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LITHIUM-OXYGEN BATTERY

This invention was made with US Government support under prime contract DE-AC02-
05CH 11231 awarded by the United States Department of Energy. The US Government has
certain rights in the invention.

Refated Application

The present case claims priority {o, and the benefit of, GB 15612726.9 filed on 20 July 2015,
the contents of which are hereby incorporated by reference in their entirety.

Fisld of the invention

The present invention provides methods for charging and discharging a lithium-oxygen
battery, as well as a lithium-oxygen battery for use in such methods.

Background of the invention

Rechargeable non-agueous Li-oxygen (O,) batteries have atfracted considerable interest
over the past decade because of their much higher theoretical specific energy than
conventional Li ion batteries (Girishkumar ef al.; Bruce ef al.; Lu, ef al). A typical Li-air cell
is comprised of a Li metal negative electrode, a non-aqueous Li* electrolyte and a porous
positive electrode. During discharge, Oz is reduced and combines with LI at the positive
slectrode, forming insoluble discharge products (typically LiOy) that fill up the porous
electrode (Mitchell et al.; Adams et al.; Gallant ef af. 2013). The porous electrode is not the
active material, but rather a conductive, stable framework that hosts the reaction products.
Therefore lighter elecirode materials are favoured, so as {o provide higher specific energies.
During charge, the previously formed discharge products need to be thoroughly removed o
prevent the cell from suffocating after a few discharge-charge cycles, the elecirode pores
hecoming rapidly clogged with discharge products and products from unwanted side
reactions (see, for example, Freunberger el al. J. Am. Chem. Soc, McCloskey et al. J. Phys.
Chem. Leit. 2011, Freunberger et al. Angew. Chem. Int. Ed.; McCloskey ef al. 2012, Callant
el al. 2012, Ottakam Thotiy! ef al. J. Am. Chem. Soc., Leskes ef al).

Several fundamental chalienges still limit the practical realization of Li-oxygen batteries
(Girishkumar ef al.; Bruce, ef al.; L.y, et al). The first one relates to the reversible capacity
{and thus energy density) of a Li-oxygen battery. This is determined by the pore volume of
the porous electrode, which limits both the total quantity of the discharge products and how
large the discharge product crystals can grow. The ultimate capacity — which is currently far
from being reached — is, in theory, achieved in the extreme case where g large single crystal
of the discharge product grows to occupy the full geometric volume of the positive electrode.
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The mesoporous Super P (SP)/Ketjen carbon electrodes that are commonly used in the field
have relatively smali pore sizes and volumes, with their crystalline discharge products
typically less than 2 ym in size (Girishlkkcumar ef al; Bruce et af, Zhai, et al)); this limits the
capacity to < 5000 mAh/g. (typically ~1.5 mAh based on 1 mg of carbon and binder)
{Freunberger et al. J. Am. Chem. Soc; McCloskey et ai. J. Phys. Chem. Letf. 2011;
Freunberger el al. Angew. Chem. Int. Ed.; McCloskay ef af. 2012; Otiakam Thotiyl ef al J.
Am. Chem. Soc.; Leskes ef al). In addition, uses of smaller pores fend {o lead to pore
clegging, hindering the diffusion of Qs and Li* and causing high overpotentials during cycling.

The second issue involves the severe side reactions that occur on cydling, involving the
glectrode malerials, eleciroiyte, and intermediate as well as final discharge products
(Freunberger et al. J. Am. Chem. Soc; McCloskey el al. J. Phys. Chem. Letf. 2011;
Freunberger el al. Angew. Chem. Int. £d.; McCloskay ef af. 2012; Gallant ef al. 2012,
Ontakam Thotivl ef al. J. Am. Chem. Soc.; Leskes ef al.). These decomposition reactions are
thought t© have two major origins, first, the superoxide ion that forms as an intermediate on
reduction of oxygen readily attacks most electrolytes (Freunberger ef al.; McCloskey ef al.;
Freunberger ef al.; Nasybulin ef al), and second, the large overpotential on charge, which is
often required to remove the insulating discharge products, resulis in oxidation of cell
components such as the host electrode (McCloskey ef af.; Gallant ef af.; Ottakam Thotiyl et
al. J. Am. Chem. Soc., Leskes ef af). Siudies suggest that 3.5 V {vs. Li/Li+) represents the
maximum voltage that carbon-based elecirodes can tolerate without significant side
reactions (ibid.).

The third issue concerns the large hysteresis seen between charge and discharge (up to

2 V), resulling in extremely low energy efficiencies, limiting the use of this battery in practical
applications (Mitchell ef af.; Adams et af,; Gallant ef af. 2013, Freunberger ef af. J. Am.
Chem. Soc;, McCloskey of al. J. Phys. Chem. Left, 2011, Freunberger ef a/. Angew. Chem.
int, £d.; McCloskey ef al. 2012, Gallant et g/, 2012, Ottakam Thotivl ef al. J. Am. Chem.
Soc.; Leskes et al).

Finally, the celis are very sensiiive to moisture and carbon dioxide (Gowda ef al, Lim et al J.
Am. Chem. Soc.; Liu ef al; Guo et g1}, During cell operation in air, HO and CO, can readily
react with Li,O, to form the more stable LiOH and Li carbonate phases, which gradually
accumulate in the cell, resulting in batiery failure. Moisture and CQO: are also known 1o have
deleterious effects on the Li-metal anode (Girishkumar ef al.; Bruce et al.; Lu, ef al).

A number of sirategies have been proposed to reduce the voltage hysteresis, involving the
use of electrocatalysts (Lu el al. 2011, McCloskey et ai. J. Am. Chem. Soc. 2011, Hyoung el
al. Adv. Energy Mater.; Hyoung et al. Natf. Chem.; Lu et al. 2013; Jung ef a/.; Yilmaz ef a/;
Sun et al. Nano Lett), porous electrode structures (ao et al.; Wang st al,;, Lim of al. Adv.
Mater.) and redox mediators (Lacey ef ai.; Chen et al.; Sun et al. J. Am. Chem. Soc.; Lim et
al. Angew. Chem. int. Ed.; Ywak ef al.). Notably, soluble redox mediators, such as
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tetrathiafuvalene (TTF) (Chen ef al) and Lil (Lim ef al. Angew. Chem. Ini. Ed), have been
used to reduce the overpotential of the charge process, the voitage hysieresis being reduced
to around 0.5 V. Their operation relies on the elecirochemical oxidation of the mediator
foliowed by the chemical decomposition of Li2O; by the oxidized mediator. The charge
voltage is thus tuned close to the redox potential of the mediator. For discharge, a redox
couple of ethyl viclogen has also been used; the role of this soluble mediator is to reduce O:
in the liquid electroivte rather than doing that on the solid electrode surface, so as fo help
prevent rapid blocking of the solid slectrode surface by the subsequently formed poorly
conducting Li;Q- phase {(Lacey ef al.).

Ancther important concern is the moisture-sensitive chemistry in Li-air cells: during cell
operation in air, water may gradually accumulate in the cell, readily transforming L0z to
more stable LIOH, which kills the battery.

The present inventors have developed a lithium-oxygen battery with an extremely high
efficiency, large capacity and a very low overpotential.

Summary of the invention

The invention generally provides a method for performing a charging and/or discharging step
within a lithium-oxygen battery, the method comprising the steps of (i) generating lithium
hydroxide (LIOH) from lithium ion at a working electrode, and/or (i) generating lithium ions
from lithium hydroxide (LIOH) at the working electrode.

Unexpectedly, the inventors have found that a lithium-oxygen battery may operate vig the
reversible formation and removal of LiOH crystals. Thus, contrary to previous reports, LICH
is a useful discharge product in a lithium-oxygen battery. Additionally, LiOH is a useful
oxygen source in the charging step of the lithium-oxygen battery.

The methods of the invention are insensitive 1o the presence of water, which is tolerated in
high levels within the electrochemical cell. indsed, the presence of water may allow for the
formation of LIOH discharge products in initlal and/or later cycles of the lithium-oxygen
battery. The msthods of the invention therefore allow a lithium-oxygen batiery to be usad in
real, practical conditions.

The inventors have found that a lithium-oxygen battery making use of lithium hydroxide as a
discharge product has a high energy efficiency, excellent cyclability and a relatively low
overcharge potential. For example, the inventors have found that such a cell has a voltage
gap of 0.2V, and the cell may be cycle at 1,000 mAh/g for over 2,000 cycles, with no
capacity fading. The cell has a calculated efficiency of over 80%. Accordingly, the lithium-
oxygen baltery of the invention addresses directly a number of critical issues limiting the use
of known lithium-oxygen batieries.
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in a first aspect of the invention there is provided a method for discharging and/or charging a
lithium-oxygen battery, the method comprising:

(i) generating a discharge product in a lithium-oxygen batiery, such as on or within a
working electrode, in a discharging step, wherein the discharge product comprises LiOH,
andfor

(i) consuming LIOH in a lithium-oxygen battery in a charging step, such as where the
LiOH is on or within a working electrode.

The lithium-oxygen battery may have an slectrolyte comprising an organic solvent, and
optionaily the water conteni of the electrolyte after a charging step is 0.01 wt % or more.

in one embodiment, the amount of LIOH in the discharge product is greater than the amount
of LixUs. LIOH may be the predominant lithium product formed in the discharging siep.

The discharge step is associated with the consumption of oxygen. LiOH may be the
predominant end product for the oxygen consumed in the discharge step.

The charge step is associated with the generation of oxygen and optionally water. Inone
embodiment, the amount of LIOH consumed in the charging step is greater than the amount
of Liz0». LIOH may be the predominant oxygen source in the charging step.

In one embodiment, the method comprises step (i) and step (i) (a charge and discharge
cycle). Step (i) may be performed before or after step (il). Steps (i) and (i) may be
repeated, for exampie in muitipie charge/discharge sequences (mulliple cycies of charging
and discharging). The present inventors have found that such a system is associated with
ultrahigh efficiency, large capacity and superior cycdling ability.

In one embodiment, the charge step is performed in the presence of a redox mediator, such
as an iodine-based mediator, such as an iodide mediator. For example, /s may be
reversibly cycled in the battery.

In ancther aspect of the invention there is provided the use of lithium hydroxide as a
discharge product in the oxygen reduction reaction in a lithium-oxygen batiery.

in ancther aspect of the invention there is provided the use of lithium hydroxide as a reagent
in the oxygen evolution reaction in a lithium-oxygen battery. Additionally, lithium hydroxide
may be a reagent for the generation of water in a lithium-oxygen battery.

Thus, the lithium hydroxide may be referred to as the oxygen acceptor and donor in the
lithium-oxygen battery, and such is used in preference to lithium peroxide and/or lithium
oxide in the known Ethium-oxygen batieries.
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in a further aspect there is provided a discharged lithium-oxygen battery having a working
glectrode comprising a lithium discharge product, wherein the amount of LiOH in the lithium
discharge product is greater than the amount of LixOa.

The discharged hithium-oxygen battery may be a partially or fully discharged lithium-oxygen
battery. Thus, the battery mat be discharged to its intended discharge limit, orto a
discharge value below that discharge limitf.

The discharge product may be substantially free of Li;0,. LIOH may be the predominant
discharge product.

in ancther aspect there is provided a charged lithium-oxygen battery having an elecirolyte,
wherein the water content of the electrolyte is 0.01 wt % or more.

The charged lithium-oxygen battery may be a partially of fully charged lithium-oxygen
hattery.

The water content of the slectrolyte may be 0.5 wt % or more, such as 1.0 wt % or more.

These and other aspects and embodiments of the invention are described in further detail
below.

