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ABSTRACT: The nonaqueous lithium−oxygen (Li−O2) electrochemistry
has garnered significant attention because of its high theoretical specific
energy compared to the state-of-the-art lithium-ion battery. The common
active nonaqueous Li−O2 battery cathode electrochemistry is the formation
(discharge) and decomposition (charge) of lithium peroxide (Li2O2).
Recent reports suggest that the introduction of lithium iodide (LiI) to an
ether-based electrolyte containing water at impurity levels induces a 4 e−

oxygen reduction reaction forming lithium hydroxide (LiOH) potentially
mitigating instability issues related to typical Li2O2 formation. We provide
quantitative analysis of the influence of LiI and H2O on the electrochemistry
in a common Li−O2 battery employing an ether-based electrolyte and a
carbon cathode. We confirm, through numerous quantitative techniques,
that the addition of LiI and H2O promotes efficient 4 e− oxygen reduction to LiOH on discharge, which is unexpected given
that only 2 e− oxygen reduction is typically observed at undoped carbon electrodes. Unfortunately, LiOH is not reversibly
oxidized to O2 on charge, where instead a complicated mix of redox shuttling and side reactions is observed.

The ever increasing demands for sustainable, low carbon-
emission energy in today’s society requires that we
develop electrochemical energy storage systems that

will exceed those of current technologies. They are necessary,
for example, to deliver reliable, low-cost dispatchable power
from renewable energy and to power zero CO2-emission
vehicles. While lithium-ion is currently the battery chemistry of
choice to meet these needs for vehicular transport, this
technology is approaching its theoretical energy storage limits,
dictated by intercalation processes at the positive and negative
electrodes. New chemistries are urgently needed in hopes of
meeting the electrochemical energy storage needs of future
generations. Because of its high theoretical specific energy, the
Li−air (or O2) battery is currently being explored as a possible
alternative to lithium-ion.1,2 In typical nonaqueous Li−O2 cell
compositions, lithium peroxide (Li2O2) formation and
oxidation has been identified as the reversible electrochemical
reaction at the cathode:

+ + ↔+ −2Li O 2e Li O2 2 2 (1)

The forward reaction occurs on discharge, and the reverse
reaction occurs on charge. Unfortunately, many unsolved

scientific challenges inhibit the achievement of reversible,
efficient Li2O2 formation and oxidation, with two being
particularly pressing. First, Li2O2 and its intermediates (O2

−

and LiO2) are known to undergo parasitic side reactions with
organic electrolytes and carbon cathodes during battery
operation.3−15 When a realistically small electrolyte volume is
used, these reactions limit Li−O2 cell rechargeability to only a
few cycles. Additionally, the products of these parasitic
reactions include solid carbonate/carboxylate species, which
accumulate at the electrode surface, thereby blocking O2

evolution from the Li2O2−electrolyte interface on charge.16

As a result, the potential on charge necessarily increases to
values substantially higher (>1 V higher) than the equilibrium
potential for O2 evolution from Li2O2, creating an energy
inefficient battery. With these parasitic reactions seemingly
exacerbated at high potentials, this challenge perpetuates itself.
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Therefore, the avoidance of parasitic reactions is necessary to
improve both rechargeability and energy efficiency.
Second, Li2O2 is a wide bandgap insulator and is insoluble in

all studied organic electrolytes. Therefore, as it deposits on the
cathode during discharge, it passivates the electrode surface,
limiting Li−O2 cell discharge capacity to a minor fraction of
that necessary to compete with the specific energy of Li-ion
batteries.17−23 Recent reports have elucidated strategies to
partially circumvent this passivation issue by triggering a
solution-based mechanism for Li2O2 formation.24−27 However,
this mechanism results in Li2O2 deposition in large toroids and
perhaps Li2O2 deposition away from the cathode surface.28 A
fraction of Li2O2 therefore becomes electronically isolated from
the conductive cathode surface, likely contributing to the
observed large charge overpotentials.
Substantial research into redox mediators is being pursued to

