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Abstract: Large-scale implementation of all-solid-state lithium
batteries is impeded by the physical limitations of the interface
between the electrode and solid electrolyte; specifically, high
resistance and poor stability, as well as poor compatibility with
Li+ migration. We report double ionic–electronic transfer
interface layers grown at electrode–electrolyte interfaces by
in situ polymerization of 2,2’-bithiophene in polyethylene
oxide (PEO) electrolyte. For all-solid-state LiFePO4 kPT-
PEO-PTkLi cells, the formation of a conductive polythio-
phene (PT) layer at the cathode–electrolyte interface resulted in
an at least sevenfold decrease in interface resistance, and
realized a capacity retention of about 94 % after 1000 cycles
along with a lower polarization voltage under a rate of 2 C. The
mixed ionic–electronic conductive layers imparted superior
interface stability and contact while keeping good compati-
bility with the Li anode.

With the wide use of lithium-ion batteries (LIBs), liquid
electrolytes have aroused major concerns about safety issues
due to the flammability of liquid organic solvent, and hazards
of electrolyte leakage.[1] Solid polymer electrolytes (SPEs)
have been considered as an optimum solution to achieve the
safe and high-energy-density LIBs.[2] While various SPEs have
addressed the safety and performance considerations, several
constraints, such as high interfacial resistance, poor compat-
ibility and unstable solid-electrolyte interphase formation,
have hindered their widespread application in all-solid-state
LIBs.[3] Several approaches to solve the solid-state electro-
lyte-electrode interface issues were proposed, including
interface softening,[4] electrodes coating or pulsed laser
deposition,[5] buffer layer construction[6] and constructing
multifunctional solid electrolyte interface.[7] The progress has

been made in improving the interface of solid-solid phase.
However, the stable and compatible interfacial layers, and
low contact resistance between SPEs and electrodes are much
desired.

Generally, SPEs feature good interfacial adhesion to
electrodes. However, high interfacial resistance between
electrode and SPE is considered to be the most challenging
for the application of all-solid-state LIBs. In fact, upon
cycling, the poor chemical stability between the electrode and
SPEs can lead to the formation of the interfacial passivation
layer, which results in high resistance, high polarization and
short cycle life.[8] To address these issues, three major aspects
need to be considered towards building favorable solid-solid
interface layers in polymer electrolyte-based LIB: (1) low
interfacial resistance, especially for overcoming the charge-
transfer resistance barrier, which is closely associated with the
kinetics of the electrochemical reaction;[9] (2) stable chemical
compatibility of the electrode–electrolyte interface to with-
stand the interface deterioration after long-term cycling; (3)
robust ionic transfer layer beneficial for Li+ transport across
the interface. Considerations for incorporating these require-
ments into SPEs, the key is to reduce interfacial resistance
and keep the interface stable simultaneously while increasing
the Li+ transfer sites at the interface. One effective idea
similar to the solid electrolyte interface (SEI) formed in liquid
electrolyte is in situ fabrication of interface layer from the raw
solid electrolyte. When the interface layers grow from the
polymer electrolyte, the solid-solid contact appears well-
connected, and small charge transfer resistance is expected.[10]

Herein, we reported in situ electrochemical polymeri-
zation method to produce double conductive polythiophene
(PT) layers that are principally formed at cathode–electrolyte
interface and little either formed at anode–electrolyte inter-
face. The mixed ionic–electronic transfer interface layer
consisting of PT and PEO can reduce the contact resistance
significantly and improve interface stability against the
electrochemical oxidation decomposition. More importantly,
the in situ growth of the mixed ionic–electronic transfer layer
at the electrode–electrolyte interface facilitate Li+ migration,
but achieve good compatibility with Li anode. When com-
bined Li anode with lithium iron phosphate (LiFePO4) or high
voltage LiNi0.5Co0.2Mn0.3O2 (NCM523) cathode, the all-solid-
state cell with the mixed ionic–electronic transfer layers on
both electrode–electrolyte interfaces enable high-rate capa-
bility and stable long-term performance with low polariza-
tion.

