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ABSTRACT: Solid state electrolytes (SSEs) offer great potential
to enable high-performance and safe lithium (Li) batteries.
However, the scale-up synthesis and processing of SSEs is a
major challenge. In this work, three-dimensional networks of
lithium lanthanum titanite (LLTO) nanofibers are produced
through a scale-up technique based on solution blowing.
Compared with the conventional electrospinning method, the
solution blowing technique enables high-speed fabrication of SSEs (e.g., 15 times faster) with superior productivity and quality.
Additionally, the room-temperature ionic conductivity of composite polymer electrolytes (CPEs) formed from solution-blown
LLTO fibers is 70% higher than the ones formed from electrospun fibers (1.9 × 10 −4 vs 1.1 × 10−4 S cm−1 for 10 wt % LLTO
fibers). Furthermore, the cyclability of the CPEs made from solution-blown fibers in the symmetric Li cell is more than 2.5 times that
of the CPEs made from electrospun fibers. These comparisons show that solution-blown ion-conductive fibers hold great promise for
applications in Li metal batteries.
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■ INTRODUCTION

With the trend of developing battery technology toward high
energy density, the concern on the safety issues arises. Thus,
considerable research has focused on replacing the flammable
liquid electrolytes with solid electrolytes in current recharge-
able lithium-ion batteries. To date, numerous solid state
electrolytes (SSEs) have been developed, including organic
polymers,1−4 inorganic sulfides,5−8 oxides,9−11 and others.12−14

Among all these electrolytes, oxide-based solid electrolytes
have attracted significant interest due to the following
advantages. First, oxide solid electrolytes have relatively high
Li-ion conductivity (>10−4 S cm−1) at room temperature
(RT).15 Second, their wide electrochemical stability window11

allows the presence of high battery voltage for high energy
output. More importantly, oxide-based electrolytes possess
high stiffness to prevent Li dendrite growth,16,17 which
significantly alleviates the safety concern in batteries, even
with Li metal anodes. Last but not the least, the non-
flammability and high stability at wide range of temperatures
allow the batteries to be applicable for operation in
complicated environments.
Conventionally, ceramic SSEs are produced via the solid-

state reaction method,18−20 which is simple. However, this
approach demands huge energy consumption in the form of
repeated long-time processing and high-temperature calcina-
tions.21,22 In addition, coarse grains22 and impurities caused by
the huge Li loss at high temperatures22−24 always cause
performance degradation. Wet chemical processes (e.g.,

hydrothermal25,26 and sol−gel27−30) are also common
approaches to achieve ceramic SSEs with better control of
chemical composition and morphology.26,31 However, the
issues with prolonged treatments27,32 still exist, and the yield
(depending on the size of reactors) is even lower than that
from solid-state reactions.33 Some other approaches such as
physical or chemical deposition34,35 and electrospinning1,36,37

have been reported to form good processability of ceramic
SSE. However, the feasibility for mass production of these
methods is limited.
Solution blowing is a novel method appropriate for scale-up

production of nanofibers.38−46 It is significantly faster than
electrospinning42 and, in distinction from the latter, the
formation of fibers is derived aerodynamically rather than
electrically. In this work, the solution blowing technique is
utilized to produce ceramic nanofiber-based SSEs for the first
time. A typical perovskite-type SSE lithium lanthanum titanite
(Li0.33La0.557TiO3 (LLTO)) was chosen as a target SSE
material considering its reported high ionic conductivity.15

The solution blowing parameters for fiber mat has been
studied to guide the future works. The received ceramic fiber
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mat after calcination was investigated by X-ray diffraction
(XRD) and scanning transmission electron microscopy
(STEM) to demonstrate the crystallinity and atomic structure
of nanofibers. The ceramic fibers were later mixed with
poly(vinylidene fluoride-hexafluoropropylene) (PVDF-co-
HFP) polymer to form a composite polymer electrolyte
(CPE). The LLTO fiber-enhanced CPE membrane shows
good thermal stability, high ion conductivity, as well as
extremely long cycle life against Li metal with relatively low
overpotential. The mechanism of enhanced thermal and
electrochemical performance was determined, and it was
proposed for the first time that the three-dimensional (3D)
fiber network structures could not only maintain the structural
stability of CPE at high temperatures but also create additional
Li-ion pathways in CPE for improved ionic conductivity.

