares	
   fits	
   to	
   the	
   signal	
  

equations:	
   	
  

𝑆 𝑇𝐸 =   𝑆!𝑒
!!"!!    (5.1)  

𝑆 𝑇𝐼 =   𝑆!(1 − 2𝑒
!!"!! − 2𝑒!

!"
!!)   (5.2)  

where	
  S0	
  is	
   the	
  equilibrium	
  (maximum	
  possible)	
  magnetization	
  signal,	
  TE	
   is	
   the	
  echo	
  time	
  

(for	
   the	
   spin	
   and	
   gradient	
   echo	
   acquisitions),	
   TR	
   is	
   the	
   repetition	
   time,	
   and	
   TI	
   is	
   the	
  

inversion	
   time.	
  Relaxation	
   rate	
  maps	
  were	
   taken	
  as	
   the	
   reciprocals	
  of	
   the	
   relaxation	
   time	
  

constant	
  maps	
  (e.g.,	
  R2	
  =	
  1/T2)	
  for	
  computation	
  of	
  relaxivity	
  (change	
  in	
  relaxation	
  rate	
  per	
  

unit	
  change	
  in	
  concentration	
  of	
  agent).	
   	
  

	
   For	
  X-­‐ray	
  CT	
   studies,	
   the	
   same	
  G/Au	
   and	
  G/Au/Fe3O4	
  samples	
  were	
  used	
   as	
   for	
  MRI.	
  

For	
   the	
   G/Au	
   sample,	
   concentrations	
   of	
   20,	
   40,	
   200,	
   400,	
   and	
   2000	
   μg/mL	
  were	
   used.	
   A	
  

General	
  Electric	
  Light	
  Speed	
  VCT	
  scanner	
  (Department	
  of	
  Diagnostic	
  Imaging,	
  Rhode	
  Island	
  

Hospital)	
  was	
  used	
  for	
  acquisition	
  of	
  tomographic	
  cross	
  section	
  images,	
  providing	
  the	
  same	
  

view	
  as	
  produced	
  by	
  the	
  MRI	
  scans.	
  Slice	
  thickness	
  was	
  3	
  mm	
  with	
  a	
  reconstruction	
  matrix	
  

of	
  512	
  x	
  512	
  and	
  an	
   in-­‐plane	
  resolution	
  of	
  0.5	
  mm.	
  The	
  X-­‐ray	
   tube	
  current	
  was	
  200	
  mAs.	
  

Images	
  were	
  acquired	
   for	
  X-­‐ray	
   tube	
  voltages	
  of	
  80,	
  100,	
  120,	
  and	
  140	
  kVp.	
  Contrast	
  was	
  

determined	
   as	
   the	
   difference	
   in	
   CT	
   number	
   (Hounsfield	
   units)	
   between	
   the	
   control	
   gel	
  

sample	
  and	
  the	
  samples	
  containing	
  contrast	
  material.	
  CT	
  numbers	
  were	
  taken	
  as	
  the	
  means	
  

of	
   circular	
   regions	
  of	
   interest	
   from	
   the	
  center	
  80%	
  of	
   the	
   cross	
   sections.	
  Hounsfield	
  units	
  

are	
  related	
  to	
  X-­‐ray	
  attenuation	
  coefficient	
  by	
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𝐶𝑇 𝑥, 𝑦 = 1000(
! !,! !!!!!

!!!!
)   (5.3)  

where	
  μ	
   is	
   the	
  attenuation	
  coefficient	
  and	
  μH2O	
  is	
   the	
  attenuation	
  coefficient	
   for	
  water.	
  The	
  

Hounsfield	
   unit	
   scale	
   is	
   normalized	
   such	
   that	
   the	
   attenuation	
   of	
   air	
   corresponds	
   to	
   a	
   CT	
  

number	
   of	
   -­‐1000;	
   the	
   CT	
   number	
   of	
  water	
   is	
   0,	
  with	
   dense	
   bone	
   having	
   a	
   CT	
   number	
   of	
  

approximately	
   3000.	
   In	
   X-­‐ray	
   CT	
   images,	
   the	
   pixel	
   intensities	
   are	
   the	
   CT	
   numbers	
  

corresponding	
  to	
  the	
  pixel	
  locations.	
   	
  

5.3	
  Results	
  and	
  discussions	
   	
  

5.3.1	
  Thermal	
  aerosol	
  synthesis	
  of	
  crumpled	
  graphene	
  nanosacks	
  

Figure	
   5.1	
   shows	
   the	
   aerosol	
   encapsulation	
   process	
   and	
   example	
   structures	
   made	
   from	
  

binary	
  feed	
  solutions,	
  meaning	
  those	
  containing	
  graphene	
  oxide	
  (GO)	
  and	
  one	
  cargo	
  particle	
  

type.	
  Here	
  an	
  aqueous	
  dispersion	
  containing	
  the	
  cargo	
  and	
  graphene	
  oxide	
  is	
  ultrasonically	
  

nebulized,	
  and	
  the	
  microdroplet	
  mist	
  is	
  carried	
  by	
  an	
  inert	
  gas	
  flow	
  through	
  an	
  electrically	
  

heated	
  furnace.	
  The	
  dried	
  nanosacks	
  are	
  collected	
  on	
  a	
  polytetrafluorethylene	
  filter	
  (Figure	
  

5.1A),	
  and	
  in	
  the	
  most	
  common	
  experiment,	
   the	
  furnace	
  temperature	
   is	
  set	
  at	
  500-­‐600	
  °C,	
  

converting	
  the	
  GO	
  to	
  reduced	
  graphene	
  oxide	
  (rGO).	
  We	
  observed	
  successful	
  encapsulation	
  

with	
   many	
   of	
   these	
   binary	
   systems,	
   but	
   not	
   all.	
   Some	
   systems	
   formed	
   gels	
   or	
   visible	
  

precipitates	
  in	
  the	
  feed	
  suspension	
  that	
  led	
  to	
  nonuniform	
  products	
  or	
  significant	
  numbers	
  

of	
  isolated	
  unwrapped	
  nanoparticles	
  (e.g.,	
  in	
  the	
  case	
  of	
  CuO	
  NPs	
  and	
  Co	
  NPs	
  functionalized	
  

with	
   L-­‐cysteine	
   ethyl	
   ester).	
   Other	
   systems	
   led	
   to	
   good	
   encapsulation	
   even	
   though	
   the	
  

nanoparticle	
  cargoes	
  did	
  not	
  form	
  stable	
  colloidal	
  suspensions	
  on	
  their	
  own	
  in	
  water	
  (e.g.,	
  

Fe3O4,	
  BaTiO3).	
  There	
  are	
   also	
   subtle	
  differences	
   in	
   structure	
  among	
   the	
   successful	
   cases,	
  

with	
   some	
   completely	
   encapsulated	
  with	
   a	
   high	
   degree	
   of	
   sack-­‐cargo	
   segregation	
   (Figure	
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5.1B),	
  while	
  others	
   show	
  particles	
   that	
   appear	
   to	
  be	
  on	
   the	
  outer	
   surface	
   (arrows,	
   Figure	
  

5.1D,E).	
  HRTEM	
  on	
  these	
  systems	
  reveals	
  that	
  some	
  of	
  the	
  nanoparticles	
  are	
  in	
  fact	
  covered	
  

by	
  very	
  thin	
  reduced	
  graphene	
  oxide	
  films	
  with	
  a	
  width	
  of	
  ∼2	
  nm	
  and	
  are	
  thus	
  “inside”	
  but	
  

in	
   the	
   near-­‐surface	
   region.	
   On	
   the	
   basis	
   of	
   these	
   facts,	
   we	
   hypothesized	
   that	
   colloidal	
  

interactions	
  involving	
  the	
  cargo	
  particles	
  and	
  the	
  graphene	
  oxide	
  sheets	
  play	
  an	
  important	
  

role	
  in	
  successful	
  aerosol	
  encapsulation	
  and	
  the	
  structure	
  of	
  the	
  hybrid	
  material	
  products.	
   	
  

	
  

Figure	
  5.1	
  Aerosol-­‐phase	
  synthesis	
  of	
  cargo-­‐filled	
  nanosacks	
  and	
  examples	
  of	
  binary	
  
materials	
  with	
  a	
  single	
  homogeneous	
  cargo.	
   	
  

(A)	
   The	
   continuous	
   aerosol	
   fabrication	
   process	
   leading	
   to	
   Ag-­‐filled	
   nanosacks.2	
   (B-­‐E)	
   electron	
  
micrographs	
   of	
   selected	
   binary	
   composite	
   product	
   structures	
   (graphene	
   oxide	
   with	
   single	
   cargo	
  
material).	
  (B)	
  tannic-­‐acid-­‐capped	
  AuNPs,	
  (C)	
  Si-­‐NPs,	
  (D)-­‐(E)	
  Fe3O4	
  NPs,	
  (F)	
  the	
  Fe3O4	
  filled	
  nanosacks	
  
can	
   be	
   easily	
   cleared	
   from	
   ethanol	
   solution	
   with	
   a	
   hand-­‐held	
   magnet	
   demonstrating	
   stable	
  
encapsulation	
  and	
  the	
  absence	
  of	
  free	
  graphene.	
  The	
  particles	
  alone	
  cannot	
  be	
  dispersed	
  in	
  ethanol,	
  
so	
   the	
   graphene	
   serves	
   as	
   both	
   a	
   dispersing	
   and	
   encapsulation	
   agent	
   in	
   this	
   case.	
  Arrows	
   on	
  D,	
   E	
  
show	
  a	
  minority	
  of	
  particles	
  on	
  or	
  very	
  near	
  the	
  outside	
  surface	
  of	
  the	
  Fe3O4-­‐filled	
  nanosacks.	
  