address these charge transport limitations. In the context of Li−
O2 batteries, redox mediators are small, soluble molecules with
a reversible redox potential slightly above the equilibrium
potential of the Li−O2 battery (experimentally observed as
∼2.85 V).29 During charge, the mediator oxidizes at electroni-
cally accessible sites on the cathode, diffuses to electronically
isolated Li2O2, and accepts charge via an outer sphere electron
transfer from the Li2O2, allowing the Li2O2 to be oxidized while
regenerating the redox mediator.30 The battery therefore
charges near the redox potential of the mediator, which, if
appropriately selected, is only slightly above the open-circuit
potential of the battery, rather than reaching the high potentials
required to presumably drive charge transport through Li2O2.
The lower charge potential also provides a route to reduce
parasitic processes observed at high potentials. Numerous redox
mediators have now been studied in Li−O2 batteries, including
tetrathiafulvalene (TTF),31 2,2,6,6-tetramethylpiperidinyloxyl
(TEMPO),32 tris[4-(diethylamino)phenyl]amine (TDPA),33

iron phthalocyanine (FePC),34 and LiI.35,36

LiI is a redox mediator of particular interest in a cell
containing minor H2O impurities. Recent reports indicated that
in a cell containing LiI and H2O, Li2O2 was not the ultimate
discharge product, but rather LiOH, possibly providing a route
to reducing parasitic reactions typically associated with Li2O2
formation and oxidation.35,36 Furthermore, an incredibly low
voltage gap (∼200 mV) between the discharge and charge
voltage plateaus was observed, indicating that the cell achieved
a remarkable energy efficiency.36 LiOH oxidation to O2 and
H2O through the action of the I−/I3

− redox couple (2.95 V vs
Li/Li+) was reported as the active charge electrochemistry,
although the I−/I3

− redox potential lies below the standard
potential for LiOH oxidation at standard conditions (3.45 V vs
Li/Li+). Liu et al. indicate in their motivating work that the
equilibrium of water, iodide, and oxygen is complex, and the
role of polyanions (iodo-oxygen species) on the LiOH
oxidation mechanism is poorly understood.36−38 Therefore,
while the reported electrochemistry of the I−/I3

− couple for
Li−O2 batteries is intriguing, the exact activity of the I

− and its
oxidized states, I3

− and I2, toward Li2O2/LiOH oxidation is
unclear.
In this work, we present quantitative insight into the

influence of LiI and H2O on the electrochemistry of a typical
nonaqueous Li−O2 cell employing a carbon cathode. LiOH is
observed as the primary discharge product, along with minor
parasitic side products, when LiI and H2O are both present in
the cell, with H2O consumed in the oxygen reduction reaction.
If H2O (which is present in impurity quantities in our study) is

fully consumed during discharge, the discharge electro-
chemistry reverts back to the more common 2 e− oxygen
reduction reaction to form Li2O2. On charge, the concen-
trations of LiI and H2O and the identities of the discharge
products all have a dramatic influence on the observed
electrochemistry and resultant voltage profiles. Isotopic labeling
confirmed that O2 evolution is observed to occur only from
Li2O2, although reactions between Li2O2 and oxidized iodo
species (I3

−) can result in other product formation at low
potentials (∼3 V). No O2 evolution was observed from
electrochemically formed LiOH. Instead, LiOH reacts with I2,
which electrochemically forms at ∼3.5 V from I3

− oxidation, to
form H2O and LiIO3, the latter of which can be solubilized in
water-contaminated 1,2-dimethoxyethane (DME). Thus, while
the 4e− oxygen reduction activity on carbon electrodes in the
presence of H2O impurities and I− is intriguing, the addition of
LiI and H2O to a Li−O2 battery does not promote a reversible
oxygen electrochemistry in the cell compositions studied.
We initially investigated the impact of various H2O and LiI

electrolyte concentrations on the discharge and charge voltage
profiles of the Li−O2 cell. The voltage response for a
Ketjenblack positive electrode discharged and charged (100
μA/cm2 to a capacity of 1 mAh/cm2) with different
concentrations of LiI and H2O in DME-based aprotic
electrolyte is shown in Figure 1. Only small changes are

observed in the discharge voltage profile between cells with
varying LiI and H2O concentrations, although the electro-
chemistry changes substantially, as will be discussed below. On
charge, the potential profile is clearly influenced by the LiI and
H2O concentrations. Generally, the higher LiI concentration
cells show lower charging voltages compared to their lower LiI
concentration counterparts. In fact, the 0.2 M LiI, 500 ppm
H2O cell maintains a ∼3 V plateau for the duration of charge,
consistent with previous reports.35,36 As a result, the energy

