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ABSTRACT: Concent ra ted so lut ions of l i th ium bis -
(trifluoromethanesulfonyl)imide (LiTFSI) and lithium nitrate
(LiNO3) salts in either diethylene-glycol dimethyl-ether (DEGDME)
or triethylene-glycol dimethyl-ether (TREGDME) are herein
characterized in terms of chemical and electrochemical properties in
view of possible applications as the electrolyte in lithium−oxygen
batteries. X-ray photoelectron spectroscopy at the lithium metal
surface upon prolonged storage in lithium cells reveals the complex
composition and nature of the solid electrolyte interphase (SEI)
formed through the reduction of the solutions, while thermogravi-
metric analysis shows a stability depending on the glyme chain length.
The applicability of the solutions in the lithium metal cell is
investigated by means of electrochemical impedance spectroscopy
(EIS), chronoamperometry, galvanostatic cycling, and voltammetry,
which reveal high conductivity and lithium transference number as well as a wide electrochemical stability window of both
electrolytes. However, a challenging issue ascribed to the more pronounced evaporation of the electrolyte based on DEGDME with
respect to TREGDME actually limits the application of the former in the Li/O2 battery. Hence, EIS measurements reveal a very fast
increase in the impedance of cells using the DEGDME-based electrolyte upon prolonged exposure to the oxygen atmosphere, which
leads to a performance decay of the corresponding Li/O2 battery. Instead, cells using the TREGDME-based electrolyte reveal
remarkable interphase stability and much more enhanced response with specific capacity ranging from 500 to 1000 mA h g−1

referred to the carbon mass in the positive electrode, with an associated maximum practical energy density of 450 W h kg−1. These
results suggest the glyme volatility as a determining factor for allowing the use of the electrolyte media in a Li/O2 cell. Therefore,
electrolytes using a glyme with sufficiently high boiling point, such as TREGDME, which is further increased by the relevant
presence of salts including a lithium protecting sacrificial one (LiNO3), can allow the application of the solutions in a safe and high-
performance lithium−oxygen battery.

KEYWORDS: glyme electrolyte, LiNO3, LiTFSI, highly concentrated, lithium−oxygen battery

■ INTRODUCTION

Increasing demand for environmentally sustainable energies
has triggered the rapid development of systems employing
renewable sources, promoted the electrified mobility, and
concomitantly fetched the research for efficient electro-
chemical storage devices such as the lithium-ion batteries.1

The Li-ion battery based on the reversible intercalation of Li+

ions into the electrode structure has achieved a relevant energy
density, that is, exceeding 250 W h kg−1, and an extended cycle
life.2,3 However, the rapid evolution of the electric vehicle
market recently posed challenging issues on the expected
relevant economic impact and the relatively limited driving
range ascribed to the Li-ion battery.4,5 A lithium metal
electrode is characterized by the notable theoretical capacity of
3860 mA h g−1 and by the lowest redox potential, that is,
−3.04 V versus SHE,6,7 while oxygen is the most abundant and

light oxidant in the earth atmosphere. Therefore, an emerging
system such as a lithium−oxygen (Li/O2) battery so far
appeared as very promising candidate because of its
significantly lower cost compared to the Li-ion one, a very
modest environmental impact of the materials,8 and a
remarkably high theoretical energy density. Indeed, the Li/
O2 electrochemical conversion process involves the exchange
of more than one electron per formula-unit both during
discharge and during charge, throughout reduction and

Received: September 21, 2020
Accepted: November 9, 2020
Published: November 30, 2020

Articlewww.acsaem.org

© 2020 American Chemical Society
12263

https://dx.doi.org/10.1021/acsaem.0c02331
ACS Appl. Energy Mater. 2020, 3, 12263−12275

Made available through a Creative Commons CC-BY License

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
G

L
I 

ST
U

D
I 

D
I 

FE
R

R
A

R
A

 o
n 

M
ay

 6
, 2

02
1 

at
 0

6:
42

:4
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vittorio+Marangon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Celia+Hernandez-Rentero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stanislav+Levchenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giacomo+Bianchini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davide+Spagnolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davide+Spagnolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alvaro+Caballero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julian+Morales"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jusef+Hassoun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.0c02331&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02331?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02331?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02331?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02331?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c02331?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aaemcq/3/12?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/12?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/12?ref=pdf
https://pubs.acs.org/toc/aaemcq/3/12?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c02331?ref=pdf
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
https://creativecommons.org/licenses/by/4.0/


oxidation of various intermediate species,9 with a theoretical
capacity of 1200 mA h g−1 referred to the mass of oxygen and
lithium in the formal reaction 2Li + O2 ⇄ Li2O2, occurring at
2.9 V versus Li+/Li.10 Unlikely, safety issues related to the use
of the lithium metal at the anode,11,12 a complex mechanism of
the oxygen reduction reaction (ORR),13 the reactivity of the
intermediates with the electrolytes,14 and the insulating
character of the Li2O2 leading to a high polarization of the
oxygen evolution reaction (OER)15 hindered the full develop-
ment of this intriguing energy storage system. The reactive
lithium can in fact decompose the common solutions and form
an irregular solid electrolyte interphase (SEI) layer, which may
promote the formation of dendritic structures during charge
leading to short circuit of the cell, and possible thermal
runaway in the presence of flammable organic solvents. Hence,
the use of alkali metal anodes has been reconsidered in view of
the development of alternative electrolytes with an enhanced
safety content such as gels,16 solid polymers,17−19 and lowly
flammable liquid solutions.20 Among the liquid electrolytes,
the end-capped glymes with ether chains of variable length
[CH3O(CH2CH2O)nCH3] dissolving lithium salts21−23 repre-
sent a suitable candidate for allowing reversible Li+ ion
exchange between the electrodes, with limited side reactions
and acceptable stability in lithium metal batteries.24,25 Recent
studies have demonstrated the safe applicability of glyme-based
electrolytes in lithium−air batteries26 operating by above-
mentioned reversible formation and dissolution of Li2O2 due
to their low flammability and the relative stability toward
radical species such as lithium superoxide (LiO2) formed
during ORR in the Li/O2 cell,9 while electrolytes based on
organic carbonates commonly employed in lithium-ion
batteries are flammable and easily decomposed during the
electrochemical process.27 Furthermore, the inclusion in the
solution of a sacrificial additive such as vinylene carbonate,28

LiNO3,
29 and Mg(NO3)2,

30 that form a stable SEI at the
lithium metal surface, was considered to be a very promising
strategy to hinder the formation of lithium dendrites and
optimize the electrolytes.31,32 This favorable phenomenon has
been widely exploited for avoiding the chemical process of the
dissolved polysulfide intermediates with the Li metal in the
Li−S battery.33−36 In fact, the concomitant reduction of the
additive along with the partial electrolyte decomposition
consolidate the SEI and limit the direct contact and reactivity
of the metal anode with the solution components.33−35

