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Common interests on the cooperation in battery 
researches  
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1.   Characterize Degradation Mechanisms in Li-Ion Batteries 
-  Multi-scale Characterization of bulk degradation mechanisms 
-  Characterization of Solid Electrolyte Interfaces 
-  Computational study of degradation mechanisms resulting from phase 

transformations 

2.   Advance High Energy Density Battery Chemistries 
-  Advanced Li-ion chemistries 
-  Li-sulfur batteries and their key materials 
-  Metal-air batteries 

3.   Reduce Obstacles to Battery Implementation 
-  Safety  
-  Reuse & recycling 
-  Testing protocols & standardization 

4.   Develop Accurate Models of/Controls for Battery Systems 
-  Multi-scale modeling  
-  Control strategies and health management 
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•  PANi was not only 
uniformly coated onto 
the surface of the S/
MWCNT composite. 

•  The polymerization 
created a shell to prevent 
shuttle mechanism, 
which led to the 
elevation of the columbic 
efficiency doubled up to 
90%.  

•  The discharge capacity 
kept at 1334.4 mAh g−1 . 
Rapid polymerization 
prompted  up the rate 
performance to 634.1 
mAh/g at 1C. 

Composite S/C material for Li-S batteries 
Feng Wu, (BIT) 



Si-Composites by coating Si/PVA fiber with Resol Resin 
Feiyu Kang (THU)  
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A method for preparation the kind of Si/C 
composite Anode Materials for LIB have 
been developed by Dipping Resol Resin 
on the Surface of Si/PVA Electrospinning 
Nanofibers   
 
	

5s 600 ºC 

  

Effect of concentration of Resol solution (a)10%-resol; 
 (b)5%-resol; (c) 3%-resol; (d) 1%-resol  
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Nano-Structured Phosohorus  Composite Anode Materias 
Xiangming He, Ect., (THU) 

•  原创，自主知识产权 
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Li-air Batteries 
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Li-air projected cost:  
$100/kWh1, $238/kWh2 

R4 Journal of The Electrochemical Society, 159 (2) R1-R30 (2012)
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Figure 3. Practical (a) specific energy and
(b) energy density values for selected Li/air
active materials, and an insertion reaction
for comparison. The energy of soluble LiOH
in the electrolyte phase is excluded for the
LiOH · H2O and LiOH cases as it would lead
to an increase of less than 5% for this cell
design.

