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electrolytes, Li dendrite growth, and Li 
corrosion by the dissolved oxygen and 
moisture still remain to be addressed 
by a simple way.[4–7] Replacing the liquid 
electrolyte with solid one to build solid-
state lithium–oxygen batteries (SSLOBs) 
is expected to solve these challenges, 
because the solid electrolytes (SEs) pos-
sess some particular merits that the liquid 
electrolyte does not easily have, like the 
ability of flame retardant, protecting the Li 
metal anode from oxygen/moisture attack, 
and suppressing the growth of lithium 
dendrites.[8–12] However, the use of SEs 
would encounter new issues, such as the 
low ionic conductivity of SEs at room tem-
perature, poor solid–solid physical contact 
between the SE and electrode, and the 
discontinuous Li+/e− transport pathways 
in the cathode, which severely hinder the 
SSLOBs to deliver high electrochemical 
performance. In addition, the technique 
for large-scale production of SEs remains 
to be developed.[12] Therefore, it is vital 

to develop a method to solve these challenges to make the 
SSLOBs realize performance improvement that is closer to real-
world implementation.

Different from the rigid inorganic solid electrolytes, the 
flexible solid polymer electrolytes (SPEs) are convenient for 
mass preparation, but their low ionic conductivity impedes 
them from constructing high-performance SSLOBs.[12,13] It has 
been demonstrated that the introduction of ceramic fillers into 
the SPE to fabricate composite solid electrolyte (CSE) could 
improve the ionic conductivity to some extent, but most of 
the work uses nanoparticle-type fillers that cannot form a con-
tinuous network and avoid the particle agglomeration, which 
limits the further improvement of the Li+ conductivity.[14–18] 
To this end, ceramic fillers with a 3D structure emerge to 
eliminate these disadvantages and establish a long-range con-
tinuous interface with the polymer matrix.[19–21] Despite prom-
ising, the current 3D ceramic fillers have poor flexibility and 
complex preparation processes, and a general and straight-
forward strategy is highly needed to promote their functional 
applications. Solving the low Li+ conductivity conundrum of 
CSE by 3D flexible fillers still cannot guarantee a high-per-
formance SSLOB, which then makes us move to address the 
large interfacial resistance issue between the independent 
SE and electrode. This could be realized by enhancing the 

Constructing solid-state lithium–oxygen batteries (SSLOBs) holds a great 
promise to solve the safety and stability bottlenecks faced by lithium–oxygen 
batteries (LOBs) with volatile and flammable organic liquid electrolytes. 
However, the realization of high-performance SSLOBs is full of challenges 
due to the poor ionic conductivity of solid electrolytes, large interfacial 
resistance, and limited reaction sites of cathodes. Here, a flexible integrated 
cathode–electrolyte structure (ICES) is designed to enable the tight connec-
tion between the cathode and electrolyte through supporting them on a 3D 
SiO2 nanofibers (NFs) framework. The intimate cathode–electrolyte structure 
and the porous SiO2 NFs scaffold combination are favorable for decreasing 
interfacial resistance and increasing reaction sites. Moreover, the 3D SiO2 
NFs framework can also behave as an efficient inorganic filler to enhance 
the ionic conductivity of the solid polymer electrolyte and its ability to inhibit 
lithium dendrite growth. As a result, the elaborately designed ICES can simul-
taneously tackle the issues that limit the performance liberation of SSLOBs, 
making the batteries deliver a high discharge capacity and a long lifetime of 
145 cycles with a cycling capacity of 1000 mAh g−1 at 60 °C, much superior to 
coventional SSLOBs (50 cycles).