Moreover, recent studies suggested the addition of LiNO3 to
the electrolyte as a suitable strategy to decrease the
polarization of the ORR/OER electrochemical process in
lithium−oxygen batteries,37,38 while relevant performances
have been achieved through the employment of molten
LiNO3 without a solvating agent.39 In this regard, an
interesting field of research for lithium metal batteries was
represented by the use of electrolytes based on solutions with
high concentrations of lithium salts, that is, solvent-in-salt
configurations, which can lead to notable cycling efficiency and
high specific capacity because of the formation of an improved
and stable SEI layer, providing at the same time a suitable
safety content.40−43 We have investigated in this work the
performances of lithium−oxygen batteries using electrolyte
solutions consisting of diglyme [diethylene-glycol dimethyl-
ether (DEGDME)] and triglyme [triethylene-glycol dimethyl-
ether (TREGDME)] with a relevant amount of lithium salts
[lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and
LiNO3]. The exploited salt amount approached the saturation

limit of the solvents in order to achieve highly concentrated
solutions with increased safety content and limited evapo-
ration, thus favoring practical applications of the Li/O2 cell in
an open environment. Prior to use in a Li/O2 cell, various
techniques have been employed to fully characterize the
electrolytes in terms of chemical and electrochemical proper-
ties, thermal stability, and chemical composition of the SEI film
formed at the lithium metal surface. Throughout suitable
analysis, this work sheds light on the adverse effects of
electrolyte volatility during the operation in the open
environment of the lithium−oxygen battery and suggests
alternative solutions for achieving practical and safe applica-
tions of such a challenging energy storage system.

■ EXPERIMENTAL SECTION
LiTFSI (LiN(SO2CF3)2, Sigma-Aldrich) and lithium nitrate (LiNO3,
Sigma-Aldrich) salts were dissolved by magnetic stirring overnight at
room temperature in either DEGDME (CH3O(CH2CH2O)2CH3,
Sigma-Aldrich) or TREGDME (CH3O(CH2CH2O)3CH3, Sigma-
Aldrich) solvents in a ratio of 1.5 mol of each salt in 1 kg of
DEGDME and 2 mol of each salt in 1 kg of TREGDME. The salts
used for the electrolyte preparation were previously heated at 110 °C
under vacuum for 24 h to remove traces of water, while the solvents
were dried with molecular sieves (3 Å, Sigma-Aldrich) until a water
content below 10 ppm was obtained, as verified by 899 Karl Fischer
Coulometer, Metrohm. The obtained highly concentrated electrolytes
will be subsequently indicated by the acronyms DEGDME_HCE and
TREGDME_HCE, respectively. It is worth mentioning that the
difference between the concentrations used in the two electrolytes is
because of the different solubility of the salts in DEGDME and
TREGDME, that is, higher in the latter than in the former.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out on lithium foils previously soaked in the electrolytes for
2 days inside an Ar-filled glovebox (MBraun, O2 and H2O content
below 1 ppm) to allow SEI film formation and then dried under
vacuum for 3 h in order to remove the electrolyte. The XPS response
was obtained under vacuum (10−5 mbar) by using a PHOIBOS
HSA3500 150 R6 spectrometer exploiting monochromatic Al Kα
radiation (250 W) and a multichannel detector. Depth-profile data of
the lithium sample surface were obtained by Ar+ etching (acceleration
voltage of 2.7 kV) at various sputtering times, that is, 0, 60, 120, 300,
and 600 s.

Thermogravimetric analysis (TGA) was performed on DEGD-
ME_HCE, TREGDME_HCE, DEGDME, TREGDME, LiTFSI, and
LiNO3 samples by increasing temperature from 25 to 800 °C with a
rate of 5 °C min−1 in nitrogen flow through a Mettler Toledo-TGA/
DSC. The weight loss of the DEGDME_HCE and TREGDME_HCE
electrolytes under ambient environment was also checked at room
temperature upon prolonged exposure to air for estimating their
volatility in view of the application in the lithium−oxygen cell. The
samples were stored in 25 mL beakers, and the weight values were
collected through a Gibertini E42-B analytical balance that allowed
measurements with a relative error lower than 3%.

The electrochemical measurements reported below were carried
out by using CR2032 coin-type cells (MTI Corp.) assembled in an
Ar-filled glovebox (MBraun, O2 and H2O content below 1 ppm).

The ionic conductivity of DEGDME_HCE and TREGDME_HCE
was determined by electrochemical impedance spectroscopy (EIS)
performed upon scan from room temperature to about 76 °C in
symmetrical stainless-steel/electrolyte/stainless-steel cells employing
an O-ring spacer (CS Hyde, 23-5FEP-2-50) with a 10 mm internal
diameter and thickness of 127 μm to fix the cell constant at 0.0162
cm−1. The impedance spectra were recorded by using a VersaSTAT
MC Princeton Applied Research (PAR, AMETEK) instrument
applying an alternate voltage signal of 10 mV in a frequency range
between 500 kHz and 100 Hz.

The properties and the performances of the electrolytes in lithium
cells were investigated by employing lithium disks with a 14 mm
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diameter as electrodes and GF/A glass fiber (Whatman) 16 mm disks
soaked with either DEGDME_HCE or TREGDME_HCE as
separators.
The Li+ transference number of DEGDME_HCE and TREGD-

ME_HCE was determined through the Bruce−Vincent−Evans
method.44 A chronoamperometric test was performed on symmetrical
Li/electrolyte/Li cells by applying a voltage of 30 mV for 90 min, and
impedance spectra were recorded by EIS before and after polarization
using a signal of 10 mV in the 500 kHz to 100 mHz frequency range.
The Li+ transference number values were then calculated through eq
144

t
i
i

V R i
V R i

ss

0

0 0

ss ss
=

Δ −
Δ −

+

(1)

where i0 and iss are the current values at the initial and steady state,
respectively, ΔV is the applied voltage, R0 and Rss are the interphase
resistance values before and after cell polarization, respectively,
calculated from the impedance spectra. Both the chronoamperometric
and the EIS measurements were carried out by using a VersaSTAT
MC Princeton Applied Research (PAR, AMETEK) instrument.
The electrochemical stability of the electrolytes was evaluated

through a lithium stripping-deposition test by means of galvanostatic
cycling, where a current of 0.1 mA cm−2 was applied to Li/
electrolyte/Li symmetrical cells using a MACCOR Series 4000
battery test system.
The Li/electrolyte interphase resistance was analyzed by EIS upon

