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Fig. 1 A schematic representation of the pencil-drawing process, and the
structure of the proposed lithium-air battery.

Y. Wang and H. Zhou, Energy Environ. Sci., 2011, 4, 1704° % i o
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Fig. 3 The electrochemical performance of the proposed lithium-air
battery. (a) Discharge curves at different current densities. (b) A charge-
discharge curve tested with a current density of 0.25 A g '. (¢) Cycling
performance tested with a current of 0.25 A g .
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Figure 3. Electrochemical performances of Li—air batteries using FGS as the air electrodes. (a) The discharge curve of a Li— 0, cell using FGS(C/O =
14) as the air electrode (Po, = 2 atm). (b) The same Li—O, cell as in (a) but tested in the pure argon atmosphere. (c) Discharge curve of a pouch-type
Li—air cell made from FGS (C/O = 14) operated in ambient environment (P, = 0.21 atm, relative humidity = 20%). The inset shows the prototype of
the pouch cell. (d) The discharge curve of a Li—0; cell using FGS (C/O = 100) as the air electrode (Po, = 2 atm).

J.-G. Zhang et al., Nano Letters, 2011, 11, 5071
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Carbon is relatively stable below 3.5 V on discharge or charge (hydrophobic) but is unstable on charging
above 3.5 V (in the presence of Li,0,), oxidatively decomposing to form Li,CO;.
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Figure 1. (ab) Discharge—charge curves on the first cycle for DMSO- and tetraglyme-based el ively, at a carbon cathode; rate: 70 POtent'aI (V) vsi LlIL'
MA/gebon (¢,d) Moles of CO, evolved from the carbon cathodes, removed from the cells at the states of dlschalge and charge indicated by the

green dots in (ab), and then treated with acid to decompose Li,?COj; and Li,"*CO; and Fenton’s reagent to decompose the lithium carboxylates. . . . . L.
"The values (166 etc.) on the x-axis do not represent a scale but indicate the states-of-charge at which the cathodes were sampled. The numbers 2, 3, Figure 3. In situ DEMS data for CO, evolution from decomposition of
and §in () and 2 and § in (d) correspond to the electrodes analyzed at the end of discharge on those cycles, and the number 2C in (¢) corresponds

to the analysis of the carbon electrode at the end of the second charge. P['OdllCtS formed from the eledr()lyte (IZCOZ) and the carbon cathode
("*C0O,) in (a) DMSO- and (b) tetraglyme-based electrolyte; for the
first ch fter disch to 2 V. Charging is carried out i Ar:0

P. G. Bruce et al., J. Am. Chem. Soc. 135 (2013) 494-500 gos misture (595 v/0). g B camed ontan an A 3
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Figure 2. a) Variation of discharge capacity with cycle number for
several porous electrodes containing manganese oxides as catalysts:
«-MnO; in bulk and nanowire form, 3-MnO, in bulk and nanowire
form, v-MnO,, A--MnO,, Mn,0;, and Mn;0,. EMD is included herein
for comparison but was reported previously.®l Cycling was carried out
at a rate of 70 mAg ™' in 1 atm of O,. Capacities are per gram of
carbon in the electrode. Lower cutoff potential 2 V. b) Variation of
potential with state of charge for the porous electrode containing «-

MnO; nanowires reported in Figure 22, cycled atarate of 0mAg™  p G Bruce et al., Angew. Chem. Int. Ed. 2008, 47, 4521 —4524 -4-

between 2 and 4.15 V.
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was calculated from discharge capacities assuming uniform distribution of Li;O, bn the electrode surfaces. Adapted from ref. 58. T
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Y. Shao-Horn et al., J. Am. Chem. Soc., 2011, 133, 19048-19051. " qman

Y. Shao-Horn et al., J. Am. Chem. Soc., 2010, 132, 12170-12171 , ) ) )
Figure 2. Gas evolution from cells employing DME. (a) Discharge—

charge voltage curves, and corresponding O, (b) and CO, (¢) evolution
during charging of cells using various cathode catalysts.

Bryan D. McCloskey et al., J. Am. Chem. Soc. 2011, 133, 18038-18041
-5-
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Figure 2. Discharge—charge cycles of Li-air cells using rGO, Ru-rGO hybrid, and RuO,-0.64H,0-rGO hybrid under various
specific capacity limits. (a—c) Current = 200 mA g~'; time = 10 h; cycling capacity = 2000 mAh g~'; voltage profiles of (a) fifth
cycle and following cycles of (b) Ru-rGO hybrid and (c) RuO,-0.64H,0-rGO hybrid. (d—f) Current = 500 mA g"; time=10h;
cycling capacity = 5000 mAh g~'; voltage profiles of (d) fifth cycle and following cycles of (e) Ru-rGO hybrid and (f)
RuO,-0.64H,0-rGO hybrid. The capacity was normalized by the total weight of oxygen electrodes (rGO or rGO + catalyst).
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alysis of Ru-rGO and RuO, - 0.64H,0-rGO hybrids: (a) SEM image of porous Ru-rGO hybrid; (inset)
(b) TEM images of Ru-rGO hybrid (inset: HRTEM image); (c) particle size distribution of Ru-rGO
ous RuO, - 0.64H,0-rGO hybrid; (inset) SEM-EDX of RuO, - 0.64H,0-rGO hybrid; (e) TEM images of
inset: HRTEM); and (f) particle size distribution of RuO,-0.64H,0-rGO hybrid.
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Figure 3. Comparison of '"H NMR spectra obtained for a
TEGDME electrolyte of Li-air cells using rGO, Ru-rGO hybrid,
and RuO, - 0.64H,0-rGO hybrid after cycling test (capacity =

5000 mAhg™").
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Co,0, nanocrystals on graphene Carbon supported TiN nanoparticles
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and after dealloying in nitric acid for 15 min. The inset image in (c) apacity (MAN ggiq) ycle humber
shows a region where a solid grain boundary is located. Very thin gold Fig. 1. Charge/discharge curves (left) and cycling profile (right) for a Li-O, cell with a 0.1 M LiClO,-DMSO
ligaments with diameters smaller than 2 nm are often observed; exam- electrolyte and a NPG cathode, at a current density of 500 mAg ™" (based on the mass of Au). Because the
ples are marked with arrows in (e). capacities are given per gram of Au, which is ~10-fold heavier (more dense) than carbon, 300 mAhg™*
(based on the mass of Au) would, for the same porous electrode but formed from carbon, correspond to
Y. Ding et al., Adv. Mater. 16, 1897 (2004). ~3000 mAhg™* (based on the mass of carbon). FTIR spectra collected upon charging at points A and B are

shown in fig. S7.
P. G. Bruce et al., Science,337 (2012) 563-566
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Highest theoretical capacity of 3,862 mAh/g (compared to graphitic carbon
capacity of 370 mAh/qg)

- Free from lithium intercalated cathode

Issues
Dendrite formation resulting in loss of lithium, possibly a safety hazard.
Solvent reduction resulting in loss of lithium and electrolyte.

Approaches
Decouple lithium metal from cathode chemistry with an interphase layer sta
ble with lithium, having good ionic conductivity and a low interfacial imped

ance.
- Block copolymers (Seeo)
- Multiple polymer/ceramic layers (Sion Power)
- Single Ion Conducting Ceramic (PolyPlus)
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The hard carbon sphere-sulf
ur composite cathode
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