■ RESULTS AND DISCUSSION
The LLTO-containing nanofibers for use in the solid
electrolyte were fabricated by means of solution blowing, and
the schematic of the setup is shown in Figure 1 (an image of
the setup is also shown in Figure S1). In short, an 18 gauge
needle was inserted concentrically into a nozzle, placing it in
the middle of a high velocity air jet (of the order of 200 m/s)
with a gas pressure of 45 psi. The polymer solution with salt
was then fed through the needle by a syringe pump. The
solution jets were vigorously stretched and bent by the
surrounding air jet. This fiber forming process was captured by
an ultrafast camera as shown in Movie S1. Finally, as the
solvent evaporated, solid fibers were collected on a wire mesh,
with suction applied to the bottom of the collector for proper
fiber retention. A small room heater was used during this
process to elevate the ambient air temperature and increase the
evaporation rate in the fibers.
Viscoelasticity of the polymer solution is the key parameter

to make sure that the prepared solution has a continuous
spinnability. This parameter is characterized by the relaxation
time. An in-house elongation viscometer41,47 was used to
measure characteristic relaxation time of the 10 wt %
polyvinylpyrrolidone (PVP) in dimethylformamide (DMF)
solutions with and without salt. In addition, to reveal the effect
of salt concentration on the viscoelasticity of the polymer
solutions, three different amounts of salt precursors (0.4617,
0.9233, and 1.8466 g) were added to PVP solutions to form
mixtures. The prepared four solutions were denoted as SOLN-
1, SOLN-2, SOLN-3, and SOLN-4, in the exact order of the
increased salt amount, where SOLN-1 is pure PVP solution
(no salt) and SOLN-4 contains the largest amount of total salt
precursors (Table S1). The thinning of the cross-sectional

diameter at the center of SOLN-1 solution thread was captured
by a high-speed camera (schematic shown in Figure 2a) and

used to elucidate the relaxation time (Figure 2b−f). Shear
viscosity was also measured and is presented in Figure S2. PVP
typically exhibits viscoelastic behavior and possesses elonga-
tional viscosity (i.e., reveals significant viscoelastic effects in
strong uniaxial stretching, e.g., spinnability in fiber forming). In
simple shear testing of PVP, the shear-thinning (also a
viscoelastic manifestation) was not observed, most probably
because it happened at lower shear rates (beyond the
measurement capability of our shear viscometer). On the
other hand, when LLTO salt precursors are added, it is likely
that they make complexes with polymer macromolecules,
creating a physical network. This can shift shear-thinning to
higher shear rates where it could be measured.
The relaxation time of a pure 10 wt % PVP solution, as well

as of the three different solutions containing salt, affects the
diameter, d thinning in time, t according to the following
equation

d d
t

exp
30 θ

= −i
k
jjj

y
{
zzz

(1)

where d0 is the initial value at t = 0, and θ is the viscoelastic
relaxation time. The measurement results used for evaluation

Figure 1. Schematic of solution blowing setup used to form nanofiber mat (left) and the collected large quantity fiber mat on the collection drum
(right).

Figure 2. Viscoelastic thread thinning of the prepared solution. (a)
Schematic of the setup with a high-speed camera. (b−f) series of time
lapse images taken by a digital camera, showing a self-thinning thread
of polymer solution.
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of θ are shown in Figure 3. The relaxation times for these four
solutions are found as 3.56, 3.54, 2.40, and 3.45 ms,
respectively (Figure 3a−d). This indicates that the salt does
not affect the viscoelasticity of the PVP solutions and does not
diminish their spinnability, which is important for nanofiber
forming. The presence of salt ions in the polymer solution
affects polymer solubility in the interplay with the isoelectric
point. Accordingly, the salt concentration and the uncontrol-
lable impurities present in the solvent in the interplay with the
isoelectric point most probably diminish solubility in the case
of SOLN-3, which results in its lower relaxation time.
The targeted LLTO nanofibers were obtained by calcinating

