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ABSTRACT. The unique properties of room temperature ionic liquids make them promising
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electrolytes for next-generation rechargeable batteries. Unfortunately, many promising ionic
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liquid electrolytes suffer degradation under the operation conditions of Li-O, batteries. This
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work demonstrates that the addition of redox mediators can transform the reaction mechanism
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and suppress the degradation of the electrolytes in Li-O, batteries. 1-ethyl-3-methylimidazolium
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bis(trifluoro-methylsulfonyl)imide (EMIMTEFSI) is a room temperature ionic liquid that is widely
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being explored for battery applications, but its instability in the presence of reduced oxygen
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species (superoxide) limits application in Li-O, batteries. The addition of redox mediators can
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suppress the degradation of EMIMTEFSI in Li-O, cells, leading to remarkable improvements in
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capacity and reversibility. In-situ Surface Enhanced Raman Spectroscopy and operando-pressure
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evaluation demonstrate that 2,5-di-tert-butyl-1,4-benzoquinone (DBBQ) is capable of
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suppressing the attack of superoxide species against EMIMTFSI, thus promoting the desirable 2-
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electron pathway to Li,O, discharge product. A detailed evaluation of the gas evolution was
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carried out using online mass spectrometry. In spite of an efficient 2-electron oxygen reduction
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with the use of DBBQ additive, this effect did not translate into a substantial improvement in the
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oxygen evolution during charging. However, when a charge mediator was used in combination
with DBBQ, a significant improvement in oxygen evolution could be observed. This work
provides the first direct experimental evidence that redox mediators can enable the incorporation
of electrolytes prone to degradation by the attack of superoxide species in practical and

reversible Li-O, batteries.
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1. Introduction
The reversible electrochemistry between molecular oxygen and lithium in aprotic electrolytes
has undergone extensive scrutiny in recent years as it holds promise to a high energy battery
technology.!»!1:3-10 The theoretical specific energy of the Li-O, battery surpasses any current
battery technology, and some encouraging early reports endorsed non-aqueous Li-O, battery as a
promising next-generation energy storage technology.!>!3-221421 Of the many fundamental
challenges, the development of electrolytes with chemical resistance against the attack of oxygen
reduction products (e.g. superoxide,>-** singlet oxygen?>-?6) and capable of impeding the cathode
passivation problem (resulting from deposition of the Li,O, discharge product) is arguably the
most crucial one.?’2° The use of high donor number solvents and the addition of redox mediators
to the electrolyte have been found to circumvent the electrode passivation problem thus
improving the storage capacity.3*3° High donor number solvents tend to be less stable against
oxygen reduction products; hence, the use of redox mediators seems more promising. Generally,
redox mediators are used in Li-O, batteries to mediate the oxygen electrode reactions by
transporting electrons from the electrode to oxygen (during cell discharge) or from the discharge
products to the electrode (during charging) thus improving electron transfer kinetics whilst
encouraging the formation of discharge products away from the electrode surface. Consequently,
an efficient redox mediation improves performance indexes such as storage capacity, voltage gap
and cycle life. A few recent fundamental studies also suggest that the lifetime of oxygen reduced
species (e.g. superoxide) is significantly reduced in the presence of discharge mediators thus
reducing their parasitic reactivity.*>#! The effect of redox mediation on the electrolyte stability

and discharge/charge efficiency is evaluated in this study, showing how an unsuitable electrolyte
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for Li-O, applications, due to its instability and degradation in the presence of oxygen reduced
species, becomes stable and resistant to degradation in the presence of redox mediators.

