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PEO-LITFSI-SiO2-SN System Promotes the Application of
Polymer Electrolytes in All-Solid-State Lithium-ion Batteries
Wang Lyu,[a] Guoqiang He,*[a, b] and Ting Liu*[b]

All-solid-state polymer lithium-ion batteries are ideal choice for
the next generation of rechargeable lithium-ion batteries due
to their high energy, safety and flexibility. Among all polymer
electrolytes, PEO-based polymer electrolytes have attracted
extensive attention because they can dissolve various lithium
salts. However, the ionic conductivity of pure PEO-based
polymer electrolytes is limited due to high crystallinity and poor
segment motion. An inorganic filler SiO2 nanospheres and a
plasticizer Succinonitrile (SN) are introduced into the PEO matrix
to improve the crystallization of PEO, promote the formation of
amorphous region, and thus improve the movement of PEO
chain segment. Herein, a PEO18� LiTFSI� 5%SiO2� 5%SN compo-
site solid polymer electrolyte (CSPE) was prepared by solution-
casting. The high ionic conductivity of the electrolyte was
demonstrated at 60 °C up to 3.3×10� 4 S cm� 1. Meanwhile, the
electrochemical performance of LiFePO4/CSPE/Li all-solid-state
battery was tested, with discharge capacity of 157.5 mAhg� 1 at
0.5 C, and capacity retention rate of 99% after 100 cycles at
60 °C. This system provides a feasible strategy for the develop-
ment of efficient all-solid-state lithium-ion batteries.

1. Introduction

In recent decades, rechargeable lithium-ion batteries have
attracted extensive attention as an important energy
storage technology due to superior performance and high
energy density. These systems are widely used in portable
electronic devices, electric vehicles and various electronic
devices.[1,2] In addition, lithium-ion batteries have excellent
characteristics such as environmental protection, long cycle
life, no memory effect. However, conventional lithium-ion
batteries using organic liquid electrolyte may lead to safety
problems, leakage of electrolyte in the process of operation,
and the electrolyte may heat up due to overcharging,

internal short circuit and other abnormalities, which could
potentially result in spontaneous combustion or explosion.

Therefore, all-solid-state lithium-ion batteries with high
energy density that can also guarantee safety and long life
cylces are becoming the most promising and investigated
candidates for energy storage technologies. In all-solid-state
lithium-ion batteries, organic liquid electrolytes are replaced
by solid electrolytes. This strategy can solve the two key
problems of low energy density and short service life of
traditional lithium-ion batteries. Meanwhile, it is expected
to completely solve the safety problem of battery and adapt
to the development direction of new chemical energy
storage technology with large capacity in the future.

All-solid-state electrolytes can be classified into three
categories: inorganic (ceramic/glass) solid electrolyte,[3,4]

solid polymer electrolyte(SPE),[5] inorganic and polymer
composite solid electrolyte.[6,7] Among these solid electro-
lytes, solid polymer electrolytes not only have good
electrical conductivity, but also have the characteristic of
light weight, softness and easy membrane formation of
polymer material, which is considered to be the most
promising all-solid-state electrolytes material.[8]

Among these polymer electrolytes, PEO-based polymer
electrolytes can dissolve various salts through the inter-
action of ether and oxygen, which are considered to be one
of the polymer electrolytes that can be widely used in
lithium-ion batteries.[9] However, PEO-based polymer elec-
trolytes are highly crystalline at room temperature, thus
resulting in ionic conductivities of only 10� 6–10� 8 S cm� 1,
which are difficult to use in lithium-ion batteries.[10]

Improving the ionic conductivity of PEO-based polymer
electrolytes has become a research field. A common
strategy to improve ionic conductivity and electrochemical
stability properties of polymer electrolytes is the introduc-
tion of organic small molecule plasticizers and inorganic
fillers into the polymer matrix. The addition of plasticizers
can significantly improve the ionic conductivity by provid-
ing thermal stability and reduce crystallinity.[11,12,13] The
introduction of organic small molecule plasticizer into the
polymer matrix improves the ability of dissolving lithium
salts and promotes the transfer of lithium-ion based on its
chemical properties.[14,15] However, the addition of plasticizer
will also decrease the mechanical properties of the mem-
brane.

