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be caused by such “dead lithium” crystals, which are
electrochemically inactive but chemically hyper-reac-
tive due to their high surface area. When dendrite
growth pierces the separator and results in an
internal short, thermal runaway and explosion ensue.

The work on rechargeable lithium batteries from
the 1970s to 1980s overwhelmingly concentrated on
the electrolyte formulation, in the hope that proper
choices of electrolyte solvents or salts would suppress
or even eliminate the dendritic deposition of lithium.
Among the numerous electrolyte systems investi-
gated, an ether-based solution developed by an Israeli
company seems to have achieved the apex for lithium
metal-based rechargeable batteries.14 A lithium elec-
trode is highly stable in this solution up to 120 °C
because of excellent surface passivation,15 and over
300 depth discharge cycles have been reported.16 A
novel redox mechanism between the salt, LiAsF6, and
solvent, 1,3-dioxolane, shuts down the cell chemistry
at temperatures higher than 125 °C, thus preventing
thermal runaway.16,17 However, dendrite formation,
especially at high charge rates, still results in capac-
ity fade.18 In 1989 incidents of fire due to lithium
rechargeable batteries in the electronic devices, fol-
lowed by the manufacturer recalls, highlighted the
end of general enthusiasm in lithium metal as an
anode.19

1.3. From “Lithium” to “Lithium Ion”

The failure of lithium as an anode due to dendrite
formation prompted the search for a way to circum-
vent the drastic morphological change of the anode
during cell cycling. As a result, “host-guest” chem-
istry was considered. Also known as “intercalation”-
or “insertion”-type electrodes, this concept of revers-
ible chemistry had been applied earlier to cathode
materials for lithium batteries, as represented by the
trail-blazing work of Whittingham20,21 and the sig-
nificant improvements by Goodenough et al. and
others.22,23 Most of the host materials are transition
metal oxides or chalcogenides with stable crystal
lattices, and their layer or tunnel structures provide
the pathways for guest ions such as the lithium ion
to diffuse. By injecting or extracting electrons, the
redox reactions occur on the host lattice while mobile
guest ions intercalate into or deintercalate from the
host matrix to compensate for regional electroneu-
trality. During the whole intercalation/deintercala-
tion cycle, there are no Faradaic changes in the
“guest ion”. If a similar intercalation host could be
found and used as an anode material, then a battery
employing such intercalation cathodes and anodes
would only require the lithium ion to shuttle back
and forth between the electrodes without the pres-
ence of lithium metal. The nickname “rocking-chair
battery” was given to such a device that uses dual
intercalation electrodes,24 the working principle of
which is schematically depicted in Figure 1, using
the example of the state-of-the-art lithium ion chem-
istry.

The concept of rocking-chair lithium batteries was
confirmed experimentally by using lithiated oxides
(Li6Fe2O3, LiWO2) as interaction anodes and other
oxides (WO3, TiS2, V2O5) as cathodes in nonaqueous

electrolytes.25,26 However, the enhanced safety and
extended cycle life were not sufficient to offset the
penalty in energy density caused by the replacement
of lithium metal; hence, these systems were never
commercialized.27,28

A breakthrough was made when Japanese research-
ers exploited an old concept of using carbonaceous
materials as anode intercalation host.29-31 The term
“lithium ion battery” that was introduced by those
researchers eventually prevailed and replaced the
other aliases such as “rocking-chair”,24 “shuttle-
cock”,32 or “swing” batteries.33 In the charged state
of these carbonaceous anodes, lithium exists in its
ionic rather than metallic state, thus eliminating any
possibility of dendrite lithium. The advantage of this
new host is highlighted by the low cost of carbon and
the high lithium ion activity in the intercalation
compound; the latter renders an anode potential close
to that of lithium metal and minimizes the energetic
penalty. In 1990 both Sony34 and Moli35 announced
the commercialization of cells based on petroleum
coke and LiCoO2, though Sony was generally credited
for making this technology a commercial reality. In
the same year Dahn and co-workers published their
seminal report on the principle of lithium intercala-
tion chemistry with graphitic anodes and the effect
of electrolyte solvent in the process.36 In fact, the
conclusions drawn therein constitute the foundation
for the current lithium ion battery industry:
(1) Electrolyte solvents decompose reductively on

the carbonaceous anode, and the decomposition prod-
uct forms a protective film. When the surface of the
anode is covered, the film prevents further decom-
position of the electrolyte components. This film is
an ionic conductor but an electronic insulator.