Room temperature ionic liquids are particularly attractive as battery electrolytes because of
their wide potential window, low flammability, low vapor pressure and high thermal stability.4>
4 Even though I-ethyl-3-methylimidazolium bis(trifluoro-methylsulfonyl)imide (EMIMTEFSI,
see structure in Figure 1) was initially considered as a prospective electrolyte for Li-O, batteries,
later it was found that the imidazolium cation is unstable against superoxide radicals.*”*® Using
molecular orbital calculations, it has been shown that superoxide can attack the C-2 of the
imidazolium cation to form an ion pair complex first 474950 then abstract the proton attached to
the C-2 (see Figure S12), and with this triggering the degradation of imidazolium cation,
generating hydrogenated superoxide and peroxide species alongside.*’ This is very unfortunate
since EMIMTFSI is a promising ionic liquid for batteries because of its advantageous properties
such as relatively low viscosity and good ionic conductivity.’!->3 Furthermore, due to their
negligible vapor pressure, general strategies to suppress the degradation of ionic liquids are
crucial for the development of a breathing Li-air battery technology where O, could be fed from
air, thus enabling a very light battery at a system level. Bruce’s group recently reported the use
of 2,5-di-tert-butyl-1,4-benzoquinone (DBBQ, see structure in Figure 1) as a mediator for
nonaqueous Li-O, batteries.”* Unlike other discharge mediators explored so far, the Li-O,
discharge reaction in the presence of DBBQ has been proposed to proceed via a unique pathway
that avoids the formation of ‘free’ superoxide in solution. A complex between the reduced
DBBQ species and oxygen (LiDBBQO,) has been proposed to be the main intermediate reaction

product in the Li-O, discharge reaction, thus replacing and bypassing the formation of
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superoxide (LiO,) as the reaction intermediate. This proposed mechanistic pathway suggests that
DBBAQ can be particularly effective in promoting the stability of the electrolyte.

In this work, the incorporation of DBBQ redox mediator to an EMIMTFSI electrolyte in Li-O,
batteries is investigated, for the first time, with the purpose of enabling an alternative discharge
reaction mechanism in which the degradation of the EMIM cation by the attack by superoxide is
overcome. Operando analytical techniques are employed to investigate the absence of
degradation reactions. Operando pressure measurements are used to quantify the amount of
oxygen consumed during discharge, and operando electrochemical mass spectrometry is applied
to quantify the amount of oxygen evolved during charge. In-situ Raman measurements are
applied to study the discharge reaction mechanism. In addition, the incorporation of a charge
mediator (lithium iodide), combined with the DBBQ discharge mediator is shown to produce
drastic improvements in the oxygen reduction/evolution efficiency. The approach here proposed
is expected to be applicable to other electrolytes, thus opening a new route that could enable the
implementation of so far considered “unsuitable” electrolytes (due to severe degradation

problems) to Li-O, batteries.
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2. Experimental

Materials, cell assembly and instrumentation

The electrolyte preparation and the cell assembly were carried out in an argon filled glovebox
(<I ppm O,, <1 ppm H,O). I-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-imide
(99.9%,) was purchased from Solvionic and dried under vacuum at 120 °C for 18 hours under
constant stirring, then the sealed container is transferred to the glove box. Hi-Dry® bis(2-
Methoxyethyl) Ether solvent (DG, >99.8%, Water <20 ppm) was purchased from ROMIL Ltd.
and further dried over molecular sieves at room temperature. The salts bis(trifluoro-
methylsulfonyl)imide lithium salt (99.95%, Sigma-Aldrich) and lithium iodide (99.999%,
Sigma-Aldrich) were dried under vacuum at 120 °C for 48 hours. 2,5-di-tert-butyl-1,4-
benzoquinone (99%, Sigma-Aldrich) and Celgard® separator were dried under vacuum at 40°C,
and Quintech H23® gas diffusion layer at 80°C under vacuum for one week. Pelletized Li,O-
Al,03-S10,-P,05-Ti0,-GeO, lithium ion conducting glass ceramic (LICGC) of 1 inch diameter
and 150 uM thick was purchased from Ohara GmbH and used as received. Swagelok and SERS
cell components and LICGC were dried under vacuum at 80 °C for 12 hours and directly
transferred to the glovebox. All salts were transferred to the glovebox in sealed Buchi® glass
tubes, and the electrolytes were prepared and cells assembled inside the same glovebox(<Ippm
0,, <lppm H,0). Both SERS electrochemical cell and the Swagelok type cell were purged with
dry oxygen (BOC N5.0 O,).

