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the usage of metal lithium, which has 
much higher energy density compared to 
commercially used graphite anodes.

As the key component in all-solid-state 
batteries, the solid electrolytes have been 
intensively studied and investigated. Solid 
electrolyte can be generally classified into 
three types: inorganic solid electrolytes 
(ISEs), solid polymer electrolytes (SPEs), 
and composite solid electrolytes (CSEs).[5] 
Traditional SPEs are limited by their poor 
room-temperature conductivity[6] and 
narrow electrochemical window,[7] and the 
development of ISEs is facing challenges 
such as brittleness,[8,9] large interfacial, 
and grain boundary resistance.[10,11] As the 
complex of ISE and SPE, CSEs not only 
inherit great flexibility and good interfa-
cial contact with electrodes from SPEs, but 
also exhibit improved ionic conductivity at 
lower temperature.[12]

A common method to design CSE is to add inorganic fillers 
(e.g., Al2O3,[13] TiO2,

[14] and Fe2O3)[15] with high surface area 
and Lewis-acid character into polymers in order to prevent 
the reorganization of the polymer chain, leading to enhanced 
Li-ion conductivity.[16] Up to now, the weight contents of inor-
ganic substances in most reported CSEs are relatively low, and 
the inorganic particles are dispersed in the membrane, lacking 
of contact.[17] In an SPE, it can be reckoned that in such CSE 
membranes lithium ions will only move within the polymer 
domains so the ISEs mainly act as fillers instead of ion con-
ductor. Therefore, the improved ionic conductivity should be 
attributed to the effect that inorganic fillers disordered the crys-
talline structure of the polymers.[18–20] By increasing the amount 
of inorganic materials in the CSE, the inorganic contents will 
become the main body of the CSE so the lithium ions can be 
transported through the inorganic network. In addition, a com-
pact layer formed of inorganic particles is more likely to prevent 
the penetration of lithium dendrites. In this case, polymers in 
the CSE will not only act as lithium ion conductors, but also 
as binders that holding the inorganic particles together. Among 
various types of inorganic lithium-ion conductor, NASICON-
type ceramics have attracted interests of many researchers 
due to their good stability and high room-temperature ionic 
conductivity. Aono et al. discovered that the conductivity of 
LiTi2(PO4)3 can be improved by doping appropriate amount of 

A flexible composite solid electrolyte membrane consisting of inorganic 
solid particles (Li1.3Al0.3Ti1.7(PO4)3), polyethylene oxide (PEO), and boronized 
polyethylene glycol (BPEG) is prepared and investigated. This membrane 
exhibits good stability against lithium dendrite, which can be attributed to 
its well-designed combination components: the compact inorganic lithium 
ion conducting layer provides the membrane with good mechanical strength 
and physically barricades the free growth of lithium dendrite; while the 
addition of planar BPEG oligomers not only disorganizes the crystallinity 
of the PEO domain, leading to good ionic conductivity, but also facilitates 
a “soft contact” between interfaces, which not only chemically enables 
homogeneous lithium plating/stripping on the lithium metal anode, but also 
reduces the polarization effects. In addition, by employing this membrane 
to a LiFePO4/Li cell and testing its galvanostatic cycling performances at 
60 °C, capacities of 158.2 and 94.2 mA h g−1 are delivered at 0.1 C and 2 C, 
respectively.

Dr. L. Yang, Z. Wang, Dr. Y. Feng, R. Tan, Y. Zuo, R. Gao, Y. Zhao, L. Han, 
Dr. Z. Wang, Prof. F. Pan
School of Advanced Materials
Shenzhen Graduate School
Peking University
Shenzhen 518055, P. R. China
E-mail: panfeng@pkusz.edu.cn
Dr. Y. Feng
South China Academy of Advanced Optoeletronics
South China Normal University
Guangzhou 510006, P. R. China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aenm.201701437.

