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ARTICLE INFO ABSTRACT
Keywords: Awaiting a breakthrough, the Li-oxygen battery (LOB) is considered a promising candidate to meet the high
Lithium oxygen battery energy demands in the future. Among various critical challenges which hamper its development, the mystery of
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the electrolyte with optimal properties remains unsolved to this day. In this study, we comprehensively inves-
tigated the effects of operating temperature (20C, 40 °C and 60 °C) on the electrochemical performance of LOBs
incorporated with room temperature ionic liquid (RTIL) and organic solvent binary electrolyte. We designed and
investigated 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C2C;im][TfoN]) RTIL and
dimethyl sulfoxide (DMSO) organic solvent at various volume ratios ((4:1), (1:1), (1:4)). Among the binary
electrolytes, ([C2C1im][TfoN1/DMSO (1:4)) delivered the highest discharge capacities of 3.70 Ah g ~ 1 (20 °0),
4.0 Ahg~ ! (40°C) and 3.65 Ah g ~ ! (60 °C) as compared with pure [C2C;im][Tf,;N] and DMSO. Cycling stability
tests showed superior stability of the binary electrolyte ([C2C1im][Tf2N]/DMSO (1:4)) irrespective of the oper-
ating temperature. From viscosity and ionic conductivity measurements (at 20-60 °C), [C2C1im][Tf2N]/DMSO
(1:4) exhibited the highest ionic conductivity and the lowest viscosity compared with other binary electrolytes
(even with pure electrolytes) at any given temperature. Cyclic voltammetry (CV) tests revealed the highest re-
action rates for [CoC1im][Tf>N]/DMSO (1:4) binary electrolytes than pure electrolytes. The superior performance
of [C2C1im][TfoN1/DMSO (1:4) binary electrolyte was ascribed to enhanced stability against reactive interme-
diate species during oxygen reduction reaction (ORR), increased ionic conductivity, low viscosity (comparable
with organic electrolytes), improved oxygen solubility, and relatively low evaporation rates.

1. Introduction (ORR) and oxygen evolution reaction (OER) during discharge and
charge cycle, respectively.
The world is reeling from the devastating effects of climate change

o7 L ne—

due to over consumption of fossil fuels. The state-of-the-art Li-ion bat- Anode : 2Li < 2Li"+2e (1a)

to.sry (LIB) ha.s Prought a revqlutlon t9 po%‘table e}ectronlc devices, but. its Cathode : 2Li*+2e~ + 0, & Liy 0, (1b)

limited specific energy density restricts its application to meet the high

energy der.nands of the autiorrllobille industry. Conseque.ntly, efforts were Overall : 2Li+ 0, & Li,0, E* = 2.96V (10)

made to circumvent the limitations of LIBs by adopting better energy

storage alternatives. Among them, rechargeable Li-O, battery (LOB) has Ideally, as a result of discharge cycle, Li»O> accumulates on the

been under the spotlight of the scientific community owing to its surface of porous cathode which disintegrates back to Li* and O5 during

exceptionally high theoretical energy density (~3500 Wh kg ™! based on charge cycle.

the mass of discharge product, Li»O2) which is an order of magnitude Abraham and Jiang reported the first non-aqueous electrolyte-based

higher than LIB’s [1-3]. LOB, which eliminated the potential risk of side reactions in aqueous
The possible reaction mechanism for aprotic (non-aqueous) LOB is LOBs proposed earlier [6]. Since then, aprotic (non-aqueous) LOBs have

presented in eqs 1(a-c) [4,5]. It undergoes oxygen reduction reaction garnered the focus of research due to their high reversibility [7].
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Nonetheless, the progress of rechargeable LOBs is stymied owing to the
number of challenges its components present. Among various critical
challenges, the choice of electrolyte has always been a bottleneck,
impeding the breakthrough in the development of LOB [8]. The char-
acteristics of an ideal electrolyte for LOB are (i) high ionic conductivity,
(i) low volatility, (iii) low viscosity, (iv) high oxygen solubility and
diffusivity, (v) high electrochemical stability, and (vi) high chemical
stability with the cell components and in the presence of highly reactive
O3 produced during intermediate reaction [3,9].

Organic solvent-based electrolytes (carbonates, sulfones, amide,
ethers, etc.) have been extensively studied in LOBs due to their low
viscosities and superior mass transport properties. However, several
reports in the literature reveal that organic solvents are chemically un-
stable in the presence of highly reactive reduced oxygen species, and
they tend to degrade during the charge cycle due to high overvoltage.
Consequently, undesired and irreversible discharge products accumu-
late on the porous cathode leading to the shorter life of the battery
[10-12]. Additionally, organic solvents’ volatile and flammable nature
poses safety issues as the battery electrolyte. Room temperature ionic
liquids (RTILs) have been investigated as a potential electrolyte solvent
in LOBs for the past several years. Unlike oragnic solvents, they possess
unique properties, including nonvolatility, nonflammability, high elec-
trochemical, chemical and thermal stability [13]. The one major draw-
back of these electrolytes is their intrinsically high viscosity and
consequently high mass transfer resistance. Slow mass transfer rates
restrict their application to low current density applications [14].

