
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
/2

5/
20

26
 1

1:
33

:5
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Reducing interfa
aLaboratory of Advanced Materials, Instit

Shanghai 200438, China. E-mail: asyu@fud
bDepartment of Chemistry, Shanghai Key

Innovative Materials, Collaborative Innov

Materials, Fudan University, Shanghai 2004
cShanghai Electric Group Co., Ltd. Centr

Shanghai, 200070, China

† Electronic supplementary informa
10.1039/d0ra00829j

Cite this: RSC Adv., 2020, 10, 10038

Received 28th January 2020
Accepted 3rd March 2020

DOI: 10.1039/d0ra00829j

rsc.li/rsc-advances

10038 | RSC Adv., 2020, 10, 10038–
cial resistance of
a Li1.5Al0.5Ge1.5(PO4)3 solid electrolyte/electrode
interface by polymer interlayer protection†

Leidanyang Wang,a Da Liu,b Tao Huang,a Zhen Gengc and Aishui Yu *ab

High interfacial resistance of an electrode/electrolyte interface is the most challenging barrier for the

expanding application of all-solid-state lithium batteries (ASSLBs). To address this challenge,

poly(propylene carbonate)-based solid polymer electrolytes (PPC-SPEs) were introduced as interlayers

combined with a Li1.5Al0.5Ge1.5(PO4)3 (LAGP) solid state electrolyte (SSE), which successfully decreased

the interfacial resistance of the SSE/electrolyte interface by suppressing the reduction reaction of Ge4+

against the Li metal, as well as producing intimate contact between the cathode and electrolyte. This

work provides a systematic analysis of the interfacial resistance of the cathode/SSE, Li/SSE and the

polymer/LAGP interfaces. As a consequence, the interfacial resistance of the Li/SSE interface decreased

about 35%, and the interfacial resistance of the cathode/SSE interface decreased from 3.2 � 104 to 543

U cm2. With a PPC–LAGP–PPC sandwich structure composite electrolyte (PLSSCE), the all-solid-state

LiFePO4/Li cell showed a high capacity of 148.1 mA h g�1 at 0.1C and a great cycle performance over 90

cycles.
Introduction

Security is one of the most important issues that needs to be
considered for the large-scale application of Li secondary
batteries with both higher energy densities and long cycle life.1

However, safety issues have been increasingly prominent with
the signicant development of commercial lithium-ion
batteries (LIBs) in recent decades, for example, battery explo-
sions and re caused by thermal runaway behavior, formation
and uncontrolled growth of Li-dendrites, which leads to a short
circuit and nally death of the LIB. All of these are due to the
presence of the organic liquid electrolytes, which are am-
mable, volatile and toxic. Furthermore, the application of high-
voltage cathodes in LIBs is also limited by the intrinsic elec-
trochemical window of the organic liquid electrolyte.2,3 The all-
solid state lithium battery (ASSLB) is recognized as the best
candidate for next-generation energy storage with many
advantages, such as effective suppression of lithium dendrite
growth, higher energy density and excellent security, as well as
thermal stability, due to replacing the liquid electrolyte with
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a solid state electrolyte (SSE).4 Li-conductive ceramics combine
a strong mechanical stiffness, a high Li+ transfer number and
acceptable ionic conductivity at room temperature.5,6 Unfortu-
nately, the huge impedance at the composite cathode/SSE
interface7,8 and the instability of SSE relative to Li metal pre-
sented in all solid-state batteries have initiated volume expan-
sion or other contact issues, leading to a serious degradation of
battery performance.9

NASICON-type solid electrolyte has a relatively high ionic
conductivity, and the LAGP SSEs exhibit the highest ionic
conductivity on the order of 10�3 S cm�1 at room tempera-
ture.10,11 Due to the absence of transition metals, LAGP was
acknowledged to be stable toward the Li metal for a long time.12