the external air can be used to supply some of the H2O required by212

reaction 3 and the LiOH · H2O precipitate, that significantly reduces213

the weight and volume basis in the charged state. However, adding214

a system to capture water may add complexity and cost, and we215

therefore use a design in our calculations that would either involve216

filling a water reservoir (like filling current cars with fuel) or having a217

water-impermeable membrane that completely prevents water ingress218

and egress. Therefore, in our practical cell numbers for the charged219

state we include the weight and volume of water present in LiOH220

and LiOH · H2O. These assumptions can be revised as practical cell221

designs are more fully developed.222

Energy results for “practical” cell designs are shown in223

Figure 3, with results for systems with and without an oxygen tank224

shown. We exclude the energy content of soluble LiOh in the elec-225

trolyte LiOH and LiOH · H2O energy calculations because for this226

cell design including it will increase the energy values by less than227

5%, and it is unclear whether it is better to cycle with a saturated228

electrolyte solution or have a lower concentration in the fully charged229

stage. The theoretical amount of energy soted in going from a 0 M230

to a saturated solution (5.25 M at 25 C) solution of aqueous LiOH ia231

about 430 Wh/kg and 475 Wh/L. Although an oxygen tank is, strictly232

speaking, not part of a Li/air cell, including its mass and volume in the233

calculation underscores the potentially large disparity in the energy234

density of closed vs. open systems. We assume the use of a stainless235

steel oxygen tank in the shape of a 1.25 m-long cylinder with two236

hemispherical ends.237

First considering systems without an oxygen tank, Figure 3a shows238

that a “practical” discharged Li2O2 Li/air cell may achieve a specific239

energy more than twice that of a Li/LiMO2 cell, while a LiOH · H2O240

cell may have a “practical” specific energy only slightly higher than241

a Li/LiMO2 cell. In terms of energy density, Figure 3b shows that a242

Li/LiMO2 cell has a modestly lower energy density than a Li2O or243

Li2O2 cell, and a modestly higher value than a LiOH · H2O cell. The244

major change that would allow the aqueous Li/air system to have a245

significantly higher specific energy and energy density would be the246

formation of pure LiOH rather than LiOH · H2O, which we also show247

for the sake of comparison in Figure 3. For comparison with our “prac-248

tical” numbers here, PolyPlus, a company focused on the development249

of protected lithium metal electrodes, has claimed a practical specific250

energy of almost 1.0 kWh/kg for their basic-electrolyte aqueous Li/air251

cells.14 The numbers given in Figure 3a (0.70 kWh/kg for charged,252

0.66 kWh/kg for discharged), are about 30% below the number given253

by PolyPlus. A number of factors may contribute to this difference,254

including our use of a 80% packing weight factor (they may have a255

lower-weight packaging technique) and how much of the weight of256

the water stored in the LiOH · H2O is included in their weight basis. In257

particular, if they have a design that takes some water from the exter-258

nal environment, that could significantly lower their weight basis for259

the charged cell. Another facotr is our use of a relatively thin 200 µm260

positive electrode thickness. with a positive 1 mm in thickness and all261

else the same, the specifuc energy for our practical cell design is also262

about 1.0 kWh/kg. Note that such a thick electrode is more realistic 263

for the aqueous than the nonaqueaous reactions because of the much 264

higher conductivity of aqueous electrolyte solutions. Again, we stress 265

that the “practical” cell energy numbers presented here will certainly 266

be revised as more detailed designs are developed, and are meant to 267

represent optimistic estimates. 268

Figure 3 also shows the results of calculations including an oxygen 269

tank. We include these numbers because it is important to see how 270

Li/air cells compare with a Li/LiMO2 cell if the problems associated 271

with making an open system cannot be solved. For these calculations 272

the mass of the oxygen is included when the cell is charged, as it is 273

stored in the tank. We assume the oxygen in the tank has a specified 274

volume (75 L) and the tank is sized for a battery system that stores 275

140 kWh. Additional specifications are given in Table II. Figure 3 276

shows that the use of an oxygen tank results in a significant reduc- 277

tion in the specific energy and energy density. In terms of specific 278

energy, the Li2O and LiOH cells with a tank still have a higher value 279

than a Li/LiMO2 cell, but the Li2O2 cell and LiOH · H2O cells have 280

a slightly lower value than a Li/LiMO2 cell. In terms of energy den- 281

sity, if an oxygen tank is used the values for all the Li/air cells will 282

be lower than for a Li/LiMO2 cell. These calculations demonstrate 283

the importance of creating a Li/air battery system that is able to use 284

oxygen from the atmosphere rather than store it onboard, although the 285

tank results may be improved if a lighter weight tank material (e.g., 286

carbon fiber) or a higher pressure (and thus a smaller tank volume) 287

could be used. Table III shows the pressure of a fully charged oxygen 288

tank for each Li/air active material, as well as the isothermal energy 289

of compression required to go from 1 bar to the final pressure. The 290

non-unity compressibility of oxygen was accounted for using the van 291

der Waals equation. Interestingly, the LiOH and LiOH · H2O active 292

materials require the smallest amount of oxygen because they react 293

4 electrons per mole of O2 (as does Li2O) and have a higher equilib- 294

rium potential than Li2O. Li2O2 requires significantly more oxygen, 295

and therefore a higher pressure and heavier tank, than the other ac- 296

tive materials because only 2 electrons per mole of O2 react. The 297

isothermal work of compression is relatively small in each of these 298

cases (<3% of the practical discharge energy) but isothermal compres- 299

sion is probably more practical if done electrochemically; however, 300

Table III. Details on the oxygen tank pressures and compression
energies that would enable a closed Li/oxygen battery system.

Isothermal compression
Fully charged work (kWh/kWh practical

Active material O2 pressure (bar) discharge energy)

Li2O 134 0.0108
Li2O2 275 0.0244
LiOH · H2O 114 0.0088
LiOH 114 0.0088

JES 159, 2193, R1 (2012). 

