Inside the electrode: Looking at cycling products in Li/O2 batteries
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Abstract

This work investigates the impact of electrochemical reactions and products on discharge
capacity and cycling stability with electrolytes based on two common solvents — tetraethylene

glycol dimethyl ether (TEGDME) and dimethyl sulfoxide (DMSO).

Although the DMSO-based electrolyte exhibits better initial electrochemical properties
compared to that based on TEGDME, e.g., higher discharge capacity and potential, the use of

TEGDME results in a significantly better cycling stability.

Scanning electron microscopy (SEM) and X-ray diffraction (XRD) investigations of the gas
diffusion electrodes (GDE) after first discharge reveal a considerable difference in discharge
product morphology. With DMSO as solvent one high-potential reduction process leads to the
formation of crystalline lithium peroxide (Li2O2) particles on the cathode surface area. SEM
imaging of GDE cross-sections depicts that the (non-crystalline) product film formation at
lower potentials during discharge with the TEGDME-based electrolyte results in a GDE pore
clogging close to the O inlet, so that gas transport is hindered and the discharge ends at an
earlier point. The higher cycling stability with LiITFSI/TEGDME, however, is attributed to (i)
the apparently complete recovery of the GDE active surface by recharge and (ii) different

parasitic reactions resulting in the formation of side product particles rather than films.
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1. Introduction

The interest in secondary Li/O; batteries has grown rapidly over the past two decades, as they
exhibit a practically achievable specific energy of about 1,700 Wh/kg, which equals that of

gasoline and is well beyond those of conventional battery systems [1,2].

The oxygen reduction reaction (ORR) is the discharge reaction taking place at the cathode side
of the Li/air cell, for which the following general sequence of reactions have been proposed by

Laoire et al. to take place in non-aqueous electrolytes [3,4]:

0, + Lit + e~ - LiO, (1)
LiO, + Li* + e~ - Li,0, 2)
2 Li0, - Li,0, + 0, 3)
Li,0, + 2 Li* + 2 e~ - 2 Li,0 (4)

During discharge a one-electron reduction of oxygen to superoxide LiO> (eq. 1) is followed by
a further one-electron reduction and/or a chemical disproportionation of LiO2 to lithium
peroxide Li>O> (egs. 2 and 3) [5-7]. This mechanism was confirmed by in situ-spectroscopic
studies revealing LiO> as ORR intermediate as well as its subsequent chemical
disproportionation Li2Oz (eq. 3) [8]. A further two-electron reduction of Li,O> takes place at
lower potentials and results in the formation of lithium oxide Li>O (eq. 4) [9]. Discharge to
Li.O would increase the theoretical specific energy of the aprotic Li/air system by about 800
Wh/kg [10]. However, Li-O is electrochemically irreversible and hence can only be oxidized
at large overpotentials, so that Li.O, (with a reversible redox potential of E® = 2.96 V [11,12])

is the desired discharge product [4,13].



The major drawback of this seemingly simple system, however, is the reactivity of the organic
electrolytes with almost all battery components (including cycling intermediates and products)
and hence several decomposition reactions. The resulting side products are deposited in the
GDE pores together with the reaction products, leading to a minimized active electrode surface

and ultimately cell failure upon continued cycling [14].

A stable electrolyte has not been found yet, although some solvents are proposed to exhibit
sufficient stability under laboratory conditions. The search for a suitable electrolyte for
applications of the Li/air system is complicated by the very different properties the electrolyte
solvent has to exhibit. The most important of these are (i) stability against Li metal, (ii) stability
against the O radicals produced during the ORR and (iii) low volatility for long-term
applications. Further properties of a suitable solvent include high Oz solubility and a stabilizing
effect of the intermediate product LiO: to prevent a direct formation of Li.O> or even Li20. In
a previous study Laoire et al. investigated possible electrolyte solvents with respect to their
capability of LiO2 formation by considering Pearson’s HSAB (hard soft acids bases) concept
[4], which describes chemical species as Lewis acids or bases by their strengths for electron
acceptance. The Li" ions taking part in the formation of the ORR products are strong acids and
will preferably react with the strong bases O.* and O% to form Li,O; and Li>O. The desired
LiO2 species, however, is formed with the weak base O". This reaction can be achieved by
weakening the acidity of Li* ions by formation of [Li(sovent),]* compounds. Therefore, it is
important to use solvents with a high Lewis basicity indicated by a high Gutmann donor

number (DN).

Two of the currently most applied organic solvents are dimethyl sulfoxide (DMSO) and
tetraethylene glycol dimethyl ether (TEGDME) due to their stability with respect to the
components in the system and the necessary potential window [15-18]. DMSO and TEGDME
are typical examples for high and low Lewis basicity solvents with DNs of 29.8 and 16.6,

4



respectively. In accordance to the HSAB theory Laoire et al. reported a better stabilization of
LiO2 by DMSO [4]. Supporting these findings, several groups observed toroidally shaped
Li,O> particles on the surface of discharged electrodes with different microscopy methods
[15,19]. Li»O> toroids are a common discharge product of the so-called solution growth
pathway proceeding via an EC mechanism [20]: Oz is reduced to O, which is dissolved and
forms LiO,. The solvated LiO intermediates subsequently disproportionate to solid Li>O>
particles with different morphologies (which depend on the nature of the electrolyte) [21-23].
The ORR proceeds majorly via this mechanism when high DN electrolyte solvents are used
and/or discharge parameters, such as low discharge current densities and low overpotentials,
are applied [24-27]. With low DN solvents and/or high current densities and overpotentials,
the discharge reaction proceeds via the surface growth pathway. As less of the above-
mentioned [Li(solvent),]* complexes are formed in weakly basic solvents, this pathway results
in a Li,O; film by electrochemical formation of adsorbed LiO and its subsequent reduction
(EE mechanism) or disproportionation (EC mechanism) to Li2O2 on the cathode surface (see
also egs. 1 and 2) [25,28-30]. However, these mechanisms represent extreme cases. Previous
electrochemical studies showed that in reality the ORR in high DN electrolytes will always
proceed to a certain degree via the surface growth pathway, as not all O, intermediates are

dissolved before they are further reduced [20,31].

