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ABSTRACT: Lithium—oxygen aprotic batteries (aLOBs) are highly
promising next-generation secondary batteries due to their high
theoretical energy density. However, the practical implementation of 1
these batteries is hindered by parasitic reactions that negatively impact 0
Y p 8 ymp 2
their reversibility and cycle life. One of the challenges lies in the
oxidation of Li,O,, which requires large overpotentials if not
catalyzed. To address this issue, redox mediators (RMs) have been
proposed to reduce the oxygen evolution reaction (OER) over-
potentials. In this study, we focus on a lithium iodide RM and
investigate its role on the degradation chemistry and the release of

Lil-mediated aLOBs

singlet oxygen in aLOBs, in different solvent environments.

Specifically, we compare the impact of a polar solvent, dimethyl sulfoxide (DMSO), and a low polarity solvent, tetraglyme (G4).
We demonstrate a strong interplay between solvation, degradation, and redox mediation in OER by Lil in aLOBs. The results show
that Lil in DMSO-based electrolytes leads to extensive degradation and to 'O, release, affecting the cell performance, while in G4-

based electrolytes, the release of 'O, appears to be suppressed, resulting in better cyclability.

KEYWORDS: degradation, electrolytes, electron microscopy, electron paramagnetic resonance spectroscopy,
Fourier transform infrared spectroscopy, lithium, lithium—oxygen batteries

B INTRODUCTION

Lithium—oxygen aprotic batteries (aLOBs) are among the most
promising systems for next-generation secondary batteries' due
to their large theoretical performance (i.e., 3458 Wh/kg).”
These energy density figures are due to the use of lithium metal
anodes coupled with carbonaceous cathodes where the oxygen
reduction reaction (ORR) and the oxygen evolution reaction
(OER) occur mediated by the reversible formation of Li,O,.’
Nevertheless, parasitic reactions strongly affect the reversibility
and cycle life of Li—O, cells leading to poor rechargeability,
electrolyte depletion, and lithium loss.*™¢ Early studies on the
degradation chemistry in aLOBs focused on the nucleophilic
character of superoxide and peroxide anions formed during
ORR and outlined possible parasitic mechanisms.” However, in
recent years, the detrimental key role of singlet oxygen ('O,) has
been clearly demonstrated.®*~'% '0, molecules originate from
superoxide disproportion during either ORR or OER, during
cell discharge and charge, respectively.'" Despite the relatively
large energy needed to access the 'O, channel (~1 eV above
ground state *0,), the fact that Li,O, oxidation, due to its
insulating character and kinetic constraints,"? requires over-
potentials of more than 1 V enables the 'O, release in
competition with the conventional >0, evolution, thus leading
to premature cell failure.
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7 ACS Publications

In order to facilitate the OER kinetics and to reduce
overpotentials, many soluble organicm’14 or inorganicls’16
redox mediators (RMs) have been proposed in the literature.
The role of RMs is to catalyze lithium peroxide oxidation by
facilitating electron transport between the cathode surface and
the Li,O, deposits. The RM is first oxidized at the cathode
surface via the reaction RM — RM"' + e7, and the RM*
intermediate subsequently oxidizes Li,O, as follows: 2RM* +
Li,0, — 2RM + 2Li* + O,."”"® Among the inorganic RMs,
lithium iodide is receiving relevant research attention, since it
allows very low charge overpotentials and favorable electro-
chemical performance.

The redox mediation mechanism of Lil in Li—O, cells has
been investigated by Qiao et al.”’ in nonaqueous electrolytes.
The Lil redox mediation is delivered by two redox couples, i.e.,
I"/1;~ and I;7/1,, at increasing potentials above 3.0 V vs Li*/Li’.
Apparently, the presence of traces of water together with Lil
promotes the formation of LIOH as the main discharge product,
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Figure 1. Coulombic efficiencies of Li—O, cells cycling at J = 0.1 mA cm ™2, Qy,, = 0.2 mA cm ™2 for 200 cycles with (a) 200 mM Lil + LiTFSI 1 M in the
DMSO electrolyte and (c) 200 mM Lil + LiTFSI 1 M in the G4 electrolyte. Voltage discharge and charge profiles at the 1st, SOth, and 100th cycle with

(b) DMSO-based electrolyte and (d) G4-based electrolyte.

which cannot be oxidized neither by the I"/I;™ nor by the I,7/I,
redox couple upon charge. Thus, the addition of Lil also alters
the possible degradation paths promoting the cleavage of the
H—-OH bond to form LiOH. This reaction path unavoidably
enables the H*-mediated 'O, release.'”*'~**

The use of Lil in aprotic LOBs has been studied focusing on
performance analysis: as a consequence, the understanding of
the redox mediation of Lil is controversial. In particular, the
ability of the I;~ species to oxidize lithium peroxide is still under
debate.””**** Solvent effects in the oxidizing power of I;” or I,
species have been investigated by Nakanishi et al.”> and Leverick
et al;*° both groups observed enhanced OERs in polar solvents
like dimethyl sulfoxide (DMSO). Apparently, solvents with large
dielectric constants boost the OER thermodynamic driving
force thanks to the increase of the redox potential of the I;” /17
couple. This thermodynamic push is likely due to stronger
solvation of the I" anion.

