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ABSTRACT: Solid-state electrolytes provide substantial improvements to safety and electrochemical stability in lithiumion batteries when compared with conventional liquid
electrolytes, which makes them a promising alternative
technology for next-generation high-energy batteries. Currently, the low mobility of lithium ions in solid electrolytes
limits their practical application. The ongoing research over the
past few decades on dispersing of ceramic nanoparticles into
polymer matrix has been proved eﬀective to enhance ionic
conductivity although it is challenging to form the eﬃciency
networks of ionic conduction with nanoparticles. In this work, we ﬁrst report that ceramic nanowire ﬁllers can facilitate formation
of such ionic conduction networks in polymer-based solid electrolyte to enhance its ionic conductivity by three orders of
magnitude. Polyacrylonitrile-LiClO4 incorporated with 15 wt % Li0.33La0.557TiO3 nanowire composite electrolyte exhibits an
unprecedented ionic conductivity of 2.4 × 10−4 S cm−1 at room temperature, which is attributed to the fast ion transport on the
surfaces of ceramic nanowires acting as conductive network in the polymer matrix. In addition, the ceramic-nanowire ﬁlled
composite polymer electrolyte shows an enlarged electrochemical stability window in comparison to the one without ﬁllers. The
discovery in the present work paves the way for the design of solid ion electrolytes with superior performance.
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mechanical strength. The addition of these ceramic particle
ﬁllers is believed to hinder the polymer crystallization or to
contribute highly conductive interface layers between polymer
and ceramic.14−18 The ceramic ﬁllers are generally divided into
two categories: inactive ﬁllers that are not involved in lithium
ion conduction process (e.g., Al2O314 and SiO215) and active
ones that participate in lithium ion transport (e.g., Li3N16 and
Li1.3Al0.3Ti1.7(PO4)317).
Nanoscale ceramic ﬁllers have large speciﬁc surface area and
can enhance the ionic conductivity drastically.19 Most research
has emphasized ceramic nanoparticles,15−18 whereas little
attention has been given to one-dimensional ceramic ﬁllers.
Here we explore nanowire ﬁllers and demonstrate signiﬁcant
improvement of ionic conductivity and electrochemical
stability. Compared with nanoparticle ﬁllers, in which Li+
must cross a lot of particle−particle junctions, nanowire ﬁllers
with high aspect ratio embedded in polymer electrolyte can
create continuous ionic transport pathways to much longer
distances, reducing the junction cross signiﬁcantly. We
fabricated Li0.33La0.557TiO3 (LLTO) nanowires via electrospinning for the ﬁrst time, and dispersed them into PAN-

ithium-ion batteries have been intensively studied in order
to meet the ever-growing demands of technologies ranging
from portable devices and electric vehicles to grid-scale energy
storages.1−6 Safety is one of the most urgent concerns
associated with further advances in next-generation high-energy
batteries, making solid electrolytes among the most promising
candidates to replace ﬂammable and potentially dangerous
liquid electrolytes. In addition to the inorganic lithium ion
electrolytes,7−10 much attention has been devoted to blend
various kinds of lithium salts with solid polymer electrolytes
(SPE), such as polyacrylonitrile (PAN) and related polymerbased (e.g., poly(ethylene oxide), poly(vinylidene ﬂuoride),
poly(methyl methacrylate)) solid electrolytes.4−6,11,12 However,
because of their low ionic conductivities at room temperature
(which is below their glass transition temperatures) and poor
electrochemical stability, solid polymer electrolytes have not
been widely used in commercial lithium-ion batteries. To
address these concerns, previous approaches including crosslinking, using diblock copolymer, or adding plasticizers have
been investigated. Unfortunately, these modiﬁcations diminish
performance by loss of ionic conductivity and compatibility
with lithium electrodes, and by deterioration of mechanical
properties and ﬂame resistivity.3,12,13 In contrast, dispersing
ceramic particles in polymer matrix increases ionic conductivity
eﬀectively, meanwhile improving electrochemical stability and
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Figure 1. Schematic illustration for the synthesis of ceramic nanowire-ﬁlled polymer-based composite electrolytes, together with the comparison of
possible lithium-ion conduction pathway in nanowire-ﬁlled and nanoparticle-ﬁlled composite electrolytes, and illustration of the electrode
conﬁguration for the AC impedance spectroscope measurement.