Lithium-Ion Batteries

1. Introduction

All-solid-state lithium-ion batteries have attracted worldwide 
attentions due to their high energy density, long cycle life, and 
especially better safety compared to traditional lithium-ion bat-
teries.[1–4] An all-solid-state lithium ion battery usually consists 
of three parts: a cathode, a metallic lithium anode, and a solid 
electrolyte. By replacing the commonly used liquid electrolytes 
with solid electrolyte, the packing density of the battery can be 
greatly improved. In addition, an all-solid-state battery allows 
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trivalent ions such as Al3+, Fe3+, and Cr3+. It was also reported 
that Li1+xAlxTi2–x(PO4)3 (LATP) exhibited the highest conduc-
tivity when x = 0.3.[21,22] Since then, LATP has been widely 
investigated as a competitive Li+ conductor due to its high bulk 
ionic conductivity at room temperature (>10−3 S cm−1).[21–24] 
As a commonly used SPE, poly(ethylene oxide) (PEO)–metal 
salt system has been widely studied since its ionic conducting 
ability was first reported in 1973.[25] Similar to many SPEs, 
PEO-based SPEs also suffer from low ionic conductivity at low 
temperature. It has been reported that the addition of branched 
or cross-linked polymers can be an effective method to promote 
the ionic conductivity of SPEs.[26–28] In our previous work, by 
mixing triboron-based poly(ethylene glycol) (PEG) (BPEG) with 
15 wt% of PEO, the operating temperature of the SPE was 
decreased to 30 °C.[29] It was due to that the use of branched 
polymers can efficiently decrease the crystallinity of the PEO by 
disordering the structure of PEO segments, hence the mobility 
of the PEO chains was increased.

Herein, we designed and fabricated a CSE membrane con-
sisting of both polymer and inorganic solid electrolytes. In 
this membrane, the closely packed LATP (x = 0.3) inorganic 
ceramic particles can be regarded as the main structure of the 
membrane and the polymer mixture (PEO + BPEG) not only 
fills the gaps between particles, offering more Li-ion transfer 
pathways, but also provides soft contact with the electrodes. 
PEO with high molecular weight (Mw) (4 × 106) acts as binder 
to hold the inorganic particles together into a membrane with 
good flexibility and mechanical resilience. The addition of 2D 
structured BPEG improved the conductivity of the membrane 
(2.5 × 10−4 S cm−1) at 60 °C and facilitated a “softer contact” 
between the membrane and the lithium metal. This improve-
ment allows the homogeneous stripping and plating of lithium 
and can potentially suppress the formation of lithium den-
drites, which is pivotal to its application in solid state lithium 
ion batteries. Therefore, in this report, the CSE membrane not 

only has a compact inorganic layer, which acts as a physical bar-
rier to lithium dendrite growth, but also exhibits depolarization 
effects on its interface with lithium metal which avoids nonu-
niform electrochemical deposition of lithium. Owing to this 
feature, this membrane demonstrates excellent Li–electrolyte 
interfacial stability. In addition, by combining this CSE mem-
brane with LiFePO4 (LFP) cathode and Li metal anode, specific 
capacities of 158.2 and 94.2 mA h g−1 were obtained at the 
cycling rate of 0.1 C and 2 C, respectively, at 60 °C, which were 
comparable to the results from many lithium ion batteries 
using CSEs and SPEs previously reported (see Table S1, 
Supporting Information).

