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ABSTRACT: Solid Li-ion electrolytes used in all-solid-state
lithium-ion batteries (LIBs) are being considered to replace
conventional liquid electrolytes that have leakage, ﬂammability, and poor chemical stability issues, which represents
one major challenge and opportunity for next-generation
high-energy-density batteries. However, the low mobility of
lithium ions in solid electrolytes limits their practical
applications. Here, we report a solid composite polymer
electrolyte with Y2O3-doped ZrO2 (YSZ) nanowires that are
enriched with positive-charged oxygen vacancies. The
morphologies and ionic conductivities have been studied
systemically according to concentration of Y2O3 dopant in the nanowires. In comparison to the conventional ﬁller-free
electrolyte with a conductivity of 3.62 × 10−7 S cm−1, the composite polymer electrolytes with the YSZ nanowires show
much higher ionic conductivity. It indicates that incorporation of 7 mol % of Y2O3-doped ZrO2 nanowires results in the
highest ionic conductivity of 1.07 × 10−5 S cm−1 at 30 °C. This conductivity enhancement originates from the positivecharged oxygen vacancies on the surfaces of the nanowires that could associate with anions and then release more Li ions.
Our work demonstrates a composite polymer electrolyte with oxygen-ion conductive nanowires that could address the
challenges of all-solid-state LIBs.
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Currently, solid Li-ion electrolytes can be divided into two
general types: inorganic materials and organic polymers. A large
number of inorganic oxide electrolytes have been investigated
widely, such as the garnet oxides LixLa3M2O12 (M = Ta, Nb,
Zr),11 NASICON (sodium super ionic conductor)-type
phosphates,12 perovskite-type Li3xLa2/3−x1/3−2xTiO3.13 However, the ionic conductivity of these oxides up to 1.0 × 10−4
S cm−1 at room temperature (RT) is still not suﬃciently high to
satisfy demand. Recently, Li10GeP2S1214 with an unprecedented
conductivity of 1.2 × 10−2 S cm−1 and Li2S−P2S515 glass
ceramics of 3.2 × 10−3 S cm−1 have been reported. However,
these sulﬁdes are either unstable with Li metal and with high
voltage cathode materials or extremely hydroscopic, producing
toxic H2S in contact with moisture. In addition, the fabrication
process of the ceramic electrolyte is also diﬃcult. Compared
with inorganic electrolytes, solid polymer electrolytes (SPEs)

