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Lithium peroxide is the crucial storage material in lithium-air
batteries. Understanding the redox properties of this salt is
paramount toward improving the performance of this class of
batteries. Lithium peroxide, upon exposure to p-benzoquinone
(p—CgH40;) vapor, develops a deep blue color. This blue
powder can be formally described as [Li,03]p3-[LiO2]o7-
{Li[p-CsH40:1}o.7. though spectroscopic characterization indicates
a more nuanced structural speciation. Infrared, Raman, electron
paramagnetic resonance, diffuse-reflectance ultraviolet-visible
and X-ray absorption spectroscopy reveal that the lithium salt
of the benzoquinone radical anion forms on the surface of
the lithium peroxide, indicating the occurrence of electron and
lithium ion transfer in the solid state. As a result, obligate
lithium superoxide is formed and encapsulated in a shell of
Li[p-CsH40;] with a core of Li,O;. Lithium superoxide has been
proposed as a critical intermediate in the charge/discharge
cycle of Li-air batteries, but has yet to be isolated, owing to
instability. The results reported herein provide a snapshot of
lithium peroxide/superoxide chemistry in the solid state with
redox mediation.

batteries | lithium superoxide | metastable

he advent of metal-air batteries has provided an impetus for

understanding the structure, spectroscopic properties, and
chemical reactivity of various metal oxides. Lithium—air batteries,
which possess a theoretical energy density approaching that of
liquid fuels, have emerged as potential candidates to replace
lithium-ion batteries (1-4). Lithium-air batteries operate by elec-
tron transfer from a high-surface-area cathode to oxygen gas
during discharge, generating lithium peroxide deposits. Upon
charging, the lithium peroxide is oxidized back to oxygen gas.
Despite demonstrating promise as a replacement for lithium-
ion batteries, this electrochemical energy-storage system suffers
from numerous challenges that must be overcome (5-8), the most
important of which is reversible charging.

Lithium superoxide, LiO2, is an important intermediate in
both the reduction of oxygen to lithium peroxide and oxidation of
lithium peroxide back to oxygen (9-13). Lithium superoxide, via
disproportionation, is thought to be responsible for the growth
of large lithium peroxide toroids commonly observed during
discharge of nonaqueous lithium-air cells, but is also implicated
in numerous studies (14-18) as being responsible, either directly
or through the intermediacy of ' O (19, 20), for the degradation
of the organic solvent and electrolyte in the battery. Furthermore,
“superoxide-like” sites on the surface of lithium peroxide are
thought to be responsible for both enhanced reactivity with
electrolytes in lithium-air batteries and enhanced conductivity
(21, 22).

While the superoxide salts of cesium, rubidium, potassium,
and sodium are well known, and potassium superoxide is
commercially available, the lithium salt of superoxide was
not observed definitively until recently in noble gas matrices
at low temperatures (23-27). Matrix isolation studies have
demonstrated that the infrared (IR) absorption peak associated
with the O-O stretch of superoxide loses ~80% of its intensity
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when warmed from 15 to 34 K. Two additional reports of the
cryogenic preparation of LiO; exist: one with O3 and Li2O2 in
freon at —65 °C (28) and another involving treatment of O, with
lithium metal in NH3 at —78 °C (29).

Strides have also been made toward observing or directly
stabilizing lithium superoxide in lithium—air batteries (30-32).
At room temperature, lithium superoxide, if unstabilized, is
expected to have a fleeting existence, prompting a study to
experimentally demonstrate that Raman signals assigned to
lithium superoxide in earlier lithium—air works may be ascribed
to polyvinylidene fluoride (PVDF) binder that has undergone
a dehydrohalogenation reaction (33). However, a subsequent
report has asserted that rigorous drying of the PVDF binder
precludes the dehydrohalogenation reaction (34). Indeed, the
presence and involvement of observable lithium superoxide
in lithium—-air batteries remains a topic of interest and some
controversy (35).

The continued advancement of lithium-air batteries will
require improved characterization and understanding of the
properties of lithium superoxide, particularly with respect to
elucidating the fundamental properties of the salt in the solid
state. Reported herein is a solid-state material that models the
oxidation of lithium peroxide to lithium superoxide, with a sur-
face coating of p-benzoquinone acting as the electron acceptor.

Significance

Lithium superoxide (LiO;) is an important intermediate in
lithium-air batteries, a promising next-generation energy-
storage platform. The conductivity, stability, and reactivity pro-
files of LiO;, are thought to play a crucial role in the cyclability
of lithium-air batteries. We demonstrate that physical encap-
sulation of Li,O, with an appropriate redox-active molecule
may be a viable strategy to access and stabilize LiO, at room
temperature while simultaneously protecting the solvent and
electrolyte from deleterious reactivity derived from LiO,. En-
capsulation with a redox mediator does not impede interfacial
electron and lithium-ion transport and provides researchers
with a model system that recapitulates the charging of a
lithium-air cell.