2. Results and Discussion

2.1. Physical Characterization

LATP powder was prepared via solid-state synthesis as pre-
viously reported by Aono et al.[21] The scanning electron 
microscopy (SEM) image of the LATP powder (Figure S1a, 
Supporting Information) shows the diameter of the LATP par-
ticles is ≈2 µm. Energy dispersive spectra (EDS) of particles 
(Figure S1b,d, Supporting Information) show all elements are 
well-distributed within particles. From Figure 1a it can be seen 
that the X-ray diffraction (XRD) patterns of the prepared LATP 
are well indexed into the lithium titanium phosphate structure 
(JCPDS35-0754). BPEG was synthesized according to the reac-
tion (Scheme 1) proposed in the previous literature.[29] In the 
Fourier transform infrared spectra of BPEG (Figure S2, Sup-
porting Information), the bending (668 cm−1) and antisym-
metric stretching (1326 and 1417 cm−1) vibration peaks of BO 
bond indicate the PEG chains have been chemically bonded 
with boron atoms, forming multibranched molecules. The 
CSE membranes are composed of inorganic part (LATP), PEO 
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Figure 1. a) XRD patterns of LATP, CSE-B-71515, CSE-730, CSE-71515, and PEO. b) Pictures and c) SEM image of the prepared CSE-B-71515 mem-
brane. d) SEM image and e) Ti Kα1 EDS of cross-section view of Li/CSE-B-71515/Li cell.
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(Mw = 4 × 106) and BPEG (Mw ≈ 1800) in the weight ratio of 
70:15:15. In this report, it is named as CSE-B-71515 for conven-
ience. For comparison, three other solid electrolyte membranes 
were prepared in the same method: one consists of 70 wt% 
LATP and 30 wt% PEO (CSE-730); one consists of 70 wt% 
LATP, 15 wt% PEO, and 15 wt% PEG (Mw = 1800), which is 
not boronized (CSE-71515); another one consists of no LATP, 
50 wt% PEO, and 50 wt% BPEG (SPE-B-011). For better con-
ductivity in the polymer domain, lithium bis(trifluoromethane 
sulfonimide) (LiTFSI) salt was added to the membrane and the 
ratio of [Li+]:[EO] is 1:20.

As presented in Figure 1a, the XRD patterns of all CSE 
membranes are similar to that of LATP. CSE-730 also shows 
a broad lump between 15° and 30° and two peaks at 19.1° and 
23.4°, which can be traced to the XRD pattern of PEO. How-
ever, they cannot be found in the pattern of CSE-B-71515 and 
CSE-71515, indicating a lower degree of crystallinity in the 
polymer was obtained. In addition, differential scanning calo-
rimetry (DSC) results in Figure 1b showed that the glass tran-
sition temperatures (Tg) and the melting temperatures (Tm) 
of CSE-B-71515 (Tm = −39.6 °C, Tg = 47.8 °C) and CSE-71515  
(Tm = −35.5 °C, Tg = 47.7 °C) are clearly lower than that of  
CSE-730 (Tm = −33.2 °C, Tg = 51.9 °C). Therefore, it can be 
concluded that a higher amorphicity was resulted from the 
addition of oligomers with lower molecular weights. Since 
lower crystallinity indicates higher segmental movement 
ability, which is related to the ionic conductivity of PEO elec-
trolyte,[30] it can be predicted that the addition of BPEG and 
PEG will have a positive effect on the conductivity of the CSE 
membrane. Figure 1c shows that the as-prepared membrane 
is free-standing and flexible. The thickness of the membranes 
was measured as ≈100 µm. By comparing the CSE membrane 
to traditional SPE membrane, the addition of 70 wt% ceramic 
solids is expected to improve the mechanical strength of the 
membrane. Therefore, to reveal the mechanical strength of 
the membranes, atomic force microscopy (AFM) tests were 
carried out in an Ar-filled glovebox. In Figure S3 in the Sup-
porting Information, it is shown that the CSE-B-71515 mem-
brane exhibited good mechanical strength with Young Module 
of 1.56 GPa, which is more than 80 times higher than that of 
SPE-B-011 (19 MPa). This remarkable improvement is attrib-
uted to the addition of inorganic particles that forming a tough 
and tensile membrane, which allows the construction of robust 
all-solid-state batteries. The SEM image (Figure S4, Supporting 
Information) also shows a homogeneous surface of the mem-
brane. By combining the cross-section SEM image of Li/CSE- 
B-71515/Li symmetric cell (Figure 1d) and its Ti Kα1 EDS 

(Figure 1e), a compact LATP layer can be 
observed between lithium metal. Therefore, 
the inorganic particles in the membrane are 
in close contact with each other, allowing the 
Li-ion transfer between grains.

