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ABSTRACT: Li−O2 battery is a promising rechargeable battery candidate due to its
ultrahigh theoretical energy density. However, safety issues and poor cycling stability of Li−
O2 batteries caused by the formation of Li dendrites and the use of organic liquid
electrolytes inhibit their practical applications. Here, we propose a hybrid solid electrolyte
composed of three-dimensional (3D) porous garnet microstructure (PSSE) infused with gel
polymer electrolyte (GPE) (PSSE/GPE) to enhance the safety and cycling stability of Li−
O2 batteries. In this hybrid solid electrolyte, the 3D garnet microstructure serves as a rigid
backbone to suppress Li dendrites, while the consecutive GPE in PSSE serves as an ionic
highway, ensuring a high ionic conductivity (1.06 × 10−3 S cm−1) in the bulk. Besides, the hybrid electrolyte offers the ability to
block O2 crossover and maintain good compatibility with Li metal anode and advanced air electrode. As a result, the cycle life of Li
symmetric cell is dramatically improved almost 60 times (6000 h, 250 days) by replacing GPE with PSSE/GPE. The Li−O2 battery
based on PSSE/GPE shows a long cycle life of 194 cycles with a high cycling capacity of 1250 mA h g−1. The present study
demonstrates a novel class of hybrid solid electrolyte for high-performance solid-state Li−O2 batteries.

■ INTRODUCTION

Safe and high-energy-density rechargeable batteries are highly
desired for meeting the ever-increasing demand for energy
storage.1−3 Li−O2 batteries featuring the highest theoretical
energy density of 3500 W h kg−1 have attracted considerable
attention.4−7 However, the safety issues and poor cycling
stability of Li−O2 batteries, caused by the Li dendrite growth
and the use of organic liquid electrolyte (LEs), inhibit their
practical applications.8−11 The undesired formation of Li
dendrites on the Li metal anode surface and continuous side
reactions between dendritic Li and LEs can result in low
Coulombic efficiency and poor cycling stability.12−15 Addi-
tionally, accumulated Li dendrites can penetrate the separator
and short-circuit the cell, leading to hazards of thermal
runaway and explosion accidents.16−19 In an open system of
Li−O2 batteries, the use of LEs even causes additional issues
such as solvent evaporation, leakage, and flammability.20−23 To
address these issues and construct safer Li−O2 batteries,
replacing the organic LEs with solid-state electrolytes (SSEs) is
regarded as an ideal approach to solving safety concerns of Li
metal anodes, meanwhile avoiding the evaporation, leakage,
and flammability of organic LEs.24−27

Among SSE candidates, polymer-based SSEs feature the
advantages of processability and flexibility for wearable
electronics, but the low ionic conductivity at room temperature
alternatively requires operation at an elevated temperature.
Unfortunately, the elevated operating temperature will
aggravate the side reactions between polymer and discharge
products of Li−O2 batteries.

28−30 Although sulfide SSEs have

comparable ionic conductivity to LEs, the poor stabilities
against Li metal and in air severely limit their feasibility in Li−
O2 batteries and not to mention Li−air batteries.31 Oxide SSEs
can be one of the most promising SSEs for solid Li−O2
batteries because of their high electrochemical stability, good
chemical stability in air, and excellent mechanical
strength.12,32−34 Oxide SSEs are also attractive for their high
shear modulus that afford the exceptional capability to
suppress Li dendrites and eliminate consequent short
circuits.35−37 Particularly, the garnet-type oxide SSEs possess
good stability against Li metal.38,39 But the relatively low ionic
conductivity and large interfacial resistance between SSEs and
electrodes often lead to severe polarization of batteries.40,41

These drawbacks can be even worse for Li−O2 batteries, which
intrinsically feature sluggish electrochemical dynamics due to
the unique triphase reaction.42−44 Therefore, simultaneously
achieving high ionic conductivity and good interfacial contact
with electrodes is key to build oxide SSE-based Li−O2
batteries.45,46

Herein, a hybrid solid electrolyte consisting of three-
dimensional (3D) porous garnet microstructure (PSSE) with
infused gel polymer electrolyte (GPE) (PSSE/GPE) is
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proposed for Li−O2 batteries. The Li metal symmetric cell
using this hybrid electrolyte exhibited excellent cycling
stability, with almost 60 times longer plating/stripping
duration than using pure GPE. In addition, Li−O2 batteries
based on this hybrid electrolyte showed a long cycle life of 194
cycles with a high limited capacity of 1250 mA h g−1,
corresponding to an operating duration of over 1500 h. The
outstanding electrochemical performance is attributed to the
unique structure of 3D garnet microstructure hybridizing with
GPE, which can suppress Li dendrites, enable good interfacial
contact, and have high ionic conductivity.

