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Stronger solvation of I~ and Li" ions enables the oxidation of Li,O, to O, and LiOH
to LilO3 by I37 in DMSO, whereas no reaction occurs in DME as a result of the
insufficient thermodynamic driving force. Solvation effects can dramatically
influence the performance of soluble redox mediators for Li-O, batteries by
altering thermodynamics and reactivity of the mediators.
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SUMMARY

Li-O, batteries offer higher gravimetric energy density than commercial Li-ion
batteries. Despite this promise, catalyzing oxidation of discharge products,
Li,O, and LiOH, during charging remains an obstacle to improved cycle life
and round-trip efficiency. In this work, reactions between Lil, a soluble redox
mediator added to catalyze the charging process, and Li,O, and LiOH are sys-
tematically investigated. We show that stronger solvation of Li* and I~ ions
led to an increase in the oxidizing power of I3~, which allowed I3~ to oxidize
Li,O, and LiOH in DMA, DMSO, and Me-Im, whereas in weaker solvents (G4,
DME), the more oxidizing I, was needed before a reaction could occur. We
observed that Li,O, was oxidized to O,, whereas LiOH reacts to form IO, which
could either disproportionate to LilO; or attack solvent molecules. This work
clarifies significant misconceptions in these reactions and provides a thermo-
dynamic and selectivity framework for understanding the role of Lil in Li-O,
batteries.

INTRODUCTION

There has been considerable interest in nonaqueous Li-O, batteries in the past
decade because of their high theoretical gravimetric energy density (potentially
up to three times that of commercial lithium-ion [Li-ion] batteries).' > This large theo-
retical improvement in gravimetric energy density stems from the fundamentally
different reactions of the Li-O; battery chemistry, which rely on reducing gaseous ox-
ygen to form solid lithium peroxide (2Li + O, = Li; Oy, E® = 2.96 V,,) or lithium oxide
(4Li + O, = 2Li,0, E® = 2.91 V;).* Previous work shows that the discharge of
nonaqueous Li-O, batteries can produce Li;O, with low overpotential,” the
morphology of which is dependent on the solvent,®” counter anion,®? and
potential or rate.'%"" Unfortunately, charging Li-O; batteries with nonaqueous elec-
trolytes requires a high overpotential to liberate molecular oxygen and this reaction
is considerably more irreversible at high potentials, as shown by McCloskey et al.,"?
leading to poor round-trip efficiency and cycle life resulting from parasitic side reac-
tions." Therefore, considerable efforts have been placed on attempting to catalyze

the charging process in Li-O, batteries.'™*’

While solid-state catalysts have been employed to reduce the overpotential during

31,32 33-35

charge, including metal oxides, modified carbon, and metals or metal al-

loys,***® these catalysts rely on good electrical contact between Li,O, and the
catalyst throughout the entire charging process,’” cannot oxidize Li,O, that forms
electronically isolated from the positive electrode,” and do not suppress side reac-
tions during charging.?® An alternative approach is the use of soluble redox media-
tors to promote electron transfer to the surface of the electronically insulating
Li,O5,*° where the redox mediator is first electrochemically oxidized at the electrode

surface and then the oxidized form of the redox mediator chemically oxidizes Li,O5, to
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Context & Scale
Rechargeable, nonaqueous
lithium-oxygen (Li-O,) batteries
offer high theoretical gravimetric
energy but suffer from
considerable fundamental issues
relating to cycle life, parasitic
reactions, and poor round-trip
efficiency, in part, because of poor
kinetics during charge. Soluble
redox mediators, such as Lil, have
been proposed as a solution to
this problem, but despite
promising initial results, there
exists considerable discrepancy in
literature regarding the oxidizing
power of 137/l (oxidized species
formed during charge) against
LiO; and LiOH (possible
discharge products of the Li-O,
chemistry). In this study, we use
detailed quantifications, a wide
range of characterization
techniques, and cells constructed
with a solid Li-conducting
separator to eliminate shuttling to
resolve these ambiguities. We
show that the oxidizing power of
I3~ is solvent dependent and that
Li,O, is oxidized to O,, whereas
LiOH irreversibly forms O™, which
can either form LilO3 or attack
solvent molecules.
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form Li* ions and molecular oxygen and regenerate the reduced form of the redox
mediator. Many organic molecules such as TEMPO,"®*'~** TDPA,?? and TTF?* as
well as inorganics such as Lil'*">"'® and LiBr'” have been proposed as redox media-
tors. Lithium iodide (Lil) has received considerable attention owing to a number of
studies suggesting high cycling performance.’*"” Lim et al.”* have suggested stable
cycling with low overpotential over 900 cycles using Lil as a soluble redox mediatorin
a tetraglyme (G4) electrolyte with a CNT fibril electrode. In addition, Liu et al.'® have
claimed to achieve 2,000 cycles using Lil in a 1,2-dimethoxyethane (DME)-based
electrolyte containing ~5v% H,O with a reduced graphene oxide electrode and
lithium hydroxide (LiOH) as the dominant discharge product. However, ambiguities
exist regarding the influence of Lil on both the discharge**~*¢ and charge'®4*4¢4
processes.

Recent studies have clarified the role of Lil addition in the electrolyte on discharge,
the addition of which can change the dominant discharge product from Li,O, to
LiOH," "8447%¢ LiOH-H,0,* or LIOOH+H,0"“® by decreasing the pK, of water in
the electrolyte.*> Adding water to DME-based electrolytes up to 5,000 ppm*? results
in Li;O, on discharge when no Lil is present. On the other hand, the
dominant discharge product can become LiOH (H,O > ~ 500 ppm)**** or LIOOH
(H,0 > ~ 5v%)***® when both Lil and water are present. The formation of LiOH
and related products can be attributed to the lowered deprotonation energy of wa-
ter, which occurs with stronger solvation of water molecules by organic solvent mol-
ecules such as acetonitrile (MeCN) (Kwabi et al.*?) and/or the interactions between
water molecules and strongly interacting anions such as 1~.*° While some studies'®%
have proposed the proton source for LiOH is the iodide-catalyzed decomposition of
glyme-based solvents (such as DME and G4), both Burke et al.** and Tulodziecki
et al.*” have demonstrated stable coexistence of iodide and DME accompanied by
Li,O; formation on discharge under rigorously anhydrous conditions, and computa-
tional studies”® indicate that water is the energetically preferred proton source.

Unfortunately, ambiguities still exist regarding what oxidized iodide species (I3~
and ) can decompose Li,O, and LiOH and whether molecular oxygen is formed
upon charging in the presence of Lil. Qiao et al.* have reported that I3~ can oxidize
peroxide-like species to form O, with water addition (up to 30v%) in G4, whereas
other studies have shown that I, which is more oxidizing than |37, is required to
oxidize Li,O, and generate molecular O, in anhydrous DME** and G4."%47%€ Simj-
larly, Zhu et al.*® argue for the oxidation of LIOOH-H,O in diglyme (G2) and DMSO
with 9.1v% water by I3~ to form O, as well as the oxidation of LiOH by I, to form O,.
Liu et al.’® suggested that I3~ can oxidize LIOH formed in DME and G4 (with the
addition of ~5v% water) to generate O;. In contrast, the concept of LiOH oxidation

444657 including Viswanathan et al.®? arguing

to O, by I3™ is rebutted by a few studies
that the oxidation of LiOH by I3 is thermodynamically uphill in DME. This argument
is in agreement with findings from Qiao et al.*® who report that LiOH cannot be
oxidized in the presence of I3~ and I, and Burke et al.** who show that LiOH irrevers-
ibly forms lithium iodate (LilO3) from I, in DME instead of evolving O,. Although
some of the reported discrepancies may come from a lack of rigorous quantification
of reaction products to ensure the amount of oxygen detected is the dominant path
of the reaction*® or a misidentification of LIOOH-H,O formed on discharge'®
because of its subsequent disproportionation to LiOH,*® the discrepancies found
for the oxidation of Li,O, and LIOH by I3 and I in previous work may primarily result
from the solvent-dependent oxidizing power of I3~ and |, against Li,O, and LiOH.
| ions can go through two distinct redox transitions during oxidation in aprotic elec-
trolytes, having firstiodide anions (1) oxidized to form triiodide (I37) and I3~ oxidized
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to form iodine (I,),°° where the potentials of the I7/I3™ and I37/I; redox transitions can
be significantly influenced by solvent.>”~>* While it has been previously suggested
that changes in these redox potentials may be important for the performance of
Lil as a redox mediator in Li-O, batteries,?*>? this effect has not been studied
systematically.

