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ABSTRACT: The quasi-solid electrolyte membranes (QSEs) are A

obtained by solidifying the precursor of unsaturated polyester and % %2%%% ;‘H 0
liquid electrolyte in a glass fiber. By modifying the ratio of n G a
tetraethylene glycol dimethyl ether, QSE with balanced ionic = O
conductivity, flexibility, and electrochemical stability window is =—a O O

acquired, which is helpful for inhibiting the decomposition of
electrolyte on the cathode surface. The QSE is beneficial to the
interfacial reaction of Li%, electrons, and O, in the quasi-solid
lithium—oxygen battery (LOB), can reduce the crossover of oxygen to
the anode, and extend the cycle life of LOBs to 317 cycles. Benefitting
from the application of QSE, a more stable solid electrolyte interface
layer can be constructed on the anode side, which can homogenize Li*
flux and facilitate uniform Li deposition. Lithium—oxygen pouch cell
with in situ formed QSE, works well when the cell is folded or a corner is cut off. Our results indicate that the QSE plays important
roles in both the cathode and Li metal anode, which can be further improved with the in situ forming strategy.

Li anode
LOB with LE

26,27

1. INTRODUCTION

In recent years, more and more attention has been paid to the
safe battery system with higher energy density.' > Metallic
lithium (Li) has high theoretical capacity (3860 mA h g™!) and
low oxidation—reduction potential (—3.040 V vs standard

methacrylate), etc. However, the GPEs used in lithium-
ion batteries can run only a few cycles in LOBs due to using an
ester solvent (ethylene carbonate, propylene carbonate, etc.)**
because the decomposition of electrolyte was considered to be
the dominant process during battery cycling.””*° PVDE-based

hydrogen electrode), which has been known as the “Holy
Grail” for higher energy-density batteries.” Lithium—oxygen
batteries (LOBs), with metallic Li as the anode and O, as the
cathode, has a very high theoretical energy density of about
3500 W h kg™', and thus is one of the most promising next-
generation battery systems.””” However, the discharge product
Li, O, in the cathode side is insulated and insoluble, leading to
large charge overpotential, which causes the decomposition of
liquid electrolyte (LE).*~"" In the anode side, Li metal has very
high reactivity, consuming LE continuously and resulting in a
thick solid electrolyte interface (SEI) layer and large
polarization.'” Furthermore, the volatilization and leakage of
LE in the semiopen LOBs is also a big challenge."”'" To
address the problems related to LE, a quasi-solid electrolyte
(QSE) might be a good choice because it can provide high
ionic conductivity comparable to LE, good flexibility, and can
reduce leakage and the crossover of oxygen to the anode.”~"”

Gel polymer electrolyte (GPE) is a kind of the most studied
QSEs with a polymer matrix plasticized by the aprotic
electrolyte, which has both excellent mechanical proé?erties of
polymer matrix and high ionic conductivity of LE."*'” Many
GPEs have been reported in lithium-ion batteries with polymer
matrices, such as polzr 2921 polyvinylidene

(ethylene oxide),
difluoride (PVDF),””** polyacrylonitrile,”*** poly(methyl
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QSE with tetraethylene glycol dimethyl ether (TEGDME) as a
plasticizer has showed much improved performance in LOB.*’
By combining nano-SiO, in the PVDF matrix, a super-
hydrophobic QSE was reported to further prevent the
crossover of O, and H,O to the Li anode.”> Other QSEs,
such as cross-linked poly(ethylene glycol) methyl ether
methacrylate and SiO,,** LE-plasticized SiO,-filled thermo-
plastic polyurethane matrix,** dimethyl sulfoxide-plasticized
polyetheretherketone, and dextrin nanosponge matrix,”’
ethoxylated trimethylolpropanetriacrylate-plasticized PVDE-
HFP matrix,36 etc. were also reported, which have showed
the capability of inhibiting Li dendritic deposition and
preventing O, crossover in LOBs. Recently, we synthesized a
unsaturated polyester, which has been used to prepare polymer
electrolyte membranes with high ionic conductivity (1.99 X
107 S cm™" at 30 °C) and low glass transition temperature
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Figure 1. (a) Schematic illustration of preparing the QSE and QSLOB. (b) Photographs of QSE membranes. (c) Temperature dependence of ionic
conductivity for LE, QSE;, QSE,, and QSE; at the temperature range of 20—100 °C. (d) LSV curves of LE, QSE,, QSE,, and QSE;.