Biologic’s VMP multichannel potentiostat/galvanostat was used for all electrochemical
measurements, except for the electrochemical SERS, in which an Autolab PGSTATI101
potentiostat/galvanostat was used. A 1-inch Swagelok-type symmetrical cell made of stainless

steel was used for galvanostatic cycling. The cell was equipped with a steel plunger to allow the
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cell to be purged with dry oxygen. Cell design and assembly: The cell used throughout this study
is of symmetrical (2-electrode) type equipped with 1 inch Swagelok steel straight union body and
steel current collectors on either side. The cell stack follows this order: Anode current collector,
lithium anode (17 diameter), Celgard 24001 separator, LICGC separator, Celgard 24001
separator, Quintech H23 cathode (1 diameter), stainless steel mesh spacer, stainless piston with
flow-through holes, then a stainless steel gas flow plunger equipped with gas inlet and outlet
valves. The inside of the stainless steel cell body was electronically isolated from the cell stack
using an insulating sheet of FEP (0.127 mm thick, RS components). The electrolyte on the
lithium anode side consisted of 50 uL 1M LiTFSI/DG, and the Celgard separator used on this
side of the LICGC was pre-wetted in this anolyte. The electrolyte on the cathode side consisted
of 100 uL 1M LiTFSI/EMIMTFSI (containing the redox mediator(s) where applicable), and the
Celgard separator used on this side of LICGC was also pre-wetted in the catholyte. LICGC used
in between the Celgard separators separates the catholyte and anolyte so that the reaction of
EMIMTFI or redox mediators with lithium metal is prevented.
Operando pressure measurements

The total amount of gases consumed and evolved during electrochemical cycling were
determined by monitoring the internal pressure of the Swagelok type cell using a pressure
transducer. The pressure transducer (PA-33X, Keller Druck AG) was attached to the Swagelok-
type Li-O; cell using stainless steel gas pipes and compression fittings (Swagelok®). Oxygen
purging though the transducer attached Swagelok type cell was done as follows: While the
valves to the electrochemical cell were shut, the pressure transducer and the tubing attached to
this were opened to vacuum for 20 minutes, then the valve was opened to dry oxygen. This

sequence was repeated three times in order to remove any contaminants within the tubing or the
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transducer. After this, the valve connected to the Swagelok cell was opened and allowed dry
oxygen to flow through the cell-transducer assembly for 20 minutes. The cell-transducer
assembly was sealed and isolated from the gas line, then allowed to rest inside a climatic
chamber set to 25°C (HPP110, Memmert GmbH) for at least 2 hours so as to achieve thermal
equilibrium. The internal pressure of the cell was monitored for 30 minutes prior to
electrochemical cycling in order to ensure that the cell-transducer assembly is leak-free and the
temperature is constant. The pressure change corresponding to gas consumed or evolved was
converted to the number of moles of gas consumed or evolved, using the ideal gas law. During
discharge, the gas consumed corresponds to oxygen consumption, since there is no other gas
present in the cell. Once the pressure measurement is finished, the internal volume of the cell
was determined using the known volume of the transducer and based on the pressure-volume
relation (Boyle’s law) upon equilibrating two interconnected vessels having unequal pressure.
Once the volume is determined, the number of moles of gas consumed or evolved can be
determined from the pressure difference observed, using the ideal gas law.

Operando electrochemical mass spectrometry (OEMS)

OEMS measurements were carried out using a quadrupole mass spectrometer (QGA, Hiden
Analytical) equipped with an SEM ion detector. The spectrometer was configured for continuous
analysis of gases, sampling at a specific sampling rate. The electrochemical cell used for OEMS
was the same type as the ones used for pressure measurement, but without the transducer
attached to the cell. The cells were discharged to their respective capacity values before
connecting to the OEMS gas line. Nominally dry argon (BOC N5.0, <3ppm H,0) flow at 0.8
ml/min (Bronkhorst Flow controller) flows through the gas flow system connected to the

OEMS’s inlet, this flow rate was chosen to match the OEMS’s sampling rate. The flow system is
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also equipped with a vacuum line that allows removal of contaminants from the additional tubing
and fittings connecting the electrochemical cell to the gas line. The carrier gas argon was then
allowed to flow through the electrochemical cell for 3 hours, allowing any remaining oxygen in
the cell to be replaced by the carrier gas and to reach dynamic equilibrium with the electrolyte
and the cell components. QGA records the gases analyzed in ppm; the amount of gas detected
can be converted to mol/min knowing the flow rate of the carrier gas.