Summary of the Figures

Figure 1 (a) shows the discharge-charge curves for Li-O; cells using mesoporous SP and
TiC, and macroporous rGO electrodes, with capacities limited to 500 mAh/g (based on the
mass of carbon or TiC); a 0.25 M LITFSIYDME slectrolyte was used for all the cells. For SP
and rGO electrodes, 0.05 M Lil was added to the LITFSI/DME slectrolvie in a second set of
slectrodes (purple and red curves). All celis in (A) were cycled at 0.02 mA/cm?2. The
horizontal dashed line represents the position (2.96 V) of the thermodynamic voltage of a
Li-C, cell. Figure 1 (b) shows the galvanostatic charge-discharge curves of cells containing
0.05 M Lil and 0.25 M LITFS!, cycled under an Ar almosphere with different
electrode/electrolyte solvent combinations. All celis in (b) were cycled at 0.2 mA/cm?®. The
crossing point (numbered in the figure) of the charge-discharge curves indicates the
positions of the redox potential of I/l in @ specific slecirode-elacirolyte system. The
capacities of TiC and rGO celis in Figure 1 (b) have been scaled by a factor of 5 and 0.2,
respectively, o more clearly iltustrate the corresponding redox potentials of Lil; a direct
comparison of capacities between Lil in Ar and Li-Gs cells is given in Figure 15. The
discharge-charge curves show the change in voltage (V) with change in capacity
{(MmANGearbon).
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Figure 2 shows the XRD patterns (a) and *H and "Li ssNMR spectra (b) comparing a pristine
rGO slectrode o electrades at the end of discharge and charge in a 0.05 M Lil/D.25 M
LITFSI/DME electrolyte. The spectra are scaled according to the mass of the pristine
glectrode and number of scans. Asterisks in Figure 2 (8) represent diffraction peaks from a
stainltess steel mesh. Of note, 'H resonances of proton-containing functional groups in the
pristine rGO elecirode are not visible in the "H ssNMR spectrum in Figure 2 (b) since they
are very weak in comparison to the LiOH signal. The weaker signals in the 'H NMR spectra
gt 3.5 and 0.7 ppm are due 10 DME and grease/background impurity signals, respectively.
The ARD specira show change in intensity {arbitrary units) with change in Ztheta {degrees);
the NMR spectra show change in intensity (arbitrary units) with change checmial shift (ppm).

Figure 3 shows oplical and SEM images of pristine, fully discharged and charged rGO
slectrodes obtained with a 0.05 M Lil/0.25 M LITFSIDME electrolyte in the first cycle. The
scale bars in optical images are all 5 mm, and those in SEM images are ali 20 um.

Figure 4 shows discharge-charge curves for Li-0O; batieries using rGO electrodes and

0.05 M Li/0.25 M LITFSI/DME electrolyte with capacity limits of 1,000 mAh/g, (a),

5,000 mAN g (b), and 8,000 mARg: (2}, and cycled at different rates (D), 3 cycles were
performed for each rate in (d). The cell cycle rate is basad on the mass of rGC, 2.g., 5 Alg,
is equivalent to 0.1 mA/om?. The discharge-charge curves show the change in voliage (V)
with change in capacity (MAR Geabon).

Figure 5 is a series of SEM images for (a) to (d) a hierarchically macroporous rGO electrode
at various magnifications, (g) a mesoporous Super P (SP) carbon glectrode; and (f) a
meseporous TIC electrode. Inimages (@), (b) and {d) the scale shown is 100 pm, 50 um and
5 um respectively. In images (¢}, (&) and (f) the scale shown in 20 um.

Figure 8 shows (&) cyclic voltammograms of cells using rGO, Super P (EP) and TiC
slectrodes in 0.25 M LITFSIYDME under an Ar atmosphere; (b) cyclic voltammograms
comparing cells using rGO elecirodes in 0.05 M Lil/0.25 M LUTFSI/DME and TEGDME
slectrolytes under an Ar atmosphere; and (c) cyclic voltarmmograms of cells using SP and
TiC electrodes in 0.05 M LIVO.25 M LITFSYDME under an Ar atmosphere. The sweeping
rate for all cells was 5 mV/s. The cyclic voltarmmmograms show change in curent (mA) with
change in voltage (V).

Figure 7 shows (a) the electrochemistry of a Li-O; battery using a rGO electrode ina 0.25 M
LITFSI/DME electrolyte (blue curve) and characterization of this discharged rGO electrode
by s3NMR (b) and SEM (¢} and (d). The discharge-charge curve shows the change in
voltage (V) with change in capacity (mAh). The NMR specira show change in intensity
(arbitrary units} with change chemical shift {ppm). The scale bars in Figures 7 (©) and {d)
are 5.0 um and 2.0 um respectively.
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Figure 8 shows ssNMR specira of an rGQ electrode used in a Li-O» cell discharged with
.05 M Lil/0.25 M LITFSVDME electrolyte inside an Ar giovebox (< 0.1 ppm Hz(). The
dominant resonances at-1.5 ppm in 'H and 1.0 ppm in 7Li MAS spectra respectively, and
the characteristic line shape of the 7L static spectrum all suggest that LiOH is the prevailing
discharge product of this call. The other resonances labelled in the 'H spectrum are
gitributed residual DME in the electrode. The NMR spectra show change in intensity
{arbitrary units} with change chemical shift (ppm).

Figure 9 shows (a) the discharge-charge curves of a LI-O; battery cycled at 8 A/g. rate using
an rGO electrode in 0.05 M LiV0 .25 M LITFSI/DME electrolyte and (b} the corresponding
terminal voltages as a functional of cycle numbers. Figure B (¢) is an SEM image of the rGO
electrode from the Li-O2 cell in (a) after 42 cycles. Figure 8 (d) represents a Li-0; cell that
was cycled for 1,000 cycles with a capacity limited to 1,000 mAR g and then deliberately
subjected to much deeper discharge-charge cycles (15 cycles) with a reversible capacity of
22,000 mAh/ge at 1 Alg. rate. Apart from the larger voltage polarization due to many prior
cycles, the cell still demonstrates a good reversibility. The discharge-charge curves show
the change in voltage (V) with changs in capacity (AN Geamen). The change in voltags (v} is
aiso shown with change in cycle number. The scale bars in the SEM image is 10.0 um.

Figure 10 shows a comparison between the “Li static NMR specira, acquired at 11.7 7, of a
discharged rGO electrode from a Li-0O; cell using 0.05 M Lil/0.25 M LITFSIVDME electrolyte
and those of the model compounds of LIOH, LizCOs and Liz0,. The NMR spectra show
change in intensity (arbifrary units) with change chemical shiff (ppm).

Figures 11 (a) to (c) are a series of SEM images of a fully discharged rGO electrede in 0.05
M Lil/0.25 M LITFSYDME electrolyte. Figure 11 (a) shows the outer surface, whilst figures
11 () to (¢) show the interior apace. Figure 11 (d) is an SEM image of the glass fibre
separator. The scale bar in Figure 11 (a) is 200.0 um. The scale bars in Figure 11 (b) to {d)
are 20.0 um.

Figure 12 shows (a) the electrochemistry of a Li-O; baltery using an rGO electrode in a
0.05 M Li/0.25 M LITFSITEGDME slectrolyte; (b) the characterization of the discharged
rGO electrode by ssNMR: and {c¢} the characterization of the discharged r30 electrode by
SEM. The dischargse-charge curves show the change in voltage (V) with change in capacity
(MANGearnon). The NMR spectra show change in intensily (arbitrary units) with change
chemical shift (ppm). The scale bars in the SEM images are 20.0 ym (lop) and 5.00 pm
{bottomj).

Figure 13 shows (a) the electrochemistry of a Li-O; battery using an SP carbon electrode in
a 0.05 M Liv0.25 M LITFSI/DME electrolyte; (b) characterization of the discharged 8P
electrode by ssNMR, acquired at 11.7 T, and {¢) characterization of the discharged SP
electrode by SEM, where the images shows 3 pristine electrode (fop), a fully discharged
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electrode (middle) and a fully charge electrode (bottom). The discharge-charge curves show
the change in vollage (V) with change in capacity (AN Geamen). 1The NMR spectra show
change in intensity (arbifrary units) with change chemical shift {(ppm). The scale bars in the
SEM images are 5.00 pm.

Figure 14 shows the discharge-charge profiles of Li-O; batteries cycled using rGO
electrodes in a 0.05 M Lil/0.25 M LITFSI/DME electrolyte where Figure 14 {(a) shows the
profile for a cell with 45,000 ppm added waler in the electrolyte,; and Figure 14 (b} shows the
profile for a cell purged with O, gas that had been passed through a water bubbler (wet O3).
The discharge-charge curves show the change in voltage (V) with change in capacity
{mAh/Gearson).

Figure 15 shows galvanostatic charge-discharge curves of celis cycled with 0.05 ML In 0.25 M
LITFSUTEGDME and DME slectrolytes, in an Ar atmosphere, where the electrodes arg SP (top
left); TiC (top right) and rGO (bottom). Each cell was first charged and then discharged. The
grey ling in each graph shows the corresponding electrodes discharged in the same DME-based
electrolyte in an O: atmosphere. The discharge-charge curves show the change in voliage
(V) with change in capacity (MARNGearbon).

Detailed Description of the Invention

The present inventors have identified lithium hydroxide (LIOH) as a useful redox active
species in a lithium-oxygen battery (lithium-air battery). Lithium hydroxide may be used as
an alternative discharge product to lithium peroxide (Lix02), which is currently the standard
radox active species within a lithium-oxygen battery.

The formation of Hithium hydroxide during the oxygen reduction step in a lithium-air battery is
wedl studied. The formation of lithium hydroxide is regarded as problematic, and this product
is regarded as an unwanted by-product in the electrochemical reaction for generating LizxDx.
Untit now many researchers have looked to minimise or prevent lithium hydroxide formation
with a view to increasing the amount of LizO, formed during the discharge reaction.

For example, Kwak et a/. study the formation of lithium hydroxide in a lithium-oxygen cell
cortaining a redox mediator {Lil}. Here the authors explain that the formation of lithium
hydroxide, together with the desired lithium peroxide (Lib(s), reduces the capacity of the
battery, and this is said {0 be a major drawback for the system under consideration. The
authors associate the (undesirable) formation of lithium hydroxide with the presence of an
glectrochemical mediator, and the amount of mediator is reduced in order to minimise lithium
hydroxide formation.

Lim et af. also describe lithium-oxygen batteries using a Lil mediator. The authors also point
o the undesirable formation of lithium hydroxide in a competing side-reaction during the
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cycling of the electrochemical cell (during normal formation and depletion of Li(0»). The
system developed by the authors is said 1o depress side-reactions, as the working voltages
for the cell are below the voltages that are associated with by-product formation.

The voliage values discussed below are made with reference {o Li/LI®, as is common in the
art.

US 2012/0028184 describes a lithium-oxygen battery. A lithium ion conductive solid
electrolyie membrane is formed on a surface of the negalive eleclrode. This serves as a
protective layer preventing water contained in an agueocus elecirolyie from directly reacting
with lithium contained in the negative electrode. Here, LiCH is formed during a discharging
step. The LiOH is dissolved in the agueous electrolvie.

Similarly, US 2007/029234 describes a lithium-oxygen battery where an aqueous electrolvte
is separated from the lithium anode by a water impervious ionic membrane. LIOH is
generated during the discharge reaction and this is highly scluble in the aqueous elecirolyte.

CN 102127763 aiso describes a lithium-oxygen batiery having an agquecus eleciroiyte. This
electrolyte is also separated from the lithium anode by an inorganic film, which permiis
passage of lithium ions only. The lithium anode is ifself provided in a chamber holding a
hydrophobic ionic liquid. The cathode is placed in a water-based electrolyte.  LiOH is
generated during the discharge reaction and this is highly soluble in the water-based
elecirolyie.

WO 2016/038175, which was published after the priority date of the present case, describes
a lithium-oxygen battery using the non-agqueous electrolyte tetraglyme. LIOH is said to be
generated as a discharge product wia a complex series of reactions inveolving the formation
of Li202 as an intermediate species which reacts with the tetraglyme.

Meihods of the invention

The present case provides a method for charging and/or discharging a lithium-oxygen
glectrochemical cell.  The method is based on the formation and/or degradation of lithium
hydroxide within the cell, and particularly the formation and/or degradation of lithium
hydroxide on and/or within the working electrode of the cell.

In a first aspect of the invention there is provided a method for discharging and/or charging a
lithium-oxygen battery, the method comprising:

(i} generating a discharge product in a lithium-oxygen battery in a discharging step,
wherein the discharge product comprises LIOH: and/or

(i) consuming LIOH in a lithium-oxygen battery in a charging step.
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Typically lithium hydroxide is the predominant product of the oxygen reduction reaction (the
discharge step). Thus, the mole amount of lithium hydroxide formed in the discharge
reaction may be greater than the mole amount of lithium peroxide formed.

The discharge product may refer {o the product formed on the working elecirode only. The
consumption of LIOH may refer {0 the consumption of the discharge product on the working
elecirode only.

in one embodiment, the amount of fithium hydroxide formed in the discharge reaction is at
least 30%, at least 40%, at least 50%, at least 60%, at least 70%, atl least 80%, at least 90%
or at least 95% of the fotal mole amount of thium hydroxide and {ithium peroxide formed in
the discharge reaction, such as by reference . In g further embodiment, the total amount
may refer to the total amount of all lithium products formed in the discharge reaction, or it
may refer to the total amount of lithium hydroxide, lithium peroxide and lithium oxide formed
in the discharge reaction.