1. Introduction

Aprotic lithium–oxygen batteries (LOBs) have been recog-
nized as an appealing candidate for next-generation energy 
storage devices owing to their ultrahigh theoretical energy den-
sity (≈3500  Wh kg−1).[1–3] However, despite intensive studies 
have been carried out to facilitate the performance improve-
ment of liquid-based LOBs, several serious challenges associ-
ated with the evaporation and flammability of organic liquid 
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electrode–electrolyte interfacial contact and adhesion just as 
the solid-state lithium–ion batteries (SSLIBs) do through com-
pletely filling the cathode with a polymer electrolyte to form 
a relatively dense structure.[22] Nevertheless, this approach 
does not work well for SSLOBs when considering their semi-
open feature. The cathode for SSLOBs requires suitable pores 
to promote oxygen diffusion and provide sufficient space to 
accommodate the discharge products.[23] Besides the porous 
structure, the cathode should also have continuous Li+ and 
electron transport channels to form abundant three-phase (e−, 
Li+, O2) boundaries to act as reaction sites for facilitating the 
oxygen reduction/evolution reaction.[24] However, since the 
nonflowing characteristic of the SE makes the interfacial con-
tact between the SE and cathode is rather finite, the reaction 
sites in SSLOBs are much lower than those in liquid-based 
LOBs, in which the electrolyte could wet the whole cathode. 
Even though the limitation is explicit, to date, there is still 
no solution that could effectively conquer it. And most of the 
cathodes for SSLOBs are prepared by simply mixing the SE 
and carbon material, and then sintering on the inorganic solid 
electrolyte pellet to increase the electrode–electrolyte contact 
area.[25] Whereas, the increase is still far from the demands 
that could enable a high-performance SSLOB. It is necessary 
to design a convenient and valid strategy to simultaneously 

improve the ionic conductivity of SPE, decrease the inter-
facial resistance, and construct rich reaction sites in the 
cathode to make the SSLOBs achieve significant performance 
amelioration.

Here, we have proposed a new design concept of using 3D 
SiO2 nanofibers (NFs) membrane as a supporting framework 
to construct a flexible integrated cathode–electrolyte structure 
(ICES) for SSLOBs (Figure 1a). In this configuration, the self-
standing 3D SiO2 NFs framework is the key component that 
not only acts as a bridge to connect the CSE and cathode, but 
also serves as a 3D ceramic filler and porous cathode support 
to increase the ionic conductivity of the SPE and the reaction 
sites in the cathode. Moreover, unlike the conventional inde-
pendent cathode and electrolyte structure in previous SSLOBs, 
the CSE and cathode in the designed integrated structure 
share the same framework and interconnect with each other, 
reducing the interfacial resistance with a small battery polari-
zation. Importantly, the CSE side of the integrated structure 
could also assure its firm contact with the Li metal anode and 
its ability to inhibit the growth of lithium dendrites. As a result, 
the SSLOBs with the ICES present a high discharge capacity, 
good rate capability, and a long cycle lifetime. Meanwhile, the 
assembled pouch-type SSLOBs exhibit excellent flexibility and 
high-level safety.
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Figure 1. a) Schematic of the preparation process of the ICES with 3D SiO2 NFs membrane as a supporting framework. The integrated structure is 
composed of a dense CSE layer and a porous cathode layer. SEM images of b) SiO2 NFs, c) porous cathode side, and d) CSE side. e) Cross-sectional 
SEM image and corresponding EDS mappings of the ICES.
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2. Results and Discussion

SiO2 NFs framework was first prepared by a simple electrospin-
ning method and followed by a high-temperature calcination 
process. The as-prepared free-standing SiO2 NFs membrane with 
an amorphous feature exhibits good flexibility and can be freely 
bent (Figures S1 and S2, Supporting Information). The scanning 
electron microscopy (SEM) image of the SiO2 NFs shows that 
they have an average diameter of 450  nm, and the nanofibers 
form a 3D network structure (Figure  1b; and Figure  S3, Sup-
porting Information). The peaks at 1070 and 803  cm−1 in 
the Fourier transform infrared spectroscopy (FTIR) can be 
assigned to the characteristic peaks of SiO2, confirming the suc-
cessful synthesis of SiO2 NFs (Figure S4, Supporting Informa-
tion).[26,27] After getting the SiO2 NFs framework, the cathode 
slurry was cast on its one side to preload the cathode material. 
The SEM image reveals that the interconnected Ru/CNT is 
well attached to the SiO2 NFs with plenty of pores remaining 
(Figure  1c; and Figure S5, Supporting Information). Then, the 
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)/
bis(trifluoromethane)sulfonimide lithium (LiTFSI) SPE was 
cast on the other side of the SiO2 NFs skeleton to form a CSE,  