Figure 1. Voltage profiles of Ketjenblack (KB) electrodes (4 mg of
KB) discharged and charged in DME/LiTFSI electrolyte with
different LiI concentrations (0.05 and 0.2 M) and H2O
concentrations (500 and 5000 ppm) at 100 μA/cm2. The total
salt concentration (LiI + LiTFSI) was kept at 0.3 M. The total
electrolyte volume used is 180 μL. At low LiI concentrations (0.05
M), regardless of H2O concentration, the charge profile gradually
slopes to higher voltage. At the higher LiI concentrations, an initial
low-voltage charge plateau (∼2.95 V) is exhibited. Only at the end
of the charge is a rise in potential observed for 5000 ppm H2O,
while the low charge plateau continues for the low (500 ppm) H2O
concentration.
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efficiency of this cell appears outstanding, as only a ∼0.25 V gap
between the discharge and charge voltages is observed. High
H2O concentrations, in addition to low LiI concentrations,
appear to result in higher final charging voltages as well. Other
carbon-based electrodes (e.g., those made from graphene
materials) exhibit only small differences in overpotentials
(Figure S1) compared to Ketjenblack electrodes and were
not studied further.
The electrochemical reactions at various LiI and H2O

concentrations were quantified via a combination of differential
electrochemical mass spectrometry (DEMS), pressure decay/
rise measurements in a closed cell headspace, and acid/base and
peroxide titrations. Details of each measurement are provided
in the Supporting Information.
Figure 2 shows pressure decay (discharge) and DEMS

(charge) results for batteries employing 0.2 M LiI and H2O
concentrations corresponding to nominally anhydrous (<20
ppm), 500 ppm, and 5000 ppm. The 0.2 M LiI was selected for
these measurements because, at modest current densities and
with the given overall cell geometry, this concentration, coupled
with a low H2O concentration, enables the low ∼3 V potential
throughout the entire duration of charge, as observed in Figure
1 and in previous reports.35,36 Pressure decay and DEMS allow

for the direct correlation of observed oxygen consumption and
evolution to the observed voltage profiles of our galvanostatic
cycling.
Considering the discharge processes of the cells presented in

Figure 2, all three cells exhibit oxygen consumption with rates
varying between a pure 2 e−/O2 process and a pure 4 e−/O2
process depending on the cell’s total H2O content. The
nominally anhydrous battery exhibits a clear 2 e−/O2 process
for the duration of the discharge, indicative of Li2O2 formation
as is typically observed in nonaqueous Li−O2 cells (Figure 2a−
c).39 The battery containing 500 ppm H2O (Figure 2d−f)
exhibits a 3.2 e−/O2 process for the first 0.24 mAh of discharge
and a 2 e−/O2 process for the remainder of the 1 mAh
discharge. The initial 3.2 e−/O2 process indicates a mix of
LiOH formation (reaction 2), a 4 e−/O2 process, and Li2O2
formation (reaction 1), a 2 e−/O2 process.

+ + + ↔+ −4Li 4e O 2H O 4LiOH2 2 (2)

The switch from a 3.2 e−/O2 process to a 2 e−/O2 process
likely occurs once H2O is completely consumed, as 500 ppm
H2O in the electrolyte volume employed (160 μL) corresponds
to a capacity of 0.24 mAh for LiOH formation (as calculated

Figure 2. High [LiI] DEMS results. Galvanostatic discharge and charge profiles (100 μA/cm2) with oxygen consumption and gas evolution for
lithium−oxygen batteries employing a lithium anode, a cathode of ∼1 mg Ketjenblack with PTFE binder on stainless steel mesh (12 mm
diameter), and 160 μL of DME with 0.25 M LiTFSI and 0.2 M LiI as the electrolyte. Each column presents a battery with different added
electrolyte water content: nominally anhydrous (a−c), 500 ppm D2O (d−f), and 5000 ppm H2O (g−i). The batteries were discharged under a
headspace of ∼1.5 atm oxygen and charged under a constant pressure headspace of ∼1.2 atm argon. Panels b, e, and h show oxygen
consumption on discharge and evolution on charge. The asterisk (*) denotes a value adjusted for a hydrogen evolution rate at open-circuit
potential, which arises from water reacting with the lithium anode. Gas evolution on charge was quantified via DEMS. Panels c, f, and i show
quantitative gas evolution throughout the charge.
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from the reaction 2 stoichiometry), and the discharge potential
noticeably drops to a lower plateau at the onset of the 2 e−/O2
Li2O2 formation process. The battery containing 5000 ppm
H2O (Figure 2g−i) exhibits a near 4 e−/O2 process for the
duration of the 1 mAh discharge, indicating LiOH formation
dominates at high H2O content. Theoretically, as calculated
from reaction 2, 5000 ppm H2O in the electrolyte volume
employed (160 μL) corresponds to a capacity of 2.4 mAh for
LiOH formation; therefore, there is sufficient H2O to allow a 1
mAh discharge even after considering (the discernible) H2O
consumption at the lithium anode. The presence of LiOH as a
discharge product was further confirmed via X-ray diffraction
(XRD) studies of the cathode, as shown in Figure S2 for a cell
with high LiI and H2O content.
Quantification of both LiOH and Li2O2 was performed using

