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Ionic liquid/ether-plasticized quasi-solid-state
electrolytes for long-life lithium–oxygen cells†
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Rechargeable lithium–oxygen (Li–O2) cells have aroused great attention due to their high theoretical

energy density. However, a great challenge remains for the practical applications of Li–O2 cells. One of

the obstacles is the instability of the Li anode with organic electrolytes, even for relatively stable ether-

based electrolytes. In this work, a quasi-solid state electrolyte, composed of a polymer, an inorganic

ceramic electrolyte, Li salt and a plasticizer, was prepared. The quasi-solid state electrolyte plasticized by

a hybrid of an ether and ionic liquid exhibits a stable interfacial contact with the metallic Li anode. At a

limited capacity of 1000 mA h g�1, the Li–O2 cell with the quasi-solid-state electrolyte can be stably

cycled for 196 cycles at 400 mA g�1. The good cycling stability of the cell can be attributed to the stable

metallic Li/electrolyte interface enabled by the F-containing protective layer formed in situ from the

decomposition of the ionic liquid during cycling. This work provides a new design of solid state electro-

lytes for long-life Li–O2 cells.

Introduction

With the rapid development of grid energy storage and electric
vehicle applications, traditional lithium-ion cells are unable to
meet the demand in future, which necessitates researchers to
exploit the next-generation lithium secondary cell with high
energy density by using either high-capacity electrodes or solid
electrolytes.1–3 Recently, rechargeable lithium–oxygen (Li–O2)
cells have aroused great interest due to the high theoretical
energy density of 3505 W h kg�1, rather higher than that of
LiCoO2-based cells.4–13 Furthermore, in Li–O2 cells, the positive
active material is oxygen, which can be obtained from air, so as
to reduce the cost of the cells. However, the practical applica-
tions of Li–O2 cells still face some considerable challenges, for
example, those related to organic electrolytes. For the organic

Li–O2 cell systems, the liquid organic electrolytes suffer from
easy inflammability, explosion and volatilization, which will
lead to serious safety issues.14–17

Using solid state electrolytes instead of organic electrolytes
provides an ideal strategy to solve this problem.18,19 Solid state
electrolytes include inorganic solid electrolytes and polymer
solid electrolytes.20 A few inorganic solid electrolytes have high
ionic conductivity and high anodic stability.21,22 Moreover,
some inorganic solid state electrolytes can exist stably at high
temperature and in a hostile environment.23 By using inorganic
solid state electrolytes to replace the liquid electrolyte and the
separator in Li–O2 cells, the crossover of O2, CO2 and H2O in the
cathode to the Li anode can be avoided or largely reduced,
bringing about increased cycle life of the cells.24 However,
the interfacial resistance between inorganic electrolytes and
electrodes is large. In addition, the mechanical properties of
the inorganic solid electrolytes are usually poor. All of these
limit their practical applications. In contrast, for the polymer
solid electrolytes, the mechanical properties are outstanding
which makes the manufacture easy.25,26 Therefore, it is expected
that the interfacial performance and the mechanical properties
of the electrolytes should be improved by combining polymer
and inorganic solid electrolytes.27,28

Here, we designed a quasi-solid state electrolyte (QSSE) with an
ionic liquid/ether as the plasticizer. The QSSE consists of four
components, including a polymer solid electrolyte matrix, a ceramic
electrolyte additive, lithium salt and a plasticizer, where the polymer
solid electrolyte matrix is composed of poly(propylene carbonate)
(PPC)29 and poly(vinylidene fluoride-hexafluoropropylene)
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P(VDF-HFP).30 PPC is a polymer that makes the electrolyte
flexible. However, only the PPC matrix is unstable because the
QSSE will decompose in the presence of the plasticizer for long-
time cycling of the Li–O2 cells. Li1.3Al0.3Ti1.7(PO4)3 (LATP) was
used as a ceramic electrolyte additive, since it has a high ionic
conductivity.31,32 The mechanical strength and ionic conductiv-
ity of the polymer solid electrolyte will be improved by adding
LATP nanoparticles. The plasticizer is composed of ethylene
glycol dimethyl ether (TEGDME) and 1-propyl-3-methylimid-
azolium bis(trifluoromethylsulfonyl)imide (PMIMTFSI), the
addition of which not only improves the ionic conductivity of
the QSSE but also reduces the interface impedance between the
QSSE and electrodes.