Author contributions: M.N., S.Z., D.G.N., and C.C.C. designed research; M.N. and S.Z.
performed research; M.N., S.Z., K.S.P,, and X.F. contributed new reagents/analytic tools;
M.N., S.Z., K.S.P, D.G.N., and C.C.C. analyzed data; and M.N., D.G.N., and C.C.C. wrote the
paper.

Reviewers: L.C., Argonne National Laboratory; and S.A.F, Institute of Science and Tech-
nology Austria.

The authors declare no competing interest.
Published under the PNAS license.

"Present address: Department of Chemistry and Biochemistry, The Ohio State University,
Columbus, OH 43210.

2To whom correspondence may be addressed. Email: ccummins@mit.edu or
dnocera@fas.harvard.edu.

This article contains supporting information online at https://www.pnas.org/lookup/
suppl/doi:10.1073/pnas.2019392118/-/DCSupplemental.

Published December 13, 2021.

https://doi.org/10.1073/pnas.2019392118 | 10f8

>
3
=4
4]
=
frr}
S
[v]


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2019392118&domain=pdf&date_stamp=2021-12-08
http://orcid.org/0000-0001-7296-128X
http://orcid.org/0000-0001-5055-320X
http://orcid.org/0000-0003-2568-3269
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:ccummins@mit.edu
mailto:dnocera@fas.harvard.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019392118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2019392118/-/DCSupplemental
https://doi.org/10.1073/pnas.2019392118

Downloaded from https://www.pnas.org by MIT LIBRARIES on March 7, 2022 from IP address 18.9.61.111.

Fig. 1. The vapor-diffusion setup used to prepare [Li; 0103 -[LiO51o7 - {Li[p—
CgH40,1}0.7. The setup consists of a small vial that contains Li,O, sealed
within a larger vial containing p—CgH40,. The vial on the left is a freshly
prepared sample, while the vial on the right has been allowed to stand at
room temperature for a month.

The system recapitulates the proposal of superoxide-like sites on
the surface of lithium peroxide in lithium-air batteries.

Results

Synthesis. Lithium peroxide was oxidized by p-benzoquinone
(p—CsH402) using a setup similar to that of growing crystals
with two organic solvents (Fig. 1). Vapor diffusion of p—CsH4O2
(vapor pressure = 0.1 mm Hg at 25 °C) (36) onto solid lithium
peroxide resulted in a gradual color change initially to very
faint blue, followed by considerable darkening over the course
of several weeks to furnish a sample that ultimately appeared
black. This material, designated as compound 1, was thermody-
namically unstable and detonated upon scratching with a metal
spatula presumably releasing oxygen (caution: handle with care
and in small amounts); for this reason, use of a plastic spatula was
preferred.

To accelerate the diffusion of p—C¢H4O2 onto Li>O», these
reactants were placed together as solids into a sealed ampule
and heated at 70 °C under a slight vacuum overnight to produce
the identical black color, as observed for the material prepared
via the vapor-diffusion method. Comparison of the spectroscopic
data for 1 (vide infra) produced by these two different meth-
ods established the materials to be identical. Sampling by gas
chromatography (GC), the headspace gases generated, if any,
when using the accelerated ampule synthesis method showed that
oxygen gas was not evolved.

Phenylboronic acid is easily oxidized to phenol by hydrogen
peroxide generated in situ by hydrolysis of either peroxide or
superoxide salts (37). Aqueous titration of 1 with phenylboronic
acid gave nearly quantitative conversion to phenol, as verified by
NMR spectroscopy (SI Appendix, Fig. S1). This result confirms
that the O-O bonds remains intact in 1 and reinforces the
conclusion that a negligible amount of O gas is released during
the formation of 1.

Curiously, using an equimolar ratio of Li2O2 and p-CsH4O2
in a sealed ampule to produce 1 consistently resulted in small
amounts of p—CsH4O> that were observed to sublime to the top
of the ampule, indicating that the molar ratio of Li,O2 and p—
CsH4O2 is not 1:1 in compound 1. The chemical formula of 1, as
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determined by C and H elemental analysis, indicated limiting
detailed formulations of either [Li2Ox2]o.3-[LiO2]o.7 - {Li[p—
CsH4O2]}o.7 or [Li2O2] - [p-C¢H40O2]o.7. Furthermore, uncon-
sumed p—-CsH4O2 can be recovered from the 1:1 reaction in
quantities consistent with our established chemical formula of 1.
Running the synthesis of 1 using an excess of p—C¢H4 O also did
not result in fractional compositions of p—-CsH4O2 exceeding 0.7,
as the excess p—-CsH4O2 was recovered following its sublimation
from the black solid sample of 1.

