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For resolving the low-energy efficiency issue of Li-O, batteries, many kinds of redox mediators (RMs) have been adapted. However,
studies looking into the problems of RMs in these systems are insufficient. We compare herein effects and problems of RMs in
Li-O; batteries by applying unique methodology, based on two types of cells, comparison between argon and oxygen atmospheres
and combining electrochemistry in conjunction with spectroscopy. Using systematic electrochemical measurements, representative
RMs in Li-O; battery prototypes were thoroughly explored with respect to oxygen presence, voltage ranges and scan rates. By
this comparative, multi-parameters study we reached valuable insights. We identified possible routes for RMs degradation in Li-O,
batteries related to the cathode side, using bi-compartments cells with solid electrolyte that blocks the crossover between the cathode
and the Li metal sides. Based on comparative electrochemical and spectroscopic analyses, we confirmed that degradation of the
RMs activity was caused by intrinsic decomposition of the RMs in the electrolyte solution at the cathode part, even before further
reactions with reduced oxygen species. This work provides a realistic view of the role of important RMs in Li-oxygen cells and
suggests guidelines for effective screening and selecting suitable RMs, mandatory components in Li-O, batteries.
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As the demand for batteries used in portable electrical devices,
such as cell phones, cameras, and laptops, in electric vehicles, and
even in large energy storage systems is soaring, the requirements and
performance demands are also rapidly increasing. However, the de-
velopment rate of battery performance in terms of capacity, efficiency,
energy density, life span, and stability is very slow and has not been
able to follow the accelerated development of other industries in recent
years. Moreover, the energy density of conventional Li-ion batteries,
the best battery systems available today, is theoretically limited and
is much lower than that of the energy supply systems based on fossil
fuels (e.g., internal combustion engines). Therefore, the development
of next-generation high-performance batteries is a key issue to sat-
isfy the increasing demand for high energy density and surpass the
limitations of the currently used Li-Ion batteries.'* Among the op-
tions, lithium oxygen (Li-O,) batteries, in which the active mass of
the cathodes is oxygen from air, have very high theoretical energy
density because the main cathode material does not contribute to the
weight and volume of the battery. In fact, if Li-O, batteries become
practically operational, they may be able to rival internal combustion
engines in terms of energy density.'” Such characteristic will enable
worldwide use of electric vehicles, even for long distance driving. In
Li-O; cells based on non-aqueous Li salt solutions, oxygen is reduced
to lithium peroxide (Li,O,) as the main discharge product. In fact, the
mechanism of oxygen reduction in non-aqueous solutions containing
Li cations may be complicated, involves the formation of unstable
moieties such as superoxide species, and is accompanied by undesir-
able (even detrimental) side reactions. Decomposition of Li, O, back
to molecular oxygen may need high over-voltages that endanger the
stability of most relevant solvents and the carbonaceous materials that
usually compose the cathodes. Therefore, in order to make effective
Li-O, cells, the use of appropriate catalysts in the cells is crucially
important.

In recent years, leading researchers in the field have reported on
improvements in Li-O, battery models by using modified cathodes,**
more suitable electrolyte solutions,’” and protected Li anodes.®’
However, several flaws need to be resolved in order to promote these
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systems to practical, real life applications.'®'> Among the issues, the
formation of uncontrollable discharge products by side reactions is
a major problem. The need of too high over-voltages for the anodic
(charging) reaction, namely oxidation of the Li,O, formed by oxygen
reduction, is another key disadvantage.'® There are also surface passi-
vation problems if the Li, O, is deposited as a film on the cathode.'*!?
Finally, the use of Li metal anodes in these systems involves the
usual drawbacks associated with such a reactive metal in recharge-
able batteries.!*'® Because of these problems, Li-O, batteries exhibit
limited specific capacity (well below the theoretical value), capacity
fading, low energy efficiency, and poor cyclability.'*!° Moreover, if
the over-potential during charge is higher than 4.0 V vs. Li, the steady
operation suffers from electrode and electrolyte solution decomposi-
tion by side oxidation reactions.?*?!

Various types of solid catalysts have been adopted to promote
the reversible decomposition of Li,O, at a low enough charge
potential, in order to avoid oxidative side reactions and to in-
crease energy efficiency and cyclability.”® However, the activ-
ity of many solid catalysts decreases during cycling of Li-O, bat-
teries because direct contact between the solid catalysts and the
main oxygen reduction product, Li,O,, is prevented by accumula-
tion of side products. These are formed mostly by electrolyte solu-
tion degradation via parasitic reactions with the highly reactive su-
peroxide and peroxide species in solution, promoted by the solid
catalysts.?®* Such side reactions can lead to disappearance of the
electrolyte solution in the cells upon cycling, and a consequent cell
termination.’!33

The necessary catalysis in Li-O, cells can be much more effec-
tive if the solid catalysts deposited on the cathodes’ surface can be
replaced by redox mediators (RMs) in the solution phase. The red-ox
potentials of the relevant RMs should be slightly higher than the po-
tential required for Li,O, oxidation. Hence, upon charging, the RM
in solution is oxidized first via electron transfer from open sites on
the cathode surface (not blocked by Li,O, deposits); then, the ox-
idized RM moieties react with the LiO, deposits from the solution
side, and hence, all the Li,O, formed during discharge can be fully
oxidized back to molecular oxygen, without any limitation of electron
transfer from the solid cathode to the electronically insulating Li, O,
deposits.>**! The RMs for Li-O, cells can be selected according to
their unique specific redox reaction potentials. In general, the use of
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RMs in Li-O; cells exhibits more effective and reproducible results
than the use of solid catalysts.

However, previous reports showed that the catalytic effects of
RMs in Li-O, batteries decreases during cycling tests, 3384252 Tt
is important to note that RMs in Li-O, cells may undergo deactivation
and shuttle reactions with the Li metal anodes during cycling.*>~*
Thus, the stability of RMs in these systems is an important issue. In
order to mitigate the possible side reactions of RMs, most approaches
have been focused on prohibiting reactions of RMs with Li metal
by surface treatment of the Li metal anodes or by prohibition of
RMs crossover in the cells.*?~? However, reaching full stability of
the Li anodes by any type of surface protection is questionable and
prohibition of RM crossover in Li-O, cells is not an easy task, as was
discussed in previous reports.*’> Some papers have also reported on
the detrimental effect of impurities such as trace water on the reaction
mechanisms of RMs in Li-O, cells.?®33-58 There are also reports on
the possibility of cathode passivation owing to side reactions of the
RMs, 424752

After reviewing the extensive accumulated literature related to
Li-O, batteries, the importance of electro-catalysis in these systems
by the RMs in solution phase is obvious. However, it seems that no
systematic studies have examined the true suitability of RMs to Li-O,
cells.

This work is aimed at examining selected RMs that
can be considered as representing two classes: organic
electrochemically active molecules and Li halides. It is
believed that the selected RMs for the present study
(tetramethyl-piperidinyloxyl (TEMPO),3%429-62 tetrathiafulvalene
(TTF),34’45'58‘63_65 dimethylphenazine (DMPZ),36’46’47 LiBI’,38‘51‘52’66’67
and Lil)3743:4448-50.53-57.68-76 are the most intensively studied RMs in
Li-O; cells. Thereby, this study has a general importance for the field
because of the scope of RMs that belong to several families of com-
pounds.

