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Why	
  do	
  we	
  need	
  new	
  materials	
  for	
  energy	
  storage?	
  

•  Electrical	
  energy	
  Storage	
  refers	
  to	
  the	
  
ability	
  to	
  store	
  electrical	
  energy	
  in	
  a	
  
form	
  that	
  is	
  readily	
  available	
  for	
  later	
  
usage	
  

•  It	
  is	
  one	
  of	
  the	
  most	
  cri#cal	
  energy	
  
challenges	
  
•  Consumer	
  electronics	
  

•  Efficient,	
  safe,	
  cheaper	
  is	
  nice	
  …	
  
•  Transporta#on	
  

•  Lightweight,	
  highly-­‐efficient,	
  safe	
  	
  	
  
•  Li-­‐ion	
  at	
  present,	
  what	
  next?	
  

•  Energy	
  transmission	
  –	
  electric	
  grid	
  
•  Cheap,	
  reliable,	
  Did	
  I	
  men#on	
  cheap?	
  

“The performance of current EES technologies falls 
well short of requirements for using electrical 

energy efficiently in transportation, commercial, 
and residential applications.“ 

	
  



http://www.bloomberg.com/news/2012-04-11/gm-lithium-battery-lab-explosion-injures-2-fire-

http://news.consumerreports.org/safety/2011/11/apple-recalls-first-gen-ipod-nano-for-bad-batteries.html

http://www.hankyung.com/news/app/

http://www.telegraph.co.uk/news/1526424/Exploding-laptops-
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Li-­‐ion	
  baNeries	
  in	
  personal	
  
electronics	
  and	
  	
  transporta#on	
  



Integra#on	
  of	
  
renewable	
  
energy	
  into	
  the	
  
‘smart	
  grid’	
  
Ø  IntermiNency	
  

L	
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* ECONOMIC BENEFITS OF INCREASING ELECTRIC GRID RESILIENCE TO WEATHER OUTAGES, Executive Office of the President, 
August 2013 
h"p://energy.gov/sites/prod/files/2013/08/f2/Grid%20Resiliency%20Report_FINAL.pdf	
  

Weather	
  leads	
  to	
  
between	
  $18B	
  and	
  $33B	
  /	
  
year	
  in	
  losses*	
  

•  Hurricane	
  Sandy:	
  between	
  
$27B	
  &	
  $55B	
  

•  90%	
  of	
  Suffolk	
  County	
  
without	
  power	
  

•  50	
  deaths	
  aNributed	
  to	
  
power	
  outages	
  

A	
  ‘smart	
  grid’	
  increases	
  
the	
  resiliency	
  of	
  the	
  grid	
  

	
  	
  

Breezy	
  Point,	
  Queens	
  aLer	
  Hurricane	
  Sandy	
  	
  

Why	
  do	
  we	
  need	
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Different	
  available	
  technologies	
  



Back	
  story	
  –	
  Part	
  1	
  

•  Rod	
  Ruoff	
  @	
  University	
  of	
  
Texas	
  at	
  Aus#n	
  

•  Had	
  synthesized	
  a	
  new	
  
material	
  with	
  “extraordinary	
  
proper#es”	
  as	
  a	
  
“supercapacitor”	
  

•  But	
  what	
  exactly	
  was	
  it?	
  



Capacitors	
  

•  Capacitors	
  store	
  electrical	
  
charge	
  in	
  a	
  dielectric	
  media	
  

•  This	
  is	
  conven#onally	
  a	
  
ceramic	
  material	
  
•  Ceramics	
  do	
  have	
  electrons	
  

that	
  move	
  freely	
  in	
  the	
  
material	
  

•  Thus	
  they	
  do	
  not	
  conduct	
  
electric	
  charge	
  

•  Good	
  dielectrics	
  store	
  charge	
  
by	
  having	
  electrons	
  that	
  can	
  
shih	
  (“polarize”)	
  in	
  an	
  applied	
  
field	
  



Electrochemical	
  Capacitors:	
  “Supercapacitors” 	
  	
  

•  BaNeries	
  transfer	
  charged	
  ions	
  from	
  one	
  electrode	
  
to	
  a	
  second	
  electrode	
  by	
  an	
  fluid	
  (electrolyte).	
  	