the as-blown fiber mat at 850 °C in air with the ramp rate of 10
°C/min and keeping at 850 °C for 2 h. The large specimen of a
fiber mat before and after calcination is shown in Figure S3.
The fiber morphology was further studied by field-emission
scanning electron microscopy (SEM). Figure 4a,b depicts
nanofibers formed using solution blowing before and after
calcination. The corresponding size distributions were analyzed
and are shown as insets in the figures. It should be noted that
the mean diameter of the fibers shrinks after calcination, which
is the result of the removal of the polymer during high-
temperature treatment. The close-up images of solution-blown
fibers made from SOLN-3 and SOLN-4 are shown in Figure
4c,d, Large area LLTO fiber morphology was also identified
through SEM, as shown in Figure S4, which reveals good fiber
quality. The fibers both present certain kind of porous
structure, which is caused by the removal of the polymer as
well. As expected, as SOLN-3 contains only half of the salt
amount in comparison to SOLN-4, the fibers made from
SOLN-3 are more porous than the ones from SOLN-4. In
comparison, pure PVP solutions were also used for solution
blowing and the detailed analysis is shown in Figure S5a−c.
Additionally, the traditional fiber-forming methodelectro-
spinning (schematically shown in Figure S6) has been used as

well, and the corresponding fiber morphology and size
distribution are shown in Figure S5d−f.
The detailed analysis is quantified in Table S2, where the

fiber diameters obtained using either solution blowing or
electrospinning are listed. The data for the calcined solution-
blown fibers was also added. The mean diameter of fibers is in
the 500−600 nm range, which means that the sizes of the
fibers formed by solution blowing and electrospinning are
mainly the same. The diameter of the solution-blown fibers
with or without salt is also close, within ∼6% difference
((577−544)/577 = 5.7%), which means that the salt effect is

Figure 3. Elongation viscometer test as an indication of spinnability showing the thread diameter as a function of time for (a−d) SOLN-1 to
SOLN-4. The experimental data are shown by symbols, whereas eq 1 is represented by solid red lines.

Figure 4. SEM images of solution-blown nanofiber networks. (a,b)
SEM images of the as-spun nanofibers and nanofibers after
calcination; scale bar is 10 μm. Inset shows the corresponding size
distribution of nanofibers. (c,d) SEM images show single fiber
morphology resulting from SOLN-3 and SOLN-4.
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limited. In solution blowing, the flow rate was 6 mL/h, whereas
in electrospinning, the flow rate of only 0.4 mL/h could be
achieved for a single needle. Accordingly, the solution blowing
process was 15 (6 vs 0.4 mL/h) times faster than the
electrospinning method. Additionally, in the case of solution
blowing, it is easy to stack multiple needles close to each other
and increase production rate by another 1 or 2 orders of
magnitude (Figure S7). This type of upscaling is hardly
possible with electrospinning due to the electrical repulsion
between the polymer jets, which causes the laydown
nonuniformities. Thus, by using the scaled-up solution blowing
setup (multiple nozzle blowing nanofibers simultaneously, as
shown in Figure S8. Reproduced from a previous work42),
liter-level solution is easily consumed to form nanofibers,
indicating its ultrafast productivity. The electrospun LLTO (E-
LLTO) fibers also have porous structure, which is visualized
through transmission electron microscopy (TEM) imaging. As
show in Figure S9, the low magnification TEM image reveals a
porous structure (Figure S9a). Detailed surface structure can
be found from the STEM image (Figure S9b), in which some
pores can be clearly seen (marked as blue arrows). Further
study is needed to reduce the porosity of LLTO fibers for
better electrochemical performance.
The solution blowing technique shows promising results as a

scale-up production method. The quality of the synthesized
solution-blown LLTO (S-LLTO) fibers was further examined
by XRD. All main peaks (Figure 5a) correspond to LLTO
(JCPDS 87-0935), indicating the successful preparation of
LLTO nanofibers. The crystal structures of the fibers were also
determined by atomic scale high-angle annular dark-field
(HAADF)−STEM analysis. As shown in Figure 5b, the d-
spacing of the two vertically aligned planes are measured to be
3.84 Å, corresponding to the {100} planes of LLTO along