300-400% 
vs. Li-ion 

30-60% 
vs. Li-ion 

 1Johnson Controls, 2011 Battery 
Congress 

2J. Power Sources 199 (2012) 247– 255 

Estimated practical 
specific/volumetric energy density R4 Journal of The Electrochemical Society, 159 (2) R1-R30 (2012)
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Figure 3. Practical (a) specific energy and
(b) energy density values for selected Li/air
active materials, and an insertion reaction
for comparison. The energy of soluble LiOH
in the electrolyte phase is excluded for the
LiOH · H2O and LiOH cases as it would lead
to an increase of less than 5% for this cell
design.

the external air can be used to supply some of the H2O required by212

reaction 3 and the LiOH · H2O precipitate, that significantly reduces213

the weight and volume basis in the charged state. However, adding214

a system to capture water may add complexity and cost, and we215

therefore use a design in our calculations that would either involve216

filling a water reservoir (like filling current cars with fuel) or having a217

water-impermeable membrane that completely prevents water ingress218

and egress. Therefore, in our practical cell numbers for the charged219

state we include the weight and volume of water present in LiOH220

and LiOH · H2O. These assumptions can be revised as practical cell221

designs are more fully developed.222

Energy results for “practical” cell designs are shown in223

Figure 3, with results for systems with and without an oxygen tank224

shown. We exclude the energy content of soluble LiOh in the elec-225

trolyte LiOH and LiOH · H2O energy calculations because for this226

cell design including it will increase the energy values by less than227

5%, and it is unclear whether it is better to cycle with a saturated228

electrolyte solution or have a lower concentration in the fully charged229

stage. The theoretical amount of energy soted in going from a 0 M230

to a saturated solution (5.25 M at 25 C) solution of aqueous LiOH ia231

about 430 Wh/kg and 475 Wh/L. Although an oxygen tank is, strictly232

speaking, not part of a Li/air cell, including its mass and volume in the233

calculation underscores the potentially large disparity in the energy234

density of closed vs. open systems. We assume the use of a stainless235

steel oxygen tank in the shape of a 1.25 m-long cylinder with two236

hemispherical ends.237

First considering systems without an oxygen tank, Figure 3a shows238

that a “practical” discharged Li2O2 Li/air cell may achieve a specific239

energy more than twice that of a Li/LiMO2 cell, while a LiOH · H2O240

cell may have a “practical” specific energy only slightly higher than241

a Li/LiMO2 cell. In terms of energy density, Figure 3b shows that a242

Li/LiMO2 cell has a modestly lower energy density than a Li2O or243

Li2O2 cell, and a modestly higher value than a LiOH · H2O cell. The244

major change that would allow the aqueous Li/air system to have a245

significantly higher specific energy and energy density would be the246

formation of pure LiOH rather than LiOH · H2O, which we also show247

for the sake of comparison in Figure 3. For comparison with our “prac-248

tical” numbers here, PolyPlus, a company focused on the development249

of protected lithium metal electrodes, has claimed a practical specific250

energy of almost 1.0 kWh/kg for their basic-electrolyte aqueous Li/air251

cells.14 The numbers given in Figure 3a (0.70 kWh/kg for charged,252

0.66 kWh/kg for discharged), are about 30% below the number given253

by PolyPlus. A number of factors may contribute to this difference,254

including our use of a 80% packing weight factor (they may have a255

lower-weight packaging technique) and how much of the weight of256

the water stored in the LiOH · H2O is included in their weight basis. In257

particular, if they have a design that takes some water from the exter-258

nal environment, that could significantly lower their weight basis for259

the charged cell. Another facotr is our use of a relatively thin 200 µm260

positive electrode thickness. with a positive 1 mm in thickness and all261

else the same, the specifuc energy for our practical cell design is also262

about 1.0 kWh/kg. Note that such a thick electrode is more realistic 263

for the aqueous than the nonaqueaous reactions because of the much 264

higher conductivity of aqueous electrolyte solutions. Again, we stress 265

that the “practical” cell energy numbers presented here will certainly 266

be revised as more detailed designs are developed, and are meant to 267

represent optimistic estimates. 268

Figure 3 also shows the results of calculations including an oxygen 269

tank. We include these numbers because it is important to see how 270

Li/air cells compare with a Li/LiMO2 cell if the problems associated 271

with making an open system cannot be solved. For these calculations 272