  	
  
•  A	
  chemical	
  reac#on	
  occurs	
  at	
  the	
  interface	
  to	
  

store	
  the	
  charge	
  
•  Supercapacitors	
  store	
  charge	
  physically	
  at	
  
interfaces	
  in	
  the	
  material	
  
•  Applica#on	
  of	
  a	
  voltage	
  separates	
  charge	
  in	
  the	
  

electrolyte	
  to	
  the	
  interfaces	
  
•  When	
  voltage	
  is	
  removed	
  the	
  charge	
  is	
  stored	
  

•  Advantages:	
  
•  Rapid	
  charge	
  &	
  discharge	
  
•  No	
  chemical	
  degrada#on	
  –	
  huge	
  numbers	
  of	
  cycles	
  

•  Disadvantage:	
  
•  Low	
  energy	
  density	
  –	
  can’t	
  store	
  as	
  much	
  as	
  a	
  baNery	
  



Back	
  story	
  –	
  Part	
  2:	
  Graphene	
  

•  Graphene	
  ‘discovered’	
  in	
  2003	
  
•  A	
  new	
  form	
  of	
  carbon	
  –	
  a	
  

sheet	
  of	
  carbon	
  atoms	
  one	
  
atomic	
  layer	
  thick	
  

•  Amazing	
  proper#es	
  
•  Super	
  strong	
  &	
  elas#c	
  
•  Highly	
  electrically	
  

conduc#ve	
  
•  Highly	
  thermally	
  

conduc#ve	
  



Back	
  story	
  –	
  Part	
  2:	
  Graphene	
  

“Bucky-­‐balls”	
  
Nobel	
  Prize	
  in	
  
Chemistry	
  to	
  
Smalley,	
  Kroto	
  
and	
  Curl	
  in	
  1996	
  

Diamond	
  
Graphite	
  

Carbon	
  
Nanotubes	
  
Inaugural	
  “Kavli	
  Prize”	
  
for	
  Nanoscience,	
  to	
  
Sumio	
  Iijima	
  in	
  2008	
  



Back	
  story	
  –	
  Part	
  2:	
  Graphene	
  

•  Why	
  not	
  ‘nega#ve	
  curvature’	
  
carbon?	
  

•  Theore#cally	
  predicated	
  to	
  be	
  
energe#cally	
  favorable*	
  

•  Despite	
  20+	
  years	
  since	
  predica#on,	
  
no	
  prior	
  observa#ons	
  

*Lenosky,	
  et	
  al.,	
  Nature,	
  355,	
  1992	
  



Back	
  story	
  –	
  Part	
  3:	
  Graphene	
  oxide	
  

•  Graphene	
  oxide	
  is	
  a	
  material	
  
that	
  is	
  available	
  in	
  ton	
  
quali#es	
  

•  Oxygen	
  ‘linking	
  groups’	
  hold	
  
together	
  graphene	
  sheets	
  
•  These	
  groups	
  can	
  be	
  broken	
  

through	
  heat	
  or	
  chemical	
  
aNack	
  

www.physicsworld.com	
  



Graphene	
  
oxide	
  
“GO”	
  

Ruoff	
  group’s	
  synthesis	
  approach	
  

Microwave	
  
treatment	
  /	
  
thermal	
  
treatment	
  

Microwave	
  
exfoliated	
  GO	
  

“MEGO”	
   	
  
KOH	
  

ac#va#on	
  
Wash,	
  filter,	
  dry	
  

	
  

Heat	
  at	
  800C	
  in	
  
dry	
  Ar	
   Ac#vated	
  

microwave	
  
exfoliated	
  GO	
  
“a-­‐MEGO”	
  

Manufactured	
  in	
  
ton	
  quan``es	
  



Electrochemical	
  performance	
  

•  Extraordinary	
  performance	
  as	
  
a	
  supercapacitor	
  
•  Es#mated	
  prac#cal	
  energy	
  
of	
  a	
  packaged	
  device	
  of	
  20	
  
Wh/kg	
  
•  4	
  #mes	
  higher	
  than	
  exis#ng	
  
supercapacitors	
  based	
  on	
  
ac#vated	
  carbons	
  

•  ≈	
  70%	
  of	
  a	
  lead-­‐acid	
  baNery	
  



What	
  did	
  the	
  Ruoff	
  group	
  make?	
  