ithium-ion batteries (LIBs) have been intensively
studied in order to meet the ever-growing demands of
technologies ranging from portable devices, electric
vehicles, to grid-scale energy storage. However, the current
widely used liquid electrolyte with leakage, ﬂammability, and
poor chemical stability issues prevents the development of nextgeneration high-performance LIBs. By replacing the liquid
electrolyte with a solid one that provides substantially improved
safety and freedom design, the above problems can be
resolved.1−3 Furthermore, solid-state electrolytes could suppress the growth of lithium dendrites in lithium metal batteries.
Lithium metal as the anode is the ultimate negative electrode
that really takes advantage of the high speciﬁc capacity of
cathodes (e.g., sulfur).4−7 Additional, solid electrolytes can also
be adopted in liquid batteries to suppress unwanted redox
shuttles.8−10 However, using solid Li-ion electrolytes results in
decreased capacity utilization and performance deterioration
due to the low ionic conductivity and high interfacial resistance
in contact with electrodes, which remains the principle design
challenge.
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present more structure ﬂexibility as well as easier lamination
stacking and hermetic sealing processes to meet the requirements of diﬀerent cell applications, to which much attention
sustained over the past few decades has been devoted.
However, widely studied SPEs based on poly(ethylene oxide)
(PEO) or polyacrylonitrile (PAN) usually show a low ionic
conductivity of 10−7 S cm−1 at RT.16 Therefore, due to their
low ionic conductivity and poor mechanical property, SPEs
have not, so far, been widely commercialized.17−21 To address
these concerns, dispersing ceramic nanoparticles including
SiO2, TiO2, Al2O3, ZrO2, Sm2O3, and LiAlO2 that provide
competitive interactions within the polymer matrix is an
eﬀective approach, which increases ionic conductivity and,
meanwhile, improves electrochemical stability and mechanical
properties. Studies have shown that Li+ transport is coupled
with segmental motion of the polymer chain in SPEs. The
addition of nanoparticles is believed to hinder local
reorganization of chains in the polymer and decrease the
polymer crystallization, which favors high Li-ion transport.
Meanwhile, a large number of investigations indicated that
Lewis acid−base model interaction also soundly supports the
increased ionic conductivity, which is an interesting area and
approach to improve electrochemical performance of composite polymer electrolytes.22−30
It is well-recognized that the Lewis acid sites enriched on the
ﬁller surfaces can interact strongly with anions of salt, set free
the positively charged Li ions, and subsequently improve ionic
conductivity of the composite polymer electrolyte.5,20,27,30−33
Oxygen-ion conducting ceramics developed for solid oxide fuel
cells (SOFCs) and sensors could oﬀer such an opportunity,
which have not been considered before. It is widely
acknowledged, due to its high ionic conductivity coupled
with chemical, thermodynamic, and mechanical stability over a
wide temperature and oxygen partial pressure range, Y2O3doped ZrO2 (YSZ) is regarded as one of the most reliable
oxide-ion conductors at high temperatures.34−39 The metal ion
dopants with a low oxidation state can create high
concentration of oxygen vacancies in ZrO2. The oxygen
vacancies in YSZ are positively charged and can serve as
Lewis acid sites in the composite polymer electrolyte, as shown
in Figure 1. Here, we demonstrated that oxygen-ion conducting
YSZ nanowires could eﬀectively enhance the ionic conductivity
of the PAN−LiClO4 polymer electrolyte. Moreover, the reason
to use nanowires instead of nanoparticles is that our previous
study19 demonstrated that the nanowires could oﬀer a more
continuous ion conducting pathway across much longer
distance and generate eﬀective percolation network, rather
than nanoparticles that are isolated (Figure 1). Also, it should
be noted that YSZ shows very low ionic conductivity at RT,
whose own ionic conductivity contribution is negligible in the
composite polymer electrolyte.

Figure 1. Schematic illustration for Li-ion transport in the
composite polymer electrolytes with nanoparticle and nanowire
ﬁllers. The positive-charged oxygen vacancies on the surfaces of the
ﬁllers act as Lewis acid sites that can interact strongly with anions
and release Li ions. A continuous fast conduction pathway can be
seen for nanowires rather than nanoparticles.

stabilization. It can be seen from high-resolution XRD patterns
in Figure 2b,c that the peaks of pure ZrO2 without dopant show
no evidence corresponding to the monoclinic structure, which
indicates that the high-temperature phase of the tetragonal
phase can be stabilized at RT in the ZrO2 nanowires. It is wellknown that the splitting between (004) and (400) peaks
around 72−76° is associated with the tetragonal phase.40 This
peak splitting disappears when doping level reaches 4 mol %,
implying that the dominated phase in the 4YSZ nanowires is
the cubic phase. It clearly shows that in comparison to the
traditional course-grained YSZ materials, the high-temperature
phases of tetragonal and cubic could be stabilized at RT with
lower Y2O3 doping concentrations, due to a nanosize eﬀect. It is
reported that high-temperature phases could be stabilized in
nanocrystalline materials when the grain size is smaller than the
critical crystallite size, which is primarily due to increased
surface energy.27,31−33 The critical sizes are about 10−50 and
5−10 nm for ZrO2 without dopants, below which the
tetragonal and cubic phases can be stabilized at RT,
respectively.41,42 Figure S2 shows the X-ray photoemission
spectroscopy (XPS) of the YSZ nanowires with various
concentrations of dopants. The molar ratios of Y/Zr calculated
from theoretical compositions and measured from XPS spectra
are listed in Table S1, which indicates that the surface
composition is nearly the same as the theoretical stoichiometry
for the YSZ nanowires.
Identical morphological features of the calcined 7 mol % of
Y2O3-doped ZrO2 (7YSZ) nanowires with large aspect ratios
can be observed in transmission electron microscopy (TEM)
images (Figure 3a,b), showing high aspect ratio and smooth
surfaces. The inset ﬁgure in Figure 3b illustrates the diameter
distributions of the 7YSZ nanowires, showing an average
diameter of 55 nm. Figure 3c displays the high-resolution TEM
(HRTEM) image, indicating the cubic phase and excellent
crystallinity in the nanowires. Together with the corresponding
selected area electron diﬀraction (SAED) pattern in the inset of
Figure 3c shows a polycrystalline structure that can be indexed
in a cubic cell, which is in agreement with the XRD pattern
results. As shown Figure 3c, the grain size of the nanowires is