Table I shows the formulae of the selected RMs, their red-ox re-
actions and red-ox potentials, including appropriate references. All
the systems were studied under nearly identical conditions (within
acceptable experimental errors). The solution selected for this study
comprised 1 M bis(trifluoromethane)sulfonimide lithium (LiTFSI) in
dithyleneglycol dimethylether (DEGDME, diglyme). This solution
is one of the most important for Li-O, cells because of its relatively
acceptable compatibility with both the metal anode and the oxygen re-
duction products. It possesses a relatively high ionic conductivity and
wide enough electrochemical window for properly testing the above-
indicated RMs. It is important to note that DEGDME undergoes side
reactions with the peroxide and superoxide moieties formed by oxy-
gen reduction, especially when the highly electrophilic Li cations are
present.””7® Nevertheless, despite its reactivity in Li-O, cells, this
solution is the most appropriate we have for emphasizing the intrinsic
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limitations related to the RMs themselves. Each of the six solutions
studied herein (the five containing RMs and the reference one) was
investigated under four different conditions. We used cells with no
separation between the anode and cathode compartments and cells in
which the anode and cathode sides were separated by a Li-ion con-
ducting membrane, as shown in Figure la. In the latter cells, there
was no molecular transport or any crossover between the cathode and
the anode compartments, as shown in Figure 1b. Both types of cells
(loaded with the above six solutions) were tested under Ar and O,
atmospheres. The electrochemical tool used was cyclic voltammetry
(CV), as this is the most visual electrochemical technique for qual-
itative, comparative solution evaluations. UV-Vis spectrometry was
used as an additional analytical tool. Important parameters that were
varied herein included the RMs concentrations, potential windows,
and scanning rates. This study also included a rigorous post-mortem
analysis that was intended to discover which cell components are
the most responsible for the degradation processes. The references
we provide here show that all the RMs studied in the present work
have been explored previously (see summaries of previous works in
Tables II-VI, related to the five RMs). Nevertheless, the novelty of the
present study lies in its reliable comparison of representative RMs and
the ability to fully avoid complications arising from the Li anodes, and
the strict conclusions about the relevance of these RMs for practical
Li-O, batteries.

Experimental

Preparation of Li-O, batteries.—For the cathodes, gas-diffusion
layer sheets (GDL, SGL, 35 BC) were punched into circular
pieces of 1.4 cm in diameter and were dried at 180°C under vac-
uum for 3 d. 1 M bis(trifluoromethane)sulfonimide lithium salt
(LiTFSI, 99.95%, Sigma Aldrich) in dithyleneglycol dimethylether
(DEGDME, >99.5% anhydrous, Sigma Aldrich) was used as the
electrolyte solution with and without the RMs (0.02 or 0.1 M): TTF
(tetrathiafulvalene), TEMPO (tetramethylpiperidinyloxyl), DMPZ
(dimethylphenazine), LiBr (lithium bromide), and Lil (lithium io-
dide). The electrolytes were previously purified by molecular sieves
(three times) and vacuum drying until the final water content was
< 10 ppm, determined using Mettler-Toledo Karl-Fischer titration
without exposure to ambient air. The home-made type Li-O, cells were
assembled with the dried cathodes, dried glass fiber (GF/C, Whatman,
180°C under vacuum for 3 d), lithium metal anode (100 wm, Honjo),
solid electrolyte (LICGC, Ohara), and different electrolytes in an Ar-
filled glove box (water and oxygen contents were less than 0.1 ppm).
The configurations for the single and bi-compartment cells (S.C. and
B.C.) and detailed information about them is provided in Figure la.
After the cells assembly, they were stabilized under O, atmosphere
(1.0 bar) for 1 h before the relevant electrochemical tests. Closed coin

Table I. The formulae of the RMs used in this work, their red-ox reactions, and red-ox potentials.

Name Structural formula Redox reactions Oxidation potential (vs Li/Li*) Reference
Tetramethylpiperidinyloxyl (TEMPO) HQCQCHS TEMPO~ — TEMPO + e~ E=292V 35,60
HC ('})‘. CHs TEMPO — TEMPO* 4 e~ E=376V
Tetrathiafulvalene (TTF) [S>=<S] TTF — TTF* + e~ E=344V 34,58
s s TTF* — TTF** + e~ E=375V
oHs
Dimethylphenazine (DMPZ) N DMPZ — DMPZ* +e~ E=328V 36, 80
@(ND DMPZ* — DMPZ*t + e~ E=395V
CHy
Lithium bromide (LiBr) LiBr Br~ — 1/3Br3™ +2/3e” E=357V 38, 66
1/3Br3~ — 1/2Brp +1/3e~ E=405V
Lithium iodide (Lil) Lil I" = 1/3137 +2/3e~ E=3.17V 53,72
137 - 1/2I +1/3e~ E=373V
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Configuration of typical single-compartment cell (S.C. without SE)
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Configuration of bi-compartment cell (B.C. with SE)
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GF/C with electrolyte
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two electrolytes are
perfectly separated!!

Cathode side:
GF/C with electrolyte
(0.1 MRM + 1 M LiTFSI in DEGDME)
After 30* cycle
(For this photo: TTF X, black color)

Figure 1. (a) Schematic images and photographs of the cells used for this study. The configurations of the single and bi-compartment cells (S.C. and B.C.) are
described in detail. (b) Photograph of the bi-compartment cell after prolonged electrochemical testing, demonstrating appropriate separation between the cathode
and anode sides with no reflections between them. Note the white-silver color of the Li metal anode. When there is no separation, the Li anode is colored and

corroded.

cells without O,, for the experiments under pure Ar atmosphere, were
fabricated with same procedure under an Ar-filled glove box. For each
chart presented in this paper, the RM concentrations and cell types are
indicated.

Characterization.—The electrochemical tests were conducted us-
ing the VMP3 from Biologic Instruments, set for cyclic voltammetric
measurements with different scan rates (0.05, 0.1, and 1.0 mV s~ !) in
different voltage windows (2.0-4.3, 2.3-4.0 V, 2.5-4.0 V, and respec-
tive redox potentials). The cathodes and discharge products were ex-
amined using field emission scanning electron microscopy (FE-SEM,
SUPRA 55VP, Carl Zeiss) and high-resolution X-ray diffraction (HR-
XRD, 9 kW, SmartLab, Rigaku) with the Cu-Ka radiation source
within 20 = 30.0°-60.0° at a scan rate of 1° min~'. The solutions

after cell testing were collected and measured in an ultraviolet-visible
spectrophotometer (UV-Vis, Lambda 650S). Before testing, the so-
lutions were equally diluted by pure DEGDME and UV-Vis spectra
result from the solutes without that of DEGDME solvent because
DEGDME is used as a sample for baseline.

Results and Discussion

Redox mediators in Li-O, batteries with single-compartment
cells.—We concentrate herein in the response of the selected RMs
in the two types of cells, under Ar and O, atmospheres as explained
above. This work is the first one that focuses on the most commonly
used RMs in Li-O, cells in a comparative study. There is extensive pre-
vious work on the five RMs selected for the present study. These works
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Table II. Selected important works related to the use of TEMPO in Li-O; cells.