the mass of the oxygen is included when the cell is charged, as it is 273

stored in the tank. We assume the oxygen in the tank has a specified 274

volume (75 L) and the tank is sized for a battery system that stores 275

140 kWh. Additional specifications are given in Table II. Figure 3 276

shows that the use of an oxygen tank results in a significant reduc- 277

tion in the specific energy and energy density. In terms of specific 278

energy, the Li2O and LiOH cells with a tank still have a higher value 279

than a Li/LiMO2 cell, but the Li2O2 cell and LiOH · H2O cells have 280

a slightly lower value than a Li/LiMO2 cell. In terms of energy den- 281

sity, if an oxygen tank is used the values for all the Li/air cells will 282

be lower than for a Li/LiMO2 cell. These calculations demonstrate 283

the importance of creating a Li/air battery system that is able to use 284

oxygen from the atmosphere rather than store it onboard, although the 285

tank results may be improved if a lighter weight tank material (e.g., 286

carbon fiber) or a higher pressure (and thus a smaller tank volume) 287

could be used. Table III shows the pressure of a fully charged oxygen 288

tank for each Li/air active material, as well as the isothermal energy 289

of compression required to go from 1 bar to the final pressure. The 290

non-unity compressibility of oxygen was accounted for using the van 291

der Waals equation. Interestingly, the LiOH and LiOH · H2O active 292

materials require the smallest amount of oxygen because they react 293

4 electrons per mole of O2 (as does Li2O) and have a higher equilib- 294

rium potential than Li2O. Li2O2 requires significantly more oxygen, 295

and therefore a higher pressure and heavier tank, than the other ac- 296

tive materials because only 2 electrons per mole of O2 react. The 297

isothermal work of compression is relatively small in each of these 298

cases (<3% of the practical discharge energy) but isothermal compres- 299

sion is probably more practical if done electrochemically; however, 300

Table III. Details on the oxygen tank pressures and compression
energies that would enable a closed Li/oxygen battery system.

Isothermal compression
Fully charged work (kWh/kWh practical

Active material O2 pressure (bar) discharge energy)

Li2O 134 0.0108
Li2O2 275 0.0244
LiOH · H2O 114 0.0088
LiOH 114 0.0088

2Li+ + O2(g) + 2e–	  	  →	  	  Li2O2(s)   Uo = 2.96 V 
2Li+ + ½ O2(g) + 2e–  →  Li2O(s)  Uo = 2.92 V  



Fundamental Understanding of Cathode 
Phenomena 
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Continuum-scale models 
and flat-electrode 
experiments suggest that 
electrical passivation can 
limit capacity 

more occurs than at 0.47 mA/cm2. At 0.47 mA/cm2 deposition oc-
curs preferentially at the positive electrode/current collector inter-
face. This modeling result is in accord with some experimental re-
sults showing more discharge products near the positive electrode/
current collector boundary than the separator/positive electrode
boundary.4,44 For oxygen transport exclusively through the liquid
electrolyte phase, a thinner porous positive electrode than that used
in these tests will be required for high current densities.

Model-only results clarify the performance limitations.— A vali-
dated model can be used to clarify the most significant performance
limitations in a system by removing the influence of individual
physical processes. Here, we focus on two limiting physical pro-
cesses already discussed: diffusion of oxygen through the electrolyte
and the electronic resistance of the discharge products. Figure 7
shows simulation-only results at 0.08 and 0.47 mA/cm2 to distin-
guish the importance of each of these effects. To remove oxygen
transport limitations the diffusion coefficient of oxygen was set to
infinity !the solubility was kept the same", and to remove the passi-
vation effect the electronic resistivity of the discharge products was
set to zero. Figure 7a shows that at 0.08 mA/cm2, removing oxygen
transport limitations has little effect on the discharge potential or
capacity obtained. However, removing the passivation caused by the
high electronic resistivity of the discharge products has a dramatic
effect on the potential and capacity obtained. By the end of the
discharge without passivation the volume fraction of discharge prod-
ucts in the positive electrode grew to a much larger value !about
70%" than the 2.4% obtained without passivation. Figure 7b shows
the effects of removing oxygen transport limitations and passivation
at the higher current density of 0.47 mA/cm2. Removing oxygen
transport limits results in nearly a doubling of the capacity, but even
if oxygen transport limitations remain, removing the passivation
caused by the discharge products has a bigger effect; at the end of
discharge the volume fraction of the discharge products in the posi-