[100] zone axis. Nanosized domains always existed in LLTO,
which is formed by the alternation of La-rich and La-poor sites
and have an effect on Li+ conductivity.48,49 In the HAADF
image of Figure 5b, the atom intensity is proportional to the
average atomic number in that column.50 Thus, the La-rich
and La-poor areas can be easily identified. In the atomic scale
STEM image, La-poor areas (marked with white two-way
arrows) showing much darker contrasts than La-rich areas
(marked with red arrows). Typically, La-poor areas act as Li-
ion pathways and La-rich areas act as walls for the pathways as
indicated in the image. The corresponding fast Fourier
transform (FFT) analysis (Figure 5c) of the atomic image
shows a single crystal structure, which means that LLTO
domain structures are not polycrystalline. With the analysis of
XRD together with atomic-scale STEM, the synthesis of high-
purity LLTO through solution blowing is confirmed.
The S-LLTO nanofibers were then composited with PVDF-

co-HFP polymer to become 3D fiber network-enhanced CPE
because PVDF-co-HFP-based solid polymer electrolyte (SPE)
exhibits good mechanical stability and high ionic conductiv-
ity,52 and ceramic fibers have been recently reported to be
excellent additives to improve the electrochemical performance
of polymer electrolyte to the next level.36 Thermal stability is a
crucial performance requirement of polymer-based electrolytes
and was investigated here. As presented in the thermogravi-
metric analysis (TGA) curves in Figure 5d, the thermal
degradation of pure PVDF-co-HFP is about 430 °C and the
thermal stability decreased after adding Li salt (LiTFSI) and
LLTO nanofibers. Just right before 100 °C, there is a minor
weight loss of the SPE and CPE, which is due to the trapped
moisture in the electrolyte. Notably, the CPE exhibits much
better thermal stability than the SPE before 300 °C, as shown
by the relatively mild weight loss curve (red) compared to the

Figure 5. Phase structure characterization of the prepared LLTO nanofibers and thermal stability test of the CPE. (a) XRD pattern of the ceramic
fibers. (b) Atomic STEM−HAADF image of LLTO at [100] zone axis. (c) FFT analysis of the atomic HAADF image showing a single crystal
structure. (d) TGA curves of PVDF-co-HFP, PE, and CPE. (e) Weight difference of CPE and PE from TGA curves in figure (d). (f) Images
showing the heating behavior of CPE and PE on a hot plate at 130 °C for 15 min.
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steeper black curve. The different temperature points in this
range were further analyzed. As shown in Figure 5e, at 150 °C,
the weight difference of CPE and PE is 1.69%, with the
temperature increase, the difference expands to 4.56 and 5.61%
at 200 and 250 °C, respectively. These observations indicate
that the addition of ceramic fibers may form strong bonding
with the surrounding polymer chains to slow their degradation.
There is rapid decomposition of the CPE that starts at around
310 °C, where the bonding between the polymers and
nanofibers breaks, indicating that this bonding is strong
enough at a wide range of temperatures (up to ∼300 °C).
Another thermal stability evaluation was conducted by

heating the developed CPE and SPE at 130 °C on a hot plate
for 15 min. Figure 5f shows the images of the CPE and PE
membranes at RT and after 130 °C heat treatment. As it can
be seen in Figure 5e, the PE shows an obvious shrinkage and
melting at this temperature as compared with the status at RT,
whereas the fiber-enhanced CPE remains almost intact upon
exposure to the heat. Therefore, the CPE shows much better
shape stability at high temperatures with the help of fiber
networks. As a result, the 3D LLTO fiber network-reinforced
polymer electrolyte would slow down the short circuit caused
by the shrinkage of the polymer membrane electrolyte at high
temperatures and the following disastrous electrodes contact.
To realize the ionic conductivity of the synthesized S-LLTO

fibers, a LLTO pellet was prepared by cold pressing (Figure
S10a,b) followed by 4 h calcination at 800 °C. The ionic
conductivity of the pellet was tested to be 6.10 × 10−5 S cm−1

(Figure S10c). The ionic conductivity of the CPE with a series
of ceramic fiber content (0−20 wt % of the total weight of
PVDF-co-HFP and LiTFSI), at different temperatures (from 0