Redox mediator Base solution Cathode Anode V range Purpose Ref.
TEMPO, 10 mM 1.0 M LiTFSI in diglyme Glassy carbon Platinum 2.0-4.55V To exhibit TEMPO as 35
effective RM
Nitroxides (TEMPO 1.0 M LiTFSI in diglyme Ketjenblack LiFePOy4 2045V For electrochemical 60
derivatives), 10 mM characterization of
nitroxides as RM
4-methoxy-TEMPO, SmM 0.5 M LiTFSI in DEME-TFSI Glassy carbon Platinum 2.3-45V To introduce 4-methoxy 61
TEMPO for chemical
oxidation of Li, O,
TEMPO, 10-200 mM 1.0 M LiTFSI in diglyme Ketjenblack Li metal X To separate the electrodes 42
4-methoxy-TEMPO, 100 mM LiFePOy4 with SE for stable RM
reaction
TEMPO, 50 mM 1.0 M LiCIOy in tetraglyme ~ MWCNTSs CPL coated Li 2.0-4.5V To protect the Li metal from 8
metal the side reaction with
TEMPO
TEMPO, 25 mM 20 mM DBBQ + 0.3 M Carbon paper LiFePOq4 X Pair of Soluble Redox 62
LiClO4 in monoglyme Catalysts for Li-Oy
batteries
TEMPO, 100 mM 100 mM DBBQ + 1.0 M Porous ATO Li metal X Pair of Soluble Redox 59
LiTFSI in tetraglyme Catalysts with porous
non-carbon cathode for
Li-O; batteries
Table II1. Selected important works related to the use of TTF in Li-O; cells.
Redox
mediator Base solution Cathode Anode V range Purpose Ref.
TTF, 5 mM 0.1 M TBACIO4 in DMSO Gold Platinum 1.75-4.25V  To exhibit TTF as effective RM 34
TTF, 10mM 0.5 M LiClO4 in DMSO Ketjenblack or Gold  LiFePO4 2042V To investigate the side reaction of TTF with 63
porous carbon
TTF, 50 mM 1.0 M LiTFSI in tetraglyme  Platinum Li metal 2045V To exhibit the instability of TTF during 58
cycles and results from LiFePO4
TTF, 5 mM 1.0 M LiClO4 in DMSO Gold LiFePOy4 0-2.5V (vs  In-situ STEM analysis 64
LiFePOy4)
TTF, 50 mM 1.0 M LiClO4 in DMSO nanoporous graphene Li metal 22-45V Synergy effect of TTF with nanoporous 65
graphene
22-36V
TTF, 1 mM 0.1 M LiPFs in DMSO GC/Au Li metal 1941V Confirming the redox catalytic effect of TTF 45

are summarized in Tables II-VIrelated to TEMPO, TTF, DMPZ, LiBr,
and Lil, respectively. However, none of the previous studies focused
on the intrinsic behavior of the RMs. Thus, although there are reports
on the expected shuttle reactions of the RMs with the Li metal anodes
in Li-O; cells, these works do not indicate whether this is the main
problem of the RMs in these cells. There are recent papers using RMs
in Li-O; cells containing protected Li metal anodes. However, there is
no guarantee that any of the Li metal protection suggested can really
avoid the expected shuttle mechanism. In this work, we could use
“sterile” conditions that fully isolated the Li anodes, preventing them
from influencing the cathode side. Hence, we could concentrate on
other intrinsic problems related to the use of RMs in Li-O; cells and
generalize them, thus being able to suggest more promising direc-

on Li»O, decomposition

tions. In this respect, the fully comparative study conducted is very
important because the conclusions are general, and thus, relevant to all
the RMs examined. The starting point and background for this study
is the information about the red-ox properties of the RMs, which are
summarized in Table 1.

Table I provides the main red-ox processes of the five RMs and
their characteristic potentials, which are already known from previous
studies 34-36-38.33.38.60.66.72.80 Fioyres 2 and 3 show representative CVs
of the single-compartment cells under Ar atmosphere at two potential
domains (2-4.3 V and 2.3-4 V vs. Li), loaded with the six solutions:
the reference, 1 M LiTFSI/DEGDME, and the five solutions contain-
ing RMs. These figures display the 1** and the 30" CVs (consecutive
repeated cycles) of the cells measured at 1 mV s~!. Figure 3 relates

Table IV. Selected important works related to the use of DMPZ in Li-O; cells.

Redox mediator Base solution Cathode Anode V range Purpose Ref.
DMPZ, 10 mM 1.0 M LiTFSl in tetraglyme ~ Gold Platinum 2045V To exhibit DMPZ as selected RM 36
based on energy level
DMPZ, 200 mM 1.0 M LiTFSI in diglyme Carbon paper Li metal 25-38V To prevent the side reaction of RM 46
24-42V with Li metal by charged separator
DMPZ, 200 mM 1.0 M LiTFSI in tetraglyme =~ MWCNTs Li metal 2042V To optimize RM effect with Li metal 47

protection by separation of
electrodes with SE
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Table V. Selected important works related to the use of LiBr in Li-O; cells.

Redox

mediator Base solution Cathode Anode V range Purpose Ref.

LiBr, 50 mM 0.2 M LiTFSI in diglyme Platinum Li metal 2042V To exhibit LiBr as RM without LiOH 38
formation

LiBr, I0 mM 1.0 M LiTFSI in diglyme Ketjenblack Li metal 3045V To exhibit LiBr as RM for OER and 66
suppressing side reaction

LiBr, 50 mM 1.0 M LiNOs in tetraglyme  Ketjenblack Li metal 2.85-42V To reduce the polarization by Br~ with 51
protection of Li metal by NO3 ™

RuBr3, 100 1.0 M LiTFSI in DMSO Carbon paper Li metal 2543V To exhibit the RuBr3 as bifunctional catalyst 67

mM for Li-O; batteries

LiBr, 100 or 1.0 M LiTFSI in diglyme Carbon paper GPDL coated 2.5-3.8V To increase the RM effect by optimization of 52

500mM Li metal RM condition and protection of Li metal

Table VI. Selected important works related to the use of Lil in Li-O; cells.

Redox mediator ~ Base solution Cathode Anode V range Purpose Ref.
Lil, 10 or 50 mM 1.0 M LiTFSI in tetraglyme = Co304 + Ketjenblack Li metal X To enhance the battery performance 68
using Lil with Co3O4 catalyst
Lil, 50 mM 1.0 M LiTFSI in tetraglyme  Polydopamine-coated Li metal X To enhance the battery performance 69
CNTs using Lil with Polydopamine-coated
CNTs
Lil, 50 mM 1 M LiTFSI in tetraglyme CNT fibril Li metal X To enhance the battery performance 70
using Lil with ultralight cathode
Lil, 100 mM 1.0 M LiCIO4 in DMSO P50 carbon paper Li metal 3345V To exhibit photo-assisted charging in 71
Li-O, battery
Lil, 10 mM 0.2 M LiTFSI in tetraglyme  Platinum Li metal 2040V To confirm the side reaction of Lil to 53
form LiOH in Li-O, battery
Lil, 50 mM 0.25 M LiTFSI in rGO Li metal 22-3.6V LiOH based Li-O; battery with rGO 37
monoglyme (DME)
Lil, 5 mM 5SmMEV + 1.0 M LiTFSI in Platinum Li metal 2440V Pair of Soluble Redox Catalysts for 72
tetraglyme redox flow Li-O; batteries
Lil, 50 mM Lil decorated gel polymer RuO, on rGO Li metal X To exhibit combination effect of 73
(PP-PMS-TiO, immersed in RM@GPE and RuO; @RGO
Lil + 1.0 M LiClOy4 in
tetraglyme)
Inl3, 16.7 mM 0.5 M LiClO4 in DMSO MWCNTs Li metal X To protect the Li metal by pre-deposited 43
indium layer coming from Inl3 RM
Lil, 500 mM 1.0 M LiTFSI in tetraglyme  doped carbon with Li metal X To enhance the battery performance 74
nori biomass using Lil with new type of doped
carbon catalyst
Lil, 50 mM 0.25 M LiTFSI in Ketjenblack Li metal 2.0-42V To confirm the side reaction of Lil to 54
monoglyme (DME) with H,O form irreverisible LiOH with water
Lil, 50 mM 1.0 M LiTFSI in Platinum Li metal 2040V To exhibit n-butanol can proper proton 75
tetraglyme/BuOH (1:1 v/v activity and promote the RM
ratio)
Lil, 50 mM 1.0 M LiClOy in tetraglyme ~MWCNTs Li metal 2042V To prevent the side reaction of RM with 44
Li metal by PU separator
Csl, 50 mM 0.5M LiTFSI+ 0.5 M PEDOT:PSS coated  Li metal X To hinder the growth of Li dendrite by 76
LiNO3 in tetraglyme CNTs the electrostatic shield effect of Cs™
ions
Lil, 50 mM 1.0 M LiClOy in tetraglyme  Porous TiN Li metal 2045V To prevent the side reaction of RM with 48
Li metal by PU separator
Lil, 50 mM Lil decorated gel polymer rGO Li metal X To reduce the polarization with 49
electrolyte protection of Li metal
Lil, 2.5 mM, 0.5 M LiTFSI in DME or Platinum Platinum 2045V To understand the battery chemistry in 55
EVI,, 2.5 mM DEGDME-DMSO (1:1 v/v) water contaminated Li-O, batteries
with Lil.
Lil, various LiTFSI in monoglyme vertically aligned Li metal X To examine the role of Lil and related 56
conecntration (DME) with or without HO few-walled CNTs side reaction in different conditions
and KO,
Lil, 10 or 1000 Lil and/or LiTFSI in Ketjenblack Li metal X To exhibit the water can inactivates the 57
mM tetraglyme Concentration of catalysis of iodide to form LiOH
Lil+LiTFSI: 1.0 M
LiI(3- 1.0 M LiTFSI in tetraglyme ~ Super P Li metal X To improve the efficiency of I~ witha 50