2.2. Electrochemical Characterization

The ion conductivity of the membranes was 
measured using electrochemical impedance 
spectroscopy. In Figure 2, variation of ionic 

conductivity of different CSE membranes were compared at 
different temperature (from 30 to 90 °C) was presented. The 
results showed that CSE-B-71515 demonstrates the highest 
conductivity while CSE-730 exhibited lowest conductivity, espe-
cially when the temperature is below 60 °C. This is consistent 
with the XRD and the DSC results where lowest crystallinity 
of PEO was observed in CSE-B-71515, leading to the best ionic 
conductivity. Moreover, although the oligomers added into CSE-
B-71515 (BPEG) and CSE-71515 (PEG) has similar molecular 
weight, differences in ionic conductivity are observed for these 
two membranes, which can be due to their different molec-
ular conformations. The simulated molecular configurations 
of the as-prepared BPEG and PEG are presented in Figure 3. 
It can be seen the PEG molecule shows a 1D structure while 
BPEG molecule exhibits a 2D planar structure due to the 
empty p-orbital and the sp2-hybrid orbitals of the boron atom. 
As a result, the presence of BPEG with 2D planar structure 
could more effectively disrupt the crystal structure that con-
sisting of linear polymer chains, therefore the better segments 
mobility and the improved ionic conductivity can be achieved. 
The ion conductivity of CSE-B-71515 at 60 °C is measured 
as 2.5 × 10−4 S cm−1, which is higher than those of CSE-730 
(7.1 ×10−5 S cm−1) and CSE-71515 (1.6 × 10−4 S cm−1). This 
number is lower than that of LATP ISEs at room temperature 
(above 10−3 S cm−1),[23] which is due to the degree of contact 
between inorganic particles in CSE is significantly lower than 
that in LATP ISEs that have been cold/hot-pressed under high 
pressure. However, as described hereinafter, the “soft contact” 
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Scheme 1. Reaction scheme for the synthesis of BPEG.

Figure 2. Arrhenius plot for different CSE membranes from 30 to 90 °C.
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provided by the polymer part in the CSE membranes will 
greatly compensate this disadvantage. This value is also suf-
ficient in battery tests. Therefore, the following experiments 
were carried out at 60 °C.

The Li+ transference numbers of different solid electrolyte 
membranes were also measured and recorded in Table 1. Sim-
ilar to the traditional polymer solid electrolytes, the Li+ transfer-
ence number of the membrane consisting of PEO and BPEG 
was measured as 0.16 while the cells with CSEs demonstrated 
much higher transference numbers: 0.49 for CSE-B-71515, 0.40 
for CSE-71515, and 0.36 for CSE-730. Because Li ion is the only 
type of ion transferred in the inorganic ceramic electrolytes, 
the theoretical Li-ion transference number in LATP should be 
considered as unity. In this case, the significant increase in the 
Li+ transference number can be explained by that LATP domain 
was involved in the process of lithium ion transport. This con-
clusion is also in good consistence with a previously reported 
result by Zheng et al. where in an Li7La3Zr2O12 (LLZO)/PEO 
CSE, lithium ions will preferentially pass through the LLZO 
ceramic particles instead of the PEO/LLZO interphase or 
polymer.[31] Since less positive charge was trapped, it can be 
concluded that the ion concentration polarization effect in 
the membrane should be reduced. As proposed in Scheme 2, 
compared with traditional SPEs, there might be three possible 
Li-ion transfer routes in the CSE: 1. via the polymer domain; 2.  
via the inorganic domain; 3. via both domains. In route 2, the 
lithium ion transfer between LATP/LATP interfaces can be 
attributed to the close packing of the inorganic particles. Since 
both polymer chains and LATP particles have participated the 

Li-ion transfer process, the shapes of the curves in Figure 2 are 
determined by both processes. The Li-ion movement in SPEs 
can be explained with two models: Vogel–Tammann–Fulcher 
(VTF) model and Arrhenius model. Generally, when the tem-
perature is above the melting point, the Li-ion migration follows 
the VTF model where Li ions migrate along with polymer seg-
ments; when the temperature is below the melting point, Li ions 
can only hop in the electrolytes decoupled with segmental move-
ment, which obeys the Arrhenius model. Hence, the Arrhenius 
plots of SPEs usually show two different slopes.[32] As for ISEs, 
the Li-ion migration follows Arrhenius model therefore only 
one slope can be observed. Therefore, it can be deduced that 
the Arrhenius plot of CSE membranes will demonstrate com-
bined characteristics of SPEs and ISEs. In Figure 2, the curves 
of three CSE membranes showed different degrees of this 
combined effect. Two slopes were obtained from the CSE-730 
and CSE-71515 membranes, but the gradient differences were 
less obvious compared to those of SPEs previously reported,[29] 
which was an indication of combined mechanism; while the 
curve obtained from CSE-B-71515 membrane was almost a 
straight line, indicating that more inorganic particles were 
involved in Li-ion transfer, hence it can be inferred that better 
contacts between LATP particles and polymers were obtained 
in the presence of BPEG. This deduction is supported by the 
different values of Li+ transference number obtained from dif-
ferent CSE membranes (CSE-B-71515 > CSE-71515 > CSE-730).

