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The rechargeable Li–air (O2) battery is receiving a great deal
of interest because theoretically it can store significantly more
energy than lithium ion batteries, thus potentially transform-
ing energy storage. Since it was first described, a number of
aspects of the Li–O2 battery with a non-aqueous electrolyte
have been investigated.[1] The electrolyte is recognized as one
of the greatest challenges. To date, organic carbonate-based
electrolytes (e.g. LiPF6 in propylene carbonate) have been
widely used.[2] However, recently, it has been shown that
instead of O2 being reduced in the porous cathode to form
Li2O2, as desired, discharge in organic carbonate electrolytes
is associated with severe electrolyte decomposition.[3] As a
result it is very important to investigate other solvents in the
search for a suitable electrolyte. In this regard much attention
is now focused on electrolytes based on ethers (e.g. tetraglyme
(tetraethylene glycol dimethyl ether)).[4] Ethers are attractive
for the Li–O2 battery because they are one of the few solvents
that combine the following attributes: capable of operating
with a lithium metal anode, stable to oxidation potentials in
excess of 4.5 V versus Li/Li+, safe, of low cost and, in the case
of higher molecular weights, such as tetraglyme, they are of
low volatility. Crucially, they are also anticipated to show
greater stability towards reduced O2 species compared with
organic carbonates.[4]

Herein we show that although the ethers are more stable
than the organic carbonates, the Li2O2 that forms on the first
discharge is accompanied by electrolyte decomposition, to
give a mixture of Li2CO3, HCO2Li, CH3CO2Li, polyethers/
esters, CO2, and H2O. The extent of electrolyte degradation
compared with Li2O2 formation on discharge appears to
increase rapidly with cycling (that is, charging and discharg-
ing), such that after only 5 cycles there is little or no evidence
of Li2O2 from powder X-ray diffraction. We show that the
same decomposition products occur for linear chain lengths
other than tetraglyme. In the case of cyclic ethers, such as 1,3-
dioxolane and 2-methyltetrahydrofuran (2-Me-THF), decom-
position also occurs. For 1,3-dioxolane, decomposition forms

polyethers/esters, Li2CO3, HCO2Li, and C2H4(OCO2Li)2, and
for 2-Me-THF the main products are HCO2Li, CH3CO2Li; in
both cases CO2 and H2O evolve. The results presented herein
demonstrate that ether-based electrolytes are not suitable for
rechargeable Li–O2 cells.

A Li–O2 cell consisting of a lithium metal anode, an
electrolyte, comprising 1m LiPF6 in tetraglyme, and a porous
cathode (Super P/Kynar) was constructed as described in the
Experimental Section. The cell was discharged in 1 atm O2 to
2 V. The porous cathode was then removed, washed with
CH3CN, and examined by powder X-ray diffraction (PXRD)
and FTIR. The results are presented in Figure 1 and Figure 2.
The PXRD data demonstrate the presence of Li2O2, consis-
tent with previous PXRD data for a Li–O2 cell with a
tetraglyme electrolyte at the end of the first discharge.[4a]

However, examination of the FTIR spectra, Figure 2, reveals
that, in addition to Li2O2, other products form. Although the
FTIR spectra provide clear evidence of electrolyte decom-

Figure 1. a) Powder X-ray diffraction patterns of the composite cathode
(Super P/Kynar) cycled in 1m LiPF6 in tetraglyme under 1 atm O2

between 2 and 4.6 V versus Li/Li+, rate = 70 mAg�1. b) Load curves for
the same cell.
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position, it is difficult to identify all the specific discharge
products by FTIR alone. To analyze the products in more
detail, porous cathodes were washed with D2O and the
solution then subjected to 1H NMR spectroscopy (Supporting
Information Figure S1). Peak assignments are listed in the
Supporting Information and demonstrate the presence of
HCO2D and CH3CO2D. These are consistent with the
presence of HCO2Li and CH3CO2Li in the mole ratios 1:1.2,
in the porous cathode, which, on reaction with D2O, form the
corresponding formic and acetic acids. FTIR spectra for all
the products identified in the electrode at the end of the first
discharge, Li2O2 (identified from PXRD), Li2CO3 (identified
from FTIR), HCO2Li and CH3CO2Li (identified from NMR
spectra) are presented in Figure 2, showing that a mixture of
these compounds describes the main features of the FTIR
spectrum collected from the electrode at the end of the first
discharge for the tetraglyme. Mass spectrometry (MS) was
carried out on the gases evolved on discharge, as described in
the Experimental Section. The results show that CO2 and H2O
are evolved, Supporting Information Figure S2. The same MS
results, showing only CO2 and H2O evolution, were obtained
for all the other ethers. 1H NMR spectroscopy of the electro-
lyte at the end of discharge for this and all other cells studied,
showed no evidence of any soluble discharge products.