established titrations on extracted cathodes from cells with
identical composition as those studied in Figure 2 (Figure 3).40

For a battery containing 500 ppm H2O and 0.2 M LiI (Figure
2d−f), 5.8 μmol of LiOH and 15.8 μmol of Li2O2 are expected
to form during the 1 mAh discharge given the amount of O2
consumed during the 4 e−/O2 and 2 e

−/O2 processes; 5.1 μmol
of LiOH and 11.1 μmol of Li2O2 were titrated (Figure 3a,b),
giving yields of 87% LiOH and 70% Li2O2. The Li2O2 yield is
consistent with previous reports for nominally anhydrous Li−
O2 cells employing Ketjenblack cathodes.40 Therefore, LiOH
formation is more efficient than Li2O2 formation in these cells,
although parasitic processes during LiOH formation still persist.
As identified previously by both Aurbach and co-workers and

Liu et al.,35,36 LiOH formation in a cell of this composition is a
fascinating finding, because the 4 e−/O2 oxygen-reduction
reaction (ORR) reaction is uncommon in nonaqueous Li−O2
batteries and on carbon electrodes in general.
On charge, the three cells presented in Figure 2 exhibit very

little oxygen evolution compared to the oxygen consumed
during discharge. The total oxygen evolution from the
nominally anhydrous battery, for example, is 2.4 μmol, or less
than 13% of what would be expected assuming full oxidation of
the discharge products. As the nominally anhydrous and 500
ppm H2O electrolytes exhibit Li2O2 as their dominant discharge
product and the 5000 ppm H2O electrolyte exhibits LiOH as its
dominant discharge product, the limited O2 evolution during
the cells’ ∼3 V charge plateaus shows that the ∼3 V charge
plateau is predominantly related to electrochemical processes
other than O2 evolution, irrespective of the discharge product.
Additionally, while the 5000 ppm battery exhibits a small
amount of oxygen evolution during the step from the ∼3 V
plateau to the higher ∼3.5 V plateau, DEMS shows negligible
oxygen evolution otherwise. Therefore, LiOH is not reversibly
oxidized to produce O2 at these potentials. The cell chemistry
on charge is extremely complex, being a function of the
concentrations of I− and H2O, as well as the ratio of discharge
capacity to total H2O content in the cell (and hence the
product distribution formed during discharge). The specific
features of the charge chemistry are now discussed.
Numerous processes occur during charge at the ∼3 V

plateau. If substantial Li2O2 is formed, as is the case in the low

Figure 3. Acid/base and iodometric titration results for cells identical to those studied in Figure 2d−f (500 ppm H2O) (a) and Figure 2g−i
(5000 ppm H2O) (c). The acid/base titration quantifies lithium hydroxide and other decomposition products present; these are distinguished
by using the expected value of basic decomposition products formed during lithium peroxide formation. On charge, the relative fates of the
decomposition products and the electrochemically formed LiOH are unknown, so they cannot be decoupled. The iodometric titration gives
the lithium peroxide results. *I2 formation during the 3.5 V plateau in panels c and d interfered with the iodometric titration’s ability to
properly quantify Li2O2 at the end of charge (7.3 μmol of “Li2O2” was titrated at the end of charge, even though only 0.3 μmol was produced
during discharge).
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H2O content cells (Figure 2a−g), it can disappear during this
plateau, as observed from iodometric titrations presented in
Figure 3a,b. A small fraction of Li2O2 disappearance is ascribed
to oxidation that evolves O2 (Figure 2c,f) while the remainder
appears to chemically react with I3