hydroxypropionitrile),

(LiIl(HPN);), 100
mM

high binding ability
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Figure 2. Comparative voltammetric charts of single-compartment cells (without SE), loaded with 1 M LiTFSI/DEGDME solutions (reference and with 0.02 M
redox-mediators as indicated) showing the CVs of the 1% and the 30" cycles under Ar atmosphere with a scan rate of 1 mV s~! in the voltage range of 2.0-4.3 V.

to the practical potential window in which the RMs should play their
role in Li-O, cells: 2.3—4.0 V. Within this potential domain, the oxy-
gen evolution reaction (OER) should take place, aided by the catalytic
activity of the RMs, because in these potentials both ether-based solu-
tions and carbon substrates are anodically stable. In general, the CVs
in Figures 2 and 3 reflect nicely the data appearing in Table I, showing
two major red-ox processes for each of the RMs in the range 2.3—4.3 V
vs. Li, while the voltammetric behavior of cells without RM is purely
capacitive. For TTF, DMPZ, and Lil, both red-ox processes can cat-
alyze the OER in these systems. (Of course, based on controversial
opinions in previous reports, Lil has to be discussed further in order to
determine which state is effective for Li, O, decomposition as a redox
mediator, )37#344:48-50.33-57.68-76 For TEMPO only the second (higher
voltage) process is relevant and for LiBr only the first process (lower
voltage) is relevant for OER in ether-based solutions, which anodic
stability is limited to around 4.0 V vs. Li.

There are several interesting details in Figures 2 and 3:

1. The red-ox process of TEMPO around 2.8 V, related to reduction
of its neutral state (not relevant to the OER in Li-O, cells), occurs
at much lower capacity compared to its oxidation process (prob-
ably it involves only a partial electron transfer per molecule).
Lowering the potential to 2.0 V enables completion of the re-
duction process of TEMPO by a pronounced reversible process
occurring around 2.2 V (Figure 2).

2. The charts related to DMPZ show in fact four red-ox processes,
two major and two minor. At high potential scanning rates or high
concentrations (not shown herein), the CV response of DMPZ
converges indeed to two observed red-ox processes with char-
acteristic potentials that match the previously known red-ox re-
sponse (Table I). These results reveal the nature of the red-ox
processes of DMPZ, which occur by consecutive partial electron
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Figure 3. Comparative voltammetric charts of single-compartment cells (without SE), loaded with 1 M LiTFSI/DEGDME solutions (reference and with 0.02 M
redox-mediators as indicated) showing the CVs of the 1% and the 30" cycles under Ar atmosphere with a scan rate of 1 mV s~ in the voltage range of 2.3—4.0 V.

transfers (relevant to both the anodic and cathodic processes). This
complexity of the electrochemical behavior of DMPZ should not
affect its functionality as RM of the OER in Li-O, cells, as all of
its anodic processes in the potential range 2.3—4.0 V can catalyze
very well the oxidation of Li, O, to molecular oxygen.

3. Contracting the electrochemical window (Figure 3) does not
change the response of TEMPO, TTF, and Lil solutions. How-
ever, limiting the upper potential to 4.0 V excludes the 2™ process
related to LiBr (Br; ~— Br,) and the minor process of DMPZ that
occurs above 4.0 V (see Figure 2). The low potential process of
TEMPO is excluded when the lower potential limit is set to 2.3 V.

4. The most important result, which is clearly seen in Figures 2 and
3, is the pronounced decrease in the voltammetric currents of all
the RM processes upon cycling. The currents gradually decrease
during cycling, clearly reflecting degradation of the electrochem-
ical response of the RMs, even in the absence of oxygen and

formation of highly reactive superoxide and peroxide moieties in
the cells.

Figure 4 shows the comparative CV responses of these cells loaded
with the six solutions under pure O, atmosphere in the potential
domain 2.3 — 4 V, at 1 mV s~!. The concentration of the RMs in
these experiments was high (0.1 M).

The voltammetric response of the cells loaded with the reference
solution reflects the oxygen reduction reaction (ORR) at potentials
below 2.7 V, with the corresponding OER along all the voltage range
> 3.0 V. The corresponding charges of the ORR and OER of these cells
(no RMs) are comparable. Upon cycling, the currents related to the
ORR and OER diminish very pronouncedly. The instability of these
systems is obvious and impressive. The electrochemical responses of
the cells containing RMs at relatively high concentration reflect two
parallel processes: the intrinsic, nearly undistorted, electrochemical
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Figure 4. Comparative voltammetric charts of single-compartment cells (without SE), loaded with 1 M LiTFSI/DEGDME solutions (reference and with 0.1 M
redox-mediators as indicated) showing the CVs of the 1% and the 30® cycles under O, atmosphere with a scan rate of 1 mV s~! in the voltage range of 2.3-4.0 V.

reactions of the RMs under O, atmosphere similar to those presented
in Figures 2, 3 and the oxygen red-ox reactions — its reduction to Li, O,
and oxidation of the Li-peroxide in the charging process, catalyzed
by the RMs. The mediated OER is clearly distinctive in solutions
containing TEMPO, as it has an additional anodic peak or shoulder
around 3.6 V. With the other RMs, the catalyzed OER response is
merged, superimposed with the intrinsic anodic responses of these
systems. All the cells undergo degradation upon repeated cycling, as
reflected by the decaying voltammetric currents. These degradation
processes are affected by the potential windows and the nature of the
RMs. A detailed discussion on the fine details of the voltammetric
response of the six systems presented in Figures 2—4 is not important
at this point, because all the measurements presented in these figures
are in fact an introduction to the main part of the study, which is
described below.

Until now, most studies related to Li-O, cells were carried out
in single-compartment cells in which the reactions of the cells were
highly influenced by detrimental reflections and ‘cross-talking’ be-
tween the cathodes and the highly reactive Li metal anodes. The
solution species in such cells are exposed to inevitable side reactions
with the Li anode and with the highly basic and nucleophilic superox-
ide and peroxide species formed by oxygen reduction. These species
formed on the cathode side obviously migrate/diffuse to the Li side
and attack the active metal and its passivating surface films. Under this
situation, it was impossible to understand the degradation processes
of the RMs in these cells and properly isolate the various detrimental
effects, in order to judiciously alleviate them. Hence, it is critically
important to conduct a systematic research on Li-O, battery systems
with bi-compartments Li-O, cells, in which the anode and the cath-
ode sides are fully separated, and thus, with no mass transport except



A2282

(a)es,

os] AT (S.C.)
0.4
0.24
0.04
0.2

0.4
6] 1 M LiTFSI in DEGDME
1st cycle 10th cycle

Current / mA

-0.81

Voltage / V

1.8 21 2.4 2.7 3.0 3.3 3.6 3.9 42 4.5

(c)o.a

os] Ar (B.C.)