It is necessary to find a filler that can improve the
mechanical properties of polymer electrolytes. Generally,
inorganic fillers are introduced into the PEO-based polymer
matrix to change crystallization kinetics by creating local
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amorphous regions at the filler-polymer interface.[16,17,18] The
density of entanglement in the amorphous region is
increased through the construction of network nodes in the
interface of filler-polymer, thereby has the effect of increas-
ing mechanical properties of the materials.[18,19,20] The
migration efficiency of Li+ is increased, which effectively
increases Li+ conduction.[21,22,23] The composite inorganic
solid polymer electrolyte constructed by the addition of
inorganic filler, can significantly improve the ionic conduc-
tivity and material mechanical properties, and effectively
inhibit the penetration of lithium dendrites into the electro-
lyte membrane.[24] It has previously been reported that by
adding SiO2 and LLZTO to the PEO-based polymer electro-
lyte has achieved satisfactory results.[25,26,27,28] Meanwhile, it
is necessary to consider whether the all-solid-state electro-
lyte can have excellent compatibility with the electrode
material, form a good interface contact with the electrode
material. Excellent interface will contribute low interfacial
contact resistance and build a stable charge-discharge
interface.

Herein, we report the preparation of a composite solid
polymer electrolyte with excellent properties from high
content PEO matrix, low content SN and SiO2 nanospheres.
SiO2 has a good affinity with organic solvents in the
composite polymer electrolyte, SiO2 nanospheres cannot
provide and conduct the role of lithium ions, so it is used as
an “inert filler” to be added into the PEO matrix to reduce
the crystallinity of PEO and obtain good ionic conductivity.
Solid plasticizer SN and inorganic filler SiO2 nanospheres
were added to increase the amorphous regions of the PEO
matrix and obtain higher ionic conductivity and build an
excellent compatibility with the electrode material. Mean-
while, we optimized the preparation process of the film,
adopted ultrasound and freezing to eliminate the bubbles
in the film, and obtained a more uniform film. The
conductivity and electrochemical properties of the compo-
site solid polymer electrolyte were studied systematically.
The application of composite electrolyte in all-solid-state
lithium-ion batteries is analyzed.

Experimental Section

Materials

Since the experimental materials are sensitive to oxygen and
water during the experiment, all the materials are vacuum dried
and then transferred to vacuum glove box (H2O and O2<

0.1 ppm) under argon atmosphere. PEO (Aladdin, Mv= 600,000)
was dried at 60 °C under vacuum for 12 hours. Succinonitrile
(SN 99 %, Aladdin), LiTFSI (99 %, Aladdin) and LiFePO4 (Carbon
coating, Aladdin) were dried at 120 °C under vacuum for
12 hours. SiO2 nanospheres is synthesized in our laboratory
according to relevant literature reports.[29]

Preparation of Composite Solid Polymer Electrolyte
Membrane and Cathode

Composite solid polymer electrolyte (PEO18� LiTFSI� 5%SiO2� 5%
SN) was synthesized by traditional solution-casting technique.
In order to ensure the mechanical properties and ionic
conductivity of polymer electrolyte, the proportion of plasti-
cizer and inorganic filler should not be too large. Therefore, the
amount of SiO2 nanospheres and SN added in this experiment is
5 % relative to the mass ratio of PEO. First, LiTFSI, SiO2

nanospheres and SN were added to acetonitrite (ACN) and
stirred magnetically at 60 °C for 2 hours after 30 minutes of
ultrasonic treatment. Then, PEO was added to continue
magnetic stirring at 60 °C for 24 hours to obtain a uniform
solution. Secondly, the obtained homogeneous solution was
ultrasonic for 2 hours and then frozen for 20 minutes in order
to remove bubbles from the solution. The solution was then
transferred to a vacuum glove box, and the prepared solution
was poured into a teflon mold evaporated for 24 hours. After
obtaining the membrane, it was dried in vacuum at 60 °C for
12 hours to remove the residual solvent. Finally, the membrane
was cut into wafer with diameter of 16 mm and 14 mm for
further measurements. The thickness of the membrane was
measured, and the surface morphology of the membrane was
studied by SEM, mainly to observe whether SiO2 nanospheres
could be completely embedded in the PEO matrix, and whether
pores and other defects would occur on the surface of the
membrane. Crystallization degree of electrolyte obtained by
analyzing XRD. The EDS of composite electrolyte to illustrate
the dispersion of SiO2 nanospheres and SN in the PEO matrix.
The membrane preparation process and schematic diagrams of
the microstructure are shown in Figure 1.