aging of symmetrical Li/Li cells employing either DEGDME_HCE or
TREGDME_HCE. The spectra were recorded with a VersaSTAT
MC Princeton Applied Research (PAR, AMETEK) instrument by
applying a 10 mV signal in the 500 kHz to 100 mHz frequency range.
The electrochemical stability window of the electrolytes was

evaluated through cyclic voltammetry (CV) in the cathodic region in
the 0.01−2 V versus Li+/Li potential range and through linear sweep
voltammetry (LSV) in the anodic region from the open-circuit voltage
(OCV) condition to 5 V versus Li+/Li. The tests were carried out in
cells employing a lithium anode, either DEGDME_HCE or
TREGDME_HCE, and carbon as the working electrode, which was
coated on copper or an aluminum current collector to perform the

measurement in the cathodic or anodic region, respectively. The
anodic region was further investigated by a chronoamperometry test
in the 4.0−4.6 V versus Li+/Li potential range. Prior to the
experiment, a LSV scan was performed from the OCV to 3.9 V
versus Li+/Li, then the cell was held at 4 V for 1 h, and the potential
was subsequently increased by using steps of 0.1 V every hour until
4.6 V while the current was measured during each step of
chronoamperometry. The carbon working electrodes were prepared
by doctor blade casting on the corresponding current collector of a
slurry formed by Super P carbon (SPC, Timcal) and polyvinylidene
fluoride (PVDF 6020, Solef Solvay) binder in a weight ratio of 90:10,
dispersed in N-methyl-2-pyrrolidone (Sigma-Aldrich) solvent. The
slurry was dried at 70 °C under air for 3 h and cut into 14 mm disks,
and the resulting electrodes were subsequently dried at 110 °C under
vacuum overnight to remove possible traces of water or solvent. The
voltammetry tests were performed by employing a scan rate of 0.1 mV
s−1 through a VersaSTAT MC Princeton Applied Research (PAR,
AMETEK) instrument.

The electrolytes were then employed in Li/O2 cells using top-
meshed CR2032 coin-type cells into glass tubes sealed in a glovebox
(MBraun, O2 and H2O content below 1 ppm) and subsequently filled
with pure oxygen. The lithium−oxygen cells employed a 14 mm
lithium disk as the anode and a 16 mm SPC electrode at the cathode
side. The SPC electrodes for the Li/O2 battery were prepared with
the same procedure reported above, except for the current collector
which consisted of a porous GDL foil (35BC, SiGracet). A SPC
loading between 0.65 and 1.05 mg cm−2 was used in the Li/O2 cells.

The stability of the electrolytes in lithium−air cells was investigated
by means of EIS measurements upon aging at the open-circuit
condition (OCV) through a VersaSTAT MC Princeton Applied
Research (PAR, AMETEK) instrument by applying a 10 mV signal in
the 500 kHz to 100 mHz frequency range.

All abovementioned impedance spectra recorded by EIS were fitted
using the non-linear least squared (NLLS) method to obtain the
resistance values. The fitting was performed through a Boukamp tool
taking into account only fits with a χ2 of the order of 10−4 or
lower.45,46

Figure 1. (a,b) X-ray photoelectron survey spectra recorded after 600 s of Ar+ sputtering and (c,d) percent elements content detected upon Ar+

etching of the surface of lithium foils soaked for 2 days with either (a,c) DEGDME_HCE or (b,d) TREGDME_HCE. The percent content was
obtained by fitting of the survey spectra reported in Figure S1a,b for DEGDME_HCE and TREGDME_HCE, respectively.
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The performances of the lithium−oxygen cells employing
DEGDME_HCE and TREGDME_HCE were evaluated by galvano-
static cycling using a MACCOR Series 4000 battery test system. The
measurements were carried out by applying a current of 100 mA g−1,
referred to the SPC mass, in the 1.5−4.6 V voltage range with a step
time of 5 or 10 h, in order to limit the delivered specific capacity to
500 and 1000 mA h g−1, respectively.

■ RESULTS AND DISCUSSION
As mentioned in the previous section, the formation of a SEI
layer at the lithium anode by partial reduction of the electrolyte
and concomitant passivation of the metal surface is widely
considered to be the key factor for ensuring the electrode
stability in the battery and limiting the formation of dendritic
structures that can lead to short circuits and cell failure.32 On
the other hand, the actual role of the SEI is still an open point
which may be further clarified by the study of the chemical

nature of the species formed at the electrode surface,47 in
particular in new classes of electrolytes such as those used in
the Li/O2 battery, including glyme-based solutions.26 There-
fore, Figure 1 investigates the SEI composition at an increasing
depth of lithium metal foils soaked into DEGDME_HCE and
TREGDME_HCE solutions by means of XPS performed upon
Ar+ sputtering at various times, that is, 0, 60, 120, 300, and 600
s, to etch the passivation layer (see the Experimental Section
for further details). Figure 1a,b shows the survey spectra
recorded after 600 s for DEGDME_HCE and TREGD-
ME_HCE, respectively, while the time evolution of the spectra
is reported in Figure S1 in the Supporting Information. The
binding energies of the curves reveal that the SEI layer is
mainly composed by C, O, F, N, S, and Li (see the detailed
identification in Figure 2), as indeed expected by the
components of the electrolytes (see the Experimental Section),

Figure 2. Deconvoluted XPS spectra of C 1s, O 1s, F 1s, N 1s, S 2p, and Li 1s for (a−f) DEGDME_HCE and (g−l) TREGDME_HCE at various
times of Ar+ sputtering on lithium foil surfaces aged in contact with the electrolytes for 2 days. The related survey spectra are reported in the
Supporting Information in Figure S1a for DEGDME_HCE and S1b for TREGDME_HCE.
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namely, the poly-ether chains of the organic solvents, the
LiTFSI, and the LiNO3 salts. The analysis of the above XPS
data, reported in Table 1 and plotted in Figure 1c,d, reveals
that the percent of the various elements changes upon surface
etching, that is, by increasing the Ar+ sputtering time, and likely
indicates a different composition of outer layers of the SEI over
the lithium with respect to the inner ones for both
DEGDME_HCE (Figure 1c) and TREGDME_HCE (Figure
1d).
It is worth noting that Li has the most relevant contribution

to the XPS signal because of its metallic nature, followed by O
which is contained in all the species forming the electrolytes.
Furthermore, SEI-film etching slightly increases the Li signal as
expected by the progressive exposure of the metal surface,
while only minor fluctuations are observed for oxygen. The
decrease of the C content by etching (Figure 1c,d and Table 1
at increasing times) suggests for both electrolytes a higher
content of side species such as lithium carbonate and lithium
oxide in the inner side of the SEI compared to the outer side,
possibly because of the remarkable reactivity of the fresh
lithium surface.31,32 On the other hand, the outer side of the
SEI observed before etching (Figure 1c,d and Table 1 at t = 0
s) reveals the highest concentration of S, N, and F likely due to
the preferential precipitation of LiNO3 and LiTFSI salts. In
spite of a continuous decrease of S and N contents by etching,
the F content initially decreases and subsequently increases,
thus suggesting the formation of fluorinated precipitates such
as LiF in the inner side of the SEI in proximity of the metallic
surface.48