In-situ Surface-Enhanced Raman Spectroscopy (SERS)

In-situ SERS measurements were carried out by applying a reduction current of 0.02 mA/cm?
on a sphere segment void plasmonic (SSV) gold working electrode. SERS spectra were recorded
using a Renishaw Raman spectrometer at an excitation wavelength of 783 nm. A Leica
microscope with a 50X objective lens was the collection optic. A background spectrum was
collected at the open circuit potential then a reduction current of 0.02 mA/cm?
(chronopotentiometry) was applied and spectra were collected in-situ every minute (30 seconds
acquisition time) for 30 minutes.

The SSV substrate was prepared by template assisted electrodeposition method following the
methodology reported elsewhere.™ A gold coated glass microscope slide was used as the
substrate for electrodeposition. The substrate was first cleaned by sonication in 2-propanol,
followed by rinsing in deionized water and purging dry argon over the gold coated side for 10
minutes. The colloidal polystyrene template was prepared in a thin layer cell formed over this
glass substrate by placing a cover glass over the gold coated side, keeping the two glass plates
approximately 100 um apart using a Parafilm® spacer. The as formed thin layer cell was filled
with the colloidal polystyrene suspension and then allowed the solvent to evaporate slowly at

5°C inside a refrigerator. Once the solvent is completely dried out, the gold electrodeposition
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was performed in a 3-electrode electrochemical cell at room temperature. A cyanide-free gold
plating solution (ECF 60, Metalor) in combination with a plating additive (Brightener E3,
Metalor) was the electrolyte used for gold deposition. The polystyrene coated gold substrate was
the working electrode and a platinum mesh was used as the counter electrode. Electrode
deposition was carried out by applying -0.72 V vs. saturated calomel reference electrode (SCE)
until an estimated charge corresponding to the desired thickness of gold (for optimal SERS
enhancement) has been passed through the polystyrene template. Further details on the SSV
substrate preparation can be found elsewhere.’® After electrodeposition, the as prepared SSV
substrate was washed in ethanol, dried, then stored in DMF for several days in order to remove
polystyrene nanospheres and insulating masks covering the gold substrate. A homemade three-
electrode spectroelectrochemical cell made of PCTFE was used for in situ SERS measurements.
The design of the cell with a quartz window on the top allows a thin layer of the electrolyte to sit
on top of the SSV substrate working electrode and the Raman laser can then be focused onto this.
The cell consists of SSV substrate working electrode, platinum wire counter electrode and a
LigsFePO, coated silver wire as the reference electrode. All cell components were dried at 80 °C
in a vacuum oven for 12 hours then transferred straight to the glovebox. The SERS cell was
assembled inside the glovebox, then dry oxygen was bubbled through the electrolyte in a small
purging bottle attached to the SERS cell which then allows to transfer the oxygen-saturated
electrolyte directly from the container to the thin layer SERS cell, without leaking oxygen to the
glovebox atmosphere. The sealed SERS cell was then brought outside the glovebox to carry out
the in-situ measurements.

X-Ray Diffraction (XRD)

10
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A carbon-coated Celgard cathode made using a slurry containing 66.6 %wt. acetylene black
and 33.3 %wt. lithiated Nafion (Ion power), was used for XRD characterization of the discharge
products. After discharging the cell in pure O,, the Swagelok type cell was transferred to the
glovebox. The acetylene black based cathode was then hermetically sealed in an XRD holder
(Bruker). The XRD was performed on a Rigaku Smartlab® with a Cu Ko source.