	
   Chen	
   et	
   al	
  proposed	
   a	
  mechanism	
   for	
   sack_cargo	
   formation,	
   in	
  which	
   graphene	
  oxide	
  

shows	
   a	
   thermodynamic	
   preference	
   to	
   localize	
   at	
   the	
   air/water	
   interface	
   and	
   its	
   large	
  

hydrodynamic	
  size	
  leads	
  to	
  slow	
  diffusion	
  away	
  from	
  the	
  drying	
  front.	
  GO	
  thus	
  collects	
  as	
  a	
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multilayer	
   film	
   at	
   the	
   droplet	
   outer	
   surface	
   and	
   collapses	
   by	
   capillary	
   forces	
   in	
   the	
   late	
  

stages	
   of	
   drying.	
   The NP cargoes in contrast diffuse away from the drying front to localize 

preferentially in the interior.2	
  This theory was developed for citrate-capped Ag-NPs, which show 

a large negative surface charge in common with GO, and the original theory was specific for such 

mutually repelling binary colloids. Some NPs of interest here in the larger sample set, however, 

have positive charge or are nearly isoelectric, and a more general theory is needed to understand 

the range of applicability of the aerosol technique and to explain the observations above.  

	
   Figure	
   5.2	
   shows	
   the	
   elements	
   of	
   a	
   new,	
   general	
   theory	
   of	
   sack-­‐cargo	
   assembly	
   that	
  

applies	
  in	
  different	
  electrostatic	
  regimes.	
  The	
  theory	
  will	
  be	
  formulated	
  for	
  binary	
  colloids,	
  

but	
   is	
   easily	
   extended	
   to	
   systems	
   with	
   three	
   or	
   more	
   colloidal	
   components.	
   Figure	
   5.2A	
  

shows	
   pH-­‐dependent	
   zeta	
   potentials	
   for	
   a	
   generalized	
   binary	
   colloid,	
   which	
   give	
   rise	
   to	
  

three	
   regimes:	
   two	
  electrostatically	
   repulsive	
   regimes	
  at	
  high	
  and	
   low	
  pH	
  where	
  colloidal	
  

stability	
  and	
  sack-­‐cargo	
  segregation	
  are	
  expected,	
  and	
  an	
  attractive	
  regime	
  at	
  intermediate	
  

pH,	
   where	
   complex	
   association	
   phenomena	
   can	
   occur	
   between	
   the	
   colloidal	
   particle	
  

components.	
  To	
  apply	
  this	
  to	
  sack	
  assembly,	
  we	
  measured	
  zeta	
  potentials	
  for	
  all	
  candidate	
  

cargo	
   particles	
   in	
   deionized	
   water,	
   but	
   the	
   results	
   were	
   not	
   directly	
   relevant	
   due	
   to	
  

differences	
   in	
  pH	
  between	
   the	
   single-­‐component	
   suspensions	
   and	
   the	
  binary	
   suspensions	
  

containing	
  GO.	
  We	
  therefore	
  measured	
  the	
  pH	
  of	
  the	
  GO/cargo	
  nebulizing	
  suspensions	
  and	
  

measured	
  zeta	
  potentials	
  for	
  GO	
  and	
  particles	
  at	
  the	
  relevant	
  mixture	
  pH	
  (Figure	
  5.2B).	
  For	
  

GO	
   itself,	
   the	
   net	
   surface	
   charge	
   is	
   always	
   negative	
   between	
   pH	
   2	
   and	
   12,	
   and	
   the	
  

potential/pH	
   profile	
   has	
   a	
   flat	
   valley	
   above	
   pH	
   5,	
   which	
   is	
   consistent	
   with	
   carboxylate	
  

groups	
   as	
   the	
   primary	
   source	
   of	
   acidity	
   and	
   thus	
   surface	
   charge.	
   Gold	
   NPs	
   were	
  

characterized	
   as	
   an	
   example	
   cargo,	
   and	
   are	
   also	
   persistently	
   negative	
   due	
   to	
   their	
   tannic	
  

acid	
   capping.	
   The	
   GO/Au	
   system	
   shows	
   only	
   one	
   of	
   the	
   three	
   possible	
   regimes,	
   and	
   its	
  

highly	
   repulsive	
  nature	
   leads	
   to	
   good	
   sack-­‐cargo	
   segregation.	
   Iron	
  oxide	
  NPs	
  show	
  a	
  zeta	
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potential	
   with	
   a	
   strong	
   pH	
   dependence	
   and	
   an	
   isoelectric	
   point	
   near	
   7.8-­‐9	
   The	
   GO/Fe3O4	
  

system	
   thus	
   shows	
   two	
   of	
   the	
   three	
   possible	
   regimes	
   in	
   Figure	
   5.2A.	
   The	
   pH	
   of	
   our	
  

GO/Fe3O4	
  suspensions	
  varies	
  with	
  GO/Fe3O4	
  ratio,	
  and	
  was	
  measured	
  as	
  pH	
  3	
  for	
  the	
  case	
  

shown	
   in	
   Figure	
   5.1.	
   At	
   this	
   pH,	
   the	
   Fe3O4	
  NPs	
   have	
   strongly	
   positive	
   surface	
   charge	
   and	
  

must	
   associate	
  with	
   the	
   negatively	
   charged	
   GO.	
   DLVO	
   theory	
  would	
   predict	
   no	
   repulsive	
  

barrier	
  to	
  association	
  (heteroaggregation)	
  and	
  indeed	
  we	
  see	
  a	
  single	
  peak	
  in	
  zeta	
  potential	
  

measurement	
   in	
   GO/Fe3O4	
   suspensions.	
   We	
   also	
   see	
   a	
   single	
   zeta	
   potential	
   peak	
   for	
   a	
  

variety	
   of	
   binary	
   suspensions	
   containing	
   GO	
   and	
  NPs	
  with	
   positive	
   surface	
   charge	
   at	
   the	
  

mixture	
   pH.	
  We	
   believe	
   this	
   association	
   explains	
   the	
   ability	
   to	
   disperse	
   and	
   encapsulate	
  

Fe3O4,	
  which	
  is	
  colloidally	
  unstable	
  in	
  the	
  absence	
  of	
  GO.	
  In	
  general,	
  the	
  association	
  of	
  NPs	
  

with	
  GO	
  can	
  aid	
   in	
  NPs	
  dispersion,	
  but	
  may	
   lead	
   to	
  charge	
  neutralization,	
  GO-­‐GO	
  bridging	
  

and	
  aggregation.	
  Small	
  aggregates	
  may	
  be	
   incorporated	
   into	
   the	
  5	
  μm	
  droplets	
   formed	
  by	
  

ultrasound,	
   but	
   larger	
   aggregates	
   or	
   gel	
   networks	
   cannot	
   be	
   uniformly	
   nebulized	
   into	
  

microdroplets	
   leading	
   to	
   poor	
   encapsulation	
   performance	
   as	
   seen	
   for	
   CuO	
   and	
   Co	
   under	
  

some	
  conditions.	
  Some	
  metal	
  and	
  metal	
  oxide	
  NPs	
  are	
  also	
  unstable	
  to	
  dissolution,	
  including	
  

Ag,10	
  ZnO11	
  and	
  CuO.12	
  Here	
  we	
  observed	
  the	
  zeta	
  potential	
  of	
  CuO/GO	
  mixtures	
  to	
  be	
  higher	
  

than	
  either	
  CuO	
  or	
  GO	
  alone,	
  and	
  to	
  form	
  gel	
  phases,	
  which	
  we	
  believe	
  is	
  due	
  to	
  CuO	
  partial	
  

dissolution	
  and	
  Cu2+	
  binding	
  to	
  GO-­‐COO-­‐	
  groups	
  that	
  neutralize	
  surface	
  charge	
  and	
  destroy	
  

colloidal	
  stability.	
  We	
  found	
  that	
  NaOH	
  titration	
  of	
  GO/CuO-­‐NP	
  suspension	
  from	
  pH	
  5.3	
  to	
  

10	
  moves	
   the	
   system	
   from	
   the	
   attractive	
   regime	
   to	
   the	
   repulsive	
   regime	
   and	
   suppresses	
  

dissolution,	
   allowing	
   successful	
   CuO	
   encapsulation.	
   Titration	
   to	
   basic	
   pH	
   appears	
   to	
   be	
  

useful	
  to	
  avoid	
  metal	
  and	
  metal	
  oxide	
  dissolution	
  during	
  encapsulation.	
  