thus getting a SiO2 NFs supported ICES (Figure 1a). As shown 
in Figure  1d, the SiO2 NFs in the electrolyte side are buried 
by the SPE and they cannot be discerned at the top layer. In 
the ICES, the CSE layer and the porous cathode layer share 
the same 3D SiO2 NFs framework; therefore, they form an 
integrated structure with tight contact, as shown in the cross-
section SEM image of the ICES and its corresponding energy-
dispersive X-ray spectroscopy (EDS) images (Figure  1e). The 
EDS points out that the Si element is mainly concentrated on 
the cathode side, while the F element is dispersed in the entire 
integrated structure. Considering the Si and F elements belong 
to SiO2 NFs and PVDF-HFP polymer electrolytes, respectively, 
the inconspicuous detectable Si element in the dense CSE can 
be ascribed to the well cover of SiO2 NFs by the PVDF-HFP 
polymer electrolyte (Figure  1d; and Figure S6, Supporting 
Information). For the cathode side, the porous structure is still 
maintained with discernible SiO2 NFs after the introduction of 
the SPE; consequently, the Si element could be detected. The 
thicknesses of the CSE layer and the porous layer are both 
around 200 µm (Figure 1e). It is worth noting that the diffusion 
of the SPE to the cathode side increases their intimate inter-
facial contact area, which guarantees the rapid transfer of Li+ 
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Figure 2. a) XRD patterns of SiO2 NFs, PVDF-HFP, PVDF-HFP/LiTFSI SPE, and PVDF-HFP/LiTFSI/SiO2 NFs CSE. b) Ionic conductivities of SPE and 
CSE at different temperatures. c) LSV curves of SPE and CSE at a scan rate of 5 mV s−1. d) Voltage profiles of the Li/Li symmetric cells at a current 
density of 0.1 mA cm−2, and e) zoom-in voltage profiles between 200 and 250 h. f) Schematic illustrations of the Li deposition behavior with SPE and 
CSE. SEM images of the cycled Li metal electrodes with g) SPE and h) CSE.
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on these interfaces. At the cathode of ICES, the preloaded Ru/
CNT forms a continuous electron transfer network, the entered 
polymer electrolyte provides efficient Li+ transport pathways, 
and the remaining porous structure allows oxygen to be effi-
ciently transmitted (Figure 1a; and Figure S7, Supporting Infor-
mation), making the cathode with rich reaction sites (Li+, e−, 
O2) with the help of the 3D SiO2 NFs supporting framework.

To study the properties of the CSE layer in the integrated 
structure, both sides of the SiO2 NFs framework were cast with 
the SPE to prepare independent CSEs. Figure 2a gives the XRD 
patterns of the PVDF-HFP, PVDF-HFP/LiTFSI SPE, and PVDF-
HFP/LiTFSI/SiO2 NFs CSE. The diffraction peaks of the PVDF-
HFP used here corresponds to the α-phase PVDF-HFP.[28,29] 
With the addition of LiTFSI salt, the peak intensity for PVDF-
HFP decreases, and the introduction of SiO2 NFs skeleton 
further weakens the peaks, that is, significantly decreases the 
crystallinity of PVDF-HFP, which is beneficial to the migration 
of Li+ ion.[30] The ionic conductivity of the CSE was measured 
by electrochemical impedance spectroscopy (EIS) to check the 
resistance of the battery that sandwiches CSE between two 
stainless steel sheets. It is calculated that the CSE has a Li+ 

conductivity of 1.82 × 10−4 S cm−1 at room temperature, while 
the value for SPE (3.10 × 10−5 S cm−1) is an order of magnitude 
lower than the CSE, indicating that the introduction of the SiO2 
NFs skeleton could certainly improve the ionic conductivity of 
the CSE. This ionic conductivity increase could be attributed 
to the SiO2 NFs induced crystallinity decrease of the polymer, 
and the facile dissociation of the lithium salt by the interac-
tion between SiO2 NFs and the polymer matrix.[30,31] Figure 2b 
exhibits the temperature-dependent ionic conductivities of the 
solid electrolytes in the temperature range of 30–90 °C. We can 
see that the ionic conductivities of the SPE and CSE increase 
with the rise of temperature, and the ionic conductivity of CSE 
is always higher than that of SPE at the same temperature. In 
addition to the high ionic conductivity, the CSE also possesses 
a wider electrochemical stability window than the SPE (4.8  vs 
4.5 V, Figure 2c), suggesting that the CSE could to some extent 
resist the high voltage rendered electrolyte decomposition. The 
thermal stability of the CSE was examined by thermogravi-
metric analysis (TGA) (Figure S8, Supporting Information). 
There is only a slight mass loss for the CSE before 200 °C due to 
the removement of the absorbed moisture and residual solvent. 
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Figure 3. The electrochemical performance of SSLOBs at 60 °C. a) EIS of the SSLOBs with CPBC and ICES. b) Full discharge curves of the SSLOBs 
with CPBC and ICES. c) Rate performance of the SSLOBs. d) Cycling performance of the SSLOBs at a limited capacity of 1000 mAh g−1 and a current 
density of 500 mA g−1. e) Radar chart of the characteristics of the electrolytes or SSLOBs with and without SiO2 NFs framework. f) Comparison of the 
cycling lifetime of the ICES-based SSLOBs with previous reported results.
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Importantly, the CSE with around 11  wt% SiO2 NFs shows 
good thermal stability with a decomposition temperature up to 
250  °C. In addition, the tensile strength of the CSE is higher 
than that of the SPE (6.68 vs 4.35 MPa, Figure S9, Supporting 
Information). This strong mechanical strength of CSE is benefi-
cial to inhibit the dendrite growth on the Li anode side. The 3D 
SiO2 NFs supporting framework enabled high ionic conductivity 
and improved electrochemical, thermal, and mechanical sta-
bility of the CSE are all essentials to make the SSLOBs realize 
stable operation, and none of them can be dispensed.