to 80 °C) was measured and the results are shown in Figure
6a. With the increasing amount of ceramic fibers, the ionic
conductivity of CPE increases and reaches to the peak with the
addition of 10 wt.% nanofibers and then slightly decreases. The
highest conductivity is about 1.90 × 10−4 S cm−1 at RT, which
is an order of magnitude higher than the performance of PE
(2.80 × 10−5 S cm−1). It is worth noting that, there is more
than 70% improvement in ionic conductivity compared with
the CPE made from 10 wt % E-LLTO fibers at RT (1.10 ×
10−4 S cm−1, shown with purple symbols in Figure 6a), which
is elaborated later. The conductivity starts to drop from 15 wt
%, which may be owing to the aggregation of nanofibers at
high concentrations. Therefore, the cycling performance was
measured in a symmetric Li−CPE−Li cell by using the 10 wt
% LLTO CPE. Figure 6b shows the voltage profile of the
continued Li plating and striping cycling with a current density
of 0.15 mA/cm2 at 25 °C. The overpotential of the CPE
resulting from E-LLTO fibers was around 0.4 V initially, but
gradually increased over 200 cycles and failed at 382 cycles.
Whereas the overall overpotential with the CPE resulting from
S-LLTO fibers was stable around 0.3 V for up to 1000 cycles
(see the enlarged view of some cycles in Figure S11, interfacial
engineering is needed in future works to reduce overpotential),
indicating the promising application of the S-LLTO fibers in Li
metal batteries.
To investigate the reasons behind the improvements from

PE to CPE, the SEM characterization was used to visualize the
structure of CPE with 10 wt % S-LLTO fibers. As shown in
Figure 6c (the corresponding zoomed-in image and large area
composite structure is shown as Figure S12.), the CPE shows
well-dispersed LLTO nanofibers in porous polymer sphere

Figure 6. Electrochemical test of the prepared CPE and Li-ion conductive pathways in CPE. (a) Ionic conductivity of CPE as a function of S-
LLTO fiber concentrations at various temperatures. The data for ionic conductivity of E-LLTO fiber concentrations at RT (named as 20 °C-E) is
also shown for comparison. (b) Cycling performance of symmetric Li cells with 10 wt % S-LLTO and E-LLTO fibers added to CPE. (c) SEM
image of the synthesized CPE (10 wt % S-LLTO adding); scale bar is 5 μm. (d) Schematic of the Li-ion diffusion pathways in CPE.
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structures. This kind of porous structure is common in PVDF-
co-HFP-based polymer electrolytes2,51 and is beneficial to soak
organic liquid electrolyte to enhance the Li-ion conductivity.
Interestingly, in our liquid-free CPE, the imbedded fibers were
able to connect the adjacent separate polymer spheres as
marked with the red arrows in the image. These connections
could act as additional pathways for the transport of Li ions
(schematically shown in Figure 6d), resulting in excellent
electrochemical performance. In addition, LLTO nanoparticles
are also synthesized through ball milling of the S-LLTO fibers
(Figure S13a) to prepare LLTO particle CPE (P-CPE). From
the SEM image of P-CPE (Figure S13b), the nanoparticles are
well dispersed in polymers and the CPE shows a porous
structure as we mentioned previously. However, in contrast
with the fiber-based CPE (Figure 6c), the adjacent separate
polymer spheres are not connected by the nanoparticles. Better
connectivity between the adjacent polymer spheres suggests
that the fibrous structure of LLTO offers additional pathways
for Li-ion transport. As a result, the P-CPE shows an ionic
conductivity of 0.97 × 10−4 S cm−1 (Figure S14), which is well
below the ionic conductivity of S-CPE. Also, as E-CPE
contains impurities and defects that hinder the Li-ion transport
along the fibers, the conductivity improvement from P-CPE is
limited. These comparisons confirm the importance of fiber
structures for Li-ion battery application. From the electro-
chemical stability window (Figure S15), the CPE was stable up
to ∼4.7 V, which is good to run most of the common cathode
materials. The Li transference number (t+) was found to be
0.23 (Figure S16), based on the following equation

t
I V I R
I V I R
( )
( )
ss 0 0

0 ss ss
=

Δ −
Δ −+

where I0 and Iss are the initial current and steady-state current,
ΔV is the activation voltage, R0 and Rss are the initial and
steady-state resistance, respectively. Finally, as the CPE has
good ionic conductivity (∼10−3 S cm−1) at 60 °C, the LFP−S-
CPE−Li cell is cycled at 60 °C, which shows good cyclability
with specific capacity ∼135 mA h/g and more than 98%
coulombic efficiency (Figure S17).
Considering that the polymer matrix was the same for both