Furthermore, the linear scanning voltammetry (LSV) results 
(Figure S5a, Supporting Information) showed that CSE-B-
71515 demonstrated a higher apparent upper limit voltage 
than SPE-011, which is also beneficial to its application in 
batteries. It has been reported that Ti4+ tends to be reduced 
by Li metal.[33] The lower limit voltage of CSE-B-71515 was 
also tested, no significant reduction of Ti was observed above 
2.41 V (Ti4+ + e− → Ti3+). Therefore, the electrochemical 
window of this CSE is suitable for the use of LiFePO4.

All-solid-state battery allows the usage of metallic lithium as 
anode, therefore, the ability to suppress the growth of lithium 
dendrite is crucial for solid electrolyte membranes. To further 
study the performance of the CSE membranes, cyclic lithium 
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Figure 3. Snapshot of BPEG (left) and PEG (right) molecules with similar molecular weights from the results of molecular dynamics simulation.

Table 1. Li ion transference numbers of different solid electrolyte 
membranes.

Solid electrolyte compositions Li-ion transference number

CSE-B-71515 0.49

CSE-71515 0.40

CSE-730 0.36

50% PEO + 50% BPEG + LiTFSI 0.16
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plating/stripping experiments in symmetric lithium cells were 
carried out at 60 °C. As the growth of dendrite short-circuits 
the cell, a voltage drop was resulted from the sudden change 
of internal resistance. In order to study the differences in 
the membrane components on the lithium dendrite growth, 
herein, four different CSE membranes were tested: CSE-B-
71515, CSE-730, CSE-71515, and SPE-B-011. Figure 4a–d shows 
the time-dependent voltage profile of cells using different solid 
electrolyte membranes under a current density of 0.2 mA cm−2. 
It can be seen that over 20 000 min of cycling with each charge/
discharge cycle length of 1 h, the Li/CSE-B-71515/Li cell was 
still able to work. Moreover, it is also notable that after experi-
encing a short period of short-circuit, the CSE membrane was 
able to self-recover, indicating its good resilience (Figure S6, 
Supporting Information). By contrast, cells that use CSE-730, 

CSE-71515, and SPE-B-011 membranes were able to be oper-
ated for 108 00, 12 300, and 2600 min, respectively, before cell 
failure. By comparing the results of CSEs with SPE-B-011, the 
CSE membranes exhibited much better stability against lithium 
dendrite in general. In this case, it was due to that in an SPE 
membrane, the growth of lithium dendrite was unhindered 
and it could easily penetrate the membrane; while in a CSE 
membrane, the compact inorganic layer acted as a physical 
barrier that restricting the free growth of lithium dendrite (as 
demonstrated in Scheme 2) hence a much longer cycle length 
can be obtained. However, the inorganic layer is not the only 
determining factor affecting the lithium dendrite growth as the 
result also shows that despite with same amount of inorganic 
component, it is more likely for lithium dendrites to form and 
grow using CSE-730 and CSE-71515 compared to CSE-B-71515. 

Adv. Energy Mater. 2017, 1701437

Scheme 2. Proposed lithium ion transfer pathways and lithium dendrite growth in solid electrolytes a) without inorganic particles and b) with closely 
packed inorganic particles.

Figure 4. Galvanostatic cycles for a) Li/CSE-B-71515/Li, b) Li/CSE-730/Li, c) Li/CSE-71515/Li, and d) Li/SPE-B-011/Li symmetrical cells with a constant 
current density of 0.2 mA cm2 at 60 °C.
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Therefore, it can be inferred that the polymer part in the CSE is 
also playing a crucial role in preventing dendrite growth.