(=542 °C).” 1t is expected that the polymer electrolyte can
improve the cycle performance of LOBs.

Herein, QSEs with a glass fiber (GF) membrane as the
matrix were prepared by a cross-linked unsaturated polyester
precursor. By adjusting the ratio of polyester to plasticizer, we
acquired the QSE with both good flexibility and electro-
chemical properties. When applied in LOBs, QSEs have
showed excellent compatibility with a Li metal anode, which
can promote uniform Li plating/stripping by homogenizing Li*
flux. The QSE is beneficial to the interfacial reaction of Li,
electrons, and O, and can extend the cycle life of LOBs to 317
cycles with a curtailed capacity of 500 mA h g™' at 200 mA g™".

2. EXPERIMENTAL SECTION

2.1. Synthesis of Unsaturated Polyesters. Unsaturated
polyester FG600 was synthesized according to ref 37.
Typically, fumaric acid (0.133 mol, 15.4 g) and polyethylene
glycol (M,, = 600) (0.146 mol, 87.6 g) were added into the
reaction flask, which was first heated to 90 °C with mechanical
stirring under a N, atmosphere. The temperature was raised
slowly to 195 °C at a heating rate of 1 °C min~", held for 0.5 h,
then raised to 220 °C, and maintained for 2 h. After that,
tetrabutyl titanate was added as a catalyst to accelerate the
esterification reaction. The reaction continued for another 0.5
h and then vacuumized for about 10 min. The raw product was
dissolved overnight with chloroform and then precipitated with
a large amount of anhydrous ethanol. After rotary evaporating
and vacuum drying at 50 °C, the unsaturated polyester FG600
was obtained.

2.2. Preparation of QSE. QSE was prepared by a cross-
linked precursor solution in a GF membrane at 90 °C, which
consisted of benzoyl peroxide (BPO), lithium bis-
(trifluoromethanesulfonyl) imide (LiTFSI), unsaturated poly-
ester (FG600), and TEGDME. BPO was used as an initiator
with a ratio of 2% to the mass of FG600, the mole ratio of
ethylene oxide/Li was 6:1, and TEGDME was used as a
plasticizer. QSE;, QSE,, and QSE; meant that the mass ratios
of FG600 to TEGDME were 1:4, 1:2, and 1:1, respectively.

2.3. Preparation of Cathode. Ru-MOF (metal—organic
framework) was used as a catalyst for the oxygen reduction
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reaction and oxygen evolution reaction due to staggered
porous tunnels and abundant active sites, which was prepared
according to ref 38. RuCl;-nH,O and 1,3,5-benzenetricarbox-
ylic acid were dissolved in a mixed solvent of acetic acid and
deionized water at a molar ratio of 3:2, where the volume ratio
of acetic acid to water was 1:5. The solution was placed in a
hydrothermal synthesis reactor and reacted at 160 °C for 3
days, which was filtered off and washed with deionized water.
The solid crude product was freeze-dried overnight to obtain
Ru-MOFs. The characterization of the Ru-MOF catalyst can
be seen in Figure S1. Second, carbon nanotubes (CNTs) were
purified by acid treatment. After soaking in concentrated nitric
acid overnight, the CNTs were washed with a large amount of
deionized water to neutral and dried. Third, cathode slurry was
prepared by grinding the Ru-MOF, CNTs, and binder (PVDF
or QSE,) at a mass ratio of 45:45:10 with NMP as a solvent.
The QSE cathode was prepared by coating the slurry on
carbon paper with QSE, as a binder, and the common cathode
was prepared with PVDF as a binder. After being dried
overnight at 120 °C, the cathode was cut into discs with a
diameter of 10 mm.