Further insights into the actual SEI composition are
provided by the deconvoluted XPS responses referred to the
various elements for DEGDME_HCE (Figure 2a−f) and
TREGDME_HCE (Figure 2g−l). The C 1s signals (Figure
2a,g) show a decreasing intensity upon etching of the peaks
with binding energies of 284.6 and 286.7 eV, related to C−C
and C−O−C or ROLi bonds,29,49 respectively, and a
concomitant increase of the intensity of the lithium carbonate
Li2CO3 related peak at 289.6 eV.50,51 A certain contribution to
the carbon signal of LiTFSI salt cannot be completely
excluded, however without significantly altering the qualitative
evaluation of the results. This trend further suggests the
predominant presence of Li2CO3 in the inner side of the SEI (t
= 600 s), as already mentioned during discussion of Figure
1c,d, and indicates the precipitation in the outer SEI side of
species characterized by organic C−C, C−O−C, and −CF3
bonds (t = 0 s).52 In addition, a more intense signal at 286.7

eV (C−O−C, ROLi) for TREGDME_HCE (Figure 2g)
compared to DEGDME_HCE (Figure 2a) suggests a bigger
contribution to the SEI of the solvent with the longer ether
chain. It is worth noting that the C 1s signal at 292.6 eV of the
−CF3 groups because of LiTFSI salt49 can be observed only at
the initial stage before SEI etching for both electrolytes (Figure
2a,g), thus suggesting possible lithium salt deposition at the
outer SEI. This is likely confirmed by the F 1s signal (Figure
2c,i) in which the peak between 687 and 688 eV, assigned to
−CF3,53 progressively vanishes by surface etching; concom-
itantly, the same panels reveal the increase of the peak at 683.6
eV and account for the formation of LiF due to salt
decomposition on the lithium surface, particularly in the
inner side of the SEI.47 LiTFSI can also be associated to the
broad S 2p signal (Figure 2e,k) between 164 and 173 eV,
which decreases by etching, and can be resolved in two peaks
ascribable to the S 2p3/2 and S 2p1/2 doublet of the −SO2−
group,54 without excluding the possible formation of sulfur
compounds with various oxidation states by reduction of the
salt.55 Moreover, the convoluted N 1s signals (Figure 2d,j)
between 394 and 401 eV, that merge into one after 120 s of
etching, may likely account for the formation of negatively
charged nitrogenous species, such as Li3N (N3−), and, more in
general, LiNxOy

29 by the reduction of the LiNO3 as well for the
imide groups of LiTFSI salt.53,55 On the other hand, the O 1s
(Figure 2b,h) and Li 1s (Figure 2f,l) signals can actually
identify the expected C−O bond and Li2CO3 at 531 eV, and
ROLi species around 55 eV,29,56 respectively, while the growth
of the peaks at 527 eV by etching the samples (Figure 2b,h)
suggests the presence of Li2O at the inner side of the SEI,29,57

which is expected by the unavoidable partial oxidation of the
lithium metal surface.
A further signal for TREGDME_HCE at 54.2 eV (Figure 2l)

may account for the presence of Li−C bonds29,57 while
possible contribution of LiF around 56.5 eV53 and Li2CO3 at
about 55.5 eV58 to the broad Li 1s signal cannot be excluded.
Overall, the XPS evidences the formation of a complex SEI on
the lithium surface which is mainly composed of inorganic
species, such as LiF, Li2CO3, Li3N, LiNxOy, and Li2O, in the
inner side near by the reactive metal, and organic solvent
reduction products, such as ROLi and ROR as well as
precipitated salts (e.g., LiTFSI), in the outer side. Indeed, the
features of the SEI formed by DEGDME_HCE and
TREGDME_HCE at the lithium surface can actually indicate
possible applications of the electrolyte in efficient and stable
batteries.

Table 1. Percent Elements Content Determined by XPSa

electrolyte sputtering time (s) C (%) O (%) F (%) N (%) S (%) Li (%)

DEGDME_HCE 0 11.27 37.87 6.14 0.82 2.36 41.54
60 11.98 41.19 2.42 0.17 1.36 42.87
120 11.76 40.61 2.73 0.13 1.43 43.33
300 9.88 38.24 3.55 0.16 1.22 46.96
600 9.95 37.49 3.94 0.14 1.03 47.46

TREGDME_HCE 0 14.5 37.83 5.76 1.02 2.62 38.27
60 12.68 37.53 2.97 0.47 2.43 43.92
120 12.22 40.2 2.57 0.19 1.88 42.95
300 10.48 39.16 3.01 0.15 1.34 45.88
600 9.11 36.71 3.99 0.16 1.32 48.72

aThe data are obtained by fitting of the X-ray photoelectron survey spectra reported in Figure S1a,b in the Supporting Information, recorded at
various times of Ar+ sputtering carried out on the surface of lithium foils soaked for 2 days with either DEGDME_HCE or TREGDME_HCE,
respectively. The corresponding trends vs time are depicted in Figure 1c,d, respectively.

ACS Applied Energy Materials www.acsaem.org Article

https://dx.doi.org/10.1021/acsaem.0c02331
ACS Appl. Energy Mater. 2020, 3, 12263−12275

12267

http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02331/suppl_file/ae0c02331_si_001.pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c02331?ref=pdf