In this paper, we examine the role of Lil on the charging process of Li-O, batteries
by systematically studying the solvent-dependent oxidizing power of I37/I7
and /I3~ toward Li,O, and anhydrous LIOH. The oxidizing power of I37/I~
and l,/I3~ toward Li,O, and LiOH was studied chemically by quantifying the con-
sumption of I3~ upon addition of Li,O, synthesized from disproportionation, where
the liquid reaction products were examined using UV-vis spectroscopy and 'H
NMR, the solid reaction products were studied by Raman spectroscopy and
XRD, and the gaseous products were assessed using gas chromatography and
mass spectrometry. In addition, the role of I” on the charging of Li-O, batteries
and LiOH-pre-loaded cells was examined using differential electrochemical mass
spectroscopy (DEMS), where the amount of oxygen release was quantified. We
show that I37/1 potentials increase with greater solvent Gutmann acceptor number
(AN) and dielectric constant, suggesting stronger solvation of I~ while 1,/13™ redox
potentials are largely solvent independent. Therefore, stronger solvation of Li* (as
previously reported by Kwabi et al.®) and I~ ions in solvents such as DMA, DMSO,
and Me-Im can increase the oxidizing power of I37/17, allowing I3™ to effectively
oxidize Li,O; to generate Oy, which was supported by chemical and electrochem-
ical measurements. On the other hand, in solvents where both I~ and Li* are weakly
solvated such as glymes, I37/I" redox potentials are not high enough to oxidize
Li,O,, and more oxidizing | is required for the oxidation of Li,O, to O, to proceed.
The reactions between anhydrous LiOH and I3~ were also found to be solvent
dependent, where no reaction was observed in G4, DME, and pyridine while the
reaction proceeded to completion in DMA, DMSO, and Me-Im where the I37/I”
redox potential was above ~3.1 V(;. We show that the reaction between anhydrous
LiOH and oxidized iodide species produced water and a hypoiodite (IO07) interme-
diate, which could either disproportionate to form LilO3 or attack solvent molecules
and result in decomposition products such as dimethyl sulfone (DMSO,). From GC
and MS of ex situ reactions and DEMS during the charging of pre-loaded LiOH
electrodes, no O, gas evolution was observed during the reaction between LiOH
and oxidized iodide species. We propose that the selectivity between O, and
the thermodynamically preferred LilO; is governed by a kinetic barrier relating to
0O-O bond dissociation and this kinetic barrier prevents |O~ formation, allowing
for the evolution of gaseous O, when oxidizing Li,O,, which was supported by re-
actions between oxidized iodide species and KO, and Li,O.

RESULTS

Solvent-Dependent Potentials of 137/1~

The redox potential of I37/17 was shown to shift positively against the reference
redox potential of decamethylferrocene (MeqoFc) from DME, to DMA, to DMSO,
while that of I37/1, remained nearly constant (Figures 1 and S1). The use of the sol-

vent-insensitive redox potential of Me,oFc®>°¢

as a reference is preferred to the
solvent-dependent Li*/Li potential®’ and allows for a meaningful determination of
solvation energy influence on the solvent-dependent redox potentials of 137/~
and I37/l;. The reduction and oxidation peaks of the I37/I” (centered between
0.02 and 0.23 Vpetorc) and I37/15 (centered at ~0.64 Vie10rc) couples were observed

in cyclic voltammograms (CVs), from which the redox potentials of I37/1” and I37/1,
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Figure 1. Solvent-Dependent Redox Potentials of 157/1~

Cyclic voltammograms of solutions of 0.5 M LiTFSI + 10 mM Lil collected at 100 mVps under argon
environmentin each of the considered solvents with a Pt working electrode, either Li metal (DME, DMSO) or
lithium titanium oxide (DMA) counter electrode, and Ag/Ag* reference electrode. Currents were normalized
based on the maximum current observed. Li*/Li potentials were measured in each solvent using a piece of
Li metal, and the Li*,0,/Li,O, potential was fixed at 2.96 V.

were obtained by averaging the reduction and oxidation peak centers (Figures 1 and
S1; Table S1). These measurements were collected using a Pt macroelectrode as the
working electrode and Ag*/Ag as the reference electrode in solvents containing
10 mM Lil with 0.5 M LiTFSI under an argon environment, where the Ag*/Ag refer-
ence electrode potential scale was converted to that of MeqoFc following previous
work® (Figure S2) for each solvent. The shifts in the potential of the 137/ redox
were plotted against the reported Guttmann acceptor number (AN), Guttmann
donor number (DN), and dielectric constant (g) for these solvents (Figures S3-S5).
We propose that the positive shift in the potential of I37/I7 can be attributed to
increasing thermodynamic stability of the |I” ion through solvation via higher AN,
higher dielectric constant,”® and possibly through the formation of ion pairs
with Li*.*® We anticipate that the solvation influences |~ ions more than I3~ in this
redox couple as there are three |~ ions for each I3~ and the larger I3~ ions (which
are more charge diffuse) might interact with the solvent less. Following the same
argument, the solvent-insensitive redox potential of I,/13™ can be attributed to the
weak solvation of 137 and I, in the considered solvents.

This positive shift in the potential of I37/1™ increases its oxidizing power toward Li,O,
(or the thermodynamic driving force to oxidize Li,O,) to evolve O, (Li,O, — 2LiT +
O, + 2e7), with a trend of DME < DMA < DMSO. Considering that the Li*/Li potential
decreases from DME, to DMA, to DMSO on the MeqoFc scale (Figure 1) as a result of
stronger lithium solvation with higher DN®’ and higher dielectric constant (the Born

model)°®°7

and that the free energy of O, and Li;O; are solvent independent, the
redox potential of Li*,0,/Li,O, would follow the same trend as the Li*/Li potential,é

decreasing from 0.00 Vye10rc in DME, to —0.11 Vie1orc in DMA, and —0.31 Vime1ore
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in DMSO. Therefore, as the potential of 137/ shifts to higher values from DME, to
DMA, to DMSO and that of Li*,0,/Li,O, moves to lower values on the Me;oFc scale,
the oxidative power of I37/I” toward Li,O; increases, from 0.04 eV in DME, to 0.36 eV
in DMA and 1.08 eV in DMSO (where positive values indicate a spontaneous reaction
between |37 and Li,O,). Using the linear free energy relationship that links thermo-
dynamics and kinetics,®® one would anticipate that the kinetics of Li;O; oxidation
by I3~ would significantly increase from DME, DMA, to DMSO. Solvents with higher
AN and DN, such as DMSO, which is responsible for increased oxidative power of
I37/1~ toward Li,O, through stronger solvation of Li* and |7, tend to have higher
viscosity (Table S2); however, higher AN and DN solvents also lead to increased
salt dissociation, as evidenced by a higher Walden product (Table S2), leading to
comparable ionic conductivities of a 0.5M LiTFSI solution in DME (6.96 mS/cm),
DMA (9.05 mS/cm), and DMSO (6.59 mS/cm).