	
   Figure	
  5.2C	
  shows	
   the	
  range	
  of	
  NPs	
  used	
   in	
   this	
  study	
  and	
  a	
  conceptual	
  model	
  of	
   the	
  

assembly	
   process	
   in	
   the	
   attractive	
   and	
   repulsive	
   regimes.	
   The	
   repulsive	
   regime	
   leads	
   to	
  

separate	
   GO	
   and	
   nanoparticle	
   phases,	
   whose	
   differing	
   diffusion	
   rates	
   lead	
   to	
   good	
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sack-­‐cargo	
  separation	
  during	
  drying	
  (Figure	
  5.1B).	
  The	
  attractive	
  regime	
   in	
  contrast	
   leads	
  

to	
  GO-­‐particle	
  attachment,	
  which	
  reduces	
  the	
  degree	
  of	
  sack-­‐cargo	
  segregation,	
  and	
  leads	
  to	
  

the	
   presence	
   of	
   some	
   particles	
   on	
   the	
   external	
   surface	
   or	
   in	
   the	
   near-­‐surface	
   regime	
  

intercalated	
   between	
   graphene	
   sheets	
   as	
   seen	
   in	
   Figure	
   5.1D,	
   E.	
   This	
   conceptual	
   model	
  

explains	
   why	
   a	
   wide	
   variety	
   of	
   colloidal	
   particles	
   can	
   be	
   encapsulated	
   by	
   the	
   aerosol	
  

technique,	
  including	
  those	
  that	
  are	
  colloidal	
  unstable	
  on	
  their	
  own.	
   	
   Another	
  useful	
  result	
  

of	
  this	
  model	
  is	
  that	
  when	
  colloidal	
  instability	
  and/or	
  poor	
  encapsulation	
  is	
  observed,	
  base	
  

titration	
  to	
  high	
  pH	
  is	
  an	
  effective	
  technique	
  to	
  establish	
  the	
  repulsive	
  regime	
  where	
  GO	
  and	
  

the	
  cargo	
  particle	
  both	
  carry	
  negative	
  surface	
  charges	
  and	
  form	
  stable	
  binary	
  suspensions.	
  A	
  

further	
   benefit	
   of	
   base	
   titration	
   is	
   the	
   suppression	
   of	
   metal	
   or	
   metal	
   oxide	
   dissolution,	
  

which	
  is	
  typically	
  proton	
  mediated.10	
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Figure	
  5.2	
  Proposed	
  theory	
  for	
  colloidal	
  sack-­‐cargo	
  assembly	
  in	
  binary	
  systems.	
   	
  

(A)	
   pH-­‐dependent	
   zones	
   of	
   electrostatic	
   attraction	
   and	
   repulsion	
   (general	
   behavior).	
   (B)	
   Specific	
  
behaviors	
   of	
   graphene	
   oxide	
   and	
   two	
   example	
   cargo	
  materials.	
   The	
   acidic	
   nature	
   of	
   GO	
   gives	
   it	
   a	
  
negative	
  colloidal	
  surface	
  charge	
  throughout	
  the	
  pH	
  range	
  2-­‐12.	
  Only	
  one	
  repulsive	
  regime	
  is	
  seen	
  for	
  
the	
   G/Au	
   system.	
   The	
   G/Fe3O4	
   system	
   shows	
   one	
   attractive	
   regime	
   (pH	
   <	
   7)	
   and	
   one	
   repulsive	
  
regime	
   (pH	
   >	
   7).	
   (C)	
   Map	
   of	
   size	
   and	
   surface	
   charge	
   for	
   sack-­‐cargo	
   systems	
   studied	
   here,	
   and	
  
proposed	
  assembly	
  mechanisms	
  in	
  the	
  repulsive	
  and	
  attractive	
  regimes.	
  The	
  hydrodynamic	
  size	
  of	
  all	
  
cargoes	
  is	
  smaller	
  than	
  that	
  of	
  GO,	
  allowing	
  fast	
  diffusion	
  of	
  the	
  cargo	
  away	
  from	
  the	
  drying	
  droplet	
  
front	
   and	
   thus	
   diffusion	
   segregation	
   and	
   sack-­‐cargo	
   separation	
   in	
   the	
   colloidal	
   repulsive	
   regime	
  
where	
  the	
  particles	
  act	
  independently	
  of	
  the	
  GO	
  sheets.	
   	
  

5.3.2	
  Nanosack	
  sealing	
  and	
  controlled	
  release	
   	
  

A	
  second	
  fundamental	
   issue	
  to	
  resolve	
  in	
  nanosack	
  technology	
  relates	
  to	
  nanosack	
  sealing	
  

and	
  internal	
  solute	
  release.	
  If	
  GO	
  nanosacks	
  are	
  hermetically	
  sealed,	
  this	
  would	
  be	
  useful	
  for	
  

biological	
  application	
  of	
  acutely	
   toxic	
   cargos,	
  which	
  can	
  be	
   isolated	
   from	
  tissue	
  by	
   the	
  GO	
  

nanosack	
   acting	
   as	
   a	
   barrier.	
   If	
   however	
   the	
   sacks	
   are	
   open	
   to	
   small	
  molecule	
   transport,	
  

then	
   applications	
   as	
   catalyst	
   supports,	
   electrode	
   materials,	
   drug	
   delivery	
   vehicles,	
   and	
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theranostics	
   are	
   possible.	
   Several	
   independent	
   assays	
   were	
   devised	
   to	
   characterize	
  

nanosack	
   sealing	
   and	
   solute	
   exchange.	
   First	
   we	
   studied	
   nitrogen	
   vapor	
   adsorption	
   on	
  

nanosacks	
   filled	
   with	
   Fe3O4–NPs	
   as	
   a	
   probe	
   for	
   the	
   accessibility	
   of	
   internal	
   pores	
   and	
  

surfaces.	
  Figure	
  5.3B	
  shows	
  the	
  pore	
  size	
  distribution	
  of	
  Fe3O4-­‐filled	
  GO	
  nanosacks	
  obtained	
  

from	
  nitrogen	
  vapor	
  adsorption	
  data	
  analyzed	
  by	
  nonlocal	
  density	
  functional	
  theory	
  (DFT)	
  

applying	
   carbon	
   slit	
   pore	
  model.13	
  There	
   is	
   a	
   characteristic	
  mesopore	
   size	
  of	
   about	
  4	
  nm,	
  

which	
  is	
  similar	
  to	
  that	
  seen	
  in	
  the	
  empty	
  sacks,	
  and	
  possible	
  attributed	
  to	
  the	
  inner	
  space	
  

in	
  loop-­‐shaped	
  ridges	
  seen	
  by	
  SEM	
  and	
  TEM.2	
  The	
  Fe3O4-­‐filled	
  graphene	
  nanosacks	
  have	
  a	
  

total	
  accessible	
  surface	
  area	
  of	
  78	
  m2/g	
  and	
  about	
  0.5	
  cm3/g	
  of	
   total	
  pore	
  volume	
  (Figure	
  

5.3A).	
   Using	
   a	
   true	
   density	
   of	
   1.8	
   g/cm3	
   for	
   reduced	
   GO,	
   the	
   porosity,	
   Vpores/Vtotal,	
   is	
  

estimated	
  to	
  be	
  0.66,	
  which	
  suggests	
  the	
  internal	
  spaces	
  are	
  open	
  to	
  the	
  N2	
  adsorbate.	
  The	
  

surface	
  area	
  and	
  pore	
  volume	
  of	
  the	
  Fe3O4-­‐filled	
  nanosacks	
  lie	
  between	
  those	
  of	
  the	
  empty	
  

sacks	
  and	
  the	
  Fe3O4	
  nanoparticles	
  alone	
  as	
  a	
  bulk	
  powder,	
  and	
  are	
  roughly	
  consistent	
  with	
  

simple	
  additive	
  relationship	
  for	
  the	
  relevant	
  Fe3O4/graphene	
  mass	
  ratio,	
  which	
  is	
  5.7:1.	
   	
  