•  By	
  measuring	
  infiltra#on	
  of	
  N2,	
  Ar	
  and	
  CO	
  you	
  can	
  determine	
  the	
  size	
  of	
  pores	
  
•  It	
  was	
  found	
  to	
  be	
  a	
  highly	
  porous	
  material	
  

•  Distribu#on	
  of	
  pore	
  sizes	
  between	
  0.6	
  nm	
  and	
  5	
  nm	
  



This	
  is	
  where	
  BNL	
  joined	
  in	
  … 	
  	
  

•  DOE	
  Labs	
  have	
  amazing	
  
resources	
  
•  NSLS	
  –	
  bright	
  source	
  of	
  x-­‐rays	
  
•  CFN	
  –	
  powerful	
  electron	
  

microscopes	
  
•  Na#onal	
  Center	
  for	
  Electron	
  

Microscopy	
  at	
  Lawrence	
  Berkeley	
  
Na#onal	
  Lab	
  

The	
  TEAM	
  instrument	
  at	
  the	
  
Na`onal	
  Center	
  for	
  Electron	
  

Microscopy	
  	
  

Two	
  ‘aberra`on	
  corrected’	
  
electron	
  microscopes	
  at	
  the	
  CFN	
  

Na`onal	
  
Synchrotron	
  
Light	
  Source	
  

at	
  BNL	
  



Diffrac#on	
  of	
  x-­‐rays	
  &	
  electrons	
  

•  Incident	
  waves	
  of	
  x-­‐rays	
  /	
  
electrons	
  bounce	
  off	
  of	
  
atoms.	
  

•  If	
  atoms	
  are	
  arranged	
  in	
  a	
  
ordered	
  structure	
  there	
  are	
  
specific	
  angles	
  where	
  the	
  
waves	
  interfere	
  
construc#vely	
  

•  2d	
  sinθ	
  =	
  λ	
  	
  

Distance	
  
between	
  

atomic	
  planes	
  

Angle	
   Wavelength	
  



NSLS:	
  Diffrac#on	
  from	
  MEGO	
  &	
  a-­‐MEGO	
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Transmission	
  electron	
  microscope	
  

Table-­‐top	
  op`cal	
  microscope	
  

Transmission	
  electron	
  
microscope	
  



The	
  best	
  microscopes	
  in	
  the	
  world	
  …	
  

Hitachi	
  HD2700C	
  STEM	
  
Probe	
  corrector	
  at	
  the	
  

CFN	
  @	
  BNL	
  	
  

Titan	
  80-­‐300	
  -­‐	
  ETEM	
  
Image	
  corrector	
  at	
  
the	
  CFN	
  @	
  BNL	
  	
  

	
  

TEAM	
  1.0	
  instrument	
  
@	
  the	
  Na`onal	
  

Center	
  for	
  Electron	
  
Microscopy	
  @	
  LBNL	
  

“Triple-­‐C”	
  
instrument	
  at	
  AIST	
  in	
  

Tsukuba,	
  Japan	
  



What	
  does	
  graphene	
  look	
  like	
  in	
  the	
  TEM?	
  

hNp://ncem.lbl.gov/frames/TEAM0.5.htm	
  



HRTEM	
  images	
  of	
  MEGO	
  

•  Exit	
  wave	
  reconstructed	
  
image	
  of	
  MEGO	
  
•  TEAM	
  1.0:	
  Operated	
  at	
  
80kV	
  

• Quite	
  defec#ve	
  in	
  plane	
  
• A	
  bit	
  of	
  crinkle	
  out	
  of	
  
plane	
  

•  Image	
  consistent	
  with	
  
diffrac#on	
  results	
  



Phase	
  contrast	
  imaging	
  of	
  pores	
  

•  Movie	
  shown	
  is	
  a	
  focal	
  series	
  
of	
  images	
  @	
  80	
  kV	
  
•  Taken	
  using	
  CFN	
  Titan	
  

electron	
  microscope	
  
•  A	
  con#nuous	
  network	
  of	
  
pores	
  visible	
  
•  Size	
  range	
  from	
  ≈	
  5Å	
  to	
  5	
  
nm	
  

•  Consistent	
  with	
  BET	
  
measurements	
  
•  Indicate	
  a	
  specific	
  surface	
  area	
  

of	
  ≈	
  3100	
  m2/g	
  
•  At	
  the	
  theore#cal	
  limit	
  for	
  flat	
  
graphene!	
  