3. Results and Discussion

Electrochemistry

The Li-O, cell shows poor capacity when a 1 M LiTFS/EMIMTFSI was used as the
electrolyte (Figure 1, black curve), but the capacity improves significantly when the discharge
mediator DBBQ is added to the electrolyte (Figure 1, red curve). The expected charge/cm? for a
I-electron reduction of all the DBBQ present in the cell would correspond to only 0.026
mAh/cm? (estimated based on the DBBQ concentration and volume of electrolyte). The higher
capacity observed in the presence of DBBQ can be attributed to improved oxygen reduction
reaction (ORR) kinetics and reduced electrode passivation in the presence of the DBBQ
discharge mediator.>* The maximum achievable capacity depends on several Kinetic factors. Due
to the competing unmediated reduction of oxygen to form Li,O, at the electrode surface, surface
passivation would eventually produce the end of discharge as the electrode surface is covered by
the discharge product precipitates. The problem of the competing unmediated ORR is
particularly important in ionic liquids, because their high viscosity slows down the diffusion of
the redox mediator, and hence this limits the rate of the mediated ORR. On the contrary, the
diffusion coefficient of oxygen in ionic liquids is relatively high,3”-*® which makes the effect of
the unmediated ORR more prominent in ionic liquids compared to conventional electrolytes,

thus resulting in lower capacities. Apart from these kinetic factors, the lower capacity observed
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here also stems from the low porosity and low surface area of the commercial gas diffusion layer
cathode (carbon cloth). As demonstrating a high achievable capacity is not the purpose of this
study, we have chosen a commercial gas diffusion layer carbon cloth as cathode in this case.
While the observed improvement in capacity upon the addition of DBBQ is promising, it is
important to verify that the improved capacity is in fact a result of improved ORR kinetics and
not related to any side reactions promoted by the mediator. Application of analytical techniques,
as described below, is necessary to substantiate this.

In-situ Surface-Enhanced Raman Spectroscopy Analysis

In order to obtain a mechanistic understanding of the DBBQ-mediated ORR in the
EMIMTEFSI/LITFSI electrolyte, an in-situ Surface-Enhanced Raman Spectroscopy (SERS)
analysis was carried out. A nanostructured gold electrode with sphere segments voids (SSV)
served as the working electrode, instead of porous carbon cathode used in typical Li-O, cells.
The SSV gold electrode used for SERS analysis serves as a model system to obtain mechanistic
clues into the underlying processes. High surface sensitivity of the SERS technique helps to
probe changes at the interfacial region. The SERS analysis presented here provides evidences for
reduced surface passivation and suppressed parasitic reaction in the presence of DBBQ.

Upon application of a reduction current (0.02 mA/cm?) to the SSV gold electrode in oxygen-
saturated 0.1 M LiTFSI in EMIMTFSI electrolyte, a new Raman band appears at ca. 1616 cm!
that grows in intensity over time (Figure 2a). This band can be attributed to degradation products
that result from the attack of superoxide to the EMIM cations,*® thus indicating the chemical
instability and unsuitability of the EMIMTEFSI ionic liquid for Li-O, battery applications.
Remarkably, the spectra measured in the presence of DBBQ (Figure 2b) evidence quantitative

suppression of degradation reactions, since the band at 1616 cm™! is absent or suppressed. (Close
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inspection of the spectra in DBBQ also shows a small band appearing in this region, which might
indicate that some side reactions of EMIMTEFSI happen even in the presence of DBBQ. If so,
those minor side reactions might be prevented at higher DBBQ concentrations.)