Figure 1a illustrates the strategy for formation of the
mixed ionic–electronic transfer layer from the solid-state
PEO electrolyte. The 2,2’-bithiophene (BT) was used as
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additive in PEO-based electrolyte solution, after removing
the solvent, the obtained polymer electrolyte membranes
were, respectively assembled into LiFePO4 kPT-PEO-PTkLi,
SS kPT-PEO-PTkLi (SS refers to stainless steel cathode) and
Li kPT-PEO-PTkLi cells. To accelerate the polymerization of
BTat the electrode–electrolyte interface, two electrochemical
polymerization methods were performed at 60 8C. One
method consists of cyclic voltammetry for the symmetrical
cell configuration in which the cell is charged after 100 cycles
with scan rate 2 mVs�1 while the voltage is scanned from 0 to
1.0 V and back to 0 V. The other involves galvanostatic
polarization method controlled with galvanostatic charge-
discharge instrument where the asymmetrical cell is dis-
charged/charge for about 300 cycles at constant-current of
5 mA within the voltage range
between 1.5 V and 2.0 V. During
electrochemical cycling, the BT in
PEO electrolyte membranes prin-
cipally migrated towards cathode
interface, and the others moved
toward the anode interface. The
aggregated BT were easily poly-
merized to produce the PTs. The
corresponding mechanism diagram
is shown in Figure S1 (Supporting
Information). To visualize the
formed PT at interface layer, both
LiFePO4 kPT-PEO-PTkLi and
SS kPT-PEO-PTkLi cells were
allowed to treat with galvanostatic
polarization, after which the cells
were disassembled to analyze the
interface layer. The magenta PT
composite layer was produced
between the cathode and electro-
lyte membranes (Figure 1b).

Infrared spectroscopy was used to further
confirm the formation of PT, the characteristic
peaks are consistent with the electrochemical
polymerization of thiophene onto carbon paper
by similar galvanostatic method (Figure S2).[11]

Optical microscope was also used to characterize
the surface of the conductive interface layer close
to electrolyte membrane, it can be found that the
formed PTs present the morphology similar to the
pomegranate seed-like structure adhered to elec-
trolyte membrane (Figure 2a; Figure S3), in
which the core consists of seed-like granular
with thick continuous shell. The low-magnifica-
tion scanning electron microscope (SEM) image
shows the PTs feature snowflake-like pattern
(Figure S4), high-magnification SEM images
show every “snowflake” consists of different
particle types of varying shapes and sizes (Fig-
ure 2b). To further view the formed PT layer on
PEO-based electrolyte membrane, the SEM at
low voltage mode (2 kV) has been used to observe
the sample. Figure 2c shows the PTs grew from
the electrolyte membrane and the surface appears

to coat with thin PEO tightly. After dissolving the whole
electrolyte membrane in acetonitrile solution, the insoluble
PTs were obtained by centrifugation, indicating the residual
PTs are like sheet rather than particles (Figure S5), the rough
surface shows multilayer structure that is composed of the
aggregated flakes (Figure 2d). The results demonstrate that
the morphology and distribution of PTs growth were affected
by PEO during electrochemical polymerization, and the
strong intermolecular interaction between PEO chains and
PTs makes them join together to form the mixed ionic–
electronic transfer layer. The size distribution of PTs can fill
the gap between cathode and electrolyte, which make the
electrode–electrolyte interface well-connected. As further the
observation was from the atomic force microscopy (AFM),

Figure 1. Creating the interface between electrode and electrolyte. a) The formation
of a conductive interface layer in a LiFePO4kPT-PEO-PTkLi cell. b) The electro-
chemical polymerization method for cell configuration. After disassembling, the PT
formed on the interface between LiFePO4 or SS cathode and electrolyte. For the
convenience of viewing the polythiophene, a small part of the LiFePO4 electrode was
cut off.