Currently, no electrolyte could be regarded as an ideal electrolyte.
Nonetheless, efforts have been made to improve electrolyte properties
by blending two or more miscible electrolyte solvents. The blending of IL
and organic solvent in an optimized ratio can combine the remarkable
properties of ILs, including low vapor pressure, high thermal and elec-
trochemical stability, and superior transport properties of organic sol-
vents. Zeng et al. incorporated 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide [CyCim][TfoN] (80 wt%) and DMSO
(20 wt%) binary electrolytes and improved the cycling stability of LOB
from 58 cycles to 65 cycles at 0.1 mA cm ™2 utilizing Co304 catalyzed
cathode [15]. Similarly, Knipping and coworkers achieved higher
discharge capacity (7,618 vs. 5651 mAh g ~ 1) and lower polarization
(1.06 vs 1.43 V) with [CoCiim][TfN] and DMSO (70/30 wt%) mixed
electrolyte as compared with pure DMSO electrolyte [16]. Mohammad
et al. employed 1-ethyl-3-methylimidazolium tetrafluoroborate
([C2C1im][BF4]) and DMSO (25%/75%) mixture with MoS, cathode and
protected Li anode and achieved long cycle life of 700 cycles (500 mAh g
~ 1 at 500 mA g 1 in an air-like atmosphere [17]. Ferrari and co-
workers demonstrated superior electrochemical stability, and ionic
conductivity of N-methoxyethyl-N-methylpyrrolidinium bis
(trifluoromethanesulfonyl)-imide (PYR;,201TFSI) (50 vol%) and tetra-
ethylene glycol dimethyl ether (TEGDME) (50 vol%) blended electrolyte
and achieved a high discharge capacity of 4000 mAh g ~ ! [18]. Asim
and Chuan combined 1-butyl-1-methyl-pyrrolidinium  bis(tri-
fluoromethylsulfonyl)imide ([BMP][TfoN]) and DMSO and observed
higher reaction rates in mixture electrolytes as compared with neat
solvents [19]. Laura et al. reported improved reversibility and ionic
conductivity (0.87 to 3.5 mS cm™ ') using a N-methyl-(n-butyl) pyrro-
lidinjum bis(trifluoromethane sulfonyl) imide (PYR14TFSI) and
TEGDME (1:1 v/v) binary electrolyte [20].

The aforementioned studies have tuned the physiochemical proper-
ties of the electrolyte by combining IL and organic solvents and inves-
tigated the battery performance at room temperature. To the best of our
knowledge, very limited studies have taken into account the effect of
operating temperatures, in particular with blended electrolytes in LOBs.
Some reports in the literature focused on the effects of operating tem-
perature on either organic solvent [21,22] or RTIL [23-27] in LOBs.
Herein, we present a comprehensive experimental investigation of the
impact of operating temperature on the electrochemical performance of
RTIL-organic electrolyte-based LOB. We combined the effect of
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operating temperature and blending of IL and organic solvent in order to
tune the physiochemical properties of the resulting electrolyte. For RTIL,
we selected 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide ([C2C1im][TfoN], will be referred as IL in this paper) due to its
relatively low viscosity as compared with other RTILs, high thermal and
electrochemical stability, and superior ionic conductivity [25]. The
chemical structures of cation and anion are illustrated in Fig. S1 in
supplementary information. Dimethyl sulfoxide (DMSO) was incorpo-
rated as an organic solvent in this study. We measured viscosity and
effective ionic conductivity of various combinations of IL and DMSO
(with 0.5 M Lithium Dbis(trifluoromethane)sulfonimide-LiTFSI)
including (4:1), (1:1), (1:4) by vol% at different operating tempera-
tures (20 °C, 40 °C and 60 °C). Owing to the superior battery perfor-
mance of 0.5 M LiTFSI-IL/DMSO (1:4) binary electrolyte among other
electrolyte mixtures, it was employed for further electrochemical tests.
Galvanostatic deep discharge tests and cycling stability tests were con-
ducted at various temperatures. Cyclic voltammetry tests were con-
ducted to study the impact of temperature on reaction rates. IL/DMSO
(1:4) binary electrolytes achieved the highest discharge capacity and
cycling stability as compared with neat electrolytes at any given oper-
ating temperature.

2. Experimental
2.1. Electrolytes preparation

Ionic liquid, 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide was purchased from IoLiTec Gmbh (assay,
99 wt%, CAS no. 174,899-82-2, Lot and filling Code no. T006 x 98.1-IL-
0023) and dried further before use. The IL was dried and degassed at
25 °C under a high vacuum (10’9 MPa) for 24—48 h to remove water
and volatile impurities. Commercially available organic solvent
Dimethyl sulfoxide (DMSO, anhydrous>99.9%) was utilized as a
cosolvent. Lithium Bis(trifluoromethane)sulfonimide (LiTFSI, 99.95%)
was exploited as Li salt to make a 0.5 M concentration solution with both
solvents and their binary combinations. Three binary electrolyte mix-
tures (IL/DMSO) in volume ratios of (4:1), (1:1), (1:4) were prepared.
All commercial materials except the IL were purchased from Sigma-
Aldrich and used as received in this study. All materials were opened
and stored in Ar-filled glovebox with HoO and O levels <0.1 ppm.

2.2. Physiochemical properties measurements

Brookfield DV-II+Pro-Viscometer was used to measure the viscos-
ities of neat solvents and their various electrolyte mixtures at 20 °C (RT),
40 °C, and 60 °C. Galvanostatic EIS measurements were conducted with
the SS||SS symmetric cells to measure the effective ionic conductivity of
the electrolyte material in the glass fiber separator material under
compression using Biologic SP-150 potentiostat. Anodic electrochemical
stability windows (ESW) of pure and binary electrolytes (at RT) were
determined by linear sweep voltage (LSV) technique at a scan rate of 10
mV s ~ L. Evaporation rates of electrolytes were measured for 24 h at
20 °C, 40 °C and 60 °C in glovebox in order to eliminate the error from
moisture.