In one embodiment, substantially all of the lithium product formed in the discharge reaction is
lithium hydroxide.

ir one embodiment, the discharge product is substantially free of L0, Further, the
discharge product after the first discharge step is substantially free of L0,

in step (i) the consumption of LIOH is associated with the generation of oxygen optionaily
together with water. The evolution of oxygen in this step may be established by mass
spectrometry.

it follows that lithium hydroxide is the predominant source of oxygen in the oxygen evolution
reaction. The lithium hydroxide may also be a source of water in the oxygen evolution
reaction.

Thus, the mole amount of lithium hydroxide consumed in the evolution reaction may be
greater than the mole amount of lithium peroxide consumed.

in one embodiment, the relative amount of lithium hydroxide consumed in the oxygen
evolution reaction is at least 30%, at least 40%, at least 50%, at least 80%, at least 70%, at
least 80%, at least B0% or at least 95% of the total mole amount of lithium hydroxide and
lithium peroxide consumed in the oxygen evolution reaction. In a further embodiment, the
total amount may refer {o the total amount of all ithium products consumed in the oxygen
evoiution reaction, or it may refer to the total amount of lithium hydroxide, lithium peroxide
and lithium oxide consumed in the oxygen evolution reaction.

in one embodiment, substantiaily all of the lithium product consumed in the oxygen evolution
reaction is lithium hydroxide.

The amount of lithium hydroxide formed in a discharging step may be determined by
standard analytical means. For example the present inventors have used solid state 7Li and
TH NMR fechnigues to determine the lithium products present within a carbon electrods.
The relative amount of LIOH in comparison with Lix0» may be determined from the integrals
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of the relevant peaks in the 7O NMR spectrum. Here, the O resonances due to different
discharge products are characteristic in the spectrum (see, for example, Leskes ef al}).

NMR technigues may be used to measure both the formation and the decompaosition of LIGH
in the discharge and charging steps.

Li NMR measurement generally gives gualitative information, as the possible discharge
products (LIOH, Li,CQs, LizOy) have very similar 7Li resonances. However, their respective
static NMR spectrum have distinct line shapes {see Figure 10, for example), and in the
present case the static NMR spectrum of a discharged product clearly indicates that LiOH is
the dominant discharge product.

The presence of LiOH may also be determined by XRD of electrode materials after
discharge. in the cells for use in the present invention, no L0z is visible in the XRD
spectrum of a discharged electrode. FTIR analysis may also be used to identify LixO: and
LiCOs products within the electrode.

The formation of a LIOH product may alsc be observed visually, with the appearance of
extensive white product across and within the working electrode. This effect is particularly
prenounced when the working electrode is a characteristically black carbon electrode.  See,
for example, the images in Figure 3, which shows the change in colour after the discharging
and charging of a pristine carbon working electrode (in this case a rGO electrode).

The formation of ithium hydroxide in the lithium oxygen-battery may result from a series of
interrelated reactions. The lithium hydroxide s not necessarily the direct product of
reaction between lithium ion and oxygen.

in the preferred methods of the invention, an iodide mediator (I37/17) is used to reversibly cycle
the lithium oxygen-battery. On charge, LIDH is removed and it is believed that the inventors
believe that this occurs via a reaction of the LIOH with I5~, with lithium ion and |- generated
together with O..

The chemistry of the discharge step may be complicated for the reason that s can also
react to form metastable 1O, which then disproportionates forming 105~ and I, together with
lithium ion. The relatively low concentration of water present in the elecirolytes for use in the
present lithium oxygen-battery drives the reactions to the formation of the lithium ion product.
The inventors have found that the reaction of LIOH with 13~ to form fithium ion and I
dominates under aqueous conditions. The rate of the reaction slows down noticeably, but
still ocours in solvents, such as DME, containing 3 to 6 wt % water.

The work in the present case shows that repeated cycling of the lithium oxygen-battery
provides a LIOH product in each discharge step, and certainly beyond the first
charge/discharge cycle.
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The method of the invention may comprise steps () and (i), The combination of these steps
may be referred to as a cycle (such as a charge and discharge cycle). Steps (i) and (i) may
be repeated a plurality of imes. The discharge and charge cycle may be repeated once or
more, 2 times or more. Thus, in one embodiment, the method comprises 2 cycles or more, 5
cycles or more, 10 cycles or more, 50 cycles or more, 100 cycles or more, 500 cycles or
more, 1,000 cycles or more, or 2,000 cycles or more. The inventors have found that the cell
for use in the method of the invention may be cycle many times without capacity fade.

in one embodiment, step (i) is performed before step (if).

In one embodiment step (i) or step (i) is performed on a pristine cell. A pristine cell is a cell
that has not previously been subjected to a charging or discharging step.

The LIOH-forming reaction may aiso involve the use of a mediator, such as an iodide-based
mediator. The work in the present case is believed to make use of an iy couple.

When an iodide mediator is present during the charge step, a LiOH decomposition /
dissolution reaction is observed at around 3 V, which is a clear distinction of the present
work from the decomposition / dissolution reactions reported by others (see Lim el a/.; Kwak
ef all). Given that this charge voltage overlaps with that for I/l itself, the first step must
involve the direct electrochemical oxidation of I 1o 2. The I3 species then oxidizes LIOH to
form Oy and H;O. Given that the battery continues o cycle, despite the large quantity of
water that is produced in this reaction, water clearly must not have a deleterious effect on
the battery performance.

Thus, the method of the reaction includes the step of forming lithium hydroxide using a
lithium ion, oxygen and a hydrogen source. The formation of the lithium hydroxide may
occur at the surface of an glectrode and/or within the pores of a porous electrode. In the
methods of the present case the source of hydrogen for LiOH may be water within the
slectrolyte. Preferabiy, the dominant source of hydrogen for LIOH is not the slectroiyte
solvent.

The electrodes for use in the method are described in further detail below.

The method of the invention relates to the formation of a lithium hydroxide product during a
discharge step. The inventors have established that this formation is reversible within the
cell. The lithium hydroxide is formed as a product, such as a crystalline product, having a
relatively large size. Broadly, the lithium hydroxide may be formed as particles, and these
may form larger aggiomerations.
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LiOH is formed as an insoluble product during the discharge step, and its formation is
located to the working slectrode. The LIOH products may be present on the culer surface of
the electrode and/or within the pores of a porous electrode. The capacity of the
glectrochemical cell is therefore large, as extensive lithium hydroxide formation is permiited
across and throughout the working electrode.

in one embodiment, the discharge step forms LIOH products, such as aggiomerations, on
the surface of the working electrode, where the LiOH products have an average largest
dimension of atleast 0.1 um, atlsast 1 um, at least 10 um, or at least 25 pm.

in one embodiment, the discharge step forms LIOH products, such as a particles, within the
pores of a porous working electrode. The LiOH products may have an average largest
dimension of at 1 ym, at least 5 um at least 10 pm or at least 15 pm. In corresponding
systems where LixOs is the discharge product, the inventors have found that the product has
an average largest dimension of less than 1 ym.

The inventors believe that the use of redox mediator aliows the formation of LiOH as the
predominant product in the discharge step, and also allows the formation of enlarged
product material, such as agglomerations and large particies.

The size of the LiIOH particles may be determined from the SEM images of the electrode
after a discharge step.

The formation of a LIOH product may also be observed by eys, with the appearance of an
extensive white product across the slectrode. This is particularly noticeable when the
working electrode is black {(such as when a carbon-based elecirode is used).

The SEM images of a charged elecirochemical cell also show that the amount of LIOH
remaining on and within the working electrode is minimal: only at higher magnifications is it
possible 1o observe unconsumed (residual) LIOH on the surface of the electrode. The
amount of residual LIOH is observed fo increase with cycle number. However, this residual
LiOH may be removed by a deliberate over-charging during one or more charging steps. In
this way the loss of capacitance may be minimised over a large number of charge and
discharge cycles.

Lithium-Oxygen Batfery

A lithium-oxygen battery may generally refer to an electrochemical cell for generating
glectricity by the reaction of a lithium species within the cell. Typically, the cell has a working
elecirode for lithium chemisiry and a counter electrode. A lithium electrolyte, such as a non-
aqueous eleclrolyte, is provided in the interslectrode space. The head space of the
efectrochemical cell has an oxygen-containing atmosphere. A reference electrode may aiso
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be present. The elecirochemical cell may also be referred to as a lithium-oxygen or lithium-
air battery.

A separator may be provided in the cell between the working and counter electrodes. The
separator may be permeable to lithium ions, and other ions. The separator may be a glass
fibre separator (for example as described by Jung ef al. and Xiao ef a/). Typically a porous
separator, such as Celgard, is used. A ceramic membrane may also be used.

Typically the separator dogs litlle to prevent oxygen reduction at the counter electrode (the
negative electrode). Usually oxygen reduction is prevenied by the formation of a passivating
fayer on the Li metal counter electrode caladi the solid elecirolvte interphase (or 8. This
layer also seems o minimise or prevent reduction/oxidation of the mediator.

The working electrode is the cathode during the discharge step, where oxygen reacts with a
Hithium species in the electrolyte to ultimately generate LIOH.
The cournter electrode is the anode during the discharge step.

The working elecirode may be in slectrical connection with the counter electrode.

The choice of electrolyte solvent is discussed in further detail below.

In the present invention, the lithium-oxygen battery is suitable for the formation of LiOH,
gither in addition fo, or as an alternative to, Liz0,. As described herein, LIOH is the
predorminant product of the discharge reaction, and may be formed {o the substantial
exclusion of Li,O,.

Charging refers to the step of converting lithium hydroxide fo lithium ion and oxygen. The
charging step is the electrochemical oxidation of lithium hydroxide.

It is noted that the term “air battery” is used in the art even though it is atypical to operate the
battery in an ambient air atmosphere. Typically prior art experiments use the lithium-air
hattery in an oxygen atmosphere, which is anhydrous, and is typically also at pressures
greater than ambient pressure. For this reason, some researchers refer more accurately io
the use of lithium-oxygen batieries (e.g. see Kwak ef &/) rather than lithium-air balteries.

For example, Xiao et &/. describe the operation of a lithium-oxygen battery under an oxygen
atmosphere at 2 atmospheres (202.5 kPa). Chen ef &l. describe the operation of a lithium-
oxygen battery under an oxygen atmosphere at 1 atmosphere (101.3 kPa).

Thus, whilst the aim of research to date is to devslop a system for use in in air, currently
exemplified systems are generaily sensitive to waler, or are more generally sensitive to
conditions that promote the formation of lithium hydroxide at the slectrode. The use of a
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high purity oxygen atmosphere is also intended 1o limit the presence of carbon dioxide within
the eiectrochemical cell. The presence of carbon dicxide may complicate the
elecirochemical reactions within the cell, and may give rise to undesirable by-products.

It should be noted that the use of a closed oxygen system is not necessarily a disadvantage,
as some uses of a lithium-oxygen battery may accommodate a closed system. However, for
general applicability it is highly desirable {o have a lithium-oxygen battery that is tolerant of
water.

in one embodiment, the electrochemical cell is provided within a substantially pure oxygen
atmosphere. The atmosphere may be substantially anhydrous. The atmosphere may be
substantially free of carbon dioxide. The electrochemical cell may be contained within a
sealed system, and the atmosphere may refer 1o the head pace of the electrochemical cell,

In one embodiment, the atmosphere has a water content of 100 ppm or less, such as

50 ppm or less, such as 10 ppm or less.

irt one embodiment, the atmosphere has a carbon dioxide content of 200 ppm or less, such
as 100 ppm or less, such as 50 ppm or less, such as 10 ppm or less.

Methods for the preparation of an atmosphere, such as a substantially anhydrous and a
substantially carbon dioxide-free oxygen atmosphere are well known in the art. Oxygen of
this type is also available from commercial sources.

As explained in further detail below, the electrochemical cell is {olerant of water. Thus, the
atmosphere may have a water content of 10 ppm or more, 50 ppm or more, 100 ppm or
maore, 500 ppm or more or 1,000 ppm or more.

The water content may refer {o the water content in atmosphere of a pristine csll, orin the
atmosphere of a celi that has been cycled a plurality of times, for example such as 2 or
more, 10 or more, 5 or more, or 100 or more.

The atmospheare may be provided at a pressure equivalent to standard atmospheric
pressure, such as 101.3 kPa. Allernatively the atmosphere may be provided at pressures
greater than this. For example, the almosphere may be provided at a pressure of at least
1.5 atmospheres {al least 152.0 kPa), at least 2 aimospheres (at least 202.5 kPa) or at least
5 atmospheres (at ieast 506.6 kPa).

The electrochemical cell may be adapted for use at pressures above standard atmospheric
pressure.