Solvent-Dependent Oxidizing Power of I3 /1" and I,/l;~ toward Li,O,

The solvent-dependent oxidizing power of I37/I” toward Li,O, was examined by
adding 1 mL of 50 mM I3~ (50 mM I, + 0.2 M Lil, I":l; = 4:1) in different solvents
to LizO2 (100 umol, Li;Oy:l5™ = 2:1). Li,O, was first synthesized through dispropor-
tionation by adding 1 mL of 0.4M LiTFSI to KO, (200 pmol, LiTFSI:KO, = 2:1). The
initially brown-colored solution obtained after mixing 50 mM I3~ with the synthetic
Li,O, became clear in DMA (<24 h), DMSO (~1 min), and Me-Im (~10 s), as shown
in Figure 2A. On the other hand, the brown color became less pronounced for pyr-
idine, whereas no visible color change was found for DME and G4 after 24 h. The
color change observed for DMA, DMSO, and Me-Im can be attributed to the
reduction of I3~ (dark brown) to |~ (colorless). This hypothesis is supported by
UV-vis spectroscopy of the liquid phase decanted from the reaction mixture after
24 h, where characteristic peaks for I3~ at 293 nm and 364 nm disappeared for
DMA, DMSO, and Me-Im, whereas those for DME, G4, and pyridine remained,
as shown in Figures 2B, S6, and S7. The consumption of I3~ after 24 h was quan-
tified using the absorbance of I3~ solutions with known concentrations (as detailed
in Figures S8-S11) and was found to increase with greater redox potentials
of 137/ from G4, DME, pyridine, to DMA (DMSO or Me-Im) on the MejoFc scale
(Figures 1 and S1), where these higher redox potentials relative to Li*,04/Li,O; re-
sulted in a larger thermodynamic driving force to oxidize Li,O,, as shown in Fig-
ure 2C. Larger thermodynamic driving forces for the oxidation of Li,O, by I3™ in
DMA, DMSO, and Me-Im were found to correlate well with higher reaction rate
constants calculated based on an assumed first-order dependence on the concen-
tration of 137 (Figure S12), which supports the anticipated linear free energy rela-
tionship that links thermodynamics and kinetics.°” Raman spectra of the solid
recovered after the reaction between Li,O, and I3~ revealed Li,O, remained after
the reaction as Li,O, was two times overstoichiometric (Figure S13). Further sup-
port for Li;O, oxidation by I3~ in DMSO came from oxygen evolution as detected
by gas chromatography (Figure S14) and mass spectroscopy (Figure 3), which
accompanied color changes of the solution during the reaction given by I3 +
Li;O;—2Li* + 317 + O,. Therefore, having solvents not only with higher AN to
increase the potential of I37/I” but also with higher DN to lower the potential of
Li,O2/Li,O,, such is the case in DMA, DMSO, and Me-Im, promotes the oxidizing
power of I37/1” toward Li,O, as opposed to solvents such as G4 and DME. The sol-
vent-dependent oxidizing power of I3~ against Li;O;, is supported by a recent
study, where Nakanishi et al.” have shown that the thermodynamic shifts in the
iodide redox on a lithium scale resulting from the effect of solvent and lithium con-
centration can change the oxidizing power of I3~ against Li;O, in 1 M and 2.8 M
LiTFSI electrolytes in DMSO and G4 with 0.1 M Lil.
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Figure 2. Solvent-Dependent Reaction between I3 /1™ and I,/13~ and Li»O,

(A) Color changes when adding 1 mL of 50 mM I3~ solution (50 pmol 137) to 100 umol of synthetic
Li;O;7 (Li,O2:13™ = 2:1) synthesized through disproportionation by adding 1 mL of 0.4 M LiTFSI
(400 umol LiTFSI) to KO, (200 pmol, LITFSI:KO, = 2:1).

(B) UV-vis spectra of the liquid phase before and after the reaction with Li,O, confirm the
consumption of 137 in DMSO, but that I3~ remains in DME.

(C) The consumption of I3~ when adding 1 mL of 50 mM I3~ solution (50 pmol I57) to 100 pmol of
synthetic Li,O, (Li,O5:13~ = 2:1) (left axis, black filled symbols) measured after 24 h. 13~
concentrations were determine through UV-vis spectroscopy. Full consumption of I3~ was found in
DMA, DMSO, and Me-Im with differences in the plot stemming from different initial amount. Error
bars were estimated based on the accuracy of the mass balance used during preparation of diluted
samples of £0.5 mg. Calibration curves for each solvent can be found in Figures S8-S11. The
difference between the I37/17 and Li*,0,/Li,O; redox potentials (right axis, open gray symbols).
(D) The consumption of I, when adding 1 mL of 50 mM I, solution (50 umol 1) to 100 pmol synthetic
Li,O, (left axis, black filled symbols). The difference between the I,/I3~ and Li*,0,/Li,O, redox
potentials (right axis, open gray symbols).

The more oxidizing I, could fully oxidize Li,O, in DMA and DMSO (Figure 2D) while
only partially in DME after 24 h (Figure 2D). I in DME could oxidize Li,O; via I, +
LiyO;—2Li* + 2/~ + Oy, where the produced I” could then associate with the re-
maining |, to form 137 (l, + I~ < 3), resulting in only partial consumption of the
initial |, (Figures 2D and S15). Solutions of Is~ (50 mM I, + 25 mM Lil) in DME also
proceeded to oxidize Li,O, until only I3~ species remained (Figure S15), which
was confirmed from Raman measurements of the decanted solution after 24 h of
reaction (Figure S16). A discussion of higher-order polyiodide species (such as |5~
and |;7) as well as the equilibrium between I3 and I, (I3~ < I, + |7) is presented
in the Supplemental Information. Reactions between commercial Li,O, and
I37/1s /I, in DME proceeded to a lesser extent than synthetic Li,O, as shown in Fig-
ure S15, which can be attributed to (1) the oxygen-rich, defective surface of Li,O,
formed through disproportionation as reported previously,®' and (2) the coverage
of commercial Li,O; particles with LiOH and/or Li,CO5.5?

The oxidizing power of I3~ against Li;O, was found to not only be solvent-depen-
dent but to also depend on the concentration of Lil present in the electrolyte
through Nernstian shifts in the potentials of 137/I7 and Li*,0,/Li;O,. CVs were
collected in 0.5 M LiTFSI DME with 5, 10, 25, 50, and 100 mM of Lil with a Pt macro-
electrode as the working electrode and Ag™/Ag as the reference electrode (Fig-
ure S17A). The anodic peak of the I37/I” redox transition was found to exhibit a
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Figure 3. Gas Evolution when Li,O; Is Oxidized to O, and Li* by I3 /1" in DMSO

(A) Mass spectroscopy of the gas in the headspace of a sealed vial. Att =0, 1.5 mL of 50 mM I3~
DMSO solution (75 pmol I37) is added to 50 pmol synthetic Li,O; (Li,O5:13~ = 1:1.5) synthesized
through disproportionation by adding 200 pmol LiTFSI to KO (100 pmol, LiTFSI:KO, = 2:1). Carrier
gas was argon and no signal from N, was detecting, indicating the absence of leaks.

(B) Measured O, evolution rate during the experiment.

Nernstian-type shift with the concentration of Lil present in the electrolyte (Fig-
ure S17B). The concentration-dependent oxidizing power of I37/1” toward Li,O,
was examined by adding 50 umol I3~ (1:1 Lil:l;) to 100 pmol of synthetic Li,O,
(LizOz:13™ = 2:1) synthesized through disproportionation by adding 400 pmol LiTFSI
to KO, (200 umol, LiTFSI:KO, = 2:1) and varying the concentration of I~ (as measured
by the fully reduced form of all iodide species added) by changing the amount of
DME added to the reaction vessel in order to generate Nernstian shifts in both the
I37/I” redox transition (Figure S17B) as well as the Li*,0,/Li,O, potential through
the dilution of Li* in the electrolyte. Quantification of the consumption of I3~ through
UV-vis spectroscopy (Figures S17C and S18) revealed that by shifting the 137/~ po-
tential to higher potentials and the Li*,0,/Li,O, potential to lower potentials
through dilution of the reaction with pure DME, the oxidizing power of I3~ toward
Li,O; could be increased, leading to a doubling of the consumption of I3~ during
the reaction (Figure S17D) from 100 mM to 5 mM I~.