Examination of 1 by scanning electron microscopy (SEM;
Fig. 2) revealed distinct morphological changes as compared with
the Lio O starting material. Commercial Li>Oo, as purchased, is
composed of particles several hundred nanometers in diameter.
Upon exposure of Li2O2 to p—-CsH4O-, fusing of particles was
observed, suggesting that the black material that formed on the
outer surface of the peroxide causes the particles to coalesce
(Fig. 2 and SI Appendix, Fig. S2).

The blue color of quinone monoanions (38, 39) prompted us to
independently prepare Li[p—CsH403] (2) to determine whether
the benzoquinone anion radical is responsible for the black color
of 1. As the lithium salt of the dianion, Liz [p—CsH4O2], is known,
a comproportionation strategy was pursued. Using the vapor-
diffusion method, it was found that 2 could be prepared from
Liz[p—-CsH402] and p—CsH4 O3 as an intense blue powder. Salt 2
could also be prepared via mechanical mixing of Liz[p-CsH402]
and p—-C¢H4O2 in a mortar and pestle. Vapor diffusion or

i
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Fig. 2. SEM images of commercial Li,O, (Upper) and 1 (Lower). Fusing of

the Li, O, particles is evident in 1.
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mechanical mixing gave samples of 2 having indistinguish-
able properties, with the latter method better suited for
producing larger quantities of the salt. When samples of 2
were heated above 70 °C and under vacuum, the dispro-
portionation reaction prevailed to furnish Lix[p-CsH4O2]
(81 Appendix, Figs. S3 and S4). Hence, the successful synthesis
of 1 from Li2O2 and p—C¢H4O> (vide supra) was achieved for
temperatures at or below 70 °C.

Fig. 3 displays overlaid, separately acquired cyclic voltam-
mograms for the reduction of Oz and p—-CsH4O2 in dime-
thylformamide (DMF) with tetrabutylammonium ([TBA])
hexafluorophosphate electrolyte. The irreversible electrochem-
istry of oxygen and quinone associated with lithium cations
was avoided with [TBA]PFg supporting electrolyte, but such
a substitution resulted in an approximately several-hundred-
millivolt cathodic shift relative to their lithium potentials
(40, 41). p—C¢H4 O has two reversible reductions corresponding
to the 0/— and —/2— couples at —0.67 V and —1.42 V vs. Ag/Ag™.
The reduction of oxygen to superoxide fell between the two
reduction potentials of the quinone at —1.02 V vs. Ag/Ag™.

Spectroscopy. Fig. 4 displays the diffuse reflectance ultraviolet-
visible (UV-vis) spectrum of 1. The visible spectral region is dom-
inated by a pronounced absorption band with A,,.; = 825 nm,
accounting for the blue color of the compound. Salt 2, prepared
by mechanical grinding, exhibits an identical absorption band.
The only notable difference between the absorption profiles of
1 and 2 is that the former spectrum exhibits a more pronounced
shoulder at A = 250 nm; superoxide exhibits an absorption at this
wavelength (42).

Electron paramagnetic resonance (EPR) spectra of 1 and 2
(Fig. 5) display a single broad signal centered at g = 2.008, a
feature consistent with the presence of a spin one-half organic
radical. Hyperfine coupling could not be resolved at 77 K or by
dilution of the samples with sodium sulfate due to the close in-
termolecular contact of the spin-bearing species composing both
samples (vide infra). EPR spin quantification, a method used to
determine the number of radicals present in a bulk sample, was
performed by spin integration of 2 against an EPR quantification
standard 2,2-diphenyl-1-picrylhydrazyl and indicated the spin
yield (the ratio of the number of observed spins against the
expected number of spins) of 2 to be 2.4% (SI Appendix, Fig. S5).

Q/Q-

0 -02 -04 -06 -08 -1.0 -1.2 -1.4 -1.6 -1.8 -2.0
E/V vs. Ag/Ag*

Fig. 3. Cyclic voltammograms of p—-CgH40O, (Q) at 4.8 mM (black trace)
and saturated O, (red trace) in DMF with [TBA]PFs supporting electrolyte.
The working electrode was a glassy carbon button electrode, paired with a
platinum counter electrode and a Ag/Ag™ reference electrode. Scan rate =
20 mV/s. The superoxide/peroxide couple is omitted due to its irreversible
nature.
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Fig. 4. Diffuse reflectance UV-vis spectra of 1 (red) and 2 (blue). Inset

is corrected for a light source change of the UV-vis spectrophotometer at
800 nm.