The thermal stability of electrolytes and solution compo-
nents is investigated by TGA in view of possible applications in
the Li/O2 battery. It is worth mentioning that TEGDME has
already shown suitable stability and applicability in Li/O2
cells.14,26 Herein we study shorter glymes, that is, DEGDME
and TREGDME, with significantly different volatility.27 A
comparison between DEGDME, TREGDME, and TEGDME
in terms of some chemical and physical properties is reported
in Table S1 in the Supporting Information. Figure 3 compares

the responses of the two electrolytes with those of DEGDME
and TREGDME solvents as well as LiTFSI and LiNO3 salts,
both in terms of weight loss (TGA, top panel) and
corresponding differential curves (DTG, bottom panel). It is
worth noting that the weight loss due to evaporation observed
for DEGDME (green) and TREGDME (violet) begins at
around 50 and 100 °C, respectively, while the one associated
to the corresponding electrolytes occurs at 80 °C for
DEGDME_HCE (orange) and 130 °C for TREGDME_HCE
(blue). The remarkable boiling point elevation observed above
may be likely ascribed to the relevant presence of lithium salts
into the electrolyte formulation.59 Furthermore, the longer
glyme chain in TREGDME solvent compared with DEGDME
is actually reflected into a lower volatility for TREGD-
ME_HCE electrolyte compared to DEGDME_HCE60 and
consequently into a higher safety content and applicability in
an open environment such as the one expected for the Li/O2
cell. The multiple weight loss observed between 200 and 400
°C for the two electrolytes can be ascribed to the removal of
the glyme from crystallized salt−solvent complexes which are
principally promoted by the strong interaction between the
oxygen atoms in the ether chains and the Li+ ions rather than
the anions.61 Therefore, the degradation of the glyme−salt
complexes by solvent evaporation occurs throughout a
multiple-step dry-recrystallization mechanism leading to the
bare lithium salts, that is, LiTFSI and LiNO3.

49,62 Further
weight loss above 400 °C indicates LiTFSI salt degradation
(compare plain blue and orange TGA curves with the light
blue dashed-curve related to the above salt shown in Figure 3),
while LiNO3 degradation expected around 600 °C (the pink
dashed-curve shown in Figure 3) is not observed or kinetically
slowed down. The missing degradation of LiNO3 until 800 °C
is also confirmed by TGA residues of about 9% for
DEGDME_HCE and 11% for TREGDME_HCE which can

be obtained only by taking into account the presence of the
above salt.
The ionic conductivity, that is, a key factor for the electrolyte

applicability, is determined by means of EIS measurements
performed during the scan from room temperature to around
76 °C, while the corresponding Arrhenius plots are displayed
in Figure 4a (see the related Nyquist plots in Figure S2a,b in
the Supporting Information). The data of Figure 4a reveal that
TREGDME_HCE (blue) has lower conductivity with respect
to DEGDME_HCE (orange), with values ranging from 8.9 ×
10−4 S cm−1 at room temperature to 2.5 × 10−3 S cm−1 at 76
°C for the former and from 3.3 × 10−3 to 7.8 × 10−3 S cm−1

for the latter. This experimental response may be partially
justified by an easier mobility of the ions in DEGDME_HCE
compared to TREGDME_HCE which has in turn a more
relevant concentration of the lithium salts and a longer poly-
ether chain of the glyme solvent, thus a higher viscosity.63 On
the other hand, both electrolytes exhibit conductivity values
approaching or even higher than 10−3 S cm−1, thereby
matching the requirement for electrochemical applications.
Subsequently, the electrolytes were investigated in the
symmetrical Li/Li cell to determine the Li+ transference
number (t+) according to the Bruce−Vincent−Evans method
(see the Experimental Section).44 Table 2 reports the
parameters used in eq 1 while the chronoamperometric curves
and the Nyquist plots related to the EIS measurements are
reported in Figure S2c,d in the Supporting Information. The t+

values reported in Table 2 and depicted in Figure 4a (inset)
imply that the higher viscosity and salt concentration of
TREGDME_HCE compared to DEGDME_HCE reflect into
a lower Li+ ion transport and transference number (i.e., 0.51 for
the former and 0.60 for the latter). On the other hand, the
obtained t+ values appear adequate for applications in lithium
cells and comparable with those usually ascribed to glyme
electrolytes.64

The electrochemical stability of the two electrolytes is
investigated by prolonged lithium stripping/deposition
throughout galvanostatic cycling in the symmetrical Li/Li
cell reported in Figure 4b. Initially, DEGDME_HCE (orange)
and TREGDME_HCE (blue) exhibit overvoltage values of
135 and 175 mV that decrease to 30 and 75 mV, respectively,
after 70 h of measurement and subsequently stabilize around
the latter values. The observed decrease of the overvoltage is
likely due to a partial dissolution of the SEI film which is
formed at the lithium surface after cell assembly, while the final
stabilization indicates the consolidation of the abovementioned
SEI which may actually allow the prolonged cycling of the
lithium cells without any further side reaction.49 The chemical
stability of the electrolytes is instead investigated by EIS
measurements, carried out upon prolonged aging of Li/Li
symmetrical cells. It is worth noting that all the recorded
Nyquist plots, reported in Figure S3 in the Supporting
Information, can be suitably represented by the Re(R1Q1)-
(R2Q2) equivalent circuit, where Re is the electrolyte resistance,
(R1Q1) element accounts for the charge transfer at the
electrode/electrolyte interphase and the SEI layer (high-
middle frequency semicircle), and (R2Q2) represents a
Warburg-type Li+ ion diffusion (low-frequency semicircle).32

Interestingly, during the initial 14 h upon cell assembly the
DEGDME_HCE (Figure S3a and Table S2 in the Supporting
Information) exhibits slightly higher values of the interphase
resistance with respect to TREGDME_HCE (Figure S3b and
Table S3 in the Supporting Information). Furthermore, the

Figure 3. TGAs (black left-y axis) and corresponding differential
curves (DTG, red left-axis) of DEGDME_HCE (orange), TREGD-
ME_HCE (blue), DEGDME solvent (green), TREGDME solvent
(violet), LiTFSI (light blue, dashed), and LiNO3 (pink, dashed).
Temperature range: 25−800 °C; heating rate: 5 °C min−1.
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resistance trends related to the subsequent EIS measurements
reported in the inset of Figure 4b and listed in Tables S1 and
S2 reveal a less significant growth for DEGDME_HCE with
respect to TREGDME_HCE, with steady-state values between
800 and 900 Ω after 10 days for the former, while a slight
continuous increase over the whole test to the final value of
1194 Ω for the latter (see related Nyquist plots in Figure S3c,d,
respectively). The different electrode/electrolyte interphase
resistance trending observed for the two solutions likely
suggests diverse stabilization kinetics of the SEI at the lithium
surface because of their different composition in terms of
solvent nature and salt contents, as actually indicated by the
literature paper.65 Afterward, the electrochemical stability
window of the electrolytes is determined in lithium cells by

means of LSV and CV to investigate the anodic and the
cathodic regions, respectively, employing carbon as the
working electrode. The obtained current versus potential
curves displayed in Figure 4c,d for DEGDME_HCE and
TREGDME_HCE, respectively, show similar trends. Indeed,
the first CV cycle of the cells reveals in the cathodic region an
irreversible peak centered at about 1.5 V versus Li+/Li related
to the LiNO3 salt reduction33 and a convoluted response
extended down to 0.01 V versus Li+/Li accounting for multiple
processes such as the electrolyte decomposition with SEI
formation, the insertion of Li+ ions into the amorphous SPC,
and their possible electrodeposition at the carbon electrode
surface.66 The subsequent well-overlapped profiles exhibit
reversible broad peaks at about 1 V and 0.01 V versus Li+/Li