	
   This	
  significant	
  pore	
  volume	
  suggests	
  the	
  sacks	
  are	
  open,	
  though	
  it	
  is	
  not	
  clear	
  that	
  the	
  

pores	
  necessarily	
  connect	
  the	
  particle	
  exterior	
  to	
  the	
  internal	
  cargo.	
  Further	
  evidence	
  that	
  

sacks	
  are	
  open	
  structures	
  comes	
   from	
  acid	
  dissolution	
  studies.	
   Immersing	
   the	
  Fe3O4-­‐filled	
  

sacks	
  in	
  1	
  M	
  HCl	
  is	
  seen	
  to	
  etch	
  away	
  the	
  internal	
  particles	
  leaving	
  the	
  sack	
  intact.	
  Further,	
  

cesium	
  chloride	
  was	
  used	
  as	
  model	
  solute	
  to	
  study	
  release	
  from	
  the	
  sack	
  interior.	
  We	
  found	
  

that	
  exposing	
  CsCl-­‐filled	
  GO	
  nanosacks	
  to	
  humid	
  room	
  air	
  prior	
  to	
  SEM	
  analysis	
  led	
  to	
  water	
  

uptake	
  and	
  the	
  release	
  of	
  salts	
  clearly	
  seen	
  in	
  Figure	
  5.3C.	
  The	
  highly	
  hygroscopic	
  nature	
  of	
  

these	
  particles	
  is	
  consistent	
  with	
  the	
  exposure	
  of	
  nanoscale	
  particles	
  of	
  highly	
  soluble	
  CsCl	
  

with	
  high	
   surface	
   area	
   to	
   ambient	
  water	
  vapor.	
   In	
  Figure	
  5.3D,	
  we	
  use	
   a	
   chloride-­‐specific	
  

electrode	
  to	
  measure	
  release	
  kinetics.	
  Release	
  from	
  the	
  as-­‐produced	
  nanosacks	
  is	
  too	
  fast	
  to	
  

measure	
   with	
   this	
   technique	
   (<	
   10	
   sec).	
   The	
   rapid	
   release	
   in	
   the	
   as-­‐produced	
   sacks	
   is	
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consistent	
  with	
   pore	
   transport	
   over	
   these	
   length	
   scales.	
  With	
   the	
   relevant	
   particle	
   length	
  

scale	
  of	
  100	
  nm,	
  a	
  porosity	
  values	
  of	
  0.66	
  and	
  a	
  Cl-­‐	
  aqueous	
  diffusion	
  coefficient	
  of	
  2×10-­‐5	
  

cm2/s,14	
   characteristic	
   diffusion	
   times,	
   L2/D,	
   are	
   predicted	
   to	
   be	
   on	
   order	
   of	
   7	
   μsec	
   if	
   the	
  

pores	
  connect	
  the	
  cargo	
  space	
  with	
  the	
  exterior.	
  Each	
  of	
  these	
  tests	
  indicates	
  the	
  sacks	
  are	
  

open	
  and	
  capable	
  of	
  quickly	
  releasing	
  small	
  molecule	
  cargoes.	
   	
  

	
   Delivery	
   of	
   theranostic	
   applications	
   will	
   require	
   controlled	
   release	
   behavior	
   rather	
  

than	
   the	
   rapid	
   release	
   observed	
   for	
   as-­‐produced	
   sacks.	
   As	
   a	
   proof-­‐of-­‐principle,	
  we	
   added	
  

carboxymethyl	
   cellulose	
   (CMC)	
   to	
   see	
   if	
   an	
   additional	
   filler	
   material	
   could	
   provide	
   a	
  

diffusion	
   barrier	
   to	
   achieve	
   slow	
   release	
   of	
   the	
   CsCl	
   salt	
   probe.	
   Addition	
   of	
   CMC	
   to	
   the	
  

nebulizing	
  suspension	
  led	
  to	
  GO/CsCl/CMC	
  nanosacks,	
  and	
  the	
  500	
  oC	
  drying	
  temperature	
  

decomposes	
  CMC	
  to	
  volatile	
  matter	
  and	
  amorphous	
  carbon	
  as	
  a	
  pore	
  blocker.	
  Figure	
  5.3D	
  

shows	
   that	
   a	
  portion	
  of	
   the	
   salt	
   release	
  now	
  occurs	
  over	
  much	
   longer	
   time	
   scales,	
   on	
   the	
  

order	
  of	
  days.	
  The	
  ability	
  to	
  add	
  water-­‐soluble	
  solutes	
  and	
  fillers	
  to	
  GO	
  nanosacks	
  opens	
  up	
  

the	
   possibility	
   for	
   controlled	
   release	
   applications	
   either	
   alone	
   or	
   in	
   combination	
   with	
  

diagnostic	
  functions.	
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Figure	
  5.3	
  Information	
  on	
  graphene	
  nanosack	
  sealing	
  and	
  solute	
  release	
  as	
  relevant	
  
to	
  delivery	
  functions.	
   	
  

(A)	
  Brunauer	
  Emmett	
  Teller	
  (BET)	
  surface	
  area,	
  porosity	
  and	
  pore	
  volume	
  of	
  Fe3O4,	
  empty	
  nanosacks	
  
and	
   Fe3O4-­‐filled	
   nanosacks.	
   (B)	
   Pore	
   size	
   distribution	
   of	
   Fe3O4-­‐filled	
   nanosacks	
   obtained	
   from	
  
nitrogen	
   vapor	
   adsorption	
   isotherms	
  by	
   applying	
  nonlocal	
   density	
   functional	
   theory	
   (DFT)	
   carbon	
  
slit	
   pore	
  model.	
   (C)	
   SEM	
   of	
   CsCl-­‐filled	
   GO	
   nanosacks	
   after	
   brief	
   exposure	
   to	
   humid	
   air.	
   Salt-­‐filled	
  
sacks	
  (GO:CsCl	
  mass	
  ratio	
  1:4)	
  are	
  highly	
  hygroscopic	
  and	
  take	
  up	
  atmospheric	
  moisture	
  and	
  release	
  
CsCl	
  to	
  form	
  visible	
  films	
  surrounding	
  the	
  sacks.	
  (D)	
  Chloride	
  release	
  rate	
  in	
  DI	
  water	
  for	
  CsCl	
  filled	
  
nanosacks	
  with	
  and	
  without	
  carboxymethylcellulose	
  (CMC)	
  as	
  a	
  sealing	
  additive.	
  CMC	
  addition	
  to	
  the	
  
aerosol	
  process	
  reduces	
  the	
  dissolution	
  rate	
  of	
  soluble	
  CsCl.	
   	
  

5.3.3	
  Multimodal	
  imaging	
  

The	
   theory	
   for	
   binary	
   colloids	
   presented	
   in	
   Figure	
  5.2	
   is	
   easily	
   extended	
   to	
   systems	
  with	
  

Ncomponents	
   >	
   2,	
   which	
   is	
   the	
   regime	
   of	
   interest	
   for	
  multifunctional	
  materials.	
  We	
   chose	
   to	
  

demonstrate	
   the	
   multicomponent	
   capability	
   by	
   fabricating	
   dual-­‐purpose	
   magnetically	
  

responsive	
  contrast	
  agents	
  for	
  both	
  MRI	
  and	
  X-­‐ray	
  CT.	
  MRI	
  and	
  CT	
  are	
  two	
  of	
  most	
  widely	
  

used	
  techniques	
  in	
  clinical	
  diagnostics,	
  and	
  can	
  be	
  applied	
  alone	
  or	
  in	
  combination.	
  Due	
  to	
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its	
   good	
   availability	
   and	
   relatively	
   low	
   costs,	
   CT	
   is	
   often	
   the	
   preferred	
   technique	
   for	
  

pretreatment	
  evaluation	
  of	
  cancer,	
  and	
  offers	
  high	
  patient	
  throughput	
  and	
  high-­‐resolution	
  

imaging.15	
  MRI	
  is	
  a	
  flexible	
  technique	
  that	
  identifies	
  pathology	
  based	
  upon	
  their	
  difference	
  

on	
  T1,	
  T2	
  (or	
  T2*)	
  relaxation	
  time	
  and	
  proton	
  density	
  between	
  diseased	
  and	
  normal	
   tissue.	
  

Figure	
   5.4A-­‐4C	
   shows	
   three	
   different	
  multicomponent	
   graphene	
   sacks	
   of	
   interest	
   in	
   dual	
  

CT/MRI	
   imaging,	
   based	
   on	
   G/Au/Fe3O4	
   or	
   G/BaTiO3/Fe3O4	
   chemistries.	
   Each	
   of	
   the	
  

materials	
  was	
  fabricated	
  with	
  a	
  component	
  mass	
  ratio	
  of	
  1:2:2.	
  The	
  multicomponent	
  nature	
  

of	
  these	
  hybrid	
  is	
  most	
  easily	
  seen	
  in	
  Figure	
  5.4B,	
  in	
  which	
  the	
  lower	
  electron	
  density	
  and	
  

small	
  size	
  of	
  the	
  Fe3O4	
  NPs	
  distinguish	
  them	
  from	
  Au,	
  and	
  in	
  Figure	
  5.4C	
  where	
  the	
  large	
  size	
  

of	
  BaTiO3	
  NPs	
  distinguishes	
   them	
   from	
  the	
  Fe3O4-­‐NPs.	
  High-­‐resolution	
   imaging	
  shows	
   the	
  

GO	
   sack	
   is	
   a	
  multilayer	
   structure	
   that	
   conforms	
   to	
   particles	
   in	
   the	
   peripheral	
   region	
   and	
  

bridges	
  open	
  spaces	
  between	
  neighboring	
  particles	
  (Figure	
  5.4D).	
   	