− to form a soluble product.
I3
− was likely formed from I− oxidation during charge in Figure

3a, as the battery separator after charge was a faint yellow-red in
color, indicative of I3

− in aprotic polar media. We note that I3
−

formed during charge can result in a false positive in our
iodometric titration, so that the difference in the Li2O2 titrated
between points i and ii in Figure 3a (9.4 μmol difference, or
85% of the Li2O2 formed during discharge) represents a lower
limit of the actual Li2O2 that reacted on charge.
The Li2O2 disappearance cannot account for the entirety of

the electrochemical charging capacity, implying that the ∼3 V
plateau is related in part to I−/I3

− redox shuttling between the
anode and cathode. Figure 4a shows that indeed a cell

containing just 0.05 M LiI and 500 ppm H2O (with our
cathode composition and cell geometry) that has yet to be
discharged can be “charged” at low current densities at ∼3 V in
perpetuity, while Figure 4b shows that an attempted charge of
an identical cell without LiI exhibits an immediate sharp rise in
voltage. This ability to “charge” without formation of any
discharge product is evidence that an I−/I3

− redox shuttle
current can be maintained between the electrodes at current
densities of less than roughly 100 μA/cm2, which is the current
density used in Figures 1 and 2. Generally, the shuttling process
is known to be strongly influenced by mediator concentration,
diffusion coefficient, current density, and interelectrode
distance.41 Of note, if all I− were converted to I3

− in this cell

without any shuttling, a capacity of only 0.16 mAh would be
expected. Also, analogous cells that employ higher concen-
trations of H2O, such as 5000 ppm, exhibit the two-plateau
behavior as shown in Figure 2g, indicating water’s ability,
perhaps through its reaction with the lithium metal electrode,
to inhibit the system’s ability to sustain the I−/I3

− redox
shuttling between electrodes.
When LiOH is the dominant discharge product, i.e., cells

with high H2O content, it disappears only in cells that reach the
high ∼3.5 V plateau, suggesting the I−/I3

− redox shuttle
dominates at the ∼3 V plateau. As shown in Figure 3a, acid/
base titrations indicate that after a full discharge−charge cycle,
cells with low H2O content, and thus those that exhibit the ∼3
V plateau for the duration of charge, still contain all LiOH
formed during discharge. This is consistent with SEM images in
Figure S4 showing that solid discharge products remain after
charge, indicating that there is no activity for LiOH oxidation at
this low charge potential. Cathodes discharged and charged in
cells with high H2O content that reach the ∼3.5 V plateau on
charge, however, exhibit (after charge) only a minor fraction of
the basic products formed during discharge. The ∼3.5 V
plateau is likely related to the I3

−/I2 redox couple, which is
active at these potentials, and I2 formation is clearly visible in
the glass fiber separators of cells that reach this plateau.
Recalling the minimal O2 evolution exhibited at even the ∼3.5
V plateau (Figure 2g−i), this suggests that the dominant
chemistry occurring at this plateau is a non-O2 evolving LiOH
oxidation reaction involving the I3

−/I2 redox couple, which will
be discussed later.
Isotopic labeling of O2 and H2O finds that no evolved O2

originates from LiOH formed during discharge. O2 evolution
from LiOH during charge requires O−O bond reformation that
occurs between statistically random oxygen atoms contained in
the LiOH. LiOH forms during discharge through O2 bond
splitting and reaction with H2O. Thus, a cell discharged under
16,16O2 and containing a H2

18O impurity would be expected to
evolve significant 16,18O2 on charge (i.e., the evolved O2 should
be enriched in 18O). The oxygen evolution of a cell that was
charged after being discharged to a capacity of 1 mAh in 0.2 M
LiI/5000 ppm H2

18O under 16,16O2 is shown in Figure 5. No
Figure 4. Li−O2 batteries charged under 1 atm argon gas with no
prior discharge as a function of current density. Electrolyte is 0.25
M LiTFSI and 500 ppm H2O in DME with 0.05 M LiI (a) and no
added LiI (b). Cyclic voltammograms of these cells are also
presented in Figure S3. These cells were constructed with two
Whatman GF/D glass fiber separators, 300 μL of electrolyte, and
cathodes containing 2 mg of a 95:5 mass ratio Super P carbon to
PTFE on 10 mm stainless steel mesh. The interelectrode distance
was ∼500 μm.

