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Abstract: The limited triple-phase boundaries (TPBs) in solid-
state cathodes (SSCs) and high resistance imposed by solid
electrolytes (SEs) make the achievement of high-performance
all-solid-state lithium-oxygen (ASS Li-O2) batteries a chal-
lenge. Herein, an adjustable-porosity plastic crystal electrolyte
(PCE) has been fabricated by employing a thermally induced
phase separation (TIPS) technique to overcome the above
tricky issues. The SSC produced through the in-situ introduc-
tion of the porous PCE on the surface of the active material,
facilitates the simultaneous transfer of Li+/e� , as well as
ensures fast flow of O2, forming continuous and abundant
TPBs. The high Li+ conductivity, softness, and adhesion of the
dense PCE significantly reduce the battery resistance to 115 W.
As a result, the ASS Li-O2 battery based on this adjustable-
porosity PCE exhibits superior performances with high
specific capacity (5963 mAhg�1), good rate capability, and
stable cycling life up to 130 cycles at 32 8C. This novel design
and exciting results could open a new avenue for ASS Li-O2

batteries.

Lithium-oxygen (Li-O2) batteries have been attracting
worldwide attention as a possible green alternative to current
commercial lithium-ion (Li-ion) batteries due to their ultra-
high theoretical energy density (3500 Whkg�1).[1] Instead of
the major problems, like evaporation, leakage, and flamma-
bility, encountered in conventional Li-O2 batteries with
organic electrolytes (OE), all-solid-state (ASS) Li-O2 batter-
ies with solid electrolytes (SEs) provide potential solutions to
conquer these.[2] Despite their good prospects, ASS Li-O2

batteries are still in their infancy and lots of scientific and
technological problems, like limited triple-phase boundaries

(TPBs) in the solid-state cathode (SSC), large resistance, and
poor stability of SEs, need to be solved.[3]

A typical ASS Li-O2 battery consists of a Li anode, a SE
and a SSC.[4] Being different from conventional cathodes,
SSCs in ASS Li-O2 batteries require a large number of TPBs
(Li+, e� , O2), serving as active sites, to facilitate the electro-
chemical reaction proceeding, thus it is necessary to introduce
the SE into the SSC.[5] Moreover, the diffusion of O2 demands
the SSC to be porous, while the transfer of Li+ requires the SE
inside the SSC to be in a continuous state. These two
conflicting requirements make the design of satisfactory SSCs
really a challenging task. At present, the main method for
constructing SSCs is to mix the SE and electronic conductor
by methods such as ball milling or sintering.[6] The TPBs
created by this method are very limited because the transfer
of Li+ and e� is discontinuous, and the diffusion of O2 is
hindered, which causes ASS Li-O2 batteries with low capacity
(< 4500 mAh g�1) and poor cycle life (� 10 cycles). Therefore,
the development of a facile and effective strategy to construct
a SSC with abundant TPBs to overcome all the above issues is
highly desired.

The commonly used SEs can be classified into two major
types, ceramic electrolytes (CEs) and polymer electrolytes
(PEs).[7] CEs, represented by Na+ superionic conductor and
garnet, have a high Young�s modulus and lithium-ion transfer
number.[8] Although the room temperature ionic conductivity
of some CEs can reach 10�3 S cm�1, their large thickness and
rigidness make the electrolyte resistance and interface
resistance against electrodes (> 103 W) too high to enable
a high-performance solid battery.[9] Poly(ethylene oxide)
(PEO) is the most widely studied PE due to its flexibility
and easy preparation. Unfortunately, its room temperature
ionic conductivity is poor (10�7 Scm�1), as a result, the PEO-
based batteries cannot operate at room temperature owing to
the large electrolyte resistance.[10] Current works address this
problem by increasing the battery operating temperature or
adding an OE wetting layer.[11] Although these methods are
effective to some extent, new security risks, high temperature
and OE, are introduced. To the best of our knowledge, no SE
has yet been able to enable a high-performance ASS Li-O2

battery at room temperature.
Considering that the structural disorder of plastic crystals

can lead to good plasticity and enhanced ion diffusivity,[12] the
plastic crystal electrolytes (PCEs), a mixture of lithium salts
and plastic crystals, have a strong ability to transfer Li+.
Therefore, succinonitrile (SN)-based PCE, a representative
PCE, with high room temperature ionic conductivity up to
10�3 Scm�1 has been successfully applied in ASS Li-ion
batteries, while its use in ASS Li-O2 batteries is rare.[13]