Low	
  magnifica#on	
  SEM	
  (A)	
  and	
  and	
  high	
  magnifica#on	
  SEM	
  (B)	
  and	
  ADF-­‐STEM	
  (C)	
  images	
  of	
  a-­‐MEGO.	
  	
  (B	
  and	
  C)	
  
are	
  from	
  the	
  region	
  1	
  in	
  (A).	
  Larger	
  pores	
  of	
  between	
  2	
  –	
  10	
  nm	
  are	
  clearly	
  resolved.	
   	
  Very	
  high	
  magnifica#on	
  
SEM	
   (D)	
   and	
   ADF-­‐STEM	
   (E,F)	
   images	
   taken	
   from	
   the	
   region	
   2	
   in	
   (A).	
   These	
   images	
   indicate	
   that	
   the	
   en#re	
  
microstructure	
  is	
  composed	
  of	
  very	
  small	
  pores,	
  of	
  order	
  of	
  ≈	
  1	
  nm	
  in	
  size,	
  as	
  is	
  evident	
  in	
  the	
  magnified	
  por#on	
  
shown	
  as	
  (F).	
  	
  	
  
	
  

STEM	
  images	
  

100 nm 

D	
   E	
   F	
  

5 nm 

A	
   B	
   C	
  
1

2 

SEM	
   ADF-­‐STEM	
  

SEM	
   ADF-­‐STEM	
   ADF-­‐STEM	
  

Taken	
  using	
  CFN	
  Hitachi	
  instrument	
  



Energy	
  loss	
  spectroscopy	
  from	
  a-­‐MEGO	
  

•  Carbon	
  K	
  edge	
  shows	
  
a-­‐MEGO	
  to	
  be	
  sp2	
  
bonded	
  
•  Just	
  like	
  graphite	
  

•  This	
  means	
  that	
  the	
  
structure	
  has	
  returned	
  
to	
  a	
  form	
  like	
  the	
  
graphene	
  
•  At	
  least	
  as	
  far	
  as	
  the	
  

electrons	
  are	
  concerned!	
  
•  All	
  the	
  atoms	
  are	
  

connected	
  



Ultrahigh-­‐resolu#on	
  images	
  of	
  a-­‐MEGO	
  

•  Exit	
  wave	
  reconstructed	
  
image	
  of	
  a-­‐MEGO	
  from	
  
TEAM	
  instrument	
  
•  At	
  low	
  voltage	
  =	
  liNle	
  beam	
  

damage	
  
•  A-­‐MEGO	
  is	
  composed	
  of	
  
highly	
  curved,	
  crystalline	
  
carbon	
  

•  Single	
  sheet	
  carbon,	
  with	
  
only	
  occasional	
  002	
  
correla#ons	
  	
  



EWR	
  images	
  of	
  a-­‐MEGO	
  



“Triple	
  C”	
  instrument:	
  low	
  dose	
  /	
  low	
  voltage	
  

20	
  summed	
  images	
   100	
  summed	
  images	
  
With	
  Kazu	
  Suenaga	
  



Summary	
  of	
  a-­‐MEGO	
  structure	
  

•  a-­‐MEGO	
  is	
  composed	
  of	
  individual	
  sheets	
  of	
  carbon	
  	
  
•  This	
  carbon	
  is	
  sp2	
  bonded	
  –	
  just	
  like	
  graphite	
  
•  These	
  sheets	
  are	
  crystalline,	
  “in-­‐plane”	
  	
  
•  They	
  are	
  composed	
  of	
  5,	
  6,	
  7	
  and	
  8	
  membered	
  rings	
  of	
  carbon	
  
atoms	
  	
  

•  Nearly	
  all	
  of	
  the	
  atoms	
  are	
  bonded	
  to	
  other	
  carbon	
  atoms	
  
•  These	
  sheets	
  are	
  highly	
  curved	
  	
  
•  They	
  form	
  a	
  broadly	
  enclosed	
  three-­‐dimensional	
  network	
  of	
  
micro-­‐	
  (6Å	
  -­‐	
  1nm)	
  and	
  mesopores	
  (2	
  to	
  10	
  nm)	
  

a-­‐MEGO	
  is	
  a	
  fundamentally	
  new	
  form	
  of	
  carbon,	
  
with	
  extraordinary	
  proper#es	
  

Wu,	
  et	
  al.,	
  Science,	
  332,	
  1537,	
  2011.	
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>	
  650	
  Cita`ons	
  to	
  date	
  