In order to have a better understanding of these electro-
chemical behaviors, the postcycling SEM images of the Li–
electrolyte interfaces are presented in Figure 5a–c, in which 
the surface of Li was the smoothest when CSE-B-71515 was 
employed while the cell using CSE-730 membrane resulted in 
the roughest Li surface. It has been previously reported that 
the inhomogeneous lithium plating and stripping was due to 
the nonuniform contact between lithium metal and the solid 
electrolyte, as a result, improved electrode–electrolyte interface 
will suppress the formation of lithium dendrite and result in 
a smooth lithium surface.[34–37] To further investigate the main 
reason for the different performances from these three CSE 
membranes, the impedance of the Li–Li symmetric cells was 
measured and plotted in Figure 5d. In the Nyquist plots, the 
impedance spectra of the cells are comprised of two semicir-
cles and one inclined line, corresponding to the electrolyte 
resistance (Re), charge transfer resistance (Rct), and the War-
burg impedance, respectively. For CSE-B-71515, the Rct was 
measured as 165 Ω, which is much lower than the values of 
CSE-730 (324 Ω) and CSE-71515 (270 Ω), implying a better con-
tact between the solid electrode membrane and the electrodes. 
The difference in Rct can be explained by the addition of BPEG 
provides a softer interfacial contact, which benefits the charge 
transfer between the electrode and the electrolyte. Therefore, 
the proposed effect of the addition of BPEG on lithium dendrite 

formation is presented in Scheme 3. Instead of straight lines, 
high Mw PEO segments are curvy chains with large curvature 
radius and tend to tangle up with others. As a result, there are 
void spaces left between the PEO chains and the electrode sur-
face, leading to limited contact points. Since lithium ions can 
only be deposited or stripped through these contact points, the 
dendrites are more likely to be formed in this situation. By con-
trast, oligomers with smaller sizes can fill into those voids, as a 
result, the contact between the electrode and the electrolyte will 
be greatly improved. As the discrepant results from adding oli-
gomers with similar Mw but different structure, it might be due 
to that the 1D linear oligomers are prone to intertangling with 
other linear chains; while the planar oligomers with 2D struc-
ture are relatively more independent in the polymer domain 
and more likely to horizontally sit on the lithium surface, cre-
ating “softer-contact” with lithium with large contact area for 
lithium ion transfer. Due to the ability to inhibit the lithium 
dendrite formation and growth, the addition of BPEG with 2D 
molecular structure can be a promising approach to extend the 
cycle life of CSE membranes.

LFP/CSE/Li cells employed with different CSE membranes 
were assembled and their galvanostatic charge–discharge per-
formances were tested at 60 °C. The loading of active mate-
rials on the cathode ranged from 0.4 to 0.6 mg cm−2. The 
rate discharge capability of the three cells is investigated at 
the C-rates from 0.1 C to 2.0 C, and the results are shown in 
Figure 6b. For the cell using CSE-B-71515, an average specific 
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Figure 5. SEM images of the Li/CSE membrane interface in a) Li/CSE-B-71515/Li, b) Li/CSE-730/Li, and c) Li/CSE-71515/Li symmetrical cells after 
cycling. The lithium metal surfaces that used to contact with the CSE are highlighted with yellow dashed box. d) Electrochemical impedance spectra 
of Li/CSE/Li symmetric cells using different CSE membranes at 60 °C.
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capacity (per mass of LFP) of 158.2, 155.2, 139.6, 124.1, and 
94.2 mA h g−1 was obtained at the C-rates of 0.1 C, 0.2 C, 0.5 C, 
1 C, and 2 C, respectively. When the C-rate was reverted to 0.1 C 
again, a capacity of 150.0 mA h g−1 can be recovered, showing 
good cycling stability and reversibility. By contrast, at same 
C-rates, much lower capacities were obtained from the cells 

that using CSE-730 (85.8, 79.2, 68.5, 48.7, and 30.6 mA h g−1) 
and CSE-71515 (109.2, 110.1, 96.2, 70.3, and 46.0 mA h g−1) 
membranes. The charge–discharge voltage profiles of these 
three cells at different C-rates are presented in Figure 6a,c,d. It 
can be measured that the lowest over potentials were obtained 
when CSE-B-71515 was employed in the cell (0.08, 0.10, 0.21, 

Scheme 3. Proposed lithium plating/stripping processes and lithium surfaces when lithium metal is in contact with different CSE membrane.