the electrospun and solution-blown fibers, we studied the
microstructure of E-LLTO fibers to further understand the
improvements in the electrochemical performance of the CPEs
made from E-LLTO to S-LLTO. It appears that the E-LLTO
nanofibers suffer from impurities and significant structural
defects. As evident in Figure 7, the LLTO nanofibers made
from electrospinning show extra XRD peaks (Figure 7a, some
of them are marked by red arrows) and could be correlated to
LaxTiyO secondary phases. This can be explained by the effect
of the electric field applied during electrospinning that causes
the migration of the salt ions to the free surface.52 More
specifically, the impurities and defects are caused by the
electrically driven ion migration to the jet surface in
electrospinning in distinction from solution blowing, which
does not involve any electric field. The La3+ and Ti4+ ions
originate from the salt dissociation in the polymer DMF
solution. The charge relaxation time, τC = ε/4πσ (in CGS
units), where ε and σ are the dielectric permittivity and
conductivity of liquid, respectively. The charge relaxation time,
τC is in the 1 μs to 1 ms range.41 In electrospinning, polymer

Figure 7. XRD and STEM analysis of electrospinning LLTO nanofibers. (a) XRD pattern of electrospinning LLTO nanofibers with certain kind of
impurities (some of the irrelevant peaks pointed by red arrows). (b,c) Atomic STEM images showing ravine-like defective structures (atom
columns missing, pointed by red arrows) from electrospun LLTO fibers, and an indication of Li-ion transport barrier. (d) HAADF−STEM image
of grain boundary formed by LLTO and LaxTiyO impurity. (e) EDS mapping of the green rectangular area in (d) showing LaxTiyO (Ti rich)
impurity. (f) Atomic STEM image showing the boundary [dashed circle range in (d)] of LLTO and Ti rich oxide, and an indication of Li-ion
transport barrier.
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jet velocities are on the scale of U = 1 m/s, which means that
in such jets, all ions will have a trend to move to the free
surface at the jet length well below UτC = 1 mm, that is,
practically at the jet origin. This estimate is corroborated by
detailed electrokinetic simulations.52 Accordingly, ion redis-
tribution to the jet surface in electrospinning happens
practically immediately, and the electrospun nanofibers are
highly segregated regarding La3+ and Ti4+. This nonuniform
distribution causes the impurities and defects in the E-LLTO
fibers (Figure 7). On the other hand, there is no electrically
driven ion migration in solution-blown jets, which results in
solution-blown nanofibers with high-phase purity. In addition,
a deeper understanding was also achieved through atomic scale
HAADF−STEM analysis on E-LLTO fibers. As presented in
Figure 7b, plenty of structural defects (ravine structures,
pointed by the red arrows) were observed in the E-LLTO
grains. The high magnification view of the defective region
(Figure 7c) shows clearly the missing atom columns, which are
evidences of local salt deficiency caused by the salt migration
during electrospinning under the high electric field. These can
become structural barriers for the diffusion of Li ions inside the
LLTO grains. The regions indicating local salt accumulation
on electrospun fibers was also revealed by HAADF imaging
(Figure 7d) and energy-dispersive system (EDS) mapping
(Figure 7e, green rectangular region in Figure 7d). These
images show a Ti-rich grain (minor La signals) between LLTO
grains and can be indexed to the rutile TiO2 phase through d
spacing analysis at the grain boundary area (Figure 7f,
corresponding to the dashed circled region in Figure 7d).
The secondary phases can be barriers for Li ion to transport as
well. Thus, both in-grain ravine defects and out-of-grain
secondary phases can prevent the facile movement of Li ions,
resulting in the poor performances compared to solution
blowing fibers.
As a proof of the applicability of the solution blowing

technique to other ceramic electrolytes, another popular SSE-
Li7La3Zr2O12 has also been fabricated. The fiber structure is
revealed by a SEM image (Figure S18a), and the quality is
determined by XRD (Figure S18b), showing high purity cubic
structures. Thus, the high feasibility of the solution blowing
method in fabricating ceramic electrolytes is confirmed.