No solvent decomposition was detected for G4, DME, and DMA, whereas decom-
posed species from pyridine, DMSO, and Me-Im were found in the presence of
Li,O, and/or I57. "H NMR measurements of the solution phase decanted from the
reaction mixture after 24 h were used to detect protonated species produced after
the addition of synthetic Li,O,. No changes were observed in G4, DME, and DMA
(Figure S19), indicating no detectable solvent decomposition. On the other hand,
a small peak at ~2.95 ppm appeared for DMSO, indicative of dimethyl sulfone
(DMS0O,)°® as shown in Figure 520, which was quantified to be ~6 pmol. This obser-
vation is in agreement with previous work showing that DMSO is chemically unstable
in the presence of Li,O,-like and LiO, species.“"64 In addition, changes were found
forthe "TH NMR peaks of Me-Im at ~7.1 ppm (splitting into two peaks) and ~7.7 ppm
(shifting downfield) (Figure S19), which can be attributed to altered Me-Im proton
exchange dynamics caused by the introduction of a Brensted base (I7/137).°> This
hypothesis is supported by comparable changes found when a solution of I3~ was
prepared in Me-Im (without addition of Li,O, as shown in Figure S21). Strong inter-
actions between iodide species and Me-Im can lead to the iodination of Me-Im,
which is in agreement with the observed color-fading of I3~ in Me-Im over time in
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Figure 4. DEMS during Charging of Li-O, Cells with G2/DMSO

(A-D) Voltage profile and corresponding O (filled) and CO; (open) evolution during charge at
0.1mA/cm?in 0.5 M LiTFSlin G2 (A and C) or DMSO (B and D), both with 0.1 M Lil (lighter colors) and
with an additional 0.1 M LiTFSI (darker colors) to keep the overall [Li*] constant. Cells were
constructed with a Li-metal counter electrode and a solid Li-conducting separator to prevent
shuttling of oxidized iodide species from the positive electrode to the Li-metal electrode where
they can be chemically reduced and diffuse back to the positive electrode.** Potentials are
referenced against the Li-metal counter electrode. Cells were first discharged for 20 h at 0.05 mA/
cm? under O, environment, and then the cell headspace was evacuated and purged with argon gas
five times. The added 0.1 M Lil could provide a theoretical maximum of 33 mM I3~ and 50 mM I,
accounting for a maximum of 0.25 mAh/cm? of capacity.

diluted samples for UV-vis analysis (Figure S22). Considering the short duration of
Li,O, oxidation (<10 s) by I3~ and long iodination reaction time (>weeks for a
50 mM solution without Li,O,) required to render colorless solutions, the oxidation
of Li;O, by I37 to form I~ dominates.

DEMS measurements during charging of Li-O; cells with and without Lil following
the first discharge revealed an enhancement in oxygen evolution in DMSO with Lil
addition but no enhancement in diglyme (G2). DEMS cells were assembled using
0.5 M LiTFSI in G2 or DMSO, with and without 0.1 M Lil, where shuttling was sup-
pressed using a solid Li-conducting separator. G2 was selected instead of DME
and G4 as it has a higher vapor pressure than DME and lower viscosity than G4
but similar solvation properties as supported by CV measurements (Figure S1;
Table S1) and tabulated solvent viscosities from literature (Table S2). Cells were first
discharged at 0.05 mA/cm?, for 20 h to yield 1 mAh/cm? of capacity, after which
only Li,O, was detected by XRD (Figure S23). The addition of Lil markedly reduced
the charging potential in both solvents (Figures 4A and 4B) while it did not lead to
significant changes in the discharge voltage. Unfortunately, despite considerable
capacity below the I5/l3~ redox transition, DEMS measurements showed a slight
decrease in the oxygen evolution rate with the addition of Lil on charge in G2 (Fig-
ure 4C). This capacity below the I5/13™ redox transition during charging in G2 can be
attributed to three sources: (1) 0.25 mAh/cm? of capacity is required to fully oxidize
the I” in the electrolyte to I3, (2) I3~ was found to be partially reactive with synthetic
Li,O5 in DME (Figure 2C), consuming ~15% of the Li,O, which could reasonably ac-
count for ~0.15 mAh/cm? of capacity and explain the sharp rise in O, evolution
observed at the beginning of charge, and (3) direct electrochemical of Li,O, is
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possible at potentials below I/I37 and could account for the remaining
~0.2 mAh/cm? needed to explain the ~0.6 mAh/cm? of capacity observed. On
the other hand, the addition of Lil in DMSO led to greater (~ two times) rates of ox-
ygen evolution during charge relative to that without Lil, which was accompanied
with a plateau-like profile (~ 3.7 V) in between the redox potentials of 37/~
(~3.5 V) and 15/137 (~3.9 V|;) as shown in Figure 4D. This observation further sup-
ports that having the 137/ redox potential greater than that of Li*,0,/Li,O; in
solvents such as DMSO can facilitate Li,O, oxidation to evolve O, while those equal
to or lower than Li*,0,/Li,O; in solvents such as G2 and DME are unable to promote
the oxidation of Li,O,. More work is needed to better understand the isolated influ-
ences of ionic conductivity, electroxidation kinetics of the redox mediator, reaction
kinetics between the oxidized redox mediator and Li,O, as well as redox mediator
mass transport effects on the total cell overpotential during charge, but such an
investigation is beyond the scope of this paper. We note that the difference between
the I/l3~ potential on a Li*/Li scale presented in Figure 4 (~3.7 V(;in G2 and ~3.9 V;
in DMSO) stems from the difference in the Li*/Li potential versus MeqoFc in G2 and
DMSO because of the stronger solvation of Li* in DMSO.

Solvent-Dependent Oxidizing Power of I3 /1™ and I,/l;~ toward LiOH

The reaction between I3~ and LiOH was found to be solvent dependent, with I3~ be-
ing fully consumed in DMA, DMSO, and Me-Im but little to no reaction occurring in
G4, DME, and pyridine. The solvent-dependent oxidizing power of I37/I” toward
LiOH was examined by adding commercial LiOH (0.2 umol, LiOH:I3~ = 4:1) to
1 mL of 50 mM 137 (50 mM I, + 0.2 M Lil, I":I, = 4:1) in different solvents. The
brown-colored solution became clear in DMA (~48 h), DMSO (~1 h), and Me-Im
(~10 min). This color change could be attributed to the reduction of I3~ (dark brown)
to I (colorless) as revealed by UV-vis spectroscopy of the liquid phase decanted
from the reaction mixture after 48 h (Figures 5A and S24). On the other hand, no co-
lor change was found for pyridine, DME, and G4 after 48 h as evidenced by the char-
acteristic peaks for I3~ at 293 nm and 364 nm remaining after the reaction with LiOH
(Figures 5A and S24). The consumption of I3~ after the reaction for 48 h was quanti-
fied using the absorbance of I3~ with known concentrations (Figures S8-S11). All the
I3~ was consumed in DMA, DMSO, and Me-Im while nearly no I3~ was consumed in
G4, DME, and pyridine, as shown in Figure 5A. Similarly, as shown in Figure 5B, the
addition of LiOH to the more oxidizing I, in DMA and DMSO led to complete con-
sumption of I, while in DME, the reaction stopped after only I3~ remained (Figures
5B and S25), resulting from the previously discussed association between |~ gener-
ated by the reaction and the remaining I via I; + 17 <> I37. Anhydrous LiOH synthe-
sized via the disproportionation of KO5 in a two times excess of LiTFSI in MeCN with
added water (Figure S26) was found to exhibit similar reactivity to commercial anhy-
drous LiOH in the presence of I37, with a brown-colored 50 mM I3~ solution
becoming clear in DMA (~96 h) and DMSO (~1 h), but no visible color change in
DME after 96 h (Figure S27).

Unfortunately, the reaction between I3~ and anhydrous LiOH in solvents such as
DMSO did not yield oxygen evolution as shown from GC measurements with com-
mercial LIOH (Figure S28) and mass spectrometry with synthetic LiOH (Figure S29).
As expected, because of the excess of LIOH (LiOH:I3~ = 4:1), Raman spectra of the
solid recovered after the reaction between LIOH and I3 in all solvents revealed
anhydrous LiOH as the dominant phase remaining after the reaction (Figure S30).
To further probe potential solid reaction products between I3~ and LiOH, the I3~
excess reaction with commercial anhydrous LiOH (LiOH:I3™ = 1:1) in DMSO was per-
formed for more than 1 week. Raman (Figure 5C) and XRD (Figure S31) of the solid
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Figure 5. Solvent-Dependent Reaction between I3 /I and I,/I3~ and LiOH

(A) The consumption of I3~ when adding 200 pmol of commercial LIOH to 1 mL of 50 mM I3~ solution
(50 pmol 137, LIOH:I3™ = 4:1) (left axis, black filled symbols) measured after 48 h. I3~ concentrations
were determine through UV-vis spectroscopy. Full consumption of I3~ was found in DMA, DMSO,
and Me-Im with differences in the plot stemming from different initial concentrations. Error bars
were estimated based on the accuracy of the mass balance used during preparation of diluted
samples of £0.5 mg. Calibration curves for each solvent can be found in Figures S8-S11. The
difference between the I37/1™ and Li*,0,,H,0/LiOH redox potentials (right axis, open gray
symbols) and Li",1037,H,O/LiOH,I” redox potentials (right axis, open black symbols).