Whereas the discharge mechanisms are relatively well understood, the detailed processes of
the oxygen evolution reaction (OER) occurring during recharge are still subject of debate.
Amorphous Li,O2 has been shown to be oxidized at lower potentials than crystalline Li2O2,
which is formed as Li>O» toroids and particles via the solution growth pathway [32,33]. In
general Li>O is oxidized to O either by initial delithiation via Li>-xO2 or LiOz at low potentials
(i.e., the reverse eq. 2) [34,35] and/or a direct two-electron step without the formation of LiO>

as an intermediate species [8]. Recent reports investigating the recharge processes have shown



that singlet oxygen evolving during complete Li2O- oxidation at potentials > 3.55 V are at least

one of the reasons for carbon cathode and probably also electrolyte decomposition [36,37].

A majority of the works conducted in order to understand the detailed reaction mechanisms in
the Li/O, system has been performed in model (i.e., half-cell) systems, where lithium metal is
not present on the anode side and/or model cathodes like gold or glassy carbon are used.
Additionally, reports investigating reactions and reaction products of the two discharge
pathways in suitable electrolytes while using the same cycling parameters are rare. In order to
obtain such insight, this work investigates the influence of solution growth- and surface
growth-mediating electrolytes based on DMSO and TEGDME, respectively, on the formation
of cycling products in a porous carbon cathode. A combination of electrochemical
characterization and post mortem (cross-sectional) SEM and XRD analysis of the cathodes at
different states of discharge and charge provides information about the observed detected

products and their effect on the electrochemical performance in a full cell system.

2. Experimental

2.a) Materials

TGP-H-60 Toray carbon paper (PTFE treated) was purchased from Alfa Aesar and Vulcan®
XC72 carbon black from Cabot Corp. Polyvinylidene difluoride (PVDF, >99%) and
tetraethylene glycol dimethyl ether (TEGDME, 99%) were obtained from AME Energy Co.,
Ltd. and Acros Organics, respectively. N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%),

1,2-dimethoxyethane (DME, anhydrous, 99.5%, inhibitor-free), lithium



bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95% trace metals basis), lithium nitrate
(LiNOgz, 99.99% trace metals basis), lithium perchlorate (LiClOs, battery grade, dry, 99.99%
trace metals basis) and dimethyl sulfoxide (DMSO, anhydrous, > 99.9%) were purchased from

Sigma Aldrich. All chemicals were used as purchased without further purification.

2.b) Electrolyte & electrode preparation

1 M Li" ion-containing mixtures of LiTFSI/DMSO, LiTFSI/TEGDME, (1 LiNOs : 1 LiTFSI)/
TEGDME and LiClIO4#/TEGDME were prepared in a glove box (Mbraun) in an Ar atmosphere
with < 0.1 ppm H20 and < 0.1 ppm O content. The electrodes were fabricated by casting a
paste containing Vulcan® XC72 carbon black and a PVDF/NMP solution onto the TGP-H-60
Toray carbon paper. The C/PVDF ratio in the paste was 9:1, the wet-casting thickness 120 um.
The wet electrode cast was pre-dried at 60°C for 45 min to remove residual NMP. Subsequently
the cast was heated overnight to 85°C under vacuum and transferred to a glove box with argon
atmosphere, where the gas diffusion electrodes (GDESs) with d = 16 mm were cut from the cast.

The carbon black loading of the electrodes was 2.03 mg £ 0.10 mg.

2.c) Cell assembly & electrochemical measurements

The test cells were assembled in Ar atmosphere using ECC-AIr setups (EL-CELL® GmbH)
with Li metal discs as anodes/counter electrodes, Li metal as reference electrodes and GDEs
as cathodes/working electrodes. In the setup glass fiber separators soaked with 325 pL of

electrolyte were placed between the Li and GDE discs.



All electrochemical measurements were carried out at ambient temperature with a Reference
600 potentiostat (Gamry Instruments) and a VMP-300 multipotentiostat (Bio-Logic Science
Instruments). Linear sweep voltammetry (LSV) was carried out in Ar atmosphere with a scan
rate of in a potential range of AE = 2.0 V — 4.5 V vs. Li/Li*. For all other electrochemical
measurements the test cells were purged with a constant Oz gas flow of 4 mL/min at a pressure
of 3 bar (gas purity: 5.0, AGA AS). Galvanostatic cycling and cyclic voltammetry (CV)
experiments were performed with a discharge/charge current density of i = 75 mA gc* and a
potential scan rate of v = 0.1 mV s, respectively, in a potential window of AE =2.0V — 4.5
V vs. Li/Li*. Differential capacity plots were obtained from galvanostatic cycling experiments

with a resolution of AE = 0.1 mV.

All electrochemical measurements were carried out at least three times to check for
reproducibility. Average values and standard deviations are displayed in the respective figures

unless otherwise noted.

2.d) Characterization methods

Scanning electron microscopy (SEM) was carried out using a FEI Helios G4 UX dual-beam
focused ion beam — scanning electron microscope (FIB-SEM) with an acceleration voltage of
15 kV. GDE cross-sections were made in situ inside the FIB with the Ga* ion beam. Prior to
making a cross-section, carbon protection layers (first, a thin layer deposited with electron
beam-assisted deposition and, second, a thicker layer deposited by ion beam-assisted

deposition) were deposited on the surface of the region of interest.