Figure 5. Voltage profile and corresponding oxygen evolution
profile for a cell discharged and charged (100 μA/cm2) in 0.2 M
LiI/DME with 5000 ppm H2

18O. On discharge, a reasonable
fraction of total produced LiOH is 18O labeled (some Li2O2 is also
produced). On charge, only 16O2 is observed from the oxidation of
Li2O2. No signal from 18O2 (LiOH oxidation) is observed at either
low potential (I−/I3

−) or high potential (I3
−/I2).
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18O-enriched O2 is evolved at any point during the entire
charge process. The transition from I3

− to I2 is accompanied by
the evolution of a small volume of isotopically pure 16O2,
indicating that the O−O bond in O2 remained intact
throughout the discharge−charge process, as expected with
Li2O2 formation and oxidation. This result is also consistent
with Figure 2f (500 ppm H2O cell), where discharge under a
pure 18O2 headspace (with H2

16O as the water impurity) results
in pure 18O2 evolution during charge. This confirms that the
oxidation of LiOH to form O2 does not occur either chemically
or electrochemically, and the small amount of O2 observed
from cells containing LiOH as the primary discharge product
can be ascribed to the oxidation of Li2O2.
Interestingly, lowering the iodide concentration enables

higher rates of oxygen evolution on charge when Li2O2 is the
primary discharge product. For example, Figure 6 presents

pressure decay (discharge) and DEMS (charge) results for
batteries discharged with 0.05 M LiI (instead of 0.2 M LiI, as
was used in Figure 2) and 2000 ppm H2O in 80 μL of
electrolyte (corresponding to 0.5 mAh of possible LiOH
formation). When discharged beyond 0.5 mAh (Figure 6a−c),
a switch from a 4 e−/O2 process to a 2 e−/O2 process is

observed on discharge, and O2 evolution is observed on charge.
The O2 evolution coincides with a rising charge voltage above
∼3.2 V, and it corresponds to 63% of the expected yield based
on the O2 consumed during the 2 e−/O2 discharge process.
This oxygen-evolution reaction (OER)/ORR value is similar to
(though slightly lower than) the yield in aprotic Li−O2 cells in
the absence of LiI.4 A battery discharged to a cutoff capacity of
less than 0.5 mAh, where only a 4 e−/O2 process is observed
(Figure 6d−f), exhibits only minor oxygen evolution on charge.
These results further confirm that only Li2O2, and not LiOH,
can be oxidized to evolve O2 in aprotic electrolytes on carbon
cathodes. Batteries employing lower iodide concentrations are
not able to maintain the desirable ∼3 V charge plateau but do
exhibit more oxygen evolution on charge than the higher LiI
concentration cells, with the oxygen originating exclusively
from Li2O2.
The DEMS and titration data clearly indicate that the

addition of LiI to a water-contaminated, nonaqueous lithium−
oxygen battery enables 4e− oxygen reduction involving the
consumption of H2O to form LiOH on discharge. However, on
charge, LiOH is not reversibly oxidized back to oxygen. Any
Li2O2 formed during discharge is only partially oxidized to
evolve oxygen on charge, with higher oxygen evolution
efficiencies observed at lower iodide concentrations. Con-
sequently, the low 3 V plateau on charge obtained in Figure 1 is
not due to reversible oxygen electrochemistry, but rather to a
complex iodo-oxygen electrochemistry that is highly dependent
on the exact cell composition and testing conditions (e.g., LiI
and H2O concentration, current density, cathode composition,
and cell geometry).
This still leaves open the question of the fate of LiOH at the

high, ∼3.5 V charge plateau (i.e., where it is observed to
disappear). Contrasting reports exist that demonstrate the
removal of LiOH from the electrode surface during charge of a
Li−O2/LiI cell. Liu et al. reports that I3

− oxidizes LiOH to
evolve O2 during the ∼3 V plateau.36 Our own results, as well
as those from Aurbach and co-workers,35 demonstrate that
LiOH does not react at the low potential plateau but can be
removed from the cathode surface at the higher (∼3.5 V)
voltage plateau, but without O2 evolution. One possible
explanation for this behavior is that LiOH oxidation results in
LiIO3 formation. In alkaline aqueous media, the following
reaction occurs:42

+ ↔ + +3I 6LiOH LiIO 5LiI 3H O2 3 2 (3)