Conventionally, SN-based PCE has long been obtained by
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solvent evaporation or UV-curing method, wherein SN is
dissolved by solvent or heating and then solidified.[14] How-
ever, since only a uniform solution phase is formed in these
methods, the morphology of the obtained SN-based electro-
lyte is always dense, which cannot fulfill the requirements of
constructing abundant TPBs in ASS Li-O2 batteries. Thus, it is
challenging yet urgent to rationally introduce the SN-based
PCE into the ASS Li-O2 batteries according to local
conditions.

In this work, inspired by the fact that thermally induced
phase separation (TIPS) is a simple and controllable phase
separation process,[15] for the first time, we propose TIPS as
a novel porous membrane formation technique for the
construction of adjustable-porosity SN-based PCEs. On the
one hand, the in-situ introduction of porous SN-based
electrolyte on the surface of the carbon cathode enables
simultaneous Li+/e� transfer and fast diffusion of O2, con-
structing a SSC with abundant and continuous TPBs. On the
other hand, the resistance of the ASS Li-O2 battery has been
significantly reduced by adopting dense SN-based PCE due to
its fantastic Li+ conductivity, softness and adhesion. Thanks to
these advantages, the ASS Li-O2 batteries based on adjust-
able-porosity SN-based PCE show high discharge capacity,
superior rate performance, and long cycle life.

Figure 1a displays the synthesis process of the SN-based
PCE by TIPS with a composition of SN, lithium bis(trifluor-
omethanesulphonyl)imide (LiTFSI), poly(vinylidene fluo-
ride-hexafluoropropylene) (PVDF-HFP), and 2,6-di-tert-
butyl-4-methylphenol (BHT) (denoted as SLPB). The solvent
used is DMSO. The additions of PVDF-HFP and BHT are to
improve the poor mechanical strength and the antioxidant
ability of SN, respectively.[16] The detailed synthesis process is
as follows: First, all the raw materials are dissolved in DMSO
at 60 8C. Subsequently, the obtained solution is poured on
a glass plate and quenched at 30 8C. The temperature
discrepancy during this process will cause solid–liquid phase
separation. Finally, the SLPB is obtained after evaporating
the DMSO solvent. In the field of TIPS, the solution
concentration is a critical parameter that would greatly
influence the process of phase separation, then further

change the morphology of the membrane. Theoretically, the
number of pores on the obtained membrane is inversely
proportional to the solution concentration.[17] With this in
mind, different amounts of DMSO (2/3/4 mL) were used to
adjust the porosity of SLPB (denoted as SLPB2/3/4). As can
be seen from the SEM images in Figure 1b–d, the amount of
DMSO significantly influences the morphology and porosity
of SLPB. The SLPB becomes more and more porous with the
increase of DMSO amount and the porosity of SLPB2/3/4 is
0.61%, 20.76% and 46.25%, respectively, which is consistent
with the theory prediction.