All-solid-state batteries were prepared by LiFePO4-Li system.
The cathode was mixed in the proportion of LiFePO4 : PEO : super
P= 8 : 1 : 1, stirred in NMP solution for 6 hours, and then evenly
applied on the carbonized aluminum foil. Drying at 80 °C for
2 hours and then transfer to the vacuum-dryer at 120 °C for
12 hours. Finally, cut into wafer with diameter of 14 mm and
put in the glove box for later use.

Figure 1. a) The preparation process of PEO18� LiTFSI� 5%SiO2� 5%SN compo-
site electrolyte membrane and LiFePO4� Li system; b) The schematic
diagrams of the microstructure, interface between electrolyte and electrode
material and Li+ transfer.
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Battery Preparation and Electrochemical Performance Test.

Symmetrical blocking cells (SS/CSPE/SS) were prepared for AC
impedance testing at different temperatures. The ionic con-
ductivity of polymer electrolyte can be obtained by the analysis
and calculation of alternating current impedance(AC
impedance).[30] The scanning frequency range is 0.1 Hz~1MHz,
the scanning rate is 10 mV, and the test temperature range is
30–80 °C, all tests were conducted after 2 hours of insulation.
The measurement of ionic conductivity (σ,S cm� 1) is calculated
according to Equation:

s ¼
L

R� S

R (Ω) is resistance value of the bulk electrolyte, L (cm) is the
thickness of electrolyte membrane, and S (cm2) is the surface
area of the polymer electrolyte.

Meanwhile, LiFePO4/CSPE/Li battery was prepared for charge-
discharge performance test at 60 °C. The electrochemical
performance data of battery charge-discharge platform, specific
capacity, cycle performance, multiplication performance and
battery polarization degree could be obtained through analysis
of battery charge-discharge curve.

2. Results and discussion

2.1. Characterization of PEO18� LiTFSI� 5 %SiO2� 5 %SN
Composite Polymer Electrolyte Membrane.

As shown in Figure 2(a, b), the diameter of SiO2 nanospheres
ranges from 200 nm to 300 nm. the thickness of the
membrane is ~100 μm, which can be controlled by the
amount of pouring solution. By observing the SEM figure of
the membrane, the surface of the membrane presents wavy

folds, and no pore structure, indicating the excellent
densification of the membrane. Meanwhile, no exposed SiO2

particles were observed on the surface of the membrane,
indicating that SiO2 nanospheres was well embedded in the
PEO matrix through the action of stirring mechanism.

Figure 2(c) shows the XRD pattern of PEO18� LiTFSI� 5%
SiO2� 5%SN composite solid polymer electrolyte. we can
observe two characteristic diffraction peaks corresponding
to the PEO chains at 2θ= 19° and 23°. By comparing the
intensity of the diffraction peaks, diffraction peak intensity
of PEO18� LiTFSI� 5%SiO2� 5%SN solid polymer electrolyte is
lower, indicating that the crystallinity of PEO18� LiTFSI� 5%
SiO2� 5%SN is lower than PEO18� LiTFSI. It means that the
addition of SiO2 nanospheres and SN can effectively reduce
the crystallinity of PEO.

Figure 3 shows the EDS spectrum of composite solid
polymer electrolyte. S and F are evenly distributed, indicat-
ing that LiTFSI was evenly dispersed in the peo matrix. The
addition of SN to promote the dissociation of lithium has
been better demonstrated. The uniform distribution of Si
indicates that SiO2 nanospheres were evenly dispersed in
the PEO matrix by mechanical stirring, ultrasonic and
solution casting methods. The C and O (mainly come from
PEO and SN) maintained uniform distribution, indicating
that the composite solid electrolyte obtained by adding SN
and SiO2 nanospheres into the PEO matrix maintained
uniform dispersion.

2.2. Ionic Conductivity Analysis of Composite Solid Polymer
Electrolyte

Figure 4 (a, b) is the EIS curve of polymer electrolyte
obtained by AC impedance test at different temperature,
and the Arrhenius curve of ionic conductivity changing with
temperature. The ionic conductivity of polymer electrolyte
reached 0.8 × 10� 4 S cm� 1, 3.3 × 10� 4 S cm� 1, 6.0 × 10� 4 S cm� 1,
at room temperature, 60 °C and 80 °C, respectively.