2.3. Oxygen cathode preparation

Vulcan XC 72R purchased from Fuel Cell Store was used as the active
material coated on carbon cloth. Vulcan XC 72R was mixed with poly-
tetrafluoroethylene (PTFE) binder (70:30 wt% ratio) in isopropyl
alcohol (IPA) and water solution (70:30 vol% ratio). The mixture was
then sonicated in a Branson bath sonicator for 3 h to combine all com-
ponents well. The prepared slurry was blade coated on 1071 HCB plain
carbon cloth. The coated substrate was then dried for 24 h at RT (20 °C),
followed by heat treatment in a SentroTech furnace at 350 °C for 30 min.
The electrodes were punched in 1.27 cm diameter for battery assembly.
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Table 1

Electrochimica Acta 473 (2024) 143494

Viscosity measurements of neat solvents ([CoC;im][Tf,N], DMSO), [C,C;im][Tf,N], DMSO and various binary combinations with 0.5 M LiTFSI salt concentration
conducted at 20 °C, 40 °C, and 60 °C. The calculated activation energy (E,) of viscosity’s temperature dependence is also reported in the table.

Temperature ( Viscosity (n/mPa s)

°Q)

Pure IL 0.5 M LiTFSI- 0.5 M LiTFSI-IL/DMSO 0.5 M LiTFSI-IL/DMSO 0.5 M LiTFSI-IL/DMSO 0.5 M LiTFSI- Pure DMSO
IL (4:1) (1:1) (1:4) DMSO

20 34.1 47.5 27.6 9.18 4.28 3.02 211

40 17.1 22 14.5 6.16 2.65 1.9 1.37

60 10 12.3 8.14 3.37 1.75 1.29 0.95

E, (kJ moL-") 249 + 27.4 +1.04 24.74 £ 0.27 20.18 + 3.24 18.13 +£0.01 17.25 + 0.16 16.18 &
0.74 0.08

The measured carbon loading for each electrode of area 1.27 cm? was
1.3 £0.15mg em™2,

2.4. Battery assembly

The battery was assembled in an argon-filled Mikrouna glovebox
with Oy and Hy0 concentrations maintained below 0.1 ppm. The as-
prepared oxygen cathode was first placed in the battery frame. It was
stacked by an electrolyte-soaked Whatman glass fiber separator (GF/C,
1822-021) with a diameter of 1.58 cm. Each battery utilized 90 uL of
electrolyte. A Li chip (0.25 mm thick) with 1.27 cm? was placed on top
of the separator, which served as the anode. The battery was screwed
appropriately to avoid leakage and exposure to the atmosphere.

2.5. Electrochemical measurements

The assembled battery was supplied continuously with 99.99% pure
oxygen at 1 atm pressure. The battery was purged with oxygen at open
circuit voltage (OCV) for at least 1 h to ensure the complete removal of
argon from the electrode assembly. In order to study the impact of
operating temperature on ORR and OER, cyclic voltammetry (CV) tests
were conducted using Biologic SP-150 potentiostat at the scan rate of
0.1 mV s ~ . Galvanostatic discharge/charge capacity tests were per-
formed on an 8-channel Neware BTS8.0 battery cycler at three different
temperatures (20 °C, 40 °C, and 60 °C). Cycling stability tests were
conducted with the curtailed capacity of 1.0 Ah g ~ L. All specific ca-
pacity tests were carried out at 0.1 mA cm~? current density. The
discharge and charge cutoff voltages used were 2.0 V and 4.5 V,
respectively, for both CV and discharge/charge capacity tests. All deep
discharge and cycling stability tests were repeated three times.

2.6. Material characterization

In order to investigate the influence of operating temperatures on the
morphology of discharge product (Li;O3), deep discharged cathodes
using a binary electrolyte, were analyzed under Hitachi SU8230 Field

Emission Scanning Electron Microscope (SEM). The composition of
discharge product was examined by PHI 5000 Versa Probe II X-ray
Photoelectron Spectroscopy (XPS) analysis. Moreover, the presence of
Li»O, was also confirmed by Raman Spectroscopy. For this purpose, the
fresh and discharged electrodes were examined under Horiba Jobin
Yvon LabRam ARAMIS Micro-Raman Microscope using 785 nm laser
excitation.

3. Results and discussion
3.1. Physical properties

3.1.1. Viscosity

The viscosity of an electrolyte is one of the critical parameters that
determine battery performance. It profoundly impacts electrolyte’s
transport properties [34]. In LOBs, the gaseous oxygen is supplied from
outside to react with Li™ ions to form the discharge product i.e., Li;O5.
The diffusivity of ions is critical to transport to electrochemically active
sites of porous cathode and achieve high discharge capacity. The
diffusivity of electrochemical species is inversely related to the viscosity
of electrolyte [4]. Table 1 shows the viscosity measurements of pure
solvents (IL and DMSO) and the various combinations with 0.5 M LiTFSI
salt concentration at three different temperatures, including 20 °C (RT),
40 °C, and 60 °C. 0.5 M LiTFSI/IL shows the highest viscosity of all the
electrolytes at any given temperature. This is intuitive as the RTILs
exhibit high viscosity intrinsically as compared with organic solvents.
On the contrary, the pure DMSO, an organic solvent, displays the lowest
viscosity. The viscosities of pure solvents are in good agreement with the
published data [28,29]. The effect of salt concentration on the viscosity
of electrolytes is also substantial. Especially, the viscosity of pure IL is
increased by ~40% when measured with 0.5 M LiTFSI salt concentra-
tion. Overall, the viscosity decreases with increasing temperature
regardless of electrolyte (with or without salt).