The carbon substrate used above was Super P (61 m2g�1).
This was replaced in turn by two other carbons of higher
surface area, Ketjen Black (1400 m2g�1) and Black
Pearls 2000 (1369 m2g�1). Following discharge in 1m LiPF6 in
tetraglyme under 1 atm O2 to 2 V, the cathodes were removed
and examined by PXRD, FTIR, and NMR spectroscopy. The

results are consistent with those for Super P, in that the PXRD
data (Supporting Information Figure S3) show the formation
of Li2O2, whereas the FTIR data (Supporting Information
Figure S4) demonstrate that this species is accompanied by a
number of other peaks that confirm extensive electrolyte
decomposition. 1H solution NMR spectroscopy after washing
with D2O show the same decomposition products as in the
case of Super P, although the ratios of lithium formate:lithium
acetate are different and are different from each other
(Ketjen Black 1:0.6, Black Pearls 1:0.8; Supporting Informa-
tion Figure S1). While the main features of the FTIR
spectrum for the discharged Ketjen Black electrode can be
described, as for Super P, by a mixture of Li2O2, Li2CO3,
HCO2Li, and CH3CO2Li, all be it with different ratios
(Supporting Information Figure S4) these compounds are
not sufficient to explain the vibrations in the region between
1000–1300 cm�1 in the case of Black Pearls (Supporting
Information Figure S4). These bands can be assigned to
polyethers/esters, that are known to have strong n(C�O)
bands in exactly this region.[5] Such compounds are antici-
pated based on the reaction scheme for decomposition of the
ethers on discharge (Scheme 1 and Supporting Information
Scheme S1). The greater presence of such species in Black
Pearls, compared with the Super P and Ketjen Black (with the
same surface area), may indicate a different surface chemistry
for Black Pearls. We do not rule out the possibility that a small
amount of polyethers/esters form on Super P and Ketjen
Black at the end of discharge, but the differences between the
FTIR spectra for these electrodes and the pristine electrode in
the C�O region are very minor: compare the spectra at the
top of Figure 2 and Supporting Information S4 with the
pristine electrode in Figure 2, within the range 1100–
1300 cm�1. Overall, the nature of the electrode substrate
(material) does seem to influence the discharge products to
some extent.

To investigate the influence of the salt, a cell, identical to
that used to collect the data in Figure 1 except that LiPF6 had
been replaced by LiTFSI (LiN(SO2CF3)2), was discharged to
2 V in 1 atm O2. Again the PXRD data (Supporting Informa-
tion Figure S3) show Li2O2 formation. The NMR spectrosco-
py data are identical to those for the LiPF6 salt and the FTIR
data (Supporting Information Figure S4) are similar; demon-
strating that changing the salt does not fundamentally change
the discharge products. Cells identical to that used to collect
data in Figure 1 but in which the tetraglyme is replaced by
triglyme and diglyme were constructed to explore the
influence of the chain length. The results are shown in the
Supporting Information: Figures S1, S3 and S4. They are
consistent with the tetraglyme in that only Li2O2 is apparent in
the PXRD data (Supporting Information Figure S3), and the
FTIR data indicate extensive electrolyte decomposition
(Supporting Information Figure S4). The differences in the
FTIR spectra in the region of the C�O stretching vibrations
point to a greater formation of polyethers/esters in the case of
the triglyme. The NMR spectroscopy results are the same for
triglyme and diglyme and are very similar to those obtained
for the tetraglyme. The influence of a catalyst, a-MnO2

nanowires, was investigated (Supporting Information Fig-
ure S5). Although Li2O2 is present, the main discharge

Figure 2. FTIR spectra of the composite cathode (Super P/Kynar)
cycled in 1m LiPF6 in tetraglyme under 1 atm O2 between 2 and 4.6 V
versus Li/Li+. The reference spectra for Li2O2 (small peaks owing to
impurity at 1080, 1450, and 1620 cm�1), Li2CO3, HCO2Li, CH3CO2Li, as
well as for the pristine electrode (i.e. before cycling) are also shown.
Note that the peaks in the pristine electrode arise from the Kynar.
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product detected in the PXRD at the end of the 1st discharge
is LiOH and FTIR reveals the presence of HCO2Li,
CH3CO2Li, and Li2CO3. We conclude that the extent of
electrolyte decomposition is even greater with the catalyst
and hence focused our studies on catalyst-free electrodes.