Figure 4. (a) Arrhenius conductivity plots and Li+ transference number values (inset, see the determination method in the Experimental Section)
of DEGDME_HCE (orange) and TREGDME_HCE (blue). (b) Lithium stripping/deposition tests performed on Li/electrolyte/Li symmetrical
cells employing either DEGDME_HCE (orange) or TREGDME_HCE (blue) by applying a current of 0.1 mA cm−2; inset shows the interphase
resistance trends recorded upon Li/electrolyte/Li symmetrical cells aging employing DEGDME_HCE (orange) or TREGDME_HCE (blue)
through EIS in the 500 kHz to 100 mHz frequency range by applying a signal of 10 mV (see the corresponding Nyquist plots in Figure S3 and the
related NLLS analyses in Tables S1 and S2 in the Supporting Information). (c,d) Electrochemical stability window determined by means of CV in
the cathodic region (solid line) and LSV in the anodic one (dashed line) performed on lithium cells employing either (c) DEGDME_HCE or (d)
TREGDME_HCE, and SPC as the working electrode; scan rate: 0.1 mV s−1, CV potential range: 0.01−2 V vs Li+/Li; insets show the
chronoamperometry test carried out in the 4.0−4.6 V vs Li+/Li potential range through voltage increase by steps of 0.1 V every hour.

Table 2. Lithium Transference Number (t+) of DEGDME_HCE and TREGDME_HCE and Parameters of Bruce−Vincent−
Evans Equation (See Eq 1 in the Experimental Section)a

electrolyte
initial current (i0)

[A]
steady-state current (iss)

[A]
initial resistance (R0)

[Ω]
steady-state resistance (Rss)

[Ω]
Li+ transference number

(t+)

DEGDME_HCE 4.16 × 10−4 3.62 × 10−4 56.3 56.2 0.60
TREGDME_HCE 9.89 × 10−5 7.04 × 10−5 166 156 0.51

aThe resistance values are determined by NLLS analyses performed on the Nyquist plots of symmetrical Li/Li cells containing the electrolytes
reported in Figure S2c,d in the Supporting Information, which also displays the chronoamperometric curves used to obtain the currents values
before and after polarization. EIS frequency range: 500 kHz to 100 mHz; signal amplitude: 10 mV. Chronoamperometry was performed for 90 min
by applying a voltage of 30 mV.
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accounting for Li+ (de)-insertion and electrodeposition
processes, respectively.66 On the other hand, the LSV scan
performed in the anodic region reveals for both electrolytes the
absence of significant reactions from the OCV condition until
a potential of about 4.4 V versus Li+/Li which instead runs the
oxidative decomposition of the solutions, as effectually
indicated by a relevant increase of the current value. Therefore,
the electrochemical stability of the two electrolytes can be
estimated to range from 0 to around 4.4 V versus Li+/Li, that is,
an appropriate range for applications in the lithium battery.60 A
more accurate evaluation of the anodic limit of the two
solutions can be obtained by chronoamperometry at gradually
raising potentials, that is, by steps of 0.1 V every hour from 4.0
to 4.6 V versus Li+/Li. The responses of the cells using
DEGDME_HCE and TREGDME_HCE, depicted in the
insets of Figure 4c,d, respectively, reveal significant electrolyte
oxidation at 4.4 V versus Li+/Li for the former with a current of
90 μA and at 4.5 V versus Li+/Li for the latter with a current of
130 μA. Further increase of the potential leads to more
relevant electrolyte decomposition with currents of 350 and
960 μA at 4.5 and 4.6 V versus Li+/Li, respectively, for the cell
using DEGDME_HCE and of 330 μA at 4.6 V for the one
using TREGDME_HCE. These results confirm for TREGD-
ME_HCE an anodic stability of 4.4 V versus Li+/Li and restrict
the one of DEGDME_HCE to 4.3 V versus Li+/Li. It is worth
mentioning that both electrolytes reveal a sufficient anodic
stability for operation in the lithium−oxygen battery,10 in
particular TREGDME_HCE which has lower degradation
current and improved electrochemical stability.
The applicability of the electrolytes in the lithium−oxygen

battery is preliminarily investigated by means of EIS upon

aging of the Li/electrolyte/SPC cells in the O2 atmosphere
(see the Experimental Section for details on cell configuration).
Panels a and b of Figure 5 show the Nyquist plots recorded for
DEGDME_HCE and TREGDME_HCE, respectively, in the
above lithium−oxygen cell. During the initial stage after cell
assembly, the EIS shows a response for both cells characterized
by the presence of one semicircle with resistance of about 74
and 115 Ω for DEGDME_HCE and TREGDME_HCE,
respectively, attributed to the native film formed on the
electrodes, in particular at the lithium surface, and an almost
vertically tilted line representing the cell geometric capacity
(see Tables S4 and S5 in the Supporting Information for the
corresponding NLLS analyses). This response possibly
suggests an almost blocking electrode behavior of the cells
which hold at the OCV a potential of about 3.1 V and can be
represented by the equivalent circuit Re(R1Q1)Qg.

45,46 During
the subsequent days, both cells can be represented by a more
complex equivalent circuit including additional RiQi elements
in series to take into account the modification of the electrode/
electrolyte interphases including SEI film growth, partial
dissolution, or possible degradation.46 Figure 5c shows the
time evolution of the electrolyte resistance (Re, high-frequency
intercept of the plots), while Figure 5d depicts the trend of the
overall resistance (Rtot), as determined by the sum of Re and
the various Ri obtained by NLLS analyses in Tables S4 and S5.
Relevantly, DEGDME_HCE (orange) reveals a very fast and
remarkable increase of both Re and Rtot, instead TREGD-
ME_HCE (blue) evidences stable trend with only minor
increase of the overall resistance value, and limited fluctuations
mainly because of expected partial film modification and
possible consolidation.45,46 Indeed, the limited initial values of