The slectrochemical cell may be maintained at ambient temperature, such as 25°C.
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A partially discharged fithium-oxygen battery refers to an glectrochemical cell where there is
at least some LiCOH product formed on the working electrode. The lithium-oxygen batiery
may be regarded as fully discharged when the discharge voltage from the system drops
below a practicable level. For example, where the discharge voltage drops below 2.0V,
such as below 1.7 V, such as below 1.5V, The drop in discharge voltage occurs when the
pores of the working electrode are clogged with the discharge product, or there is generally
no elecirode surface available to provide electrons {for example, because the slecirode
surface is covered with a thick insulating product).

Alternatively or additionally, the lithium-oxygen baltery may be regarded as fully discharged
when the oxygen within the cell is entirely consumed (for example, in a closed system).
Allernatively or additionally, the lithium-oxygen batlery may be regarded as fully discharged
when the lithium in the counter electrode is entirely consumed.

A partially charged lithium-oxygen battery refers to an electrochemical cell where at least
part of the LIOH present on or in the working electrode is converted o lithium ions. The
lithium-oxygen batiery may be regarded as fully charged when the oxygen evolution drops
below an appreciable leval.

Alternatively or additionally, the lithium-oxygen batlery may be regarded as fully charged
when the charge voltage rises above a practicable level. For example, where the charge
voltage rises above 3.5V, such as above 4.0V, such as above 45V, Typically, the charge
voltage is limited to 3.5 V or less o prevent decomposition of the carbon electrode.

The batiery may be regarded as fully charged when the capacity reaches a desired level.
The battery may be regarded as partiaily charged if the capacity has not yet reached that
level. Typical capacity limits are discussed in further detail below.

The call use in the present invention has substantially no capacity fade, and minimal
changes in voltage polarization over multiple discharge and charge cycles, and af high
specific capacities.

In one embodiment, the cell is used at a minimum capacity of at least 1,000, at least 2,000,
at least 5,000 or at least 10,000 mAh/g. 1tis desirable to have a capacily of at least

1,00C mAR/g as this a useful capacity for the practical use of the cell.

in one embodiment, the cell is used at a maximum capacity of at most 15,000, at most
20,000, at most 25,000, or at most 40,000 mAR/g. 11 is desirable to have a capacity of at
most 40,000 mAh/g, such as at most 25,000 mAh/g, as this allows the cell 1o be charged at
practicable cycling rates to reach the maximum capacity, and without rapid polarization of
the cell voltage.

The inventors have established the cells may be used at capacities of greater than

20,000 mAh/g. See, for example Figure 8, which shows the cycling of a cell at a high cycle
rate at a capacity of 22,000 mARh/g. At higher cycling rates the cell voltage polarizes rapidly,
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probably due to more side reaclions at the more reducing (discharge) and oxidising (charge)
electrochemical potential, and incomplete removal of discharge product.

In one embodiment, the cell is used at a capacity in a range selected from any of the
maximum and minimum values given above. For example, the cell is used atf a capacity in
the range 2,000 to 40,000 mAh/g, such as from 2,000 to 15,000 mAh/g.

In one embodiment, the cell has a specific energy of at least 500, at least 1,000, at least
2,000, at least 5,000 YWhvkg.

The specific energy of the cell may be derived from the weight increase of the slecirode after
a discharge. The inventors have found that the weight of a rGO electrode (0.1 mg; 200 um
thick) increases significantly during the discharge {{o around 1.5 mg, at a discharge voltage
of 2.7 V at a capacity of 32,000 mAh/g, which is 3.2 mAh for the electrode in question).

The specific energy of the electrochemical cell is significantly above the quoted values for
known lithium iron phosphate cells. For example, the electrodes for use in the present case
are capable of providing 20 times more specific energy compared with the electrodes
described by Saw of al. (LFP, 18850 discharged at 3.2 V {0 a capacity of 0.13 mAh with an
increase inweight to 1.5 mg). Stevens ef a/. have described a targeted specific energy of
500 Whkg for an agueous iithium-oxygen battery, and the celis for use in the present case
have specific energies that are far in excess of this {10 times greater).

The specific energy of the cell may be the energy value determined at g specified capacity,
such as a capacity of 1,000, 5,000, 8 000 or 32,000 mAh/g. The specific energy of the cell
may be the energy valus determined al a specified charge voltage, such as 2.7, 2.8, 2.8, 3.0,
3.tor32V.

The inventors have found that the charge capacity of the battery is not significantly reduced
over multiple charge and discharge cycles.

Thus, the maximum capacity of the cell, such as described above, is not significantly change
over a specified number of charge and discharge cyclas,

For example, the maximum capacity of the cell afier a specified number of cycles is at least
75%, at least 85%, at least 80%, at least 85% or at least 88% of the maxdimum capacity of
the cell at the earliest charge and discharge cycle.

The specified number of cycles may be 5 cycles, 10 cycles, 50 cycles, 100 cycles, 500
cycles, 1,000 cycles, or 2,000 cycles.

in one embodiment, the first cycle in the specified number of charge and discharge cycles is
the first cycle of a pristine cell.

The maximum capacity of the celi may be determined at a specified cycling rate, for example
at1orbAlg.
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The cell may be cycled at a rate of at least 0.5, at least 1, at least 2, at least, or at least
4 Afg. Itis desirable 1o have a cycling rate of at least 0.5 Afg, as this aliows access to higher
cell capacities.

The inventors have found that the cell can tolerate very high cycling rates. However, very
high cycling rates are less preferred as the cell voltage polarizes rapidly with sach cycle. it
has also been noted that the voltage gap between the charge and discharge plateaus
increases with increasing cycling rate. For exampls, when a cell is cycled at 1 A/g the
voliage gap is only ~0.2 V; at higher rates the gap widens, increasing o 0.7 V at 8 A/g (see
Figure 4, for exampie).

At the higher cycling rates, the cell is polarized at each cycle and after 40 cycles the
glectrode surface is covered by a large amount of cumulative particles (unlike those of
LiOH), which do not seem {o be readily removed during charge. It is probable that at these
higher overpotentials more substantial parasitic reactions occur, rapidly polarizing the cell by
increasing its resistance and impeding the electron transfer across the electrode-slecirolvte
interface.

Thus in one embodiment, the cycling rate is at most 5, at most 8 or at most 10 A/g.
in one embodiment, the cycling rate is at most 1, at most 2, at most 3, at most 4 or at most
5 Afg.

In the methods of the present case the cell may be operated at voltages that do not cause
degradation of the working slectrode. For example, the cell may be operated at a voltage of
less than 3.5V, which is a stability region for a carbon sleclrode. As explained in further
detail below, the use of a mediator can allow the use of charge voltages that are less, and
often significantly less, than 3.5V,

in a further aspect of the invention there is provided a lithium-oxygen battery having a high
water content. The inventors have found that a lithium-oxygen battery making use of a LiOH
discharge product may be used in the presence of water, without [oss of performance, such
as without loss of capacity.

in one embodiment, the lithium-oxygen batlery, such as a charged lithium-oxygen battery,
has a water-containing electrolyte. Such electrolytes are as described below in reference fo
the electrolyte for use in the lithium-oxygen cell. For example, the slectrolyte may contain
.25 wt % or more water.
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Electrodes

The electrochemical cell has a working electrode for performing lithium electrochemistry.
Within the art, this electrode is referred to as the cathode or the positive elecirode within the
lithium-oxygen battery.

The working electrode is electrically conductive, and is electrically connectable to the
courter elecltrode, for example within a powsarable or powered system.

The capacity of the lithium-oxygen batlery is increased where a porous working electrode is
used. The ultimate capacity of a lithium-oxygen battery is ultimately determined by the fotal
pore volume that is available within the working electrode to accommodate the discharge
products,

Of course, the presence of large pores within the working electrode does not mean that
these pores will be fully cccupied by a discharge product. The present inventors have found
that LixO, products are formed as small (typically less than 2 um) particles within the pores
of a porous electrode.

in one embodiment, the working electrode is a porous elecirode.

in one embodiment, the working electrode is a macroporous electrode.

In one embodiment, the working electrode has a porosity of at least 50 m?/g, at least

60 m?/g, at least 70 m¥g, at least 80 m?%/y, at least 90 m?/g, at least 100 m¥g, at least

150 m?/g, at least 200 m¥/g, at least 300 m?g, or at least 400 m?g.

In one embodiment, the working electrode has a pore volume of at least 0.1 ecm¥/g, at least
0.2 cmPly, atleast 0.4 cm®/y, at least 0.5 cmd/g, at least 0.7 cm¥/g, at least 0.8 cm¥fg, at least
0.9 cmd/g, at least 1.0 cm¥/g, atleast 1.5 cm¥g or at least 2.0 cm¥/g.

The porosity and pore voiume of the electrode material may be known, or it may beg
determined using standard analytical techniques, such as N> adsorption isotherm analysis.

Irt one embodiment, the pores of a porous working electrode have an average pore size
(largest cross section) of at ieast 1 nm, atleast 5 nm, at least, 10 nm, al least 20 nm, at least
30 i, at least 40 nm, at least 50 nm or at least 100 nm.

in one embodiment, the porous working elecirode possesses macroporous structure. Thus,
the electrode may contain pores having pores having a largest cross section of at least

200 nm, at least 500 nm, at least 1 pm, or at least 5 um.

Ir the lithium-oxygen battery, inscluble solid products precipitate out of the electrolvte
solution during discharge, occupying the available pore volume within the slectrode.
Macroporous electrodes (as opposed o meso- or microporous elecirodes) allow the
discharge product to grow continuously up 1o tens of microns in size. Here thereis a
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continucus supply of reactants, due to the more effective diffusion of Li* and O, within the
interconnacting conductive macroporous natwork. In the present case, the use of
macroporous electrodes, such as rGO electrodes, is preferred.

In meso- or microporous electrodes, discharge ceases when the smaller pores become
clogged, and the diffusion of the electroactive species is no longer possible.

in one embodiment, the working electrode comprises porous carbon, such as graphens,
such as porous reduced graphene oxide.

Porous carbon electrodes are generally light and conductive, and can provide large pore
volumes, which can provide large capacities.

In one embodiment, the working electrode comprises reduced graphene oxide, Ketjen black
or Super P carbon.

The working electrode may have a hierarchical structure. Lim ef al. have observed that
electrodes having a hierarchical structure are less prone 1o pore clogging by discharge
products when comparad with other carbon types, such as Ketien black, which is said to
have a closed pore structure,

In one embodiment, the working electrode comprises hierarchical reduced graphene oxide
GO

The inventors have found that the use of macroporous working electrode, such as a rGO
electrode, is associated with a reduction in the charge voltage compared with 3P and TiC.
The macroporous electrode, such as the rGO electrode, is also associated with a reduction
in the discharge voltage. Accordingly the use of the macroporous electrode is associated
with a reduction in the voltage gap between the charge and discharge plateaus. This is seen
in Figure 1, when an rGO electrode is used in place of an SP or TiC electrode. This
reduction of the discharge overpotential is independent of the use of the mediator.

However, it is noted that the use of mediator may bring about a further reduction in the
charge potential, thereby further reducing the voliage gap.

The use of hierarchical porous graphene in a lithium-oxygen batlery is known in the art. For
example, Xiao et a/. describe the preparation and use of graphene slectrodes produced by
the thermal expansion and reduction of graphite oxide.

Alternative working electrodes may be used in place of an elecirode comprising hierarchical
reduced graphene oxide, however these are less preferred. For example, working
efecirodes based on Ketjenblack (KB) generally have a lower pore volume compared with
reduced graphene oxide-based slectrodes, and the discharge producis in the Keljenblack
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systems are generaily found o be of smaller size. Xiao et a/. have observed that the
Ketienblack electrodes have a lower discharge capacity compared with graphene-based
elecirodes.

A porous electrode may be provided on an electrically conductive substrate. Within the art
the substrate is referred 10 as a current collector. The subsirate may be a stainiess sieel
substrate for example, as is commonly used together with graphene-based electrodes. The
subsirate may be a plate or a mash.

in one embodiment, the working electrode is substantially free of binders.

in ong embodiment the elecirode is provided with a mediator on its surface. Suitable
mediators are described below in relation to the electrolyte. Jung ef al. have described the
use of electrocatalysts supported on GO electrodes for use in lithium-oxygen batteries.

The electrochemical cell is provided with a counter electrode. This may alse be referred o
as a negative electrode.

in one embodiment, the counter elecirode is a lithium-containing elecirode, which may be a
lithium metal electrode (such as described by Lim ef al., Kwak ef a/,, Jung et al}, a
lithium-containing material such as LiFePQO, (such as described by Chen ef al.}, or anocther
slectrode material containing lithium, such as LisTisO12 and LIVO: electrodes. Such
elecirodes find common use in the lithium-oxygen batteries known in the art.