Figure 2. Morphologies of LLTO nanowires. (a) Perspective view of LLTO. (b) TEM image of LLTO nanowires, with (c) corresponding SAED
pattern. (d) HRTEM image of an individual LLTO nanowire, with inset FFT pattern. (e) SEM image of as-spun ﬁbers. SEM images of LLTO
nanowires calcined at (f) 700 °C, (g) 800 °C, and (h) 900 °C, with corresponding diameter distributions and average diameters (i−l).

quently, 5−20 wt % (total weight of PAN and LiClO4) of
LLTO nanowires were added in the dimethylformamide
(DMF) solution containing PAN and LiClO4. The mixture
was mechanically stirred at 80 °C for 5 h and then cast with a
doctor blade on to a glass plate. Finally, the composite polymer
electrolyte was dried in high vacuum overnight to completely
remove the DMF solvent. The possible lithium ion conduction
pathway in nanowire-ﬁlled and nanoparticle-ﬁlled composite
polymer electrolytes is also illustrated in Figure 1, respectively.
The crystalline phase evolution of LLTO nanowires calcined
at variable temperatures from 600 to 900 °C has been examined
by X-ray diﬀraction (XRD) measurements. Figure S2 displays
the XRD patterns of LLTO nanowires, which indicates that all
peaks could be indexed to a primarily perovskite structure with
the tetragonal P4/mmm space group. Figure 2a depicts the
crystal structure consisting of alternate La-rich and La-poor
layers. Morphologies of the nanowires were examined by
transmission electron microscopy (TEM) and scanning
electron microscopy (SEM), as shown in Figure 2b−h.

LiClO4 polymer without any other additive to prepare a novel
solid composite polymer electrolyte. As a representative solid
lithium-ion conductor, Li3xLa2/3‑x□1/3−2xTiO3 (0<x < 0.167) is
A-site deﬁcient of the perovskite (ABO3) and has been reported
to exhibit a high bulk ionic conductivity of 1.0 × 10−3 S cm−1 (x
≈ 0.11) at room temperature.20−23 The microstructure and
conductivity of ceramic nanowire-ﬁlled composite polymerbased electrolytes were systematically investigated.
As shown in Figure 1, the schematic illustration indicates the
procedure to synthesize LLTO nanowire-ﬁlled PAN-LiClO4
composite electrolytes. LLTO nanowires were prepared by
electrospinning of polyvinylpyrrolidone polymer ﬁber containing the relevant salts and then calcined at the temperature range
of 600−900 °C in air for 2 h (for details, see Experimental
Methods in Supporting Information). Diﬀerential thermal
analysis (DTA) curves of as-synthesized polymer ﬁbers (Figure
S1) show that above 700 °C there was no obvious thermal
change, indicating the complete formation of LLTO, which is
consistent with the thermogravimetric (TG) result. Subse2741
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Figure 3. Phase structure and morphology of the composite electrolytes with various contents of LLTO nanowires. (a) XRD patterns of the
composite electrolytes with various LLTO concentrations of 5−20 wt %. SEM images for the composite electrolytes with (b) 10 wt %, (c) 15 wt %,
and (d) 20 wt % nanowire ﬁllers. (e) TEM image and (f) HRTEM image of the composite electrolyte with 15 wt % nanowires, respectively. In panel
f, the upper inset is the HRTEM image for LLTO nanowire, and the bottom one illustrates the individual grain of the nanowires embedded in PAN
matrix.

Figure 4. Electrical properties of solid composite polymer electrolytes. (a) Experimental and ﬁtting impedance spectra for the composite electrolyte
with 15 wt % LLTO nanowires at diﬀerent measuring temperatures, and the equivalent circuit. In the equivalent circuit, Rb is the bulk resistance of
the polymer electrolytes and CPEb is the constant phase element to ﬁt bulk capacitance. The straight line in the lower frequencies is due to an ion
diﬀusion-limited process contributing to an impedance response (Warburg impedance Zw). (b) Arrhenius plots of the composite electrolytes with
various LLTO nanowire concentrations, together with the date for LLTO nanoparticle-ﬁlled PAN-LiClO4 electrolyte. (c) Conductivity of the
composite polymer electrolyte as a function of the weight ratio of nanowire ﬁllers.

Identical morphological features of individual LLTO nanowires
calcined at 800 °C with large aspect ratios can be observed in
Figure 2b. The corresponding selected area electron diﬀraction
(SAED) pattern in Figure 2c shows a polycrystalline structure
that can correspond to a tetragonal cell, which is in agreement
with XRD pattern results. Figure 2d shows the high resolution
TEM (HRTEM) image of individual LLTO grain indicating
excellent crystallinity within each grain. Together with the fastFourier transform (FFT) pattern along [010] zone axis shown
in the inset, this conﬁrms the tetragonal perovskite structure.
SEM image in Figure 2e shows that as-spun ﬁbers have smooth
surfaces with an average diameter of 520 nm. After thermal
treatment at 700 °C for 2 h, the diameter of the nanowires