■ RESULTS AND DISCUSSION
The synthesis process of the hybrid electrolyte is schematically
illustrated in Figure 1. First, the Li6.4La3Zr1.4Ta0.6O12

(LLZTO)-based porous SSE (PSSE) was prepared by a
template-assisted sintering method, where poly(methyl meth-
acrylate) (PMMA) nanospheres were used as the templates for
creating pores. Subsequently, a homogeneous solution of
tetraethylene glycol dimethyl ether (TEGDME), LiClO4 salt,
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP), and acetone was infused into the PSSE framework.
After drying, the PSSE/GPE hybrid electrolyte was obtained.
To be fair, a dense solid-state electrolyte (DSSE) following the
traditional sintering method and a pure GPE by solution
casting were also prepared for comparison. As shown in Figure
S1, the as-prepared GPE is free-standing and flexible.
The morphology and structure of the as-prepared PSSE and

hybrid PSSE/GPE were investigated by scanning electron
microscopy (SEM). As shown in Figure 2a−c, the as-prepared
PSSE featured interconnected porous structure, with pore sizes
ranging from 10 to 100 μm. The high-magnification SEM
image shows that the framework was constructed with uniform
LLZTO particles (ca. 5 μm, Figure S2). In addition to the
micron-sized pores, nanosized pores close to the particle size of

PMMA template (300 nm, Figure S3) were present in the
framework, forming a hierarchically porous structure in the
PSSE. This further improved the continuity of interconnected
channels in PSSE. The high porosity of 69.2% of the PSSE
enabled a high filling proportion of GPE with good continuity.
As shown in Figures 2d,e and S4, most of the micro- and
nanopores of PSSE were filled with GPE after infusion. The
filling can potentially block O2 crossover for Li−O2 batteries.
The high-magnification SEM image shows that the PSSE
framework maintained intimate contact with the GPE,
ensuring fast Li-ion transport between PSSE and GPE. Li-ion
transport through the whole matrix of the hybrid electrolyte,
not limited to either PSSE or GPE phase, becomes possible,
which is beneficial to high ionic conductivity. As shown in
Figure 2f, the consecutive GPE featuring high ionic
conductivity serves as “sailing paths” for rapid and massive
Li-ion transportation, while the PSSE framework featuring a
moderate ionic conductivity offers “hiking paths” for additional
Li-ion supply to complete the sophisticated paths for Li-ion
transport and ultimately high ionic conductivity. The ionic
conductivity of the PSSE/GPE hybrid electrolyte was tested as
shown in Figures S5 and S6. It is determined as 1.06 × 10−3 S
cm−1, which is comparable to that of the pure GPE (3.48 ×
10−3 S cm−1) and 4 times higher than that of pure DSSE
electrolyte (2.0 × 10−4 S cm−1). The critical current density of
PSSE/GPE was tested with a limited capacity of 0.2 mA h
cm−2. As shown in Figure S7, the voltage profiles of Li
symmetric battery with PSSE/GPE keep good shapes before
the current density increase up to 1.6 mA cm−2. When the
current density increases to 1.6 mA cm−2, the voltage increases
sharply. And the voltage exceeds the limit at the current
density of 3.2 mA cm−2.
The electrochemical properties of the PSSE/GPE hybrid

electrolyte were investigated by electrochemical impedance
spectroscopy (EIS) and galvanostatic discharge/charge tests.
As shown in Figure 3a, the Li metal symmetric cell with PSSE/
GPE showed a similar charge transfer resistance to the cell with
pure GPE, which suggests that flooded GPE layers on the
outer surface PSSE/GPE effectively ensured good interfacial
contact (Figure S4). The long-term cycling stability of the Li
metal symmetric cells was tested with a limited capacity of 0.2
mA h cm−2 at a current density of 0.1 mA cm−2. As shown in
Figure 3b, the cell with pure GPE exhibited an obvious
increase in overpotential upon cycling and soon short-circuited
in 100 h. In sharp contrast, the cell with PSSE/GPE showed

Figure 1. Schematic illustration for the synthesis of PSSE/GPE.