Figure 2. a) SEM images of SiO2 nanospheres (200–300 nm); b) SEM images
of PEO18� LiTFSI� 5%SiO2� 5%SN solid polymer electrolyte membrane and
photograph of membrane; c) XRD patterns of PEO18� LiTFSI� 5%SiO2� 5%SN
and PEO18� LiTFSI. Figure 3. SEM and EDS mapping of PEO18� LiTFSI� 5%SiO2� 5%SN.
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The ionic conductivity increases with the increase of test
temperature, due to the increase of temperature, the
mobility of lithium-ions increases. With the temperature
approaching the glass transition temperature (Tg) of PEO
substrate, the electrolyte softened and the interface contact
with the electrode became better and reduce the interfacial
impedance improve the ionic conductivity. The ionic con-
ductivity of the solid composite polymer electrolyte at room
temperature is much higher than that of the pure PEO-
based polymer electrolyte (~10� 7 S cm� 1). For PEO-based
electrolyte, if the whole electrolyte system consists only of
PEO matrix and lithium source, the ionic conductivity of this
pure solid electrolyte system will be very low.[31]

By compared the impedance of PEO18� LiTFSI� 5%
SiO2� 5%SN and PEO18� LiTFSI at 60 °C, the impedance of
PEO18� LiTFSI� 5%SiO2� 5%SN is significantly lower than
PEO18� LiTFSI. As the addition of SiO2 nanospheres and SN
effectively promoted the dissociation of lithium salts, more
free lithium-ions were released. SiO2 nanospheres and SN
effectively reduce the crystallinity of the PEO matrix, so that
the PEO chain segment can better bind and release Li+.
Therefore, PEO18� LiTFSI� 5%SiO2� 5%SN system can effec-
tively improve the ionic conductivity.

2.3. Cycle and Rate Performance of LiFePO4/CSPE/Li.

PEO18� LiTFSI� 5%SiO2-5%SN composite polymer electrolyte
is applied in all-solid-state lithium-ion battery with lithium
as negative electrode and LiFePO4 as positive electrode.
Figure 5(a) shows the initial charge-discharge curves at
different rate at 60 °C. The results show that the specific
capacities of LiFePO4/CSPE/Li battery’ first discharge are
151.5, 153.2, 147.3, 141.6 and 108.7 mAhg� 1 at rates of
0.1 C, 0.2 C, 0.5 C, 1 C and 2 C, respectively. Under the rates
of 0.1 C and 0.2 C, the flat charge-discharge voltage plat-
form of the battery was 3.4 V and 3.46 V, respectively,
corresponding to the Fe3+/Fe2+ REDOX couple reaction on
the cathode during charge-discharge. According to the
related literature, the low polarization of charge-discharge
voltage can reflect the low impedance of polymer electro-
lyte body and the low interface impedance between anode

and cathode.[32] The battery charge-discharge voltage polar-
ization of this system is very low, only 0.06 V. It shows that
PEO18� LiTFSI� 5%SiO2� 5%SN composite solid polymer elec-
trolyte has the characteristics of low impedance, and
effectively reduces interface impedance, so that it can be
well used in all-solid-state lithium-ion battery. At the same
time, the discharge capacity of 0.2 C is higher than 0.1 C,
according to the study of charge-discharge process of
electrode materials, when the battery is charged-discharged
at high rate, the active substance reacts quickly, and
lithium-ions are quickly released and embedded.[33,34] From
the interface properties of electrode material and solid
electrolyte, which may be because the activation process of
charge-discharge at a small rate improves the interface
between electrolyte and electrode material, lithium-ions
transmission channel can be better formed.[35,36] It indicates
that PEO18� LiTFSI� 5%SiO2� 5%SN polymer electrolyte can
establish stable interface structure both with anode and
cathode.

Figure 5(b) shows the cycle performance of LiFePO4/
CSPE/Li all-solid-state battery at different rates(0.1 C – 2 C –
0.1 C). It can be excellently charged and discharged at a
corresponding rate and shows high specific capacity. At the
rate of 0.1 C, the discharge capacity of the battery was
basically stable at 151 mAhg� 1. When the charge-discharge
rate gradually increased to 0.2 C, 0.5 C, 1 C and 2 C, the

Figure 4. a) Impedance curves of PEO18� LiTFSI� 5%SiO2� 5%SN solid polymer
electrolyte membrane at 30–80 °C. Inset: Impedance curves of
PEO18� LiTFSI� 5%SiO2� 5%SN and PEO18� LiTFSI at 60 °C; b) Arrhenius plots
for the ionic conductivities of CSPE and the thickness of the membrane.