  

	
   The	
  magnetic	
  properties	
  of	
  one	
  set	
  of	
  GO/Au/Fe3O4	
  nanosacks	
  were	
  characterized	
  by	
  

vibrating	
  sample	
  magnetometry	
  on	
  15	
  mg	
  dry	
  powder	
  samples.	
  We	
  observe	
  a	
  small	
  degree	
  

of	
  hysteresis,	
  which	
  is	
  consistent	
  with	
  the	
  50nm	
  size	
  of	
  the	
  iron	
  oxide	
  nanoparticles	
  in	
  these	
  

sacks,	
  and	
  the	
  remanence	
  and	
  coercivity	
  were	
  determined	
  to	
  be	
  1.040	
  emu/g	
  and	
  0.01416	
  T,	
  

respectively.	
  The	
  saturation	
  magnetization	
  was	
  not	
  reached	
  at	
  the	
  maximum	
  applied	
  field	
  of	
  

0.8T,	
   but	
   the	
   maximum	
   developed	
   magnetization	
   noted	
   was	
   4.52	
   emu/g	
   at	
   0.8T.	
   This	
  

developed	
  magnetization	
   is	
   substantially	
   larger	
   than	
   that	
  produced	
  by	
   ferritin	
   cage-­‐based	
  

iron	
   and	
  manganese	
   contrast	
   agents	
   by	
   a	
   factor	
   of	
   11.3	
   and	
   2.26	
   respectively.16-­‐17	
   Use	
   of	
  

single	
  domain	
   superparamagnetic	
   particles	
   as	
   the	
   cargo	
   (8-­‐10	
  nm)	
  may	
   result	
   in	
   a	
   larger	
  

developed	
  magnetization,	
  smaller	
  hysteresis,	
  and	
  even	
  greater	
  T2	
  contrast	
  effect.	
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Figure	
  5.4	
  Example	
  multifunctional	
  probes	
  as	
  dual	
  CT/MRI	
  contrast	
  agents.	
   	
  

(A)	
   G/Au/Fe3O4	
   hybrid	
   used	
   in	
   the	
  magnetometry	
   and	
  MRI/CT	
   characterization	
   in	
   Figure	
   5.5.	
   (B)	
  
Second	
  G/Au/Fe3O4	
  hybrid	
  with	
  20	
  nm	
  Fe3O4	
  NPs	
  (“Fx”)	
  whose	
  small	
  size	
  and	
  low	
  electron	
  density	
  
make	
   them	
   visually	
   distinct	
   from	
   the	
   nominal	
   40	
   nm	
   Au.	
   (C)	
   G/BaTiO3/Fe3O4	
   hybrid	
   for	
   GI	
   tract	
  
imaging.	
  (D)	
  High	
  resolution	
  image	
  of	
  a	
  multilayer	
  graphene	
  sheet	
  bridging	
  two	
  cargo	
  particles	
  at	
  the	
  
outer	
  edge	
  of	
  a	
  G/Fe3O4	
  structure.	
  	
  

	
   Figure	
  5.5	
  shows	
  the	
  MRI	
  and	
  CT	
  contrast	
  performances	
  of	
   the	
  GO/Au,	
  GO/Fe3O4	
  and	
  

three-­‐way	
   GO/Au/Fe3O4	
   hybrids.	
   The	
   filled	
   graphene	
   nanosacks	
   were	
   suspended	
   in	
  

carboxymethylcellulose	
   (CMC)	
   gel	
   in	
   cylindrical	
   5	
   ml	
   tubes	
   at	
   a	
   series	
   of	
   increasing	
  

concentrations	
   and	
   placed	
   horizontally	
   in	
   the	
   MRI	
   and	
   CT	
   test	
   zones	
   for	
   cross-­‐sectional	
  

imaging	
  relative	
  to	
  gel-­‐only	
  controls.	
  Figure	
  5.5A,	
  B	
  show	
  the	
  MRI	
  behavior	
  of	
  the	
  GO/Fe3O4	
  

nanosacks,	
   in	
   the	
   form	
  of	
  T2	
  weighted	
   images	
  with	
  an	
  echo	
  time	
  of	
  30	
  ms	
  along	
  with	
  a	
  T2	
  

map	
   computed	
   using	
   the	
   monoexponential	
   fit	
   to	
   the	
   24-­‐echo	
   data.	
   The	
   Fe3O4-­‐filled	
  

nanosacks	
  show	
  a	
  strong	
  T2	
  contrast	
  effect	
  at	
  ppm	
  doses.	
  From	
  a	
  gel	
  control	
  mean	
  T2	
  of	
  535	
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ms,	
  T2	
  monotonically	
  decreased	
  with	
  increasing	
  concentration	
  reaching	
  a	
  value	
  of	
  19.1	
  ms	
  

at	
   the	
   concentration	
   of	
   50	
   μg/ml.	
   The	
   relaxation	
   rate	
   (R2	
   =	
   1/T2)	
   is	
   linear	
   with	
   dose,	
   as	
  

expected.	
  Computing	
  relaxivity	
  as	
   the	
  slope	
  of	
   this	
   line	
  gives	
  r2=1012	
  s-­‐1	
   (mg/ml)-­‐1.	
  There	
  

was	
  also	
  a	
  weak	
  T1	
  effect	
  with	
  an	
  estimated	
  relaxivity	
  r1=4.95	
  s-­‐1	
  (mg/ml)-­‐1.	
  This	
  behavior	
  is	
  

expected,	
   as	
   iron	
   oxide	
   based	
   contrast	
   agents	
   are	
   used	
   primarily	
   to	
   reduce	
   T2	
   and	
   T2*,	
  

although	
   some	
  T1	
   effect	
   has	
  been	
  described	
  previously.18	
  The	
  3-­‐way	
  GO/Au/Fe3O4	
  hybrid	
  

shows	
   similar	
  behavior	
   (Figure	
  5.5C)	
  but	
  with	
   reduced	
   relaxivity	
   (r2=114.0	
   s-­‐1	
   (mg/ml)-­‐1)	
  

relative	
  to	
  the	
  pure	
  Fe3O4	
  cargo.	
  The	
  hybrid’s	
  effect	
  on	
  T1	
  was	
  practically	
  negligible	
  with	
  a	
  

reduction	
  in	
  T1	
  of	
  9.5%	
  between	
  the	
  gel	
  control	
  at	
  a	
  concentration	
  of	
  500	
  μg/ml.	
   	
  

	
   Figure	
   5.5D,	
   E	
   show	
   the	
   X-­‐ray	
   CT	
   contrast	
   performance	
   for	
   the	
   G/Au	
   hybrids,	
  

Au-­‐particle	
  controls	
  and	
  gel-­‐only	
  controls.	
  The	
  maximum	
  attenuation	
  was	
  noted	
  at	
  80	
  kVp	
  

with	
  a	
  mean	
  CT	
  number	
  increase	
  of	
  57.8	
  for	
  the	
  2000	
  μg/ml	
  Au/nanosack	
  sample.	
  The	
  same	
  

concentration	
   for	
   free	
   gold	
   (no	
   nanosacks)	
   produced	
   at	
  mean	
   CT	
   number	
   change	
   of	
   102,	
  

which	
   is	
   consistent	
  with	
   the	
   increased	
  mass	
   fraction	
   of	
  Au	
   in	
   this	
  material.	
   The	
   expected	
  

monotonic	
  decrease	
  in	
  attenuation	
  with	
  increasing	
  kVp	
  was	
  interrupted	
  at	
  120	
  kVp.	
  This	
  is	
  

probably	
  a	
  consequence	
  of	
  the	
  K-­‐edge	
  absorption	
  of	
  gold	
  at	
  80.725	
  keV.	
  With	
  an	
  X-­‐ray	
  tube	
  

voltage	
  bias	
  of	
  120	
  kVp	
  there	
  was	
  a	
  sufficiently	
  large	
  number	
  of	
  photons	
  in	
  the	
  region	
  of	
  80	
  

keV	
  to	
  allow	
  observation	
  of	
  K-­‐edge	
  attenuation.	
  As	
  expected,	
  a	
  reduction	
  in	
  the	
  quantity	
  of	
  

gold	
  in	
  the	
  GO	
  nanosacks	
  reduced	
  the	
  observed	
  attenuation,	
  with	
  a	
  mean	
  CT	
  number	
  change	
  

of	
  25.6	
  at	
  a	
  concentration	
  of	
  2000	
  ug/ml	
  at	
  80	
  kVp	
  (Figure	
  5.5E).	
  Again,	
  there	
  is	
  an	
  increase	
  

in	
  attenuation	
  going	
  from	
  100	
  kVp	
  to	
  120	
  kVp,	
  again	
  indicating	
  the	
  possibility	
  of	
  the	
  K-­‐edge	
  

attenuation	
  effect.	
  

	
   The	
  imaging	
  results	
  demonstrate	
  the	
  feasibility	
  of	
  cargo-­‐filled	
  GO	
  nanosacks	
  as	
  contrast	
  

agents	
   applicable	
   to	
   MRI	
   and	
   X-­‐ray	
   CT,	
   and	
   the	
   potential	
   for	
   development	
   of	
   versions	
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suitable	
   for	
   use	
   with	
   both	
  modalities.	
   Note	
   that	
   the	
   degree	
   of	
   T2	
   effect	
   is	
   believed	
   to	
   be	
  

influenced	
   by	
   water	
   penetration	
   in	
   and	
   out	
   of	
   the	
   nanosack,	
   as	
   is	
   the	
   case	
   for	
   modified	
  

ferritin	
   complexes.16-­‐17	
   The	
   further	
   development	
   of	
   this	
   application	
   will	
   require	
  

optimization	
   of	
   cargoes	
   (single	
   domain	
   magnetic	
   particles),	
   nanosack	
   size	
   (through	
  

concentration	
   and	
   droplet	
   size	
   optimization),	
   and	
   functionalization	
   and	
   targeting	
   of	
   the	
  

nanosack	
   exterior	
   through	
   well-­‐known	
   coupling	
   chemistries	
   for	
   graphene	
   and	
   related	
  

carbon	
   materials.19-­‐22	
   Further	
   applications	
   may	
   be	
   in	
   spatial	
   frequency	
   heterodyne	
  

imaging,23	
  which	
  offers	
  promise	
   for	
  use	
  of	
  X-­‐ray	
   scattering	
   in	
   the	
   imaging	
  of	
  object	
   edges	
  

with	
  abrupt	
  changes	
  in	
  phase	
  or	
  absorption	
  with	
  low	
  concentrations	
  of	
  the	
  absorbing	
  agent	
  

such	
  as	
  gold.	
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Figure	
  5.5	
  Clinical	
  MRI	
  and	
  X-­‐ray	
  CT	
  results	
  showing	
  the	
  contrast	
  performance	
  of	
  
G/Fe3O4	
  G/Au	
  and	
  G/Au/Fe3O4	
  multifunctional	
  probes.	
   	