Figure 2. (a−c) SEM images of the as-prepared PSSE. (d, e) SEM images of the as-prepared PSSE/GPE. (f) Schematic illustration for the Li-ion
transportation in PSSE/GPE.
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excellent cycling stability over 6000 h. In other words, the cycle
life of Li symmetric cell is dramatically improved almost 60
times by replacing the GPE with this hybrid electrolyte. Taking
a closer look into discharge/charge profiles, the GPE and
PSSE/GPE cells exhibited similar overpotentials in the first
cycle, confirming the high ionic conductivity and low
interfacial resistance of PSSE/GPE (Figure 3c). While the
overpotential of the GPE cell obviously enlarged and became
fluctuating at the 20th cycle (Figure 3d), the PSSE/GPE cell
maintained highly stable profiles over 1200 cycles, demonstrat-
ing excellent cycling stability. (Figures 3d,e, and S8). To
further confirm the stability of Li metal symmetric cell with
PSSE/GPE, the EIS test was conducted during the cycling
process. As shown in Figure S9, the EIS impedances of cell at
different cycles kept stable, and the voltage profiles were
matched with voltage values calculated by multiplying the EIS
impedance and current (0.0712 mA, current density: 0.1 mA
cm−2, area: 0.712 cm−2), indicating good stability. The Li
metal surface after cycling was investigated by SEM. As shown
in Figure S10a−c, after cycling for 25 cycles, the Li metal
anode with PSSE/GPE electrolyte showed a relatively flat
surface without exfoliated particles. In sharp contrast, Figure
S10d−f shows a lot of large particles on the surface of Li metal
with GPE electrolyte. These were dead Li formed during
cycling. The accumulation of dead Li on Li metal anode
surface with GPE caused the polarization of battery, which is
consistent with the electrochemical performance of Li metal
symmetric cell.
To further highlight the rationalities and advantages of the

PSSE/GPE design, electrolytes consisting of either pure DSSE
or DSSE/GPE hybrid electrolyte were prepared and compared.
As shown in Figure S11, the DSSE features a dense structure.
As shown in Figure S12, the Li metal symmetric cell with
DSSE showed a huge charge transfer resistance due to the bad
interfacial contact.47 By modifying the DSSE surface with GPE,
significant interfacial contact enhancement was demonstrated
by the obvious decrease in charge transfer resistance.
Unfortunately, the Li metal symmetric cell with DSSE/GPE
still encountered a short circuit after 320 h of cycling (Figure
S13). The occurrence of short circuits with DSSE may be

attributed to the formation of Li dendrites along the grain
boundary of LLZTO particles, which may be caused by its high
electronic conductivity.48 Compared with DSSE, the infused
GPE in PSSE/GPE features low electronic conductivity that
can effectively avoid the combination between Li ions and
electrons at the grain boundary of LLZTO. Compared with
GPE, 3D porous garnet microstructure in PSSE/GPE features
great mechanical properties so that it can serve as a rigid
backbone to suppress Li dendrites. Based on the advantages of
high ionic conductivity, low interfacial resistance, and effective
Li dendrite suppression, the hybrid electrolyte of PSSE/GPE is
promising for safe and long-life Li−O2 batteries.
For constructing a high-performance Li−O2 battery, the

compatibility of the designed PSSE/GPE with an advanced air
electrode needs to be evaluated. In this study, a composite film
of carbon nanotubes (CNTs) and Mn3O4 nanowires with
RuO2 nanoparticles was fabricated as an efficient air electrode
featuring high porosity, high conductivity, and excellent
catalytic activity.49 As shown in Figure 4, the Mn3O4 nanowires
served as the mechanical framework to support the porous
structure; CNTs twined in the framework as electronic

Figure 3. (a) Nyquist plots of the Li metal symmetric cells with GPE and PSSE/GPE, respectively. (b) Cycling stability of Li metal symmetric cell
with GPE and PSSE/GPE, respectively, with a limited capacity of 0.2 mA h cm−2 at a current density of 0.1 mA cm−2. The corresponding
discharge/charge profiles at the (c) 1st cycle and (d) 20th cycle. (e) Discharge/charge profiles at the 100th, 300th, 600th, 900th, and 1200th cycles
of the PSSE/GPE cell.