Figure 5. The cycling and rate performance under 60 °C for all-solid-state
battery LiFePO4/CSPE/Li; a) The initial charge-discharge curves under differ-
ent rates (0.1 C, 0.2 C, 0.5 C, 1 C, 2 C); b) The rate cycling performance of the
all-solid-state battery; c) Cycling performance at 0.2 C; d) The charge-
discharge curves at 0.2 C; e) Cycling performance at 0.5 C; f) The charge-
discharge curves at 0.5 C.
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discharge capacity was still remain: 155, 150, 147, 142 and
109 mAhg� 1, respectively. The rate is returns to 0.1 C, the
specific discharge capacity can still reach 150 mAhg� 1,
almost fully recovered. The performance of rate cycle
indicates that PEO18� LiTFSI� 5%SiO2� 5%SN solid polymer
electrolyte has high stability and reversibility in electro-
chemical process.

The cycle performance of LiFePO4/CSPE/Li battery at rate
of 0.2 C and 0.5 C is shown in Figure 5(c, d, e, f), stable cycle
performance can be observed. The initial specific discharge
capacity of 0.2 C reached 167 mAhg� 1, the specific dis-
charge capacity remained at 150 mAhg� 1 after 100 cycles,
the capacity decay rate was only 11.3 %, and the capacity
retention rate was still 89.7 %. The coulombic efficiency
remained above 92 % throughout the process. After a long
time of charge-discharge, the battery still has high dis-
charge capacity, which indicates that the electrolyte has
excellent mechanical properties, and the generation of
lithium dendrites is successfully inhibited during charge-
discharge, the short circuit in the battery is prevented
because the electrolyte has not been penetrated. The initial
specific discharge capacity at 0.5 C reached 157.5 mAhg� 1,
the specific discharge capacity remained at 156 mAhg� 1

after 100 cycles, and capacity retention 99 %, the coulombic
efficiency remained above 96 % throughout the process.
The capacity retention rate at 0.5 C is better than the cycle
performance at 0.2 C. Because the time spent in 100 cycles
of 0.2 C is more than 0.5 C, and the electrolyte may
decompose over time, affecting the cycle performance of
the battery. The stability and life of electrolyte need to be
further improved and optimized. Meanwhile, the increase of
the rate caused the temperature of the battery to rise,
resulting in the cycle temperature at 0.5 C higher than
0.2 C, which increases the ionic conductivity of the electro-
lyte and reduces the impedance. The relatively stable
cycling supports the PEO18-LiTFSI-5%SiO2-5%SN composite
solid polymer electrolyte has good electrochemical stability.

3. Conclusions

The composite solid polymer electrolyte of
PEO18� LiTFSI� 5%SiO2� 5%SN system was successfully con-
structed by introducing inorganic filler SiO2 nanospheres
and plasticizer SN into a PEO matrix. This new CSPE system
can increase the ionic conductivity to 10� 4 S cm� 1, higher
than pure PEO-based polymer electrolyte, ionic conductivity
at 60 °C up to 3.3 × 10� 4 S cm� 1. Meanwhile, AC impedance
shows that the CSPE builds a stable interface that provides
good contact both with anode and cathode.

LiFePO4/CSPE/Li all-solid-state lithium-ion battery exhib-
its satisfactory electrochemical performance at 60 °C. The
specific capacity at 0.2 C the first discharge capacity is
167 mAhg� 1, and the specific capacity of the 2 C first
discharge remains 108.7 mAhg� 1, the battery charge-dis-
charge voltage polarization of this system is very low, only
0.06 V. Furthermore, the capacity at 0.5 C after 100 cycles

was kept at 156 mAhg� 1, and the capacity retention rate
was 99 %, the coulombic efficiency remained above 96 %.
The discharge capacity was almost completely recovered in
the rate cycle (0.1 C – 2 C – 0.1 C). Therefore,
PEO18� LiTFSI� 5%SiO2� 5%SN composite solid polymer elec-
trolyte system has excellent performance, and it will be of
great significance to apply it in all-solid-state lithium-ion
battery.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (51502044), Natural Science Foundation
of Guangxi (2015GXNSFCA139011).