Figure 2. Morphology characterization. a) Optical microscope image of the surface of the electrolyte
close to the cathode interface. b,c) SEM images of the surface of the electrolyte close to the cathode
interface. d) SEM image of the polythiophene after removing the PEO. e) AFM image of the PEO
electrolyte surface. f) AFM image of the surface of the electrolyte close to the cathode interface after
polythiophene formation.
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the pristine PEO membrane shows the presence of smooth
surface and obvious crystalline phase boundary within the
scanned area of 80 � 80 mm (Figure 2e). After the PTs
formation, the AFM image reveals the rough surface top-
ography (Figure 2 f), at the selected area of 20 � 20 mm, the
enlarged AFM image shows the rough and irregular holes
(Figure S6), which closely matches the cathode surface
consisting of LiFePO4 particles with different sizes and
shapes (Figure S7). The different sizes of PTs can make up
the gap between electrode and electrolyte.

To gain further insights into the interfacial contact and the
region where the PTs formed in LiFePO4 kPT-PEO-PTkLi
cell, the cross-sectional image of the electrode–electrolyte
interface was investigated by SEM with energy dispersive X-
ray spectrometry (EDS). In contrast to the LiFePO4 kPEO
interface (Figure 3a), the electrode–electrolyte interface of
LiFePO4 kPT-PEO-PTkLi cell displays good connection and
compact contact without obvious boundary (Figure 3 b).
Figure 3c shows cross-sectional view of the LiFePO4 kPT-
PEO interface at higher magnification, and the corresponding
sulfur element mapping measurement was taken to confirm
the PT distribution, the sulfur is only detected in the area
corresponding to the interfacial contact area (Figure 3 d),
indicative of the formation of PT occurred at the cathode–
electrolyte interface. Figure 3e also presents the cross-sec-

tional SEM-EDS images of the anode–electrolyte, good
compatibility of Li anode–electrolyte interface was also
achieved, however, the corresponding EDS images show the
very weak signal of sulfur. When the polymer electrolyte
membrane was peeled off from the Li metal anode, the thin
uniform PT layer can be found on the Li foil (Figure 3 f). The
results demonstrate that the PTs principally formed at the
cathode–electrolyte interface, while a small amount of PTs
produced at the anode–electrolyte interface.

Electrochemical impedance spectrum (EIS) measure-
ments before and after cycling was used to investigate the
interface resistance by the conductive layers. Figure 4a shows
the EIS of asymmetric SS kPT-PEO-PTkLi cell before
cycling and after 300 cycles continuous galvanostatic polar-
ization at the voltage from 1.5 to 2.0 V. The cell resistance
remains at � 3912 W before polarization, and then decreases
to � 360 W while keeping stable from 100 to 300 cycles. The
results demonstrate after in situ polymerization, the PT has an
obvious superiority in reducing the resistance and stabilizing
the interface. Figure 4b shows the EIS of LiFePO4 kPT-PEO-
PTkLi cell after and before polarization, two semicircles
locate in the high-frequency region and mid-frequency region
represents the bulk resistance (Rb) of the solid electrolyte
separator and interfacial resistance (Ri), respectively.[12] The
growth of ionic–electronic transfer interface layer leads to
significant reduction of Ri ranging from 13040 to 1765 W. As
the cell continues to charge/discharge at 2 C rate between 2.5
and 4.2 V, the Ri decreases with the cycle number (Figure 4c),
which relates to the consolidation of interface layers at
elevated voltage. It is noteworthy that the double ionic–
electronic transfer interface layer extended the electrochem-
ical window up to about 4.9 V (Figure S8). For a better
understanding of the reduced interface resistance caused by
the electronic conductivity, the PT-bonded PEO membrane
resistance was measured by chronopotentiometry based on
the principle of four-point probe. After application of
constant current (60 nA), the potential reaches a steady-
state value over the time, and the membrane resistance varies
directly with voltage (Figure 4d), a comparative analysis of
voltage shows that the resistance of electrolyte membrane
after the PTs formation, decreased by � 70% as compared
with that of the pristine PEO membrane. As a result of the
low resistance and intimate contact interface, the PTs
incorporated PEO membrane exhibits a high ionic conduc-
tivity of 1.06 � 10�4 Scm�1 and high Li+ transference number
of 0.54 at 40 8C, which is contrast to the pristine PEO with low
ionic conductivity of 2.84 � 10�5 S cm�1 and Li+ transference
number of � 0.28. (Figures S9–S11).