Hence, it is possible that at high charge voltages, when the
I3
−/I2 redox couple is actively forming I2, LiOH reacts to form

small amounts of LiIO3, given that a 6 LiOH:1 LiIO3
stoichiometric ratio is expected from reaction 3. To prove
this hypothesis, a modified version of the iodometric titration
was used to detect small amounts of LiIO3 present on various
positive electrodes charged to different capacities. A detailed
description of this method is in the Supporting Information.
The fraction of LiIO3 was determined for electrodes stopped at
various states of charge in either 0.05 M LiI or 0.2 M LiI/5000
ppm H2O/DME electrolyte (Figure 7). This H2O concen-
tration was chosen to ensure LiOH was formed as the
overwhelmingly dominant product on discharge. For low LiI
concentrations (0.05 M), it is clear that a small quantity of
LiIO3 is produced (<0.5 μmol) on cell charge. The small
magnitude is understandable, because at 0.05 M LiI complete
conversion of I− to I2 equates to a maximum of 1.5 μmol of
LiIO3 produced via reaction 3, assuming the discharge product

Figure 6. Low [LiI] DEMS results. Panels a and d show
galvanostatic discharge and charge profiles (200 μA/cm2) from
lithium−oxygen batteries employing a lithium anode; a cathode of
∼2 mg XC72 carbon with PTFE binder on stainless steel mesh (12
mm diameter); and 80 μL of an electrolyte of 0.25 M LiTFSI, 0.05
M LiI, and roughly 2000 ppm H2O in DME. The only difference
between the batteries is the discharge capacity cutoff, as labeled.
Panels b and e show oxygen consumption on discharge and
evolution on charge versus capacity. Panels c and f show
quantitative gas evolution throughout the charge. The asterisk
(*) denotes a value adjusted for a hydrogen evolution rate at open-
circuit potential, which arises from water reacting with the lithium
anode.
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is 100% LiOH. Nonetheless, the presence of LiIO3 is confirmed
on extracted positive electrodes with both EDX analysis, which
shows LiIO3’s characteristic 3:1 ratio of O:I (Figure S7), and
XRD analysis, which shows diffraction patterns characteristic of
LiIO3 (Figure S8). A similar quantity of LiIO3 is also observed
for the cell discharged/charged in 0.2 M LiI at voltages below
3.4 V (<0.5 μmol). However, at high voltages and significant
capacity overcharge, and thus high concentrations of I2,
approximately 3.0 μmol of LiIO3 is observed on the electrode
surface, clearly indicating a higher reactivity of LiOH with I2
than I3

−. Reaction between LiOH and I2 (and the lack of a
reaction between LiOH and I3

−) was confirmed with mock
chemical experiments, as shown in Figure S5. LiIO3 is very
soluble in H2O (76 g/100 mL) and hence can easily dissolve in
the 5000 ppm H2O electrolyte. Dissolution is further increased
with the production of H2O accompanying LiIO3 formation.
This is a plausible explanation for the removal of LiOH from
the electrode surface, but this does not fully explain the removal
of LiOH at low voltages by Liu et al.36 We note that the total
amount of H2O contained in our cells is small compared to the
H2O included in cells studied by Liu et al. (e.g., 5000 ppm H2O
in 160 μL in our cells versus 45 000 ppm H2O in 700 μL in Liu
et al.). This distinction could give rise to the discrepancy
observed at low voltages in each study, because both LiOH
solubility and the chemical reaction rate between LiOH and I3

−

increase with increasing H2O content.37 Other factors that
could play a role in this discrepancy are depth of discharge (i.e.,
amount of product formed) and the time delay between the
end of discharge and the characterization of the discharge
products.
It is very clear that the H2O concentration has a significant

impact on the chemistry of the Li−O2 cell when LiI is present,
because it plays a significant role in the formation of LiOH as
the dominant discharge product. To isolate the efficacy of LiI as
a redox catalyst for Li2O2 formation and oxidation, cells were

prepared with nominally anhydrous electrolytes (<50 ppm)
with three different concentrations of LiI (0 M, 0.05 M, and 0.2
M). Figure 8a demonstrates the decrease of the charge
overpotential with increasing LiI concentration. Of note, a
distinct charge plateau is not observed for a cell with either 0.05
M (magenta curve) or 0.2 M (blue curve) LiI. Instead, the
charge overpotential (which is lower than that of the typical cell
without LiI) exhibits a steady rise throughout the entire charge
process.
Although the presence of LiI leads to reduced overpotential