0.4
0.24
0.04
0.2

0.4
gig] 1 M LiTFSI in DEGDME
1st cycle 10th cycle

Current / mA

-0.8

(d

Voltage / V

18 21 2.4 2.7 3.0 3.3 3.6 3.9 42 45

Journal of The Electrochemical Society, 165 (10) A2274-A2293 (2018)

(b)es

06] 0, (8.C.)

0.4
0.2
0.04
0.2

0.4
05 1 M LiTFSI in DEGDME
1st cycle 10th cycle

Current / mA

-0.8 . 7 T T T e T L
18 21 24 27 3.0 33 3.6 3.9 42 45
Voltage / V

0.8
0.6 O, (B.C.)
0.4
0.2
0.04
0.2

-0.4-
0.6 1 M LiTFSI in DEGDME
1st cycle 10th cycle

D

Current / mA

0.8 ———————————————
1.8 21 24 27 3.0 3.3 3.6 3.9 42 45
Voltage / V

Figure 5. Comparative voltammetric charts of single (without SE) and bi-compartment cells (with SE), loaded with 1 M LiTFSI/DEGDME solutions (no RM
present) under Ar and O, atmospheres as indicated, showing the first and 10" CV cycles; 0.05 mV s~!, 2.3-4.0 V vs. Li. (a) and (b): single-compartment cells;
(c) and (d): bi-compartment cells. (a) and (c): Ar atmosphere; (b) and (d): O, atmosphere. S.C. and B.C. indicate single or bi-compartment cells, respectively.

Liions. While such cells may not have a practical meaning, they could
be highly useful for performing systematic studies that identify all the
various detrimental processes in these systems, and consequently for
selecting better components for Li-O, batteries.

All the six solutions explored herein were studied in the bi-
compartments cells described in Figure 1 under Ar and O, atmo-
spheres. We utilized for these studies practical RM concentrations
(0.02 M) and sufficiently slow potential scanning rates (0.05 mV s~).
Thus, the electrochemical response of the cells could not be hindered
by polarization over-potentials owing to concentration gradients of Li
ions near the separating membranes of the cells. The comparative re-
sults for each of the solutions are described below. Please note that all
the experiments were nearly identical, and thus, the I vs E responses
of the various experiments (with all the solutions) are shown on
identical scales, which allows a very meaningful (semi-quantitative)
comparison.

Cyclic voltammetry tests using bi-compartment cells with
TEMPO.—Figure 5 shows very similar responses of the single-
compartment and bi-compartment cells for both Ar and O, atmo-
spheres. The expected ORR and OER responses are clearly seen in
charts b and d. The striking result here is the fact that after 10 cycles
the ORR and OER capacities are only a few percent of those in the
first cycle, even with the measurements in the bi-compartment cell.
This means that there is a major capacity fading mechanism related
only to the cathode side. Note that in these voltammetric measure-
ments the cells undergo deep ORR and OER processes, and therefore,
the degradation is faster compared to galvanostatic experiments in
which the ORR and OER capacities are limited.>*3°% These results

are well explained by previous studies, which showed that glyme sol-
vents are attacked in the Li-O, cells by the superoxide and peroxide
species formed by oxygen reduction.?>-3*8! These side reactions are
especially effective owing to the presence of the electrophilic Li ions
in the solutions.®? In prevcious studies, we could suggest mechanisms
for the side reactions based on the products analysis.?>8

Figure 6 provides similar charts to those of Figure 5 related to
similar experiments with solutions containing 0.02 M TEMPO. Note
that in the potential range used in these measurements only the red-ox
process of TEMPO, around 3.6 V (relevant to the OER), occurs. These
charts show three important results:

1. The electrochemical response of the cells is very pronounced
under O, atmosphere, compared to the response of the solutions
under Ar atmosphere and compared to the ORR and OER in solu-
tions without TEMPO (Figure 5), which reflects the effectiveness
of TEMPO as a RM. It is important to note that in contrast to
the response presented in Figure 4 and (relatively fast potential
scanning rate), in these experiments, owing to the slow potential
scanning rate, the red-ox mediation of the OER by TEMPO is so
effective that almost no cathodic peaks for TEMPO™ reduction
appear.

2. A pronounced decrease in the ORR and OER capacity is observed

even after 10 cycles. This reflects the previously discussed degra-
dation mechanisms, which belong solely to the cathode side in
these systems.

3. Even under Ar and full separation between the anode and cath-
ode side without any detrimental effect of the oxygen reduction
species (Figure 6c), the electrochemical response of the TEMPO
pronouncedly decreases after 10 consecutive cycles.
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Figure 6. Comparative voltammetric charts of single (without SE) and bi-compartment cells (with SE), loaded with 1 M LiTFSI/DEGDME solutions containing
0.02 M TEMPO under Ar and O, atmospheres as indicated, showing the first and 10" CV cycles; 0.05 mV s~!, 2.3-4.0 V vs. Li. (a) and (b): single-compartment
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It is very difficult to attribute the decrease in the electrochemical
response presented in Figure 6¢ to the Li side, because Li anodes can
be cycled reversibly in LiTFSI glyme solutions many dozens of cycles,
especially as the anodes in these cells contain a large excess of lithium.
Hence, we have to conclude that TEMPO undergoes degradation in
these cells owing to intrinsic mechanisms. The exploration of these
mechanisms is beyond the scope of the present work.

Analysis of deactivation of the redox mediators.—In parallel to
the systematic electrochemical measurements, the electrolyte solu-
tions and electrodes from cycled bi-compartment cells containing
TEMPO were analyzed by spectroscopy, microscopy, and XRD. UV-
Vis measurements were carried out with the electrolyte solutions after
the 1t and 30" cycles and with the reference solution before cycling
(Figure 7a). The GF/C fibers containing TEMPO from the cathode
side were recovered (their contact with the Li metal was blocked by
the solid electrolyte separator) and photographed (Figure 7b). Then
they were diluted with pure DEGDME solvent in order to prepare the
solution samples for UV-Vis measurements. In addition to UV-Vis,
analyses of the solution samples by NMR and FTIR spectroscopies
were also carried out, but they were not conclusive for detection of
TEMPO degradation products owing to the low concentration of RM
compared to that of solvent and Li salt. The spectral studies carried
out herein were in line with previous studies by Janek et al., who
studied extensively the use of TEMPO as an RM in Li-O, cells.*?
The UV-Vis analysis confirmed that the peak related to TEMPO was
maintained after discharge. After charging (1% cycle), the UV-Vis
spectrum changed, as expected, owing to the conversion of TEMPO
to its oxidized form (blue line in Figure 7a). This response was well
documented in the previous study by Janek at al.*’ However, the

UV-Vis spectra of the deactivated electrolyte solution after 30 cy-
cles (green line in Figure 7a) showed apparently different peaks at
< 350 nm which should be attributed to deactivated form of TEMPO,
different from the known spectra of TEMPO and TEMPO™. This dif-
ference in the UV-Vis spectroscopic results can be easily verified with
a naked eye by looking at the photographs of the separators taken
from cycled cells (Figure 7b) as the corresponding wavelength region
belongs to visible light. The pristine electrolyte solution containing
TEMPO is reddish. It becomes yellow when TEMPO™ is formed by
charging. After 30 cycles, the electrolyte solution became colorless.
As demonstrated by the SEM and XRD studies (Figures 7c¢ and 7d,
respectively), after 30 cycles the cathodes retain their morphology
and structure despite the pronounced deactivation of the electrochem-
ical response. These findings mean that the deactivation is related to
changes in the solution and not in the cathode.