  

(A)	
   T2	
  weighted	
   image	
   (TE=30ms)	
   of	
   G/Fe3O4	
   nanosacks	
   in	
   CMC	
   gel.	
   Control	
   (gel	
   alone)	
   is	
   on	
   the	
  
right,	
  with	
  nanosack	
  concentration	
  increasing	
  right	
  to	
  left:	
  0.5,	
  1,	
  2,	
  5,	
  10,	
  20,	
  50	
  ug/ml.	
  (B)	
  T2	
  map	
  
computed	
   from	
   the	
   24	
   echo	
   image	
   series.	
   Color	
   bar	
   is	
   T2	
   in	
   seconds.	
   (C)	
   MRI	
   T2	
   map	
   of	
   the	
  
G/Au/Fe3O4	
  hybrid.	
  Sack	
  concentrations	
  increase	
  from	
  left	
  to	
  right	
  as	
  0.05,	
  0.1,	
  0.5,	
  1,	
  5,	
  10,	
  50,	
  100	
  
and	
  500	
  ug/ml.	
  (D)	
  X-­‐ray	
  CT	
  image	
  (80kVp)	
  of	
  the	
  G/Au	
  nanosacks	
  (right-­‐hand	
  L-­‐shaped	
  sequence)	
  
and	
  free	
  Au	
  controls	
  (left-­‐hand	
  L-­‐shaped	
  sequence).	
  For	
  the	
  G/Au	
  nanosacks,	
  the	
  sack	
  concentrations	
  
in	
  ug/ml	
  from	
  left	
  to	
  right	
  are:	
  2000,	
  400,	
  200,	
  40,	
  20,	
  gel	
  control,	
  H2O	
  control.	
  For	
  the	
  free	
  Au,	
  the	
  
particle	
  concentrations	
  are	
  (left	
  to	
  right).	
  400,	
  200,	
  40,	
  20,	
  gel	
  control	
  with	
  the	
  2000	
  ug/ml	
  sample	
  at	
  
the	
   top,	
   and	
   a	
   200	
   μg/ml	
   sample	
   of	
   empty	
   sacks	
   immediately	
   beneath	
   it.	
   (E)	
   Table	
   of	
   CT	
   results	
  
shown	
   as	
   change	
   in	
   CT	
   number	
   with	
   the	
   attenuation	
   (relative	
   to	
   control	
   gel	
   sample)	
   shown	
   in	
  
parenthesis.	
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5.3.4	
   Carbothermal	
   reduction	
   as	
   a	
   new	
   route	
   for	
   metal/metal	
  

oxides	
  production	
  

It	
   is	
   well	
   known	
   that	
   carbon	
   becomes	
   a	
   reducing	
   agent	
   for	
   metal	
   oxides	
   and	
   sulfides	
   at	
  

elevated	
   temperature.	
   Ellingham	
   diagram	
   plots	
   the	
   standard	
   free	
   energy	
   of	
   formation	
   of	
  

metal	
  oxides/sulfides	
  and	
  carbon	
  oxides	
  against	
  temperature.	
  The	
  standard	
  free	
  energy	
  of	
  

formation	
   for	
   metal	
   oxides	
   drops	
   while	
   that	
   of	
   carbon	
   oxide	
   increases	
   (CO)	
   or	
   remains	
  

constant	
   (CO2)	
   when	
   temperature	
   increases.	
   This	
   diagram	
   is	
   very	
   useful	
   to	
   predict	
   the	
  

temperature	
   required	
   for	
   the	
   carbothermal	
   reduction	
   of	
   certain	
   metal	
   oxides	
   or	
   sulfides	
  

from	
  the	
   thermodynamic	
  point	
  of	
  view.	
  For	
  any	
  given	
  metal	
  oxide,	
   it	
   could	
  be	
  reduced	
  by	
  

carbon	
   when	
   its	
   free	
   energy	
   of	
   formation	
   is	
   above	
   that	
   of	
   either	
   CO	
   or	
   CO2	
   for	
   certain	
  

temperature.	
   	
  

	
   As	
  a	
   carbon	
  based	
  structure,	
   crumpled	
  GO	
  nanosack	
  may	
  also	
  be	
  a	
  good	
  platform	
   for	
  

producing	
   metal	
   nanostructures,	
   which	
   are	
   not	
   very	
   stable	
   during	
   storage	
   or	
   are	
  

hard/sophisticated	
   to	
   produce	
   with	
   traditional	
   synthetic	
   routes.	
   Zero	
   valance	
   iron	
   (Fe0)	
  

nanoparticle	
   is	
   one	
   of	
   such	
   examples.	
   Due	
   to	
   its	
   high	
   reactivity,	
   Fe0	
  NPs	
   tend	
   to	
   oxidize	
  

during	
  preparation	
  and	
  storage,	
  making	
  process	
  control	
  very	
  difficult.	
  In	
  addition,	
  they	
  are	
  

highly	
  magnetic	
  and	
  thus	
  strongly	
  aggregate	
  in	
  solution,	
  which	
  causes	
  it	
  very	
  challenging	
  to	
  

obtain	
  good	
  colloidal	
  dispersion.	
  Here	
  we	
  use	
  G/Fe3O4	
  as	
  a	
  precursor	
  to	
  produce	
  G/Fe0	
  as	
  a	
  

demonstration	
   and	
   this	
  method	
   can	
   in	
   principle	
   be	
   applied	
   to	
   achieve	
   similar	
   goals	
  with	
  

other	
  iron	
  based	
  compounds.	
  G/Fe3O4	
  nanosacks	
  which	
  are	
  facilely	
  produced	
  can	
  be	
  used	
  as	
  

a	
   precursor	
   to	
   produce	
   Fe0	
   NPs	
   with	
   carbon	
   shells,	
   which	
   provide	
   protection	
   against	
  

oxidative	
   passivation.	
   Fe3O4	
  is	
   expected	
   to	
   be	
   reduced	
   by	
   the	
   carbon	
   sheets	
   between	
   700	
  

and	
  750	
  °C	
  as	
  the	
  Ellingham	
  diagram	
  shows	
  the	
  free	
  energy	
  of	
  formation	
  of	
  Fe3O4	
  intersects	
  

with	
   those	
   of	
   CO	
   and	
   CO2.	
   Heating	
   G/Fe3O4	
   at	
   700	
   °C	
   in	
   nitrogen	
   flow	
   for	
   2	
   h	
   partially	
  



	
  

146	
  

reduced	
  Fe3O4	
  into	
  a	
  mixture	
  of	
  FeO	
  and	
  Fe3O4	
  (Figure	
  5.6A	
  and	
  B)	
  as	
  the	
  temperature	
  is	
  not	
  

enough	
   high	
   to	
   fully	
   convert	
   Fe3O4	
  to	
   Fe0;	
   however,	
   heating	
   at	
   800	
   °C	
   for	
   2	
   h	
   changes	
   all	
  

Fe3O4	
   into	
  Fe0	
  (Figure	
  5.6C	
  and	
  D).	
  The	
  cargo	
  nanosacks	
  morphology	
  remains	
   the	
  same	
  as	
  

the	
  G/Fe3O4	
  at	
   the	
  two	
  temperatures.	
  Higher	
  temperature	
   like	
  900	
  °C	
  can	
  produce	
  similar	
  

Fe0	
  phase	
  structure	
  with	
  better	
  crystallinity	
  but	
  the	
  sacks	
  carbon	
  shell	
  collapse	
  and	
  the	
  Fe0	
  

particles	
  fuse	
  together	
  to	
  form	
  large	
  micron	
  size	
  particles.	
  