tive electrode is about 25%. These simulations show the crucial role
that passivation has on the discharge capacity and establishes passi-
vation as the key physical process to be overcome if a nonaqueous
Li/oxygen battery with a high practical specific energy is to be re-
alized.

To treat rigorously the growth of the discharge products that
form in the simulations without passivation our model should be
modified to treat particle joining !in order to use the correct interfa-
cial area for deposition" and significant volume changes. Therefore,
the results in Fig. 7 should be seen as qualitative. However, when
the discharge product has no resistance, the geometry and length of
the current pathways between the electrolyte/discharge product in-
terface and the carbon particles do not matter, and the potential
drops off due to O2 transport limitations. In particular, as the O2
concentration is highest near the positive-electrode current collector,
deposition occurs preferentially in that region until the electrolyte
phase is fully displaced and O2 transport is blocked.

Future Cell-Level Modeling Topics

To help frame future cell-level modeling challenges for the non-
aqueous Li/oxygen battery and reiterate the importance of the for-
mation of an electronically resistive discharge product, in Fig. 8 we
show how a high specific energy cell may appear. The design is for
a positive electrode of thickness 200 !m, assumes a discharge prod-
uct of Li2O2, and assumes the volume fraction of electrolyte is 90%
in the charged state and 10% in the discharged state. The separator
thickness is 25 !m. The Li metal thickness is chosen so the elec-
trodes have the same capacity. The discharge of this cell results in
the displacement of 89% of the electrolyte originally in the positive
electrode and all the Li metal being transferred to the positive elec-
trode where it is stored in the Li2O2 product. If the discharge prod-
uct is an insulator, the positive electrode will need to be nanostruc-
tured so that the length scale for conduction is very small.
Otherwise, a method must be found to create an electronically con-
ductive product. As Fig. 8 shows, the Li/O2 cell is an interesting
case in which the mass increases !due to taking in O2 from the
external environment" and the volume decreases !due to the very
low density of Li". A model of this cell sandwich will need to treat
the movement of the Li metal/separator interface, dramatic volume
changes in nearly every region of the cell, electrolyte convection out
of the positive electrode and possibly to an external electrolyte res-
ervoir, and particle joining resulting in changes to the interfacial
area for reaction. Designing a reversible electrochemical system
with such dramatic volume changes will require novel design ap-
proaches that modeling work can help guide.

The present model was built using the properties of Li2CO3. A
research goal is to find an electrolyte that is stable to the discharge
intermediates such that Li2O2, the desired product, will result. How
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Figure 7. Simulation-only results demonstrating the relative impacts of
eliminating oxygen transport limitations and eliminating the electronic resis-
tance of the discharge products. !a" shows results at a current density of
0.08 mA/cm2; the two simulations with passivation superpose. !b" shows
results at a current density of 0.47 mA/cm2.
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Figure 8. !Color online" Schematic of a high-specific-energy Li/oxygen cell,
clarifying the importance of having an electronically conductive discharge
product and the significance of the volume changes that occur during the
discharge process.
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Simulated discharge curves 
illustrating the effects of O2 transport 
or electrical passivation.  
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respectively. 

Particle sizes of Li+-ORR product(s) in the discharged 
electrodes. The morphological changes of air electrodes before 

and after discharge at 100 mA/gcarbon for VC and Au/C electrodes 

are shown in Figs. 8a-d, respectively. Fig. 8a shows that Vulcan 5 

VC with primary particle sizes in the range from 50 to 100 nm 

creates a porous structure to provide electronic conductivity and 

interconnected pores for electrolyte for both pristine Vulcan VC 

and Au/C electrodes. It is important to point out that the addition 

of Au nanoparticles is not expected to change the electrode 10 

porosity/structures as the density of Au (19.3 g/cm
3
) is much 

higher than VC (~2 g/cm
3
) thus the volume of gold nanoparticles 

is negligible compared to carbon particles for 40 wt% Au/C. 