The introduction of Lil in the Li—O, cell formulation rises
additional concerns for its impact on degradation processes: it
has been recently reported by Wang et al.”’ that the formation of
IO;™ anion during cell operation could be a major source of
solvent deprotonation in a large variety of electrolytes. However,
as far as we know, an experimental comparative analysis of the
impact of the solvent polarity on the degradation chemistry and
on 'O, release in Lil-mediated aprotic LOBs has not been
attempted so far.®

Here, we demonstrate the strong interplay between solvation,
degradation, and the redox mediation in the OER by Lil in
aLOBs. We tested Lil as RM additive in dimethyl sulfoxide
(DMSO)- and tetraglyme (G4)-based electrolytes and verified
the performance of aLOBs in static conditions with no excess of
O,. Extensive degradations are observed in DMSO, whereas G4
electrolytes deliver reversible cycling. The different performance
is driven by the selective 'O, release in DMSO, confirmed
experimentally by electron paramagnetic resonance (EPR) using
4-0x0-TEMP as 'O, trap.”®* On the opposite side, 'O, is
apparently suppressed in the G4-based electrolyte, thus
demonstrating the key role played by solvation on the
thermodynamics of parasitic chemistry in redox mediated LOBs.

B EXPERIMENTAL METHODS

Electrolyte Preparation. High-purity tetraglyme [tetraethylene
glycol dimethyl ether, anhydrous, >99%] and DMSO [dimethyl
sulfoxide, anhydrous, >99%] were purchased from Sigma-Aldrich and
dried with 3 A molecular sieves for at least 1 week before use. Battery
grade LiTFSI (lithium bis(trifluoromethanesulfonyl)imide extra dry
<20 ppm of H,0, Solvionic) and Lil (lithium iodide, AnhydroBeads,
99%, Sigma-Aldrich) were used as received. The two electrolyte
formulations consist of 1 M LiTFSI + 200 mM Lil in tetraglyme and
DMSO.

Electrochemical Measurements. An EL-CELL ECC-Air test cell
designed for Li—O, tests in aprotic electrolytes was used to perform
electrochemical experiments. Precut discs of a commercial carbona-
ceous GDL (MTI Corp.) were used as cathodes. A metallic lithium foil
was used as a negative electrode. A nickel foam disc (16 mm diameter)
was used above the GDL to ensure a homogeneous O, impregnation. A
glass fiber separator (Whatman, 1.55 mm thickness, 18 mm diameter),
soaked in 1 M LiTFSI + 200 mM Lil in DMSO or G4 electrolytes, was
used. Cell assembly was performed in an Ar filled glovebox (Iteco Eng
SGS-30, H,O < 0.1 ppm). The Li—0O, cells were filled with pure O,,
setting a static final pressure of 2.0 bar in the cell volume (head space 4.3
cm?®). Galvanostatic cycling tests were run on (—)Li’[LiTFSI 1 M + Lil
200 mM in DMSOIGDL(+) and (=)LILITESI 1 M + Lil 200 mM in
G4IGDL(+) cells at 0.1 mA cm™2 with a limited capacity of 0.2 mAh
cm™? and cutoff potentials of 2.0 and 3.6 V vs Li*/ Li°, using a
galvanostat MTI 8-channel Battery Analyzer. Coulombic Efficiency
(CE) is calculated as the ratio between the capacity achieved in
discharge and the capacity achieved in charge.

Physical-Chemical Characterization. Electrodes for postmor-
tem studies were washed twice in fresh DMC and then dried in vacuum.
ATR-FT-IR spectra were acquired using a Bruker Lumos II microscope
with an integrated FT-IR spectrometer suited for sample analysis in
attenuated total reflection using a Ge crystal. A resolution of 4 cm™" and
10 scans were set. Raman spectra were registered using a DILOR
LabRam confocal micro-Raman instrument equipped with a He—Ne
laser source at 632.7 nm. Samples were held in 3D-printed sample
holders sealed with a cover glass window and nail polish in order to
avoid undesired reactions with air moisture. An HR-FESEM Zeiss
Auriga coupled with a Bruker EDX system was used for ex situ
morphological characterization and elemental mapping of electrodes.