Figure 5. (a,b) Nyquist plots recorded by EIS upon aging of lithium−oxygen cells employing (a) DEGDME_HCE and (b) TREGDME_HCE in
the Li/electrolyte/SPC-O2 configuration; inset in panel (a) shows magnification of the impedance spectrum at day 1 for DEGDME_HCE. (c,d)
Trends of (c) the electrolyte resistance (Re) and (d) the total electrode/electrolyte interphase resistance (Rtot), obtained by NLLS analyses
performed on the Nyquist plots reported in panels (a,b). EIS frequency range: 500 kHz to 100 mHz; signal amplitude: 10 mV. The actual
resistance values and the corresponding relative errors are reported in Tables S4 and S5 in the Supporting Information for DEGDME_HCE and
TREGDME_HCE, respectively.
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Rtot for DEGDME_HCE, that is, 83 Ω in Table S4, abruptly
increases to about 900 Ω after 1 day and exceeds 1800 Ω after
the 2nd, while the Re concomitantly increases from about 9 to
26 Ω. This phenomenon, which leads to Re and Rtot higher
than 500 and 3900 Ω, respectively, after only 8 days of test
may be most likely ascribed to a progressive degradation of the
electrode/electrolyte interphase promoted by DEGDME
solvent volatilization with formation of a grain boundary in
the cell, as indeed suggested by the concomitant appearance
and growth of an additional high-frequency semicircle in the
related Nyquist plots (Figure 5a). This trend, which is usually
observed for solid or crystalline electrolyte phases, indicates
the presence of heterogeneity in the electrode/electrolyte
interphase that can limit the Li+ ion transport leading to poor
performance of the lithium battery.63 Instead, TREGD-
ME_HCE displays an improved stability with respect to
DEGDME_HCE, even though minor electrolyte volatilization
cannot be excluded. The corresponding Nyquist plots in

Figure 5b reveal modifications of the electrode/electrolyte
interphase particularly during the initial 3 days, with an
increase of Re from about 26 to 29 Ω and Rtot from 141 to 209
Ω, while Re and Rtot become 80 and 269 Ω, respectively, after
28 days of measurement (see Table S5 in the Supporting
Information). Therefore, the lithium−oxygen cell employing
TREGDME_HCE exhibits much lower values of the
electrode/electrolyte interphase resistance with respect to
DEGDME_HCE (compare Tables S4 and S5), thus suggesting
suitable applicability of the former electrolyte in this class of
energy storage systems. Moreover, the fluctuations of Rtot from
141 to 209 Ω after 3 days and down to 160 Ω after 7 days
(Figure 5d) likely suggest the consolidation of the SEI layer
and possibly the protection of the lithium anode.67 As
mentioned above, the different behaviors of the two electro-
lytes may be in part attributed to the lower volatility of
TREGDME_HCE compared to DEGDME_HCE, already
evidenced by the TGA in Figure 3. This aspect is further

Figure 6. (a,c,e) Voltage profiles and (b,d,f) corresponding cycling trends of galvanostatic measurements performed by applying a constant current
rate of 100 mA g−1 (referred to the SPC mass) to lithium−oxygen cells employing either (a,b) DEGDME_HCE or (c−f) TREGDME_HCE in the
Li/electrolyte/SPC-O2 configuration. Panels (a−d) show the performances of fresh cells, while panels (e,f) display the performances of a lithium−
oxygen cell aged for 7 days prior to the test. Voltage range: 1.5−4.6 V. The specific capacity was limited to 500 mA h g−1, referring to the SPC mass,
by setting a step time of 5 h of discharge and charge. SPC loading: 0.65 mg cm−2 (SPC mass 1.3 mg, geometric electrode surface area 2 cm2).
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investigated in Figure S4 in the Supporting Information, which
displays the weight % change of samples of DEGDME_HCE
and TREGDME_HCE upon prolonged exposure to the
ambient condition at the room temperature. The figure
evidences that TREGDME_HCE weight (blue) fluctuates
around 100% likely due to absorption and desorption of
ambient moisture, which is instead avoided in the Li/O2 cell
studied herein, while DEGDME_HCE weight (orange)
significantly decreases during the whole test to reach a final
value approaching 65% of the initial one, thus suggesting much
more relevant evaporation of the latter compared to the
former.
Figure 6 displays the electrochemical performances of

DEGDME_HCE and TREGDME_HCE in the lithium−
oxygen cell, tested by means of galvanostatic cycling with
capacity limited to 500 mA h g−1 with respect to the SPC mass,
which is a capacity value suitable for preventing excessive
nucleation of Li2O2 on the positive electrode surface (see the
Experimental Section for details on the test conditions).68

During the first cycle, the voltage profile of the cell employing
DEGDME_HCE (Figure 6a) reveals relatively limited polar-
ization, that is, of about 0.8 V, which however progressively
increases and leads to complete cell failure after 10 cycles of
charge/discharge, as also evidenced by the corresponding
cycling trend in Figure 6b. This trend may be actually expected
by taking into account the rapid increase of the Li/O2 cell
impedance during aging observed in Figure 5, which in turn
increases the cell polarization above the operating voltage of
the electrolyte (see Figure 4c) and leads to decomposition with
cell degradation. Nonetheless, the limited polarization
observed during the first cycle detected in Figure 6a, as well
as the enhanced electrochemical characteristics of DEGD-
ME_HCE observed in this work (see Figure 4), could suggest
it for application in other types of lithium metal-based energy
storage systems. The cell employing TREGDME_HCE,
instead, reveals a remarkably different behavior both in terms
of the voltage profile (Figure 6c) and cycling trend (Figure
6d). Despite a higher ORR/OER polarization during the first
cycle (i.e., of about 1.3 V) compared to DEGDME_HCE,
which is likely ascribed to an electrochemical process
kinetically limited by the lower conductivity and Li+ trans-
ference number of TREGDME_HCE (Figure 4a), the cell
using the latter electrolyte reveals a much more stable profile
(compare Figures 6a and 6c) and an extended cycling trend
(compare Figures 6b and 6d). However, the voltage profile of
the cell using TREGDME_HCE shows a decrease of ORR
voltage by cycling possibly because of the progressive
modification of the SEI layer at the electrode surface by the
ongoing test, as already observed by EIS measurements in
Figure 5, which suggest additional few days of aging for
achieving a steady-state condition. Therefore, taking into
account the data of Figure 5d, we have set up a new cycling
test on a Li/O2 cell using TREGDME_HCE with same
protocol used in the previous test, except for the aging time
which is extended from few hours to 7 days. The data of the
new test clearly reveal an enhanced stability of the ORR
voltage profile at about 2.7 without significant signs of decrease
(Figure 6e) during the 50 cycles taken into account (Figure
6f). This important result suggests the key role of the SEI layer
at the lithium surface, which is herein improved by the
presence of LiNO3 and the high salt concentration, to achieve
suitable operation of the Li/O2 cell using a glyme-based
electrolyte. Considering the ORR voltage (2.7 V) and the