decreases considerably to 220 nm (Figure 2f) and further
decreases to 140 nm if using a calcination temperature of 800
°C (Figure 2g). The diameter of LLTO nanowires increases
when improving the calcination temperature to 900 °C (Figure
2h), which is due to the growth of grains, resulting in coarse
surfaces as well. Providing the largest speciﬁc surface area,
LLTO nanowires calcined at 800 °C were selected as the ﬁllers
dispersed into PAN matrix for further study.
XRD patterns taken at room temperature for PAN-LiClO4
and the composite electrolytes are given in Figure 3a. A peak
around 17° is observed that can be indexed into the
characteristic diﬀraction peak of PAN. It also can be seen
that, due to the complexation between LiClO4 and PAN, the
2742
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more than three orders of magnitude improvement was realized
by blending Li-conducting ceramic nanowires with PANLiClO4. Some previous papers11,28,31 reported that the
enhancement of conductivity by the addition of ceramic ﬁllers
is due to the reduction of polymer crystallinity and more
ﬂexible local chains in the amorphous phase. In this study, we
conﬁrm that ﬁlling LLTO nanowires could not inﬂuence the
crystallinity of PAN. The degree of crystallization of PAN is
known to aﬀect its dehydrogenation temperature. Herein, the
thermal behaviors of PAN-LiClO4 and the one ﬁlled with 15 wt
% LLTO nanowire are characterized using TG shown in the
Figure S4, as observed in which the rapid weight loss around
351 °C is mainly due to the dehydrogenation of PAN. By ﬁlling
15 wt % LLTO nanowires, the dehydrogenation temperature of
PAN reduces slightly to 344 °C, which indicates that the
dehydrogenation is not promoted noticeably by the ﬁlling of
LLTO nanowires. As for a higher degree of crystallization, a
higher dehydrogenation temperature is needed, so the addition
of LLTO nanowires into PAN results in little deterioration of
PAN crystallinity. As a consequence, reduction of polymer
crystallinity is not a predominate reason for the conductivity
improvement of the composite electrolyte.
In general, the relationship between ionic conductivity and
temperature for the polymer electrolyte follows the classical
Arrhenius relationship:

diﬀraction peaks of LiClO4 are absent in PAN-based electrolyte,
which indicates no salt particles in the composite electrolyte.
Figure 3a also indicates that dispersing 5−20 wt % LLTO
nanowires into PAN has no obvious inﬂuence on the
crystallinity of PAN, as the relative intensity of the peak
corresponding to PAN is almost unchanged. The microstructures of the composite electrolytes with various contents of
10−20 wt % nanowires are shown in Figure 3b−d, which
demonstrates a random distribution of LLTO nanowires free of
aggregates in the PAN matrix. TEM images of the composite
electrolyte with 15 wt % nanowires in Figure 3e,f clearly show
that LLTO nanowires are fully embedded inside PAN. For
preparation of the TEM specimen, the DMF solution
containing LLTO nanowires, LiClO4, and 10 wt % PAN was
further diluted by DMF and then loaded on lacey TEM grids.
The ionic conductivities of solid electrolytes were investigated via AC impedance spectroscopy measurements with two
stainless steel blocking electrodes. With well-ﬁtted spectra,
typical AC impedance spectra for the composite electrolyte
measured at various temperatures are given in Figure 4a. One
can see a well-deﬁned semicircle at high and intermediate
frequencies that is ascribed to the parallel combination of bulk
resistance and bulk capacitance, which is as a result of the
migration of ions and the immobile polymer chains,
respectively. The spike at low frequencies corresponds to the
double layer capacitance formed at the interface between
electrode and electrolyte.14,24−26 The ionic conductivity σ data
for electrolytes can be converted from a resistance R data
measured at diﬀerent temperatures, as shown in the following
equation:

1L
σ=
RS

⎛ E ⎞
σ(T ) = A exp⎜ − a ⎟
⎝ RT ⎠

(2)

where T is the absolute temperature, Ea the activation energy,
and A is a pre-exponential factor.32,33 For PAN-based polymer
electrolytes, lithium ions diﬀuse in the amorphous phase with
the assistance of chain segments of PAN. This can be attributed
to an interaction between lithium salt and C≡N of PAN where
lithium ions move toward the electron rich group of PAN.
Figure 4b also demonstrates that, by introducing ceramicnanowire ﬁllers into PAN-LiClO4 electrolyte, the slope of the
temperature dependence of ionic conductivity decreases, which
indicates a lower activation energy (see Table S1) and
accordingly implies a diverse conduction mechanism rather
than the ion random walking through amorphous PAN for the
composite electrolyte.30,32−35
Another conduction mechanism is established by lithium-ion
hopping in a sequential manner on the skin areas of ceramic
ﬁllers, which is achieved by replacing a nearby vacancy.34−36 It
is well-known that the mobility and concentration of free Li+
play the most important role in the ionic conductivity of solid
electrolytes, which are aﬀected by the interaction between
lithium ions and polymer. Wieczorek et al.37 applied the Lewis
acid−base theory to explain the conductivity enhancement for
the case of inorganic nanoparticle-ﬁlled polymer electrolyte. It
is proposed that a stronger aﬃnity can be expected between
ClO4− and acidic groups on the surface of nano-oxides, which
helps to separate the Li+ClO4− ion pairs and results in an
increase in concentration of free Li+ ions.38 In addition, it is
well-known that LLTO is A-site deﬁcient of the perovskite-type
lithium ion conductor. The surface region is enriched with
vacancies that allow Li-ion to hop from one vacancy to the next
one. That is, the surface area of LLTO nanowires supplies a fast
pathway for Li+ diﬀusion, which results in increased ion
mobility. Compared with PAN-based polymer electrolyte, the
mechanism of lithium ions replacing the nearby vacancies in
LLTO nanowire-ﬁlled composite electrolyte could result in a