The suppression of passivation issues is inferred from the behavior of the spectra in the 1300 —
1500 cm! region, where most of the bands are related to the ionic liquid cation (EMIM) itself
(Table S2). The intensity of these bands (1300 — 1500 cm!) markedly increases with time during
the application of an oxygen reduction current in the presence of DBBQ (Figure 2b), while the
intensity of these bands remains relatively low without DBBQ (Figure 2a). This difference in the
EMIMTEFSI band intensities between the two cases is ascribed to surface passivation in the
absence of a discharge mediator. Because of effective redox mediation in the presence of DBBQ,
the surface is not immediately passivated by the discharge products, allowing to more clearly
observe the change in EMIMTEFSI bands at the interfacial region. The increasing band intensities
in the 1300 cm™ — 1500 cm™! region in Figure 2b indicates that more EMIM cations (Table S2)
are being partitioned to the interfacial region as the electrode is negatively polarized. Though
these peaks corresponding to EMIM and TFSI are present in the absence of DBBQ as well
(Figure 2a), the change in peak intensity with potential is relatively small, presumably due to the
formation of a passivating Li,O, layer on the electrode surface which affects the surface
enhancement of the SSV gold substrate underneath.

The formation of reduced oxygen species is observed in the 1000 — 1200 cm! region in Figure
2, but EMIMTFSI also has several bands in the same region (Table S2) which complicates the
assignment of the bands. In the absence of DBBQ, a band appears at 1105 cm™! in Figure 2a
during ORR (cyan region). At the open circuit potential, an small band corresponding to

EMIMTESI can be observed at 1088 cm!, but the 1105 cm™! band evolved during ORR appears
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distinct from this and increases in intensity with time, suggesting the accumulation of a reduced
oxygen species corresponding to this band. Therefore, this band is tentatively assigned to weakly
coordinated superoxide species; the relatively low O-O stretching band position is indicative of
superoxide species coordinated to the ionic liquid cation rather than Li*.*8° We also observe
another band evolving around 805 — 810 ¢cm! (cyan region in Figure 2a) during ORR which is
indicative of Li,O, formation. This peak is slightly blue-shifted for a Li,O, band typically
reported in the 790 — 805 cm’!. In the presence of DBBQ, in addition to a 805 cm™! peak, we
observe a 835 cm! peak in Figure 2b. While the 805 cm™! peak would indicate Li,O,-like species
as in the previous case, the 835 cm! peak could be related to complexed peroxo species.®® While
the bands corresponding to Li,O,-like species appear in both cases (Figure 2a and 2b), a striking
difference between the two is the observation of a rather strong peak at 1118 cm™' when DBBQ
is present in the electrolyte (Figure 2b). The presence of a 1118 cm! peak in Figure 2b would
suggest that it is related to DBBQ-lithium-superoxo complex in 1M LiTFSI/EMIMTFSI
electrolyte which might be present as a reaction intermediate species. However, a definitive
assignment of this band is, unfortunately, not possible.

While the assignment of superoxide and peroxide bands observed here are complicated, our
SERS analysis do provide two important observations: 1) reduced surface passivation (as inferred
from the potential-dependent change of band intensities in the 1300 — 1500 cm! region), and ii)
the absence of the EMIM-degradation peak at 1616 cm’' when DBBQ is present in the
electrolyte. Because the SSV film was not stable enough at positive potentials, the SERS
analyses were limited to discharge reactions only. Forthcoming sections of this article discuss the
influence of redox mediators on the oxygen reduction and evolution efficiencies, evaluated using

operando pressure measurements and operando electrochemical mass spectrometry (OEMS).
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Operando Gas Consumption and Evolution Analyses

When a Li-O; cell using 1M LiTFSI/EMIMTEFSI electrolyte was discharged at 0.02 mA/cm?,
the voltage dropped to 2 V vs. Li*/Li in just about one hour, resulting in a capacity of 0.021
mAh/cm? (Figure 3a) and the gas consumption data indicates a reaction stoichiometry of 1.80
electrons per oxygen (Figure 3b). Gas consumption was estimated from the cell’s internal
pressure monitored in operando (original pressure data in the supplementary info, Figure S1).
The observed deviation from an ideal 2-electron ORR suggests that the discharge reaction
involved pathways/reactions other than the neat 2-electron conversion of O, into Li,O,. This
deviation is mostly likely due to a fraction (~ 20% in this case) of the superoxide generated (1-
electron ORR) being consumed for parasitic reactions other than the intended Li,O, formation.
After the cell discharge, the cell was allowed to relax for one hour and no appreciable pressure
drop was observed during this time (Figure S1), demonstrating that the observed pressure drop is
indeed due to gas consumption (specifically, oxygen consumption, since there is no other gas in
the cell during the first discharge). The gas evolution upon charging (Figure 3b, red curve)
deviates significantly from the 2-electron OER expected for an ideal Li,O, to O, reaction.
Because the gas evolution observed here doesn’t necessarily indicate oxygen evolution alone,
additional experiments were performance where operando electrochemical mass spectrometry
(OEMS) was employed to identify the gaseous products formed in the charging process. The
corresponding OEMS data (Figure 3c) shows that the amount (and rate) of oxygen evolved is
indeed very low (for a 2e-/O,, the expected rate is 30.5 mol/min). The oxygen recovery
efficiency is estimated to be 11% (Table S3). The oxygen recovery efficiency is calculated as the
ratio of the amount of oxygen evolved obtained from OEMS analysis (Figure 3c, red curve —