(B) The consumption of I, when adding 200 pmol of commercial LiOH to 1 mL of 50 mM I, solution
(50 pmol I, LiOH:13™ = 4:1) (left axis, black filled symbols) measured after 48 h. The difference
between the |,/13~ and Li*,0,,H,0/LiOH redox potentials (right axis, open gray symbols) and
Li*,1037,H,O/LiOH,|” redox potentials (right axis, open black symbols).

(C) Raman spectra of the solid precipitate, which was separated and washed after reacting an
excess of I with LIOH in DMSO and three reference spectra (LilO3, LiOH, and LiOH-H,O). The solid
precipitate has only peaks consistent with LilO3 and no erroneous peaks; measurement is
representative of three separate locations in the solid.

recovered revealed LilO3 only without LIOH remaining. The presence of LilO3 has
been previously reported by Burke et al.** upon charging of cells having LiOH
formed during discharge with Lil in DME. The formation of LilO3 can come from
the following reaction: 33 + 6LIOH—8/~ + 5Li* + 3H,O + LilO3, which can
include the reaction between I3~ and LIOH to generate hypoiodite (I3 +
2LIOH—2I" + 2Li* + H,O + 107) and the disproportionation of hypoiodite (I07)
to iodate 1037°"7%7 (310~ > 21~ + 103). The presence of 10~ is supported by the
presence of a vibration at 430 cm ™" previously attributed to 1077 (Figure S32) by
in situ Raman spectroscopy of a solution of commercial anhydrous LiOH with I37 in
DMSO. The thermodynamic driving force to form LilO; from LIOH (35 +
6LiOH—8I~ + 5Li* + 3H,0 + LilOs)is much greater than that for oxygen evolution
(2I; + 4LIOH— 61 + 4Li* + 2H,O + Oy), and increases with greater redox poten-
tials of I37/I~ on the Li*/Li scale from G4/DME, to DMA, to DMSO, to Me-Im (Fig-
ure 5A). The Gibb's free energy of formation of LilO3 was not available in literature
but could be approximated as detailed in the Supplemental Information. Of partic-
ular significance is the case of DMA, where full consumption of I3~ was observed and
the reaction to form LilO3 is predicted to be spontaneous (Ex, = —AGn/
6F = +0.17V) whereas the reaction to form O, is not (E., = —AG,,/4F = —0.21V),
which further supports the preference for LilO3 formation instead of O, evolution.
Similar trends were found for I,/13~ where increased thermodynamic driving force
correlated with increased consumption of I, in DME, DMA, and DMSO (Figure 5B).
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Figure 6. 1,/13~ Reacts with LiOH to Form IO~ in DMSO

(A) "H NMR spectrum of pure DMSO, DMSO after exposure to LiOH, and DMSO after the reaction
between 50 mM I,/13™ and 200 pumol commercial LiIOH (LiOH:1,/13~ = 4:1). After the reactions
between I,/I37 and LiOH, two new peaks appear; one at ~2.95 ppm (based on the DMSO peak
being assigned to 2.5 ppm) corresponding to DMSO, and one at ~3.3 ppm corresponding to H,O.
All "H NMR samples were prepared by mixing 0.5 mL of the sample + 0.1 mL of DMSO-D6 (for NMR
locking) + 10 pL of 1,4-dioxane internal reference (for quantification).

(B) Full quantification of detected liquid and solid products after reactions between I,/13~ and LiOH.
LilO3 was quantified using iodometric titration, DMSO, and H,O were quantified using "H NMR
with an internal standard of 1,4-dioxane.

Quantifications through "H NMR analysis of the solution phase and iodometric titra-
tion after reaction with 50 mM |57/l further confirmed the proposed reaction mech-
anism for the formation of LilO3. An H,O peak became visible following the addition
of LiOH to DMA (Figure S19), DMSO (Figures 6A and S19), and Me-Im (Figure S19)
with 50 mM I3~ for 48 h. No H,O was detected in the liquid phase from mixing DMSO
(without oxidized iodide species) with LiOH, while an H,O peak at 3.36 and 3.30 ppm
was detected after reacting LiOH with 50 mM I3~ and 50 mM I, in DMSO, respec-
tively (Figure 6A). The upfield shift of H,O found for I, compared to I3~ can be attrib-
uted to the larger quantity of I in the solution following the reaction with |37, as
shown previously for changes in the "H NMR chemical shift of H,O induced by inter-
actions with |~ in DME.*® In contrast, no H,O or other changes were observed in the
"H NMR spectra of G4 and DME (Figure S19) following the reaction between LiOH
and I3~ while pyridine showed the emergence of some small peaks (Figure S19),
which we attribute to solvent decomposition. In addition to the formation of H,O,
reactions between LiOH and I57/I; in DMSO resulted in DMSO, (~2.95 ppm, Fig-
ure S20) with quantities of 18 pmol and 25 pmol for reactions with I3~ and I, respec-
tively (Figures 6A and 6B) while Me-Im experienced peak changes (Figures S19 and
S21), which can be attributed to the previously discussed interactions with [7/137.%
The amount of iodate species detected with iodometric titration (8.2 pmol and
6.4 pmol for reactions with I3~ and I, in DMSO, respectively) was close to that ex-
pected (16.7 pmol) for 3I; + 6LIOH—8[~ + 5Li* + 3H,O + LilO;3, as shown in Fig-
ure 6B. The difference can be attributed to the decomposition of DMSO by an 10~
intermediate via 10~ + (CH3),SO—1" + (CH3),50,, which accounts for 18.5/
24.9 pmol of IO~ consumed in reactions with I3~ and I, respectively, which otherwise
could have disproportionated to form LilO3. A similar oxidation of DMSO to DMSO,

|71

from intermediates of LIOH oxidation was reported by Liu et al.”" in a ruthenium-

catalyzed Li-O, battery system. Therefore, combined spectroscopic data from 'H
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Figure 7. DEMS during Charging of LiOH Pre-loaded Electrodes with G2/DMSO

(A-D) Voltage profile and corresponding O, (filled symbols) and CO; (open symbols) evolution
during charge of LiOH pre-loaded electrodes at 0.1 mA/cm? in 0.5 M LiTFSI in G2 (A and C) or
DMSO (B and D), both with 0.1 M Lil (lighter colors) and with an additional 0.1 M LiTFSI (darker
colors) to keep the overall [Li*] constant. Cells were constructed with a Li-metal counter electrode
and a solid Li-conducting separator to prevent shuttling of oxidized iodide species from the
positive electrode to the Li-metal electrode where they can be chemically reduced and diffuse back
to the positive electrode.® Potentials are referenced against the Li-metal counter electrode. The
added 0.1 M Lil could provide a theoretical maximum of 33 mM I3~ and 50 mM I, accounting for a
maximum of 0.25 mAh/cm? of capacity.

NMR, Raman, GC, and iodometric titration show that the reaction between LiOH and
oxidized iodide species such as I3~ leads to the formation of an IO~ intermediate,
which can disproportionate to form LilO3 as the major product and attack solvent
molecules to form species such as DMSO,. This reaction mechanism does not

lead to the formation of O, gas as some have reported previously.'>*®

The proposed reaction mechanism of LIOH in the presence of oxidized iodide spe-
cies is supported by galvanostatic charging and DEMS measurements (Figure 7) of
pre-loaded commercial, anhydrous LiOH electrodes with a solid Li-conducting sepa-
rator to eliminate shuttling, charged in 0.5 M LiTFSI G2 (Figures 7A and 7C) and
DMSO (Figures 7B and 7D) with and without 0.1 M Lil addition (in cases where no
Lil was added, an additional 0.1 M LiTFSI was added to fix the total Li* concentration
at 0.6 M). Of significance, there was no observable oxygen generation in either G2 or
DMSO, which supports the proposed reaction with LIOH by oxidized iodide species
to form LilO3. The majority of the charging plateau took place above the I37/1; redox
transition in G2 (comparable to DME/G4), indicating that I3~ could not react with
LiOH in glymes but I, could, which is consistent with ex situ chemical reactions (Fig-
ures 5A and 5B). On the other hand, significant capacity was noted below the I57/1,
redox transition in DMSO, corresponding to the formation of LilO3 from I37. XRD of
the electrodes after charging (Figure S33) indicated that not all LIOH was removed,
which is consistent with the calculated charging capacity based on the mass of
deposited LIOH (7.3 and 5.2 mAh/cm? for G2 and DMSO, respectively) being
considerably higher than the achieved charging capacity (1.0 and 1.6 mAh/cm? for
G2 and DMSO, respectively). However, the observed capacity is significantly
larger than the maximum calculated capacity based on the oxidation of Lil
(~0.25 mAh/cm?), indicating consumption of LiOH during charge. We postulate
the incomplete oxidation of LIOH in situ may relate to either slow kinetics of reaction
with LiOH by oxidized iodide species (shown to be much slower than the oxidation of
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Li,O; in ex situ experiments; Figure S34) and/or the passivation of the LiOH surface
by insoluble LilO3. Leftover LiOH after charging is consistent with the observations of
Qiao et al.”®; however, using ex situ reactions and a solid Li-conducting separator to
eliminate shuttling, we are able to demonstrate that LiOH is still active during the
charging process and not inactive as suggested by Qiao et al.*®