Experimental section
Preparation of LATP nanoparticles

LATP nanoparticles were synthesized by a modified sol–gel
method as previously reported.33,34 First, 19.6 mL of 25 wt%
ammonia water (Sinopharm Chemical Reagent Co., Ltd, China)
was added dropwise to 10 mL of titanium(IV) isopropoxide
(97%, Sigma-Aldrich) with magnetic stirring for 1 h. The pre-
cipitate was filtrated and dispersed into deionized (DI) water
(40 mL) followed by the addition of 80 mL of 1 M aqueous
solution of oxalic acid (Z99.5%, Shanghai Mei Xing Chemical
Co., Ltd, China). The mixture was stirred until the precipitate
was completely dissolved. After this, LiNO3 (1.832 g, analytical
reagent (AR), Shanghai Feng Shun Fine Chemical Co., Ltd, China),
Al(NO3)3�6H2O (2.212 g, 98%, Alfa Aesar) and (NH4)2HPO4 (7.751 g,
AR, Sinopharm Chemical Reagent Co., Ltd, China) were added
into the above solution with stirring for 12 h to get the LATP
precursor solution. Second, a surfactant, cetyltrimethylammonium
bromide (CTAB, 6 g, AR, Sinopharm Chemical Reagent Co., Ltd,
China), was dissolved into 40 mL of anhydrous alcohol (AR,
Sinopharm Chemical Reagent Co., Ltd, China) with magnetic
stirring at 40 1C for 2 h, and then the solution was added into the
LATP precursor solution with vigorous stirring. Subsequently,
the solution was tempered in an oil bath at 80 1C until the
solvent was completely evaporated to form a transparent jelly.
Finally, the jelly was heated to 600 1C at 2 1C min�1 in an OTF-
1200X tube furnace (Hefei Kejing Materials Technology Co., Ltd,
China) under an Ar atmosphere, kept at that temperature for
12 h, and cooled to room temperature naturally.

Preparation of QSSE membrane

The QSSE was prepared by a one-pot method. First, 0.8 g of PPC
(average molecular weight 5000, Sigma-Aldrich) and 0.8 g of
P(VDF-HFP) (average molecular weight 110 000, Sigma-Aldrich)
were added into 50 mL of N-methyl-2-pyrrolidone (NMP, AR,
Sinopharm Chemical Reagent Co., Ltd, China). The mixture
was heated in an oil bath at 80 1C for 3 h under strong stirring
until the polymers were completely dissolved. Second, bis(tri-
fluoromethane) sulfonamide lithium salt (LITFSI, 99.95%,
Sigma-Aldrich, 0.32 g) and LATP powder (0.32 g) were added
into the above solution with magnetic stirring for 24 h. Then,

the viscous liquid that contains polymers, LITFSI and LATP was
poured into Teflon containers and dried in an electric oven
at 60 1C first in air for 48 h and then in a vacuum for another
24 h to get solid electrolyte membranes. Two kinds of polymers
were used for the easy formation of stable membranes.
Finally, three types of QSSE membranes were obtained by
immersing the solid membranes in three different solutions,
namely 1 M LiClO4 (99.99%, Sigma-Aldrich) in TEGDME
(Z99.0%, Sigma-Aldrich), PMIMTFSI (Z98%, Sigma-Aldrich)
and a hybrid (TEGDME : PMIMTFSI = 1 : 1, in volume), respec-
tively, for 24 h and wiping off the excess liquid on the surface of
the membranes.

Materials characterization

X-ray diffraction (XRD) patterns were collected using a Rigaku
D/Max-2550pc powder diffractometer with Cu Ka radiation
(l = 1.541 Å). X-ray photoelectron spectra (XPS) were recorded on
a KRATOS AXIS ULTRA-DLD spectrometer with monochromatic
Al Ka radiation (hn = 1486.6 eV). The morphology of the samples
was observed by field-emission scanning electron microscopy
(SEM) using an S-4800 microscope.