As indicated in Figure 2a, although the porosities of
SLPB2-4 are different, their phases are almost identical,
indicating that the amount of DMSO does not change the
composition of SLPB and only adjusts the porosity. Since the
Li+ conduction in electrolyte is achieved by the continuous
transfer of Li+, the porosity of SLPB will affect its ionic
conductivity. As shown in Figure 2b and Figure S1 in the
Supporting Information, even with the significant increase of
porosity from 0.61 % to 46.25%, the ionic conductivity of
SLPB experiences a slight decrease from 3.87 � 10�4 S cm�1 to
2.43 � 10�4 S cm�1, revealing that the existence of a large
amount of pores in SLPB will not cut off the continuous
transfer properties of Li+, demonstrating the advantage of the
designed SLPB. Due to the highest ionic conductivity, SLPB2
was selected for detailed characterization. Since the mechan-
ical characters of SE are critical to form close interface
contact against electrodes, the Young�s modulus and adhesion
property of SLPB2 have been tested by AFM.[18] PEO

Figure 1. a) Schematic illustration of the preparation of SLPB. SEM
images of b) SLPB2, c) SLPB3, and d) SLPB4.

Figure 2. a) XRD patterns and b) ionic conductivity of SLPB.
c) Young’s modulus and d) adhesion mappings of SLPB2. e) Specific
values of the Young’s modulus and the adhesion of PEO and SLPB2.
f) Resistance values of symmetric LiF-Li/LiF-Li batteries with LATP,
PEO, and SLPB2.

Angewandte
ChemieCommunications

9383Angew. Chem. Int. Ed. 2020, 59, 9382 –9387 � 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


(Figure S2), as a representative flexible PE, has also been
tested for comparison. It is clear that the Young�s modulus of
SLPB2 is much lower than that of PEO (Figure 2c and
Figure S3 a), which means the SLPB2 is substantially softer
than PEO. Even with high softness, the SLPB2 can still form
a free-standing membrane with excellent bendability (Fig-
ure S4). As indicated in Figure 2d and Figure S3b, the SLPB2
exhibits a stronger adhesion than that of PEO. To more
clearly observe the difference between SLPB2 and PEO, the
specific values of modulus and adhesion are given in Fig-
ure 2e. The Young�s modulus of SLPB2 is 9-fold lower than
that of PEO (72.31 vs. 752.63 MPa), while, the adhesion of
SLPB2 is about 4-fold higher than that of PEO (130.14 nN vs.
34.22 nN). The high softness and firm adhesion of SLPB2 are
beneficial to form tight interface contact and decrease
interface resistance.

In order to confirm the ability of the SLPB2 in decreasing
the interface resistance, electrochemical impedance spectra
(EIS) tests of symmetric LiF-protected Li/LiF-protected Li
(LiF-Li/LiF-Li) batteries with Li1.3Al0.3Ti1.7(PO4)3 (LATP),
PEO and SLPB2 electrolytes were performed. LATP (Fig-
ure S5), as a representative CE, was tested as another control
sample for its wide applications in solid-state batteries.
Instead of Li, LiF-Li was used to construct the symmetric
cells due to its excellent stability against electrolyte (Figur-
es S6 and S7).[19] In contrast to batteries with LATP and PEO,
the SLPB2-based battery shows the smallest resistance (Fig-
ure S8 and Table S1). Although the ionic conductivity of
SLPB2 is just slightly higher than that of LATP (Figure S9
and Table S2), the electrolyte resistance and interface resist-
ance of SLPB2 are both much lower than those of LATP
(Figure 2 f) because SLPB2 is thin and soft while LATP is
thick and rigid. For PEO, the poor ionic conductivity makes it
exhibit the highest electrolyte resistance. While the flexibility
of PEO enables a smaller interface resistance than that of
LATP, it is still more than 100-fold higher than that of SLPB2.
The smallest electrolyte and interface resistances of the
SLPB2-based battery can be attributed to the opportune
thickness, conductive ionic passways, softness, and adhesion
of SLPB2.