These results indicate that electrolyte viscosity is strongly contingent
on the operating temperature. All electrolytes and their binary systems
follow the Andrade equation (Eq. (2)), which is analogous to the

B PurellL ® L
4.0F A ILIDMSO (41) WV IL/IDMSO (1:1)
X

IL/DMSO (1:4) @ DMSO
Pure DMSO

In(n/mPa s)
g [
o o

=N
o
T

|

30 34 32 33 34
@) 103T (K1)

0.0 0.2 04 0.6 0.8 1.0
DMSO Volume Fraction

Fig. 1. (@) Arrhenius plots for viscosities of various electrolytes and (b) Variation of viscosity of binary electrolytes with DMSO volume fraction at 20 °C, 40 °C,

and 60 °C.
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Table 2

Effective ionic conductivity measurements of [C,C;im][Tf,N], DMSO and
various binary combinations with 0.5 M LiTFSI salt concentration conducted at
20 °C, 40 °C, and 60 °C.

Electrolyte Effective Ionic Conductivity (6/mS em™ Y

T=20°C T=40"°C T=60°C
IL 5.59 8.25 10.72
IL/DMSO (4:1) 6.43 9.12 11.83
IL/DMSO (1:1) 8.87 11.52 14.12
IL/DMSO (1:4) 10.34 13.00 15.09
DMSO 7.59 10.10 12.75

Arrhenius equation [30].

0 Ea
n= n’exp {ﬁ} 2

Here, #° is a constant, E, is the activation energy, R denotes the
universal gas constant, and T represents the temperature.

Fig. 1a shows the Arrhenius plot of the viscosity change of electro-
lytes with T ~ !. The measured viscosities are a good fit with the
Arrhenius model. From these Arrhenius plots, the activation energies of
these electrolytes were calculated (as shown in Table 1). The activation
energies of pure solvents are in good agreement with the previous re-
ports [31].

The volume fraction of DMSO also has a significant impact on RTIL-
organic solvent binary systems. Table 1 shows that the viscosity de-
creases with the increase in DMSO volume fraction regardless of tem-
perature. When viscosities of binary systems were plotted against DMSO
volume fraction, an exponential trend emerged, as shown in Fig. 1b. The
exponential decrease in viscosities with DMSO volume fraction also
refers to an exponential increase in diffusivity of electrochemical spe-
cies. This behavior is explained by the classical Stokes-Einstein equation
(Eq. (3) [32,331].

kT

cna

3

Here, k is Boltzmann’s constant, a is the effective radius of diffusing
species, c is a constant that depends on slip or no-slip conditions. An
increase in temperature and volume fraction of DMSO greatly reduces
the viscosity of mixture electrolytes and consequently enhances the
diffusivity of ions in the electrolyte.

3.1.2. Effective ionic conductivity

The effective ionic conductivity (c.g) of an electrolyte is another
important parameter that affects the battery’s performance. Effective
ionic conductivity of an electrolyte in general, is affected by various
factors, including temperature [34], viscosity [35], salt concentration
[36], state of electrolyte [37] and type of electrolyte [38]. We investi-
gated the effective ionic conductivity of various combinations of

g
kN
T

In(o,; /mS cm™)
N
N

"L
20F o IL/DMSO (4:1)
A IL/DMSO (1:1)
18l Y womso(a
: & DMSO
1.6 L—a . . . .
3.0 31 3.2 33 3.4
@) 10% T(K)

(b)
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IL/DMSO binary systems with 0.5 M LiTFSI salt concentration at
different operating temperatures (20 °C, 40 °C and 60 °C). Galvanostatic
EIS measurements were conducted with the SS||SS symmetric cells to
measure the effective ionic conductivity of the electrolyte material in the
glass fiber separator material under compression. It is worth mentioning
that the amount of pressure applied to the electrodes while assembling
the battery may have significant impact on the measurements. Conse-
quently, all tests were repeated three times in order to achieve consistent
results. EIS plotted as Nyquist plots and equivalent circuit model (ECM)
are shown in Fig. S2 in the supporting information. R1 represents the
ohmic resistance of the electrolyte obtained from the high-frequency
intercept of the fitted EIS spectrum on the real axis. 6.4 is then calcu-
lated using the following equation [15]:

t

= m @

Oeff

where t and A represent the thickness and area of the separator,
respectively.

Table 2 shows the 6, measurements of various combinations of IL-
DMSO binary systems at multiple temperatures. Effective ionic con-
ductivity of any given electrolyte increases with temperature. This trend
was expected as the increase in temperature caused a decrease in vis-
cosity which increases the mobility of charged species and consequently
effective ionic conductivity. Fig. 2a shows the Arrhenius plot of ionic
conductivities and T ~ 1. The data fits well with the Arrhenius model and
depicts the dependency of the effective ionic conductivity of the elec-
trolyte on temperature.

It is interesting to note that the increase in effective ionic conduc-
tivity from pure IL electrolyte to IL/DMSO (1:4) at RT is more con-
spicuous than at elevated temperatures. Effective ionic conductivity
increased by 85% at RT. However, it only increased by 40% at 60 °C.
This behavior could be explained in terms of difference in their viscos-
ities at two different temperatures. As mentioned in previous section, the
difference in viscosities of pure IL and IL/DMSO (1:4) electrolytes at RT
was 44.5 mPa s.

However, at 60 °C, the difference in their viscosities shrank to mere
11 mPa s. This implies that effective ionic conductivity is a strong
function of viscosity. Nonetheless, the increase in effective ionic con-
ductivity is not proportional to decrease in viscosity. Ionic conductivity
and viscosity are correlated by Walden’s rule which is as follows [39,
40]:

A =C 5

Here, A, 1, a, and C represent molar conductivity, viscosity, slope of
the Walden plot and temperature-dependent constant, respectively. The
molar conductivity is calculated by the following equation:

A=? (6)
¢
16.0F —m—20°c
—8—40°C
14.0F —a—g0°c
‘I_E 120
o
n
£ 100}
5
b 8.0}
6.0F
a0l
0.0 0.2 0.4 0.6 0.8 1.0