EPR Measurements. The spin trap 4-oxo-TEMP (2,2,6,6-
tetramethyl-4-piperidone, 95%) and its oxidized form 4-oxo-TEMPO
were purchased from Sigma-Aldrich and used as received. Samples were
prepared in an Ar filled glovebox (Iteco Eng SGS-30, H,O < 0.1 ppm) at
room temperature. Standard solutions were prepared at concentrations
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Figure 2. (a) SEM micrograph of postmortem gas diffusion layer cycled with the DMSO-based electrolyte for 200 cycles, GDL pys0), at S000X
magnification. (b) SEM micrograph of postmortem gas diffusion layer, cycled with the G4-based electrolyte for 200 cycles, GDL(gy4), at 5000X
magnification. (¢) ATR-FTIR spectrum GDL pys0). Reference spectra of Li,SO; (theoretical), DMSO, LiTFSI, and pristine GDL. (d) ATR-FTIR

spectrum GDLgy). Reference spectra of LITFSI and pristine GDL.

of 5, 50, and 100 mM of 4-oxo-TEMPO in DMSO. Reaction solutions
of I, 50 mM + Lil 100 mM + 80 mM 4-oxo-TEMP in DMSO and G4
were prepared, and excess Li,O, was added shortly before starting the
EPR measurements. 50 L of the as-prepared dispersions were held in
Suprasil quartz tubes of 2 mm internal diameter. The tubes were sealed
with low-impurity wax to avoid undesired contact with air moisture.
EPR spectra were recorded at room temperature with a continuous
wave X-band spectrometer (Bruker ELEXSYS) equipped with a high
sensitivity microwave cavity (Bruker SHQ). EPR acquisition
parameters were: 2 mW microwave power, 0.02 G modulation
amplitude.

Computational Details. The IR spectra of isolated molecules used
to assign the spectra were calculated using density functional theory
(DFT) at wB97XD/def2-TZVP* with the Orca package distribution,
version 5.03.>' The molecular geometries were optimized to the energy
minimum, and the IR spectra were obtained by a standard harmonic
frequency analysis.

The EPR spectra were simulated and best fitted with Easyspin, a
Matlab-based software.”

B RESULTS

Electrochemical Measurements. The performance of
aLOBs assembled using DMSO- or G4-based electrolytes are
shown in Figure 1 in terms of Coulombic efficiencies upon
cycling (Figure la,c). Apparently, the cycling performance of

Lil-mediated Li—O, cells is strongly modified by the solvent
used in the electrolyte.

Cell formulations based on the DMSO electrolyte (Figure 1a)
can work reversibly for ~35 cycles only, followed by a scattered
decrease of the Coulombic efficiency. This performance decay is
driven by a monotonic decrease of the discharge capacity (see
Figure 1b), possibly originating from the lack of molecular
oxygen. The potential profiles in Figure 1b, ranging from the first
to the 100th cycle, show that independent from discharge
capacity the charge curve always reaches the capacity limit.
Moreover, the mean charge potentials observed at the 50th and
100th cycle is significantly below that of the first cycle, showing
values smaller than the thermodynamical redox potential of the
couple Li,0,/0, (i.e., 2.96 V vs Li*/Li)’ for more than 50% of
the entire charge. This suggests that a change in the
electrochemical process during charge occurred upon cycling,
deviating from the desired process, i.e., I” oxidation to I;~, which
then promotes Li,O, oxidation. The strong modification of the
charge process likely involves parasitic reactions driven by
singlet oxygen.

Conversely, in the case of the G4-based electrolyte, cells keep
good performance for at least 200 cycles (Figure 1c) despite
some alterations in the voltage profiles upon cycling (Figure 1d).
The charge potential profile always below 3.2 Vvs Liis related to
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the oxidation reaction 31" — 1™ + 2e7, that occurs in parallel to
the simultaneous oxidization of Li,O, by I;~. Overall, a redox
mediated OER occurs, pushed by the thermodynamic driving
force of the RM.”* However, the discharge profiles modify upon
cycling: in particular, two-step profiles are observed at the 50th
and 100th cycles. This evidence can be due to the accumulation
of I;” upon cycling: in fact, I;~ can be reduced to I" during
discharge at around 3.0 V, while the second plateau at around 2.8
V is likely related to the ORR. This behavior has been previously
observed in the literature,”>>° and it is due to the slow oxidation
kinetics of Li,O, by I;™ in ethereal solvents.”® Therefore, I,~
accumulates upon charge and can be reduced upon discharge in
competition to the ORR. Under this hypothesis, the measured
discharge capacity is only partially accountable for the Li,O,
formation as well as charge capacity cannot be fully due to the
Li,O, oxidation. A quantitative evaluation of the amount of
Li,O, electrochemically formed and/or dissolved during
discharge and/or charge is still experimentally challenging:
additional methodological innovations are necessary to reliably
provide quantifications of the amount of lithium peroxide over
electrodes. Thus, using our experimental approach and
equipment, we cannot decouple the two contributions to the
total discharge capacity. Qualitative evaluations are reported in
the Supporting Information based on simple stoichiometric
considerations.