during charge, it both reduces Li2O2 yield on discharge and
oxygen evolution efficiency on charge. Increasing the LiI
concentration leads to decreasing yields of Li2O2 on discharge,
expressed as a fraction of the theoretical value expected for a 2
mAh discharge capacity (assuming complete conversion in the
absence of side-reactions; Figure 8b, blue curve). While this
behavior could arise from several sources, we note that in the
absence of H2O, LiI could potentially promote the formation of
LiOH through superoxide attack on glyme, as demonstrated by
Kwak et al.35 Apart from the lowered Li2O2 conversion,
increased LiI concentrations also lead to enhanced redox
shuttling, requiring a higher Coulombic input to evolve all of
the oxygen from the peroxide, and thus dramatically decreasing
the oxygen evolution efficiency on charge. Figure 8b shows that
the 3.7 e−/O2 process which characterizes charging in the
absence of LiI, which already exceeds the ideal of 2.0 owing to
side-reactions, further increases with greater LiI content (red
curve). Thus, oxygen continues to evolve when overcharging
the cell, resulting in an e−/O2 value as high as 6.0 for 0.2 M LiI
owing to the I− shuttle.
In conclusion, the effect of LiI and H2O on the Li−O2

chemistry can be summarized as follows (see the graphic
provided in the abstract). On discharge, the presence of both
LiI and H2O promote a 4 e−/O2 process (LiOH production)
instead of the normal 2 e−/O2 process (Li2O2 production)

Figure 7. Electrochemical curves for batteries containing (a) 0.05 M LiI/5000 ppm H2O/DME and (c) 0.2 M LiI/5000 ppm H2O/DME and
corresponding LiIO3 for (b) 0.05 M and (d) 0.2 M LiI at the points specified. At low LiI concentrations, little LiIO3 is generated because of
the small concentration of I2. At high LiI concentrations, an abundance of LiIO3 is observed at V > 3.5 because of the generation of large
amounts of I2, which reacts with the LiOH to form LiIO3. Batteries were cycled at 100 μA/cm2, and cathode carbon loading was 4 mg of KB.
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typical of an aprotic Li−O2 cell employing an ether-based
electrolyte and undoped carbon cathode. High H2O concen-
trations result in almost stoichiometric 4 e−/O2 LiOH
formation, whereas intermediate or low H2O concentrations
result in a mixture of Li2O2 and LiOH formation. On charge, a
variety of processes occur which are dependent on the final
discharge product composition and the concentrations of LiI
and H2O. I

− oxidation, in the absence of any discharge product,
features two redox couples, I−/I3

− (E ∼ 3.0 V) and I3
−/I2 (E ∼

3.5 V). The I−/I3
− shuttle between the anode and cathode

substantially contributes to the cell electrochemistry at low
charge potentials (2.95−3.10 V). LiOH does not oxidize when
this I−/I3

− couple is active, although Li2O2 can react to either
evolve O2 or form unidentified iodo-oxygen species. The I3

−/I2
redox is observed after the initial I−/I3

− redox in cells with high
water content in the electrolyte. This transition results in O2
evolution from Li2O2, presumably promoted by the formed I2.
The I3

−/I2 redox is active during a second charge plateau that
takes place at ∼3.5 V, and LiOH is observed to disappear
during this process. LiOH reacts with I2 to form a small amount
of LiIO3, which is soluble in the water-filled electrolyte via
reaction 3, but does not evolve O2. On the basis of our studies,
while a low charge overpotential makes the use of I− seem
appealing, the lack of O2 evolution from Li2O2/LiOH oxidation
in LiI-containing cells makes it a poor additive for efficient Li−
O2 cycling. Of the oxygen consumed on discharge, less than
13% is recovered on charge under the best-case ∼3 V charge

scenario. Hence, the low charge overpotential seen in LiI-
containing Li−O2 batteries is primarily due to iodo-oxygen
electrochemistry, rather than reversible oxygen evolution. It
should be noted, given our results, that other cell compositions
(e.g., those with cathodes comprising active materials other
than carbon, higher water or LiI concentrations than studied
here, other halide salts, etc.) may result in a substantially
different electrochemistry, and more research is certainly
necessary to fully understand the complex charge chemistry
observed in this system.
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