DMSO Mole Fraction

Fig. 2. (a) Arrhenius plots for effective ionic conductivities of various electrolytes and (b) Variation of effective ionic conductivities of binary electrolytes with DMSO

volume fraction at 20 °C, 40 °C and 60 °C.
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Fig. 3. (a) Comparison of CV profiles of [C>C;im][Tf>N], DMSO and [C,C;im][Tf>N1/DMSO (1:4) with 0.5 M LiTFSI salt concentration solution at 20 °C (RT) (b)
Comparison of CV profiles of 0.5 M LiTFSI-[C,C;im][Tf,N]/DMSO (1:4) binary electrolyte at 20 °C, 40 °C and 60 °C. All tests were conducted at a scan rate of 0.1

mV s~

Here, o and c represents ionic conductivity and concentration of IL in
mixture. Lopes and coworkers have shown that binary mixtures of IL and
polar molecular solvents fairly fits Walden plot. This indicates that the
conductivity of system is primarily governed by ion migration according
to Stokes-Einstein equation and it’s mainly determined by viscosity of
system [39].

At the molecular level, effective ionic conductivity of an electrolyte
depends on charge density and mobility of charge carriers. ILs exhibit
higher charge density and latter is a strong function of bulk viscosity.
Pure IL comprises of a continuous network of free ions (which contribute
towards the ionic conductivity) and ion pairs. Initially, with the incor-
poration of polar solvent to the IL, effective ionic conductivity increases
which could be ascribed to decreased viscosity and increased ion
dissociation i.e., the clusters of interacting ions disintegrate and become
free ions. This dissociation of ions gradually increases with the fraction
of organic solvent until it reaches the state of infinite dilution when all
charged species become free ions. This leads to the enhancement in
effective ionic conductivity of IL-organic solvent mixture [41].

Fig. 2b shows the variation of c,¢ with the volume fraction of DMSO.
The binary system with 80% DMSO exhibits the highest effective ionic
conductivity. This could be attributed to the high degree of ion disso-
ciation and reduced viscosity. The sharpe decrease in effective ionic
conductivity with DMSO could be attributed to the decrease in number
of charge carriers owing to the absence of IL. This effective ionic con-
ductivity behavior for another RTIL-organic solvent binary system has
been reported in the literature [15,16,30].

3.2. Battery performance

3.2.1. Reaction mechanism

The high electrochemical stability of RTILs is one of their distin-
guished properties that can improve battery cycle life. In LOB, the sta-
bility of electrolytes in the presence of nucleophilic superoxide radical
(03) is significant. Without Li salt, the RTIL cation interacts with O3 and
stabilizes it. The addition of Li salt introduces Li* ions in the solution.
Owing to the smaller size and high charge density, Li* ions are hard
acids in organic and IL solvents. Conversely, bulky RTIL cations with low
charge density are soft acids. During the reduction reaction, with the
generation of O3, both cations compete to interact with it. Li* ions
promote the disproportionation of O3 to peroxide (032), as shown in
reaction (8-9) [42,43]. In IL/DMSO binary electrolytes, high donor
number (DN) of DMSO reduces the acidity of Li" ions which allows RTIL
cations to interact with O3 more effectively (reaction 7) [44]. Following
is the possible ORR and OER mechanism in IL/DMSO mixture [44-46].

Cathodic Reaction:

RTIL™ 4+ O, + ¢~ —» RTILT™— O3 @

Li" + 0y 4+ ¢~ — LiO;, (8

2Li0; — Liy0; + O, ©)

LiO, + Lit 4 ¢™ = Liy0, (10)
Anodic Reaction:

RTIL™— O3 — RTIL" + Oy + ¢~ 11

Liy0p — 2Li* + 0y + 2¢~ 12)

ORR and OER of neat electrolytes and IL/DMSO (1:4) binary elec-
trolytes were investigated in LOB assembly using the cyclic voltammetry
(CV) technique. Fig. 3a compares the CV curves obtained using three
electrolytes at RT. The cathodic and anodic peaks refer to ORR and OER,
respectively. Binary electrolytes achieved the highest current peaks,
followed by DMSO and IL. The enhanced CV response of blended elec-
trolytes could be ascribed to increased oxygen solubility and mass
transport properties as compared with DMSO and IL, respectively [19].
When mixed electrolyte was subjected to elevated temperatures
(Fig. 3b), the ORR rate increased substantially with temperature.
Furthermore, with the rise in operating temperature, the cathodic cur-
rent peaks (Ejc) shifted towards more positive potential. At 20 °C, 40 °C
and 60 °C, the E,. appeared at 2.15V, 2.21 V and 2.28 V, respectively.
This is attributed to the enhanced mass transfer properties of blended
electrolyte with temperature, as illustrated in previous sections. The
appearance of a single peak depicts the formation of Li;O2 by dispro-
portionation or electrochemical reduction of LiO, (reaction 8-10). The
oxidation peak current density was also influenced by temperature. As
the temperature increases, the anodic peak (Ep,) becomes more pro-
nounced. The OER followed the reaction pathway as described in re-
actions 11-12. It is noteworthy that at 20 °C and 40 °C, two E,,, emerged.
However only one prominent Ep, appeared at 60 °C. The two anodic
peaks can be ascribed to the reoxidation of Li;O5 and bulk Li;O at lower
(~3.76 V) and higher (~4.25 V) potentials, respectively. The enhanced
ORR and OER activity with temperature was also reported by Monaco
and coworkers [47].