After discharge at 100 mA/g, the entire electrode surface in the 

O2 side for both Au/C and VC was found to be covered by donut-15 

shaped particles (presumably lithium peroxide) on the order of 

350 nm., where no significant difference. In contrast, at At a high 

current density of 1000 mA/gcarbon, the particle sizes of ORR 

product(s) in the discharged electrodes of Au/C and VC are very 

comparable but smaller than those found at 100  mA/gcarbon, as 20 

shown in Figs. 8e and 8f, respectively. Assuming that these 

donut-shaped particles were single-crystalline, which needs to be 

verified by electron diffraction in the TEM or high-resolution 

TEM imaging, comparable particle sizes of lithium peroxide 

found in the electrodes discharged at high rates cannot explain the 25 

greater broadening of XRD peaks found for the discharged Au/C 

electrodes. The greater broadening associated with of XRD peaks 

could result from more structural defects and/or composition 

nonstoichiometry of lithium peroxide in the discharged electrodes 

of Au/C. High-resolution TEM imaging and electron diffraction 30 

was used to examine potential structural defects in lithium 

peroxide particles. However, these particles were found unstable 

under electron beam at high magnifications. Cryo-TEM will be 

used to examine discharged electrodes in future studies to 

minimize the instability of lithium peroxide particles induced by 35 

heating associated with electron beam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 XRD patterns of pristine and discharged electrodes supported on 

a Celgard 480 separator (100 and 2000 mA/gcarbon) for Vulcan VC (a) 

and Au/C (b). The reflections appeared in the pristine VC electrode 

came from Celgard C480 and those appeared in the pristine Au/C 

electrode came from Au nanoparticles and Celgard C480. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 SEM images of (a) pristine Vulcan VC electrode, (b) pristine Au/C electrode, (c)  Vulcan VC  electrode discharged at 100 mA/g 

(2500 mAh/gcarbon), (d) Au/C electrode discharged at 100 mA/g (2500 mAh/gcarbon), (e)  Vulcan VC  electrode discharged at 1000 mA/g 

(1400 mAh/gcarbon), and (f) Au/C electrode discharged at 1000 mA/g (1500 mAh/gcarbon).  The SEM images were taken from the surface of the air 

electrode on the O2 side.�
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Several studies suggest also the direct reductions36,72:

 LiO2 + Li+ + e− → Li2O2 (1d)

 Li2O2 + Li+ + e− → 2Li2O (1e)

Equation (1d) occurs at lower voltages than equation (1a)73 and 
so far there has been limited evidence for the formation of Li2O. 
Oxidation of Li2O2 follows:

 Li2O2 → 2Li+ + 2e− + O2 (2)

In other words, the process on charging is not the reverse of 
discharge; the latter involves O2

− as an intermediate, whereas the 
former does not. The different pathways followed on reduction and 
oxidation do not violate the principle of microscopic reversibility, 
but arise because the kinetics of oxidizing Li2O2 directly are faster 
than reversing the three steps on reduction, especially dispropor-
tionation73. The result of these different pathways is the observed 
separation of the charge and discharge voltages. Another factor 
that may contribute to the voltage gap is if singlet O2 is formed 
on oxidation of Li2O2, whereas reduction involves the more stable 
triplet state72. The singlet-to-triplet O2 transition is spin forbidden 
and hence kinetically hindered. If the transition kinetics are sig-
nificantly slower than O2 evolution on oxidation of Li2O2, then the 
difference in energy between the singlet and triplet states (~0.9 V) 
could influence the voltage gap. Because voltage gaps smaller than 
0.9 V have been observed (typically 0.7 V), at most any difference 
in the spin states of O2 is likely to make only a partial contribution 
to the gap.