2.4. Physical Characterization. The structure was
characterized by '"H NMR (JNM-ECZ600R). The morpholo-
gies and elemental mapping were characterized by field-
emission scanning electron microscopy (SEM, SU-8010,
Hitachi) with energy-dispersive X-ray spectroscopy (EDS,
XFlash6160, Bruker). The thermal behavior was studied by a
differential scanning calorimeter (PerkinElmer DSC8000) in a
temperature range from —70 to 100 °C with a heating rate of
10 K min™" under a N, atmosphere. The thermal stability of
QSEs was investigated by thermogravimetric analysis (TGA)
with a thermal analysis instrument (STA449 FS) at a heating
rate of 10 K min~' under a N, atmosphere in a temperature
range from 50 to 650 °C. Fourier transform infrared
spectroscopy (FTIR) (Bruker VERTEX 70) was used to
study functional groups of the products. The Raman
measurement was conducted on a LABRAM ARAMIS
spectrometer at 25 °C. Powder X-ray diffraction (XRD) was
conducted on a Phillips X’pert Pro MPD diffractometer with
Cu Ka (4 = 0.15418 nm). UV—vis spectra were performed
with a Cary 60 UV—vis spectrometer (Agilent Technologies).
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The discharge products on the surface of cathode were
analyzed with X-ray photoelectron spectroscopy (XPS,
ESCALAB 250 Xi).

2.5. Assembly of Li—0O, Cell and Pouch Cell. Li metal
anode (15.6 mm in diameter), QSE; membrane, and the as-
prepared QSE cathode were used to assemble LilQSE,O, coin
cells in an argon-filled glovebox (H,O < 0.1 ppm, O, < 0.1
ppm). QSE,@Li was prepared by coating QSE, on a Li foil.
For comparison, LilLEIO, and QSE,@LIilLEIO, coin cells were
also assembled with PVDF as the binder in the cathode. The
LE is 1.0 M LiTFSI in TEGDME. QSLOBs with in situ formed
QSE, were also assembled. When the GF membrane was
soaked with precursor solution, it was placed between the
cathode and Li anode. After sealed, the cells were heated at 90
°C to cross-link and in situ form QSE, in the cells. The Li—O,
pouch cells with in situ formed QSE, were assembled using a
precursor solution-soaked GF membrane, which were heated
at 90 °C to cross-link and in situ form QSE, in the cell. One
cathode with a size of 2.5 cm X 3.0 cm was coupled with two
pieces of Li anode. The cell cores were packaged in an
aluminum—plastic bag with holes on one side.

2.6. Electrochemical Characterization. The electro-
chemical impedance spectroscopy (EIS) was measured at a
frequency range of 10° to 107" Hz using an electrochemical
workstation (Interface 1010E, Gamry) at 25 °C. The Li'
transference number (#;;") was calculated by chronoamper-
ometry with a DC potential of 10 mV, and EIS tests using an
electrochemical workstation (interface 1010E, Gamry) at 25
°C. The electrochemical stability window was characterized by
linear sweep voltammetry (LSV) at 25 °C and a scan rate of
0.1 mV s~". The cyclic voltammetry (CV) measurements were
carried out at 2.0—4.5 V and a scan rate of 0.1 mV s~ Li—Li
symmetric cells with LE were assembled with QSE,@Li or Li
as electrodes, separated by GF, and cycled at 0.5 mA cm ™ and
1.0 mA h cm™ The LOBs were cycled on a cell testing system
(CT2001A LANHE, Wuhan Land Electronics Co., Ltd,
China), and the purity and pressure of oxygen were 99.99%
and 0.01 MPa, respectively. The mass loading of CNTs was

about 0.3 mg cm ™.

3. RESULTS AND DISCUSSION

Figure la shows the procedure of preparing the QSE
membrane and QSLOB. The QSEs were prepared by filling
the precursor mixture into the GF membrane, cross-linking,
and vacuum drying. The precursor solution consisted of
FG600, lithium salt, and TEGDME. Compared with the
fibrillar and porous GF membrane, the surface of QSE shows a
dense and relatively smooth morphology with a little glass fiber
on its surface. The dense structure of QSE membrane is
beneficial for preventing O, crossover and its corrosion on the
Li metal anode.”® The unsaturated polyester, FG600, was
characterized by a 'H NMR spectrum (Figure S2). The peak
(a) at 6.86 ppm corresponds to the chemical shift of the
hydrogen atom on the carbon—carbon double bond. The peak
(b) at 4.32 ppm belongs to the chemical shift of hydrogen
atom on the carbon linked to oxygen of the ester group, and
the peak (c) at 3.71 ppm is assigned to the chemical shift of the
hydrogen atom on the carbon linked to oxygen of the ether
group. The peak (d) at 3.60 ppm is the chemical shift of the
hydrogen atom on the carbon of the repeating unit of PEG.
The large number of ether bonds in the FG600 backbone is
helpful for endowing QSE with high ionic conductivity.