The EIS measurements of binary electrolyte-based LOB were con-
ducted at OCV and various operating temperatures. Fig. S3 (a) shows the
Nyquist plots of mixed electrolyte at 20 °C, 40 °C and 60 °C. The
equivalent circuit model (ECM) is shown in Fig. S3 (b). Here, R1, R2, Q2
and W3 represents ohmic resistance, charge transfer resistance, constant
phase element and Warburg constant, respectively. Ohmic resistance is
calculated by high-frequency intercept at real axis which has negligible
effect of temperature. However, the charge transfer resistance substan-
tially decreased when temperature increased from 20 °C to 60 °C. At
20 °C, 40 °C and 60 °C, the charge transfer resistance was obtained as
123.4Q, 46.17 Q and 9.87 Q, respectively. The drastic improvement in
charge transfer rate with temperature also confirmed the enhanced
electrochemical activity, as illustrated in CV tests.
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3.2.2. Deep discharge tests

We investigated LOB performance with IL and DMSO and their
various binary mixtures including IL/DMSO (4:1) (0.36 Ah g ~ 1), 1L/
DMSO (1:1) (2.05 Ah g1, IL/DMSO (1:4) (3.70 Ah g~!) at 20°C
(Figure S4 in supplementary information). IL/DMSO (1:4) outperforms
other binary systems owing to its optimal properties, including low
viscosity comparable with organic electrolyte and the highest ionic
conductivity. Moreover, in order to improve the mass transport prop-
erties of a binary system significantly (comparable with organic sol-
vent), at least 80 vol% of organic solvent should be added to IL [32]. We
chose this IL-DMSO combination for further LOB testing. The anodic
ESWs of pure IL, DMSO and IL/DMSO (1:4) electrolytes were deter-
mined at RT by scanning voltage from open circuit voltage (OCV) to 6 V
in the absence of Oa. Fig. S5 shows the comparison of anodic ESWs of
three electrolytes. The degradation of DMSO started well before 4.5 V.
The addition of IL to DMSO extended its anodic ESW to >4.6 V. Intui-
tively, IL demonstrated widest anodic ESW, extended to >5.5 V. This
behavior of binary electrolyte agrees well with the previous reports in
literature [48,49]. Fig. 4 compares the maximum specific dis-
charge/charge capacity profiles of three electrolyte systems at three
different operating temperatures, including 20 °C (RT), 40 °C and 60 °C.
Regardless of operating temperatures, IL/DMSO (1:4) displays superior
performance as compared to pure electrolytes. At RT (Fig. 4a), the
mixture electrolyte yields the highest discharge capacity (3.70 Ah g%,
4.28 mAh cm~2) followed by DMSO (3.23 Ah g™, 3.97 mAh cm™2) and
IL (2.40 Ah g’l, 3.23 mAh cm2). The superior performance of the bi-
nary electrolyte can be ascribed to its higher ionic conductivity and
lower viscosity (comparable with DMSO). Moreover, IL (3.9 mM cm
[15]) exhibits much higher oxygen solubility as compared with DMSO
(1.8 mM cm ! [19]). Adding a small volume fraction of IL results in
increased oxygen solubility of binary electrolytes without much
compromise on viscosity and mass transport properties. DMSO trails
behind binary electrolyte but still achieved a much higher discharge

capacity than IL. This could be attributed to its much lower viscosity
(enhanced diffusivity) and higher ionic conductivity than IL. The per-
formance difference is more pronounced between DMSO and IL than
between DMSO and binary electrolyte. This shows that the viscosity of
electrolytes is a dominant factor that affects the LOB performance at RT.

At 40 °C (Fig. 4b), the binary electrolyte yields the highest discharge
capacity (~4.0 Ah g71, 5.6 mAh cm ™) followed by IL (3.64 Ah g}, 4.5
mAh ¢cm~2) and DMSO (2.13 Ah g’l, 3.15mAh cm™2). Binary electrolyte
displays moderate improvement in specific discharge capacity (~8%
increase) when subjected to higher operating temperature. This could be
attributed to enhanced mass transfer and ionic conductivity. On the
other hand, the specific discharge capacity of IL improved dramatically
(by ~52%) at 40°C. The viscosity of IL decreased substantially at 40°C
(22.0 versus 47.5 mPa s). As discussed in the previous section, the
diffusivity of ions increases at high temperatures due to low viscosity,
which could be the reason for the high discharge capacity. Unlike binary
electrolyte and IL, the specific discharge capacity of DMSO plummeted
from 3.64 Ah g~ ! to 2.13 Ah g~ ! at a higher temperature. Although, like
the other two electrolytes, the viscosity of DMSO decreases at 40 °C, the
solubility of oxygen decreases with temperature as well [50,51]. DMSO
already exhibits the lowest oxygen solubility among other electrolytes;
an increase in temperature would further decrease the oxygen solubility.
Additionally, another important parameter, solvent volatility, has rarely
been highlighted and investigated when electrolyte performance in
LOBs is under consideration. Since LOBs and other metal-air batteries
are open systems as opposed to Li-ion batteries, the evaporation of
electrolytes poses a great challenge. The loss of electrolyte can signifi-
cantly impact LOB performance, especially when subjected to higher
temperatures [52]. We investigated evaporation rates of IL, DMSO, and
binary electrolytes at all three temperatures (Table S1 and Fig. S6 in the
Supporting Information). DMSO exhibits highest evaporation rates fol-
lowed by binary electrolyte and IL. This behavior was expected as RTILs
possess the innate property of non-volatility and their incorporation in
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Fig. 5. SEM images show (a) pristine Vulcan XC and the evolution of Li;O, morphology in LOB cathode discharged to the fixed capacity of 1.0 Ah g~! with 0.5 M
LiTFSI-[C,Cqim] [Tf,N]/DMSO (1:4) at (b) RT (20 °C) (c) 40 °C (d) 60 °C.

organic solvents improve volatility as well, as demonstarted by binary capacities of 1.41 Ah g~! and 1.02 Ah g™, respectively. The areal ca-

electrolyte in this study. pacities for binary electrolytes, IL and DMSO were calculated as 5.08
Fig. 4c shows the discharge/charge profiles at 60 °C. The binary mAh cm~2,1.97 mAh cm~2 and 1.5 mAh cm ™2, respectively. The overall
electrolyte outperforms its counterparts by yielding the highest specific discharge capacity decreases for all three electrolytes, nonetheless, the
discharge capacity, i.e., 3.65 Ah g~!. IL and DMSO yield discharge effect of temperature is more conspicuous in pure electrolytes.
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Table 3

Binding energies obtained from XPS analysis for Li»O5 in Li 1 s and O 1 s spectra

at various temperatures.