DISCUSSION

The oxidation of Li,O, by oxidized iodide species leads to O, gas evolution whereas
anhydrous LiOH reacts irreversibly to form 107, which can then either dispropor-
tionate to form LilO3 or attack solvent molecules. Thermodynamic calculations
based on the oxidizing power of I3~ in DME reveal that the formation of LilO3 is al-
ways thermodynamically preferred to O, evolution: the reaction between I3~ and
Li,O; to form LilO3 (I3 + Li O, —>%I’ + %LVr + %LIIO3, AG,, ~ —0.8 eV) is thermody-
namically preferred to the reaction between I3~ and Li,O, to form O, (I; +
LipO; =31 + 2Li* + Oy, AGy, ~ 0.0 eV). Similarly, the reaction between I3~ and
LiOH to form LilO3 (5 + LIOH—=8I" + 2Li* + JH,O + 1LilOs, AG,, ~ 0.0 eV) is
thermodynamically preferred to the reaction between I3~ and LiOH to form O,
(%Ig + LiOH—>%I’ + Lit + %HgO + %Oz, AG,,, ~ +0.4 eV). Since LilO3 is thermody-
namically favorable to form from both Li;O, and LiOH, it is proposed that the
evolution of O, without the formation of LilO3 upon oxidation of Li,O, by oxidized
iodide species can be attributed to slow kinetics of O-O dissociation needed to form
IO~ and subsequently LilO3, which is supported by the shorter O-O distance in the
Li, O, lattice (1.53A"? compared with 3.05A"° for LIOH). Further support for this hy-
pothesis came from experiments with KO, and Li,O, where the O-O distance in the
lattice is 1.28 A”* and 3.32 A,”° respectively. For reactions between KO, and Li,O
and I3~ in DME, the formation of iodate, Jl5 + KO, =21~ +3K* +2KIO; (AGy ~
—~1.6 eV) is again thermodynamically preferred to i3 +KO; =3I~ +K* + O,
(AGxn ~ —0.4 eV),and I3 + LiZO—>%I’ +% Li* +%LIIO3 (AGn ~ —0.9eV) is thermody-
namically preferred to I; + LipO—3I~ +2Li* +%Oz (AGxn ~ —0.1 V). Despite this
thermodynamic preference for iodate, the oxidation of KO, (with an O-O distance
of 1.28 A7% by 137 in G2 was found to readily evolve O, using DEMS (Figures S35
and S36). On the other hand, the chemical reaction between Li,O (with an O-O dis-
tance of 3.32 A”%) and 50 mM I3~ in DMSO led to LilO; as detected by Raman and
XRD (Figure S37). While not conclusive, reactions between KO, LiO,, LiOH, and
Li,O, and I3~ are consistent with our hypothesis that when the O-O lattice distance
is small (1.28 A’*and 1.53A72 for KO, and Li,O5, respectively), reactions with |3~ pro-
duce O, because of a kinetic barrier to IO~ formation, whereas when the O-O lattice
distance is large (3.05A73 and 3.32 A”° for LiOH and LiO,, respectively), reactions
with I3 produce the thermodynamically preferred LilOs.

In this work, the role of Lil on the charging process of Li-O, batteries was examined
by systemically studying the solvent-dependent oxidizing power of I37/1~ and I,/13~
toward Li,O; and LiOH. The oxidizing power of I37/1™ and I,/I3~ toward Li,O, and
anhydrous LiOH was probed chemically by examining the consumption of I3~
upon addition of synthetic Li,O,, where the liquid reaction product was examined
using UV-vis spectroscopy and "H NMR, the solid reaction products were studied
by Raman spectroscopy and XRD, and the gaseous products were assessed using
gas chromatography and mass spectroscopy. In addition, the role of I~ on the
charging of Li-O; batteries and commercial anhydrous LiOH pre-loaded cells was
examined using DEMS, where the amount of oxygen generated was quantified.
We have shown that I37/I" shifts toward higher potentials in solvents with higher
dielectric constant and AN, suggesting stronger solvation of |~ ions, whereas the

1118 Joule 3, 1106-1126, April 17, 2019

Cell



Joule

I2/13” potential was observed to be largely solvent independent in the considered
solvents. This strong solvation of I~ ions, coupled with a strong solvation of Li*
ions in solvents such as DMA, DMSO, and Me-Im was found to increase the oxidizing
power of I37/I7 against insoluble Li,O,, allowing I3~ to effectively oxidize Li,O, to
generate Oy, which was supported by chemical and electrochemical experiments.
In solvents with weaker solvation of I~ and Li* (such as DME and G4), the more
oxidizing I5/13~ redox couple was needed before Li,O, could be fully oxidized to
O,. The reaction between anhydrous LiOH and I3~ was also found to be solvent
dependent, where no reaction was observed in G4, DME, and pyridine while the re-
action proceeded to completion in DMA, DMSO, and Me-Im where the I37/I” redox
potential was above ~3.1 V|;. No O, was detected from the reaction between LiOH
and 37 using gas chromatography, mass spectroscopy, or during charging of pre-
loaded LiOH electrodes in DEMS but instead the reaction between LiOH and I3~
was found to produce water and a hypoiodite (I07) intermediate, which could either
disproportionate to form LilO3 or attack solvent molecules and result in decomposi-
tion products such as dimethyl sulfone (DMSO5). We propose that the selectivity be-
tween O, and the thermodynamically preferred LilO3 is governed by a kinetic barrier
relating to O-O bond dissociation and this kinetic barrier prevents IO~ formation, al-
lowing for the evolution of gaseous O, when oxidizing Li,O,, which was supported
by reactions between oxidized iodide species and KO, and Li,O. The previously re-
ported formation of LIOH from even trace amounts of water in the presence of Lil,**
coupled with the finding presented in this work that LiOH reacts irreversibly with
oxidized iodide species to form LilOz indicate that Lil might not be a suitable soluble
redox mediator for facilitating the charging process in Li-O, batteries.

EXPERIMENTAL PROCEDURES

Chemicals

High purity dimethyl sulfoxide (DMSO, Sigma-Aldrich, anhydrous, >99.9%), dieth-
ylene glycol dimethyl ether (G2, Sigma-Aldrich, anhydrous, 99.5%), N,N-dimethyla-
cetamide (DMA, Sigma-Aldrich, anhydrous, 99.8%), 1-methylimidazole (Me-Im,
Sigma-Aldrich, 99%), pyridine (Sigma-Aldrich, anhydrous, 99.8%), and tetraethylene
glycol dimethyl ether (G4, Sigma-Aldrich, >99%) were purchased and dried over
molecular sieves for at least a week before use. 1,2-dimethoxyethane (DME) was pur-
chased from Acros and was degassed and dried using a Glass Contour Solvent Pu-
rification System built by SGWater USA, LLC. Lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI, 99.99% extra dry grade kindly provided by Solvay) was used as
received. High purity Lil (ultra dry, 99.999% pure), |, (99.9985% pure), Li,O, (90%),
Li,O (99.5%), and decamethylferrocene (MejoFc, 99%) chemicals were ordered
from Alfa Aesar and were used as received. LiOH (anhydrous, 99.995%) was pur-
chased from Alfa Aesar and was further dried under vacuum for 24 h at 170°C to
ensure only the anhydrous phase remained (see Figure S38). KO, (99% pure) powder
was purchased from Sigma-Aldrich and was used as received.