Figure 6. Charge–discharge profiles of a) LFP/CSE-B-71515/Li, c) LFP/CSE-730/Li, and d) LFP/CSE-71515/Li and discharge capacities of the three 
cells b) at 0.1 C, 0.2 C, 0.5 C, 1 C, and 2 C. All cells were tested at 60 °C. The loading area of the cathode material was 1 cm2 and the areal loadings of 
a) 0.502 mg cm−2, b) 0.485 mg cm−2, and c) 0.533 mg cm−2.
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0.34, and 0.58 V at 0.1 C, 0.2 C, 0.5 C, 1, and 2 C, respectively), 
followed by CSE-71515 (0.12, 0.14, 0.28, 0.41, and 0.50 V at 
0.1 C, 0.2 C, 0.5 C, 1 C, and 2 C, respectively) and CSE-730 
(0.23, 0.26, 0.36, 0.51, and 0.59 V at 0.1 C, 0.2 C, 0.5 C, 1 C, 
and 2 C, respectively). The superior cell performance delivered 
by CSE-B-71515 can be explained by the following two reasons: 
on the one hand, considering better electrolyte–lithium contact 
was achieved by the addition of BPEG, a better electrolyte–
cathode contact can also be readily assumed, which will lead to 
depolarization effects and greatly enhance the performance of 
lithium ion batteries;[38] on the other hand, lower over potential 
reflects lower internal resistance and better ion transfer capa-
bility of the membrane, which is consistent with the results 
from Figure 2a where CSE-B-71515 exhibited the highest ionic 
conductivity.

3. Conclusion

In summary, a flexible composite solid electrolyte membrane 
(CSE-B-71515) comprised of LATP inorganic solid electro-
lyte particles, PEO, and 2D planar oligomer (BPEG) was pre-
pared and studied. As the main body of the membrane, the 
compact inorganic served as not only a physical barrier to 
lithium dendrite growth, but also pathways for lithium ion 
transfer. PEO with high Mw bound the particles together into 
a flexible membrane. Owing to the planar structure of the oli-
gomers to be added to the membrane, improved ionic conduc-
tivity was obtained. More importantly, 2D structured BPEG 
enabled a “softer contact” with larger contact area between 
the lithium metal and the membrane, which depolarized the 
charge transfer process at the electrolyte–electrode interfaces. 
Consequently, the lithium dendrite growth was effectively sup-
pressed. The rate performance LFP/CSE-B-71515/Li cell was 
tested at 60 °C, an average capacity of 158.2, 155.2, 139.6, 124.1, 
and 94.2 mA h g−1 was obtained at the C-rates of 0.1 C, 0.2 C, 
0.5 C, 1 C, and 2 C, respectively. The promising results have 
led us to believe that the variation of this concept is an effective 
approach to design new composite solid electrolytes with desir-
able properties.

4. Experimental Section
Synthesis of Composite Solid Electrolyte: In this work, LATP ceramic 

powder was obtained via solid-state reaction as described in previous 
report.[21] Stoichiometric amounts of Li2CO3 (98%, Sinopharm Chemical 
Reagent), Al2O3 (analytical reagent, Aladdin), TiO2 (99.9%, Aladdin), 
and (NH4)2HPO4 (ACS reagent, Sigma-Aldrich) were ground mixed and 
calcined at 900 °C for 2 h. The resulting product was ball-milled with 
acetone for 6 h at 400 rpm, followed by calcination treatment at 900 °C 
for 2 h, and then it was ball-milled for another 6 h. The synthesis of BPEG 
was based on previous report:[29] 5.4 g of PEG (Mw = 600, Sinopharm 
Chemical Reagent) was dissolved in 20 mL of acetonitrile under N2 
atmosphere and the solution was stirred at 45 °C for 30 min. Then 
extra amount (6 mL) of borane tetrahydrofuran complex solution (1 m, 
Aladdin) was added at the rate of drop per 5 s. The reaction was held 
under reflux for 24 h. After removing the residual solvent and borane 
using rotary evaporator at 70 °C, the product was transferred to Ar-filled 
dry box. To obtain ceramic–polymer electrolyte, LATP, PEO (provided by 
Dow Chemical Company, Mw = 4 m), PEG/BPEG, and LiTFSI (99.95%, 

Aldrich) were mixed and stirred in anhydrous acetonitrile (Macklin) for 
12 h. The resultant homogeneous solution was cast on a Teflon mold 
and dried into a membrane in an Ar-filled dry box. The membrane was 
then collected and dried at 70 °C for 12 h before use.