A lithium metal electrode may be preferred over a LiFePO, electrode as the latter reduces
the operational voliage of the battery and has a low specific capacily.

in one embodiment, the working electrode (the positive electrode) may be provided with a
lithium source, which may be & salt such as LiOH or L0, or a lithisted material such as
lithiated Sn or lithiated Si. The lithium source salt may be added to the glectrode in a
pre-treatment step.

ir these embediments it is not necessary for the counter electiode (the negative electrode)
o be a lithium-containing electrode, and alternative materials may be used at the counter
glectrode. For example Sn- and Si-containing counter electrodes may be used.
Alternatively, S-containing, such as S-C composites, may be used.

The counter slectrode is not necessarily a conductive material. The glectrode may simply be
a material that reacts reversibly with Li.
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Electrolyte

The lithium-oxygen battery has an electrolyte. Typically the elecirolyte in a charged and
discharged cell contains lithium ions. The lithium ions are converted to lithium hydroxide
during the discharge of the cell. These lithium ions are replaced by lithium ions from the
counter electrode (negative slectrode).

The kthium ions are dissolved in the sleciroivie.

Typically lithium ions are provided in the form of LITFSI (bis(triflucromethane)sulfonimide
fithium salt}, which is a commonly used salt within iithium-oxygen batieries (see, for
example, Lim ef al). In another embodiment, lithium ions may be provided in the form of
LiPFs (ibid) or LITF {ithium triflate; see Kwak ef ai).

Lithium ions may be present in the elecirolyte at a concentration of at least 0.05 M, at least
01 M atieast 0.2 M, or atleast 0.25 M.

Lithium ions may be present in the elecirolyte at a concentration of at most 0.5 M, at most
1.0M or atmost 2.0 M.

In one embodiment, the lithium ion is present within the electrolyte at a concentration
selected from a range with the upper and lower limits taken from the values given above.
For example the mediator is present within the slectroivite at a concentration in the range
0.25102.0M, suchas0.25t0 0.5 M.

In one embodiment, the lithium ion concentration is about 0.25 M.

in one embodiment, the concentration of lithium ions refers to the total concentration of
lithium ions, which may include the lithium ions provided by LiITFS! and the Lil mediator.
in one embodiment, the concentration of lithium ions may refer to the concentration of the
predominant Li salt, such as LITFSI, LiPFs or LITF,

The elecirolyte for use in the methods of the invention is an elecirolyte that is suitable for
solubilising lithium ions.

The electrolyte may be a liquid electrolyie, such as a liquid at ambient temperature, for
exampie at 25°C.

The elecirolyte may be a non-aqueous electrolyte. As discussed below, it is believed that
the water content of the electrolvie increases after during a charge step, when the LiOH
discharge product may be converted to oxygen and water.

The elecirolyte may comprise an organic solvent. Organic solvents for dissolving lithium
jons are well known in the art.
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in one embodiment, the solvent has an intermediate or high donor number (BN). 1t has
previously been noted in the arl that the ability of an elecirolyte solvent {0 solvate the
discharge product (as characterized by the donor number) is an important factor governing
the reaction mechanism during the discharge (see, for example, Adams ef a/.; Johnson et
al.; Aetukuri ef al). Thus, in those lithium-oxygen cells where Liz0; is the discharge product
it has been shown that higher LIO, solubility favors a solution precipitation mechanism
leading to large toroidal LixO» crystals and thus higher discharge capacity. In contrast, lower
LiC, solubility tends to drive a surface mechanism where LibO: forms a thin film on electrode
surface and a lower capacity.

in one embodiment, the donor number is at least 10, atleast 12, at least 15, at least 16, or at
least 17 Kcal/mol. Where the solvent has a donor number of at least 10 Keal/mol, solution
precipitation of the discharge product will ocour, leading to higher capacities in the cell.

int one embodiment, the donor number is at most 22, at most 25 or at most 30 Keal/imol,

In one embodiment, the donor number is in a range selected from the upper and lower limits
given above. For example the donor number is in the range 15 1o 22 Keal/mol.

The donor number is the enthalpy value for a 1.1 adduct formed between the solvent and the
standard Lewis acid SbCls (antimony pentachioride), in dilute solution in the
non-coordinating scolvent 1,2-dichlorosthane.

Solvents having an intermediate donor number, such as in the range 15 to 22 Keal/mol, such
as DME, have been shown to allow simultaneously solution precipitation and surface
reduction mechanisms {Johnson et al.).

Itis believed that a solvent having high sclubility for the discharge product favours the
formation of that discharge product.

In one embodiment, the solvent is an aprotic solvent.
in one embodiment, the solvent is an organic solvent.

In one embodiment, the solvent is a polvalkyienea glvcol dialkyl ether solvent, such as a
polyethylene glycol dialkyl ether schvent.

irt one embodiment, the organic solvent, such as the polyethylene glycol dialky! sther
solvent, is selected from the group consisting of monoglyme (DME), digliyme, triglyme and
tetragiyme (TEGDME).

Each of these solvents is known for use in lithium-oxygen batteries.

in one embodiment, the organic solvent is DME. The inventors have found that DME allows
the formation of large LIOH particles during the discharge step, whilst the use of a solvent
such as TEGDME is associated with the formation of thin films across the electrode surface.
Additionally, the inventors have also found that the use of DME is associated with a
reduction in the cell overpotential compared with TEGDME.
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DME has a donor number of 20 Keal/mol. TEGDME has a donor number of 16.6 Keal/mol.
Seeg, for example, the supporting information for Gittleson ef al.

As explained praviously, the methods of the invention are tolerant of water, and the
presence of water in the electrochemical cell, such as within the elecirolyte, may be
permitied. Accordingly, the amount of water in the glectrolyte is 0.071 wt % or mors,

0.25 wt % or more; 0.5 wt % or more, 1wt % or more, 2 wt % or more, or 4 wt % or more.
These minimum valuss may refer (0 the water content in the slectrolyte before the battery is
first discharged (i.e. in a pristine system). Allernatively or in addition, these minimum values
may refer to the water content in the elecirolyte may refer to water content in the electrolyte
after specified number of charge and discharge cycles. For example, the water content of
the electrolyte after 1 cycle, 50 cycles, 100 cycles, 500 cycle, 1,000 cycles or 2,000 cycles.

In one embodiment, the water content in the electrolyie is at most 5wt %, at most 10 wt %,
at most 15 wt %, at most 20 wt % or at most 25 wt %.

The water content of the eleclrolyte may refer {o the water content of the slectrolyte of a
charged cell.

The worked examples show that a lithium-oxygen cell may be cycled without problem when
the water content of the electrolvie is around 4.7 wt % (37 mg HzO per 783 mg of DME,
about. 45,000 ppm HxO). The cell may also be cycled under a humid O atmosphere without
problem. In both these cases, no appreciable change in the electrochemical performance
was observed, compared to a call using an anhydrous elacitrolyte. It appears that sufficient
water is generated in the initial charge process so that the battery can continue to cycle for
multiple cycles, despite the clear tendency for DME to decompose.

In an alternative embodiment, the amount of water in the electrolyte is low, such as 1wt %
or less, 0.5 wt % orless, 0.25 wt % or less, or 0.01 wi % or less.

In one embodiment, the electrolyte is substantially anhydrous. These maximum values may
refer to the water content in the electrolyte before the battery is first discharged (e in a
pristine system).

Here, the water content of the electrolyie may refer {0 the water content of a discharged cell.
Thus, substantially all of the water has been consumed during the discharge reaction (l.e. {0
generate LIOH in the discharge reaction).

The amount of water in the electrolyte may increase with cycle number. As discussed below
and in the worked examples, in an electrolyte having & very low water content (such as an
anhydrous slectrolyte) the initial source of H for LIOH is believed to be the alsctrolyie solvent
{such as DME). However, during the charge step i is believed that LiOH is subsequently
converted 1o lithium ions, oxygen and water. In iater discharge steps it is belisved that water
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is the predominant scurce of H for LIOH, with a reduced or minimal contribution from the
solvent.

in the preferred methods of the invention, the dominant source of hydrogen for the LiOH
discharge product is not the solvent.

It follows that the electrolyte in the lithium-oxygen battery for use in the invention, prior o
cyching, may condain little or no water. For example, the water content may be present within
the maximum values given above. Affer a series of discharge and charge steps the water
content of the electrolyte may increase.

The methods of the invention require the formation and consumption of lithium hydroxide
during the discharge and charging steps respectively. It follows that there should be a
formal hydrogen source for the lithium hydroxide, for combination with lithium ion and
oxygen.

The hydrogen source is not particularly limited, and is generally derived from a compound in
the electrolyte have a suitably acidic hydrogen. The hydrogen may be provided by one or
more components within the elecirolyte. The hydrogen source may be water. The hydrogen
source may be an organic solvent, such as the organic solvent for dissolving the lithium ion.

In the methods of the invention the hydrogen source may change during the cycling of the
cell. Initially, the hydrogen source may be the solvent, particularly where the elecirolyie is
initially anhydrous. The cycling sieps are believad 1o yvield water as a charging product,
Water may be the hydrogen source during subsequent discharging steps. If the initial
electrolyte contains water, water may be the initial hydrogen source rather than the solvent.

The inventors have established that the solvent, such as DME, is the likely initial H source in
the cells for use in the invention. Previous DFT calculations, have suggested that iodine
radicals fend to extract H* from DME molecules, forming Hi and causing polymerization of
the DME (see Wu gt all).

ir & lithium-oxygen battery, it is possible that |- is oxidized to iodine radicals in the presence
of O, Oz or O during the discharge step. Allernatively, direct nucleophilic attack by LiC;
can also cause H* extraction from DME molecules, forming a LIOOH intermediate that is
eventually converted o LIOH vig the action of Lil and LilQ. This mechanism is suggested by
Sun ef al. in their recent study investigating the role of Lil in TEGDME within a
lithium-oxygen battery.

The elecirolyte may also have oxygen dissolved within. Oxygen is also present in the
atmosphere in which the cell is located, and oxygen is at least present in the head space.
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The slectrolyle may be provided with a mediator, which is also referred to as a catalyst
within the art. The use of mediaiors with a lithium-oxygen battery is known in the arl. For
example, Lim ef a/. describe the use of a mediator (or catalyst) {o improve the rechargeability
and efficiency of the battery. The use of mediator species has been shown by Kim ef al. to
reduce the overpotential in the electrochemicatl cell, thereby improving cyclability of the
system. A mediator may be regarded as an electron-hole transfer agent (or an slectron
transfer agent) between the solid electrode and the solid discharge product.

As noted above, the mediaior may also be provided on the surface of the working slectrode.
For example, Jung ef al. describe the use of 3 mediator {electrocatalyst) supported on &
carbon electrode for use in a lithium-oxygen battery. However, i is preferred that the
mediator is located in the elecirolyte.

The oxidised and reduced forms of the mediator are soluble in the electrolyte. The oxidised
and reduced forms of the mediator should also have chemical stability within the charged
and discharged cells. Thus, the mediator is expected o have recyclability within the cell,
theraby to fulfil its role as a catalyst within the system.

it is noted that the redox chemistry of the mediator may be complicated, and a mediator may
have mulliple oxidation states, and/or multiple chemical forms. For exampile, the present
case described the use of iodide chemistry. The basic mediator couple may be I/ly or iz
In addition, whers oxygen is present in the cell, is it is possible that 10 and 105 species are
also present, formed from the reaction of oxygen with |- and 1.

The inventors have also found that the mediator is capable of controlling the identity of the
discharge product, as well as modifying the gross structure of the discharge product.

For example, in the absence of a mediator within the cell, the inveniors have found that Li02
is the predominant discharge product. Addition of the mediator favours formation of LIOH as
the predominant discharge product.

Further, the inventors have found that the Li;O, product formed in the slectrode porosity, in
the absence of the mediator, has an average largest dimension that is less than 1 um. In
contrast, the LiOH product formed in the electrode porosity, in the presence of the mediator,
has an average largest dimension that is greater than 15 um.

Thus, the inventors believe that the mediator has multiple roles within the cell. As noted
above, the mediator operates as a fraditional mediator to guide the charge voltage in the
cell, such as o reduce the charge voltage, which in turn alters the cycling stability of the celi,
typically to improve the cycling stability.
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Lim ef @/, Kwak ef 2., and Chen &f al have shown that the use of a mediator in a lithium-
oxygen battery improves recharging rates and facilitates oxygen evolution during
decompaosition of the discharge product.

The mediator may also reduce the overpotential in the cell for discharge.

in one embodiment, the mediator is a compound capable of reducing the overpotential
during a charge reaction. In one embodiment, the mediator reduces the overpotential by
0.1 Vormore 0.2V ormore, 0.3V or more, 0.4V or more, or 0.5 or more.

The reduction in overpotential is a comparison with a cell where the mediator is not present.