Disassembling-reassembling experiments to check the route of
deactivation of TEMPO.—In order to clarify further the reasons for
the deactivation of the cells presented in Figure 6, we conducted a
series of experiments with cells that were cycled, disassembled, and
re-assembled with fresh components and measured again. This work is
summarized in Figure 8, which presents descriptions (by sub images)
of the disassembling—reassembling experiments (Figure 8a) and the
relevant electrochemical CV data (Figure 8b). After eliminating the
possibility of deactivation of TEMPO owing to reactions with the
lithium metal anode, by using the bi-compartments cells, it is clear that
the deactivation of TEMPO occurs at the cathode side. As explained
above (discussion related to Figure 7), there are two main possible
reasons for the deactivation of TEMPO (as reflected by the decrease in
the voltammetric response of the cells upon cycling). One reason may
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be the decomposition of TEMPO (and/or TEMPO™) on the porous
carbon cathode (even in the absence of oxygen species). The other
reason may be cathode passivation owing to blockage by side reactions
products. The experiments described in Figure 8 intended to clarify
these points.

Bi-compartments cells with solution containing TEMPO and so-
lution without TEMPO underwent 30" CV cycles (marked as @) in
Figure 8a). The relevant voltammetric chart that shows the gradual de-
activation of TEMPO in the cells is presented in Figure 8b (). Then,
the cells were disassembled and their components were re-assembled
with new parts in four routes. In route () (Figure 8a left), the used
Li metal anode + electrolyte solution were assembled in a cell with
a fresh cathode followed by cycling. In route ) (Figure 8a left) the
used electrolyte solution was assembled with a fresh cathode and Li
metal anode followed by cycling. Both cycled solutions in these ex-
periments contained initially active TEMPO. Figure 8b presents the
relevant voltammetric charts of these reassembled cells. These charts
exhibit very low activity of residual TEMPO in the cells, as reflected
by the low currents. In route (¢) (Figure 8a, right), a cathode cycled
in a cell containing TEMPO (that showed a pronounced deactivation)
was reassembled in a new cell containing fresh electrolyte with active
TEMPO followed by cycling. In route (©), the cathode cycled in a cell
containing solution without TEMPO was reassembled in a fresh cell
followed by cycling. The relevant voltammetric charts are shown in
Figure 8b ((© and (cY). These charts clearly show that the behavior of
fresh cells is similar to that shown in chart &), which means that the
cathodes in these cells are not the reason for the deactivation of cells
containing TEMPO. The huge OER peak at the first cycle in Figure 8b
(©) results from the drastic decomposition of Li,O, discharge prod-
ucts, which were formed on the cathode in the previous cell using an
electrolyte solution without TEMPO. This huge peak demonstrates
the effect of TEMPO as an RM on a fast decomposition of the Li, O,
discharge product.

Hence, the results of the sets of experiments described in Figures 7
and 8 converge to the clear conclusion that TEMPO in these cells
loses its red-ox activity during cycling, because of some reactions in
the solution phase. A detailed study of the TEMPO side reactions in
these solutions and cells is beyond the scope of this work. What is
important for the present study = is the conclusion about the intrinsic
deactivation route of TEMPO owing to the detrimental reactions in
these cells, even without any contact with the Li metal anodes.

Other redox mediators.—As seen in Figure 9a, at slow enough
scanning rates, the electrochemical response of TTF in a single-
compartment cell includes a pronounced shuttle reaction in which
the oxidized TTF is continuously reduced on the Li anode (owing to
a fast crossover of all solution species), and thus, the CVs of these
cells do not show cathodic peaks (as was demonstrated at high scan-
ning rates). As presented in Figure 9c, in bi-compartment cells (full
anode/cathode separation) the shuttle reactions are fully avoided and
the usual response of TTF is seen, namely, two sets of peaks reflecting
the consecutive red-ox processes of TTF that characterize the CV re-
sponse. As presented in Figures 9b and 9d, in the presence of oxygen
the picture changes completely. At the slow scanning rates, oxida-
tion of the Li, O, formed by oxygen reduction becomes the dominant
anodic reaction. Therefore, the voltammetric response of both single
and bi-compartment cells does not include reduction peaks of oxi-
dized TFF (as seen in Figure 9c), because any oxidized TTF reacts
faster with the Li, O, deposits than on the electrodes during the ca-
thodic potential scans. In a very similar manner to the cells containing
TEMPO, all the cells that contained TTF showed a very pronounced
decay in their electrochemical response after 10 slow cycles. Highly
interesting is the decay of the electrochemical response of the bi-
compartment cells under Ar atmosphere. This means that TTF suffers
from intrinsic electrochemical instability in the ether-based electrolyte
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Figure 8. (a) Schematic description of the disassembling and re-assembling of cells with fresh components for retesting (bi-compartment cells containing TEMPO
as the RM). (b) Voltammetric charts of the cells tested in this experimental part of the study. | M LiTFSI/DEGDME solution containing 0.1 M TEMPO, 0.1 mV
s71,2.5-4.0V, 30 cycles, Oy atmosphere. Profiles of first and last cycles are marked as black and red lines.
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Figure 9. Comparative voltammetric charts of single (without SE) and bi-compartment cells (with SE), loaded with 1 M LiTFSI/DEGDME solutions containing
0.02 M TTF under Ar and O, atmospheres as indicated, showing the first and 10" CV cycles; 0.05 mV s~!, 2.3-4.0 V vs. Li. (a) and (b): single-compartment cells;
(c) and (d): bi-compartment cells. (a) and (c): Ar atmosphere; (b) and (d): O, atmosphere. S.C. and B.C. indicate single or bi-compartment cells, respectively.

solution with Li salt within the potential window relevant for Li-O,
cells (2.3—4.0 V vs. Li).

Figure 10 presents the behavior of DMPZ solutions in single and
bi-compartment cells, showing similar data to that in Figures 6 and 9.
These solutions exhibit very similar trends to those of TEMPO and
TTF: a shuttle behavior under Ar atmosphere in single-compartment
cells and dominance of the ORR and DMPZ mediated OER in the
O, atmosphere (which hinders the intrinsic electrochemical response
of the DMPZ when the potential scanning rates are slow enough,
as explained above). Although DMPZ was selected after considering
that its unique electronic structure is very suitable for an effective
oxidation of Li,O, at relatively low potential,*® we found in this study
that it is intrinsically unstable within the potential domain of the ORR
and OER in ether-based electrolyte solutions with Li salt. Hence, the
notion that “the OER mediator is not consumed in the reaction, even if
the addition of a small amount of OER mediator in the electrolyte can,
in principle, complete the charging reaction™®! seems to be incorrect
in practical approaches to the three organic RMs studied herein, owing
to the severe decomposition issues of TEMPO, TTF, and DMPZ upon
any practical operation of Li-O, batteries.