RESULTS AND DISCUSSION
The synthesis procedure of SPEs with YSZ nanowires is
illustrated in Figure S1. YSZ nanowires with various
concentrations of dopants and diameters could be successfully
prepared by electrospining and following calcination. SPEs
were obtained by casting with the solution of PAN, LiClO4, and
the YSZ nanowires in dimethylformamide (DMF) solvent and
then by drying in high vacuum at 80 °C to completely remove
the solvent. Figure 2 displays the X-ray diﬀraction (XRD)
patterns at RT for the YSZ nanowires with variable Y doping
concentrations, which provides deep insights into the phase
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Figure 2. XRD patterns of the YSZ nanowires with various Y2O3 doping levels. XRD patterns taken at (a) 20−90°. High-resolution XRD
patterns at (b) 28−32 and (c) 72−76°.

Figure 3. Morphologies of the YSZ nanowires. (a,b) TEM images of the nanowires. The inset in (b) is diameter distributions of the nanowires.
(c) HRTEM image of the nanowire, with corresponding SAED pattern. (d) SEM image of the composite polymer electrolyte with YSZ
nanowires, together with the (e) cross-sectional SEM image.

only around 10 nm, which is within the range of the critical
sizes for stabilizing tetragonal phases in the undoped ZrO2.
Hence, the high-temperature phases of tetragonal and cubic
could be stabilized at lower Y doping concentrations. Figure S3
further shows more TEM images of the YSZ nanowires with
various concentrations of dopants synthesized using two kinds
of solvents for the precursors, including the mixture solvent of
deionized water and ethanol (wt ratio is 4:6) (Figure S3a−d),
and the pure solvent of ethanol (Figure S3e−h). Figure 3d,e

displays the top view and cross-sectional scanning electron
microscopy (SEM) images of the composite polymer electrolyte with 15 wt % 7YSZ nanowires (diameter is 55 nm), which
indicates that the composite electrolyte ﬁlm is smooth and the
YSZ nanowires are uniformly distributed and fully embedded in
the PAN matrix.
The electrical properties of the composite polymer electrolytes were studied in the following study. The typical AC
impedance spectra with well-ﬁtted spectra for the composite
11409
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Figure 4. Electrical properties of the composite polymer electrolyte ﬁlled with the YSZ nanowires. (a) Experimental and ﬁtting impedance
spectra for the composite electrolyte with YSZ nanowires at diﬀerent measuring temperatures and equivalent circuit. (b) Arrhenius plots of
the composite electrolytes with the YSZ nanowires with 55 nm diameter of various doping concentrations. (c) Relationship between the Y
doping level and the conductivity, together with the conductivity of the YSZ bulk (data of the YSZ bulk conductivity are from ref 37). (d)
Plots of ionic conductivity and temperature of dehydrogenation vs Y2O3 doping level.