Three kinds of QSEs were prepared. QSE;, QSE,, and QSE;
mean that the mass ratios of FG600 to TEGDME in the
precursor mixture are 1:4, 1:2, and 1:1, respectively. As shown
in Figure 1b, when folding the QSEs, QSE; cracks, while no
crease is observed in QSE; and QSE,, indicating that
increasing the TEGDME content can improve their flexibility.
Figure S3 shows the XRD profile of a QSE, membrane. Only a
dispersing peak attributed to the diffraction of the amorphous
part is observed at about 23°, indicating that the QSE,
membrane is amorphous at room temperature. DSC was
used to analyze the thermal behavior of the QSE materials. As
shown in Figure S4, FG600 has a melting peak at 17.5 °C.
While no melting peaks are observed in the range of =70 to
100 °C for cross-linked FG600 and QSE, samples, suggesting
that cross-linking has successfully inhibited the crystallization
of FG600 chain segments. The glass transition temperatures
(Ty) of cross-linked FG600 and QSE, are —31.1 and —50.5 °C,
respectively. Smaller T, is observed in QSE, indicating that the
TEGDME in QSE, has promoted the mobility of the chain
segments. Because Li" transport is realized by complexing—
decomplexing with ether oxygen groups in the amorphous
chain segments, the amorphous nature and the relatively low
T, of QSE, are conducive to the migration of Li*, which is
beneficial to relatively high ionic conductivity.

As shown in Figure S5, the #;" of LE, QSE;, QSE,, and
QSE; are determined through DC polarization and EIS
measurements, which are 0.19, 0.62, 0.70, and 0.66,
respectively. The t;* of QSEs are much larger than that of
LE, indicating that the cross-linked polymer matrix can slow
the transport of TESI™, reduce the effects of the concentration
gradient, which is beneficial for mitigating the interface
polarization, and delay the growth of Li dendrites. The
addition of carbonyl groups in QSE, could promote the
decoupling of ion pairs (Figure S6), which can further facilitate
the movement of Li* inside the polymer matrix leading to the
higher #;".

The ionic conductivity of QSEs was characterized by EIS, as
shown in Figure lc. At 20 °C, the ionic conductivities of LE,
QSE;, QSE,, and QSE; are 2.91 X 1073, 7.83 X 107 5.64 x
107 and 1.07 X 10™* S cm ™, respectively. Compared with LE,
the ionic conductivity of QSEs gradually declines with a
decrease in TEGDME content. The ionic conductivities of
both LE and QSEs increase with an increase of temperatures.
The Arrhenius equation was used to describe the con-
ductivity—temperature behavior, and good linearity is observed
after fitting. The activation energy (E,) of LE, QSE,;, QSE, and
QSE; are 0.06, 0.18, 0.20, and 0.39 eV, respectively. E, of LE is
much smaller than those of QSEs, implying the different way of
Li* transport. In QSEs, Li* transport is realized by the
coordination motion of both solvent and chain segments, so
much larger E, is needed. The higher the content of
TEGDME, the lower the E,, suggesting that the plasticizer
can promote the motion of chain segments, decreasing the E,
of ion transport.

The electrochemical stability window was characterized by
LSV, as shown in Figure 1d. The decomposition voltages of LE
and QSEs are 4.0S, 4.15, 4.51, and 4.59 V, respectively. LE has
the lowest decomposition voltage. The decomposition voltage
of QSEs increases with the decrease of the liquid component.
The increased decomposition voltage may benefit from the
confinement of the cross-linked polymer framework on the
liquid component, which can reduce the probability of
TEGDME encountering oxidation. Compared with the other
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Figure 2. Selected discharge—charge curves of (a) LilLEIO, batteries, (b) LilQSE,lO, batteries, (c) LilQSE,lO, batteries, and (d) LilQSE;|O,
batteries. (e) Corresponding cycle performance with a curtailed capacity of 500 mA h g™ at 200 mA g~". (f) Cycle lives of LOBs.

polymer electrolytes reported in the literature (Table S1),
QSE, has relatively excellent electrochemical performance.
Thermal stability of QSEs was determined by TGA, as shown
in Figure S7. The QSEs are stable up to about 200 °C. Due to
the presence of cross-linked polymer network in the QSEs,
their initial decomposition temperatures are improved slightly
compared with that of LE.