A broad EPR signal derived from a powdered sample of the
alkali quinone radical anion Na[o—-CsCl4O2] has been observed
(43), and similar spin yields (0.1 to 10%) have been measured
for quinone radical anions (44). A noteworthy feature of the
EPR spectrum of 1, although not always as pronounced, is the
presence of an additional narrow line at g = 2.009. Powdered
potassium superoxide exhibits a similarly narrow line in its EPR
spectrum (45). The presence of superoxide in 1, as suggested
by the EPR data, is further supported by superconducting
quantum interference device magnetometry. Subtraction of
the direct current susceptibility of 2 from that of 1 (mass-
corrected; SI Appendix, Fig. S6) indicates an additional para-
magnetic species in 1, consistent with the presence of superoxide.

IR spectroscopy was used to determine the redox level of
the benzoquinone present in 1. The position of the C=C and
C-O IR stretches of quinones are sensitive to the reduction
state of the molecule, with red-shifting of the aforementioned
vibrations occurring upon reduction of quinone to the quinone
radical anion and, finally, to the dianionic phenolate salt. The
IR spectrum of 1 is superimposed with that of p-CsH4O2 and
Liz[p—-CsH40:] in Fig. 6. p—benzoquinone has asymmetric and
symmetric C=0 stretches at 1,670 and 1,646 cm™?, respec-
tively (46). The C=C stretch of p-benzoquinone is coupled to
the two C=O0 stretches and is observed at 1,578 cm™!. The
C=C stretches of Liz[p—CsH4O2] are observed from 1,475 to
1,442 cm ! and the C-O stretch is likely centered at 1,172 cm ™,
clearly contrasting with that of p—benzoquinone. The C=0 and
C=C stretches of 1 fall between those of both p—~CsH4O> and
Liz[p—CsH4 O3], with tentative assignments of the C=Cstretches
at 1,531 cm~! and the C=0 stretch at 1,405 cm~'. These values
compare favorably with data for spectroelectrochemically gen-
erated p—benzoquinone radical anion, which has assigned values
of 1,506 cm~* and 1,347 cm ™! for the C=C and C=0 stretches,
respectively (47). Broad bands associated with the Li-O stretches
of LizO> are observed in the IR spectrum of 1 below 600 cm™*
(SI Appendix, Fig. S7A).

The resonance Raman spectrum of 1 is overlaid with that of 2
in Fig. 7. The spectra of 1 and 2 are nearly identical and are con-
sonant with that reported for p—benzoquinone radical anion in
solution (47). Comparison of the Raman spectrum of 2
with that of p-C¢H4O2 and Liz[p—-CsH4O2] supports the
notion that the redox level of 2 is that of a monoanion
(SI Appendix, Figs. S8 and S9). Noticeably absent from the Ra-
man spectrum of 1 are lines due to LioO2. The strong absorption
band of Li[jp—-CsH40O2] at 825 nm results in attenuation of
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Fig. 5. EPR spectra of 1 and 2 collected at 77 K.

the 785-nm Raman excitation light below the surface of the
particles of 1. Accordingly, only the surface of 1 is resonance-
enhanced, and, as a consequence, Li2O2 and LiOa, if present,
are not observed. In an effort to break apart the light-attenuating
surface coating, samples of 1 were gently compressed between
microscope slides; however, the Raman spectrum of these
crushed samples was identical to that shown in Fig. 7. The
inability to readily observe LiO2 in samples of 1 prompted
studies focused on the in situ monitoring of the conversion of
Li2 O to 1 (SI Appendix, section S3.4). Upon the layering of p—
benzoquinone on powdered Li2O in a quartz capillary, a blue
gradient developed across the Li> O2 (ST Appendix, Fig. S10). Ra-
man spectral analysis along this gradient revealed the presence
of a weak band at 1,139 cm™* (Fig. 7, Inset) superimposed on a
highly fluorescent background. This band was not attributable to
p-benzoquinone or its radical anion (SI Appendix, Fig. S11), is in
a region typically associated with superoxide O-O stretches (32),
and may be that of LiO» present in the sample.