However, an increased impedance of Li/LAGP interface was
observed in cycled cells. Besides, the reduction of Ge as a result
of a reaction with the Li metal leads to the formation of inter-
phases, which is responsible for the higher interfacial imped-
ance.13–16 Kang et al. found that the chemically formed
interphase between the Li metal and LAGP was a mixture of
stoichiometrically altered LAGP and Li-related oxides, which
showed a reduction of ionic conductivity and a promotion of
electronic conductivity. At 200 �C, a thermal runaway behavior
emerged as a consequence of the rigorous chemical reaction
between the interphase and Li.17 To address these challenges,
polymer electrolyte layers were proposed to protect the ceramic
layer from directly contacting the lithium metal and uniform
the Li+ ux on the lithium surface, which inhibit lithium
dendrite nucleation.18–25 Moreover, gel electrolyte interlayers
were introduced in ceramic-based solid state batteries, which
This journal is © The Royal Society of Chemistry 2020
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displayed a remarkable wettability toward the Li surface, with
high ionic conductivity at room temperature thanks to the
composition of the polymer and liquid.26,27 However, a detailed
analysis of the interfacial resistance of the multilayer LAGP-
based composite electrolyte has been rarely reported, and the
interaction between the ceramic layer and the polymer layer has
yet to be understood.

In this work, solid polymer electrolyte (SPE) layers with
a thickness of about 70 mm were introduced between LAGP SSE
and the electrodes by a drop-casting method. Fig. 1a displays
a schematic of the Li-metal batteries design using the polymer–
LAGP multilayer SSE and a bare LAGP pellet. The SPE used in
this work is a PPC-based composite electrolyte with the addition
of lithium bis(triuoromethanesulphonyl)imide (LiTFSI),
which has been reported to possess superior compatibility with
Li metal and helps to construct the electrode/SSE interface with
smaller impedance.28–31 Due to the PPC–LAGP–PPC sandwich
structure solid composite electrolyte (PLSSCE) design, the
interfacial resistances of LAGP pellet against the electrodes
decreased signicantly. Our results showed that the symmetric
cells with a bare LAGP pellet SSE and Li metal will have a sharply
increase of interfacial resistance during electrochemical cycling
as a result of the reduction reaction between LAGP and lithium
metal. On the contrary, when combined with PPC-based inter-
layers, the cells can cycled with stable stripping and plating
proles with a low overpotential. The hybrid electrolyte design
with polymer interlayers is an important surface engineering
strategy to decrease the overall interfacial resistance between
electrolytes and electrodes while guaranteeing safe and stable
Li-metal batteries with great performance.
Fig. 1 (a) Schematic of the batteries design with pure LAGP electrolyte
and PLSSCE. (b) SEM image of the LAGP surface (top) and the cross-
section image of the PLSSCE/LiFePO4 interface (below, with a partially
enlarged view of the dotted box) (c) LSV curves obtained for the pure
LAGP pellet, PPC-SPE and PLSSCE at 25 �C and 55 �C.

This journal is © The Royal Society of Chemistry 2020
Results and discussion

The LAGP pellet was prepared by a cold-pressing and sintering
process. The cross-sectional SEM image of the cold-pressed
LAGP pellet (Fig. S1a†) shows few pores and cracks, while it
possessed dense grain structures with an obvious dimension
reduction as a result of sintering at 900 �C for 3 h (Fig. S1b and
c†). The dense structure enables a homogeneous current
distribution and prevents lithium-metal dendrites from pene-
trating through the electrolyte during cycling with a limited
current density.26 The X-ray diffraction (XRD) pattern of the
LAGP pellets (Fig. S1d†) matches well with the LiGe2(PO4)3
(PDF# 80-1924) and shows an increase in crystallinity aer
sintering because of grain boundary fusion. Fig. S1e† shows the
impedance diagrams of different LAGP pellets. It can be seen
that the LAGP pellet prepared by cold-pressing alone had a huge
grain boundary impedance, while it was greatly decreased in the
LAGP pellet aer a sintering process, thus ensuring a high Li-
ion conductivity of 2.61 � 10�4 S cm�1 at 25 �C. The PLSSCE
with double PPC-SPE coatings (s ¼ 2.9 � 10�5 S cm�1 at 25 �C)
was prepared by a “drop-casting” method, which signicantly
improved the interfacial contact between the LiFePO4 (LFP)
cathode and the rough surface of the ceramic pellet (Fig. 1b).
Linear sweep voltammetry (LSV) was veried to examine the
electrochemical stability window of the LAGP pellet, PPC-SPE
membrane and PLSSCE. As shown in Fig. 1c, the LSV curves
of the LAGP and PLSSCE are almost atness in the voltage range
of 0–6.0 V at 25 �C. The PPC-SPE membrane experiences a slight
oxidation above 4.9 V. Under the high temperature test condi-
tions (55 �C), the oxidation potential of the SPE membrane
decreased to 4.3 V, while the PLSSCE remained electrochemi-
cally stable up to 4.7 V. Polymer electrolytes generally have
a narrower voltage window, because they are more easily
decomposed by Li metal anode under the action of an electric
eld.22 Inserting a LAGP ceramic layer could prevent the
migration of anion in SPE, which reduces the double-layer
electric eld at the Li/SPE interface and lowers the electro-
chemical decomposition of the SPE, facilitating the stability of
the PLSSCE. This wide stable voltage range makes the hybrid
solid electrolyte suitable for lithium-metal anodes with more
cathode materials.