Preparation of LFP/CSE/Li Batteries: To prepare the cathode, LFP 
(carbon-coated nanoparticles, provided by Dynanonic), acetylene 
black, and PEO (provided by Dow Chemical Company, Mw = 4 m) 
were mixed and stirred in anhydrous acetonitrile for 12 h, with the 
ratio 5:3:2 by weight. Additional LiTFSI salt was (99.95%, Aldrich) 
added so that [EO]:[Li+] = 20:1. The resultant slurry was cast on 
a stainless steel current collector and dried at 80 °C for 12 h. The 
active material loading on each current collector ranges from 0.4 to 
0.6 mg cm−2. The coin cells were fabricated using Li metal anode and 
LFP-loaded cathode obtained above, with ceramic–polymer electrolyte 
as a separator. All experiments above were performed in an argon 
atmosphere in a dry box.

Material Characterization: XRD was performed on a Bruker D8 
Advance powder X-ray diffractometer, using Cu-Kα radiation with 2θ 
from 10° to 80°. Field-emission SEM was performed on a Zeiss SUPRA-
55. The characteristic vibration of BPEG and PEG was studied by Fourier 
transform infrared spectroscopy (Frontier). DSC tests were carried out 
using DSC1 (Mettler Toledo) from −57.5 to 100 °C. AFM measurement 
was performed on an atomic force microscope (Multimode 8, Bruker), 
and PeakForce QNM mode was applied to measure the hardness of the 
membranes.

Model and Simulation Details: Each PEG chain consists of 40 repeat 
units. In the BPEG chain, one B atom links three PEG chains by BO 
bonds and each PEG segment contains 13 repeat units. The relative 
molecular mass of both chains are ≈1800. The simulated box contains 
100 PEG chains and 100 BPEG chains, respectively. A multiple time step 
second-order symplectic integrator (RESPA) was employed, and the 
integration time step of 1 fs for the bond, the angle, and torsion forces, 
2 fs for the nonbonded van der Waals forces, and 4 fs for the long-
range Coulomb interactions. The cut-off distances for the nonbonded 
interactions and the long-range Coulomb interactions were both 10 Å. 
The isothermal-isorbaric ensemble was employed in the simulations, 
where the pressure was P = 0 bar, and temperature was fixed at 
T = 333 K. All molecular dynamics runs were carried out using the 
large scale atomic/molecular massively parallel simulator (LAMMPS) 
developed by Sandia National Laboratories.

Electrochemical Measurements: The electrochemical impedance 
spectrometry was carried out using electrochemical workstation (CHI 
660E), with the frequency range of 200 kHz to 0.1 Hz. To measure the 
lithium ion transference number, the potential step experiments were 
studied by electrochemical workstation (PARSTAT 2273) at 60 °C, where 
a constant voltage (<100 mV) was applied to the Li/electrolyte/Li cell 
until the current reached a stable value. The transference number is 
calculated with Equation (1)

ss 0 0

0 ss ss
t

i V i R
i V i R

( )
( )=

∆ −
∆ −+

 
(1)

In this equation, t+ refers to the transference number of Li+, ΔV is 
the constant voltage applied, i0 is the initial current, iss is the steady-
state current, and R0 and Rss are the impedances before and after the 
measurements, respectively. The LSV measurements were conducted 
with electrochemical workstation (CHI 660E) between 3.5 and 5.5 V 
with the scan rate of 1 mV s−1 at 60 °C. The electrochemical cycling 
performances of the cells were evaluated and found to be between 
2.5 and 3.9 V using an automatic galvanostatic charge–discharge unit 
(Wuhan Land Electronic Co., Ltd. China) at 60 °C.
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