Inspired by the above advantages, it is very promising to
introduce SLPB into ASS Li-O2 batteries to solve the
problems of conventional ASS Li-O2 batteries. As depicted
in Figure 3a, taking conventional ASS Li-O2 batteries with
CE as an example, the interface contacts at both the anode
and the SSC sides are poor because of the relatively stiff CE,
resulting in a large interface resistance.[6b,c] Furthermore, the
resistance of the CE itself cannot be ignored.[6a] All this makes
the CE based ASS Li-O2 batteries exhibit a large resistance.
For the commonly used SSC in conventional ASS Li-O2

batteries, the contact between Li+ conductor and e� con-
ductor is almost point-to-point, and O2 cannot diffuse
sufficiently due to the lack of reasonably designed gas
diffusion channels, so the TPBs in the SSCs of conventional
ASS Li-O2 batteries are very limited. In contrast, our design
for an ASS Li-O2 battery based on adjustable-porosity SLPB
can simultaneously resolve the above issues. The dense SLPB
electrolyte layer can deliver high Li+ conductivity and enable
close contact with electrodes (Figure 3b), achieving low cell

resistance. The SSCs prepared by in-situ introducing SLPB2/
3/4 into Ru-carbon nanotubes (Ru-CNTs) (Figure S10) cath-
odes (denoted as SLPBC2/3/4) realize simultaneous transfer
of Li+/e� and leave abundant pores to allow sufficient and
quick flow of O2 to form abundant TPBs. The simultaneous
solution of the problems of high resistance and limited TPBs
in conventional ASS Li-O2 batteries by this ingenious design
is promising to significantly improve the performance of ASS
Li-O2 batteries.

The above hypothesis can be checked by constructing ASS
Li-O2 batteries to test battery capabilities. To find the best
SLPBC, discharge test was performed on SLPBC2/3/4
prepared by dripping different amounts of SLPB2/3/4 on
Ru-CNTs cathodes. As shown in Figures S11–S13, for all the
three SLPBC2-4, the addition of 80 mL of SLPB makes the
ASS Li-O2 batteries exhibit the largest discharge capacities.
Therefore, in the following tests, 80 mL of SLPB was used in
the preparation process of SLPBC. With these optimized
SLPBC, the SLPBC3- and SLPBC4-based ASS Li-O2 bat-
teries deliver higher discharge capacities than that of SLPBC2
(5963 and 4924 vs. 2859 mAhg�1, respectively), indicating that
the structure of cathode has a significant influence on the
discharge capacity. SEM was then used to observe the
morphology of SLPBC. As displayed in Figure 4a–c, different
from the dense structure of SLPBC2, both SLPBC3 and
SLPBC4 exhibit porous configurations. The dense SLPBC2
with finite pores could impede O2 transfer and only create
limited TPBs, thus causing low discharge capacity. In sharp
contrast, the numerous pores in SLPBC3 facilitate O2 trans-
fer, which is beneficial for producing abundant TPBs, to
achieve high discharge capacity. Similarly, abundant TPBs can
be created by the porous SLPBC4, but its relatively low ionic
conductivity results in lower discharge capacity than that of
SPLBC3, revealing that the porous architecture and the high
ionic conductivity of SLPBC are both dispensable for
delivering a large discharge capacity.

Apart from capacity, the rate capability of ASS Li-O2

batteries is also closely related with the properties of SLPBC.
Figure 4d displays the full discharge curves of ASS Li-O2

batteries with SLPBC3 at various current densities. When the
current density is increased from 200 mA g�1 to 500 mA g�1,

Figure 3. Schematic illustration of a) the conventional ASS Li-O2 bat-
tery with CE and b) the ASS Li-O2 battery with adjustable-porosity
SLPB.
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the discharge voltage platform keeps stable, and the discharge
capacity only slightly decreases. It is worth noting that the
ASS Li-O2 battery with SLPBC3 has the highest discharge
capacity compared with other reported works at any current
densities (Figure 4e). Even using pure CNTs as the cathode,
the ASS Li-O2 battery still exhibits a high discharge capacity
above 5000 mAhg�1 (Figure S14), around 1000 mAh g�1

lower than that of the ASS Li-O2 battery with Ru-CNTs
cathode, indicating that the TPBs rather than the catalyst play
a more important role on the discharge capacity. Further-
more, the SLPBC3 based ASS Li-O2 battery exhibits a resist-
ance of only 115 W at 32 8C, the smallest value reported to
date in this field, much smaller than the resistances of above
103 W at room temperature and circa 360 W at 80 8C for
reported ASS Li-O2 batteries (Figure S15 and Table S3).[10a]