■ CONCLUSIONS

In summary, ceramic SSE nanofibers were successfully
fabricated through solution blowing technique for the first
time. This fabrication method has approximately 15 times
higher production rate compared with the traditional electro-
spinning method under the same conditions and holds great
promise for scale-up processing. In comparison to electrospun
nanofibers, the solution-blown nanofibers reveal an intact
atomic structure and a higher phase purity. Owing to these
advantages, the RT ionic conductivity of the CPE made from
solution-blown LLTO 3D fiber networks is more than 70%
higher than that of the CPE made from E-LLTO fibers (1.9 ×
10−4 vs 1.1 × 10−4 S cm−1) and the cycling life against Li metal
is almost tripled. The improvements on thermal stability and
electrochemical performance from PE to fiber-enhanced CPE
are ascribed to the 3D solution-blown LLTO fiber skeleton for
not only maintaining the polymer structure at high temper-
ature but also acting as additional Li-ion pathways in CPE. Our
work opens a new direction to scale-up processing of SSEs for
safe and viable lithium batteries. The findings also provide new

understanding on the thermal-electrical improvement of the
fiber-enhanced composite solid electrolytes.

■ EXPERIMENTAL SECTION
Preparation of Precursor Solutions. The solutions used for

blowing were a mixture of a polymer solution and a salt precursor
solution. The polymer solution was made by dissolving 10 wt % PVP
(molecular weight 1,300,000; Sigma-Aldrich) in DMF. The salt
solution was prepared by dissolving certain amount of salt
precursors0.0816 g of LiNO3 (99%; Alfa Aesar, 20% more
LiNO3 is used to compensate the Li loss during calcination),
0.8050 g of La(NO3)3·6H2O (99.9%; Alfa Aesar), and 0.96 g of
titanium isopropoxide (97%; Sigma-Aldrich) in DMF. Additionally,
15 vol % of acetic acid was added to the salt solution to avoid
hydrolysis. The polymer solution and salt solution were then mixed
under magnetic stirring for 3 h to form transparent and homogeneous
spinning solution. Two more solutions were prepared by simply
changing the salt precursor amount to 25 and 50 wt % of the
aforementioned value.

Viscosity Test. The viscosity was measured in a simple shear flow
using a Brookfield LV-II+ cone and plate viscometer. The
measurements were done at multiple shear rates. Each shear rate
was held for 30 s before taking a reading.

Preparation of LLTO Ceramic Fibers. The as-spun nanofiber
mats were placed inside an aluminum oxide tray and calcined using a
muffle furnace to oxidize them and achieve a ceramic metal-oxide
structure.

Preparation of CPE. The CPE was then prepared first by
dissolving PVDF-co-HFP and lithium bis(trifluoromethanesulfonyl)-
imide (LiTFSI) in DMF solution. Subsequently, different amounts of
LLTO fibers (5, 10, 15, and 20 wt %, respectively) were added into
the solution to form a mixture. After stirring the mixtures at 80 °C for
5 h, the CPE was casted on a glass plate by a doctor blade and dried in
vacuum at 80 °C overnight.

Parameters for Electrospinning Method. Fibers were also
produced by electrospinning as a comparison. Electrospinning was
conducted at RT. The collector was a rotating drum located at a
distance of 15 cm from an 18 gauge needle (serving as a spinneret or a
die). A syringe pump was used to supply continuously a salt/polymer
solution to the spinneret at a flow rate of 0.4 mL/h. The electric field
strength between the needle and collector was sustained at 0.67 kV/
cm.
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(34) Lü, X.; Howard, J. W.; Chen, A.; Zhu, J.; Li, S.; Wu, G.;
Dowden, P.; Xu, H.; Zhao, Y.; Jia, Q. Antiperovskite Li3OCl
Superionic Conductor Films for Solid-State Li-Ion Batteries. Adv.
Sci. 2016, 3, 1500359.
(35) Oudenhoven, J. F. M.; Baggetto, L.; Notten, P. H. L. All-Solid-
State Lithium-Ion Microbatteries: A Review of Various Three-
Dimensional Concepts. Adv. Energy Mater. 2011, 1, 10−33.
(36) Liu, W.; Lee, S. W.; Lin, D.; Shi, F.; Wang, S.; Sendek, A. D.;
Cui, Y. Enhancing ionic conductivity in composite polymer