Electrochemical measurements

Coin-type cells were assembled in an argon-filled glove box
using metallic lithium as the anode (AR, Sinopharm Chemical
Reagent Co., Ltd, China), IrO2/MnO2 on carbon cloth as the
cathode and the QSSE membrane as the electrolyte. The IrO2/
MnO2 catalyst was prepared according to our previous report,35

and the loading of IrO2/MnO2 on carbon cloth is around
0.4 mg cm�2. The electrodes were dried at 80 1C in a vacuum
overnight prior to cell fabrication. The cells were purged with
pure O2 for 10 min before the electrochemical measurements.
Charge and discharge cycling was conducted using a Neware
cell cycler (Shenzhen, China) between 2.0 and 4.5 V vs. Li/Li+.
The specific capacity and current density were normalized to
the total mass of IrO2 and MnO2. Electrochemical impedance
spectroscopy (EIS) was acquired on a CHI660C (Chenhua,
China) workstation by applying an AC voltage of 10 mV amplitude
over a frequency range of 10�2–105 Hz. The electrochemical
measurements were all carried out at 25 1C.

Results and discussion

As seen in Fig. S1a (ESI†), phase-pure LATP was obtained after
high-temperature firing. The particle size of LATP is in the
nanoscale (Fig. S1b, ESI†). The photographs of the QSSE plasti-
cized by TEGDME, PMIMTFSI and a hybrid (TEGDME : PMIMTFSI =
1 : 1, in volume) are shown in Fig. 1. All the QSSE membranes
have a smooth surface and exhibit a flexible feature. For a
typical dry solid membrane of 19 mm diameter and 0.4 mm
thickness, the weight is around 100 mg. The weight of the
membranes increases to 160, 200 and 170 mg after absorbing
TEGDME, PMIMTFSI, and TEGDME/PMIMTFSI, respectively.
This suggests that the P(VDF-HFP) and PPC are good matrices
that absorb the plasticizers. The XRD patterns in Fig. S2 (ESI†)
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reveal the expected diffraction peaks of LATP of the dry solid
membrane, while the broad hump at 201 (2y) indicates the
presence of PPC and P(VDF-HFP). Fig. 2 shows the SEM images
of the dry solid membrane and the QSSE membranes with
various plasticizers. Note that after immersion in the liquid
electrolyte, all the membranes can retain the porous structure,
which is favorable for rapid Li-ion transportation within the
QSSE membranes.

Fig. 2 shows the voltage profiles and cycling performance
of the Li–O2 cells using the QSSE with a limited capacity of
1000 mA h g�1 at 400 mA g�1 between 2.0 and 4.5 V. The cata-
lyst used was IrO2/MnO2 deposited on carbon cloth that exhi-
bits a flake-like structure (Fig. S3, ESI†). The current density
and specific capacity were calculated based on the total mass of
MnO2 and IrO2 catalysts. The cycling performance of the Li–O2

cells using three different QSSE membranes is compared as
shown in Fig. 3a. Although the cell with the TEGDME-
plasticized QSSE shows a relatively high terminal discharge
voltage of over 2.8 V and a terminal charge voltage of slightly

over 4.0 V during the initial cycles, the terminal charge voltage
increases rapidly to 4.5 V after 90 cycles. Namely, with a limited
capacity of 1000 mA h g�1 at 2.0–4.5 V, the reversible cycling of
the cell can last only 90 cycles (Fig. 3a and b). During the initial
cycles, the relatively low polarization can be attributed to the
rapid transportation of Li ions in the TEGDME-plasticized
QSSE and the QSSE/Li anode interface. Post-mortem character-
ization demonstrates that the originally shiny lithium plate has
transformed into white powder (Fig. S4a, ESI†). The white
powder is proved to be LiOH by XRD (Fig. S4b, ESI†). The cell
was re-assembled using fresh Li and it can be stably cycled for
another 80 cycles (Fig. S5, ESI†). The total cycle number can be
increased to 239 cycles when the failed Li anode was replaced
again (Fig. S5, ESI†). The results indicate that the QSSE
membrane is relatively stable in the O2 environment for long-
term cycling, and that the failure of the Li anode contributes
to the performance degradation of the cell, at least in part.
Compared with the cell using the TEGDME-plasticized QSSE,
the cell using PMIMTFSI-plasticized QSSE shows improved
cycle life as seen in Fig. 3a and c. It is suggested that the
improved cycling performance is due to the inhibited inter-
facial reaction between the Li anode and the electrolyte, which
will be discussed below. As shown in Fig. 3a and d, the
stable cycling of the cell can be extended up to 196 cycles when
using the QSSE with the TEGDME/PMIMTFSI hybrid plasti-
cizer. In this case, the Li-ion transportation and interfacial
stability between the Li anode and the QSSE are assumed to
be balanced. To highlight the good electrochemical perfor-
mance of our cells, we compared the electrochemical perfor-
mance of some Li–O2 cells using solid electrolytes (Table S1,
ESI†). As seen in the table, the electrochemical performance of
our cell is among the best. The rate capability of the cells with
different QSSEs was also tested as shown in Fig. S6 (ESI†).
As the current density increases, the polarization increases and
even the capacity cannot reach 1000 mA h g�1, which is
ascribed to the sluggish oxygen reduction reaction (ORR)/
oxygen evolution reaction (OER) kinetics and low Li-ion trans-
portation rate in the QSSE. In addition, the relatively high
current density also contributes to the relatively low energy
efficiency. Note that the cell with the TEGDME-plasticized QSSE
exhibits a relatively high discharge terminal voltage of 2.86 V
and a relatively low charge terminal voltage of 3.96 V in the
initial cycle (Fig. S7, ESI†) although the polarization increases
during cycling.