Conflict of Interest

The authors declare no conflict of interest.

Keywords: all-solid-state · composite electrolytes · PEO-based
polymers · lithium-ion batteries · energy storage

[1] F. X. Wang, X. W. Wu, C. Y. Li, Y. S. Zhu, L. J. Fu, Y. P. Wu, X. Liu, Energy
Environ. Sci., 2016, 9, 3570–3611.

[2] M. Safa, A. Chamaani, N. Chawla, B. El-Zahab, Electrochim. Acta, 2016,
213, 587–593.

[3] X. G. Han, Y. H. Gong, K. Fu, X. F. He, G. T. Hitz, J. Q. Dai, Alex Pearse,
B. Y. Liu, H. Wang, G. Rubloff, Y. F. Mo, V. Thangadurai, E. D. Wachsman,
L. B. Hu, Nat. Mater., 2017, 16, 572–579.

[4] F. Han, T. Gao, Y. Zhu, K. J. Gaskell, C. Wang, Adv. Mater., 2015, 27, 3473–
3483.

[5] J. J. Zhang, J. H. Zhao, L. P. Yue, Q.F Wang, J. C. Chai, Z. H. Liu, X. H.
Zhou, H. Li, Y. G. Guo, G. L. Cui, L. Q. Chen, Adv. Energy Mater., 2015, 5,
1501082–1501092.

[6] D. Lin, W. Liu, Y. Liu, H. R. Lee, P. C. Hsu, K. Liu, Y. Cui, Nano Lett., 2016,
16, 459–465.

[7] W. Liu, S. W. Lee, D. C. Lin, F. F. Shi, S. Wang, A. D. Sendek, Y. Cui, Nat.
Energy, 2017, 2, 17035. doi: 10.1038/nenergy.2017.35.

[8] K. Xu, Chem. Rev., 2014, 114, 11503–11618.
[9] H. Goldansaz, D. Auhl, B. Goderis, Q. Voleppe, C. Fustin, J. Gohy, C. Bailly,

E. Ruymbeke, Macromolecules, 2015, 48, 3746–3755.
[10] J. Rolland, J. Brassinne, J. P. Bourgeois, E. Poggi, A. Vladb, J. F. Gohy, J.

Mater. Chem., 2014, 2, 11839–11846.
[11] W. D. Zhou, S. F. Wang, Y. T. Li, S. Xin, A. Manthiram, J. B. Goodenough,

J. Am. Chem. Soc., 2016, 138, 9385–9388.
[12] J. W. Bae, Y. T. Li, J. Zhang, X. Y. Zhou, F. Zhao, Y. Shi, J. B. Goodenough,

G. H. Yu, Angew. Chem. Int. Ed., 2018, 57, 2096–2100.
[13] X. K. Zhang, J. Xie, F. F. Shi, D. C. Lin, Y. Y. Liu, W. Liu, A. Pei, Y. J. Gong,

H. X. Wang, K. Liu, Y. Xiang, Y. Cui, Nano Lett., 2018, 18, 3829–3838.
[14] J. Cao, L. Wang, X. M. He, M. Fang, J. Gao, J. J. Li, L. F. Deng, H. Chen,

G. Y. Tian, J. L. Wang, S. S. Fan, J. Mater. Chem., 2013, 1, 5955–5961.
[15] M. Chen, X. D. Xiang, D. R. Chen, Y. H. Liao, Q. M. Huang, W. S. Li, J.

Power Sources, 2015, 279, 197–204.
[16] Z. Wang, C. Miao, X. Yan, P. Mei, W. Xiao, Polym. Int., 2017, 66, 485–491.
[17] Y. Y. Chu, Z. Y. Liu, D. Saikia, C. J. Chou, H. M. Kao, M. C. Chen, Ionics,

2015, 21, 2523–2534.
[18] P. Pal, A. Ghosh, Electrochem. Acta, 2017, 260, 157–167.
[19] N. Plylahan, M. Letiche, M. Barr, T. Djenizian, Electrochem. Commun.,

2014, 43, 121–124.
[20] B. W. Zewde, S. Admassie, J. Zimmermann, C. Isfort, B. Scrosati, J.