The interfacial impedance analysis between the SSE and
electrodes is shown in Fig. 2. The resistances of various inter-
faces in the Li/electrolyte/Li and cathode/electrolyte/cathode
cells are presented in Table 1. Fig. 2a shows the impedance
prole of a Li/LAGP/Li symmetric cell. The vast semicircle from
high frequencies to 345.5 Hz corresponds to the sum of the bulk
and grain boundary impedances of the LAGP pellet (RLAGP) and
the interfacial resistance of Li/LAGP (RLi/LAGP). The RLi/LAGP is
about 258.8 U cm2 for each side, as calculated with equivalent
circuit simulations shown in the ESI, Fig. S2a.† It should be
noted that there is a semi-circular tail at low frequency which
might be related to the existence of a stagnant Li-ion diffusion
layer as a result of the chemically formed interphases between
LAGP and Li metal.17 The impedance prole of the Li/PPC-SPE/
Li symmetric cell contains the impedance of SPE (RSPE),
RSC Adv., 2020, 10, 10038–10045 | 10039
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Fig. 2 Impedance analysis of electrolyte/Li and electrolyte/LFP cathode interfaces. (a) EIS of a Li/LAGP/Li symmetric cell. (b) EIS of a Li/PPC-SPE/
Li symmetric cell. (c) EIS of a Li/PLSSCE/Li symmetric cell. (d) EIS plot of a LFP/LAGP/LFP symmetric cell. (e) EIS plot of a LFP/PLSSCE/LFP
symmetric cell. (f) Comparison of the SSE/electrode interfacial areal specific resistance (ASR) with and without the PPC-SPE interlayers.
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interfacial resistance of Li/SPE interfaces (RLi/SPE), and diffusion
impedance in the low frequency region (Fig. 2b). The RSPE in Li/
Li interface was about 34.2 U cm2, calculated from the corre-
sponding tting result in the ESI, Fig. S2b,† which is smaller
than that of the SS/PPC-SPE/SS cell (Fig. S1f†). This indicates
that the PPC of the interlayer wetted the surface of Li metal by
an interfacial reaction, which decreased the bulk resistance and
obtained a small interfacial resistance between Li and PPC-SPE
(RLi/SPE ¼ 99 U cm2). The EIS plot of the Li/PLSSCE/Li symmetric
cell (Fig. 2c) contains the internal resistance of the LAGP in the
high frequency range, interfacial resistance in the middle
frequency range, and the diffusion impedance in the low
Table 1 Impedance of the electrode/SSE/electrode symmetric cells

Symmetric cell Component

Li/LAGP/Li LAGP
Li/LAGP interface

Li/PPC-SPE/Li SPE
Li/SPE interface

Li/PLSSCE/Li LAGP, SPE
SPE/LAGP interface
Li/SPE interface

LFP/LAGP/LFP LAGP, interphase
LFP/LAGP interface

LFP/PLSSCE/LFP LAGP, SPE
SPE/LAGP interface
LFP/SPE interface

10040 | RSC Adv., 2020, 10, 10038–10045
frequency range. According to the equivalent circuit (Fig. S2c.†),
the second semicircle can be divided into RSPE/LAGP and RLi/SPE

based on the corresponding frequency intervals. Thanks to the
great wettability of the PPC-SPE interlayers, the total interfacial
resistance of the Li/PLSSCE/Li cell was 336.9U cm2, whichmade
a 35% decrease in the resistance for Li/LAGP interface.