Oxygen K-edge (1s — valence) X-ray absorption spectroscopy
(XAS) was used to differentiate the natures of oxygen present in
1. Oxygen K-edge XAS of 1, 2, Li»Oo, and Liz[p—-CsH4O2] were

o
o

Transmittance
o
~

0.6

— 1 Li,0/p-CH0,
05r — Li,[p-C,H,0,]

— p-CH,0,

04 I I I I I I
1700 1600 1500 1400 1300 1200 1100 1000
Wavelength (cm™")

Fig. 6. Attenuated total reflectance-IR spectra of 1 (red), p-C¢H4O; (pur-
ple), and Li,[p-CsH40,] (green) from 1,000 to 1,700 cm~— .
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collected, and the corresponding data are presented in Fig. §;
the fitted peak energies are shown in SI Appendix, Fig. S12 and
summarized in SI Appendix, Table S4. In general, the oxygen K-
edge 7™ features of C=0 are at lower energy than the o™ features
of O-H (48). A detailed report of the electron energy-loss spectra
of p—benzoquinone, hydroquinone, and phenol gives assignments
of these features based on molecular orbital theory (49).

The 7* feature of p—-CsH4 O3 is at 529.85 eV, and the ¢ * feature
of OH in hydroquinone is at 534.6 eV. The presence of Li in
the bonding environment of LioO; shifts the ¢ O-O feature
to 531.6 eV, which is lower energy as compared to that of Hs
O,. Two peaks of about equal intensity in the spectrum of Liz[p—
CsH402] at 529.9 and 532.6 eV are also in the spectrum of the
independently prepared samples of 2 reported here, although
the higher energy peak is of much higher relative intensity. If
we attribute the first peak to the 7* C=0O and the second to
o* O-Li, since it is shifted by 2 eV from literature o* O-H, the
data are consistent with formation of the quinone radical in 2,
with some unreacted or reoxidized quinone present. The broad
peak in 1 attributed to LioO2 obscures energetically proximate
features, if any; however, the fitted peak at 532.3 eV may come
from Li[p—CsH402], as supported by the comparison with the
genuine spectrum of 2.

Powder X-Ray Diffraction (PXRD). The PXRD pattern of 1 is shown
in Fig. 9. The pattern is a composite of contributions from 2 (blue
bars) and LioO» (orange bars). The peaks of 1 labeled with blue
bars in Fig. 9 coincide with the PXRD pattern of an indepen-
dently prepared sample of authentic 2 (SI Appendix, Fig. S13D).
SI Appendix, Fig. S13C displays a comparison of the PXRD pat-
terns of 2 to Liz[p—CsH40O2]; none of the PXRD peaks of Liz[p-
CsH4O2] (50) are observed in samples of 1. The majority of
the diffraction peaks in 1 coincide with those of 2 or Li2Os;
the presence of both these species in 1 is consistent with the
formulation of [Li202]0,3 . [Li02]0,7 . {Li[}?—C6H402]}0‘7. The
peaks labeled with asterisks in Fig. 9 are of unknown origin, but
could be posited tentatively to arise from LiOs.

Discussion

p-benzoquinone, a yellow solid at room temperature, has a high
vapor pressure. The surface of lithium peroxide exposed to p—
CsH4 O develops an intense blue color. During the course of this
conversion to deliver 1, the following reactions were considered
to occur:

Li20s + p-C¢H405 — LisOs-[p-CeHyO0]uss,  [1]
Li,O; + p-CsH405 — LiOs + Li[p-CsH405], 2]
2 Li»0s + p-CeH405 — 2 LiOs + Lis[p-CsH402],  [3]
Li;O; + 2 p-CsH40, — 2 Li[p-CeH402] + Oa,  [4]
Liz0; + p—CeHiO03 — Liz[p—CeH405] + O, [5]

Reactions 1-5 describe varying degrees of charge transfer from
lithium peroxide to benzoquinone. Reaction 1, which depicts the
formation of an adsorption layer of benzoquinone on lithium
peroxide, may be ruled out on the basis of the color change of
p—-CsH4O- from yellow to blue (and ultimately black), which is
indicative of reduction of p—C¢H4O5. Similarly, reactions 4 and
5 may be dismissed, as analysis of the reaction headspace by GC
did not reveal any oxygen production. Moreover, results from
the titration of the product with PhB(OH)2 to produce PhOH
quantitatively suggest that no Oz was lost from the sample; the
oxygen speciation has an O-O bond of peroxide or superoxide,
and peroxide can directly oxidize boronic acids, while superoxide
may convert to peroxide upon disproportionation in water (37,
51-53). Additionally, the cyclic voltammograms in Fig. 3 show
that it is thermodynamically unfavorable for the radical anion
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Fig. 7. Raman spectral overlay of 1 (red) and 2 (blue). Inset shows a Raman
spectrum acquired during the early stages of p—~benzoquinone vapor absorp-
tion on Li,O,; a band in the region typically associated with superoxides
is observable prior to the formation of an optically thick coating of Li[p-
CgH40,] on 1. Asterisks indicate bands associated with quartz capillaries,
while boxes above peaks indicate bands associated with Li,O, (orange) or
p—benzoquinoneo/_1 (blue).