Turning to the charge step, in the literature, Kwak et al.'® and
Bietal.'” discussed the possible suppression of OER induced by
the most favorable I7/1,~ and I, /I, oxidations. However, in our
case, simple stoichiometric considerations unavoidably prove
the occurrence of the OER upon charge (see Figure S1). In
particular, at least 44% of the cumulative capacity exchanged
upon charge must originate from the oxidation of Li,O, to
release *O,. Thus, it is necessary to specify that a prolonged cycle
life of the Li—O, cell with this electrolyte can be, in part,
accountable to iodide chemistry and not only to an optimization
of ORR/OER processes. However, many strategies are being
proposed in the literature to suppress the contribution of iodine
redox couples to battery capacity, and the preliminary results
reported suggest that, with a suitable cell configuration, Lil/ G4
electrolytes can provide interesting ORR/OER perform-
ances.”*”® Besides the possible contribution provided by the
I;7/1” couple, which likely contributes in both cell formulations,
we argue that these promising results in the case of the Lil/G4
electrolyte originated from the suppression of the singlet oxygen
evolution, as we will discuss below.

Postmortem Characterization of Electrodes. The
experimental evidence of cell failures in the case of DMSO-
based electrolytes registers in the evolution of the surface
composition at the positive and negative electrodes during
cycling. To confirm this point, we performed postmortem
analyses of the GDLs and lithium counter-electrodes collected
postmortem from cells after cycling in the two different
electrolytes. SEM/EDX and ATR-FTIR data sets on samples
collected from the DMSO-based electrolyte ( GDL(DMSO)) and
the G4-based electrolyte (GDLgy4)) are shown in Figure 2. EDX
quantitative analysis on GDL samples is reported in Table 1.

SEM micrographs and EDX elemental quantification confirm
that the electrolyte strongly impacts both electrode morphology
and composition after prolonged cycling in DMSO. The
GDL (pps0) surface (Figure 2a) is covered with distinguished
deposits that are likely constituted by electrolyte degradation
products. Large amounts of sulfur distributed on the cathode
surface result from the EDX analysis reported in Table 1 and in

Table 1. EDX Elemental Quantitative Analysis on GDL
Cycled with the DMSO-Based Electrolyte for 200 Cycles and
GDL Cycled with the G4-Based Electrolyte for 200 Cycles

atomic %
sample C (@) S F Ni I
GDLpumso) 38.12 24.93 16.10 6.52 9.84 4.49
GDL (g4 94.9 13 0.2 2.4 0.8

the elemental mapping, hinting that extended degradation of
DMSO and LiTFSI occurred. This is confirmed by the ATR-
FTIR spectrum reported in Figure 2¢c, where the main signals are
in the range between 1000 and 1100 cm™" that corresponds to
the S—O stretching region.””*® The spectrum in this region in
part resembles that of DMSO but likely also involves other sulfur
compounds coming from its decomposition and, to a minor
extent, LITESI decomposition. The presence of lithium sulfite
cannot be excluded also considering the ex situ Raman spectrum
(Figure S2). This evidence is in line with previous literature
reports that identified Li,SO; as one of the degradation products
of DMSO during ORR, due to direct reaction with lithium
superoxide.”” It is reasonable to hypothesize that a similar
degradation path can also be induced by singlet oxygen that is
strongly enhanced in this electrolyte. Moreover, since a non-
negligible amount of iodine is found on GDL pps0), it is likely
that also the strong nucleophile I0;™ plays a role in the
degradation of DMSOQ, in agreement with the recent report of
Wang et al.”’ that demonstrates the possibility of DMSO
spontaneous deprotonation by I0;™. It is worth noticing that,
based on Wang et al.’s calculations, IO;~ formation is strongly
triggered by singlet oxygen evolution.