The lithium plating and stripping tests were carried out to
evaluate the stability of the Li anode interface and the
capability of Li+ transport across the mixed ionic–electronic
transfer layer. The Li kPT-PEO-PTkLi cell was first acti-
vated by cyclic voltammetry, and cycled under the current
densities of 0.025, 0.05 and 0.1 mAcm�2 at 50 8C, respectively.
As illustrated in Figure 4e, the intensity of voltage profile
increases with the current density. At the current density of
0.1 mAcm�2, the cell shows the overpotential less than 0.16 V.
In contrast, the Li kPEO kLi cells shows the overpotential up
to maximum 0.41 V even at low current density of

Figure 3. Cross-sectional SEM image of the electrode–electrolyte inter-
face. a) SEM image of the PEO electrolyte-LiFePO4 interface. b) SEM
image of the two electrode–electrolyte interfaces in the LiFePO4kPT-
PEO-PTkLi cell after cycling. c) SEM image of the PT-PEO electrolyte-
LiFePO4 interface. d) The corresponding S (Fe) element mapping of
a cross-section of the PEO-PT electrolyte-LiFePO4. e) SEM image of the
PEO-PT electrolyte-Li metal interface and the corresponding element
distributions at the interface. f) Digital photograph of the Li-metal
interface disassembled from the cycled LiFePO4kPT-PEO-PTkLi cell.
In sharp contrast, half of the LiFePO4 electrode was used, which
resulted in the formation of PT on the Li metal.
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0.05 mAcm�2, and only can cycle for about 120 hours along
with an erratic voltage profile (Figure S12). Under the same
condition, the Li kPT-PEO-PTkLi cell sustained the stable
cycling for more than 1100 hours without internal short circuit
and hysteresis potential increasing. At higher current density
(0.2 mAcm�2), though the increased overpotentials (0.34 V)
was observed for Li kPT-PEO-PTkLi, it exhibited steady
lithium plating/stripping for consecutive cycle except for the
first ten cycles. On the contrary, the Li kPEO kLi cell cannot
be cycled continuously due to the high overpotential and
unstable interface (Figure S13). The cycling performance with
relative low polarization can be ascribed to the in situ
formation of stable mixed ionic–electronic transfer interface
layer that energetically wets Li surface with electrolyte
membrane.[13] The low polarization further indicates
a decent ionic–electronic layer that may alleviate the Li+

concentration gradient and guide homogeneous distribution
of electric field at the Li-electrolyte interface.[14]

The all-solid-state cell assembled with LiFePO4 and
NCM523 cathodes, Li-metal anode and the PT-PEO-PT
membrane were first activated at 60 8C and were tested at
40 8C. As noted in literatures,[15] all-solid-state LiFePO4 k
PEO kLi cells generally operate at temperature above