X-ray diffraction (XRD) measurements were performed with a Bruker D8 Focus diffractometer
operating with Cu K, radiation (wavelength Acy = 0.15418 nm), a Bragg-Brentano (6-26)

geometry and a LynxEye™ SuperSpeed Detector using an inert atmosphere sample holder.

Transmission electron microscopy (TEM) was carried out using a XXX with an acceleration

voltage of 80 kV.

For sample preparation the battery test cell was disassembled in a glove box, the GDE was
removed and rinsed three times with DME in order to remove residues of LiTFSI and the
respective solvent. The GDE was then left in vacuum for 5 min for a removal of the DME by
evaporation. For SEM measurements the sample GDE was placed on a sample holder and
transferred into the FIB-SEM vacuum chamber with a maximum air exposure time of ca. 2
min. For XRD measurements the GDE was placed on a Si wafer in the inert atmosphere sample
holder and transferred to the diffractometer chamber thus excluding any exposure to air. For
TEM measurements the GDE was put in DME and ultrasonificated for 10 s. A drop of the
GDE/DME dispersion was applied onto a carbon-coated copper TEM grid, which was placed
in an inert atmosphere TEM sample holder in the glovebox. Subsequently, the sample holder

was transferred into the TEM vacuum chamber without any exposure to air.

3. Results & Discussion

The electrochemical properties of the two electrolytes LIiTFSI/TEGDME and LiTFSI/DMSO
were investigated by galvanostatic cycling. Subsequently, the products obtained during

discharge and charge were analyzed by ex situ characterization at different states of (dis)charge.
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Figure 1: (a) Averaged first galvanostatic discharge/charge cycles with LiTFSI/DMSO (black)
and LiTFSI/TEGDME (red); i = 75 mA gc; the error bars denote standard deviations; (b)
discharge capacities and Faradaic efficiencies (inset) obtained from galvanostatic cycling with

LiTFSI/DMSO (black) and LiTFSI/TEGDME (red).

The galvanostatic cycling data presented in Fig. 1 are in line with results obtained with CV
measurements, which are presented in the Supporting Information, Fig. S1. In the first cycle
LiTFSI/DMSO exhibits a lower discharge overpotential, whereas an initially lower recharge
overpotential is observed with LITFSI/TEGDME (see Fig. 1.a). The DMSO-based electrolyte
also exhibits a larger initial discharge capacity of 2024 + 152 mAh gc™*, which is very close
to that of ca. 2200 mAh gc* reported for a discharge with LiTFSI/DMSO using CNT cathodes
and comparable current densities [38]. The lower discharge capacities obtained with
LiTFSI/TEGDME are in good agreement to the lower cathodic current densities in the CV (see
Fig. S1). The subsequent discharge capacities decrease exponentially (see Fig. 1.b), which is
most probably also — but not solely — connected to the incomplete recharges with both

electrolytes visible from the Faradaic efficiencies (see inset in Fig. 1.b).
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However, this cannot be the only reason, as - regarding the cycling stability -
LiTFSI/TEGDME performs better than LiTFSI/DMSO, despite a lower average initial
recharge of ca. 45% compared to 57-60% with DMSO as solvent. This is also observed in the
CV measurements, which show that the cycle stability with the TEGDME-based electrolyte is
— if also not sufficiently high — at least higher than that with LiTFSI/DMSO (see Fig. S1).
Hence, the cause for the difference regarding the cyclability with both electrolytes is already

evident in the first cycle, which is confirmed by XRD measurements (see Fig. 2).

| |
= a) : . ".j\ i :
ull U c | 1 ’diéncﬁai'g\e 2
T T e hoandiihes o toan o B
T ' chhrge to 4.15V

I

R ‘w.l

BT N
T

(] " .
| ™
3 ! 1
© | |
> | 1
o I | ! T I| | T T
2 |b) | Lo, | ' LiOH
@ I ey ) *
E I .“I‘ JI y I'u‘ : AT
|
g At -=---‘f“- Lt it At Voo o LA ls *ﬂ'
I ‘““ = \||‘u | VR R IR A it e .‘\‘ i \|“" )
- :‘.‘F‘ | ! ) : ' ch%rge to 415V
. N e | ‘ "‘Iﬁ[:". | ?F
KN ‘ 1 \ | | vl Ul )
I /I v | Uy
P U | chargeto 3.6 V
7 |
I}
il P! , 1 !\ M. s u‘l“',
Y L ; L \ VAT Ty SRS
| T dya L it TR U Tt ™
LU TUTuAY I di ! I‘II/ e 1
1 |i| It . | . || 4 :sc arge
32 33 34 35 36
20/°

Figure 2: X-ray diffractograms of GDEs at different states of charge with (a) LiTFSI/DMSO

and (b) LITFSI/TEGDME; dashed blue and green lines denote literature reflections of Li>O>
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[39] and LiOH [40], respectively, black stars denote literature reflections of LiTFSI [41]; grey

lines are diffractograms as measured, black lines are moving average to guide the eye.