On the contrary, SEM/EDX characterization of the GDL
sample (Figure 2b) collected after cycling in the G4-based
electrolyte suggests the presence of a thin CEI (cathode—
electrolyte interphase) layer. In fact, from the EDX quantifica-
tion reported in Table 1, it can be observed that the GDL gy,
surface is primarily constituted by carbon. Only very small
amounts of sulfur and fluorine were detected on the surface,
possibly resulting from moderated LiTFSI degradation. The
corresponding ATR-FTIR spectrum (Figure 2d) is constituted
mainly by low intensity LiTFSI features and a band in the region
of C—0O-C stretching,40 between 800 and 1100 cm™), that is
likely due to G4 degradation. Although signals in the range of
900—1100 cm™! can also be attributed to S—O bonds, their
contribution is likely negligible based on the low content of
sulfur detected by the EDX quantitative analysis (Table 1).
These results are compatible with the formation of a natural CEI
layer, and different from the DMSO case, the occurrence of
severe degradations of electrolyte can be excluded. Moreover,
EDX reports a very low content of oxygen on the electrode
surface, suggesting that no accumulation of Li,O, due to
inefficient oxidation has occurred during cycling.

The corresponding characterization of lithium metal anodes is
shown in Figure 3. Both Lipyso) and Liig,) show an uneven
morphology of the lithium surface with large differences. In the
case of Li(pps0), degradation products form a thick SEI layerin a
film-like morphology (Figure 3a).

The EDX elemental analysis reported in Table 2 indicates
oxygen and carbon as the main components, together with
smaller amounts of sulfur. The absence of fluorine from the EDX
analysis of this sample suggests that the majority of degradation
products containing sulfur likely come from DMSO. The
elemental analysis of Li(pyso), as well as that of GDLpyso), also

https://doi.org/10.1021/acsami.3c12330
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c12330/suppl_file/am3c12330_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c12330/suppl_file/am3c12330_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c12330/suppl_file/am3c12330_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c12330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Absorbance [a.u.]

DMSO|

—_— AL

T T T T T
600 800 1000 1200 1400 1600 1800

Wavenumbers [cm™']

Li(Gd)

’MM_‘:E&

T T T T T 1
600 800 1000 1200 1400 1600 1800
Wavenumbers [cm™']

Absorbance [a.u.]

Li,SO,

Figure 3. (a) SEM micrograph of postmortem Li metal cycled with the DMSO-based electrolyte for 200 cycles, Li(ppso), at 20000 magnification. (b)
SEM micrograph of postmortem Li metal cycled with the G4-based electrolyte for 200 cycles, Li(gy), at 20000X magnification. (c) ATR-FTIR
spectrum of Li(pyso)- Reference spectra of Li,SO; (theoretical), LITFSI, Li,CO;, and DMSO. (d) ATR-FTIR spectrum of Li(cy). Reference spectra of

LiTFSI, Li,CO,, and Li,SO; (theoretical).

Table 2. EDX Elemental Quantitative Analysis on Li Metal
Cycled with the DMSO-Based Electrolyte for 200 Cycles and
Li Metal Cycled with the G4-Based Electrolyte for 200 Cycles

atomic %
sample C (¢} S F Ni
Lipmso) 22.55 40.46 3.23 6.74
Li(gs) 36.48 24.64 9.22 24.07 0.22

reports a non-negligible percentage of Ni. Ni foam is employed
in the cell configuration at the cathode side (see Experimental
Methods) to promote oxygen diffusion, and it is expected to be
inert under the cell working conditions. The presence of Ni on
the anode side thus hints at a remarkable corrosion of the Ni
foam during the cell operation, possibly promoted by the ROS
(reactive oxygen species).

The ATR-FTIR spectrum of Liipyso) (Figure 3c) shows
strong contributions by sulfur compounds in the region of
1000—1100 cm™, similar to the case of GDL(pumso) likely
derived from the DMSO degradation. The spectrum of this
sample is also compatible with the presence of Li,SO;. The

LiTESI-CF; peak"" at 1190 cm™ can also be clearly
identified, indicating that, although the EDX analysis could
not detect fluorine, LiTFSI fragments are present on the
electrode surface. The remaining main features in the Lijpys0)
ATR-FTIR spectrum are ascribed to lithium carbonate, but its
contribution is necessarily overestimated because of the
previous exposure of the sample to CO, during the sample
loading in the SEM apparatus.

A different picture emerges when observing Li(g4). The SEM
micrograph (Figure 3b) shows the typical aspect of lithium
metal in a dendrite-like morphology, suggesting the presence of
a thin SEI layer. In the ATR-FTIR spectrum (Figure 3d), the
most relevant spectral features are related to LiTFSI and
Li,CO;. Additionally, signals in the C—O—C stretching region
are detected. It is likely that also a contribution from Li,SOj is
present, as a result of LiTFSI degradation, in agreement with
previous findings.*> The EDX elemental analysis reported in
Table 2 indicates high quantities of sulfur and fluorine,
confirming the predominance of LiTFSI fragments in SEI
composition. Overall, the effect of DMSO solvation on Lil redox
mediation has a detrimental impact on the stability of cell
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components, leading to extended side reactivity that affects the
cell cyclability.