Li»O, Binding Energy (eV)

Temperature ( °C) Lils O1s

20 54.90 531.26
40 54.95 531.67
60 54.72 531.42

Especially for IL, the improvement in discharge capacity when operating
temperature increases from RT to 40 °C followed by a decline in per-
formance at 60 °C was also reported elsewhere [53]. Although the mass
transfer rate ameliorated further when the temperature increased to
60 °C, the deterioration of discharge capacity can be ascribed to the
steep rate of evaporation for DMSO, degradation of IL, and an overall
decrease in oxygen solubility for all electrolytes. The binary electrolyte
maintained a higher discharge capacity even at 60 °C, comparable with
the one achieved at RT. This superior performance of the binary elec-
trolyte at 60 °C can be attributed to the synergistic effect of DMSO and
IL. The addition of IL assists in the suppression of the evaporation rate of
binary electrolytes when subjected to higher temperatures as shown in
evaporation tests.

Furthermore, the discharge voltage plateau of the binary electrolyte
is comparable with DMSO, unlike IL, irrespective of operating temper-
ature. For the binary electrolyte, the discharge and charge voltage
hysteresis decrease from 1.46 V to 1.08 V when the operating temper-
ature increases from RT to 60 °C. This is attributed to the enhanced
oxidation and reduction reaction rates with temperature, as confirmed
in CV tests (Fig. 3b).
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3.2.3. Evolution of LizO2 morphology with temperature

The main discharge product of LOBs is LioOs which deposits on a
porous cathode. Several different kinds of LioO morphologies have been
reported in the literature after examination of the deeply discharged
cathode. These morphologies include toroidal-shaped, spherical parti-
cles, rod-like particles, thin films, and porous ball-like structures [54].
Various factors affect the morphology of the discharge product,
including current density, the reaction mechanism of the formation of
Li»O» (disproportionation or electrochemical reduction), and operating
temperatures. How discharge product accumulates on the cathode sur-
face substantially impacts the overall battery performance. We studied
the evolution of Li;Oy morphology with operating temperature using the
binary electrolyte. Fig. 5 shows the SEM images of pristine and dis-
charged cathodes to the fixed capacity of 1.0 Ah g~* at 20 °C, 40 °C, and
60 °C. Fig. 5a shows the uncycled, pristine Vulcan XC cathode. At RT
(Fig. 5b), LipO5 is deposited in the form of disk-shaped particles. This
type of morphology is common with DMSO electrolyte (as 80 vol% is
DMSO), which exhibits a high Gutmann DN (29.8 kcal mol ! [41). The
higher DN promotes the disproportionation of intermediate product
LiO; to form LiyOs in the form of big toroid-shaped particles [55].

At 40 °C (Fig. 5c¢), the Li;O, deposited in the form of sphere-like
particles. The size of the discharge product obtained at 40 °C is
smaller than the one obtained at RT. At 60 °C (Fig. 5d), the morphology
of the discharge product changed drastically from particle to uniform
film-like morphology. The nucleation of Li;O, initiates with the
discharge process, followed by its growth as the discharge cycle con-
tinues. At lower operating temperatures, the number of nucleation sites
is limited due to the large energy barrier, which promotes the formation
of discharge products in bigger particles. The increased operating tem-
perature reduces the energy barrier for nucleation, which gives rise to
more nucleation sites on the cathode surface. As the number of nucle-
ation sites increases, the discharge product size decreases. Besides

4.5 4.5
- o
3 4.0 =40
= =
* ;: e Cycle 1
Qi35 835t ——cycle2
> > ——Cycle 3
o o === Cycle 4
@30 2930 ——cycle 5
@ I
3 =
(<] (2]
S 25 S 2.5
2-0 'l A 't ' A 2.0 L L L L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
. . A . - -
(a) Specific Capacity (Ah gc; o) (b) Specific Capacity (Ah g7} 0n)
4.5
i
= 4.0
=
L35
2
o
513'0
It
=
(]
S 25
20 ) ) ) ) .
0.0 0.2 0.4 0.6 0.8 1.0
(c) Specific Capacity (Ah gl.0)

Fig. 7. Cycling stability plots of LOB at RT (20 °C) with (a) 0.5 M LiTFSI-[C2C,im][Tf2N] (b) 0.5 M LiTFSI-[CoC,im][Tf,N1/DMSO (1:4) and (c) 0.5 M LiTFSI-DMSO

at current density of 0.1 mA cm ™2
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nucleation sites, due to the higher mass transfer rate of electrochemical
species at elevated temperatures, the discharge product accumulates
more uniformly [21].

The composition of discharge product was examined by ex-situ XPS
analysis. Fig. 6 shows the binding energy curvesof Lils,01sand C1s
spectra of pristine and discharged cathode samples at different tem-
peratures. The pristine sample showed no peak for Li 1 s and a dimin-
ished peak for O 1s at 531 eV. However, a significant peak appeared in C
1s spectrum for C-C bond.