Furthermore, the resistance of ASS Li-O2 battery with
SLPBC3 is comparable to that of the Li-O2 battery with
OE. To observe the influence of TPBs on rate performance,
the discharge voltage platforms of ASS Li-O2 batteries with
SLPBC2/3/4 at different current densities were checked. As
shown in Figure 4 f, the discharge voltage plateau of SLPBC3
is always higher than that of SLPBC4 and exhibits the
smallest polarization alteration even with the rapid change of
current density for every 200 mAh g�1. The high ionic

conductivity of SLPBC2 makes it show the highest voltage
platform at the beginning of the discharge. However, as the
discharge progresses, the limited TPBs induced by its dense
structure quickly deteriorate the rate performance, even
poorer than that of SLPBC4. It should be noted that the
achieved superior capacity and rate performance of SLPBC3
based ASS Li-O2 battery can be attributed to the following
advantages: 1) The high ionic conductive, soft, and sticky
SLPB2 endows an ultra-low resistance for ASS Li-O2 battery,
ensuring low polarization during discharge/charge and 2) the
continuous and abundant TPBs in SLPBC3 provide ample
active sites for the electrochemical reaction, which are helpful
to increase discharge capacity and achieve good rate perfor-
mance.

Another significant feature of the ASS Li-O2 battery with
SLPBC3 is the cycling stability. Figure 4g presents the
terminal voltage versus cycle number profiles of ASS Li-O2

batteries with SLPBC2/3/4 cycled at 200 mAg�1 with a fixed
capacity of 500 mAh g�1. The SLPBC3-based ASS Li-O2

battery can realize 130 stable cycles before reaching the cut
off voltage of 2 V, which is the longest cycle life of ASS Li-O2

battery ever reported (Table S4). In contrast, the discharge
terminal voltages of the SLPBC2- and SLPBC4-based
batteries degrade to 2 V only after 77 and 94 cycles,
respectively. The SLPBC3-based ASS Li-O2 battery also
shows the lowest discharge–charge overpotential than those
of SLPBC2- and SLPBC4-based batteries (Figure S16). These
results confirm that the presence of continuous and abundant
TPBs is vital for the long-term stability of ASS Li-O2

batteries. Notably, the cycle life of ASS Li-O2 battery with
SLPBC3 can even be comparable to that of Li-O2 battery with
OE (130 vs. 151 cycles). Moreover, with the increase of
current density to 500 mA g�1, the ASS Li-O2 battery with
SLPBC3 can still run stable for up to 107 cycles (Figure 4 h),
further certifying its superior rate capability. Even increased
the cycling capacity to 1000 mAh g�1 (Figure 4 i), the ASS Li-
O2 battery with SLPBC3 shows better cycle life compared
with other reported works at both 200 and 500 mAg�1.

In order to understand the formation–decomposition
processes of the discharge products in ASS Li-O2 batteries,
the evolution of cathode was observed by SEM. As presented
in Figure 5a, after the first discharge, spherical or toroid-like
discharge products with sizes of hundreds of nanometers
distribute along the Ru-CNTs. After subsequent recharge, the
discharge products disappear (Figure 5b), and the surface of
the Ru-CNTs becomes clear to its pristine state (Figure S17),
indicating the complete decomposition of the discharge
products. The phase of the discharge product was character-
ized by XRD. As shown in Figure 5c, except the peaks
corresponding to Ru-CNTs, all the other peaks of the
discharged cathode can be ascribed to Li2O2, and it disappears
completely after recharging. The above results indicate that
the ASS Li-O2 batteries with SLPC3 follow the typical Li2O2

formation–decomposition pathway like OE-based Li-O2

batteries and permit the electrochemical reactions to proceed
in a highly reversible manner.[13e]