electrolyte. It also can be seen that the conductivity can be
further enhanced to 1.07 × 10−5 S cm−1 (7YSZ) by the addition
of YSZ nanowires. That supports the mechanism of more
continuous fast ion conduction pathway being formed by
nanowires than nanoparticles. In addition, the composite
polymer electrolyte also demonstrates increased electrochemical stability, as shown in Figures S4 and S5. The peak
observed below 0 V and the peak around 0.2 V are attributed to
lithium plating and stripping.1 Herein, the composite polymer
electrolyte with the YSZ nanowires is a promising candidate of
inorganic ﬁllers, used in all-solid-state LIBs for the application.
Compared with reported composite polymer electrolytes with
nanoﬁllers, such as PEO−LiClO4 with TiO2 nanoparticles (∼1
× 10−5 S cm−1 at 30 °C),5 PEO−LiBF4 with ZrO2 (∼1 × 10−7
S cm−1 at 30 °C),43 PEO−LiBF4 with SiO2 nanoparticles (∼1 ×
10−6 S cm−1 at 30 °C),44 the composite electrolyte with YSZ
nanowires shows comparable and even higher conductivity.
Interestingly, the improvement in Li-ion conductivity of the
composite polymer electrolyte is found to be in connection
with oxygen-ion conductivity of the YSZ nanowire. Summarized Li-ion conductivity of the composite polymer electrolytes
with YSZ nanowires in terms of concentration of dopant, in
comparison to oxygen-ion conductivity (800 °C) of YSZ bulk
material, is shown in Figure 4c. It can be seen that at the doping
level of 7 mol %, both the Li-ion conductivity for the composite
electrolyte and the oxygen-ion conductivity for YSZ approach
the maximum value. As is well-known, oxygen vacancy is
generated by doping lower valence oxide into ZrO2, which
increases with doping level ﬁrst and then decreases due to the
association of oxygen vacancies and cations, resulting in an
optimal value of oxygen-ion conductivity at around 7 mol %

polymer electrolytes with YSZ nanowires measured at various
temperatures are given in Figure 4a. A well-deﬁned semicircle at
high and intermediate frequencies ascribed to the bulk
resistance and a spike at low frequencies corresponding to
the double-layer capacitance formed at the interface between
electrode and electrolyte can be observed. The equivalent
circuit shown in the inset is used to ﬁt these spectra, where Rb is
the bulk resistance of the polymer electrolytes, CPEb is the
constant-phase element to ﬁt bulk capacitance, and Zw is
Warburg impedance due to an ion-diﬀusion-limited process.
CPE is used to model the slightly depressed nature of the
semicircle arcs rather than capacitors. The ionic conductivity σ
for the solid electrolytes can be then converted from a
resistance R data measured via impedance spectra measurements at diﬀerent temperatures, as shown in the following
equation:

σ=

1L
RS

(1)

where L is the membrane thickness and S is the eﬀective
electrode area.
The Arrhenius plots for the composite polymer electrolytes
with the YSZ nanowires of 55 nm diameter, with YSZ
nanoparticles and ﬁller-free electrolyte, are shown in Figure 4b.
Compared with the ﬁller-free electrolyte (3.62 × 10−7 S cm−1),
the composite polymer electrolyte with 7YSZ nanoparticles
shows a higher ionic conductivity of 2.98 × 10−6 S cm−1 at 30
°C. It should be noted that the oxygen-ion conductivity of the
YSZ ﬁllers could be ignored at RT. Therefore, the oxygen-ion
conductive ﬁller therefore is shown to have an eﬀect on
increasing Li-ion conductivity of the composite polymer
11410
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Figure 5. FTIR spectra for the composite polymer electrolytes ﬁlled with YSZ nanowires of various dopants. (a) FTIR spectra for the ﬁller-free
electrolyte and the composite polymer electrolytes ﬁlled with the (b) 2YSZ, (c) 7YSZ, and (d) 10YSZ nanowires. (e) Plot of the percentage of
the peak according to bonded ClO4− with Li+ vs Y2O3 doping level.