The presence of crystalline Li»O: is clearly visible in the XRD of the GDE after full discharge
with LITFSI/DMSO but only indicated by a weak reflection when using the TEGDME-based
electrolyte. Further reflections show the presence of LiOH in the GDE after discharge with
LiTFSI/TEGDME (weak) as well as after discharge and initial recharge to 3.6 VV with DMSO
as solvent (strong). This compound is commonly associated with the decomposition of
electrolyte solvents [42-44], which has already been suggested in the previous discussion of
the electrochemical measurements. The presence of LIOH is likely to influence the
electrochemical performance in two different ways: First, indirectly, as LiOH is most probably
the product of electrolyte decomposition, the electrolyte will react completely with progressing
time and the battery cell dries out. Second, the presence of crystalline LiOH as side product
leads to electrode surface blockage and hence less electrode area, which is active for
electrochemical reactions. The XRD measurement after charge to 4.15 V (see Fig. 2) shows
that crystalline LiOH was not oxidized completely, so that a repeated formation and incomplete
oxidation of crystalline LiOH might be one of the reasons for the low cycling stability with
both electrolytes. In order to distinguish between electrochemical and chemical products
identified in Fig. 2 XRD measurements of GDEs were performed after 13 h and 20 h of

discharge with TEGDME- and DMSO-based electrolytes, respectively (see Fig. 3).
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Figure 3: X-ray diffractograms of GDEs after battery disassembly showing the time-dependent

formation of LiOH in GDEs discharged with (a) LiITFSI/DMSO and (b) LiTFSI/TEGDME; (c)

intensity of the LIOH(011) reflection detected at ca. 32.6° after discharge with LiTFSI/DMSO
(black) and LiTFSI/TEGDME (red).

The XRD results depicted in Fig. 3 show the additional presence of Li.COsz in the GDE after
discharge with both electrolytes, which has also been reported to be a product of parasitic

reactions during cycling[44—-46]. As its presence is observed in both, LITFSI/DMSO and
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LITFSI/TEGDME, itis likely that LioCOz is the product of a side reaction between LiO2 and/or
Li,O2 with the carbon particles of the GDE, which was recently shown in a study by Belova et
al. for non-porous carbons of different crystallinities[47]. However, LiOH is not present in the
GDE 30 min after discharge cut-off with both electrolytes but is instead the product of a time-
dependent chemical reaction after battery disassembly. The intensity of the LiOH(011)
reflection detected at ca. 32.6° shows sharp increases ca. 200 min and ca. 140 min after end of
discharge with LiTFSI/DMSO and LiTFSI/TEGDME, respectively (see Fig. 3.c). LIiOH is
proposed here to be formed from chemical reactions between Li>O and the respective solvent
by deprotonation (DMSO) and proton-mediated degradation (TEGDME)[2,48-50], which —
based on the timeline of Fig. 3.c) — is very likely to happen during uninterrupted discharge, i.e.,
without discharge time limitation. As the formation of LiOH proceeds faster after discharge
with LITFSI/TEGDME, and amorphous Li.O, was found to be more reactive than crystalline
Li,O2 [26], amorphous Li2O. is most likely the main product after discharge with the
TEGDME-based electrolyte. This assumption is further supported by the SEM images shown
in Figs. 4.a) and 5.a), which depict the presence of product particles on the GDE surface after
discharge with LIiTFSI/DMSO and that of layered products after discharge with

LiTFSI/TEGDME, respectively.
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Figure 4: SEM images of GDE surfaces after (a) initial discharge, (b) first charge to ca. 3.6 V,

(c) first complete recharge to 4.15 V and (d) second discharge with LiTFSI/DMSO; scale bars:

1pum.

After complete discharge with LiTFSI/DMSO the GDE surface, i.e., the solid/electrolyte
reaction interface, is covered with toroidal particles with diameters between 180 nm — 200 nm
and several “donut”-shaped particles with diameters of up to 350 nm (see Fig. 4.a) and compare
to the SEM images of a pristine GDE in Fig. S2). These particles were reported by several
groups to show the solution growth pathway product Li,O2 in different states of growth
[22,23,51], and are most likely related to the crystalline signals observed in the XRD
measurements depicted in Figs. 2.a) and 3.a). The porous GDE structure is almost completely
clogged by product deposits, which is also the case after discharge with LiTFSI/TEGDME (see
the contrast between the dark carbon network and the brighter discharge product in the cross-
section SEM images depicted in Figs. 6.a) and 7.a). The remaining open pores reveal a view
into the inside of the otherwise blocked carbon electrodes where “donut”-shaped particles show

the presence of the crystalline Li2O2 product also inside the GDE.

The electrochemical processes underlying the formation of these discharge products are shown
in the differential capacity plots in Fig. 8. The first discharge with LiTFSI/DMSO consists of
one reduction process at 2.77 V (see Fig. 8.a) assigned to the initial step of the solution growth
pathway — the reduction of Oz to Oz [20,27]. As the subsequent formation of solvated LiO;
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and Li»O; particles by LiO> disproportionation are chemical reactions, they are not detectable
by electrochemical methods. The resulting products — toroidal and “donut”-shaped particles —,
however, are visible in the SEM images depicted in Fig. 4.a). Previous studies pointing out
simultaneous product formation via solution growth and surface growth pathways[20,31] are
supported by the observation of the pore-clogging “bulk” product in the GDE cross-sections

aside from the already discussed particles after discharge with both electrolytes (see Figs. 6.a)

and 7.a).

36V chargeto 4.15V 2nd discharge
Po-Y gy

o2

Figure 5: SEM images of GDE surfaces after (a) initial discharge, (b) first charge to ca. 3.6 V,

(c) first complete recharge to 4.15 V and (d) second discharge with LiTFSI/TEGDME; scale

bars: 1 pm.