oxygen) and the amount of oxygen consumed determined from the operando-pressure data
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(Figure 3b, black curve). Significant CO, evolution was also observed as the potential rises
above ~ 4 V wvs. Li"/Li. Clearly, the performance of a Li-O, cell containing 1M
LiTFSI/EMIMTEFSI is very poor; shows very low capacity, poor selectivity towards 2-electron
ORR and the oxygen evolution efficiency is also very poor.

Figure 4 shows the electrochemical data and corresponding gas consumption/evolution in 1M
LiTFSI/EMIMTEFSI containing 50 mM DBBQ additive. The capacity was limited to 0.25
mAh/cm? (Figure 4a) in order to restrict the discharge curve to the voltage range where DBBQ
actively mediates the discharge process. The oxygen consumption data (Figure 4b) shows a near-
ideal 2-electron ORR in this case, and ex-situ XRD of the discharged electrodes confirms the
formation of Li,O, as the main discharge product (Figure S6). Unfortunately, the oxygen
evolution is still very poor as evident from the gas evolution data (figure 4b, red curve). Though
operando OEMS analysis suggests an improvement in the oxygen evolution rate in the presence
of DBBQ (figure 4c, red curve), it is still significantly low compared to the desired 30.5 mol/min
rate corresponding to full conversion of Li,0, to O,. The oxygen recovery efficiency is estimated
to be 19%. As in the previous case, CO, evolution starts as the potential raises above ~ 4 V vs.
Li*/Li.

A poor oxygen evolution efficiency in spite of a near-ideal ORR reaction (in terms of electrons
consumed per oxygen) might be a result of poor electronic contact of the discharge product with
the electrode surface (an intrinsic consequence of discharge mediation). In order to efficiently
oxidize discharge species that are not directly accessible to the electrode, iodide was added as a
charge mediating additive to the electrolyte. While iodide is known to play complex roles in Li-
O, batteries,’'¢7 we have observed that incorporation of this charge mediator produced a

significant improvement in oxygen evolution efficiency, in agreement with previous studies with
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Li,0,-preloaded electrodes.® To complement this study, we have also looked into the effect of
iodide in EMIMTFSI-LiTFSI in the absence of any discharge mediator (Figure S3) and,
interestingly, in the absence of DBBQ, the oxygen recovery efficiency remained poor (15%)
though iodide was present as a charge mediator.

Figure 5 shows that the oxygen consumption during ORR in the dual mediator electrolyte
corresponds to a reaction stoichiometry of 2.34 electrons/O,. Ex-situ XRD of the discharged
electrodes confirms the formation of Li,O, and LiOH discharge products. The deviation from 2-
electron ORR due to the influence of iodide is lower when DBBQ is also present in the
electrolyte (compare Figure S3b and Figure 5b). More interestingly, OEMS data shows
significant improvement in oxygen evolution in the presence of the dual mediators and there is
virtually no CO, evolution. The estimated oxygen recovery efficiency has improved to 56% with
the use of dual mediators. Though iodide mediator helped to improve oxygen evolution, the use
of iodide also promoted some LiOH formation during discharge. Consequently, the poor oxygen
recovery efficiency could be related to the inefficiency in promoting LiOH oxidation by this
mediator at these potentials. Nevertheless, the results obtained with the dual mediators clearly
shows that the use of a charge mediator certainly improves the reversible oxygen evolution by
efficiently mediating the oxidation of the discharge products formed via DBBQ mediation.
Moreover, with the use of more efficient mediators, it is, in principle, possible to achieve near-
ideal oxygen reduction/evolution in Li-O, cells containing ‘otherwise unstable’ electrolytes.