of p—-CsH4O> to oxidize superoxide to produce Os. Reactions
2 and 3 depict electron transfer and lithium-ion diffusion from
lithium peroxide to benzoquinone to generate lithium superoxide
and either the benzoquinone radical monoanion or dianion,
respectively. The spectroscopic properties of 2 rule out reaction
3 and point to reaction 2 as being operative.

The radical monoanion of p—CsH4O2 has been studied in
great detail and can be prepared by a variety of methods, such
as pulse radiolysis of the neutral quinone in matrices (54) or
frozen solutions (55) or direct reduction of p—-benzoquinone with
potassium in the presence of Kryptofix® 222 or crown ethers in
tetrahydrofuran (56). The Li™ salt of p—C¢H4O> radical monoan-
ion is less studied, and only a handful of instances detailing the
preparation of this compound are known (57-60). We there-
fore sought to prepare Li[p—-CsH4O2] (2) independently. We
pursued the solid-state comproportionation reaction of Liz[p—
CsH402], prepared by known methods (50), with p—CsH4O> to
deliver 2, as supported by a host of spectroscopic techniques:

2 -
— Liy[p-CeH,05]
Li,O,
—~ 1.6 | — 2 Li[p-C¢H,0,]
g — 1 Liy0,/p-C¢H,0,
2
212 ¢
2
£
©
@
N 08
©
£
2
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520 525 530 535 540 540
Energy (eV)
Fig. 8. Overlaid O K-edge XAS spectra of compounds Li[p-CeHs0,], 2,

Li;0,, and 1. AU, arbitrary units.
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1) the S = 1/2 EPR signal of Fig. 5; 2) the energy of the C=0
stretching frequency (in IR and Raman spectra; Figs. 6 and 7) of
2 is intermediate between p—CsH4O> and the Liz[p—-CsH4O:];
and 3) the XAS spectrum of 2 exhibits one major peak in the
O 2p K-edge (as opposed to two peaks for the dianion). The
viability of driving the comproportionation reaction to produce 2
using mechanical mixing was confirmed by Raman spectroscopy.
Comparison of the Raman spectrum of 2 with those of Liz[p—
CsH402] and p-CsH4 O (SI Appendix, Figs. S8 and S9) demon-
strates the formation of Li[p—CsH4O2] upon mixing.

The UV-vis absorption profile of 1 is strikingly similar to that of
2. The dark blue color of the two materials is a result of identical
absorption bands centered at 825 nm (Fig. 4). This absorbance
is strikingly similar to semiquinone radical anions prepared in
anhydrous #-butanol (57) and reminiscent of that arising from
the 7 dimer exciplex formed upon the reduction of 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (38, 39). In the cases of 1 and 2,
m-stacking between quinone radical anions may be facilitated by
lithium counterions bridging the oxygens of neighboring quinone
radical anions. The absorption band of weaker intensity at 460 nm
in 1 and 2 has been ascribed to the 2Bz, — ?Bj3, highest occupied
molecular orbital-lowest unoccupied molecular orbital electronic
transition of benzoquinone radical anion (47, 61). This transition
exhibits a strong dependence on the solvent environment, with
values of the absorption maximum (max) ranging from 427 nm
in water to 454 nm in pyridine. The UV-vis spectrum of both
powdered potassium superoxide (45) and superoxide in solution
have been reported (42, 62, 63). Superoxide in solution has an
absorption max at 250 nm, while solid potassium superoxide’s
absorption max is 350 nm and tails out to 600 nm. Strong absorp-
tions assigned as Li[p—CsH4O2] dominate the UV-vis spectrum
of 1; however, small deviations of the spectrum of 1 relative to
2 indicate an additional band at 265 nm that may be that of
superoxide.