Figure 4. (a, b) SEM images of the as-made CNT/Mn3O4−RuO2 air
electrode; the inset is the transmission electron microscopy (TEM)
image of CNT/Mn3O4−RuO2 air electrode. SEM images of the air
electrode after (c) full discharge and (d) recharge.
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conductors for fast electron transfer, and RuO2 nanoparticles
were deposited uniformly on the composite film by atomic
layer deposition (ALD) as high-efficiency catalysts for
accelerating the decomposition of the discharge product. The
energy-dispersive X-ray spectroscopy (EDX) elemental map-
pings shown in Figure S14 confirmed the uniform distribution
of CNTs, Mn3O4 nanowires, and RuO2 nanoparticles in the
composite air electrode. The particle size of RuO2 is about 2
nm.
Li−O2 batteries using the efficient composite air electrode

and the proposed PSSE/GPE were evaluated by galvanostatic
discharge/charge cycling tests. As shown in Figure 5a, the Li−
O2 battery delivered a high initial discharge specific capacity of
7540 mA h g−1 at a current density of 312.5 mA g−1.
Subsequently, the battery can be fully charged to the capacity.
As shown in Figure 4c, after discharging, the air electrode was
completely covered by the discharge products. After charging,
the discharge products disappeared, recovering the original
structure of the air electrode (Figure 4d). The excellent
catalytic capacity of the advanced air electrode and
compatibility with the PSSE/GPE were demonstrated. With
a limited capacity of 1250 mA h g−1 at a current density of
312.5 mA g−1, the Li−O2 battery exhibited a stable and low
overpotential (Figure 5b). The cycling stability was tested with
this high capacity of 1250 mA h g−1 per cycle at a current
density of 312.5 mA g−1 (Figure 5c). The Li−O2 battery with
PSSE/GPE showed a long cycling life up to 194 cycles without
capacity decay. The Li−O2 battery with pure GPE only
sustained for 31 cycles. The corresponding discharge/charge
profiles also confirmed the stable cycling performance and long
cycle life of more than 1500 h for the Li−O2 battery with

PPSE/GPE (Figure 5d−g). Comparing the electrochemical
performance of this work with the work previously reported in
the literature (Table S1), it is noted that the performance of
the battery in this work was comparable to the best
performance of the Li−O2 batteries with hybrid solid-state
electrolytes. These encouraging results proved the versatile
advantages of PSSE/GPE as an electrolyte for solid-state Li
metal batteries, especially Li−O2 battery, in terms of the high
ionic conductivity, good interfacial contact, and effective
suppression for Li dendrites.
The comprehensive effects of the PSSE/GPE hybrid

electrolyte, pure GPE, LE, and DSSE in Li−O2 batteries are
schematically compared in Figure 6. The effects are generally
in terms of Li-ion conductivity, interfacial contact, O2

crossover prevention, and Li dendrite suppression. It should
be noted that, in the PSSE/GPE hybrid electrolyte, the PSSE

Figure 5. (a) Initial discharge/charge curves of Li−O2 battery with PSSE/GPE at a current density of 312.5 mA g−1. (b) Discharge/charge curves
of a PSSE/GPE-based Li−O2 battery with a capacity of 1250 mA h g−1 at a current density of 312.5 mA g−1. (c) Cycling stability of Li−O2 batteries
with GPE and PSSE/GPE, respectively, with a limited capacity of 1250 mA h g−1 at a current density of 312.5 mA g−1. (d) The corresponding
discharge/charge profiles during the cycling performance test. The discharge/charge profiles of Li−O2 batteries with GPE and PSSE/GPE at the
(e) 1st cycle, (f) 32nd cycle, and (g) 150th cycle.

Figure 6. Schematic comparison of the effects of various electrolytes
in Li−O2 batteries.
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backbone is flooded with GPE, presenting GPE features on the
outer surface to ensure good contact with electrodes. The GPE
buffer layers effectively decrease the interface resistance.50,51 As
the porous backbone is infused with GPE, both the continuous
GPE and the interconnected PSSE structure are Li-ion-
conductive, delivering an overall high ionic conductivity.
Moreover, the combination of the GPE filling and dense
GPE layer on the outer surface can block the O2 crossover to
the Li metal anode, avoiding the Li corrosion.52,53 In addition,
considering compatibility with the Li metal anode, the PSSE
backbone acted as the rigid component to mechanically
suppress Li dendrite growths. By contrast, the single-
component electrolytes experience individual shortcomings.
For instance, pure GPE has poor mechanical strength that
cannot suppress Li dendrites.54−56 LE can neither suppress Li
dendrites nor block O2 crossover. Furthermore, the problem-
atic LE can easily evaporate and leak.57,58 The rigid property of
DSSE leads to interfacial contact issues with the electrodes.59,60