The GDE surface after discharge with LiITFSI/TEGDME (see Fig. 5.a) is completely covered
by a product layer comparable to that found by Wong et al. on graphitized multi-walled carbon
nanotubes after discharge in LiCIO4/TEGDME [52]. Furthermore, this observation is in good
agreement with reports proposing that low DN electrolyte solvents enhance the Li-O2 surface
growth pathway resulting in film rather than particle formation [30,53,54]. As previously
mentioned, however, the ORR takes place most likely via both surface growth and solution

growth pathways also with TEGDME-based electrolyte, which was reported by Ryu et al. [55]
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and is directly visible in Fig. 7.a). The porous GDE structure is almost completely clogged by
apparently amorphous “bulk” product but also “donut”-shaped particles, which are similar in
number and morphology to those observed after discharge with LiTFSI/DMSO (see Fig. 6.a).
Another reason which might contribute to the presence of this product mixture in the pores
might be the influence on the processes by GDE properties, such as carbon particle as well as

pore diameters and pore volume as proposed by Xue et al. [56,57].

Next to the presence of a Li>O- film as the major discharge product on the GDE surface another
difference is the extreme electron beam-sensitivity of the products present after discharge with
LiTFSI/DMSO compared to those present after discharge with the TEGDME-based electrolyte
(see the SEM images in Figs. S3 and S4 as well as the TEM image in Fig. S5). This points to
the formation of more stable products during discharge with the latter electrolyte and hence via

a predominant surface growth ORR pathway.

The differential capacity plot depicted in Fig. 8.b) shows that the discharge with
LiTFSI/TEGDME contains two reduction processes at 2.67 V and 2.54 V, which are attributed
to the Li,O, formation via solution growth and surface growth pathways, respectively. As
TEGDME is a low DN solvent, the latter pathway has a larger contribution compared to
LiTFSI/DMSO, which is also visible in the initial discharge curves depicted in Fig. 1.a). That
the high-potential process (solution growth pathway) with LITFSI/TEGDME is detected at
lower potentials than in LITFSI/DMSO (see also CV measurements in Fig. S1) is probably the
result of the significantly lower O»/O," standard redox potential in ethers compared to DMSO
[58]. Further support for this assumption is obtained when the Li* ion conducting salt in the
TEGDME-based electrolyte is changed either by replacement of LiTFSI by LiClOs or by
addition of LINOs to LiTFSI. Both ways should lead to a change of the discharge reaction
pathway toward predominant Li>O> particle formation: For LiNO3 recent reports have already
shown an at least partial change of discharge mechanism from film to particle formation via

17



solvated LiO: in ether-based electrolytes [24,59-61]. In case of LiClOs this effect might be
caused by the slightly higher DN compared to LiTFSI [62]. From the cycling experiments
depicted in Fig. S6 several observations attributed to solution growth pathways during
discharge support the assumptions made above. A (partial) replacement of LiTFSI either of the
salts results in (i) significantly increased initial discharge potentials and capacities (see Fig.
S6.a), (ii) decreased cycling stabilities (see Fig. S6.b) as well as (iii) the decrease/disappearance
of the low-potential (surface-growth) during initial discharge (see Figs. S6.c) and S6.d). All
these electrochemical characteristics are in agreement with those observed with LiTFSI/DMSO
and thus can be attributed to a predominance of the solution growth pathway resulting mainly
in Li2O particle formation. Hence, this process is detected at lower potentials in TEGDME-

based electrolytes compared to DMSO-based electrolytes.
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Figure 6: Cross-section SEM images showing GDE depth profiles after (a) initial discharge,
(b) first charge to ca. 3.6 V, (c) first complete recharge to 4.15 V and (d) second discharge with
LIiTFSI/DMSO; scale bars: 1 um; the homogeneous contrast at the top of each image is the C

protection layer deposited on the surface of the GDE to avoid ion-beam damage in the region
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of interest; the abrupt, horizontal changes in contrast and brightness are artefacts from stitching

several SEM images together.

SEM images depicting cross-sectional depth profiles of GDEs discharged with both
electrolytes are shown in Figs. 6.a) and 7.a). Compared to the cross-section of a pristine
electrode (see Fig. S2.b) the pore clogging by discharge products is obvious (see also the
“donut”-shaped particles in the open pores). However, there is one significant difference:
discharge with LiTFSI/DMSO resulted in a product gradient decreasing from the separator side
of the GDE to the O inlet side (compare green squares (i) and (ii) in Fig. 6.a). The direct
opposite is observed after discharge with LITFSI/TEGDME, i.e., less product deposits are
found on the separator side (compare green squares (i) and (ii) in Fig. 7.a). This is most likely
directly related to the different discharge pathways. A saturation of the electrolytes with
incoming Oz provides enough educt concentration for both reduction mechanisms. Subsequent
to the formation of the O™ intermediates by the initial reduction step adsorbed LiO is produced
in LITFSI/TEGDME, whereas solvated LiO2 is the predominant intermediate in
LiTFSI/DMSO. The adsorbed LiO: is further reduced at the site of initial reduction, whereas
the solvated compound has a higher probability to be transported through the electrode pores
to the separator side with the LiO> concentration gradient as driving force. Hence, the pores on
the separator side of the GDE are the primary deposition sites during discharge with
LITFSI/DMSO, the GDE pores close to the O inlet the favored sites for Li>O> film formation

during discharge with a TEGDME-based electrolyte.
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Figure 7: Cross-section SEM images showing GDE depth profiles after (a) initial discharge,
(b) first charge to ca. 3.6 V, (c) first complete recharge to 4.15 V and (d) second discharge with

LiTFSI/TEGDME; scale bars: 1 um; the homogeneous contrast at the top of each image is the
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C protection layer deposited on the surface of the GDE to avoid ion-beam damage in the region
of interest; the abrupt, horizontal changes in contrast and brightness are artefacts from stitching

several SEM images together.
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Figure 8: Representative differential capacity plots obtained from the five initial galvanostatic

cycles with (a) LITFSI/DMSO and (b) LiTFSI/TEGDME.