Figure 11 provides the results of post-mortem analyses of bi-
compartment cells that contained TTF and DMPZ solutions (a and
b, and c and d, respectively) and were cycled under an O, atmosphere.
The solutions before and after the processes (as indicated) were mea-
sured by UV-Vis spectroscopy, and the spectral charts are shown in
Figures 11a and 11c (TTF and DMPZ, respectively). Photographs of
the GF/C fibers (their contact with Li metal was blocked by the solid
electrolyte separator) taken from the cathode side in the cells are pre-
sented in Figures 11b (TTF) and 11d (DMPZ). The results presented
in Figure 11 are very similar to the results presented above in Figure 7,
related to cells and solutions containing TEMPO. The changes in the

spectra of the solutions and the colors of the separators soaked with
solutions after cycling are fully in line with the electrochemical data
presented in Figures 9 and 10. This very clearly reflects the changes
in the solution compositions owing to deactivation of the RMs during
cycling, regardless of side reaction with the Li metal anode.

Figures 12 and 13 present the results of cells and solutions contain-
ing LiBr and Lil, respectively, showing data similar to that presented
in Figures 6, 9, and 10 related to the organic RMs. Both Figures 12a
and 13a, related to single-compartment cells under Ar, exhibit the ex-
pected shuttle reactions of the halides red-ox couples in the first cycle.
Figure 12a shows also pronounced anodic currents, which increase
from cycle to cycle. These high anodic currents reflect a pronounced
corrosion of the cells owing to interactions of the bromine species in
solutions with the metallic cells’ components (see further discussion
related to Figure 14). These corrosion phenomena are inhibited under
the O, atmosphere (see Figure 12b), probably owing to passivation
of the metallic parts of the cells by reactions with oxygen species.
It is interesting to realize in Figures 12c and 13c (bi-compartments
cells, Ar atmosphere) that the voltammetric response of both halides
shows only anodic currents, and cathodic processes are not observed.
This observation is explained by the relatively slow kinetic of the
halides red-ox reactions. The separator in the bi-compartment cells
further slows down their electrochemical response. Therefore, upon
the anodic potential scans, only part of the Br~ or I anions in the
cells are oxidized. Hence, the oxidation reactions continue during the
cathodic scans, because the relevant potentials are high enough for
oxidation of the halides. This continuous oxidation hinders possible
minor reduction processes of the Br;~, I, and I, species, which are
formed during the anodic scan. Figures 12b and 12d, and 13b and 13d
(O, atmosphere) show a clear deactivation of the cells, which is less
pronounced compared to the cells with organic RMs.
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Figure 10. Comparative voltammetric charts of single (without SE) and bi-compartment cells (with SE), loaded with 1 M LiTFSI/DEGDME solutions containing
0.02 M DMPZ under Ar and O, atmospheres as indicated, showing the first and 10" CV cycles; 0.05 mV s~!, 2.3-4.0 V vs. Li. (a) and (b): single-compartment
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Figure 12. Comparative voltammetric charts of single (without SE) and bi-compartment cells (with SE), loaded with 1 M LiTFSI/DEGDME solutions containing
0.02 M LiBr under Ar and O, atmospheres as indicated, showing the first and 10M CV cycles; 0.05 mV s~!, 2.3-4.0 V vs. Li. (a) and (b): single-compartment
cells; (c) and (d): bi-compartment cells. (a) and (c): Ar atmosphere; (b) and (d): O, atmosphere. S.C. and B.C. indicate single or bi-compartment cells, respectively.

The halide RM has no possible intrinsic degradation mechanisms.
Thus, the observed deactivation of cells is due to the well-known
side reactions of the ether-based electrolyte solution with the reactive
oxygen species formed during the ORR, which are accelerated by the
presence of the halides as we already showed.’® As was discussed in
previous reports,*>* reversible redox reactions of bromide and iodide
may be promoted by the oxygen species with formation of materials
such as the Li-O-Br and Li-O-I compounds.

Figure 14 further demonstrates the pronounced shuttle behavior of
cells containing LiBr and Lil solutions under Ar atmosphere, at too
low scanning rates. The response reflects the situation in which there
is no limitation to crossover between the cathode and anode sides. This
enables a pronounced reduction of the oxidized halides on the Li side,
if the scanning rate is low enough, below the diffusion rates of Br;~,
Br,, I3, and I,. The increasing currents in the chart related to the
LiBr solution reflect pronounced corrosion of the stainless-steel parts
of the cells, owing to the presence of corrosive Br;~ and Br;, species,
which is reflected by the high anodic currents. After being cycled with
the solutions containing LiBr and Lil, cells were disassembled and
their various parts were inspected and photographed, as presented in
the images of Figure 14. The metallic parts related to the Lil solutions
do not seem corroded, while the metallic parts related to the LiBr
solutions are corroded. Hence, the reason for the increasing anodic
currents in the cells containing LiBr under Ar is clear: pronounced
corrosion of the stainless steel parts of the cells, owing to contact with
the oxidized bromine species.

We already studied the behavior of single-compartment Li-O, cells
containing Lil and LiBr as RMs.**3 We discovered that the presence
of Lil in these cells promotes the side reaction with water impurities in
ether-based electrolyte solutions that irreversibly form LiOH deposits
on the cathodes. In turn, such side reactions do not take place in
the same ether-based electrolyte solutions containing LiBr during
ORR.>?

Our previous work already discovered specific limitations in the
use of Lil as an RM in Li-O, cells, which had not been ascertained
by other researchers exploring these systems. Our previous work with
solutions containing LiBr did not indicate such problems. However,
in those studies, the experiments were relatively short. In the present
work, long-term experiments were carried out, during which corrosion
conditions could be developed.

Herein, we show severe problems with the use of LiBr in Li-O,
cells caused by the unavoidable contact between the corrosive bromine
species and metallic parts in the cells. Practically, it is impossible to
fully avoid using metallic parts in these cells and fully isolate such
parts from contact with the electrolyte solution. Therefore, it seems
that the practical importance of LiBr as an RM in Li-O, cells is very
limited.

The fact that all the RMs studied herein exhibit degradation in
their electrochemical red-ox activity, even in bi-compartments cells
under Ar atmosphere, is very surprising. Thus, it was important to find
out whether the measured deactivation resulted from degeneration of
the cells owing to destruction of the Li upon cycling and long-term
operation.

Stability of redox mediators in narrow electrochemical voltage
windows.—Figure 15 shows 10 voltammetric charts of experiments
in which all the five RMs were tested in bi-compartment cells under
Ar or O, atmospheres at slow scanning rates, within narrow poten-
tial domains varying between 300 to 450 mV depending on the RM
used, as indicated. These narrow potential domains were adjusted to
include only one reversible red-ox process, which is typically used in
cycling tests of Li-O, batteries for each RM as indicated. All the cells
demonstrated relatively stable behavior during 50 cycles (Figure 15),
while the same cells and solutions operating within the wider potential
domain (2.3-4.0 V) exhibited pronounced deactivation within the first
few consecutive voltammetric cycles (Figures 6, 9, 10, 12, and 13).
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Figure 13. Comparative voltammetric charts of single (without SE) and bi-compartment cells (with SE), loaded with 1 M LiTFSI/DEGDME solutions containing
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Figure 14. Photographs of single-compartment cell components after repeated voltammetric testing with 1 M LiTFSI/DEGDME solutions containing 0.02 M
LiBr and Lil. The charts of the repeated CVs were performed with a scanning rate of 0.05 mV s~!. Both CV charts reflect the shuttle mechanism: no cathodic
reactions, owing to rapid chemical reduction of the bromine or iodine due to the Li anode. The cell containing LiBr reflects pronounced corrosion (high and
increasing anodic currents). S.C. in the charts indicates single-compartment cells.