All chemicals were stored in an argon-filled glovebox (MBraun, USA) with H,O and
O, content of <0.1 ppm. Electrolytes were prepared by dissolution of a desired
amount of salts in the solvent with molarity determined by the volume of solvent
added. The total H,O content in the solvents and electrolytes was checked using
a C20 compact Karl Fisher coulometer from Mettler Toledo and for the dry solvent
it was <20 ppm for ~2 g of sample. A 20 wt% solution of LiTFSI in DME was found
to have a slightly higher water content of 21 ppm (compared with 3.0 ppm for the
pure DME solvent). Solutions of 0.2 M Lil in all solvents were colorless, indicating
the absence of H,O, contamination, which can be of particular concern in glymes.
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Due to the low purity of commercially available Li;O, (90%), for most experiments,
Li,O, was first synthesized through the well-known disproportionation reaction be-
tween KO, and Li-containing salt*:

2LiTFSI+2KO, —2KTFSI+ Li,O, + O;. (Equation 1)

In all experiments, a two times excess of LiTFS| was used, the reaction occurred in the
solvent being studied and the reaction was allowed to proceed for 1 h with stirring to
ensure complete production of Li,O,. The resulting solution of unconsumed LiTFSI
and produced KTFSl as well as the precipitated Li,O, was used directly without addi-
tional processing or washing. The presence of LiTFSI and KTFS| was assumed to have
anegligible influence on subsequent reactions, the amounts of which were the same
in all solvents studied.

Similarly, for some experiments, synthetic anhydrous LiOH was used. Anhydrous
LiOH was synthesized to have representative morphology to that which might
form in a Li-O; cell during discharge. To achieve this, the disproportionation be-
tween KO, and LiTFSI was carried out in MeCN with added water. Previous studies
have showed that the solvent-water interactions in MeCN facilitate the deprotona-
tion of water, leading to LiOH instead of Li,O, during discharge when 5,000 ppm
H,O is present.”” The recovered solid was then washed in DME, and Raman spec-
troscopy confirmed anhydrous LiOH as the dominant phase (Figure S26).

Redox Potential Measurements of I; /I~ and I,/13~ Redox Couples Using Cyclic
Voltammograms

Cyclic voltammograms (CVs) were collected with solutions of 0.5 M LiTFSI + 10 mM
Lil at 100 mVps under argon environment in each of the considered solvents. Elec-
trolytes were prepared in an Argon-filled glove box (MBraun, <0.1 ppm H,O, <0.1
ppm O,) and transferred to a second Argon-filled glovebox (MBraun, <0.1
ppm H,0, <0.1% O,) directly through a shared antechamber. The electrolyte was
bubbled with Argon for at least 30 min prior to beginning electrochemistry. As a
result of the volatility of DME, for the DME experiment, the Argon was first saturated
with DME vapor by bubbling the Argon through pure DME prior to going to the elec-
trolyte. The working macroelectrode was platinum and either a Li metal (G4, DME, or
DMSO) or lithium titanium oxide (pyridine, DMA, or Me-Im) counter electrode was
used. A fritted Ag/Ag™ reference electrode (0.1 M TBACIO4 + 10 mM AgNOs3 in
MeCN) was used and following collection of CVs, 2 mM Me;oFc was added to the
solution and CVs were collected to determine the MejgFc half-wave potential.
Li*/Li potentials were determined in G4, G2, DME, DMA, and DMSO using a piece
of Li metal at OCV. The Li*/Li potential in Me-Im was approximated using the Li-
stripping potential on a Pt macroelectrode as per Kwabi et al.® (Figure S39). Unfor-
tunately, the Li*/Li potential for pyridine could not be reliably extracted with this
method (Figure S39).

In addition to the two expected peaks associated with the 17/I3~ and I37/l; redox
transitions, both pyridine and Me-Im exhibit additional redox features (Figure S1).
Pyridine is known, as suggested in the literature, to form stable complexes with
oxidized forms of iodide’®’” as well as adsorb strongly on platinum surfaces.”®
We therefore attribute the small peak at ~—0.35 V versus Me;oFc to a desorption
process (total charge passed ~1.2x107 C) and the additional features in the 157/1~
and Io/13” redox peaks to the formation of iodine-solvent complexes. Given the sim-
ilarities in structure between Me-Im and pyridine, we suggest that similar iodine-sol-
vent complexes are also possible in Me-Im and would account for the additional

feature observed in the anodic sweep of the Me-Im CV. Since neither pyridine nor
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Me-Im are likely solvent candidates for lithium oxygen batteries because of insta-
bility issues, the precise origin and implications of these additional redox features
in the presented CVs was not investigated further.

Using I3 /I and I3 /I, for Chemical Reactions with Li,O, and LiOH

In an argon-filled glovebox (MBraun, Oz, H;O < 0.1 ppm), solutions of I3 (0.2 M Lil +
50 mM Ip) and I, (50 mM I,) were first prepared in each solvent and allowed to fully
dissolve under stirring. For studies of Li,O5, a two times excess of Li,O, was first syn-
thesized through disproportionation using 1 mL of the solvent to be studied and the
reaction was allowed to proceed under stirring for ~1 h. For studies of LiOH, a two
times excess of LiOH powder was added to 1 mL of solvent and allowed to reach
equilibrium under stirring for ~1 h. Next, 1 mL of the I57/I; solution was added to
the vial with Li;O,/LiOH and 1 mL of solvent. The reaction was allowed to take place
under stirring for 24 h, following which, the solid product was allowed to settle for 1 h
and the liquid and solid phases were separated. This ex situ, chemical analog

44,45,48,79

approach has been used extensively previously and has been very effective

at isolating a chemical reaction to enable its independent study.

Physical Characterization of Reaction Liquids, Solids, and Gases

UV-vis was performed using a PerkinElmer Lambda 1050 UV/VIS/NIR Spectropho-
tometer. The pure solvent (e.g., G4, DME, etc.) was used as the blank solution,
except in assessments of the pure solvent absorbance (Figure S40) where no blank
was used. Solutions were prepared in an Argon glovebox and sealed in a quartz
cuvette used for data collection, preventing air exposure. As a result of the high
molar absorptivity of I37, the solutions with I3~ were diluted in pure solvent so that
the intensity of I3~ absorption signals (at ~293 nm and ~364 nm) were within the cali-
bration range (Figures S8-S11). The concentrations of triiodide were calculated
based on the absorption intensity at the wavelength of the highest absorbance of
the calibration curves. In the case where both peaks were distinguishable above
the solvent’s inherent absorbance (Figure S40), the average of the concentration
determined by both peaks was used. The absorption spectra in the figures are re-
scaled (arbitrary units) in order to visualize the difference in I3~ concentration for
different solutions. Thus, a high concentration of I3~ corresponds to high absorption
at wavelengths 293 nm and 364 nm and vice versa. The scale factors and the calcu-
lation of I3~ concentrations are summarized in Table S3. Dilutions were calculated
based on a mass balance of the added solvent and I3~ solution. Error bars for the
diluted samples were estimated based on an error of +£0.5 mg in each weight mea-
surement (+0.1 mg from the accuracy of the balance with additional error incurred
because of a small amount of evaporation). In the case of determining the concen-
tration of I in solution, the solution was first mixed with a ~4 times excess of Lil to
chemically form 137 in solution through the association of I, and I7. The resulting
I3 concentration was then determined using the procedure as described above.

lodometric titration was performed with a prepared 5 mM thiosulfate solution (anhy-
drous 99.99% Sigma-Aldrich, stored in desiccator) using a 50 mL burette (class A,
graduation 0.10 mL, tolerance + 0.05 mL from VWR) and starch indicator (1% w/v
of amylodextrin) in aqueous solution (18.2 MQ-+cm, Millipore). The thiosulfate solu-
tion was first standardized with a KIO3 (99.995% pure from Sigma-Aldrich) solution of
a known concentration in three separate probes. 10 mL of KOI; solution was added
to Erlenmeyer flask (250 mL), to which ~100 mg of Kl (Bioultra > 99.5% TA from
Sigma-Aldrich) and 2 mL of 6 M H,SO,4 was added. The obtained I3~ solution was
immediately titrated with thiosulfate solution. Just before the endpoint, indicated
by a light straw-like color, the starch solution was added resulting in a change of
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color to a dark red/brown (this color change is due to branched amylodextrin rather
than blue when using straight chain amylose). The thiosulfate solution was prepared
fresh the same day as the titration experiment. Titrations to determine LilO3 formed
through reactions in I3~ were performed by allowing the reaction to reach comple-
tion (indicated by the complete consumption of I3~ based on the solution becoming
colorless). The entirety of the solid and liquid phases were then transferred to an Er-
lenmeyer flask (rinsing the reaction vial three times with DI H,0) and then titrated as
per above.