Hence, the larger initial discharge capacity and higher ORR potentials when using
LiTFSI/DMSO as electrolyte are attributed to the difference in LioO2 formation pathways
during discharge. Whereas the presence of crystalline LioO2 and toroidal/’donut”-shaped

particles dominates the GDE surface after discharge with LiTFSI/DMSO, the use of TEGDME

22



as solvent results in the formation of an apparently amorphous layer as major discharge
product. The GDE pores were almost completely clogged with discharge product with both
electrolytes. Li>O> predominantly forms close to the O inlet with LiTFSI/TEGDME, which
might well be another reason for the lower discharge capacity obtained with low DN
electrolytes. Li.CO3s was identified as side product after discharge, and LiOH was shown to

form chemically during discharge with both electrolytes.

During first recharge with LiTFSI/DMSO three minor oxidation processes are observed at low
potentials of 3.1 V (very small), 3.3 VV and 3.5 V as well as three major ones at higher potentials

of 3.7V, ca. 3.95 V and 4.05 V (see Fig. 8.a).

The according SEM images after recharge to ca. 3.6 V (which includes the three minor
oxidation processes) show a GDE surface coverage by a seemingly amorphous layer (see Fig.
5.b). No toroidal particles are present at this state of charge. Nevertheless, crystalline Li>O is
detected by XRD (see Fig. 2.a), which probably derives from the presence of large numbers of
“donut”-shaped particles still visible inside the pores in Fig. 6.b). As the literature agrees on
the fact that crystalline Li>O- particles are electrochemically removed only at potentials higher
than 3.5 V [26,63], their complete absence from the GDE surface is proposed to be due to an
initial oxidation of Li»O> to Li>xO. Therefore, the amorphous layer covering the GDE surface
might be a product of the parasitic decomposition of DMSO by Li>O and/or Li>xO>, such as
LiOH [48,64,65]. The pores inside the electrode (although still largely blocked) seem less
clogged than after discharge (see Fig. 6.b). As the product inside the pores is removed already
at low potentials, it is likely the product of the surface growth pathway, i.e., amorphous Li20-.

This confirms the assumption that the surface growth pathway takes place predominantly in
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the pores, whereas the solvated LiO. intermediates of the solution growth pathway move

through the pores from the O inlet to the GDE/separator side.

After the end of recharge at the cut-off potential of 4.15 V (now also including the three major
high-potential oxidation reactions visible in Fig. 8.a) an apparently organic film covers the
GDE surface (see Fig. 4.c) — an indication for the progressing DMSO decomposition at high
potentials. The different morphology of the organic film compared to the surface layer
observed in Fig. 4.b) points to a different reaction. This might be the DMSO decomposition by
singlet O, which is formed by Li>O, oxidation at potentials > 3.55 V. In the cross-section SEM
images “donut”-shaped particles are still visible in the open pores, which indicates an
incomplete (electro)chemical Li2O. removal at the end of charge (see Fig. 6.c and the
crystalline Li>O> reflection after recharge in Fig. 2.b). In general the GDE seems less porous
(i.e., the pores are smaller) in comparison to that at a potential of 3.6 V (see Fig. 6.c), which is
most probably caused by deposition of solvent decomposition products inside the GDE pores.
These observations are in good agreement with the incomplete recharge observed during the
initial cycle. Because a large part of the crystalline Li2O is still present, the decomposition of
DMSO at potentials > 3.6 V is likely related to the presence of singlet Oz, which was recently

also suggested for ether-based electrolytes by Mahne et al. [37].

The differential capacity plots obtained from the first recharge with LiTFSI/TEGDME show
one major and two minor oxidation processes below 3.6 V (see Fig. 8.b). These are observed
at potentials of 3.1V, 3.3V and 3.5 V, which correspond to the minor processes taking place
during charge with LiTFSI/DMSO. In good agreement with literature reports and previous
observations in this work, oxidation reactions at potentials < 3.6 V are therefore assigned to
the oxidation of amorphous Li>O», as this compound is formed as major product in the

TEGDME- and as minor product in the DMSO-based electrolyte. Similar to the case of

24



LiTFSI/DMSO, a major oxidation process takes place in a higher potential range from 3.7 V

to 4.1 V during the initial recharge.

After recharge to 3.6 V with LITFSI/TEGDME the GDE surface as well as pores look
comparable to those after discharge: the surface layer is still present obscuring the view on the
carbon particles of the GDE (see Fig. 5.b), and the porous structure of the GDE is still largely
blocked (see Fig. 7.b). Therefore, the oxidation signals at potentials up to 3.6 V can be
attributed to processes, which do not lead to an immediate product removal, e.g., the initial
delithiation of amorphous Li>O; to Li>-xO2 at the (not visible) Li2O2/electrode interface. This
interpretation also supports reports by other groups that the electroactive interface changes
from Li2Oz/electrolyte (during discharge) to Li.O2/electrode (during charge) [66,67]. At this
state of charge, the GDE surface also exhibits the presence of elongated particles with lengths
of up to 1 um (see Fig. 5.b), which are probably carbonate and/or carboxylate products from
the chemical reactions of delithiated intermediates with the ether-based electrolyte and/or the

carbon GDE [68-70].