Other spectroscopic data (resonance Raman, IR, and EPR)
point to the presence of 2 as a component of 1. The Raman
spectrum of 1 is overlaid with that of 2 in Fig. 7. The agreement
between the spectra confirms that Li[p-CsH4O3] is present in
both samples and has not been chemically altered in 1. Ad-
ditionally, Raman spectra taken at time points corresponding
to low coverages of 2 on 1 indicate the presence of a species
consistent with a superoxide O-O stretch at 1,139 cm™". The
EPR spectra of 1 and 2 are dominated by a broad featureless
absorption at g = 2.008; however, the spectrum of 1 displays
a significantly narrower signal. The superposition of a broad
and narrow absorption has been noted for samples of potassium
superoxide, with the broad line ascribed to the majority of the
strong exchange-coupled superoxide anions present in the sam-
ple and the narrow line attributed to a very small population
(~1 in every 10* spins) of superoxide anions that are able to
freely rotate in the sample and have poor electronic coupling with
their environment (45). The EPR spectrum of 1 is dominated
by features arising from Li[p—CsH4O2], but the absence of the
narrow absorption in the spectrum of 2 suggests that this feature
is unique to 1 and may be tentatively assigned as arising from
the superoxide ion. The presence of this feature is not observed
uniformly across all preparations of 1, presumably due to the
extremely small percentage of spins contributing to this narrow
line. The EPR spectrum of Li[p—CsH402] has been observed in
prior work (57, 60), with the notable observation of hyperfine
structure when EPR spectra were recorded with dilute samples.
Loss of hyperfine structure in spectra of Lijp—CsH40O3] is seen
for concentrated samples (60). The latter observation is conso-
nant with the lack of hyperfine structure seen for solid samples
of 1 and 2.

PXRD analysis lends further support to the assignment
of Li[p—CsH402] as a component of 1. The PXRD pattern
of 1 shown in Fig. 9 has peaks coincident with those of 2
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Fig. 9. PXRD pattern of 1 (red). Lithium peroxide and 2 are observed
in 1 and are indicated with orange and blue marks, respectively. Several
unknown diffraction peaks are marked with asterisks. /nset shows a select
region of the PXRD pattern along with gray marks indicating the position
of peaks that have been previously ascribed to LiO;, (34). The PXRD was
recorded with Ni-filtered Cu-K,, radiation.

prepared by mechanical comproportionation of Liz[p—CsH40O2]
and p—CsH40O>. Remaining peaks present in the pattern of
1 are assigned either to LizO2 or unknown phase(s). Several
computational studies have predicted that the lowest-energy
structure of LiO; is the orthorhombic phase (64-66). Although
possible correspondence of the observed pattern with that of a
simulated pattern derived from ab initio calculations (64-66)
occurs near 20 = 35°, and the peaks labeled by asterisks in
Fig. 9 are coincident with peaks assigned as LiO (34), definitive
assignment of the unknown peaks cannot be made, nor can it be
determined whether LiOo, if present in 1, is amorphous.

The O K-edge XAS of 1, 2, Liz[p—CsH402], and Li; O2 demon-
strate marked differences between the samples. Differentiating
features are observed in the spectra of 2 and Liz[p—CsH4O2],
providing additional evidence for disproportionation of Liz[p-
CsH4O2] and p—C¢H4O2. The presence of 2 and Li2O2 as a
component of 1 obscures the pre-edge region of the O K-edge
XAS spectrum of 1, where LiO» has been previously measured
in matrices (67), precluding its definitive identification.

The formulation of 1 may be addressed, having established
that 1 is composed of Li[p-C¢H4O2] and Li2O2 and inferred
the presence of LiO» through EPR, PXRD, and titration meth-
ods. Elemental analysis of 1 consistently indicates a formula
of [Li2O2] - [p—-CsH402]o.7, yet spectroscopic analysis indicates
that the redox level of p—CsH4 O3 is that of a monoanion. To ac-
commodate the redox level of p—benzoquinone, a commensurate
number of lithium ions and electrons must be drawn from Liz O».
In the context of reaction 2, a more detailed formula of 1 includ-
ing speciation is proposed to be [Li2Oz2]o.3 - [LiO2]o.7 - {Li[p—
CsH402]}0.7. Why Li>O; stops absorbing p—CsH4O2 after 0.7
equivalents is currently unknown, but may be related to particle
size.

A schematic representation of 1 is provided in Fig. 10. Com-
mercial lithium peroxide is composed of particles with a diameter
on the order of several hundred nanometers (Fig. 2). Raman
and IR spectroscopy clearly indicate the presence of 2 on the
surface of 1. The Li[p-C¢H4O2] forms a shell about LiO2 with
a thickness of approximately one-quarter of the diameter of
the LizO> particle based upon a density of circa 1.6 g/cm® for
2. Notably, the schematic shown in Fig. 10 resembles that of
theoretical models (68) and experimental studies (69, 70), which
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propose an amorphous LiOs shell around a crystalline Li2O2
core in nonaqueous Li-O; batteries. The lithium peroxide core
is believed to be the source of both lithium ions and electrons,
resulting in the formation of LiOs. The shell of Li[p-C¢H4O2]
may be crucial for kinetic stabilization of the thermodynamically
unstable LiO; layer against disproportionation to Li;O2 and
O:. A recent computational and experimental study concluded
that interfacial charge transfer from LiO: to the electrolyte
may be responsible for the observed stability of LiO2 (66). A
degree of charge transfer from LiO; to Li[p—CsH4O2] in 1 is
expected, based upon the reduction potentials of the relevant
species presented in Fig. 3, providing a plausible explanation for
the resistance of LiO» to disproportionation in 1 in addition to
physical confinement.