Raman spectroscopy was performed on a LabRAM HR800 microscope (Horiba Jobin
Yvon) using an external 20 mW He:Ne 633 nm laser (Horiba, Jobin Yvon), and
focused with a 50 x long working distance objective and a 10-0.3 neutral density fil-
ter. Asilicon substrate was used to calibrate the Raman shift. An airtight cell was used
for powders, and all samples were prepared in an argon-filled glovebox. Liquid sam-
ples were tightly sealed in a 2-mL vial and assessed using a 10X working length.
Reference spectra of Li,O,, LiOH, LiOH-H,0, and LilO3 are available in Figure S38.
In situ Raman spectroscopy during the reaction between LiOH and I3~ in DMSO (Fig-
ure S32) was obtained by focusing on the solution during the reaction between
excess LiOH and I3~ in a small 2-mL vial that was seal with parafilm.

XRD of discharged products and powders was performed on a Rigaku Smartlab
diffractometer in Bragg-Brentano geometry. A domed airtight XRD cell holder
from Panalytical was used to prevent exposing the electrodes to ambient atmo-
sphere. Reference spectra for LiOH, LiOH-H,0O, Li,O,, Lil, DMSO,, and LilO3 are
available in Figure S41.

"H NMR was performed on Bruker AVANCE and Bruker AVANCE 111-400 MHz nuclear
magnetic resonance (NMR) spectrometers. Samples were prepared by mixing
0.5 mL of the sample + 0.1 mL of DMSO-Dé (for NMR locking) + 10 pL of internal
reference (either MeCN [Acetonitrile anhydrous, 99.8%, Sigma-Aldrich dried over
molecular sieves] or 1,4-dioxane [anhydrous, 99.8%, Sigma-Aldrich, dried over mo-
lecular sieves] chosen to avoid overlap with peaks of interest).

lonic conductivity was measured using Traceble 23226-505 conductivity meter.
0.5 M LiTFSI solutions in each solvent were prepared and measured in an argon-
filled glovebox (MBraun, <0.1 ppm H,0O, <0.1% O,) at 30°C.

Gas chromatography (GC) was performed using high purity argon (5.0, airgas) as a
carrier gas flowing at ~12 sccm, through a glass cell. The cell was purged with Ar
for 1 h, during the last 15 min of which, a background spectrum was taken. The re-
action compartment contained 15 mL of DMSO with either Li;O, formed from
disproportionation or commercial LiOH suspended in solution with active stirring.
In addition, 2 mL of I3~ solution (0.2 M Lil + 50 mM I, in DMSO) was injected using
a syringe that was sealed onto a port of the glass reaction cell prior to purging
without exposure to ambient air. T mL of gas sample was injected into a gas chro-
matograph (GC, SRI 8610C in the Multi-Gas #3 configuration). Samples were in-
jected after 2, 22, 42, and 62 min of reaction. GC was calibrated using 2,500 ppm
O, + 17,000 ppm Ny in argon gas mixture.

Li-O, Cell Assembly and Experiments

Li-O; cells consisted of a lithium metal negative electrode (Chemetall, Germany,
15 mm in diameter) and a carbon paper with gas diffusion layer positive electrode
(FuelCellsEtc, F2GDL, LOT: TST008, 12.5 mm diameter). The carbon paper was
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dried for 24 h at 90°C under vacuum and transferred to a glove box (H,O < 0.1
ppm, O, < 0.1 ppm, Mbraun, USA) without exposure to ambient air. Glass fiber
(Whatman, GF-A/GF-F, 17 mm diameter) was dried at 150°C under vacuum over-
night and was transferred to the glove box without exposure to ambient air. Li-ion
conducting glass-ceramic electrolyte (19 mm diameter, 150 um thick, LICGC,
Ohara Corp) was dried at 80°C under vacuum overnight. Cells were constructed
by placing a single piece of glass fiber separator on top of the lithium, adding
120 pL of liquid electrolyte, followed by the Li-ion conducting glass-ceramic elec-
trolyte, another piece of glass fiber separator, another 120 pL of liquid electrolyte,
and finally the carbon paper positive electrode. No 316 stainless steel current col-
lector was used to avoid a reaction that was observed between the 316 stainless
steel current collector and iodine formed during charge in some cells (see Fig-
ure S42). The origin of this corrosion is not fully understood and is worthy of further
investigation as it poses challenges for the practical implementation of Lil as a
redox mediator; however, adequate performance over a single charging cycle
was acquired by simply avoiding the use of the current collector and restricting
the electrolyte contact with the 316 stainless steel spring as much as possible.
For cells not analyzed using DEMS, following assembly, cells were transferred to
a connected second argon glove box (Mbraun, USA, H,O < 0.1 ppm, O, < 1%)
without exposure to air and pressurized with dry O, (Airgas, 99.999% pure,
H,O/CO/CO, < 0.5 ppm) to 25 psi (gauge) to ensure that an adequate amount
of O was available. The oxygen pressure in the cell was measured using a pres-
sure gauge during the experiments to confirm proper cell sealing. Electrochemical
tests were conducted using a Biologic VMP3.

LiOH pre-loaded electrodes were prepared by drop casting a slurry (70% wt Vulcan
Carbon, 20% wt anhydrous commercial LiOH, 10% wt PTFE) onto a neat carbon pa-
per (Toray TGP-H-60, 12.5 mm diameter). The Vulcan carbon (VC), PTFE, and carbon
paper were dried at 80°C under vacuum for 24 h and transferred to a glovebox
(Mbraun, USA, H,0 < 0.1 ppm, O < 1%) without exposure to the ambient. In the
glovebox, the LIiOH and VC were ground into a homogenous mixture using a mortar
and pestle and then added to a suspension of PTFE in DME. After allowing the
mixture to stir for 1 h, the slurry was drop cast 50 plL at a time until the desired
mass loading was achieved. Individual 12.5-mm pieces of carbon paper were
weighed before and after drop casting to determine the amount of mixture depos-
ited. Typical loadings of the VC/LiOH/PTFE mixture were 3.9-5.0 mg per electrode
(1.267 cm?). Electrodes were additionally dried under vacuum for ~15 min to remove
residual DME and were not exposed to ambient air during preparation.

Differential Electrochemical Mass Spectroscopy of Cells during Charging

A custom-made DEMS setup based on a design by McCloskey et al.,° which has
been reported previously,?’?"%% was used for assessing gas evolution during the
charging process. O,, CO, CO,, Hy, and H,O evolution during charge was quantified
at 20-min intervals using a mass spectrometer coupled with pressure monitoring.
Details of DEMS and cell technical construction are available online.®' Argon (airgas,
99.999% pure, Oy, H,O, CO, < 1ppm) was used as a carrier gas. In all cells, no
detectable quantities of CO, Hp, and H,O were detected, so these values are
omitted from all figures. Cells were prepared as described above. Li-O; cells were
first discharged under O, environment for 20 h at 0.05 mA/cm?. The cell environ-
ment was then changed to argon by evacuating the cell and refilling it with argon
five times and charged at 0.1 mA/cm? to a cutoff voltage of 4.5 V. LIiOH-pre-loaded
electrodes were charged under argon environment at 0.1 mA/cm? to a cutoff voltage
of 4.5V,
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Mass spectroscopy on the gas headspace of a reaction vial was carried out by con-
necting a sealed vial to the DEMS setup described above. The reaction compart-
ment contained 10 mL of DMSO with either Li,O, formed from disproportionation
or synthetic LiOH suspended in solution with active stirring. 1.5 mL of I3~ solution
(0.2 M Lil + 50 mM I, in DMSO) was injected using a syringe that was sealed onto
a port of the reaction vial cell prior to purging without exposure to ambient air.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental experimental procedures, 45 fig-
ures, and 3 tables and can be found with this article online at https://doi.org/10.
1016/j.joule.2018.12.014.
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