doping of Y2O3 (where YSZ can be fully stabilized into the
cubic structure).37−39,45 Understandably, the free oxygen
vacancies with positive charges play a crucial role in the Liion conduction in the composite polymer electrolyte.
One explanation for the conductivity improvement by ﬁlling
the inorganic nanoparticles is the hindrance of the local
reorganization of chains in the polymer and then the reduction
of the polymer crystallization.5,46 In present study, Figure S6
shows the thermogravimetric (TG) curves of the composite
polymer electrolytes with the YSZ nanowires of various doping
levels and the ﬁller-free electrolyte. The ﬁrst step associated
with the cyclization is up to about 250 °C, where weight loss is
very small. The second process is up to about 350 °C, showing
quite rapid rate of weight loss, which is mainly due to the
dehydrogenation of PAN. In the last step, the fragmentation of
polymer chains occurs, producing volatile particles leading to
the weight loss. The corresponding data are summarized in
Figure 4d, displaying the relationship between the ionic
conductivity and the dehydrogenation temperature with various
Y doping levels. It is found that the variation tendency of
conductivity with dopant is inverse to that of dehydrogenation
temperature; namely, the conductivity reaches a maximum
value while the temperature decreases to the minimum when
the 7YSZ nanowire was used. The lower the dehydrogenation
temperature, the lower the crystallinity degree of the polymer
electrolyte. The surface groups of the ceramic ﬁllers provide
physical cross-linking centers for the polymer segments, which
allow reduction of the tendency for polymer reorganization.
Accordingly, it can be seen that more free oxygen vacancies

result in decreased crystallinity degree, promoting the Li-ion
conduction.
Another interpretation on the conductivity improvement has
been raised by various researchers in terms of Lewis acid−base
interaction.30,47 The additional conducting pathways on the
ﬁller surfaces established by the structural modiﬁed cations
contribute to a highly improvement of Li-ion conductivity. A
stronger aﬃnity between positively charged oxygen vacancies
on the surfaces of the YSZ nanowires and ClO4− can be
expected. Figure 5 shows the typical Fourier transform infrared
(FTIR) transmittance spectra of the composite polymer
electrolytes with the nanowires, together with the data for the
ﬁller-free electrolyte. The bands at 623 and 635 cm−1 are
observed, assigned to the free anions (ClO4−) that do not
interact directly with Li+ and are attributed to the contact ion
pairs (Li+ClO4−). It reveals that the addition of the YSZ
nanowires results in growth of the band at 623 cm−1 and the
fade of the band at 635 cm−1, which indicates that the
nanowires help to dissociate ClO4− with Li+ and subsequently
release more free Li ions.30,48 Figure 5e also demonstrates that
the concentration of the bonded ClO4− achieves the minimum
value when the dopant is 7 mol %, where the conductivity of
the composite electrolyte also reaches the maximum. As a
consequence, more free oxygen vacancies on the surfaces of the
YSZ nanowires allow more free Li ions, which results in
improved conductivity for the composite polymer electrolyte.
To conﬁrm increased concentration of free Li ions, the lithium
transference number (t+) of the composite polymer electrolytes
was measured and calculated with the following equation:49
11411
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t+ =

Iss(ΔV − I0R 0)
I0(ΔV − IssR ss)

Characterization. TG analyses (STA 449, Netzsch) were
conducted to determine the thermal evolution during heating of the
polymer electrolytes under simulated air atmosphere (20 vol % of O2
in Ar, 99.99% pure gases from Airgas). XRD (PANalytical X’Pert
diﬀractometer) was used for phase identiﬁcation using Cu Kα
radiation of 0.15406 nm. The morphologies of samples were examined
by SEM (FEI Nova NanoSEM 450) and TEM (FEI Tecnai G2 F20 XTWIN microscope). XPS (PHI VersaProbe scanning XPS microprobe) waas carried out on YSZ nanowire powers. FTIR transmittance
spectra were taken on a Bruker Vertex 70 FTIR spectrometer. The
dried composite polymer electrolyte membrane was sandwiched
between two stainless steel (SS) electrodes for conductivity measurements. The electrical conductivity investigated using AC impedance
spectroscopies was recorded by a Biologic VSP potentiostat over the
frequency range of 0.10 Hz to 1 MHz. Using lithium as a counter and
reference electrode, linear sweep voltammetry was performed between
−0.5 and +6.0 V (vs Li+/Li) on a SS working electrode, at a scanning
rate of 1.0 mV s−1. All the assemblies were carried out in a dry
glovebox ﬁlled with argon.