Despite the superior cycling performance of the ASS Li-
O2 battery with SLPBC3, it still fails after 130 cycles. To unveil
the hidden reasons, XRD, Raman spectroscopy, and SEM

Figure 4. SEM images of a) SLPBC2, b) SLPBC3, and c) SLPBC4.
d) Full discharge curves of ASS Li-O2 batteries with SLPBC3 at various
current densities. e) Comparison of the discharge capacities of
SLPBC3 based batteries with some previously reported ASS Li-O2

batteries. f) Rate performance of ASS Li-O2 batteries with different
SLPBC. g) Cycle life of ASS Li-O2 batteries with different SLPBC at
a current density of 200 mAg�1 with a fixed capacity of 500 mAhg�1.
Cycle life of ASS Li-O2 batteries with SLPBC3 at different current
densities with fixed capacities of h) 500 mAhg�1 and i) 1000 mAhg�1.
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have been employed to analyze the cycled SLPBC3 because
side products are easily accumulated there.[20] According to
XRD patterns, the side product on the cycled SLPBC3 can be
identified as Li2CO3 (Figure 5d), which can be further
confirmed by the appearance of Li2CO3 peak at 1090 cm�1

in the Raman spectra of the cycled SLPBC3 (Figure S18).[21]

In addition, the SEM image clearly shows that the clean
network of the pristine SLPBC3 is absolutely covered by
Li2CO3 after the battery failed (Figure 5e). These results
suggest that the accumulated Li2CO3 on the SLPBC3 is
responsible for the death of ASS Li-O2 battery. Apart from
the formation of Li2CO3 byproduct, the instability of SLPBC3
is also observed. The fresh SLPBC3 is white (Figure S19),
however, it turns brown after cycling (inset of Figure 5e). In
consideration of the strong oxidation environment in Li-O2

batteries, the stability of SLPB towards the highly reactive
reduced oxygen species (O2

2� and O2
�) has been checked. As

indicated in Figure S20a, with the addition of pale-yellow
KO2, the transparent and colorless SN changes to a black
solution, while the addition of white Li2O2 to SN just get
a white solution without any O2

2�-induced color change. It can
be concluded that SN is stable with O2

2�, but unstable with
O2
� . In the presence of BHT, the solution of SN is pale-yellow

after adding KO2, indicating that BHT can improve the
stability of SLPB towards O2

� (Figure S20b). Regrettably, the
color of the solution turns from pale-yellow to brown when
extending the test time (Figure S20c). Therefore, BHT can
only alleviate the decomposition of SN to a certain extent.
Based on these results, the accumulation of Li2CO3 together

with the O2
�-induced decomposition of SLPB causes battery

failure. To further verify this, the ASS Li-O2 battery after
running for 130 cycles is reassembled with a fresh SLPBC3
into a new battery (Figure 5 f). The reassembled battery runs
for another 59 cycles with almost the same terminal discharge
voltage as the original battery, which indicates that solving the
stability issue of cathodes and SEs is necessary for further
improving the performance of ASS Li-O2 batteries.

In summary, an adjustable-porosity PCE with features of
high ionic conductivity, excellent softness and adhesion has
been prepared for the first time with the help of a simple and
easily controllable TIPS method. When using dense PCE as
SE and in-situ introducing porous PCE on the cathode
surface, the serious issues of large resistance and limited TPBs
for ASS Li-O2 batteries are successfully solved. As a result,
the ASS Li-O2 battery exhibits promising performance,
including ultra-low resistance, large capacity, good rate
capability, and long cycle life. This appealing adjustable-
porosity electrolyte preparation technology as well as the
excellent electrochemical results lead to a new avenue for the
development of ASS Li-O2 batteries.
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