The interfacial resistances between the cathodes and SSEs
were also investigated by a cathode/cathode symmetric cell. In
Fig. 2d, the EIS plot shows a huge interfacial resistance for
individual LAGP. This may be due to the poor and hard contact
between the rough surface of the LAGP pellet and the LiFePO4

(LFP) composite cathode. Besides, the equivalent circuit shows
Equivalent circuit parts Resistance (U cm2)

Rb, Rg CPE1 114.7
RLi/LAGP, CPE2 258.8
R0, R1, CPE1 34.2
RLi/SPE, CPE2 99
R0, R1, CPE1 104.6
RSPE/LAGP, CPE2 75.2
RLi/SPE, CPE3 93.4
R1, CPE1 2967
RLFP/LAGP, CPE2 15 963
R0, R1 CPE1 326.5
RSPE/LAGP, CPE2 111
RLFP/SPE, CPE3 160.5

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) The Nyquist plots of the bare LAGP (red) and PLSSCE (blue) in Li/Li symmetric cells. (b) The long-term cycling of Li/Li symmetric cells
with bare LAGP (red) and PLSSCE (blue) tested at different current densities. (c) Charge–discharge profiles of LFP/PLSSCE/Li cell at 0.05C. (d)
Charge–discharge profiles of LFP/PLSSCE/Li cell at different rates. (e) Rate performance of LFP/PLSSCE/Li cell at 55 �C and the cycling
performances at 0.1C.
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a value of 2967 U cm2 (R1) for LAGP resistance, which is much
larger than that in the Li/Li symmetric cell. The underlying cause
of such high resistance is speculated to be the formation of some
interphases as a result of the reactions between the cathode and
the solid electrolyte, which occur in various inorganic oxide-
based solid electrolytes.32,33 Unfortunately, the impedance for
these interphases could not be distinguished clearly in the tting
circuit. The EIS plot of LFP/PLSSCE/LFP exhibits three sections
according to the tting curve (Fig. 2e). (1) The rst semicircle in
the high frequency region, which referred to a sum of ionic
resistance of LAGP and PPC-SPE layers (R1¼ 326.6U cm2). (2) The
second semicircle of intermediate frequency region, which
referred to the interfacial resistance of SPE/LAGP (RSPE/LAGP¼ 111
U cm2). (3) A semicircle impedance at the front of the tail in the
low frequency range may belongs to the interfacial resistance
between LFP and PPC-SPE (RLFP/SPE¼ 160.5 cm2). Compared with
the Li/Li symmetric cell, the PPC-SPE interlayer is more effective
at improving the cathode/SSE interface.

Therefore, the LAGP-based sandwich structure hybrid elec-
trolytes with the PPC-SPE interlayers can signicantly reduce
the interfacial resistance between the LAGP pellet and the
electrodes, including both cathodes and Li-metal anodes, as
This journal is © The Royal Society of Chemistry 2020
shown in Fig. 2f. The total interfacial impedance between the
electrolyte and lithium metal decreased by about 180 U cm2,
while it was reduced more obviously in the cathode/electrolyte
interface from 3.2 � 104 to 543 U cm2 aer applying the PPC-
SPE interlayers, which is acceptable for ASSLBs.