Recharge to a potential of 4.15 V results in an active electrode surface recovery to an almost
pristine state with products neither visible on the surface nor in the pores of the GDE (compare
GDE surface and cross-section SEM images depicted in Figs. 5.c) and 7.c) to those of a pristine
GDE in Fig. S2). The elongated particles, however, are still present on the GDE surface at the
end of recharge. In a XRD and electron microscopical study with LiIFSI/TEGDME Zhai et al.
assigned recharge potentials > 3.5 V to the oxidation of Li>O- [63]. This in combination with
the observation of the start of CO2 evolution during recharge with TEGDME-based electrolytes
at potentials > 4.15 V by other groups [52,71] lead to two conclusions: (i) the elongated
particles probably consist of LioCOs, and (ii) the reactions taking place at potentials > 3.7 V in

Fig. 8.b) can be assigned to Li»O- oxidation.
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In summary, the following processes take place during recharge: At low potentials (< 3.6 V)
the (amorphous) products located in the GDE pores are partially removed when using
LiTFSI/DMSO. Product removal is not observed with LiTFSI/TEGDME, so that an initial
Li2O oxidation resulting in other solid products (e.g., Li2-xO2 and/or LiO2) is most likely the
prevailing process. The GDE surface products — most probably both Li>O as well as Li>xO2 —
lead to solvent decomposition already at low potentials, which in the case of DMSO result in
an amorphous surface layer, with TEGDME in side product particles. At high potentials a
clogging of the pores and an organic film on the GDE surface indicate progressing solvent
decomposition with LiTFSI/DMSO, which is most likely due to the singlet O; evolving during
Li,O> oxidation at potentials > 3.55 V. In the case of LiITFSI/TEGDME an almost complete
recovery of the active electrode surface by removal of the pore-clogging products and the
residual surface film takes place by recharge to 4.15 V. However, also with TEGDME as
solvent side product (particles) — attributed to Li.CO3 and/or carboxylates — are present on the

GDE surface at the end of recharge.

In the second cycle, the considerably lower discharge capacity with LiTFSI/DMSO is provided
by one high-potential reaction at ca. 2.77 V, which was also the case during the first discharge

and attributed to O/solvated LiO. formation (see Fig. 8.a).

The GDE surface depicted in the SEM image in Fig. 4.d) is still covered by the organic DMSO
decomposition product observed after first recharge. Although not clearly visible, the film
apparently covers several “donut”-shaped particles of up to 350 nm. This observation and the
presence of crystalline Li>O> also after second discharge (see Fig. 2.a) are in good agreement
with the similar discharge reaction potentials in the first and second discharge. However, the

same reaction results in a significantly decreased second discharge capacity (see Fig. 1.b) as a
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result of a blocked active electrode surface by DMSO decomposition products. Supporting this
argumentation is the fact that the porous structure of the GDE is even more clogged after second
discharge (see Fig. 6.d), which is the combined result of (i) incomplete discharge product
removal as well as side product deposition during charge and (ii) renewed product formation
at the remaining active electrode sites during second discharge. The SEM cross-sections
depicted in Fig. 6 illustrate very well the reason for the capacity failure of LITFSI/DMSO from

the second discharge on.

During the subsequent recharge only one oxidation reaction is visible at a potential of 3.95 V
followed by an intensity increase of the differential capacity from 4.05 V to 4.15 V (see Fig.
8.a). As discussed previously it is reasonable to believe that the increasing intensity at

potentials > 4.05 V is related to electrolyte decomposition.

The second discharge with the TEGDME-based electrolyte contains the high- and low-
potential reactions at 2.70 V and 2.53 V already detected in the first discharge (see Fig. 8.b).

Again, only small amounts of Li2O: is present after full discharge (see Fig. 2.b).

Therefore, it is not surprising that the GDE surface after second discharge is completely
covered by a film visually identical to that after first discharge — with the exception of elongated
side product particles already observed during recharge at a potential of 3.6 V (see Fig. 5.d).
These particles apparently accumulate during cycling, as they are present in larger numbers on
the GDE surface after second discharge than during recharge. This can be attributed to the
formation of carbonates and carboxylates during dis- and recharge as discussed above, and the
fact that the cut-off potential of 4.15 V used in this work is below that needed for carbonate
removal by oxidation [52,71]. The porous carbon network is again clogged after second

discharge, this time, however, to a larger extent by bulk than by particle products (see Fig. 7.d).
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The second recharge features oxidation reactions at potentials of 3.1 V as well as ca. 3.95 V
and > 4.05 V (see Fig. 8.b). The low-potential process has previously been assigned to the
oxidation of the Li»O> film in contact with the carbon electrode. The two latter oxidation
reactions are attributed to the almost complete removal of the pore-clogging and residual
surface film products thus leading to a recovery of the GDE pores and surface. Interestingly,
the intensity decrease of the oxidation reaction at 3.1 V (assigned to initial Li>O> oxidation)
between first and second recharge is much smaller than that of the high-potential processes
(assigned to active surface recovery). This implies that despite a continuously good initial
Li,O> oxidation step the electrochemical surface recovery is decreasing. Hence, the capacity
fading during cycling can be attributed to two processes: (i) an accumulation of Li>O> oxidation
intermediates (e.g., Li2xO2, LiO>...) and (ii) chemical reactions of these compounds with the
electrolyte or the GDE leading to an accumulation of side products, such as carbonate and
carboxylates. As the latter is the more probable process due to the reactivity of the Li2O-
oxidation products, the better cycling stability with LITFSI/TEGDME must be due to the
higher reversibility of LioO. formation on the GDE surface and in the pores. The side reactions
lead to different products, i.e., particle accumulation with LIiTFSI/TEGDME and film
formation with LiTFSI/DMSO. This results in a quicker electrode surface deactivation with
the latter electrolyte due to a diffusion-limiting layer hindering the transport Li* ions and O to
active sites. This irreversible deactivation process already takes place during first recharge with

LiTFSI/DMSO.