The binding energy peaks for LioOy are summarized in Table 3. At
20 °C and 40 °C, Li 1 s shows peaks at 54.9 eV and 54.95 eV, respec-
tively. At 60 °C, the binding energy peak slightly shifted to 54.72 eV The
binding energy peaks obtained for Li 1 s and O 1 s are also in good
agreement for LipOy with the previous reports [56-59]. The presence of
Li,CO3 was not detected for the sample discharged at RT. However, in C
1 s spectrum, a diminished peak appeared at 290 eV for the high tem-
perature samples which corresponds to the presence of Li;CO3 [60].This
could be ascribed to the thermal instability of Li;O» at higher temper-
atures as reported in previous studies [61]. Furthermore, the discharged
cathode (20 °C) was also analyzed under Raman Spectroscopy. Fig. S7
shows the comparison of Raman Spectra of fresh and discharged elec-
trode. For discharged electrode, a pronounced peak appeared at 750
em ™! which confirms the formation of Li,O, during discharge cycle
[62].

3.2.4. Cycling stability

Cycling stability tests were conducted with IL and DMSO pure elec-
trolytes and IL/DMSO (1:4) binary electrolyte at 20 °C, 40 °C, and 60 °C.
The specific capacity for all the tests was kept at 1.0 Ah g ~ L. Fig. 7
shows the cycling stability results of the above-mentioned electrolytes at
20 °C. The binary electrolyte displays superior performance by yielding
four cycles (Fig. 7b). On the other hand, both IL and DMSO yield three
cycles lagging behind the binary electrolyte. The voltage gap for IL
(~1.48 V) is noticeably higher than DMSO (~1.17 V). This could be
ascribed to its high mass transfer resistance (due to high viscosity) and
relatively high current density. Both the binary electrolyte and DMSO
exhibit a high discharge voltage plateau and a low charge voltage
plateau.

Fig. 8 shows the discharge/charge cycling stability plots with all
three electrolytes obtained at 40 °C. The binary electrolyte maintained
superior stability by yielding four cycles (Fig. 8b) followed by IL with
three cycles (Fig. 8a) and DMSO, which incurs only two cycles.

Both discharge and charge voltage plateau improved substantially
for IL. It is interesting to note that IL performs better than DMSO despite
exhibiting high viscosity and low diffusivity of electrochemical species
than its counterpart. This indicates that other parameters besides mass
transport take into effect at elevated operating temperatures. High
evaporation rates and reduced O solubility in organic solvent can limit
the battery performance in general.

Fig. 9 shows the discharge/charge cycling stability profiles of elec-
trolytes under consideration. The binary electrolyte yields six cycles
followed by pure electrolytes with two cycles each. The cycling perfor-
mance of LOB with pure electrolytes deteriorated further at 60 °C,
especially for IL. This could be ascribed to lower deep discharge capacity
(Fig. 4c) yielded by these electrolytes at 60 °C, possibly due to further
surge in evaporation rates of DMSO, lower oxygen solubility and
degradation. Furthermore, the instability of IL in the presence of highly
reactive superoxide radical and reduction of free DMSO molecules on Li
surface exacerbates the battery cycling [63,64]. Unlike pure electro-
lytes, the LOB with binary electrolytes displayed an improvement in the
number of cycles due to synergistic effects of IL/DMSO which results
into alleviation of aforementioned factors.

The possible reason for this could be the accumulation of discharge
product in the form of uniform film at higher operating temperatures
(Fig. 5¢). The charge potential required to disintegrate Li;O2 when
deposited in a uniform film will be lower than Li3O, toroids. This
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prevents the premature degradation of electrolytes and, consequently,
the cell failure.

It is worth-mentioning that the voltage gap between discharge and
charge cycles decreased with the increased temperature for all electro-
lytes, which depicts the improvement of the mass transport of ions. This
further confirms the enhanced electrochemical activity at elevated
temperatures as demonstrated by CV tests. Especially for binary elec-
trolyte, the increased number of cycles at 60 °C can also be attributed to
its faster kinetics as shown in Fig. 3b. Fig. S7 compares the average
discharge and charge voltages of cycling stability tests with IL/DMSO
(1:4) at various temperatures.

It is worth mentioning that the overall cycling performance of LOB
with these electrolytes is not exceptional in this study due to other
factors such as instability of Li anode and incorporation of Vulcan XC as
carbon cathode without the further treatment with metal catalysts
known for improving cycling stability. Nonetheless, irrespective of
operating temperature, IL/DMSO (1:4) binary electrolyte has demon-
strated superior cycling stability due to the synergistic effect of IL and
DMSO.

4. Conclusion

We presented the influence of operating temperature on the elec-
trochemical performance of LOB employing DMSO, [C2Ciim][Tf>oN],
and [C2C1im][TfoN1/DMSO (1:4) binary electrolyte. LOB with binary
electrolyte delivered the most stable performance by yielding 3.70 Ah g
~1 4.0Ahg~ b and 3.65 Ah g ~ ! discharge capacities at 20 °C, 40 °C,
and 60 °C, respectively. Furthermore, the superior stability of binary
electrolytes at any given temperature was confirmed in cycling stability
tests. Regardless of operating temperature (20 °C, 40 °C, 60 °C), the
[C2C1im][Tf2N1/DMSO (1:4) binary electrolyte yielded the highest ionic
conductivity and low viscosity (comparable with DMSO) among other
electrolytes. CV tests revealed significantly higher reaction rates for
blended electrolyte as compared with neat electrolytes and displayed
enhancement of ORR and OER with temperature. We observed the
evolution of Li;O2 morphology with operating temperature in binary
electrolyte. As the temperature increases, the discharge product depo-
sition becomes more uniform, especially at 60 °C. Enhanced stability
against superoxide ions, increased ionic conductivity, low viscosity,
improved oxygen solubility, and suppressed evaporation rates are the
major contributing factors to the superior performance of [CyCiim]
[TfoN]1/DMSO (1:4) binary electrolyte.
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