In one embodiment, the mediator reduces the charge potential of the cell {0 less than the
thermodynamic voliage of the Li-O, reaction.  Thus, the charge potential may be less than
2968V, suchas 2.85V or less.

The inventors believe that during charge, the redox mediator is first electrochemically
oxidized on the electrode, and this oxidized form then chemically decomposes the LICH
discharge product. Consequently, where the charge voitage is less than 2.96 V, the charge
voltage reflects the redox potential (vs. Li/Li*) of the redox mediator in the cell rather than the
redox potential associated with the oxidation of the solid discharge product (i.e. LiOH).
Therefore the redox potential of the mediator can strongly influence the charge voltage
profile in a lithium-oxygen cell, and thus the long term stability of O» electrodes.

in one embodiment, the mediator reduces the voltage gap between the charge and
discharge plateaus io 0.4V orless, 0.3V orless, or 0.2 V or less. The inveniors have
found that the band gap may be reduced o around 0.2 V.

An overpotential value or a voitage gap value may be as determined during a
charge/discharge cycle at a specified capacity, for example at 100, 200 or 300 mAhg', at a
specified cycling rate, such as 0.01 or 0.02 mA/em?®

In one embodiment, the charge potential remains substantially constant during the charge.
The inventors have found that the charge potential does not increase when a mediator is
used together with a hierarchically macroporous electrode, such as a hierarchically
macroporous rGO electrode. The use of the hierarchically macroporous electrode is
preferred over other electrodes types, such as 3P carbon elecirodes, where the charging
potential is seen to increase during the charge cycie. The difference in performance is
believed to be due to the macroporous network allowing for a more efficient mediator
diffusion compared with a mesoporous system. This benefit is observed even when the
macropores are filled with the insoluble discharge product.
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in one embodiment, the charge potential is substantially the same at two specified
capacities, such as two capacities selected from 100, 200, 300, 400 and 500 mAhg™?, ata
specified cycling rate, such as ¢.01 or 0.02 mA/cm?  The charge potential is substantially
the same if the measured potentials differ by no more 10%, no more than 5%, no more than
2%, or no more than 1%. For example, Figure 1 shows that the charge potential in a cell
having a rGO elecirode and a Lil mediator in DME is substantially unchanged between 100
and 500 mAhgt.

The redox potential of the mediater may be influenced by the elecirolvte solvent. The
invertiiors have found that a change in solvent may reduce the charge voltage. For exampie,
it has been found that the charge potential is reduced when the solvent in the electrolyie is
changed from TEGDME to DME. This effect is observed for all elecirode materials tesied
(such as rGO, TiC and SFF).

A change in solvent may also reduce the voltage gap between the charge and discharge
plateaus (this effect is also observed in the redox peaks of the OV experiments, as shown in
the worked examples). For example, it has been found that the voltage gap is reduced when
the solvent in the electrolvie is changed from TEGDME o DME.

These effacts are believed to be related o the viscosity of the solvent, with a less viscous
solvent, such as DME, exhibiting a greater reduction in charge potential and a greater
reduction in the voltage gap. The use of high viscosity solvent is thought to reduce the
diffusion rate of the mediator. Indeed, the inventors have also observed that the discharge
capacity of a cell is always smalier that the previous charge capacity, indicating that the
mediator, after oxidation, has diffused into the bulk electrolvte. This difference in capacity is
more prominent in those cells having a low viscosity solvent, such as DME. This suggests
that there is faster mediator diffusion in a solvent such as DME compared with TEGDME.

Thus, in one embodiment, the solvent has a low viscosity, such as a low dynamic viscosily.
In one embodiment, the solvent has a viscosity of 0.30 ¢P or less, such as 0.30 cP or less,
(.20 cP orless, such as 0.15 cP or less, as measured at 25°C. For example, DME has a
dynarmic viscosity of 0,122 ¢P at 25°C.

The mediator allows a LiOH discharge product to be removed in a charge cycle with a very
low overpotential. Accordingly, it is possible to use LIOH in place of Li20; in a lithium-
oxygen battery. An immediate consequence is that this cell becomes insensitive to relatively
high levels of water contamination.

The use of the mediator is also associated with the growth of large LiOH crystals, and such
gfficiently take up the pore volume of the porous working electrode. itis for this reason that
the cell has a very large experimenially observed capacity.



10

15

20

25

30

35

40

WO 2017/013379 PCT/GB2016/051461
- 0G-

The mediator should be soluble in the electrolyte. Further the mediator is unreactive to the
electrolyie solvent, and is also unreactive to the counter electrode (which is typically a Li
metal anode).

in one embodiment, the mediator has a redox potential that is higher than the equilibrium
potential of LiOH formation.

in one embodimsnt, the oxidised form of the medialor is capable of decomposing LIOH. The
mediator oxidises LiOH, thereby generating oxygen.

in one embodiment, the mediator is an iodine-based mediator, such as an iodide mediator
(12 couple or Iz couple). The meditaior may be provided in the slectrolyie as Lil.
Molecular icdine (i) may additionally also be added to the elecirolyte. The use of iodineg ion
(iodide} as a mediator described by Kwak ef al. and Lim ef al. As noted above, iodide
mediator chemistry may also involve the formation and degradation of 1O and 105 species.

in the methods of the present case the predominant discharge product is LIOH rather than
LizCy, which is usual discharge product described in the art. The formation of a LIOH
product is associated with the use of the mediator, such an iodide mediator.  Although there
is a difference in discharge product may parallel phenomena are observed during the
formation of the LIOH and Lix(s.

On discharge, the first step appears to be an electrochemical reaction, where O, is reduced
on the electrode surface and combines with a Li* ion to form LiO.. This is consistent with the
overlapping discharge voltage at 2.75 V observed with and without added Lil (see Figure
1A}, tis unlikely that with such a small overpotential (0.2 V) O is directly reduced to O or
aven dissociatively reduced to O (or LIOH). In the next steps, either Li;O; or LIOH could
precipitate out of the solution either by chemical reduction by Lil/HI or by disproportionation,
as proposed in earlier studies for Lix0; (see Adams et a/; Peng et al.).

The formation of LIOH via a solution mechanism is supported by the fact that LiOH is
observed to grow on both the electrode and insulating glass fiber separators, which are not
slectrically connected to the current collector. The LIO; disproportionation mechanism is
likely to dominate at low Lil concentrations, as seen in prior work (Kwak ef af.). 1tis unlikely
that that LIOH is formed via a Lix(O» (solid) intermediate, at least for 0.05 M Lil, as no L0y is
ohserved as a product, even when hatiery cvcling is performed at high rates.

in one embodiment, the mediator is redox active organic compound, such as
tetrathiafulvaiene {TTF). The use of such compounds as mediators is described by
Chen et al.

The mediator may be present at a concentration of at least 1 mM, at least 5 mM, at least
10 mM or at least 20 mM.
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The mediator may be present at a concentration of at most 100 mM, at most 200 mM, at
most 500 mM, at most 1 Morat most 5 M.

In one embodiment, the mediator is present within the electrolyte at a concentration selected
from a range with the upper and lower limits taken from the values given above, For
example the mediator is present within the electrolyte at a concentration in the range 10 to
100 mM.

In one embodiment, the mediator is present at about 20 mM or about 50 mM.

The concentration of the mediator refers 1o the {otal concentration of mediator including both
oxidised and reduced forms of the mediator.

Optionally, the elecirolyie may comprise other components, to assist in the formation of
LiCOH in the discharge step, and the consumption of LIOH in the charge step. These agenis
may be provided in order to increase the rate performance of the battery or to minimise
reaction zone issues.

Use

The present invention also provides the use of lithium hydroxide as an oxygen source, such
as the predominant oxygen source, in the charging of a lithium-oxygen battery. As noted
above, it is typical in the art to use LizO, as the oxygen source in a lithium-oxygen battery.

Additionally, the present invention also provides the use of lithium hydroxide as the
predominant ithium discharge product in the discharging of a lithium-air battery. As noted
ahove, it is typical in the arl to use Liz0; as the predominant lithium discharge product in a
lithium-oxygen battery.

Other Preferences

Each and every compalible combination of the embodiments described above is explicitly
disclosed herein, as if each and every combination was individually and explicitly recited.

Varicus further aspects and embodiments of the present invention will be apparent to those
skilled in the art in view of the present disclosure.

“and/or” where used herein is o be taken as specific disclosure of each of the two specified
features or components with or without the other. For example “A and/or B” is to be taken as
specific disclosure of each of (iY A, (i) B and (i) A and B, just a3 if each is set out individually
herein.
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Unless context dictates otherwise, the descriptions and definitions of the features set out
above are not limited to any particular aspect or embodiment of the invention and apply
equally to all aspects and embodiments which are described.

Certain aspects and embodiments of the invention will now be illustrated by way of example
and with reference 1o the figures described above.

Experimental
General

As an example, a Li-O; battery was prepared with a Li metal anode, a 0.25 M lithium bis
(irifluoromethyly sulfonylimide (LITFS1) / dimethoxyethane (DME) electrolyie with 0.05 M Ll
additive, and a variety of different elecirode struciures, including mesoporous SP carbon,
mesoporous itanium carbide (TiC), and macroporous reduced graphene oxide (rGO)
glectrodes. The hierarchically macroporous rGO elecirodes (binder-free) were used
because they are light, conductive and have a large pore volume that can potentially lead to
farge capacities. Mesoporous SP carbon and TiC (Ottakam Thotiyi ef /) slectrodes were
studied for comparison.

Cyclic voltammetry (CV) measurements confirmed that rGO, SP and TiC elecirodes all
exhibit good electrochemical stability within a voltage window of 2.4-3.5V in a LITFSI/DME
elecirolyte and can be used to reversibly cycle Lil (I3 +2e <31 (Hanson ef &),

As described below, changes in the electroivte solvent were also studied.
The detailed experimental work is described below.
Materials

1,2-Dimethoxyethane (DME) (Sigma Aldrich, 99.5%) and tetrasthyiene glycol dimethy! ether
(TEGDME) (Sigma Aldrich, 98%) solvents were refluxed with sodium metal prior to fractional
distillation, and then stored over 4 A molecular sieves. The final water content of the
solvents was measured o be below 10 ppm by Karl Fischer titration (Metrohm 899).
Molecular sieves were washed with ethanol and acetone, dried overnight in an oven at 70°C
and then at 275°C in vacuo for two days. Lithium bis(triffucromethyi)sulfonylimide (LITFSH
(3M Fluorad™, HQ115) and Lil (Sigma-Aldrich, 99.9%) were dried at 16C°C and 200°C,
respectively, in vacuo for 12 hours before being used o prepare the electrolvte. Super P
{SP) carbon black (~50 nm) and TiC nanoparticies (~40 nm) were purchased from Timcal
and Skyspring nanomaterials respectively. All materials were stored and handled in an Ar
glovebaox with < 0.1 ppm O, and < 0.1 ppm H0.
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Electrode Fabrication

Mesoporous SP carbon electrodes were prepared from a mixiure of 24 wt % SP carbon
black, 38 wt % polyvinylidene flucride (PVDFE, copolymer) binder, and 38 wi %
dibutyiphthalate (DBP, Sigma-Aldrich) in acetone. The siurry was then spread into a
self-supporting film and cut into discs of 14 inch (ca. 1.27 cm) in diameter and washed with
disthyl ether to remove the DBP. The resuilting films were then annealed at 120°C in vacuo
for 12 hours and transferred to the glovebox without exposure 1o air. The final carbon
content in the electredes was 39 wt %.

Mesoporous TiC eleclrodes were prepared by a similar method, with carbon being replaced
by TiC. A mixiure of 48 wi % TIC, 8 wt % PVDF and 44 wt % DBP was used with acelone fo
make the slurry. The subsequent film making and drying method are exacily the same as
used for fabricating SP carbon electrodes.

Agueous graphene oxide solution was synthesized by a modified Hummer's method (46).
Briefly, concentrated H,80, {96 mL) was added to a mixture of graphite flakes (2 g} and
sodium nitrate (2 g}, which was stirred at 0°C in a water/ice bath. KMnQC4 (12 g) was then
gradually added and the mixture was continuously stirred at 0°C for 80 minutes. The
reaction temperature was subsequently raised and kept at 35°C for 2 hours, after which
deionized water (80 mL} was slowly added fo the suspension. Additional water (200 mL)
and Hx0» (30%, 10 mL) were introduced. At this point, a suspension of graphite oxides was
obtained. This graphite oxides suspension was allowed to seftle down and the clear solution
gt the {op was repeatadiy removed and replaced with deionized water until the suspension
hecomes neuiral. The resulting sturry of graphite oxide was subjected {o many
ultrasonication and centrifugation cycles until no sediment was found at the bottom of the
centrifuge tube. A well-dispersed agqueocus graphene oxide solution was finally synthesized.