Although the FTIR data indicate that there are some
variations between the different linear-chain ethers at the end
of the first discharge, together with the PXRD and NMR data
it is evident that with all such ethers the same basic products
are obtained, that is, Li2O2, Li2CO3, HCO2Li, CH3CO2Li, and
polyether/esters. As a result, it is possible to propose a
mechanistic scheme to describe the process of discharge in
Li–O2 cells containing such ether-based electrolytes.
Scheme 1 commences with O2 reduction in the cathode to
O2
� [Reaction (1)] which can either react with Li+ ions to

form LiO2 and then Li2O2 [Reactions (2) and (3)] or may
abstract a proton from the glyme forming an alkyl radical
that, in turn, leads to the ether peroxide 2 [Reactions (4) and
(5)] (a reaction known to occur for ethers in general).[6]

Species such as intermediate 2 can readily undergo oxidative
decomposition reactions (analogous to combustion reac-
tions[7]) leading to the formation of H2O, CO2, lithium
formate, and lithium acetate [Reaction (6)] . Many oxidative
decomposition pathways are possible; in modeling such
reactions hundreds of pathways are often considered, which
makes it virtually impossible to formulate a unique reaction
path.[7] Intermediate 2 can also undergo rearrangement
reactions to form the polyether/ester 3. A more detailed
pathway, expanding on Reaction (7), is given in the Support-
ing Information, Scheme S1. Li2CO3 can form by Reac-
tions (8) and (9) in Scheme 1 as described previously.[8]

Scheme 1 is in agreement with the widespread detection of
Li2O2, Li2CO3, HCO2Li, CH3CO2Li, and polyethers/esters in
the PXRD, FTIR/NMR spectra. It is also in accord with mass
spectrometry analysis of the gas phase at the end of discharge,

which shows the presence of H2O and CO2 (Supporting
Information Figure S2).

Unlike the organic carbonates, the ethers do exhibit
formation of Li2O2 on the first discharge. To examine what
happens on charging and whether Li2O2 continues to be
formed on cycling, the cell Li/1m LiPF6 in tetraglyme/
(Super P/Kynar) was subjected to discharge/charge cycling
(Figures 1 and 2). We chose tetraglyme for the cycling studies
because it has been used in Li–O2 cells and is attractive for
practical applications owing to its low volatility. A cell was
first charged to establish the oxidation stability limit of the
electrolyte, which was found to be 4.75 V (Supporting
Information Figure S6; the charging limit for cell cycling
was therefore set to 4.6 V). At the end of the first discharge/
charge cycle the products formed on discharge appeared to
have been oxidized (Figure 1 and Figure 2), only peaks
corresponding to the blank electrode (the electrode before
discharge) remain in the FTIR spectrum. At the end of
discharge after 5 cycles, there is little or no evidence of Li2O2

in the PXRD data (Figure 1). The corresponding FTIR data
show extensive electrolyte decomposition. Hence the dis-
charge capacity of approximately 1500 mAhg�1 on the 5th
cycle arises principally from electrolyte degradation. The
NMR spectroscopy data demonstrate the presence of the
same products as found on the first discharge, HCO2Li and
CH3CO2Li, although with significantly more HCO2Li (1:0.1).
Comparing the FTIR spectra at the end of the first and fifth
discharge in the region of the C�O stretch, indicates that the
proportion of long-chain ethers and esters increases on
cycling.

The FTIR data at the end of charging after 5 cycles
demonstrate that, unlike the first cycle, a considerable
quantity of the discharge products remain on charging,
Figure 2. This is in agreement with the reduction in the
capacity on cycling, evident in Figure 1b. We speculate that
the insulating discharge products build up on the electrode
surface, resulting in increasing passivation on cycling. Overall,
we can conclude that although Li2O2 is formed on the first
discharge the ability to do so rapidly diminishes within a few
cycles, thereafter the electrochemistry is dominated by
electrolyte decomposition on discharge.