A2290 Journal of The Electrochemical Society, 165 (10) A2274-A2293 (2018)

0.2 0.2
Ar (B.C.) 0, (B.C.)
< 0.14 < 0.14
£ £
~ ~
€ 0.04 € 0.04
(V] o
=) =
— b
8 -0.14 3 -0.14
0.02 M TEMPO +1 M LiTFSI in DEGDME 0.02 M TEMPO +1 M LiTFSI in DEGDME
3.5-3.9V,0.05mV s’, 50 cycles 3.5-3.9V,0.05mV s’, 50 cycles
-0.2 T T T T T T T T -0.2 T T y T T T T T
1.8 21 24 2.7 3.0 33 36 39 42 45 18 21 24 27 3.0 33 3.6 39 42 45
83 Voltage / V . Voltage / V
Ar (B.C.) 0O, (B.C.)
< 0.14 < 0.14
£ £
— —
© 0.04 ‘E 0.04
g o
e =
8 -0.14 3 -0.14
0.02M TTF + 1 M LiTFSI in DEGDME 0.02M TTF + 1 MLiTFSI in DEGDME
3.1-3.55V, 0.05 mV s", 50 cycles 3.1-3.55V, 0.05 mV s", 50 cycles
-0.2 T T T T T T T T -0.2 T T T T T T T T
18 21 24 27 3.0 33 36 39 42 45 18 21 24 27 3.0 33 36 39 42 45
Voltage / V Voltage / V
0.2 tage 0.2 g
< 0.14 < 0.14
£ £
~ ~
t 0.04 € 0.04
[ [}
= -
f— —
8 -0.14 3 -0.1
0.02 M DMPZ +1 M LiTFSI in DEGDME 0.02 M DMPZ +1 M LiTFSI in DEGDME
3.0-3.4V,0.05mV s", 50 cycles 3.0-3.4V,0.05mV s, 50 cycles
-0.2 T T T T T T T T -0.2 T T y T T T T T
18 21 24 27 3.0 33 3.6 39 42 45 18 21 24 27 3.0 33 36 39 42 45
Voltage / V Voltage / V
0.2 0.2
Ar (B.C.) 0, (B.C.)
< 0.14 < 0.1
£ £
~— ~—~—
£ 0.0- é £ 0.0 &
o o
= .
f -
3 014 3 0.1
0.02 M LiBr + 1 M LiTFSI in DEGDME 0.02 M LiBr + 1 M LiTFSI in DEGDME
3.3-3.7V,0.05 mV s, 50 cycles 3.3-3.7V,0.05mV s, 50 cycles
-0.2 T T T y T —T T -0.2 T T y T —T y
18 21 24 27 3.0 33 3.6 39 42 45 18 21 24 27 3.0 3.3 3.6 39 42 45
Voltage / V Voltage / V
0.2 0.2
Ar (B.C.) 0, (B.C.)
< 0.1+ < 0.14
£ £
—~— —
£ 0.0- & £ 0.04 &
[ [}
= -
P o
3 -0 3 -0
0.02 M Lil + 1 M LiTFSI in DEGDME 0.02 M Lil + 1 M LiTFSI in DEGDME
3.0-3.3V, 0.05mV s'1, 50 cycles 3.0-3.3V, 0.05mV s", 50 cycles
-0.2 T T T T T T T T -0.2 T T y T T T T T
18 21 24 27 3.0 33 3.6 39 42 45 18 21 24 27 3.0 33 3.6 3.9 42 45
Voltage / V Voltage / V

Figure 15. Comparative voltammetric charts of bi-compartment (B.C.) cells, loaded with 1 M LiTFSI/DEGDME solutions and 0.02 M redox-mediators under
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Figure 16. Comparative voltammetric charts of bi-compartment cells, loaded with 1 M LiTFSI/DEGDME solutions with 0.02 M redox-mediators under Oy

atmosphere cycled with a scan rate of 0.05 mV s

—1

in increasing potential ranges, as indicated. The upper potential limits were 4.0 V for TEMPO, 4.0 and 3.55 V

for TTF, 4.0, and 3.4 V for DMPZ, 4.0 and 3.7 V for LiBr, and 4.0 and 3.3 V for Lil solutions (separate experiments). The lower potential limits were lowered
after four cycles at each potential domain, as indicated. B.C. in the charts indicates bi-compartment cells.
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Figure 17. CV data using different electrodes (carbon and platinum) for checking the effect of cathode materials on deactivation of RMs.

Note that the accumulative charge in these experiments was similar
to that in the experiments in which wide potential domains were ap-
plied. Figure 16 presents voltammetric charts of similar experiments
(same cells and solutions), in which progressive voltammetric win-
dows were applied as indicated. These experiments reveal that the
Li metal side is not the reason for the observed deactivation of the
electrochemical performance of the bi-compartments cells, because at
narrow potential domains these two-compartments cells loaded with
RMs solutions could undergo many dozens of cycles with no pro-
nounced deactivation. Hence, the potential range of operation seems
to play an important role, as indicated by the charts of Figures 15
and 16.

Moreover, controlled CV tests were conducted using Pt instead of
carbon as an electrode to confirm the relationship between the type
of cathode and decomposition of RM with wide and narrow voltage
range, as shown in Figure 17. We confirmed that Pt electrodes in
these cells exhibited the same tendency as the carbon electrodes: (1)
deactivation of RMs at wide voltage range during cycling (Ar, Bi
compartments cells) without O, and contact with Li metal anodes, (2)
stable red-ox behavior of the RMs at narrow voltage ranges. Therefore,
the cathode material itself (carbon or platinum), is not main issue for
deactivation of the RMs studied herein.

It should be emphasized that a rigorous study on the behavior of
each of the RMs chosen for this work and elucidation of the exact
deactivation/degradation mechanisms was beyond the scope of this
work. This comparative study was aimed at providing guidelines for
selecting suitable RMs for Li-O, cells.

Conclusions

In this study, we focused on the suitability of selected, widely ex-
plored, RMs in Li-O, batteries under practical operation conditions.
We have chosen for this study one of the most suitable and com-
patible solutions for these systems (LiTFSI/DEGDME). It should be
noted that this solution is also unstable toward the superoxide and
peroxide moieties formed in the solution phase by oxygen reduction,
in the presence of Li cations. However, compared to other possible

non-aqueous electrolyte solutions, its use could provide a reasonable
background for a study on the intrinsic limitations of the RMs that
we explored. The present study on single and bi-compartments cells
under Ar and O, atmospheres, using different RMs concentrations,
rates, and voltage domains, enables to conclude that the organic RMs
(TEMPO, TTF, and DMPZ) suffer from intrinsic instability when op-
erating in the wide potential domains, relevant for non-aqueous Li-O,
batteries (2.3—4.0 V). This instability owing to potential windows does
not relate to the Li anode and/or oxygen reactions in these cells. The
only mean that could be used for increasing the stability of the Li-O,
cells containing these RMs was the control of the potential domains,
by narrowing them. However, the narrow potential domains within
which these RMs are stable, are not suitable for competed ORR and
OER cycling. Regarding the use of Lil as a RM, its involvement in
side reactions of ether-based electrolyte solution in Li-O, cells lowers
its importance, despite previous reports on the promising use of Lil in
Li-O, batteries (published before we discovered these aspects). LiBr,
which was considered as an interesting RM in our previous work,
was identified in the present study as a corrosive additive (in the form
of Br;~ and Br,) during prolonged operation of Li-O, cells. There-
fore, it seems that the present study should promote further search of
more stable RMs for Li-O, batteries, as their role in these systems is
critically important for reducing the detrimental over-potential of the
charging process (oxygen evolution). Organometallic RMs, in which
the red-ox active center (transition metal cation) is surrounded by
cyclic organic ligands, may be found as more stable moieties in Li-O,
cells in sufficiently wide potential windows. The study of such RMs
in Li-O; batteries is the appropriate follow-up to the present study. We
believe that this work provides a very good platform for an appropriate
study of RMs and their useful evaluation with respect to Li-O, battery
technology.
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