electrolytes with well-aligned ceramic nanowires. Nat. Energy 2017,
2, 17035.
(37) Fu, K.; Gong, Y.; Dai, J.; Gong, A.; Han, X.; Yao, Y.; Wang, C.;
Wang, Y.; Chen, Y.; Yan, C.; Li, E. D.; Hu, L. Flexible, solid-state, ion-
conducting membrane with 3D garnet nanofiber networks for lithium
batteries. Proc. Natl. Acad. Sci. U.S.A. 2016, 113, 7094−7099.
(38) Medeiros, E. S.; Glenn, G. M.; Klamczynski, A. P.; Orts, W. J.;
Mattoso, L. H. C. Solution blow spinning: A new method to produce
micro- and nanofibers from polymer solutions. J. Appl. Polym. Sci.
2009, 113, 2322−2330.
(39) Sinha-Ray, S.; Yarin, A. L.; Pourdeyhimi, B. The production of
100/400 nm inner/outer diameter carbon tubes by solution blowing
and carbonization of core−shell nanofibers. Carbon 2010, 48, 3575−
3578.
(40) Sinha-Ray, S.; Zhang, Y.; Yarin, A. L.; Davis, S. C.;
Pourdeyhimi, B. Solution Blowing of Soy Protein Fibers. Biomacro-
molecules 2011, 12, 2357−2363.
(41) Yarin, A. L.; Pourdeyhimi, B.; Ramakrishna, S. Fundamentals
and Applications of Micro-and Nanofibers; Cambridge University Press:
2014.
(42) Kolbasov, A.; Sinha-Ray, S.; Joijode, A.; Hassan, M. A.; Brown,
D.; Maze, B.; Pourdeyhimi, B.; Yarin, A. L. Industrial-Scale Solution
Blowing of Soy Protein Nanofibers. Ind. Eng. Chem. Res. 2015, 55,
323−333.
(43) Benito, J. G.; Teno, J.; Torres, D.; Díaz, M. Solution Blow
Spinning and Obtaining Submicrometric Fibers of Different Polymers.
Int. J. Nanoparticles Nanotechnol. 2017, 3, 1.
(44) Daristotle, J. L.; Behrens, A. M.; Sandler, A. D.; Kofinas, P. A
Review of the Fundamental Principles and Applications of Solution
Blow Spinning. ACS Appl. Mater. Interfaces 2016, 8, 34951−34963.
(45) Li, J.; Song, G.; Yu, J.; Wang, Y.; Zhu, J.; Hu, Z. Preparation of
Solution Blown Polyamic Acid Nanofibers and Their Imidization into
Polyimide Nanofiber Mats. Nanomaterials 2017, 7, 395.
(46) Yarin, A. L.; Lee, M. W.; An, S.; Yoon, S. S. Self-Healing
Nanotextured Vascular Engineering Materials; Springer Nature Switzer-
land AG, 2019.
(47) Sinha-Ray, S.; Srikar, R.; Lee, C. C.; Li, A.; Yarin, A. L. Shear
and Elongational Rheology of Gypsum Slurries. Appl. Rheol. 2011, 21,
63071.
(48) Gao, X.; Fisher, C. A. J.; Kimura, T.; Ikuhara, Y. H.; Kuwabara,
A.; Moriwake, H.; Oki, H.; Tojigamori, T.; Kohama, K.; Ikuhara, Y.
Domain boundary structures in lanthanum lithium titanates. J. Mater.
Chem. A 2014, 2, 843−852.
(49) Ma, C.; Cheng, Y.; Chen, K.; Li, J.; Sumpter, B. G.; Nan, C.-W.;
More, K. L.; Dudney, N. J.; Chi, M. Mesoscopic Framework Enables
Facile Ionic Transport in Solid Electrolytes for Li Batteries. Adv.
Energy Mater. 2016, 6, 1600053.
(50) Yuan, Y.; Amine, K.; Lu, J.; Shahbazian-Yassar, R. Under-
standing materials challenges for rechargeable ion batteries with in
situ transmission electron microscopy. Nat. Commun. 2017, 8, 15806.
(51) Yeon, S.-H.; Kim, K.-S.; Choi, S.; Cha, J.-H.; Lee, H.
Characterization of PVdF(HFP) Gel Electrolytes Based on 1-(2-
Hydroxyethyl)-3-methyl Imidazolium Ionic Liquids. J. Phys. Chem. B
2005, 109, 17928−17935.
(52) Reznik, S. N.; Yarin, A. L.; Zussman, E.; Bercovici, L. Evolution
of a compound droplet attached to a core-shell nozzle under the
action of a strong electric field. Phys. Fluids 2006, 18, 062101.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b19851
ACS Appl. Mater. Interfaces 2020, 12, 16200−16208

16208