To investigate the dendrite suppression ability of the SEs, Li/
Li symmetrical cells were assembled and measured at a current 
density of 0.1  mA cm−2 (Figure  2d,e). For Li/SPE/Li symmet-
rical cell, it is short-circuited with a sudden voltage drop after 
only 210 h cycling. In contrast, the Li/CSE/Li symmetrical cell 
presents much lower overpotentials and longer cycle lifetime 
(1000 h) than the Li/SPE/Li cell, manifesting that the CSE could 
not only facilitate the Li plating/stripping, but also effectively 
inhibit the growth of lithium dendrites (Figure 2f). In order to 
further confirm the enhanced dendrite suppression ability of 
the CSE, the morphologies of the Li electrodes after cycling in 
symmetric cells were investigated. Unlike the obvious irregular 
Li dendrites on the Li electrode surface in the Li/SPE/Li cell, 
the surface of the Li electrode in the Li/CSE/Li cell exhibits 
smooth and compact morphology without discernible dendrites 
(Figure 2g,h; and Figure S10, Supporting Information), demon-
strating that the SiO2 NFs framework improves the ability to 
suppress Li dendrite growth.

After confirming the advantages of the ICES, SSLOBs were 
assembled to check its working functionalities in actual bat-
teries. Nonintegrated SSLOBs with separated CSE membrane 

and carbon paper-based cathode (CPBC) were also assembled 
for comparison. The EIS of the SSLOBs with different cathode–
electrolyte structures is shown in Figure 3a. It can be seen that 
both the cell resistance and the charge transfer resistance of the 
ICES-based SSLOB are much lower than those of the CPBC-
based SSLOB. The large interfacial contact area, tight connec-
tion between electrode and electrolyte in the ICES, and the 
improved Li+ conductivity together contribute to the decreased 
resistance of the ICES-based SSLOB. However, for CPBC-based 
SSLOB, the CSE and the cathode are independent with poor 
physical contact and wettability, resulting in a limited contact 
area and consequently a large resistance.

Figure  3b gives the 1st cycle full discharge voltage curves 
of the SSLOBs with different cathode–electrolyte struc-
tures at 200  mA g−1 and 60  °C. The ICES-based SSLOB with 
high discharge voltages exhibits a large discharge capacity of 
9220 mAh g−1, more than two times that of the CPBC-based 
SSLOB (3812 mAh g−1). This significant capacity increase for the 
ICES-based SSLOB is predominantly attributed to the low inter-
facial resistance and rich reaction sites of the ICES. Furthermore, 
the ICES-based SSLOB also delivers a much better rate capability 
with constantly higher discharge voltages than the CPBC-based 
SSLOB at different current densities (Figure 3c). Then, the cycling 
performance of the SSLOBs was studied. As shown in Figure 3d, 
the SSLOB with ICES can stably operate up to 145 cycles with a 
limited capacity of 1000 mAh g−1 at 500 mA g−1, while the bat-
tery with CPBC can only run 50 cycles (Figures S11 and S12,  
Supporting Information). These results certify that the superior 
qualities of the ICES could be well reflected in the battery per-
formance improvement (Figure 3e). It is worth noting that the 
achieved lifetime of the ICES-based SSLOB is much better than 
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Figure 4. SEM images of the cathodes after first a) discharge and b) recharge processes. c) XRD patterns of the pristine, discharged, and recharged 
cathodes. d,e) SEM images of the cycled Li anode in ICES-based SSLOBs. f) XRD patterns of the pristine Li anode and the Li anode after cycling with 
ICES.
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those of the literature reported values (Figure 3f).[32–40] The pre-
liminary data presented here implies the great potential of the 
SiO2 NFs framework supported ICES in promoting the practical 
application of SSLOBs.