At the center of the particle in Fig. 10, crystalline Li2O2 re-
mains and accounts for the substoichometric ratio of p—CsH4O2
relative to LioO2. Upon heating above 70 °C, the coating layer
of Li[p—-CsH402] disproportionates into Lis[p—CsH4O2] and
p—-CsH4O2. An earlier study noted that adding an alkali base
to a mixture of p—C¢H4O2 and hydroquinone (p—CsH4(OH)2)
resulted in the alkali base developing a blue color, which was
believed to be due to trapped benzoquinone radical anions on the
surface of the alkali base support (71). This result is particularly
interesting because it suggests a strategy to prepare unstable in-
termediates with adsorption on a reactive support surface, which
has been utilized in the present study. In the core-shell structure
of 1, there are two components determining electron and ion
conduction throughout the material: the LiO2 core and a Li[p—
CsH402] shell. With regard to the core, recent experimental
(72) and first-principles studies (73-75) have indicated that LiO2
possesses remarkable ionic and electronic conductivities, greatly
exceeding that of other alkali superoxides and peroxides (75),
presumably crucial properties necessary to form the structure
shown in Fig. 10. The other component of the structure in Fig. 10
is Li[p—-CsH4O3]. Millimeter-thick films of Li[p-CsH4O2] have
been previously prepared via electrodeposition of p—CsH4O2
from a lithium-ion—containing electrolyte (43). Deposition of

—1pm—

P-CsH404(9)
_ >

- = Li[p'C6H402] :l= L|02 :I = Li202

appl

= Li0, 1 =Li,0,

Fig. 10. Schematic representation of 1 (Upper) assuming the material starts
from a 1 um sphere of Li;0,. The analogy of 1 to a charging electrode is
represented in Lower.
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thick films of Li[p—CsH4O2] highlight the excellent conductivity
of this material; however, the counterbalancing lithium cation
need only be deposited on the surface of the growing film from
solution. In contrast, in forming the core—shell structure of 1,
lithium cations must diffuse from the core to the outer surface
of the shell. Thus, termination of 1 with a core-shell structure
suggests that the lithium-ion mobility of the shell is kinetically
limiting. The schematic presented in Fig. 10 along with qualita-
tive observations of the electrical and ionic conductivity of the
constituents of 1 may also explain why 1 does not absorb more
than 0.7 equivalents of p—-CsH4O2. At the early stages of the
reaction in which 1 is formed from Li>O2 and p—CsH4O-, the
area of the interface between LiO2 and Li> O is large, allowing
for lithium and electron transfer from Li>O2, despite its poor
conductivity. However, as the reaction progresses, this interface
drastically shrinks in size, and ultimately the rate of the reaction
becomes limited by the poor conductivity of Li>O. Additionally,
disproportionation of LiO, at the Li[p—-CsH40O2]/Li2O> inter-
face may place a poorly conducting barrier between the quinone
and original particle.

Several recent publications have used benzoquinone and
anthraquinone derivatives as soluble redox mediators in
lithium—air batteries (76). It was found that 2,5-di-terz-butyl-
1,4-benzoquinone enhances the rate of the oxygen reduction
reaction and drastically increases the capacity of a lithium-air
cells (77, 78). Another study found that benzoquinone exhibited
the best performance as a redox mediator based on cathodic
chronopotentiometry, although detection of lithium peroxide via
XPS was the sole physical characterization method (79), while
another study has suggested an explicit interaction between
anthraquinone and LiO; in solution (80). Importantly, in the
present study, the solvent-free conditions employed enforce
physical confinement of the lithium peroxide/superoxide layer,
which may be crucial in stabilizing thermodynamically unstable
lithium superoxide. This strategy of physical confinement may
also be crucial in ameliorating lithium superoxide-induced
solvent degradation, a key challenge to overcome if higher cycling
numbers are to be achieved in lithium-air batteries (15, 29,
81-83).

Conclusions

Exposure of solid LioO2 to p—CsH4O> results in the formation
of a dark black material. This material has been investigated
by a variety of spectroscopic methods and is best described as
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