Stability of the Li/SSE interface was analyzed by repeated
impedance analysis over 200 h. During the initial stage, Li/LAGP/
Li had a low interfacial resistance. This value grew rapidly and
climbed to over 2000 U cm2 aer 150 h (Fig. 3a). In addition,
a semicircle tail appeared in the low frequency region with size
expansion. This is mainly due to the formation of interphases
caused by chemical reactions between the Li and LAGP, leading
to an interruption of Li-ion diffusion. This phenomenon also
existed in the interfacial impedance test above. On the contrary,
the PLSSCE with PPC coated layers exhibited a reduction of the
interfacial resistance during the early stages and became steady
with slight change at the end of the experiment (Fig. 3a). The
impedance reduced because the PPC electrolyte could diffuse
into the bulk LAGP pellet and minimize the interfacial imped-
ance between domains, which was caused by a “wetting reaction”
as a result of the Li/PPC contact. The Li/PLSSCE interface showed
a lower resistance and higher stability compared with the bare
RSC Adv., 2020, 10, 10038–10045 | 10041
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Fig. 4 (a) Cross-sectional SEM image of pure LAGP pellet before electrochemical cycling. Cross-sectional SEM image of pure LAGP (b) and
PLSSCE electrolyte (c) after electrochemical cycling. XPS analysis of (d) Ge 3d, (e) Li 1s, (f) O 1s, and (g) C 1s peaks on the surfaces of LAGP (pristine
pellet), PLSSCE (obtained from the Li/PLSSCE/Li cell after 50 cycles at 0.05 mA cm�2), LAGP (obtained from the Li/LAGP/Li cell after 50 cycles at
0.05 mA cm�2).
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LAGP, besides, the existence of PPC-SPE separated the Li and
LAGP, effectively eliminating the formation of interphases with
low ionic conductivity. To further investigated the electro-
chemical performance of the PLSSCE toward Li metal, galvano-
static cycling tests of Li/Li cells were performed and are shown in
Fig. 3b. The overpotential of bare LAGP cell increased with
different current densities and reached to 169 mV within 25 h at
50 mA cm�2, while the cell with PLSSCE pellet showed a stable
and smaller overpotential of 13 mV at 10 mA cm�2, the value
changed to 55 mV at 50 mA cm�2 and was constant aer 200 h
(Fig. 3b), demonstrating that the PPC-SPE interlayers can yield
stable Li plating and stripping.

The electrochemical performances of the LFP/Li solid state
batteries (SSBs) were tested through galvanostatic charge/
discharge at 55 �C. The LFP/PLSSCE/Li cell exhibited an
approximate discharge specic capacity of 156.5 mA h g�1 with
liquid based LFP/Li cells at 0.05C with a typical charge–
discharge curve (Fig. 3c). The LFP/LAGP/Li all-solid-state cell
barely worked without the PPC-SPE interlayer, as shown in
Fig. S3,† which owing to the huge internal resistance. There was
a slight increase in capacity and a polarization voltage reduction
of the rst few cycles due to the activation of LFP and improved
contact between the electrolyte/electrode interfaces, then the
capacities and the voltage platform remained stable with
insignicant changes. The excellent cycling performance can be
explained by the stability of the PPC-SPE protected SSE, as well
as the satisfactory interface compatibility of the electrode and
10042 | RSC Adv., 2020, 10, 10038–10045
electrolyte. The rate capabilities of the cells within a voltage
range 2.5–4.0 V at 55 �C are shown in Fig. 3d. As the current
density increased, the cell offered high discharge capacities of
about 148.1, 143.3 and 111.9 mA h g�1 at rates of 0.1, 0.2 and
0.5C, respectively. At a higher current of 1.0C, the capacity of the
LFP/PLSSCE/Li cell faded to 78.9 mA h g�1 with a higher voltage
plateau. The capacity degradation is due to the limited ionic
conductivity and increased cell polarization. Aer the end of
cycling at 1.0C, the discharge specic capacities were boosted to
139.2 mA h g�1 upon returning the rate back to 0.1C, reaching
94.5% of the discharge capacity of the last cycle at 0.1C (Fig. 3e).
At the end of the continued 90 cycles, the cell still obtained
a capacity of 98.9 mA h g�1, verifying that the PLSSCE can
function effectively as a SSE in a lithium battery.