QSLOBs were assembled with QSE membranes and QSE
cathode, as shown in Figure la. Control LOBs filled with LE
were also assembled with PVDF as a binder. When a QSLOB
and a control LOB contact a paper with the cathode side for a
while, the control LOB will wet the paper while the QSLOB
shows no sign of leakage (Figure S8). From the weight change
over time of the assembled LilLEIO, battery and LilQSE,|O,
battery under negative pressure (Figure S9), it is clear that our
QSLOB can mitigate the leakage of electrolyte.

Cycle performance of LOBs is shown in Figure 2. Compared
with QSLOBs, the LilLE|O, battery has the lowest polarization
voltage of 1.09 V in the initial cycle due to the highest ionic
conductivity. With the increase of the cycle number, the charge
overpotential increases rapidly, especially after 60 cycles. The
discharge voltage decreases sharply after 90 cycles and reaches
the terminal voltage (2.0 V) at 117 cycles. The limited cycle
numbers and rapid failure of the capacity are mainly due to the
growth of Li dendrite, the generation of dead Li, incomplete
decomposition of Li,O, on the cathode, and high oxygen
cross-contamination on the Li anode, leading to more side
effects, especial the electrolyte decomposition.”” When QSE;
were used, the discharge curves of LilQSE O, batteries are
oblique lines, different from that of LilLE|O, batteries, which
may be mainly attributed to different Li,O, growth models.
There are two Li,O, growth models reported in the literature.
In the solution model of Li,O, in LilLEIO, batteries, Li,O,
toroid grows in solution by disproportionation of soluble
intermediate LiO,, but the bigger size of insulating Li, O, will
lead to a higher charge overpotential.*>*' While in the surface
model, the Li,O, film is coated on the cathode by the main
electrochemical reaction of LiO, on the surface, which is easier
to react due to the close contact with the cathode.*”* The

oblique discharge curves of LilQSE(O, batteries may indicate
that the growth of the Li,O, film follows the surface model.
Both the initial discharge and charge overpotential of QSLOBs
rise with the decrease of TEGDME in QSEs due to the
decreased ionic conductivity (Figure 2b—e). The performance
of QSLOBs is affected by the QSEs. As shown in Figure 2f, the
LilQSE,|0,, LiQSE,lO, and LilQSE;|O, batteries can run 150,
317, and 99 cycles, respectively. The LilQSE,lO, has the
longest cycle life, while the life of LilQSE;|O, is the shortest.
The lives of LOBs increase first and then decrease with the
reduction of TEGDME ratio in the electrolyte, which may
have been affected by the number of triple-phase boundaries
(TPBs) for the reaction of Li*, electrons, and O,.*™*
Compared LE with QSEs, the TPBs should increase with the
decrease of TEGDME content because the less liquid
exponent, the more chance electrode material is exposed to
oxygen. Therefore, the cycle lives of batteries increase with the
reduction of TEGDME in the electrolyte first. In the LilQSE,)|
O, batteries, the most balanced TPBs and ionic conductivity
may have been attained, so the life is the longest, showing a
splendid cycle performance as compared with those reported
in the literature (Table S1). Although the greatest number of
TPBs may exist in the LilQSE;|O, batteries, the life of the Lil
QSE;lO, batteries is the shortest, which may be attributed to
the lowest ionic conductivity of QSE;. The low ionic
conductivity of QSE; has resulted in too large polarization,
as shown in Figure 2d, deteriorating the battery performance.

As shown in Figure 2a—d, the initial polarization voltage is
the smallest in LilLEIO, batteries, and the highest in LilQSE;|
O, batteries, which rises fast with cycle numbers. The
discharge and charge voltages at the end of each cycle ascend
at a much lower rate in LilQSE,lO, and LilQSE,|O, (Figure
2e). EIS was used to characterize the internal resistance
variation during cycling, which was fitted with an equivalent
circuit model, as shown in the inset of Figure S10. Ry, the bulk
resistance, increases with the decrease of TEGDME ratio in the
electrolyte (Figure S1la), showing the same trend of ionic
conductivity at 20 °C (Figure 1c), which indicates that R is
directly affected by the ionic conductivity. Rgg, the resistance

https://doi.org/10.1021/acsomega.3c02917
ACS Omega 2023, 8, 36710-36719


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02917/suppl_file/ao3c02917_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02917/suppl_file/ao3c02917_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02917/suppl_file/ao3c02917_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02917/suppl_file/ao3c02917_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02917/suppl_file/ao3c02917_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02917/suppl_file/ao3c02917_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02917/suppl_file/ao3c02917_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02917?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02917?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02917?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02917?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