Chemical Reactivity of Lithium Peroxide with lodine:
White Light Images and EPR Spectra. To shed light on the
interplay between solvation properties and the use of Lil as a
redox mediator, we analyzed the chemistry of Li,O, with I;” in
G4 and DMSO. Our aim is to check the ability of the oxidated
form of the RM to promote the OER and the possible release of
'0,. The white light image evolution of Li,O,/1,/Lil/solvent
solutions at room temperature is shown in Figure 4.

Reaction in DMSO

» time (h)

Reaction in G4

Figure 4. White light digital images of 1 mL of solution I, 25 mM + Lil
100 mM reacting with 400 ymol of commercial Li,O, in DMSO (top)
and G4 (bottom), registered during 28 h of reaction.

I, and Lil can be dissolved in both G4 and DMSO giving red-
brownish and clear solutions, respectively, whereas lithium
peroxide does not dissolve either in DMSO or in G4, thus
leading to white opalescent suspensions in both solvents. As
reported by Leverick et al.,*® mixing Lil and I, with a 4:1 molar
ratio leads to the complete association of I to I” giving I;™. The
color change of the DMSO solution (from red to white) is due to
the reduction of I;~ to I". On the contrary, no significant

changes occur in the G4 solution. These results are consistent
with the available literature: Leverick et al.*® proved that the
kinetics of Li,O, oxidation by I, is significantly faster in DMSO
than in G4. A similar experiment was carried out in situ in the
EPR spectrometer. During the reaction, we used the spin trap 4-
oxo-TEMP, which forms the stable radical 4-oxo-TEMPO
reacting selectively with 'O, to monitor singlet oxygen
evolution."* No other reaction products involving the spin
trap are expected.'’ While the reduced form 4-oxo-TEMP does
not have an EPR signal, the oxidized form 4-oxo-TEMPO has a
unique EPR fingerprint that allows one to detect 'O,:
experimental results are shown in Figure 5.

The temporal evolution of the EPR spectra of the DMSO
reaction solution starting from 30 min after sample preparation
until 12 h later is reported in Figure Sa. In the DMSO solution,
the typical three-line signal of 4-oxo-TEMPO with a hyperfine
constant of 41.5 MHz is observed from the early stages of the
reaction, clearly highlighting the release of singlet oxygen that
led to the oxidation of a part of the 4-oxo-TEMP to 4-oxo-
TEMPO.* Two partially overlapping components of the 4-oxo-
TEMPO signal can be recognized, characterized by two different
line widths: a well-resolved component with a line width of 0.13
mT and a broader component with a line width of 0.77 mT. The
first component is the typical EPR signal attributed to 4-oxo-
TEMPO in low concentration solutions, while the wider
component can be attributed to regions characterized by a
higher concentration of 4-oxo-TEMPO molecules, in which, due
to the decreasing distance between paramagnetic centers,
dipole—dipole interactions and mainly spin-exchange effects
result in a broadening of the EPR line.”” In Figure 5b, the spectra
of three solutions at known concentrations of 4-oxo-TEMPO
are reported to highlight the changes in the profile shape and line

width due to increasing concentrations.

a
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Figure S. (a) EPR spectra of a solution of I, 50 mM + Lil 200 mM + 80 mM 4-oxo-TEMP in DMSO reacting with excess Li,O, for 12 h. (b) EPR
spectra of solutions of S mM (black), S0 mM (dark gray), and 100 mM (light gray) of 4-oxo-TEMPO in DMSO.

https://doi.org/10.1021/acsami.3c12330
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsami.3c12330?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c12330?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c12330?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c12330?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c12330?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c12330?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c12330?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c12330?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c12330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

a
7
3 x10 . . . ; ;
—
5 L5l _
:62
S
2
£t _
=]
[}
I J J J
= I I 7
<
=]
20 -1 1
w2
=4
a2 _
m

-3
348 3485 349 3495 350 350.5 351 3515 352 3525 353
Magnetic Field [mT]

EPR Signal Intensity [a.u.]

! L L L L L L

3 . .
348 3485 349 3495 350 3505 351 3515 352 3525 353

Magnetic Field [mT]

Figure 6. (a) Experimental (blue) and simulated (red) spectra of a S mM solution of 4-ox0-TEMPO in DMSO. (b) Experimental (blue) and simulated
(red) spectra of the reaction solution in DMSO measured after the complete reaction.