Other electrolytes have been explored, but in much less detail 
than the organic electrolytes. Investigation of hydrophobic ionic 
liquids demonstrated that they can maintain less than 1% H2O 

content after 100 hours of operation, in the case of 1-ethyl-3-methyl 
imidizolium bis(trifluoromethane sulphonyl)imide. On discharge, 
a capacity of 5,360  mAh  g−1 (based on carbon alone) has been 
reported for operation of up to 56 days52. Solid electrolytes have also 
been investigated, in particular, cells incorporating the Li+ conduc-
tor 18.5Li2O:6.07Al2O3:37.05GeO2:37.05P2O5 (LAGP) can sustain 
some 40 cycles at elevated (40–100 °C) temperatures79. Cells with a 
solid PEO-based polymer electrolyte can be charged at relatively low 
voltages, as noted above72. However, in view of what is now under-
stood about the reactions in liquid electrolytes, it will be important 
in the future to investigate the nature of the discharge products and 
the electrode reaction mechanisms in the ionic liquid and solid 
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A primary objective is to reveal which factors most strongly limit performance 

High efficiency and long 
cycle-life are also 
challenges  

Morphology of discharge 
phase can vary 
dramatically 

Nature Mat. 11, 19 (2012)  



A Comparison of US and Chinese Battery Testing Protocols 
I Bloom(ANL), D. Robertson(ANL) J. Christophersen(INL)  
Wang Fang(CATARC)and Fan Bin (CATARC) 

7 

"   Eight 7.5-Ah LiFePO4 cells were received in January
 2012 

"   Test plan:   
–  USABC EV DST cycling at 25oC 
–  China QC/T 743 and 846 protocols at 25oC 

"   Testing started in 03/2012: four cells are being tested per
 protocol 

"   Similarities in the two sets of protocols 
–  Usable DOD (energy) window, temperature,

 capacity measurements at RPT and EOT at 80%
 performance degradation 

"   Differences in the two sets of testing protocols 
–  Constant-current cycling vs. dynamic, power-based

 cycling profile 
–  Power density measurement at 50% DOD (10-s

 pulse) vs. peak power estimation at 80% DOD (30-s
 pulse) 

–  RPT frequency: 24 cycles (6 days, Chinese) vs. 50
 cycles (10.5 days, USABC) 

–  RPT duration: 18 h vs. 35 h 

Early results indicate that the 
USABC test protocol 
stresses the cells more than 
the Chinese test protocol 



Capacity fading mechanism of LMO/C system 

! Dissolution-deposition of Mn from cathode to anode 

14-8-19 8 

Mn2+ 

Li+ 

"  Loss of active LiMn2O4 

"  Impedance rising due to inactive products 
"  Poison the anode 

Disproportionation: 
LiMn2O4→ Li[LixMn2-x]O4+Mn2+ 

Vetter, J. et.al . Journal of Power Sources 2005, 147, 269. 
Whittingham, M. S. Chem. Rev. 2004, 104, 4271-4301 

But HOW？ 

Mn metal？ 

SEI layer 



Challenges for the Mn DMD process 

! The oxidation and bonding state of Mn deposited on 
anode is not clear yet; 

! The reaction mechanism of the Mn deposition is yet to 
be discovered; 
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Half cells-LiMn2O4 vs. Li anode 

"   A significant amount of Mn (∼85 ppm) was already deposited on the anode after the
 formation cycles, and gradually increased with the cycling.  
"   The concentration of Mn reached up to about 400 ppm after 100 cycles of charge and
 discharge.  
"   Correlation between manganese deposition on the anode and capacity fading in LMO
-based cells?  

Li anodes were
 separated and tested by
 ICP for concentration of
 Mn deposited on anodes   

Figure 1. Cycle performance of
 LiMn2O4/Li metal cell (blue
 curve) and concentration of
 Mn deposited on Li anodes
 after different charge
-discharge cycles (red curve).  
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Full cells-LiMn2O4 vs. Different  anodes 

"   MCMB-LMO shows the same capacity fade as Li-LMO 
"   LTO-LMO shows less capacity fade   
"   Mn deposition related? 

Figure 2. Cycle performance of
 coin cells with LiMn2O4 cathodes
 vs. anodes with different Li
-intercalation potentials. 
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