Cyclic ethers, such as 1,3-dioxolane and 2-methyl-THF,
have been used extensively as the basis of electrolytes in
lithium batteries.[9] Each of these solvents in turn was used to
replace tetraglyme in Li–O2 cells, which were then discharged
and subjected to analysis by PXRD, FTIR, and NMR
spectroscopy. In the case of 1,3-dioxolane (Figure 3) PXRD
confirms the formation of Li2O2 and FTIR shows that this is
accompanied by electrolyte decomposition with bands in the
C�O region suggesting ring opening and the formation of
polyethers/esters and some indication of Li2CO3 and organic
carbonyl species. 1H solution NMR data after washing the
electrode with D2O show that these organic carbonyl species
are HCO2Li and C2H4(OCO2Li)2 in the mole ratios 1:0.4.
CH3CO2Li is detected in the NMR spectrum as a very minor
quantity, less than 1% of the HCO2Li. All these products are
in good agreement with the reactions proposed in Supporting
Information Scheme S2 for the decomposition of 1,3-dioxo-
lane on discharge. Turning to the 2-methyl-THF, Figure 3, the

Scheme 1. Proposed mechanism for reactions that occur during dis-
charge.
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PXRD data indicate Li2O2 formation and the FTIR and
NMR data demonstrate the presence of HCO2Li and
CH3CO2Li (1:0.3). Supporting Information Scheme S3 gives
a possible reaction path for the formation of the observed
discharge products.

In conclusion, by combining electrochemical measure-
ments with powder X-ray diffraction, FTIR and NMR
spectroscopy, it has been shown that electrolytes based on
linear and cyclic ethers all exhibit electrolyte decomposition
when used in Li–O2 cells. The decomposition products for
linear-chain ethers consist of a mixture of Li2CO3, HCO2Li,
CH3CO2Li, polyethers/esters, CO2, and H2O whereas, in the
case of 1,3-dioxolane, the decomposition products are poly-
ethers/esters, Li2CO3, HCO2Li, and C2H4(OCO2Li)2 and for 2-
methyl-THF it is a mixture of HCO2Li and CH3CO2Li; CO2

and H2O evolve in both cases. In all cases on the first

discharge, the decomposition products are accompanied by
Li2O2. However, as illustrated by cycling studies on tetra-
glyme (selected because it has been used in Li–O2 cells and is
attractive for such applications because of its low volatility)
the proportion of Li2O2 diminishes on cycling in favor of
greater electrolyte decomposition. Although the discharge
products disappear on charging on the first cycle, they
accumulate with further cycling, in accord with the reduction
in the capacity with cycle number. These results lead to the
conclusion that ether-based electrolytes are not suitable for
Li–O2 cells. Comparing ether-based electrolytes with organic
carbonates, the ether-based electrolytes are more stable
towards reduced O2 species than the organic carbonates, as
demonstrated by the formation of Li2O2 in ethers but not in
organic carbonates. However, neither is stable on cycling and
hence neither is suitable for Li–O2 cells. Identifying solvents
resistant to attack by reduced O2 species remains a major
challenge.

Experimental Section
All ether solvents (Aldrich 99 % +) were distilled over a packed bed
column and dried for several days over freshly activated molecular
sieves (type 4 �). All solvents had a final water content of � 4 ppm
(determined using a Mettler-Toledo Karl Fischer titration apparatus).
Electrochemical grade LiPF6 (Stella) and LiTFSI (Aldrich) were used
to prepare the electrolytes. The electrochemical cells were based on a
Swagelok design and comprise a Li metal anode, an electrolyte
impregnated into a glass fiber separator (Whatman), and a porous
cathode. The porous cathode consisted of carbon black (either
Super P Li, TIMCAL, Ketjen Black EC600 JD, Akzo Nobel, or Black
Pearls 2000, Cabot), Kynarflex 2801 or PTFE (mass ratio 6/4), cast on
glass from a slurry made with acetone. A typical cell contained 1 mg
carbon in the cathode and 0.11 g electrolyte. The cell was gastight
except for the Al grid window that exposed the porous cathode to the
O2 atmosphere. The cell was operated in 1 atm of O2. Electrochemical
measurements were performed at room temperature using a Maccor
battery cycler. All procedures were performed in an argon-filled
glove box. Examination of electrodes involved first disassembling the
cell, rinsing the cathode twice with CH3CN and removing the solvent
under vacuum. Powder X-ray diffraction (PXRD) was carried out
using a STOE STADI/P diffractometer operating in transmission
mode with a primary beam monochromator and position sensitive
detector. Cu Ka1 radiation (l = 1.542 �) was employed. The samples
were contained in an airtight X-ray holder. FTIR measurements were
carried out on a Nicolet 6700 spectrometer (Thermo Fisher Scientific)
in transmission mode with a CsI pellet in a N2 filled glove box. For
1H NMR analysis the previously rinsed and dried electrodes were
extracted with D2O and then the extracted solution analyzed on a
Bruker Avance II 400 spectrometer. Mass spectroscopy analysis
(Thermofisher) was carried out to examine the gases evolved on
discharge and charge, by purging the cell with a carrier gas (N2 or Ar)
after charge or discharge, so that the gases evolved were transferred
into the mass spectrometer.
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