6537 534 531 528 537 534

5zq
Binding Energy (eV)

531
Binding Energy (eV)

528 525 537 534 531 528 525
Binding Energy (eV)

Figure 3. Characterizing discharge products on cathodes of LilQSE,|O, batteries. SEM images of (a) pristine, after the first (b) discharge and (c)
charge cycle. Li 1s XPS profiles of (d) pristine, after the first (e) discharge and (f) charge cycles. O 1s XPS profiles of (g) pristine, after the first (h)

discharge and (i) charge cycles.

at the solid electrolyte interface, decreases first and then
increases with the cycle numbers (Figure S11b). The Rgg; in
the LilQSE;lO, battery increases abruptly after 10 cycles,
which may be attributed to the large space charge at the
interface due to low ionic conductivity of QSE;. After 50
cycles, Rgg; in LilQSE,lO, begins to increase. 70 cycles later,
Rgp; in LilQSE,lO, is the smallest. In Li—O, batteries, Rgg;
mainly originate from space charge at the interface, the
irreversible discharge product on the cathode and the
decomposition of carbon nanotube, binder, LiTESI and
TEGDME on the interface of cathode,*”*® as well as the
accumulated SEI layer formed by the reaction of metallic Li
with liquid exponents on the interface of anode side.*”*" The
smallest Rgg; increase in LilQSE,lO, indicates that QSE, may
be helpful for promoting the formation of a stable interface
layer on the electrodes. R increases with the decrease of the
TEGDME ratio (Figure S11c), suggesting that the plasticizer
can promote the reaction kinetics.

The morphologies of discharged and charged cathodes of Lil
QSE,lO, and LilLEIO, batteries were observed by SEM, as
shown in Figures 3a—c and S12. The pristine cathodes show a
porous structure (Figure 3a and S12a). After the first
discharge, the cathode of LilQSE,lO, batteries is covered
uniformly by the film-like discharge products (Figure 3b),
while the toroid-like discharge products are observed in the
cathode of LilLEIO, batteries (Figure S12b). In the subsequent
charge cycle, the discharge products completely disappear and
the cathode almost restores to its original morphology,
indicating the good reversibility of the LOBs (Figure 3c and
Figure S12¢).” 7>* XRD profiles and UV—vis spectroscopy of
the cathodes after discharge and charge can verify the
reversible formation and decomposition of Li,O, (Figures
S13, S14). XPS spectra of Li 1s and O 1s were further used to
characterize the discharge and charge products, as shown in
Figure 3d—i. No Li 1s peak is observed in the pristine cathode,
as shown in Figure 3d. After the first discharge, a broad peak
that can be split into two peaks at ~55.0 and 55.5 eV is
observed, attributed to the formation of Li,O, and Li,CO;,>*
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and the latter is due to oxidized CNTs or TEGDME
irreversibly (Figure 3e).>® After the first charge, the peaks
disappear, indicating that the reaction is reversible (Figure 3f).
Meanwhile, in the O 1s profile, a new peak at 531.2 eV is
observed in the first discharge cycle (Figure 3gh), which also
disappears after the first charge cycle (Figure 3i), verifying the
formation and decomposition of Li,O,.

XPS spectra of Li 1s and O 1s after 50 cycles are shown in
Figure 4. Compared with the cathode after the first charge, a

(@) [Lilejo: Li1s | (b) [LilLEIO:
LiF Li.COs Oxide
Li|QSE:|O: Li|QSE:|O:

Oxide

Pristine Pristine
60 52 538 536 534 532 530 528

5I8 56 54
Binding Energy (eV) Binding Energy (eV)
Figure 4. XPS spectra of pristine and charged cathode (after the S0th
cycle) from LilLEIO, and LilQSE,|O, batteries. XPS profiles of (a) Li
1s and (b) O 1s.