	
  

Figure	
  5.6	
  Carbothermal	
  reduction	
  by	
  the	
  graphene	
  sheets	
  for	
  the	
  synthesis	
  of	
  G/Fe0	
  
nanosacks	
  using	
  G/Fe3O4	
  

Both	
   700	
   and	
   800	
   °C	
   treatment	
   of	
   G/Fe3O4	
   for	
   2	
   hours	
   maintains	
   the	
   nanosacks	
   structure	
   (A,C)	
  
700	
   °C	
   treatment	
   for	
  2	
  h	
  partially	
   reduced	
   the	
   cargo	
  F3O4	
  nanoparticles	
   into	
  a	
  mixture	
  of	
  FeO	
  and	
  
F3O4	
  (B),	
  but	
  800	
  °C	
  treatment	
  for	
  2	
  h	
  reduced	
  all	
  the	
  cargo	
  nanoparticles	
  into	
  Fe0	
  nanoparticles.	
  (D)	
  

	
   One	
  interesting	
  observation	
  is	
  that	
  carbothermal	
  reduction	
  can	
  even	
  happen	
  within	
  the	
  

extremely	
  short	
  period	
  of	
  time	
  when	
  droplets	
  fly	
  through	
  the	
  furnace,	
  which	
  is	
  less	
  than	
  1	
  s.	
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The	
  precursor	
  FeOOH	
  nanoparticles	
  can	
  be	
  reduce	
  to	
  Fe3O4	
  if	
  the	
  aerosol	
  process	
  is	
  done	
  at	
  

300	
   °C	
   or	
   above.	
   Although	
   300	
  °C	
   is	
   enough	
   to	
   obtain	
   magnetite,	
   higher	
   temperature	
   is	
  

favorable	
   for	
   better	
   crystallinity,	
   but	
   in	
   the	
  meantime	
   the	
   encapsulated	
   particles	
   become	
  

more	
  porous	
  as	
  process	
   temperature	
   increases.	
  Definitely,	
   the	
  volume	
  of	
  FeOOH	
  particles	
  

will	
  decrease	
  when	
  they	
  transform	
  to	
  Fe3O4	
  due	
  to	
  the	
  loss	
  of	
  inner	
  water,	
  and	
  thus	
  create	
  

porous	
  structures.	
  Previous	
  studies	
  reported	
   that	
   these	
  pores	
  could	
  result	
   in	
  shrinkage	
  of	
  

bare	
   FeOOH	
   NPs	
   at	
   300	
  °C,	
   and	
   total	
   structural	
   collapse	
   at	
   550	
   °C.24	
  Whereas,	
   the	
   Fe3O4	
  

particles	
  wrapped	
  inside	
  rGO	
  sacks	
  do	
  not	
  shrink,	
   instead	
  those	
  pores	
  grows,	
  connect	
  and	
  

finally	
  integrate	
  into	
  a	
  single	
  hollow,	
  resulting	
  in	
  a	
  hollow	
  nanorod	
  structure	
  of	
  Fe3O4	
  when	
  

using	
  500	
  °C	
  for	
  aerosol	
  process.	
  However,	
  further	
  increase	
  to	
  600	
  °C	
  will	
  lead	
  to	
  structure	
  

damage	
  and	
  debris	
   from	
  broken	
  particles	
  can	
  be	
  observed,	
  and	
   then	
  breakage	
  or	
  collapse	
  

happens	
  with	
  700	
  °C	
  aerosol	
  process.	
   	
  

	
  

Figure	
  5.7	
  Changes	
  of	
  obtained	
  iron-­‐containing	
  rGO	
  nanosacks	
  with	
  increasing	
  
temperature	
  for	
  the	
  themal	
  aerosol	
  processing	
  

(A-­‐D)	
  morphology	
  changes	
  in	
  TEM	
  images,	
  (E)	
  structure	
  changes	
  in	
  XRD	
  patterns.	
  The	
  XRD	
  pattern	
  at	
  
200	
  oC	
  is	
  characteristic	
  pattern	
  of	
  FeOOH	
  and	
  those	
  of	
  the	
  rest	
  are	
  characteristic	
  pattern	
  of	
  Fe3O4	
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5.4	
  Conclusion	
   	
  

These	
  results	
  show	
  that	
  graphene	
  encapsulation	
  in	
  the	
  aerosol	
  phase	
  is	
  a	
  useful	
  technique	
  

for	
   fabrication	
   of	
   multifunctional	
   materials.	
   Ensembles	
   of	
   simple	
   unifunctional	
  

nanoparticles	
   can	
   be	
   wrapped	
   by	
   rGO	
   sheets	
   in	
   a	
   non-­‐chemically	
   specific	
   manner	
   to	
  

produce	
   multifunctional	
   structures	
   without	
   the	
   need	
   for	
   complex	
   multistep	
   chemical	
  

synthesis.	
  A	
  wide	
  variety	
  of	
  nanoparticle	
   cargoes	
   can	
  be	
   encapsulated	
   this	
  way,	
   including	
  

some	
   that	
   are	
   colloidally	
   unstable	
   on	
   their	
   own	
   but	
   become	
   stable	
   through	
   electrostatic	
  

association	
  with	
  GO	
  sheets.	
  In	
  some	
  cases,	
  particle/sheet	
  association	
  becomes	
  extensive	
  and	
  

large	
  heteroaggregates	
  form	
  that	
  disrupts	
  uniform	
  aerosol	
  formation	
  and	
  encapsulation.	
  In	
  

these	
   cases,	
   high	
   pH	
   is	
   shown	
   to	
   be	
   the	
   favorable	
   operating	
   regime	
  where	
   GO	
   and	
  most	
  

nanoparticle	
   cargoes	
   have	
   common	
   negative	
   surface	
   charge	
   and	
   thus	
   disperse	
   uniformly	
  

and	
  independently.	
  High	
  pH	
  also	
  enhances	
  the	
  stability	
  of	
  some	
  metal	
  and	
  metal	
  oxide	
  NPs	
  

to	
  dissolution	
  or	
  oxidative	
  dissolution.	
   	
  

	
   This	
   study	
   also	
   shows	
   that	
   graphene	
   sacks	
   in	
   as-­‐produced	
   form	
   are	
   open	
   to	
   small	
  

solute	
  exchange	
  with	
  their	
  environment	
  but	
  can	
  be	
  partially	
  sealed	
  by	
  addition	
  of	
  polymer	
  

filler	
   to	
   the	
   nebulizing	
   suspension.	
   The	
   partial	
   sealing	
   suggests	
   potential	
   for	
   controlled	
  

release	
  applications	
  and	
  their	
  combination	
  with	
  multimodal	
  imaging	
  as	
  demonstrated	
  here	
  

toward	
   the	
   goal	
   of	
   GO	
   nanosack-­‐based	
   theranostics.	
   This	
   study	
   also	
   demonstrates	
   the	
  

multifunctional	
   material	
   concept	
   by	
   fabricating	
   G/Au/Fe3O4	
  and	
   G/BaTiO3/Fe3O4	
  ternary	
  

particles	
   as	
  MRI/CT	
  multimodal	
   imaging	
   probes.	
   The	
   G/Au/Fe3O4	
  probe	
   shows	
   both	
  MRI	
  

and	
  CT	
  contrast	
   in	
  CMC	
  gel	
   suspensions	
  at	
   low	
  concentrations	
   ranging	
   from	
  0.05	
   to	
  2000	
  

μg/mL	
   based	
   on	
   tests	
   using	
   clinical-­‐scale	
   scanners.	
   While	
   this	
   first	
   experiment	
  

demonstrated	
   both	
   MRI	
   and	
   CT	
   contrast,	
   further	
   work	
   is	
   needed	
   to	
   develop	
  multimodal	
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probes	
  for	
  specific	
  applications.	
  We	
  envision	
  the	
  optimization	
  of	
  cargoes,	
  by	
  using	
  smaller	
  

Fe3O4	
   nanoparticles	
   for	
   increased	
   developed	
   magnetization,46,47	
   and	
   the	
   use	
   of	
   smaller	
  

nanosacks	
   with	
   higher	
   number	
   densities	
   for	
   improved	
   vascular	
   penetration	
   to	
   tumors	
  

through	
  the	
  enhanced	
  permeability	
  and	
  retention	
  effect.	
   	
  

	
   Finally,	
   in	
   addition	
   to	
   stabilizing	
   the	
   carbon	
   shells	
   of	
   nanosacks,	
   thermal	
   treatment	
  

during	
   or	
   after	
   the	
   aerosol	
   process	
   is	
   found	
   to	
   play	
   a	
   significant	
   role	
   in	
   determining	
   the	
  

composition	
   or	
   structure	
   of	
   the	
   products.	
   This	
   could	
   be	
   due	
   to	
   the	
   reductive	
   property	
   of	
  

carbon	
  sheets	
  at	
  high	
  temperature,	
   the	
  spontaneous	
  phase/composition	
  transformation	
  of	
  

the	
  encapsulated	
  cargo	
  material	
  at	
  different	
  temperatures	
  or	
  both.	
    



	
  

150	
  

5.5	
  References	
  

1. Cote, L. J.; Kim, F.; Huang, J., Langmuir-Blodgett assembly of graphite oxide 

single layers. J. Am. Chem. Soc. 2009, 131 (3), 1043-9. 

2. Chen, Y. T.; Guo, F.; Jachak, A.; Kim, S. P.; Datta, D.; Liu, J. Y.; Kulaots, I.; 

Vaslet, C.; Jang, H. D.; Huang, J. X.; Kane, A.; Shenoy, V. B.; Hurt, R. H., Aerosol 

Synthesis of Cargo-Filled Graphene Nanosacks. Nano Lett. 2012, 12 (4), 1996-2002. 

3. Ma, X. F.; Zachariah, M. R.; Zangmeister, C. D., Crumpled Nanopaper from 

Graphene Oxide. Nano Lett. 2012, 12 (1), 486-489. 