To fabricate reduced graphens oxide (rGO) elecirodes, the oblained graphene oxide solution
was first concentrated by annealing it in a vial at 80-100°C to form a viscous gel thathad a
graphene oxide concentration of ~10 mg/mL. The gel was cast onto a stainless steel (s5)
mesh (Advent Research Materials) using a volumelric pipette and then frozen and stored in
a vial in liguid N,. The graphene oxide slecirodes on ss-meshes were freeze-dried for

12 hours in vacuo and then subjecied to pyrolysis in a furnace under Ar at 550°C for

2 hours, to obtain rGO electrodes. These electrodes were further dried at 150°C in vacuo
before being used to make batteries. The masses of rGO electrodes were carefully
measured by comparing the masses of a few bare meshes with their respective masses
after the rGO electrodes had been coated, an average value being taken for a specific batch
of electrodes.
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Li-Gz Cell Assembly

All LI-O5 cells described herein are based on a Swagelok design. The cells were assembled
by stacking a disc of lithium foil (0.38 mm thickness, Sigma-Aldrich), 2 pieces of borosilicate
glass fibre separators (Whatman) soaked with electrolyte and an O positive electrode (SP,
TIC or rGO).

The electrolytes used in this study include 0.25 M LITFSIVDME or 0.25 M LITFSYTEGDME
with/without the addition of 0.05 M Lil. A 0.5 cm? hole was drilled through the current
collector, so that the positive electrode can readily access ;. The assembled Swagelok cell
was then placed in a 150 mL Li-C; glass chamber, the two electrodes being slectrically
wired 1o two tungsten feedthroughs. Pure O, was purged through the chamber via two
Young's taps for 25 minutes, and the cell was then rested for 10 hours before cycling. The
volume of TEGDME-containing electroiyte used in a cell was typically 0.2 mi.
DME-containing elecirolyte was found o be more volatile and evaporated rapidly during the
Qs purge, to be absorbed into the viton rubber coating of the electrical cables (this latier
problem occurs due to the current in-house design of our Li-0, cells and can be avoided
using betler celi designs). Consequently, DME was used within the slectrolyte at arpund
0.7-1 mbL was used for a call.

The electrode loading in this work ranged from 0.01 to 0.15 mg and the thickness of the rGO
slectrodes varied from 30 to 200 um. For Li-O» celis subjected to more prolonged cycling,
thinner electrodes (30-50 um) were used. The cycling rate was guoted based on the mass
of carbon in an slectrode. For example, 5 A/ge rate {see Figure 48) of a 0.01 mg sleclrode is
equivalent to cycling the cell at a current of 50 uA, giving a rate per unit area of 0.1 mAjom?.
The electrochemical measurements (Galvanostatic discharge/charge, cydlic voltammetry)
were conducted using either an Arbin battery cycler or a Biologic VMP,

All potentials are referenced against Li/Li*.
Elecirode Characierization

For all cells, the characterization of electrodes involved first disassembling the celi, rinsing
the O, positive electrode twice in dry aceloniiriie (<1 ppm Hz0, each time with 2 mL
acetonitrile for 30 minutes). The washed electrodes were then dried in vacuo overnight for
further characterization.

A-Ray diffraction (XRD) measurements were performead with a Panalytical Empyrean
diffractometer operated in a reflection mode, with Cu Ka't radiation (A = 1.5406 A). The
cycled electrode was sandwiched belween two Kapton polyimide films in an air tight sample
holder.
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Scanning electron microscopic (SEM) images were recorded with a Hitachi 5-5500 in lens
field emission slectron microscope. The slectrode samples were hermetically sealed during
transfer to the electron microscope. Once the seal was opened, the sample was loaded into
the high vacuum SEM chamber within 10 seconds.

All solid-state NMR (ssNMR) spectra were acquired on either 3 16.4 T Bruker Avance lll or
an 11.7 T Bruker Avance I spectrometer using 1.3 mm HX probes. A rotor synchronized
Hahn-echo pulse sequence was used to acquire 'H magic angle spinning (MAS) spectra
with a spinning speed of 60 kHz (unless stated otherwise), and an rf field strength of

125 kHz. A one-pulse sequence was used to acquire “Li NMR spectra under MAS and static
conditions, with an rf field strength of 187 kHz. 'H and 7Li shifts were externally referenced fo
solid adamantane at 1.8 ppm and lithium carbonate at © ppm, respectively. The same
receiver gain, number of scans and recycle delay values (optimized valuss of between

10-20 s were used) were employed to measure the electrodes (from the same baich) o
allow quantitative comparison between spectra.

Electrochemistry of Li-Oxygen Battery

Figure 1 (&) compares the electrochemistry of SP, TiC and rGO electrodes, with and without
an added Lil mediator. in the absence of Lil, cells using either mesoporous TiC or
macroporous rGO showed much smaller overpotentials during charge, in comparison to the
overpotential obtained with the mesoporous SP carbon electrode. The decrease in
overpotential is tentatively associated with the higher electrocatalviic activity of TiC (Adams
ef al) and the faster diffusion of Li* and solvated O, within the micron-sized pores of the rGO
electrodes.

The addition of the redox mediator Lil to the 3P electrede led to a noticeable drop in the
gverpotential over that seen with SP only, suggesting that the polarization during charge is
largely caused by the insulating nature of the discharge producis. The charge voltage profile
is, however, not flat, but graduslly increases as the charge proceeds fo above 3.5V, By
contrast, when Lil is used with hierarchically macroporous rGO elecirodes, a remarkably fiat
process is observed at 2.85 V| representing a further reduction in overpotential by around
0.5 V over that seen for 8P, This reduction is ascribed to the interconnecting macroporous
network in rGO slectrodes, which allows for much more efficient mediator diffusion than in
the mesoporous SP electrode, even when the macropores are filled with insoluble
discharged products.

The observation that the LII/DME Li-oxygen call charges at 2.95V is of note, as itis slightly
helow the thermodynamic voitage of 2.96 V of the Li-0; reaction. During charge, it is
thought that the redox mediator is first electrochemically oxidized on the slecirode, and this
oxidized form then chemically decomposes the discharge product (see Chen et a/).
Consequently, the charge voltage here reflects the redox potential (vs. L/LI*) of the [y
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redox mediatorin the electrode/electrolyte system rather than the redox potential associated
with the oxidation of the solid discharge product. The redox potential of a mediator strongly
influences the charge voltage profile in a U-O; cell, and thus the long term stability of Oz
glectrodes.

To investigate factors affecting the redox potential, Lil was cycled galvanostatically in an Ar
atmosphere with different electrode/electrolyie combinations (Figure 1 (b)). It was found that
the electrolyte solvent has a larger effect on the redox potential of the I/ly couple than the
elecirode material, with the DME slectrolyte consistently exhibiting lower charge voltages
than TEGDME (fetrasthylene glycol dimethy! ether) for all three electrodes. In addition, the
vollage gaps between the charge and discharge plateaus are smaller for DME than
TEGDME electrolvies, consistent with the smaller voltage separations seen between the
redox peaks in their respective CV curves (sse also Figure 8). This cbservation implies that
higher potentials are required to drive the redox reaction (31 « I3 + 2e) in TEGDME than in
DME, at the same rate. Given that the same slectrode material and structure are used, this
phencemenon is tentatively associated with the higher viscosity of TEGDME, which results in
more sluggish mediator diffusion.

Figure 1 (b}, the discharge capacity is always smaller than the previous charge capacity for
alt cells, indicating that some mediators affer being oxidized have diffused into the bulk
elecirolyte. This observation being more prominent in cells with DME electrolyte also
suggests faster mediator diffusion in DME than in TEGDME.

SEM and Eleclrochemical investigation of the Electrode Malerials

Three types of working electrodes were tested in order {o evaluate effect of the electrode
material to the charge overpotential, such as catalviic effects of different electrode materials,
concentration polarization due to the diffusion of elecirode actlive species and ohmic loss
caused by the insulating discharge product. The elecirodes were rGO, SP and TiC working
electrodes.

The GO electrodes contain much larger pore sizes and pore volumes than 5P slectrodes,
which will lead to a lower tortuosity and thus more sfficient diffusion of the active species
within the elecirolyte (LI*, soivated O,, mediafors etc.) in GO than in SP {see Figures 5(a) to
(cly for the rGO SEM images, and Figure 5(e) for the 5P SEM images). Therefore the
smaller overpotential for rGO electrode compared with SP is ascribed to the interconnecting
macroporous framework.

SP carbon and TiC electrodes are comprised of particies of similar sizes (~50 nm) and are
made by the same fabrication method (see Figure 5 {f) for the TiC SEM images). SP and
TiC have similar mesoporous electrode structures. The difference in the electrochemical
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performance between 3P and TiC slectrodes is tentatively atiributed to the difference in their
intrinsic catalytic activities (see Figure 1 {(a)).

Itis important io note that it is difficult to separate unambiguously the different contributions
to the overpotential (e.g., the activation barrier of the reaction, ohmic loss, diffusion of active
species). When comparing the SP with TiC electrodes, for example, it is difficuit to ensurs
that the electrical resistance and surface areas of the elecirodes are identical even if the
pore structure is similar. Thus, the current method of comparison {as shown in Figure 1)
gives a qualitative estimation of the varicus origins for the charge overpoltentials rather than
a guantitative evaiuation.

As shown in Figure 6 (8), rGO and 8P carbon elecirodes exhibit good stability within the
voltage window 2.4-3.5 V, and gradually rising cathodic and anodic currents were observed
out of this voltage range. Compared with rG0O and SP elecrodes, the TiC electrode is a less
inert electrode material in LITFSYDME: rapidly rising cathodic and anodic currents were
ohserved below 2.5 and 3.75 V, respectively.

Figures 6 (b} and (¢) show that rGO, 3P and TiC electrode ail reversibly cycle Lil (31« I3 +
2¢7). In Figure 6 (b), the separation between the redox peaks of I/ Iy in TEGDME-based
alectrolyte (blue curve) is wider than that in DME-based electrolyte (red curve). This is
probably associated with the higher viscosity of TEGDME and hence a slower diffusion of
the mediator in this slectrolyts.

Hydrogen Source for LiOH Formation

The same experimental procedures were Tollowed for eleciroiyte solvent purification,
slectrode fabrication, drying individual cell components (solvent, Li sali, separators,
Swagelok cell parts etc.) and electrode characterization for all batteries in this work.

if no Lil is added fo the 0.25 M LITFSIDME electrolyie, LibO: is the predominant product
after discharge. The ssNMR and SEM images are consistent with a Li;Odischarge product
{see Figure 7, and discussed in further below).

These experimental results rule out many possibie H sources including the HO impurities
from Gz gas, wet glass fibre separators and Swagelok cell parts and wet acetonitrile used to
wash cycled electrodes,

It was postulated that the hydrogen source for the LIOH discharge product was the surface
functional groups on the rGO elecirodes. A representative cell electrode with a pristine
weight of 0.1 mg was found to weigh approx. 1.8 mg after discharge. XRD and NMR
measurements show that the increased weight was due to formation of LIOH crystals, L.e.
1.5 mg LIOH. To preduce 1.5 mg LIOH, 0.0825 mg of H was required, which is more than
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half the weight of the pristine rGO slectrode. It was therefore concluded that H from GO s
unlikely to be the H source for LIOH. 'H ssNNR of a pristine rGO slectrodes reveals only a
low profon content.

The water content of DME solvent in use was measured by Karl Fischer apparatus to be less
than 10 ppm. Approximately 1 mb electrolyte solvent was used for g batiery, which gives a
water content in the solvent of 1 cm® x §.8683 g/cm® x 10 ppm = 0.0088 mg H,0. Thisis
two orders of magnitude less than nesded (1.1 mg of H:0) {o generale 1.5 mg of LICH.
Hence, it is also unlikely that wet electrolyie sclvent was the source of H.

There was the possibility that the H source was water from moist air that had leaked into the
sealed Li-0O; battery. To test whether this was possible, & Li-O; battery was discharged
inside an Ar glovebox (Hx0O < 0.1 ppmy). ssNMR measurements, performed at 11.7 T,
{Figure 8) of the discharged rGO electrode showed that LIOH was still the prevailing
discharge product Maoist air entering into the battery was therefore excluded as a possible H
seurce for the LIOH discharge product,

If H was provided by the DME solvent, in order to produce 1.5 mg LIOH, 862.5 umoi H is
needed, i.e. 5.6 mg DME (82.5 pmol x 90.12 g/mol) is required (assuming that the molar
ratio of consumed DME to His 1:1)). This is equivalent to only 6.4 ul. DME

{5.6 mg/B868.3 mg/cm®). In this work, arcund 1 mb. DME was used as a solvent in the
slectrolyte.