specific capacity referred to the SPC mass of 500 mA h g−1, we
may estimate for this cell a theoretical energy density of 1350
W h kg−1 and a practical value of 270 W h kg−1 which is
achieved by taking in consideration a reduction factor of 1/5 to
include inactive parts of the battery.26 Further increase of the
practical energy density of the battery may be achieved by
raising the discharge time, as shown in Figure S5 in the
Supporting Information by the voltage profile of a preliminary
Li/TREGDME_HCE/SPC-O2 cell galvanostatically cycled at
the constant current rate of 100 mA g−1 where the specific
capacity is limited to 1000 mA h g−1 by setting a step time of
10 h of discharge and charge. We may estimate for this cell a
practical energy exceeding 450 W h kg−1 which is a value well
competing and exceeding the one ascribed to the common Li-
ion battery.1 Furthermore, the cell can deliver a satisfactory
value of the capacity referred to geometric electrode surface
area (i.e., of about 1 mA h cm−2) which may be further
improved by changing the loading of the SPC, or by replacing
the substrate at the cathode side with more efficient media
such as those including catalysts or nanostructures for
fastening the electrochemical process, increasing the capacity,
further limiting the ORR/OER polarization, and finally
achieving Li/O2 batteries of long life and practical interest.

■ CONCLUSIONS
New configurations of glyme-based electrolytes have been
investigated in this work for improving the performances of the
lithium−oxygen battery. Various electrolytes were reported in
the literature for a Li/O2 cell such as a triglyme dissolving
LiTFSI69 and N,N-dimethylacetamide dissolving LiNO3 with
different concentrations,37 while a triglyme with LiCF3SO3 and
LiNO3 was proposed for the Li/LiFePO4 cell.25 Herein, we
originally dissolved relevant concentrations of the conducting
salt (LiTFSI) and the sacrificial agent (LiNO3) and studied the
correlation between the characteristics of the SEI layer, the
solvent volatility, and the Li/O2 cycling performance. Indeed,
almost saturated solutions were employed to increase the
safety and limit the electrolyte evaporation, as well as to
consolidate the SEI layer at the lithium surface and achieve
efficient protection of the reactive metal anode. Despite
artificial SEI possibly allowing Li/O2 cell operation, our
approach has foreseen in situ formation of the layer without
employing additional chemicals or physical agents, thus
advantageously lowering the cell impact. The outer/inner
composition of the complex SEI on lithium samples was
therefore analyzed by XPS measurements upon Ar+ etching.
The measurement revealed the mainly inorganic nature of the
inner layer of the SEI formed by fast reactions on the metal to
form LiF, Li2CO3, LiNxOy, and Li2O and the organic character
of the outer SEI accounting for minor electrolytes reduction to
ROLi and ROR species with side precipitation of LiTFSI.
These features hindered further deterioration of DEGD-
ME_HCE and TREGDME_HCE at the lithium surface and
suggested possible application of the electrolytes in an efficient
and stable battery. Subsequently, TGA depicted a thermal
stability of DEGDME_HCE extended up to 80 °C and a
higher value for TREGDME_HCE, that is, above 130 °C,
because of a more relevant salt concentration and longer glyme
chain of the latter compared to the former, thus suggesting
TREGDME_HCE as a more suitable candidate for application
in an open environment. Further weight losses were observed
between 200 and 400 °C and above 400 °C, ascribed to the
removal of the glyme from crystallized salt−solvent complexes
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throughout a multistep dry-recrystallization mechanism and to
LiTFSI salt degradation, respectively. On the other hand, the
electrochemical investigation revealed for DEGDME_HCE an
ionic conductivity ranging from 3 × 10−3 to 8 × 10−3 S cm−1, a
Li+ transference number of about 0.60, and a stability window
extending from about 0 up to 4.3 V versus Li+/Li, whereas
TREGDME_HCE has shown lower conductivity (from 9 ×
10−4 to 2 × 10−3 S cm−1) and Li+ transference number (about
0.5), while a higher anodic stability with an oxidation potential
of 4.4 V versus Li+/Li. Both electrolytes revealed a limited
lithium/electrolyte interphase resistance and the absence of
dendritic structure formation upon prolonged galvanostatic
cycling, thus confirming the consolidation of a stable SEI on
the metal surface. The applicability in lithium−oxygen cells of
the electrolytes was investigated by means of EIS measure-
ments upon cell aging in a pure O2 atmosphere. The cell using
DEGDME_HCE revealed a rapid increase of the resistance
from 83 Ω to about 3900 Ω after 8 days of storage because of
progressive degradation of the electrode/electrolyte interphase
and possibly DEGDME solvent volatilization leading to the
formation of a grain boundary. Instead, the cell using
TREGDME_HCE has shown a very stable resistance trend
with a final value of about 270 Ω after 28 days of measurement
and only limited modifications because of the consolidation of
the SEI. Indeed, DEGDME_HCE provided the reversible
discharge/charge process only for few cycles, which was
hindered by significant increase in polarization, while
TREGDME_HCE stably delivered a reversible capacity of
500 mA h g−1, in particular after an aging process designed in
order to allow the consolidation of the SEI layer. We have
estimated for the above cell a theoretical energy density of
1350 W h kg−1 and a practical value of 270 W h kg−1, which is
comparable to the one delivered by lithium-ion batteries.
Furthermore, a preliminary test at 1000 mA h g−1 indicated a
possible increase in the practical energy density value above
450 W h kg−1. Therefore, our study indicated intrinsic
properties of the concentrated electrolytes and suggested
TREGDME_HCE for the Li/O2 battery.

■ ASSOCIATED CONTENT
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X-ray photoelectron survey spectra recorded at various
Ar+ sputtering times carried out on the surfaces of
lithium foils soaked with the electrolytes; Nyquist plots
recorded at various temperatures by EIS on stainless-
steel symmetrical cells to determine the ionic con-
ductivity; chronoamperometric curves and Nyquist plots
recorded by EIS before and after polarization used to
determine the Li+ transference number in Li/Li
symmetrical cells by employing the Bruce−Vincent−
Evans equation; Properties of various glymes with
different chain length; Nyquist plots and corresponding
interphase resistance trends recorded by EIS upon aging
for 14 h and prolonged aging for 23 days of symmetrical
Li/Li cells using the electrolytes and NLLS analyses
carried out through a Boukamp tool on the Nyquist
plots; NLLS analyses of the Nyquist plots recorded by
EIS upon aging of lithium−oxygen cells; Weight %
trends of electrolyte samples upon prolonged exposure
to ambient conditions at the room temperature (25 °C);

and voltage profiles of a lithium−oxygen cell exploiting
the Li/TREGDME_HCE/SPC-O2 configuration galva-
nostatically cycled with specific capacity limited to 1000
mA h g−1 referred to the SPC mass (PDF)
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