Fig. 4 shows the voltage profiles of the Li–O2 cell with
the QSSE plasticized by the TEGDME/PMIMTFSI hybrid at
400 mA g�1 in the full charge/discharge mode between 2.0 and
4.5 V. The first charge and discharge capacities in this mode are
1340 and 1844 mA h g�1, respectively. The exact origin of the
higher charge capacity in the first cycle is unclear but it may be
related to electrolyte decomposition. After the first cycle, the
charge capacity and discharge capacity are almost the same,
indicating high reversibility of the cell. It should be noted
that the capacity is not high even in this cycling mode at a
moderate current density (400 mA g�1) due to the relatively low
Li-ion conductivity of 3.1 � 10�4 S cm�1 at room temperature

Fig. 1 Photos of QSSE plasticized by (a and b) TEGDME, (c and d) PMIMTFSI,
and (e and f) the TEGDME/PMIMTFSI hybrid.

Fig. 2 SEM images of (a) dry solid membrane and QSSE membranes with
(b) TEGDME, (c) PMIMTFSI and (d) TEGDME/PMIMTFSI plasticizers.
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(Fig. S8, ESI†) determined by EIS.36 Even so, the cell can be
cycled for 50 cycles, where the capacity is over 1000 mA h g�1 in
this relatively stringent cycling mode. As expected, the conduc-
tivity of the QSSE with the TEGDME/PMIMTFSI hybrid is
between that with TEGDME and PMIMTFSI (Fig. S8, ESI†).

To better understand the reason why Li–O2 cells that use
different QSSEs exhibit different electrochemical performances,
the Li anodes were checked by XRD after the 1st, 20th, and
50th cycle as shown in Fig. 5. Here, polyimide (PI) films were
used to prevent the lithium anodes from exposure to air
(Fig. S9, ESI†). Fig. 5a shows that after the first cycle, there is
no obvious difference among the three lithium anodes from the
three cells, and LiOH peaks are barely observed. After 20 cycles,
almost no LiOH is visible for the Li anode from the cell that

uses PMIMTFSI-plasticized QSSEs (Fig. 5b). In contrast, a small
diffraction peak at 32.51 (2y) appears for the Li anode from
the cell with the TEGDME-plasticized QSSE, which indicates
the formation of LiOH. As previously reported, TEGDME is
chemically/electrochemically unstable towards metallic lithium.37

In the case of using the TEGDME/PMIMTFSI hybrid, only a
small peak is seen at 32.51 (2y), suggesting that the formation
of LiOH is minor. Fig. 5c demonstrates that the interfacial
reaction between Li and TEGDME becomes significant as the
cycling proceeds, which agrees well with the performance degra-
dation of the cell. In comparison, the LiOH peak is hardly seen
in the case of using the PMIMTFSI plasticizer. It seems that
the introduction of PMIMTFSI prevents the reaction between
TEGDME and the Li anode, evidenced from the small LiOH

Fig. 3 Voltage profiles and cycling performance of Li–O2 cells with a limited capacity of 1000 mA h g�1 at 400 mA g�1: (a) cycling performance of cells
with three different QSSEs, and voltage profiles of cells using the QSSE plasticized by (b) TEGDME, (c) PMIMTFSI and (d) the TEGDME/PMIMTFSI hybrid.

Fig. 4 (a) Voltage profiles and (b) cycling performance of the Li–O2 cell with the QSSE plasticized by the TEGDME/PMIMTFSI hybrid at 400 mA g�1

between 2.0 and 4.5 V.
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peak for the hybrid plasticizer. The results suggest that the ionic
liquid PMIMTFSI plays a critical role in stabilizing the Li anode.