The electrochemical reactions happened in the ICES-based 
SSLOB were then investigated by characterizing the discharged 
and recharged cathodes. As can be seen from the SEM images 
in Figure 4a,b, some particulate discharge products are dis-
persed on the surface of the discharged cathode, and these dis-
charge products disappear and the cathode almost reverts back 
to the original state after subsequent recharge process. The 
composition of the discharge products was then analyzed by 
XRD. There are clear peaks corresponding to the Li2O2 phase 
for the discharged cathode, and the Li2O2 subsequently vanish 
after charging (Figure  4c), indicating the reversible formation 
and decomposition of Li2O2. These results demonstrate that 
the ICES-based SSLOBs follow the typical O2 and Li2O2 conver-
sion reactions with good reversibility. In addition, the Li anode 

protection ability of the ICES in the rigorous working environ-
ment of SSLOBs was examined. SEM images show that the 
cycled Li anode surface remains flat and smooth (Figure 4d,e), 
demonstrating that the CSE side in the ICES could effectively 
protect the Li anode from corrosion and dendrite growth. More-
over, the inconspicuous LiOH peaks in the cycled Li anode fur-
ther confirm this kind of anode protection ability enabled by 
the ICES (Figure 4f).

Considering the flexible and free-standing feature of the 
ICES, pouch-type SSLOBs were assembled by just pairing the 
ICES with the Li sheet, which simplifies the assembly processes 
compared with the conventional SSLOBs. The prepared pouch-
type SSLOB can power the red light-emitting diode (LED) light 
under planar, diagonally folded, bending, and winding states, 
signifying the excellent flexibility of the ICES-based SSLOBs for 
practical application (Figure 5a). To investigate the safety of the 
ICES-based SSLOBs, nail penetration and cutting-corner tests 
were conducted. After nail penetration, the pouch-type SSLOBs 

Figure 5. The flexibility and safety tests of the pouch-type SSLOBs. a) Photographs of the pouch-type SSLOB powering an LED light under planar, 
diagonally folded, bending, and winding states. Photographs and corresponding infrared thermal images of the pouch-type SSLOB b) before and 
c) after cut test. Open circuit voltages of the pouch-type SSLOB d) before and e) after cut test.
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can still power the red LED light, and the temperature of the 
cell almost experiences no change, not to mention the occur-
rence of fire or explosion (Figure S13, Supporting Information). 
Importantly, even cutting off one corner of the pouch-type 
SSLOB, the cell still does not display any signs of short-circuit 
or fire (Figure 5b,c), and the red LED light can still be normally 
powered by the dissected cell. Infrared thermal images show 
that the temperature at the cut corner is slightly higher than 
other places, but the overall temperature of the cell is below 
30.2 °C. Furthermore, after cutting off the corner, the cell could 
still maintain a high open-circuit voltage of 2.81 V (Figure 5d,e). 
The outstanding security of the ICES-based SSLOBs can be 
ascribed to the replacement of the flammable organic liquid 
electrolyte with ICES, avoiding the risk of leakage and fire 
hazards.

3. Conclusion

In summary, a flexible and free-standing ICES for SSLOBs 
has been designed by supporting the cathode material and 
polymer electrolyte on an elaborately engineered 3D SiO2 NFs 
framework. In the integrated structure, the ceramic framework 
enables the firm contact between the cathode and electrolyte, 
and acts as a 3D ceramic filler for the polymer electrolyte and 
a matrix for the porous cathode, thus decreasing the interfa-
cial resistance, improving the Li+ conductivity of the polymer 
electrolyte, and increasing the reaction sites in the cathode 
side. As a result, the three key challenges that limit the high-
performance operation of SSLOBs are conquered, making the 
batteries deliver high discharge capacity, rate performance, and 
long cycle lifetime (145 cycles). This work provides a new con-
cept and direction for the design and development of high-per-
formance, flexible, and safe SSLOBs.
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