Figure 1. Schematic description of a “(lithium ion) rock-
ing-chair” cell that employs graphitic carbon as anode and
transition metal oxide as cathode. The undergoing electro-
chemical process is lithium ion deintercalation from the
graphene structure of the anode and simultaneous inter-
calation into the layered structure of the metal oxide
cathode. For the cell, this process is discharge, since the
reaction is spontaneous.

Electrolytes for Lithium-Based Rechargeable Batteries Chemical Reviews, 2004, Vol. 104, No. 10 4305
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“lithium ion battery” that was introduced by those
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other aliases such as “rocking-chair”,24 “shuttle-
cock”,32 or “swing” batteries.33 In the charged state
of these carbonaceous anodes, lithium exists in its
ionic rather than metallic state, thus eliminating any
possibility of dendrite lithium. The advantage of this
new host is highlighted by the low cost of carbon and
the high lithium ion activity in the intercalation
compound; the latter renders an anode potential close
to that of lithium metal and minimizes the energetic
penalty. In 1990 both Sony34 and Moli35 announced
the commercialization of cells based on petroleum
coke and LiCoO2, though Sony was generally credited
for making this technology a commercial reality. In
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tion chemistry with graphitic anodes and the effect
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conclusions drawn therein constitute the foundation
for the current lithium ion battery industry:
(1) Electrolyte solvents decompose reductively on
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uct forms a protective film. When the surface of the
anode is covered, the film prevents further decom-
position of the electrolyte components. This film is
an ionic conductor but an electronic insulator.

Figure 1. Schematic description of a “(lithium ion) rock-
ing-chair” cell that employs graphitic carbon as anode and
transition metal oxide as cathode. The undergoing electro-
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graphene structure of the anode and simultaneous inter-
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cathode. For the cell, this process is discharge, since the
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•! Li+ prefers tetrahedrally-coordinated first 
solvation shell 

•! Stronger solvation for Li+ than PF6
– 

•! Mixture shows preference for Li+ to be 
solvated by EC over EMC 

•! PF6
– more mobile than Li+ due to weaker 

solvation 
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Ion	
  diffusion	
  

Ethylene Carbonate (EC) 
DLi (10-6 cm2/s) DP (10-6 cm2/s) 

EC 5.2	
  ±	
  0.8	
   7.1	
  ±	
  0.9	
  

EMC 9.6 ±	
  1.6	
   30.8	
  ±	
  8.8	
  

3:7 EC/EMC 2.6	
  ±	
  1.3	
   5.7	
  ±	
  2.4	
  

Ethyl Methyl Carbonate (EMC) 

Li	
  P	
  

Li	
  P	
  

3:7 EC/EMC Mixture 

Li	
   P	
  

Ong,	
  Verners,	
  Draeger,	
  van	
  Duin,	
  Lordi,	
  Pask,	
  J.	
  Phys.	
  Chem.	
  B,	
  2015	
  

•  Smallest diffusion coefficients in systems with 
strongest ion solvation 

•  EC/EMC mixture shows similar behavior to 
pure EC due to preference for solvation by EC 

•  Faster diffusion for Li+ seen in EMC than EC  

•  PF6
– has larger diffusion coefficient than Li+ 

since Li+ is more strongly solvated than PF6
– 

•  Size of coefficient tied to solvation structure 
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•! Kinetics and solvation of Li+ intercalation into 
graphite with different edge terminations 

•! Use Qbox to study smaller interface systems 
(~1400-2000 atoms) 

•! Use new DG-PEXSI QMD code to study larger 
interface systems (~10,000 atoms) 

•! Apply constant bias potential using ESM method 
in Qbox and DG-PEXSI 



H&%.+V+3+$,0%34,+)"&,+0/1$+)
•! Graphite anode / ethylene carbonate 

(EC) electrolyte 

–! 120 EC molecules + 8 LiPF6 (1M) 

–! 2,014 atoms (7,164 valence e--) 

–! Armchair graphite with H or H/OH surface 
termination; lithiated vs. delithiated 

–! With electric field and without 

•! ReaxFF classical force field for up to 1ns, 
checked by Qbox DFT for few ps 

•! Simulations show insertion barrier for 
Li into graphite, particularly when OH 
terminated 
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How	
  to	
  reach	
  the	
  needed	
  length	
  and	
  5me	
  scales?	
  
	
  	
  

Throw	
  off	
  the	
  shackles	
  of	
  con5nuity.	
  