We disassembled the cells aer electrochemical cycling and
observed the morphology of the electrolytes. As shown in
Fig. 4a–c, the pristine LAGP pellet showed at and clean edges
with a high compactness. Aer a long-term impressed current,
the bare LAGP pellet showed serious pulverization intuitively
and turned black in colour. There were many large cracks in the
main body of the LAGP pellet and a thick layer grew on the
surface of each side (Fig. 4b). This serious structural destruction
may be the main reason for the increased impedance. However,
the structural pulverization was not found in the PLSSCE based
Li/Li symmetrical battery aer cycling. The electrolyte remained
integrated and had a smooth surface with a polymer lling
(Fig. 4c).
This journal is © The Royal Society of Chemistry 2020
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X-ray photoelectron spectroscopy (XPS) was measured to
comprehensively understand the surface chemistry of the
interfaces of the bare LAGP pellet and PLSSCE. The XPS spectra
of different SSEs were taken from the electrolyte side in Li/SSE
interface with same areas and the results are shown in
Fig. 4d–g. The Ge 3d, Li 1s, O 1s and C 1s spectra of LAGP pellet
with and without PPC-SPE interlayers were obviously different
aer electrochemical cycling. The pristine LAGP showed a sharp
peak at 32.8 eV, which corresponds to Ge4+ and the O 2s peak at
23.5 eV.14,15 Aer cycling, the Ge4+ peak was observed with a low
intensity for the Li/LAGP/Li cell and two new peaks with lower
binding energy, representing a lower chemical state of Ge (Gem+,
28.4 eV) and Li–Ge alloy (25.6 eV).14,34 These results give the
evidence for the reduction of Ge4+ in LAGP by Li metal and the
formation of interphase. The Li 1s peak of Li/LAGP interface
shied to a lower binding energy with an increased intensity as
shown in Fig. 4e. The formation of Li2O2 and Li2CO3 may be
ascribed to a combination of escaped O and diffused Li-ions
produced by Ge4+ reduction according to the deconvolution
results.17,35 Stoichiometric changed LAGP were observed on the
surface of the LAGP pellet with dominating electronic conduc-
tivity,17 which caused the mechanical deterioration of the LAGP
pellet (as shown in Fig. 4b) and lead to a gradual increase of the
interfacial resistance and cell failure. On the contrary, the Ge 3d
line changes slightly in Li/PLSSCE/Li cell aer cycling with an
inconspicuous, weak peak of Gem+ (28.5 eV), which owing to the
reduction of some exposed LAGP at the interface. Moreover, the
Li 1s lines were almost the same before and aer cycling (55.8
eV), conrming that the LAGP was effectively protected from
reduction by the PPC-SPE interlayers by preventing direct
contact of LAGP and Li. For O 1s (Fig. 4f) and C 1s (Fig. 4g)
spectra, no signicant changes could be observed in the O 1s
line of Li/LAGP, while a new peak for C 1s at 289.6 eV repre-
sented the C]O groups of carbonates,36 which are regarded as
the products of interfacial reactions. Furthermore, the Li/
PLSSCE interface only showed peaks at 533.2 eV (C–O, O 1s),
286.5 eV (C–O, C 1s), and 290.3 eV (O–C]O, C 1s) corre-
sponding to the PPC-SPE and its derivatives.31

These results imply that the LAGP pellet with PPC-SPE
passivation is conductive to inhibiting the growth of inter-
phases caused by the reduction of Ge. Furthermore, the supe-
rior cycling stability is attributed to a stable Li/electrolyte
interface and effective suppression of Li dendrites.

Conclusions

We successfully addressed the high interfacial resistance by
coupling an LAGP solid electrolyte with the cathode and Li
metal by a sandwich structure design for hybrid SSE with PPC-
SPE interlayers. Combination with a polymer electrolyte can
effectively protect the Li metal and help prolong the cycling
lifetime of Li-metal batteries. PPC-SPE is exible and possesses
high ionic conductivity. The excellent wettability of PPC toward
electrodes reduced the interfacial resistance of Li/SSE from
517.6 to 337.2 U cm2, with an especially signicant decrease of
the interfacial resistance for LAGP from 3.2 � 104 to 543 U cm2

against the LiFePO4 cathode, which allows ASSLBs to be
This journal is © The Royal Society of Chemistry 2020
operated normally with a high capacity of 148.1 mA h g�1 for
LiFePO4 at 0.1C and a stable cycling performance over 90 cycles
at 55 �C. The superior cyclic performance of the LiFePO4/
PLSSCE/Li cell is mainly attributed to the effective inhibition
of Ge4+ reduction as well as derivative side reactions at the Li/
LAGP interface, due to the introduction of PPC-SPE inter-
layers, which not only protected the LAGP pellets from side
reactions with lithium metal anodes but also reduced the huge
interfacial resistance of solid–solid interfaces during cycling in
LIBs.
Experimental
Preparation of PLSSCE

The Li1.5Al0.5Ge1.5P3O12 (LAGP) powders (Hefei Kejing Materials
Technology CO., LTD) were placed in a stainless-steel mold and
pressed at �60 MPa for 1 min to form a pellet. Then the LAGP
pellets were sintered in a tube furnace at 900 �C for 3 h in air.
The as-prepared pellets were obtained with a diameter of
16.5 mm and thicknesses between 400 and 450 mm. The cold-
pressed LAGP pellets without high temperature sintering were
also prepared as control.