(1)

where L is the membrane thickness and S is the eﬀective
electrode area. The temperature dependence of the ionic
conductivity for solid composite electrolytes over the range of
LLTO nanowire calcined at 800 °C with contents from 5 to 20
wt % is shown in Figure 4b. For comparison, the ionic
conductivity of LLTO nanoparticle-ﬁlled (15 wt %) PANLiClO4 electrolyte is also shown in this ﬁgure. Compared to the
solid polymer electrolyte without ﬁllers (Figure 4b), an
appreciable enhancement of conductivity could be detected
throughout all ﬁller blending contents. The composite
electrolyte containing 15 wt % LLTO nanowires displays the
highest conductivity of 2.4 × 10−4 S cm−1 at room temperature,
which is about three orders of magnitude higher than that of
PAN-LiClO4 without ﬁllers (2.1 × 10−7 S cm−1). In addition, as
shown in Figure 4c, the conductivity of the composite polymer
electrolyte has a sharp turn at ∼10% and reaches the maximum
at 15%, then drops rapidly at 20%, showing a percolation
behavior.27 However, the conductivity reduction at high weight
percentage (20%) in our case might result from the aggregation
of the nanowires taken place at high weight ratio loading
(Figure 3d). Dispersion of more LLTO nanowires results in
more disparity of the lithium distribution, easier aggregation of
nanowires, and reduced miscibility between PAN and LLTO,
eventually leading to phase separation and loss of ionic
conductivity. Besides the superior conductivity, the composite
polymer electrolytes also demonstrate better electrochemical
stability than PAN-LiClO4 electrolyte (Figure S3).
Over the years, one to two orders of magnitude enhancement of conductivity has been achieved in previous reports by
adding ceramic nanoparticles,28−30 whereas in the present work
2743
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lower activation energy, which is pinpointed by the slopes of
plots in Figure 4b. Therefore, both the concentration and
mobility of Li+ are improved on the nanowire surfaces in the
composite electrolyte.
Furthermore, the ceramic nanowires of high aspect ratio
ﬁlled in polymer matrix supply a 3D ion-conducting network
pathway, providing long-range Li+ transfer channels, which is
beyond the ability of nanoparticles that have an isolated
distribution in polymer matrix. Figure 1 illustrates the possible
lithium-ion conduction pathways in nanowire-ﬁlled and nanoparticle-ﬁlled composite polymer electrolytes, respectively. As
shown in Figure 4b, the conductivity enhancement for the
composite electrolyte by ﬁlling LLTO nanoparticles (see Figure
S5 for the microstructure) is one order of magnitude greater,
while ﬁlling LLTO nanowires oﬀers three orders of magnitude
improvement, with the same percentage (15 wt %) of ceramic
ﬁllers and similar grain size (∼50 nm diameter). Additionally,
nanoparticle aggregation might also contribute to the lower
ionic conductivity since the aggregation would further reduce
probability of forming the ionic percolation. Therefore,
anomalous conductivity enhancement in nanowire-ﬁlled PANLiClO4 composite electrolyte is achieved mainly due to the fast
conductive networks formed by nanowire morphology of Liconducting ﬁllers. The detailed mechanism for the enhancement of conductivity in the composite electrolyte, however,
needs further investigation.
In summary, LLTO nanowires have been successfully
prepared by electrospinning for the ﬁrst time. The results
show that the ionic conductivity of LLTO nanowire-ﬁlled PANbased solid composite polymer electrolyte is higher in
comparison to the state-of-the-art composite electrolyte with
ceramic nanoparticles at the same blending level. A superior
conductivity of 2.4 × 10−4 S cm−1 at room temperature for the
composite electrolyte with 15 wt % LLTO nanowires is
achieved. Our work opens the door for novel developments of
one-dimensional Li+-conducting ceramic materials in solid
electrolytes for lithium-ion batteries.

■
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