	
  

Rethink	
  the	
  need	
  for	
  eigenfunc5ons.	
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Current	
  focus:	
  pseudopoten'als,	
  XC,	
  eigensolver	
  
•  Hartwigsen,	
  Goedecker,	
  Huqer	
  (HGH)	
  pseudopoten'als	
  are	
  robust	
  and	
  transferrable	
  

but	
  hard,	
  e.g.,	
  can	
  require	
  2x	
  planewave	
  cutoff	
  of	
  corresponding	
  Troullier-­‐Mar5ns	
  
(TM)	
  à	
  costly	
  to	
  compute	
  ALBs	
  

•  However,	
  HGH	
  analy5c	
  form	
  permits	
  smooth,	
  localized	
  pseudocharge	
  formula5on	
  [1]	
  
of	
  local	
  poten5al	
  interac5on	
  whereas	
  C2-­‐con5nuous	
  TM	
  does	
  not	
  

–  Construct	
  smoother	
  TM?	
  Other	
  form?	
  

–  Separate	
  ionic	
  and	
  electronic	
  computa5ons?	
  

•  van	
  der	
  Waals	
  density	
  func'onal	
  to	
  be.er	
  model	
  interface	
  system,	
  e.g.,	
  DFT-­‐D2	
  

•  ScaLAPACK	
  eigensolver	
  limits	
  system	
  size	
  and	
  parallel	
  scalability	
  

•  DG	
  Hamiltonian	
  matrices	
  are	
  sparse,	
  well	
  condi5oned,	
  and	
  have	
  limited	
  spectral	
  
width;	
  however,	
  no	
  efficient	
  precondi5oner	
  available	
  

•  à	
  Chebyshev	
  filtered	
  subspace	
  itera5on	
  [2]	
  

[1]	
  Pask,	
  Sterne,	
  PRB	
  2005	
  
[2]	
  Zhou,	
  Saad,	
  Tiago,	
  Chelikowsky,	
  JCP	
  2006	
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DG+PEXSI:	
  Li-­‐ion	
  anode-­‐electrolyte	
  interface	
  

•  4,720-­‐atom	
  Li-­‐ion	
  anode-­‐electrolyte	
  
interface	
  (graphite,	
  EC,	
  LiPF6)	
  

•  T	
  =	
  300K	
  

•  1	
  x	
  30	
  x	
  30	
  2D	
  element	
  par55on	
  

•  60	
  Hartree	
  energy	
  cutoff	
  for	
  DG	
  basis	
  

–  1e-­‐4	
  Ha/atom	
  energy	
  error	
  

–  1e-­‐3	
  Ha/Bohr	
  force	
  error	
  

•  22	
  DG	
  basis	
  func5ons/atom	
  

•  PEXSI:	
  50	
  poles	
  

•  ~30	
  sec/SCF	
  on	
  10,800	
  cpu	
  (LBL	
  Edison)	
  

Parallel	
  scaling	
  



Current	
  focus:	
  factoriza'on	
  
•  Parallel	
  scaling	
  of	
  LU	
  factoriza5on	
  

•  By	
  pipelining	
  and	
  overlapping	
  communica5on	
  with	
  computa5on,	
  SelInv	
  now	
  faster	
  
and	
  be.er	
  scaling	
  than	
  SuperLU_DIST	
  

•  SuperLU_DIST	
  scales	
  to	
  only	
  ~1000	
  CPU	
  

•  In	
  collabora5on	
  with	
  FASTMath,	
  we	
  are	
  exploring	
  alterna5ves	
  for	
  be.er	
  scaling	
  
sparse	
  direct	
  factoriza5on	
  

–  More	
  robust	
  symbolic	
  factoriza5on	
  

–  New	
  symmetric	
  factoriza5on	
  code	
  under	
  development:	
  exploring	
  block	
  fan-­‐both	
  method	
  and	
  
dynamic	
  task	
  scheduling	
  for	
  be.er	
  parallel	
  scaling	
  

–  Leverage	
  results	
  of	
  previous	
  SCF	
  itera5on:	
  previous	
  H,	
  LU?	
  

•  To	
  get	
  SCF	
  step	
  5mes	
  down	
  further	
  for	
  3D	
  systems	
  may	
  require	
  itera7ve	
  methods	
  
to	
  fully	
  leverage	
  informa5on	
  from	
  previous	
  SCF/MD	
  steps	
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Thanks	
  for	
  your	
  aqen'on!	
  
	
  

Visit	
  us	
  at	
  h.p://www.dgd?-­‐scidac.org	
  