(2)

where I0 and Iss are the initial and steady-state currents, ΔV is
the potential applied across the cell, and R0 and Rss are the
initial and steady-state resistance of the passivation layer. The
variation of current with time during polarization for the
composite polymer electrolyte with 7YSZ nanowires is shown
in Figure S7. Subsequently, t+ for the ﬁller-free electrolyte and
the composite polymer electrolyte with nanowires is calculated
to be 0.27 and 0.56, respectively, which indicates increased free
Li-ion concentration.

CONCLUSION
In summary, we disclose a simple strategy to fabricate the solid
composite polymer electrolyte with the YSZ nanowires, which
displays an interesting improvement of ionic conductivity with
respect to the concentration of free oxygen vacancies in the
nanowires. The YSZ nanowires with various Y2O3 dopants and
diameters were successfully prepared by electrospinning.
Reduction of cystallinity of the polymer was observed to
increase the conductivity of the composite electrolyte.
Furthermore, it is proposed that more free oxygen vacancies
with positive charge on the surfaces of the nanowires could
release more free Li+ ions from the association with ClO4−
anions. The results reveal that the composite polymer
electrolyte ﬁlled with the YSZ nanowires of 7 mol % of Y2O3
shows the maximum concentration of free Li+ ions and
accordingly achieves the highest conductivity of 1.07 × 10−5 S
cm−1 at 30 °C. Improved electrochemical stability for the
composite polymer electrolyte by addition the nanowires is also
observed. The present work pinpoints the high importance of
one-dimensional oxygen-ion conducting materials in the
application of all-solid-state LIBs.
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METHODS
Synthesis of the YSZ Nanowires and Nanoparticles. ZrOCl2·
8H2O (>99.9%) and Y(NO3)3·6H2O (>99.9%) of various corresponding molar mass were dissolved in a mixture of deionized water and
ethanol or whole ethanol solvent. An appropriate amount of PVP (Mw
= 130 000) was subsequently added. A transparent solution with a
concentration of 8 wt % PVP was obtained by vigorous stirring. For
the electrospinning procedure, the precursor solution was loaded into
a capillary with a stainless steel needle. A high voltage of 15 kV was
applied by dipping a charged silver thread into the precursor solution.
The as-spun ﬁbers were subsequently calcined at 600 °C for 2 h in air
at a heating rate of 5 °C min−1.
For comparison with the nanowires, 7 mol % of yttria-doped
zirconia nanoparticles wasprepared by a sol−gel synthesis using
starting materials of ZrOCl2·8H2O and Y(NO3)3·6H2O. A transparent
viscous gel was obtained by stirring these materials together in ethanol
at 90 °C. The dry gel was calcined in the temperature range of 700 °C
for 3 h in air.
Synthesis of the YSZ Nanowire-Filled PAN−LiClO4 Solid
Composite Polymer Electrolyte. YSZ nanowires (15 wt %, total
weight of PAN and LiClO4) were added in the DMF solution that
contained PAN and LiClO4. The mixture was mechanically stirred at
80 °C for 5 h and then cast with a doctor blade onto a glass plate.
Finally, the solid composite polymer electrolytes were dried in high
vacuum at 80 °C for 48 h to completely remove the DMF solvent.
They were then transferred into an argon-ﬁlled glovebox (O2 and H2O
at sub-ppm value, typically <0.6 ppm) and heated at 80 °C for at least
48 h before measurement to completely remove the solvent and
moisture. All of the samples, including the ﬁller-free electrolyte and the
composite electrolyte with nanowires, were prepared following the
same procedures and drying temperature and time.
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