Hassoun, ChemSusChem, 2013, 6, 1400–1405.
[21] K. Fu, Y. H. Gong, J. Q. Dai, A. Gong, X. G. Han, Y. G. Yao, C. W. Wang,

Y. B. Wang, Y. Chen, C. Y. Yan, Y. J. Li, E. D. Wachsman, L. B. Hu, Proc.
Natl. Acad. Sci. USA, 2016, 113, 7094–7099.

ChemistryOpen
Communications
doi.org/10.1002/open.202000107

717ChemistryOpen 2020, 9, 713–718 www.chemistryopen.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Freitag, 12.06.2020

2006 / 168974 [S. 717/718] 1

https://doi.org/10.1002/aenm.201501082
https://doi.org/10.1002/aenm.201501082
https://doi.org/10.1016/j.jpowsour.2015.01.004
https://doi.org/10.1016/j.jpowsour.2015.01.004
https://doi.org/10.1016/j.jpowsour.2015.01.004


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

[22] D. C. Lin, P. Y. Yuen, Y. Y. Liu, W. Liu, N. Liu, R. H. Dauskardt, Y. Cui, Adv.
Mater., 2018, 30, 1802661. doi: 10.1002/adma.201802661.

[23] Z. Q. Zhu, M. L. Hong, D. S. Guo, J. F. Shi, Z. L. Tao, J. Chen, J. Am. Chem.
Soc., 2014, 136, 16461–16464.

[24] L. Xu, S. Tang, Y. Cheng, K. Y. Wang, J. J. Liang, C. Liu, Y. C. Cao, F. Wei,
L. Q. Mai, Joule, 2018, 2,1991–2015.

[25] D. C. Lin, W. Liu, Y. Y. Liu, H. R. Lee, P. C. Hsu, K. Liu, Y. Cui, Nano Lett.,
2016, 16, 459–465.

[26] J. M. Yu, C. Wang, S. H. Li, N. Liu, J. Zhu, Z. D. Lu, Small, 2019, 15,
1902729. doi: 10.1002/smll.201902729.

[27] K. Liu, F. Ding, J. Liu, Q. Zhang, X. Liu, J. Zhang, Q. Xu, ACS Appl. Mater.
Interfaces, 2016, 8, 23668–23675.

[28] W. P. Zha, F. Chen, D. J. Yang, Q. Shen, L. M. Zhang, J. Power Sources,
2018, 397, 87–94.

[29] W. J. Lin, G. Q. He, Y. H. Huang, X. Y. Chen, Nanotechnology, 2019, 31,
035404. doi: 10.1088/1361-6528/ab4841.

[30] S. Wang, M. Yan, Y. Li, C. Vinado, J. Yang, J. Power Sources, 2018, 7, 926–
955.

[31] N. Li, Z. P. Chen, W. C. Ren, F. Li, H. M. Cheng, Acta Chim. Sin., 2013, 71,
869–878.

[32] Q. Lu, J. Fang, J. Yang, G. Yan, S. Liu, J. Wang, J. Membr. Sci., 2013, 425–
426, 105–112.

[33] Y. Yin, M. Gao, J. Ding, Y. Liu, L. Shen, H. Pan, J. Alloys Compd., 2011,
509, 10161–10166.

[34] L. Pang, M. Zhao, X. Zhao, Y. Chai, J. Power Sources, 2012, 201, 253–258.
[35] Y. Lu, Z. Wen, J. Jin, Y. Cui, M. Wu, S. Sun, J. Solid State Electrochem.,

2012, 16, 1863–1868.
[36] C. Yu, S. Ganapathy, E. R. H. Van Eck, H. Wang, S. Basak, Z. L. Li, M.

Wagemaker, Nat. Commun., 2017, 8, 1086. doi: 10.1038/s41467-017-
01187-y.

Manuscript received: April 17, 2020
Revised manuscript received: May 20, 2020

ChemistryOpen
Communications
doi.org/10.1002/open.202000107

718ChemistryOpen 2020, 9, 713–718 www.chemistryopen.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

Wiley VCH Freitag, 12.06.2020

2006 / 168974 [S. 718/718] 1

https://doi.org/10.1021/acs.nanolett.5b04117
https://doi.org/10.1021/acs.nanolett.5b04117
https://doi.org/10.1021/acsami.6b05882
https://doi.org/10.1021/acsami.6b05882
https://doi.org/10.1021/acsami.6b05882