new peak appears in the profiles of Li 1s after the S0th charge.
The Li 1s peak can be split into two peaks at 56.2 and 55.5 eV,
assigned to LiF and Li,COj;. The intensities of the Li 1s peaks
in the LilQSE,|O, battery are much smaller than those in Lil
LEIO, batteries, suggesting less Li remnants in the cathode
after 50 cycles. Meanwhile, in O 1s profiles, the intensity of X-
ray spectroscopy of O 1s attributed to the formation of Li,COj;
is much smaller in LilQSE,|O, than that in LilLEIO, batteries.
The new peak at 533.7 eV in O 1s represents the various
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Figure 5. Cycle performance of LilLEIO, and Li@QSE,ILEIO, batteries. (a) Capacity attenuation at 500 mA h g~' and 200 mA g~". (b) CV profiles
under an O, atmosphere. (c) Full discharge capacity of LiILEIO, and Li@QSE,ILEIO, batteries at 500 mA g™". (d) Galvanostatic discharge profiles
of the Li@QSE,ILEIO, batteries (solid lines) and LilLEIO, batteries (dashed lines).

byproducts that occur during cycling. It is well known that
during cycling, the decomposition of LiTFSI, TEGDME, as
well as QSE, etc. will generate byproducts, such as LiF,
Li,COs, other ether, as well as ester etc. on the cathode.**’
Less byproducts accumulated indicate that QSE, has inhibited
the decomposition of electrolyte on the cathode, which is
helpful for retarding the growth of overpotential and
prolonging the cycle life of LOBs.

In the anode side of LOBs, the main contribution to Rgg
originated from the interface layer formed by the reaction of
freshly deposited and highly active Li with the electrolyte, as
well as Li metal anode corrosion caused by O, and H,0.°%*’
The H-type permeation experiment (Figure S15) verifies that
the QSE, membrane can resist the permeation of H,0. The
formation of LiOH is an indication of Li foil being corroded by
O, and H,0. XRD analysis shows less signal of LiOH on the Li
anode from the LilQSE,lO, battery (Figure S16), which
demonstrates the great advantage of QSE, in mitigating the
crossover of the O, and H,O to the Li anode.

The smallest Rgg; in LilQSE,lO, may imply that QSE, has
promoted the formation of a more stable interfacial layer on
the Li metal anode. To explore the possible effect of QSEs on
protecting the Li metal anode, QSE, was coated on Li foil to
prepare Li@QSE,. The surface of Li@QSE, has a uniform
slightly wrinkled coat with a thickness of about 35 pm (Figure
S17). When Li@QSE, was used to assemble Li—Li symmetric
cells, Li is uniformly plated, stripped, and the cells can show
very stable cycle performance (Figure S18, S19b,d). In
contrary, an obvious overpotential hysteresis occurs in the Lil
LEILi cells after about 100 h, which may originate from the
growth of Li dendrites and the continuous reaction of freshly
deposited Li dendrites with electrolytes (Figure S19 a.c),
resulting in gradually increased thickness of SEI layer and
internal resistance.”” Much more stable cycle performance of
the Li@QSE,|LEIQSE,@Li cell suggests that the QSE, coat is
beneficial to forming a more stable interface layer on the
surface of Li electrodes.

Li@QSE, was further used to assemble the Li@QSE,|LEIO,
batteries. Long-term cycle performance of Li@QSE,ILEIO,
batteries is shown in Figure Sa. Although the Li@QSE,|LEIO,
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battery has a higher charge terminal voltage at first, it increases
much more slowly than that in the LilLEIO, battery. The Li@
QSE,ILEIO, and LilLEIO, batteries can run 217 and 120
cycles, respectively. The Li—O, batteries with a curtailed
capacity of 1000 mA h g~! were also cycled (Figure $20). The
cycle life doubles, showing the obvious advantage of Li@QSE,|
LEIO, over LilLEIO, batteries. Because the only difference is
the QSE, coat on the Li foil surface, the performance
improvement should originate from the protection of QSE,
on the Li metal anode. CV of the Li@QSE,ILEIO, batteries has
demonstrated that the presence of QSE, on Li foil has not
brought other side reactions (Figure Sb and S21). The Li@
QSE,ILEIO, battery has a full discharge capacity of 5679.4 mA
h g7! at a current density of 500 mA g, slightly lower than
that of the LilLEIO, battery (Figure Sc and S22). However, the
discharge capacity of the Li@QSE,ILEIO, battery decays at a
much slow rate. After 10 cycles, the capacity of the Li@QSE,)|
LEIO, battery is 3820.6 mA h ¢!, much higher than that of the
LilLEIO, battery (2778.4 mA h g™"). Figure 5d shows the rate
performance of Li@QSE,ILE|IO, and LilLEIO, batteries. As
current densities increasing from 100 to 1000 mA g~ ', the Li@
QSE,ILEIO, battery can discharge 8714 and 2235 mA h g/,
respectively, which shows a better rate performance than the Li
ILEIO, battery, especially at high current densities. EIS results
have showed that although larger initial internal resistance
exists in Li@QSE,I|LEIO, batteries, Rgg; and R, decrease from
the 10th to S50th cycles, while the opposite trend is observed in
the LilLEIO, battery, which further demonstrates that QSE,
can stabilize the Li anode interface, prevent corrosion of LE on
the Li metal anode and alleviate its consumption (Figure S23
and Table S2). Porous deposition layer is observed on the Li
anode of the LilLEIO, battery (Figure 6a,c), while much
denser and thinner deposition is seen on the Li anode of the
Li@QSE,ILEIO, battery (Figure 6b and S24ab). The surface
of the Li anode is covered by QSE,, and no Li dendrites but
some GF are observed on the surface (Figure 6d). It can be
deduced that the QSE, may have contributed to constructing a
more stable interface layer on the Li metal anode by
homogenizing the Li" flux to promote uniform Li deposition
and stripping.
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Figure 6. SEM images of Li anodes after 90 cycles. Cross-section
morphology of (a) Li anode and (b) Li@QSE, anode. The surface
morphology of (c) Li anode and (d) Li@QSE, anode.