4. Luo, J. Y.; Jang, H. D.; Sun, T.; Xiao, L.; He, Z.; Katsoulidis, A. P.; Kanatzidis, M. 

G.; Gibson, J. M.; Huang, J. X., Compression and Aggregation-Resistant Particles of 

Crumpled Soft Sheets. ACS nano 2011, 5 (11), 8943-8949. 

5. Yue, J.; Jiang, X. C.; Yu, A. B., Experimental and theoretical study on the 

beta-FeOOH nanorods: growth and conversion. J. Nanopart. Res. 2011, 13 (9), 3961-3974. 

6. Haynes, W. M., In CRC Handbook of Chemistry and Physics, Taylor and Francis: 

Boca Raton, FL, 2012; p 10 232. 

7. Gomez-Navarro, C.; Weitz, R. T.; Bittner, A. M.; Scolari, M.; Mews, A.; Burghard, 

M.; Kern, K., Electronic transport properties of individual chemically reduced graphene 

oxide sheets. Nano Lett. 2007, 7 (11), 3499-3503. 

8. Daou, T. J.; Pourroy, G.; Greneche, J. M.; Bertin, A.; Felder-Flesch, D.; 

Begin-Colin, S., Water soluble dendronized iron oxide nanoparticles. Dalton T 2009,  (23), 

4442-4449. 

9. Kim, J.; Cote, L. J.; Kim, F.; Yuan, W.; Shull, K. R.; Huang, J. X., Graphene Oxide 

Sheets at Interfaces. J. Am. Chem. Soc. 2010, 132 (23), 8180-8186. 



	
  

151	
  

10. Liu, J. Y.; Hurt, R. H., Ion Release Kinetics and Particle Persistence in Aqueous 

Nano-Silver Colloids. Environ. Sci. Technol. 2010, 44 (6), 2169-2175. 

11. Miao, A. J.; Zhang, X. Y.; Luo, Z. P.; Chen, C. S.; Chin, W. C.; Santschi, P. H.; 

Quigg, A., Zinc Oxide Engineered Nanoparticles Dissolution and Toxicity to Marine 

Phytoplankton. Environ. Toxicol. Chem. 2010, 29 (12), 2814-2822. 

12. Midander, K.; Cronholm, P.; Karlsson, H. L.; Elihn, K.; Moller, L.; Leygraf, C.; 

Wallinder, I. O., Surface Characteristics, Copper Release, and Toxicity of Nano- and 

Micrometer-Sized Copper and Copper(II) Oxide Particles: A Cross-Disciplinary Study. 

Small 2009, 5 (3), 389-399. 

13. Lastoskie, C.; Gubbins, K. E.; Quirke, N., Pore-Size Heterogeneity and the Carbon 

Slit Pore - a Density-Functional Theory Model. Langmuir 1993, 9 (10), 2693-2702. 

14. Samson, E.; Marchand, J.; Snyder, K. A., Calculation of ionic diffusion coefficients 

on the basis of migration test results. Mater. Struct. 2003, 36 (257), 156-165. 

15. Kircher, M. F.; Willmann, J. K., Molecular Body Imaging: MR Imaging, CT, and 

US. Part I. Principles. Radiology 2012, 263 (3), 633-643. 

16. Sana, B.; Johnson, E.; Sheah, K.; Poh, C. L.; Lim, S., Iron-based ferritin nanocore 

as a contrast agent. Biointerphases 2010, 5 (3), Fa48-Fa52. 

17. Sana, B.; Poh, C. L.; Lim, S., A manganese-ferritin nanocomposite as an 

ultrasensitive T-2 contrast agent. Chem. Commun. 2012, 48 (6), 862-864. 

18. Yan, G.-P.; Robinson, L.; Hogg, P., Magnetic resonance imaging contrast agents: 

Overview and perspectives. Radiography 2007, 13, Supplement 1, e5-e19. 

19. Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato, M., Chemistry of carbon nanotubes. 

Chem. Rev. 2006, 106 (3), 1105-1136. 

20. Lacerda, L.; Bianco, A.; Prato, M.; Kostarelos, K., Carbon nanotubes as 

nanomedicines: From toxicology to pharmacology. Adv. Drug Del. Rev. 2006, 58 (14), 

1460-1470. 



	
  

152	
  

21. Robinson, J. T.; Tabakman, S. M.; Liang, Y. Y.; Wang, H. L.; Casalongue, H. S.; 

Vinh, D.; Dai, H. J., Ultrasmall Reduced Graphene Oxide with High Near-Infrared 

Absorbance for Photothermal Therapy. J. Am. Chem. Soc. 2011, 133 (17), 6825-6831. 

22. Kam, N. W. S.; O'Connell, M.; Wisdom, J. A.; Dai, H. J., Carbon nanotubes as 

multifunctional biological transporters and near-infrared agents for selective cancer cell 

destruction. Proc. Natl. Acad. Sci. U. S. A. 2005, 102 (33), 11600-11605. 

23. Wu, B. B.; Liu, Y. A.; Rose-Petruck, C.; Diebold, G. J., X-ray spatial frequency 

heterodyne imaging. Appl. Phys. Lett. 2012, 100 (6). 

24. Piao, Y.; Kim, J.; Na, H. B.; Kim, D.; Baek, J. S.; Ko, M. K.; Lee, J. H.; 

Shokouhimehr, M.; Hyeon, T., Wrap-bake-peel process for nanostructural transformation 

from beta-FeOOH nanorods to biocompatible iron oxide nanocapsules. Nat Mater 2008, 7 

(3), 242-247. 

 



	
  

153	
  

	
  

	
  

	
  

	
  

	
  

	
  

CHAPTER	
  6	
  SUMMARY	
  OF	
  THESIS	
  

	
  

	
  

	
  

	
  

	
    



	
  

154	
  

	
   GO-­‐based	
   materials	
   as	
   the	
   most	
   promising	
   graphene	
   materials	
   for	
   large-­‐scale	
  

application	
  deserve	
  more	
  study	
  on	
  their	
  properties.	
  Better	
  understanding	
  on	
  their	
  chemical	
  

and	
   thermochemical	
   properties	
   could	
   be	
   important	
   for	
   clarifying	
   controversies	
   on	
   their	
  

health	
  and	
   safety	
   issues,	
  which	
  are	
  essential	
   for	
   these	
  materials’	
   successful	
  uptake	
  by	
   the	
  

industry.	
  

	
   The	
  energetic	
  nature	
  of	
  GO	
  is	
  ultimately	
  due	
  to	
  the	
  exothermic	
  nature	
  of	
  its	
  reduction,	
  

which	
  is	
  determined	
  by	
  its	
  special	
  chemical	
  structure,	
  more	
  specifically,	
  the	
  large	
  amount	
  of	
  

epoxyl	
   groups.	
  Heating	
   condition,	
   storage	
   form	
  and	
  presence	
  of	
   impurities	
   can	
   change	
   its	
  

chemical	
  reactivity	
  or	
  the	
  heat	
  and	
  mass	
  transfer	
  efficiency	
  during	
  the	
  process.	
  Explosion	
  is	
  

the	
  result	
  of	
  a	
  self-­‐propagating	
  reaction	
  confined	
  in	
  a	
  small	
  region	
  of	
  GO	
  by	
  limited	
  heat	
  and	
  

mass	
  transfer.	
  Redox	
  activity	
  of	
  GO-­‐based	
  materials	
  largely	
  determines	
  their	
  ability	
  to	
  cause	
  

oxidative	
  stress	
  in	
  biological	
  system,	
  which	
  is	
  an	
  important	
  mechanism	
  to	
  toxicity.	
  GO-­‐based	
  

materials	
   can	
  be	
  either	
  pro-­‐	
  or	
  anti-­‐	
  oxidative	
  depending	
  on	
   their	
  biological	
   targets.	
  They	
  

can	
   inhibit	
   ROS	
   generation	
   as	
   well	
   as	
   scavenge	
   existing	
   ROS.	
   Due	
   to	
   its	
   unique	
   chemical	
  

properties,	
   GO	
   can	
   also	
   be	
   used	
   to	
   build	
   3D	
   self	
   assemblies	
   which	
   can	
   simultaneously	
  

encapsulate	
   multiple	
   types	
   of	
   cargo,	
   serve	
   as	
   protective	
   antioxidant	
   layer	
   to	
   remediate	
  

oxidative	
  damage,	
   synthesize	
   and	
   stabilize	
   the	
  highly	
   reactive	
  Fe0	
  NPs	
  without	
  hazardous	
  

reductants	
  and	
  other	
  types	
  of	
  applications.	
  

	
   This	
   study	
   provides	
   insights	
   for	
   developing	
   safer	
   and	
   more	
   environmentally	
  

responsible	
   processing	
   techniques	
   for	
   a	
   couple	
   of	
   GO-­‐based	
   materials	
   with	
   different	
  

chemical	
   properties.	
   It	
   would	
   be	
   a	
   good	
   source	
   for	
   manufacturers	
   to	
   refer	
   to	
   in	
   their	
  

processing	
  practices	
  of	
  GO-­‐based	
  materials.	
  