Although DSSE features good mechanical strength to be able
to suppress Li dendrites, LLZTO-based electrolytes still suffer
from the problem that Li dendrites go through the pellet along
the grain boundary of electrolyte particles. The reason for the
formation of Li dendrites in LLZTO pellet may be due to its
high electronic conductivity and still some pores inside
LLZTO pellet.61 Overall, the designed PSSE/GPE hybrid
electrolyte possesses comprehensive advantages over other
electrolytes for Li−O2 battery.

■ CONCLUSIONS

In summary, we have successfully developed a PSSE/GPE
hybrid solid electrolyte with gel polymer electrolyte infused in
a 3D garnet microstructure for high-performance Li−O2
batteries. The 3D garnet microstructure acted as a rigid
component for mechanical support and Li dendrite suppres-
sion, while the continuous GPE in the 3D framework ensured a
high ionic conductivity (1.06 × 10−3 S cm−1) and overall
compactness for blocking O2 crossover. The flooded GPE on
the outer surface of PSSE/GPE served as buffer layers for small
interfacial resistance with electrodes. Benefiting from these
combined merits, the Li metal symmetric cell with this hybrid
electrolyte exhibited a significantly improved cycling stability
(more than 6000 h, 250 days) with low overpotential; the
demonstrating Li−O2 battery delivered excellent cycling
performance with a long cycling life of 194 cycles at a high
cycling specific capacity of 1250 mA h g−1. The present study
reveals a novel class of hybrid solid electrolytes that offers an
opportunity for advanced solid-state Li−O2 batteries.

■ EXPERIMENTAL SECTION
Materials Synthesis. The pure GPE was prepared by a solution

casting method. Typically, the mixed solution of PVDF-HFP polymer
(0.6 g, Mw: 400 000), TEGDME solvent (1.6 g), and LiClO4 salt
(0.43 g) dissolved in acetone (20 mL) was prepared by vigorously
stirring overnight. Then, the solution was cast in a poly-
(tetrafluoroethylene) (PTFE) dish and dried at room temperature
for 3 days to remove acetone solvent, yielding the GPE. PSSE pellets
were made by a template-assisted method. LLZTO (CAS Shanghai,
China) powders (70 wt %) and PMMA templates (30 wt %) were
mixed and ground with poly(vinyl butyral) (PVB) as the binder
before pressed into pellets at 250 MPa. The as-obtained pellets were
sintered at 450 °C for 2 h and followed by 1150 °C for 8 h. The DSSE
pellets were made under the same conditions in the absence of
PMMA templates. The hybrid electrolyte of PSSE/GPE was made by

immersing the PSSE pellet in the mixed solution for making GPE
(with acetone). After drying, the PSSE/GPE was yielded.

Materials Characterization. The morphology, structure, and
composition of the hybrid electrolyte and air electrode were
characterized by SEM (Hitachi S-4800 and Hitachi S-3400), TEM
(FEI TF30), Raman (HORIBA Scientific LabRAM HR), and X-ray
diffraction (XRD) (D/Max-III-type, Cu K α X-ray source).

Electrochemical Measurements. The CNT−Mn3O4−RuO2 air
electrode was prepared as our previous report.49 The as-made CNT−
Mn3O4−RuO2 was free-standing and used as the air electrode directly.
The ionic conductivity of GPE and PSSE/GPE was evaluated by
conducting the EIS test on the cell sandwiched with two stainless steel
electrodes (Figure S5a). The ionic conductivity of DSSE electrolyte
membrane (pellet) was evaluated by sputtering gold on both surfaces
of LLZTO pellets as the current collector (Figure S5b). The PSSE/
GPE hybrid electrolyte served as both electrolyte and separator in the
solid-state Li metal symmetric cells and Li−O2 batteries. All cells were
assembled in an argon-filled glovebox (O2 <0.1 ppm and H2O <0.1
ppm). The electrochemical performance of Li−O2 batteries was
evaluated by assembling Swagelok-type cells and tested on the Arbin
battery testing system in 1 atm O2. The specific capacity of Li−O2
batteries was calculated based on the mass of carbon. The EIS tests
were performed on a Bio-Logic electrochemical workstation at open-
circuit potential.
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