This work does not propose EMIMTFSI/LITFSI as a prospective electrolyte or DBBQ and Lil
as ideal mediators for practical Li-O, batteries, but this evaluation points to the fact that a
judicious choice of the mediators can widen the choice of suitable, chemically stable electrolytes

for Li-O, battery applications. In fact, the use of dual mediators in Li-O, batteries has been
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demonstrated by other groups in recent years,%*7> but this work provides the first direct
experimental evidence that redox mediators can enable the incorporation of electrolytes prone to
degradation by attack by superoxide species in reversible Li-O, batteries. Discovering mediators
that promote reaction pathways through less parasitic intermediates that lead to the desirable end
products would be the key. Focusing on the discovery of efficient and stable redox mediators,
and scrutinizing the true reversibility of the reactions with operando analytical techniques, is
indeed a promising strategy to support the development of sustainable Li-O, batteries.
4. Summary

The effect of a discharge redox mediator DBBQ in LiTFSI/EMIMTFSI electrolyte in Li-O,
batteries has been evaluated using in-situ surface enhanced Raman spectroscopy (SERS),
operando pressure measurements and operando electrochemical mass spectrometry (OEMS). In-
situ SERS analysis reveals improved stability of EMIMTFSI and reduced surface passivation in
the presence of the discharge mediating DBBQ additive. The oxygen recovery efficiency of Li-
O, cells were evaluated by combining operando pressure measurements with OEMS analysis. It
is observed that DBBQ facilitates the ideal 2-electron reduction of oxygen, forming Li,O,, but
the efficiency of oxygen evolution was poor when no charge mediator was used. The use of
iodide charge redox mediator, combined with DBBQ discharged mediator, resulted in significant
improvement in the oxygen recovery efficiency. In conclusion, this work demonstrates that redox
mediators can selectively promote the desired reactions of oxygen reduction and evolution in Li-
O, cells and simultaneously suppress the degradation of the electrolyte, thus enabling the use of
advantageous electrolytes such as EMIMTFSI, which are otherwise unacceptable for practical

Li-O, batteries.
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33 Figure 1. Galvanostatic discharge of Li-O, cells with 1 M LiTFSI/EMIMTFSI electrolyte with
(red) and without (black) 50 mM DBBQ additive. Both cells were discharged at 0.02 mA/cm?

38 (normalized by the geometric area of the electrode).
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Figure 2. SERS spectra recorded for a SSV gold electrode in oxygenated 0.1 M

LiTFSI/EMIMTESI electrolyte without (a) and with (b) 5 mM DBBQ additive. A reduction

current of 0.02 mA/cm? was applied to the SSV gold working electrode for 30 minutes and the

spectra were recorded in-situ every minute. Black dotted lines show Raman bands corresponding

to EMIMTEFSI (Table S2) and blue dotted lines corresponds to new bands evolved during ORR.
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Figure 3. Galvanostatic cycling (a), corresponding gas consumption and evolution analysis
46 obtained from operando pressure measurements (b) and OEMS analysis of gas evolution (¢) of
48 Li-O, cells with 1 M LiTFSI/EMIMTEFSI electrolyte and no additives. Applied current: 0.02
50 mA/cm?. The dotted line in Figure 3b shows gas consumption/evolution for an ideal 2-electron

ORR/OER. The dashed line in Figure 3c shows the rate of oxygen evolution expected for an
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ideal 2-electron OER. Differences in charging profile in Figures 3a,b and 3c reflect cell to cell

variability, which is severe due to degradation of EMIMTFSI in the absence of redox mediators.
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