The presence of both components in the DMSO solution is
due to the presence of two different local 4-oxo-TEMPO
environments:

(i) The broad component represents the interface between
solid Li,O, and the solution, where the radical molecules
are locally more concentrated.

(i) The narrow signal is related to noninteracting 4-oxo-
TEMPO molecules diffused in solution.

The signal of the sample in DMSO initially shows mainly the
narrow component, with a small contribution from the broader
component appearing as a peak shoulder. Subsequently, the
EPR signal intensity of the narrower component remains stable,
whereas the signal intensity of the broad component increases
with time. This behavior is explained by the increase of the
amount of 4-oxo-TEMPO following the Li,O, oxidation, that
implies the increase of its local concentration in proximity to the
Li,O, surface. The narrower-width signal, on the other hand, can
be attributed to diluted 4-oxo-TEMPO molecules that diffused
in the solution during the early stages of reaction. Owing to this,
this component does not change in intensity with the ongoing
reaction.

To estimate the percentage of singlet oxygen produced during
the reaction, another EPR test in DMSO was performed at the
end of the reaction, 72 h after preparation. In this case, only the
component with smaller line width appears (Iw = 0.13 mT),
since the sample was accurately mixed shortly before the EPR
measurement. In Figure 6b, the acquired and simulated spectra
of the sample are shown. For concentration determination, the
sample was compared with the EPR spectrum of 4-oxo-TEMPO
at the known concentration of 5 mM in DMSO, and the
acquired and simulated spectra for this reference solution are
reported in Figure 6a.

A concentration of 1 mM 4-0xo-TEMPO in the reaction
solution is estimated from the ratio of the double integrals of the
two simulated spectra. Assuming that 1 mM 4-oxo-TEMPO is
due to the formation of 1 mM 'O,, it constitutes that at least 2%
of the total molecular oxygen evolved.

Furthermore, it must be considered that not all of the singlet
oxygen formed in the chemical reaction contributes to the
formation of TEMPO molecules, as different singlet oxygen
deactivation processes occur in the solution.'' Therefore, this
estimation provides only the lower limit of 'O, released. This
value is largely beyond any thermodynamic prediction based on
the 0, — 'O, Gibbs energy of formation (0.97 eV) and

suggests a direct reaction channel to form 'O, promoted by the
RM. Turning to the G4-based electrolyte, the EPR spectrum of
the lithium peroxide/iodine solution after 72 h is shown in
Figure 7.
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Figure 7. EPR spectrum of a reference solution of 80 mM 4-oxo-TEMP
in G4 (dark blue) and EPR spectrum of a solution of I, S0 mM + Lil 200
mM + 80 mM 4-oxo-TEMP with excess Li,O, after 72 h of reaction
(light blue).

In this case, the intensity of the signal is comparable to the
blank, indicating that no significant singlet oxygen evolution
occurred. In fact, the benchmark solution of 4-oxo-TEMP 80
mM in G4 reported as reference shows at very low intensities the
typical 4-oxo-TEMPO signal caused by small amounts of
impurities in the commercial 4-oxo-TEMP."' Overall, our
results demonstrate that singlet oxygen evolution is strongly
dependent on the nature of the aprotic solvent.

B DISCUSSION

In the previous section, we reported direct evidence of the
alteration of the aLOBs reversibility and degradation reactivity,
at both the positive and negative electrodes, depending on the
electrolyte formulation. This finding has a direct match in the
change of the spontaneous chemical reactivity of the lithium
peroxide with iodine in DMSO and G4, as proven by white light
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DMSO (red) and G4 (blue); (b) thermochemical equations of reactions R1 and R2.

imaging and EPR spectroscopy. The stoichiometries of the
chemical OERs promoted by lithium triiodide are given by

Li,O,(cr) + Lil(solv) — 3Lil(solv) + 302(g) (R1)

Li, 0, (cr) + Lily(solv) — 3Lil(solv) + 'O,(g) (R2)

where Li,O,(cr), Lil;(solv), Lil(solv), *0,(g), and '0,(g) are
solid lithium peroxide, solvated lithium triiodide, solvated
lithium iodide, and molecular oxygen in his triplet or singlet
state, respectively. Given the energy difference between triplet
and singlet state molecular oxygen (i.e., 0.97 eV),* reaction R2
has a much more unfavorable thermodynamics compared to
reaction RI.

Experimentally, reactions R1 and R2 activate thanks to a
strong driving force in DMSO, whereas in G4 our results suggest
an unfavorable energetic landscape. Both thermodynamic
reaction paths in both electrolytes are sketched in Figure 8a as
qualitative potential energy surfaces of the heterogeneous
reaction Li,O,(cr) + Lil;(solv) — 3Lil(solv) + O,(g).