During the third and following discharge cycles the capacity decreases to negligible values
with LITFSI/DMSO (see Fig. 1.b). Two reduction processes are detected: one at a potential of
2.77 V, which is continuously decreasing in intensity, and one at a low potential of ca. 2.68 V
(see Fig. 8.a). Hence, continued cycling results in an increasing contribution of the surface
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growth pathway also when using the DMSO-based electrolyte, whereas the Li>O particle
formation at high potentials via the solution growth pathway is decreasing. The observation of
a low-potential process is attributed to the Li.O. film formation, which was already taking
place during the initial two cycles but is now also detected electrochemically due to the severely
decreasing contribution of Li>O. particle formation at high potentials. This assumption is
supported by the CV measurements (see Fig. Sl.a): during the cathodic sweep the high-
potential peak current density decreases until a previously obscured low-potential process is
visible from the second cycle on. This is probably the result of a shrinking active electrode
surface due to the presence of the organic decomposition product film covering the GDE

surface since first recharge.

During the third and following charge cycles no oxidation reactions except solvent
decomposition processes at potentials > 4.05 V are detected, which indicates that battery

cycling from the third cycle onward mainly results in DMSO oxidation.

The discharge/charge capacities decrease far less significantly following the second cycle when
using TEGDME as a solvent (see Fig. 1.b). The reduction processes are observed at potentials
comparable to those of the first two discharge cycles: one at high potentials of around 2.66 V,
which is continuously decreasing in intensity, and one at 2.53 V (see Fig. 8.b). Hence, the
discharge reactions do not change as much during the first five cycles with LITFSI/TEGDME

as with LiTFSI/DMSO.

The same is true for the low- and high-potential oxidation reactions during the third and
following recharges, which are observed at potentials similar to those of the first two charge
cycles with a comparably small decrease in intensity (see Fig. 8.b). This means that during
recharge still the same processes are taking place: (i) an initial oxidation of the surface film

and (ii) a complete film removal as well as pore recovery. Hence, the observed accumulation
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of side product particles is proposed to be the main deactivation process during cycling with

this electrolyte.

The continuity of discharge and charge processes over several cycles is probably also the main
reason for the better cycling stability of the TEGDME- compared to the DMSO-based
electrolyte. The predominant surface growth pathway in low-DN electrolytes results in a more
reversible (amorphous) Li-O> formation and is beneficial for recharge and cycling stability.
This is also supported by the cycling experiments after LiTFSI replacement by LiNOs or
LiClOs with TEGDME as solvent (see Fig. S6): The increased discharge capacities and
potentials indicate at least partial changes in the reaction pathways from predominant surface
film growth to solution particle growth. Additionally, the initially higher cycling stability
obtained with LIiTFSI/TEGDME decreases drastically as soon as the discharge pathway

changes.

4. Conclusion

The investigations in this work give insight into the manifold reasons for the different
electrochemical performances of LiTFSI/DMSO and LiTFSI/TEGDME, which are mainly
attributed to the difference of (side) products formed during cycling. Whereas LiTFSI/DMSO
exhibits significantly better initial electrochemical properties, the cycling stability is

considerably better with LITFSI/TEGDME.

Electron microscopic investigations in this work showed that the initial discharge capacity is
largely influenced by the difference in Li.O2 growth pathways in both electrolytes. The
predominating mechanisms with TEGDME and DMSO as solvents result in product films via

adsorbed LiO; intermediates (surface growth pathway) and Li>O- particles via solvated LiO>
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intermediates (solution growth pathway), respectively. At the beginning of discharge O is
reduced to O2" and forms LiO> close to the O inlet. Whereas solvated LiO can be transported
away from the GDE’s O inlet side (with the LiO2 concentration gradient as driving force),
adsorbed LiO:; is further reduced to Li»O; at the initial adsorption site. These mechanisms lead
to almost completely clogged pores close to the O inlet, i.e., an earlier O, transport limitation,
with the TEGDME-based electrolyte. Thus the active electrode sites of the porous GDE cannot

be fully utilized, which leads to an earlier potential drop and a lower discharge capacity.

The higher cycling stability when using the LiTFSI/TEGDME electrolyte is proposed to have
two reasons: First, the almost complete removal of the amorphous discharge product film
during recharge. The toroidal and “donut”-shaped particles observed as major discharge
product with the DMSO-based electrolyte, on the other hand, are still present in the pores after
recharge. The second reason is the nature of the side products formed in the two electrolytes:
SEM imaging showed that DMSO decomposition during the first recharge results in the
formation of an organic film which covers the surface and clogs the pores of the GDE. With
TEGDME as solvent, on the other hand, parasitic reactions result in the formation of side
product particles. This particle formation and accumulation of side products around rather than
film coverage of active sites is proposed to be a reason for the slower GDE surface deactivation
with the TEGDME-based electrolyte. Furthermore, the unchanged number of electrochemical
processes during continued cycling showed that the side product particles do not influence the
nature of the occurring redox reactions. The organic layer present during initial recharge with
DMSO as solvent, however, most likely prevents the quick O2 reduction/LiO- solvation of the

solution growth pathway in favor of continuous DMSO decomposition.

This work has provided insight into the effects of the location of discharge product formation

in the GDE pores on the discharge capacity and the nature of side products on the cycling
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stability. Further investigations are needed regarding both processes, especially on how to

avoid side products as the main reason for early battery failure.

Associated content

The Supporting Information is available free of charge and contains a detailed discussion of
LSV and CV measurements recorded with a scan rate of 0.1 mV s, electron microscopic
images depicting pristine GDEs as well as discharge product decomposition by the electron

beam and cycling data of TEGDME-based electrolytes with different Li* conducting salts.
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