Itis suggested that DME is the H source for the production of LIOH during the first discharge
process. His important to point out, however, that water is probably formed during the
subsequent charge process and it accumulates with cycle number. This cumulative water is
likely to also participats in the discharge process and provide H to form LIOH, slowing down
the decomposition of DME solvent.

Li-0Os Batieries Cycled at Higher Rales

When a cell is cycled at a higher rate, such as 8 Alg,, the cell voltage polarizes rapidly with
cycles, probably due {o more side reactions at these more reducing (discharge) and
oxidizing (charge) electrochemical potentials, and incomplete removal of discharge product.
As aresult, the rGO electrode surface was covered by many particles after just 40 cycles (as
observed in the SEM image shown in Figure 8(c)).

“Li NMR Characterization of the Discharge Products in the Presence of Lil and O
LIOH, LixCOs and LixO» were analysed by 7L static NMR and the recorded spectra were

compared with the "Li slatic NMR spectrum of a discharged rGO slectrode sample. The
combined spectra are shown in Figure 10.
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The characteristic quadrupolar line shape of the discharged rGO electrode sampie overlaps
with that of LIOH, rather than LixCOs and LixO», suggesting the discharge product is
overwhelmingly LIOH (see also Leskes eif a/. (2012} and Leskes ef a/. (2013)).

SEM Characterizalion of the Discharge Froducts with Lil

A discharged rGO electrode was analysed by SEM. Numerous large particles were seen fo
fill the pores of the GO electrode (see Figure 11(a)). The rGO electrode was cut open and
the interior space invaestigated (as observed in Figures 11(b) to {¢)). Many flower-like
particles larger than 15 um were chserved. Some of these particles grown even on the
insulating glass fibre separators (), indicating that these LiOH crystals were formed via a
solution precipitation process.

Li-0: Cells Cyoled in the Presence of High Concentrations of Water

Experiments were performed o show the insensitivity of the Li-O; cell to water. No
noticeable difference was seen in the elecirochemical performance, compared to celis
cycled with anhydrous electrolyte and dry O,, which demonstrates that the cell is insensitive
to H2O contamination at ieast at the levels investigated here (37 mg H:O per 783 mg of
DME, i.e. 45,000 ppm H2Q). The celis were cycled for 100 cycles.

Study of Cefl Using Lit in TEGDOME
The discharge reaction was studied in a cell using a TEGDME solvent in place of DME.

When the baftery was discharged at a refatively slow rate of 100 mA/ge, a voltage plateau at
2.7V was observed (Figure 12 (a)). Inthe ssNMR spectra (b}, acquired at 16.4 T,
resonances at -1.5 and 8.3 ppm in the 'H MAS spectrum indicate the existence of LIOH and
Li formate, respectively, LiIOH being the dominant product; the resonance st 4.8 ppm is
attributed to water and those at 3.3 and 0.7 ppm are ascribed to residual TEGDME scolvent in
the electrode. The single resonance at 1.0 ppm and the characteristic line shape of
quadrupclar 7Li static ssNMR spectrum with satellite fransition peaks further confirm that
LiOH is the predominant discharge product.

SEM images of the discharged rGO electrode {(shown in Figure 12 (c)) reveal that instead of
forming large flower-like particles as seen with the DME-based slectrolyte, LIOH exist as a
thin film covering the rGO electrode swiface. This resulis in a lower discharge capacily since
the electrode becomes coversd with an insulating film at lower discharge capacitiss.
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Study of Cell Using 5P Carbon Electrode

The discharge reaction was studied in a cell using a SP carbon electrode in place of an rGO
electrode.

When the cell was discharged at 70 mA/g., a voltage plateau at 2.65 V (Figurs 13 (a)) was
observed. In the sshNMR spectra (b), a dominant resonance at -1.5 ppm in 1H and a single
resonance at 1.0 ppm in "Li ssNMR spectrum suggest that LIOH is the main discharge
product (see Figurs 13 {b)). This is further corroborated by the “Li static spectrum. The
resonance at 4.8 ppm in 'H ssNMR spectrum is attributed to water and those at 3.3, 2.6 and
1.0 ppm are ascribed to residual DME solvent in the electrode.

SEM images of the discharged slsctrode reveal that LIOH exhibit disc and shest-like
morphology (see Figure 13 {¢)). Notably, these discs/sheets of LIOH are of ~500 nm in size,
much smalier than those observed in rGO elscirodes (see Figure 11) even though the same
electrolyte was used. After full charge, many surface regions of the SF electrode became
bare again, although in some regions residual LIOH was still observed. This observation
suggests that LiOH can indeed be removed during charge in the current glectrode/electroiyte
system, even if it is not complete.

“Li and TH NMR and SEM Characterization of the Discharge Products in the Absence of Li

Figure 7(a) shows that the rGO electrode exhibits higher discharge capacities when Lil is
present in the electrolyie (red curve) compared with a system where Lil is not present (blue
curve). The higher capacity results from the much larger concenidration of discharge
preducts (LIOH) that more efficiently take up the pore volume in macroporous rGO
glectrodes in the latter case (see Figure 11).

The black curve in Figure 7 (a) represents a cell with an rGO electrode in 0.05 M LI/0.25 M
LITFSI/DME electrolyte galvanostatically discharged in an Ar atmosphere; its capacity is
negligible compared to that cycled in an O, atmosphere (red curve).

A discharged rGO electrode from a cell where Lil was not present was analysed by NMR.
The NMR spectra are shown in Figure 7 (). A single rescnance at 0 ppm in the 7Li MAS
ssNMR spectrum {(acquired at 16 4 T) and the absence of satellite transition peaks in the 7L
static ssNMR spectrum suggest that Liz(O; is the predominant discharge product (see

Figure 10) when Lil is absent. 'H MAS ssNMR measurement shows a resonance at-1.5
ppm, suggesting LIOH is also present in the discharge products. The resonances at 2.3 and
8 ppm are aitributed to the residual DME solvent and lithium formate, respectively, in the
glectrode.
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SEM images of the discharged electrode are shown in Figures 7 (¢} and {(d). The images
reveal that the elecirode surfaces are fully covered by toroidal particles (~500 nm), which is
a characteristic morphology for Li2z0s, consistent with the ssNMR measurements.

Capacily Comparison Between s Redox Aclivity and Li-O: Cefis

The capacity of a Li-iodine redox battery is typically evaluated based on the mass of iodine
(the active material), which gives a theoretical capacity of 211 mAhgG (L.e., [(86485/3.6)
mAY127 g). See, for example, Hummers ef al.

The TEGDME-containing eleciroivte used in the present case, the number of moles of I
used was 2.1x10°% mol, i.e., 2.7x10° g. The slectrical charge extracted from the 3P, TiC
and rGO cells under an Ar atmosphere was 2.5x104, 5x10“ and 7x10“ mAh, respectively,
giving only 0.09, 0.18, 0.26 mAh/q., much lower than the theoretical capacity based on the |-
/s couple and the fotal I present in the ceill. This indicates that the majority of the active
material did not participate in the electrochemical reaction. This is not, however, surprising,
as no effective convection is available in the celis. As a result, the capacily is solely
dependent upon the seif-diffusion of electroactive spacies. Similar values are obtained for
cells using the DME electrolyte, being 0.18, 0.18, 0.07 mAh/g for 3P, TiC and rGO cells,
respectively.

In the Li-O; cell for use in the present invention, the capacily is calculated based only on the
mass of electrode material (SP carbon, TiC, or rGO). To allow the capacity obtained with
and without Oy to be compared, the capacity of Lil cells based on the mass of the electrode
materials was calculated, as illustrated in Figure 15, It is clear that the specific capacities of
all three electrodes cycled under Ar are much smaller than those of the Li-O; batteries, when
using the same electrode materials.
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Cigims:
1. A method for discharging and/or charging a lithium-oxygen battery, the method
COMPrsing:

{iy generating a discharge product on or within a working slectrode in a lithium-
oxygen battery in a discharging step, wherein the amount of LiOH in the discharge product is
greater than the amount of LbOs; and/or

(i) consuming LIOH on or within a working electrode in a lithium-oxygen battery in a
charging step, thereby to generate oxygen optionally together with water, wherein the
amount of LICH consumed in the charging step is greater than the amount of Lix0O:
consumed,

and the lithium-oxygen batlery has an electrolyte comprising an organic solvent, and
optionally the water content of the electrolyie afier a charging step is 0.01 wi % or more.

2. The method of claim 1, wherein the method comprises step () and step (il in a
discharge and chargs cycle.

3. The method of claim 2, wherein the method comprises the method comprises
2 cycles or more, 5 cycles or more, 10 cycles or more, 50 cycles or more, 100 cycles or
more, 500 cycles or more, 1,000 cycles or more, or 2,000 cycles or more.

4, The method of any one of the preceding claims, wherein LIOH is the predominant
discharge product in the discharging step.

5. The method of any one of the preceding claims, wherein the discharge product is
substantially free of LiO,.

8. The method of any one of the preceding claims, wherein LIOH s the predominant
source of oxygen in the charging step.

7. The method of any one of the preceding dlaims, wherein LIOH is consumed in a
lithium-oxygen battery in a charging step, thereby (o generate oxygen together with water.

8. The method of any one of the preceding ciaims, wherein the cycling rate in the
discharging and/or charging step is in the range 0.5 1o 10 A/g, such as 110 5 A/g, such as 1
to 2 A/g.

9. The method of any one of the preceding claims, wherein the maximum capacity of a
working electrode of the lithium-oxygen batlery is in the range 1,000 to 25,000 mAh/g, such
as 1,000 to 10,000 mAkv/g.
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10. The method of any one of the preceding claims, wherein the charge voltage in step
(i) is at most 3.5V, such as at most 3.0V, such as the charge voitage measured at an
elecirode capacity of 100 mAh/g.

11. The method of any one of the preceding claims, wherein the difference between the
charge voltage and the discharge voltage is 0.4 V or less, such as 0.2 V or less, such as the
charge voliage and the discharge vollage measured at an electrode capacity of 100 mAh/q.

12. The method of any one of the preceding dlaims, wherein the lithium-oxygen battery
has an slectrolyte, and the water content of the slectrolyte after a charging step is 8.01 wt %
or more.

13. The method of claim 12, wherein the water content of the electrolyie after a charge
step is 0.5 wt % or more, such as 1.0 wt % or more,

14, The method of any one of the preceding dlaims, wherein the lithium-oxygen battery
has an slectrolyte, and the slectrolyie comprises a redox mediator.

15. The method of any claim 14, wherein the mediator is an iodine-based mediator, such
as an iodine-based mediator having an I/lz” couple.

18. The method of any one of the preceding claims, wherein the lithium-oxygen batiery
has an electrolyte, and the electrolyte comprises a polvalkylene glveol dialkyl ether solvent.

17 The method of any claim 18, wherein the electrolyte comprises a monoglyme (DME),
diglyme, triglyme or tetraglyme (TEGDME) solvent, such as DME.

18. The method of any one of the preceding claims, wherein the electrolyte comprises
lithium ions in the form of LITFSL

19, The method of any one of the preceding claims, wherein the lithium-oxygen batiery
has a porous working elecirode, such as a porous carbon working slectrode.

20 The method of any claim 19, wherein the porous working electrode is macroporous
working elecirode, such as a macroporous carbon working electrode, such as an electrode
having a porosity of at least 50 m#g and/or a pore volume of at least 0.1 cm®/g.

21 The method of any claim 19, whersin the porous working electrode is selected from
rGO, TIC and 8P working electrodes, such as an rGO electrode.
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22. A discharged lithium-oxygen battery having a working slectrode comprising a lithium
discharge product, wherein the amount of LiOH in the lithium discharge product is greater
than the amount of LixOs.

23, The discharged lithium-oxygen baitery of claim 22, wherein the lithium discharge
product is substantially free of LixOs.

24, A charged lithium-oxygen batlery having an elecirolyte, wherein the water content of
the electrolyte is 0.01 wt % or more.

25. The charged lithium-oxygen battery of claim 24, wherein the water content of the
elecirolvie is 0.5 wt % or more, such as 1.0 wt % or more.

26, The charged lithium-oxygen battery of claim 24 or claim 25, wherein the electrolvte
comprises a mediator.

27. The charged hithium-oxygen batlery of claim 268, wherein the madiator is an iodine-
based mediator, such as an iodine-based mediator having an I'/ly couple.

28. The lithium-oxygen battery of any one of claims 24 {0 27, wherein the elecirolyte
comprises a polyalkylene glycol dialkyl ether scivent.

29, The lithium-oxygen battery of claim 28, wherein the electrolyte comprises a
monoglyme (DME), diglyme, triglyme or tetraglyme (TEGDME) solvent, such as DME.
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