To further identify the mechanism for the improved stability
of the Li anode by using PMIMTFSI, XPS analyses of Li anodes
after 50 cycles were performed as shown in Fig. 6. The C–C bond
at 284.6 eV is used to calibrate the binding energy spectrum for
the XPS analyses. The survey spectrum shows that each Li tablet
surface contains elements of Li, C, N, O and F (Fig. 6a). An
obvious difference in Fig. 6a is the peak intensity of F1s when
different plasticizers were used. It is obvious that the strong F1s
peak in the cases of PMIMTFSI and the hybrid is closely related
to the use of F-containing ionic liquid, although the LITFSI salt
also contains the F element. From the XPS and XRD results, it
can be concluded that the fluoride in situ formed from the
decomposition of the ionic liquid prevents the reaction between
lithium and TEGDME and precludes the further reaction
between lithium and PMIMTFSI. As a result, the cycling perfor-
mance of the Li–O2 cells is enhanced due to the stabilized
Li/electrolyte interface. Fig. 6b and c show the F1s and C1s
spectra of the Li tablets from the cells with the QSSE plasticized
by the TEGDME/PMIMTFSI hybrid. The band at 688.9 eV is attri-
buted to –CF3 groups (Fig. 6b). The C1s spectrum is fitted by
five peaks with binding energies of 284.6, 286.4, 289.9, 290.4
and 292.8 eV, which are attributed to the C–C group, the CQO
group, the –(CF2–CH2)–n group, the –(CF2–CF2)–n group and the

–CF3 group, respectively. The F1s and C1s peaks at 688.9 and
292.8 eV are well in accordance with the –CF3 group, which
indicates that the fluoride containing the –CF3 group is effective
in protecting the Li anode. It is suggested that the –CF3 group
originates mainly from the decomposition of PMIMTFSI (Fig. S10a,
ESI†). During the charge/discharge cycling, the S–N and S–C bonds
from the TFSI anion break which produces SO2 and CF3 species
and an NSO2CF3–Li complex.38 The SO2 and CF3 species were
rapidly atomized and incorporated into the lithium anode and the
NSO2CF3–Li complex was unstable, which is eventually decom-
posed into N, SO2, and CF3 species,38 leading to the formation of
the –CF3-containing compound. The –(CF2–CH2)–n group originates
from the P(VDF-HFP) (Fig. S10b, ESI†).

Soft-pack cells were also assembled with a cathode size of
2.5 cm � 2.5 cm. The cathode, the QSSE membrane (TEGDME/
PMIMTFSI hybrid plasticizer) and the Li anode were laminated
and sealed in a polyethylene bag with some small holes
punched on the cathode for O2 flowing (Fig. 7). The soft-pack
cell was sandwiched between two Teflon plates to enable good
contact of the cell components. The Teflon-sandwiched cell was
then sealed in a plastic bottle filled with pure O2 for electro-
chemical tests (Fig. 7c). Fig. 7b shows the voltage profiles of the
soft-pack Li–O2 cell at 200 mA g�1 with a limited capacity of
1000 mA h g�1. Fig. 6c also shows that the soft-pack Li–O2 cell
powers light-emitting diodes (LED).

Fig. 5 XRD patterns of the Li anodes after the (a) first charge, (b) 20th charge, and (c) 50th charge with a limited capacity of 1000 mA h g�1 at 400 mA g�1.
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Conclusions

In summary, we designed a QSSE, which is composed of the
P(VDF-HFP)/PPC polymer matrix, the Li1.3Al0.3Ti1.7(PO4)3 inorganic

electrolyte additive, the LITFSI salt and the TEGDME/
PMIMTFSI hybrid plasticizer. The QSSE shows good flexibility,
satisfactory strength and acceptable room-temperature Li-ion
conductivity. The Li–O2 cell assembled with the QSSE shows
good cycling performance. The cell can maintain stable cycling
up to 196 cycles at 400 mA g�1 with a limited capacity of
1000 mA h g�1. In a full charge/discharge mode at 400 mA g�1

between 2 and 4.5 V, the cell can be cycled for 50 cycles with a
capacity over 1000 mA h g�1. The fluoride containing –CF3 group
which is in situ formed from the decomposition of PMIMTFSI
protects the Li anode from the reactions with TEGDME, bringing
about the long cycle life of the Li–O2 cells. This work provides a
promising design of quasi-solid state electrolytes compatible with
the Li anode.
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