In order to further optimize the interface between QSE and
electrodes, LOBs were assembled with in situ formed QSE,.
The charge overpotential of LOB with in situ formed QSE, is
comparable to the counterpart with LE, much lower than that
with QSE, prepared with common procedures (Figure 7a—c).
Furthermore, it increases in a slow rate, indicating the
formation of a stable interface. The polarization data after
the 10th cycle are shown in Table S3. A smaller polarization
voltage is observed in the LOB with in situ formed QSE,,
which is very close to that of the LOB with LE. The in situ
strategy has integrated the QSE and electrodes to an integrity,
which is helpful for decreasing the interface polarization and
constructing a more stable interface. Based on the strategy of in
situ forming QSE in LOBs, lithium—oxygen pouch cell was
assembled, as shown in Figure 7d. The pouch cell exhibits a
discharge capacity of up to 17520 mA h g™' and a charge
capacity of 16515 mA h g' (Figure S25), which is

competitive compared to other pouch cells reported in the
literature, as shown in Table S4. The pouch cell can light up
the LED lamp arrays (Figure 7e). Benefiting from the integrity
of electrodes and QSE, it can still work well when folded. Even
if a corner has been cut off, the LED lamp arrays can still shine
very well, indicating good advantages of the QSE, in LOB,
especially the in situ formed QSE,.

4. CONCLUSIONS

In summary, a quasi-solid electrolyte membrane has been
developed for LOBs, which has high ionic conductivity,
excellent flexibility, and a wide electrochemical window. QSE
can prevent O, and H,O diffusing to the Li metal anode, and
QSLOB is leakage free. QSLOBs with QSE, can run 317
cycles, showing a much better cycle performance than those
with LE. QSE, can stabilize the interface layer on the cathode
by reducing accumulation of decomposed byproducts, and it is
supposed that the quasi-solid structure of QSE, can increase
the number of TPBs on the cathode and promote the
interfacial reaction of Li*, electrons, and O,. QSE, can act as an
artificial interface layer to protect the Li metal anode by
homogenizing Li* flux to promote uniform Li deposition. The
results manifest that the developed QSE, can stabilize the
interface of cathode and protect the Li metal anode to improve
the cycle performance of LOBs. With in situ formed QSE,, the
electrodes can be combined to an integrity, further decreasing
the interface polarization and constructing a more stable
interface. Moreover, a lithium—oxygen pouch cell with in situ
formed QSE, shows high stability when the cell was folded or
even a corner was cut off. The QSE plays important roles both
in the cathode and Li metal anode, which can be further
improved with the in situ forming strategy, paving new ways to
promote the performance of LOBs from multiple perspectives.
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Figure 7. Selected discharge—charge curves of (a) LOB with LE, (b) LOB with QSE,, and (c) LOB with in situ formed QSE,. (d) Schematic
illustration of the Li—O, pouch cell with in situ formed QSE, and (e) Powering the LED lamp arrays with the pouch cell.
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