PPC-based coating layer was made by dissolving 1 g PPC
(PPC, Mn � 50 000, Sigma-Aldrich) and 0.2 g LiTFSI (Sigma-
Aldrich) into 3 mL acetone solvent under mechanical stirring
for 1 h to get a homogeneous solution. The solution was drop-
ped on each side of LAGP pellet and dried rst at 25 �C for 8 h
and then at 60 �C in a vacuum oven for 12 h to form a SPE
membrane. The PLSSCEs were obtained and the thickness of
the SPE membrane was controlled at about 70 mm. Single PPC-
SPE used cellulose separator as a supporting membrane were
prepared via a similar method.
Material characterization

The morphology of LAGP pellet and as-prepared PLSSCE were
examined by a eld emission scanning electronmicroscope (FE-
SEM, Hitachi-S4800). Phase analysis was performed by XRD on
a D8 Advanced diffractometer (Bruker, Germany) using Cu-Ka
radiation operated at 40 kV and 40 mA in the 2q range from 10�

to 80�. The X-ray photoelectron spectroscopy (XPS) was
employed to detect the surface composition using a RBD
upgraded PHI-5000C ESCA system (PerkinElmer Co., USA) with
Al Ka radiation (hn ¼ 1486.6 eV).
Battery fabrication and electrochemical test

To prepare the cathodes, PPC and LiTFSI were dissolved in
a certain amount of N-methyl-2-pyrrolidone (NMP) to get
a viscous solution. LiFePO4, LAGP and SP were mixed in agate
mortar and then added into the solution and vibrated for 1 h.
The obtained slurry with a mass ratio LiFePO4 : LAGP : PPC : SP
¼ 7 : 1 : 1.5 : 0.5 was casted onto a carbon coated Al foil and
vacuum dried at 80 �C for 12 h. The active material loading of
every cathode electrode (F ¼ 12 mm) was about 2.49 mg cm�2.
The 2032 coin cells were fabricated in an argon-lled glove box
with lithium sheets (China Energy Lithium Co., Ltd. F ¼ 15
RSC Adv., 2020, 10, 10038–10045 | 10043
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mm, d ¼ 0.6 mm) as the anode, and preheated at 80 �C for 12 h
before testing.

The ionic conductivity of the as-prepared LAGP pellet was
tested by electrochemical impedance spectroscopy (EIS)
measurement assembled with stainless steel (SS) electrodes in
the frequency range of 1 Hz to 5 MHz with the alternative
current amplitude of 5 mV and calculated by eqn (1):

s ¼ L/RS (1)

where R, L and S represent the resistance value, the thickness of
the sample and the test area, respectively.

Linear sweep voltammetry (LSV) was conducted on the Li/
SSE/SS coin cells with stainless-steel as a working electrode
and lithium metal as a counter electrode tested from 0 to 6.0 V
vs. Li/Li+ at a speed of 1 mV s�1 (the unit of potential mentioned
in this paper is V vs. Li/Li+). LSV and EIS were measured on the
Bilogic-VSP300 electrochemical workstation. Lithium plating/
stripping test was operated on symmetric Li/Li cells with the
electrolytes at different current densities (10 mA cm�2, 50 mA
cm�2) with a period of 30 min to evaluate the stability between
the SSEs and the Li anodes. The LiFePO4/PLSSCE/Li (LFP/
PLSSCE/Li) all solid state cells were performed on a LAND
testing system (CT2001A, Wuhan, China) at 55 �C between 2.5–
4.0 V of varied currents (1C ¼ 170 mA g�1). As a comparison,
LiFePO4/LAGP/Li cells without PPC-SPE interlayers were
assembled and tested at 55 �C.

The interfacial impedance was measured for both the Li/SSE
interface and the LiFePO4 cathode/SSE interface. Symmetric
cells (Li/electrolyte/Li, LiFePO4/electrolyte/LiFePO4) were made
and preheated at 80 �C for 12 h before the EIS test with a voltage
amplitude of 5 mV and a frequency range from 0.01 Hz to 5
MHz.
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