55 8C, ensuring high Li+ conductivity and rate
performance, however, the increasing interface
deterioration and internal polarization between
electrode and electrolyte would result in rapid
capacity fading and poor cycling stability inevi-
tably after long-term charge/discharge cycles. The
LiFePO4 kPT-PEO-PTkLi cells can run smoothly
at 40 8C due to the stable mixed ionic–electronic
transfer layers improve the electrode–electrolyte
interface. Figure 5a,b present charge-discharge
curves of the LiFePO4 kPT-PEO-PTkLi at C-
rates ranging from 0.1 to 2 C at 40 8C. The cell
delivers a high discharge capacity of 162 mAh g�1

at 0.1 C, approaching 94.7 % of the theoretical
value. As increased the current density, the
reversible capacities of LiFePO4 kPT-PEO-PTk
Li cell were about 152.6, 137.5, 125.2,
109.9 mAhg�1 at C-rate of 0.2, 0.5, 1 and 2 C,
respectively, which is much higher than that those
previously reported and cycled at temperature
above 55 8C (for a detailed comparison see the
Supporting Information, Table S1). In view of the
cycling stability, LiFePO4 kPT-PEO-PTkLi cells
were first investigated at low current density
(0.1 C), which could cycle stably over 100 cycles
with a capacity retention of � 95 % and a Cou-
lombic efficiency close to 99.8 % (Figure 5c). At
a high charge rate of 2 C, the cell worked
smoothly during 1000 charge/discharge cycles,
showing very stable specific discharge capacities
of ranging from 103 to 109 mAh g�1 after initial
10 cycles and high Coulombic efficiency over
99.1% (Figure 5d). The stable cycling perfor-
mance can be attributed to the highly compatible
and conductive interface at both electrodes-elec-
trolyte interfaces. At the same time, benefiting

from the gradually smaller interface resistance upon charge/
discharge cycling (Figure 4c), the low interfacial barrier
allows Li+ to more easily access the electrode–electrolyte
interface.[16] Figure 5e illustrates the discharge profiles of the
LiFePO4 kPT-PEO-PTkLi cell for different cycle numbers at
2 C, the distance between the charge voltage platform and the
discharge voltage platform presents a slight decreased trend
(Figure S14), which indicates high cycling ability with improv-
ing polarization behavior inside the cell.[17] Considering the
improved interfacial properties, the LiFePO4 kPT-PEO-PTk
Li cell was also examined at 0.05 C under room temperature,
and the electrochemical stability of ionic–electronic transfer
layer was used to evaluated by high-voltage NCM523 kPT-
PEO-PTkLi cell.

The smooth charge-discharge profiles and cycle perfor-
mance of two cells at low C-rate are exhibited in Figure 5 f,g,
which illustrates that the mixed ionic–electronic transfer
interface layers have the ability to maintain the superior
interface stability and contribute to superior electrochemical
performance.

Figure 4. Electrochemical analysis of the interface properties. a) Impedance spectra
of the SSkPT-PEO-PTkLi cell cycled at different cycle numbers at 40 8C. b,c) Impe-
dance spectra of the LiFePO4kPT-PEO-PTkLi cell after and before polarization, with
cycle numbers, and at 40 8C. d) Potential–time analysis of polythiophene combined
PEO membrane measured by chronopotentiometry based on the principle of a four-
point probe at a constant current of 60 nA. e) Voltage profile of lithium plating/
stripping on the symmetric LikPT-PEO-PTkLi cell at different current densities.
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Conclusion
We have demonstrated a strategy to significantly solve the

interfacial issues of solid-state polymer lithium batteries by
introducing in situ conductive polymer layers at both elec-
trode–electrolyte contact areas. After the polythiophene grew
from the raw electrolyte at the electrode–electrolyte inter-
face, low interface resistance and highly stable contact
between the electrodes and the electrolyte membrane were
achieved by introduction of the conductive layer. Further
exploring the effect on LiFePO4 kPT-PEO-PTkLi cell per-
formance displayed high discharge capacity and ultralong-
term cycling stability at 2 C and 40 8C, demonstrating that the
polythiophene layer has the ability to withstand interface
degradation and maintain the Li anode–electrolyte interface
compatibility and excellent electrical properties. The design
strategy, with its simplicity and operability, can be extended to
various organic additives, such as pyrrole or thiophene
derivatives that are polymerized by an electrochemical
method. The conductive polymer interface layer is a promising
technology to tackle the solid-solid interface issues in all-
solid-state lithium batteries.
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