As discussed above, in G4, either reaction R1 or R2 shows
unfavorable thermodynamics: this evidence must reflect an
increase of total Gibbs energy passing from reagents to products.
On the contrary in DMSO, both reactions occur, suggesting a
favorable driving force: in this case, the total Gibbs energy must
show a decreasing trend from reagents to products. Therefore,
the key factor affecting the different energetic landscapes is the
solvation thermodynamics of lithium iodide and lithium
triiodide. The thermochemical equations that describe reactions
R1 and R2 and their dependence by solvation thermodynamics
are represented in Figure 8b. The Gibbs energy of the
heterogeneous reaction R1, i.e.,, A,G3(R1), is given by

ArG%)'(Rl) = {ArG%)'(Rll gaS) + AvapG%)'(LiZOZ(Cr))}
+ {3ASOIVG;(LiI) - AsolvGTO'(LiIS)} (1)

where all standard Gibbs energy of reaction, vaporization, or
solvation symbols correspond to those shown in Figure 8b.
Overall A,G3(R1) depends on the two sums grouped in
braces: its sign, either positive or negative, is given by the balance
of these two addends. The first sum in eq 1 is a positive quantity,
ie, {A,G3(Rl,gas) + AvaPG%(LiZOZ(cr))} > 0, being
A,G3(R1,gas) driven by the unfavorable standard reaction
entropy as well as (A, G}(Li,O,(cr)). Furthermore, it is
independent of the solvation media. The second quantity in eq
1, ie, {3A,,GHLIL) — Ay ,G3(Lil5)}, is the weighted sum of

solv

the Gibbs energies of solvation of lithium iodide and lithium
triiodide. Both Lil and Lil; being ionic molecules, both
A GH(LiI) and A, G3(Lil;) are negative quantities in polar
solvents, even with small dielectric constants like G4. Thus, the
sign of the overall Gibbs energy of the heterogeneous reaction
R1 is driven by the balance between these two terms:

34, GA(LI) — A, Go(LIL) < 0 (2)

solv

A,GS(R1) <0

13A,, GP(LID) — A, GZ(LiL)I > A,G{(R1, gas)
+ A, G7(Li,0,(cr)) A,Gp(R1) <0 3)

vap

solv

A,GZ(R1) > 0 inall other cases 4)

Generally speaking, A,G3(R1) < 0 is true only if
3A,.,GH(Lily) < Ay, G3(Lily). As a consequence, the activation
of R1 in DMSO implies a much more negative value for the
difference 3A,;,GJ(Lil) — 3A,,;,G3(Lil;) compared to G4: this
thermodynamic constraint implies a much better solvation of Lil
with respect to Lil;. Unavoidably, the decrease of A,G3(R1) to
negative values also downshifts the thermodynamics of reaction
R2,ie., A,GH(R2), thus enhancing the detrimental release of the
singlet oxygen.

B CONCLUSION

In this work, we demonstrated experimentally that the OER
mediated by iodine is chemically hindered in a G4-based
electrolyte whereas in DMSO a thermodynamic push is
provided by the more favorable solvation thermodynamics.
Unfortunately, the onset of reaction R1 in DMSO follows in
parallel a remarkable release of singlet molecular oxygen. In
aLOBs, iodine promotes the OER in both electrolytes, likely
helped by overpotentials in G4. However, in DMSO-based
electrolytes, the massive release of singlet oxygen leads to rapid
cell failure.

Our findings suggest that the redox mediation by iodine in
aLOBs can be tuned by altering the dielectric constant of the
electrolyte solvent, thus providing more effective OER kinetics.
On the other hand, this thermodynamic push must be carefully
balanced to minimize the concurrent reactive channel that leads
to the release of singlet molecular oxygen. In fact, in DMSO, the
activation of a spontaneous chemical OER promoted by Lil,
quickly leads to accumulation of degradation byproducts
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resulting from the spontaneous reactivity of singlet oxygen with
all the constituents of the cell.

It is important to stress that our experimental evidence
highlights the subtle unexpected origin of the degradation
reactivity occurring in DMSO. On one hand, the change in the
solvent polarity has a direct impact on the OER thermodynamics
promoted by the same RM compared to G4. On the other hand,
an undesired consequence is the parallel formation of 'O,. This
detrimental process activates multiple parasitic reactivities,
leading to cell death via the accumulation of byproducts in
any compartment of the cell.

Overall, our analysis suggests that the choice of the redox
mediator and the electrolyte must be balanced together in
aLOBs in order to find a favorable equilibrium between OER
activation and the release of singlet molecular oxygen.
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