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ABSTRACT: Composite polymer solid electrolytes (CPEs) containing
ceramic fillers embedded inside a polymer-salt matrix show great
improvements in Li" ionic conductivity compared to the polymer
electrolyte alone. Lithium lanthanum zirconate (Li;LayZr,0,, LLZO)
with a garnet-type crystal structure is a promising solid Li" conductor.
We show that by incorporating only 5 wt % of the ceramic filler
comprising undoped, cubic-phase LLZO nanowires prepared by
electrospinning, the room temperature ionic conductivity of a
polyacrylonitrile-LiClO,-based composite is increased 3 orders of
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magnitude to 1.31 X 107* S/cm. Al-doped and Ta-doped LLZO

nanowires are also synthesized and utilized as fillers, but the conductivity enhancement is similar as for the undoped LLZO
nanowires. Solid-state nuclear magnetic resonance (NMR) studies show that LLZO NWs partially modify the PAN polymer
matrix and create preferential pathways for Li* conduction through the modified polymer regions. CPEs with LLZO
nanoparticles and Al,O; nanowire fillers are also studied to elucidate the role of filler type (active vs passive), LLZO composition
(undoped vs doped), and morphology (nanowire vs nanoparticle) on the CPE conductivity. It is demonstrated that both intrinsic
Li* conductivity and nanowire morphology are needed for optimal performance when using 5 wt % of the ceramic filler in the

CPE.
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B INTRODUCTION

Recently, the development of solid Li* conducting electrolytes
for all-solid-state batteries has attracted a great deal of research
interest," particularly since solid electrolytes have the potential
to increase the safety characteristics of Li metal batteries,”
mitigate the polysulfide dissolution issue in Li/S baltteries,3 and
circumvent the organic electrolyte oxidation problem in Li/O,
batteries.* Polymer-based electrolytes are attractive because
they are not brittle and can more easily form interfaces to
electrodes compared to inorganic electrolytes, but they also
display poor mechanical properties and low ionic conductivities
at room temperature.” / The use of composite polymer
electrolytes (CPEs) comprising a polymer electrolyte embed-
ded with ceramic fillers has been an attractive strategy for
enhancing the mechanical stability and ionic conductivity of the
polymer. 56811

transport of Li* in the CPE by several orders of magnitude, for
example by decreasing the crystallinity of the conducting
polymer and creating space charge regions that can enhance the
Li* diffusion.>**'>"?

The ceramic filler can increase the ionic

-4 ACS Publications  © 2017 American Chemical Society

While early studies investigated ceramic fillers comprising
spherical particles of inert or “passive” components with no
intrinsic Li* conductivity (eg. ALO; and Si0,),”'* recent
advances in nanomaterials synthesis have enabled the develop-
ment of novel CPEs containing fillers of “active” Li* conductors
with nanowire (NW) morphologies. Electrospinning has
emerged as a versatile and effective method to prepare oxide
Li* conductors such as lithium lanthanum titanate
(Liz,La, 3, TiO;, LLTO)">'° and lithium lanthanum zirconate
(Li;LayZr,Oy,, LLZO)'"'® as NWs. So far, very promising
results have been reported regarding the use of these materials
as CPE fillers. LLTO NWs embedded into polyacrylonitrile
(PAN) achieved 3 orders of magnitude improvement in room
temperature Li* ionic conductivity compared to the polymer
and Li* salt alone, but the mechanism was not thoroughly
investigated.16 A CPE prepared from a mat of Al-doped LLZO
NWs infiltrated with poly(ethylene oxide) (PEO) was effective
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for preventing Li dendrite formation under repeated lithium
stripping/plating and also showed good flammability resist-
ance.'® Both studies attribute the long-range and continuous
Li* diffusion pathways formed at the interfaces between the
NWs and polymers as key to the improvements in conductivity.
However, there are still many critical questions remaining, such
as how the nature of the ceramic filler and its properties (e.g.
morphology, composition) affect the total conductivity of the
CPE and the mechanism of conductivity enhancement.

Our group’s recent studies'”"” on nanostructured LLZO
have examined the role of particle and grain size on the phase
stability of this garnet-type material. Nanostructured LLZO,
either prepared by electrospinning, templating onto nano-
cellulose nanofibers, or ball-milling bulk powders, was observed
to remain stable in the nonequilibrium cubic structure (c-
LLZO) at room temperature without the use of extrinsic
dopants. Calcining the ¢-LLZO induced grain growth and
coalescence, which was correlated to the formation of the
thermodynamically stable tetragonal phase (t-LLZO). As t-
LLZO typically displays 2 orders of magnitude lower ionic
conductivity than ¢-LLZO,* our findings point to a new way to
access ¢-LLZO, namely through the use of nanostructures,
which can subsequently be exploited as ceramic fillers for CPEs.
This approach allows for the systematic study of different c-
LLZO fillers (with and without dopants), in order to
understand the critical parameters needed for CPEs with high
ionic conductivity. The substitution of AI** on Li* sites” ~*°
and Ta% on Zr* sites”**™*’ can stabilize c-LLZO and create
Li* vacancies, which could increase the number of hopping sites
for Lit 20272931

Herein we report the following: 1) the synthesis of undoped
and doped (with Al or Ta) c-LLZO NWs using electrospinning
from a dimethylformamide (DMF)-based precursor solution;
2) the evaluation of the aforementioned LLZO NWs as fillers
in CPEs containing PAN and LiClO, using electrochemical
methods, and 3) the determination of the Li* pathways through
the CPEs using selective isotope labeling and solid-state Li
nuclear magnetic resonance (NMR). We also evaluated CPEs
containing ¢-LLZO nanoparticles (NPs) or ALO; NWs to
understand the role of filler type (active vs passive), c-LLZO
composition (undoped vs doped), and ¢-LLZO morphology
(NW vs NP) on the total ionic conductivity of the CPE.

B EXPERIMENTAL SECTION

More detailed descriptions about the experimental procedures can be
found in the Supporting Information. Briefly, the LLZO nanowires
were prepared using electrospinning from a precursor comprising
zirconium propoxide, lithium nitrate, and lanthanum nitrate dissolved
in a solution containing a mixture of acetic acid, N,N-dimethylforma-
mide (DMF), and polyvinylypyrrolidone (PVP) as the polymer carrier.
Aluminum nitrate or tantalum ethoxide was used to obtain doped
samples with a nominal composition of Lig,gLlasZr,Aly,,0;, and
LigsLa;Zr) sTay 5O, respectively. The as-spun NWs were collected
and calcined at 700 °C in air to remove the organic components and
to crystallize the LLZO. The CPEs contained PAN and LiClO, at a
weight ratio of 2:1 (i.e, 33.3 wt % LiClO,). EIS measurements were
obtained from 5 MHz—1 Hz at various temperatures. Galvanostatic
cycling measurements were carried out using a Li symmetric cell
configuration in coin cells. °Li and ’Li magic-angle-spinning NMR
experiments were carried out on a Bruker Avance III-500 with Larmor
frequencies of 73.6 and 194.4 MHz for °Li and "Li, respectively. A 2.5
mm Bruker HXY probe was used, and the samples were spun at 25
kHz. The %’Li chemical shift was referenced to solid LiCl at 0 ppm.

B RESULTS AND DISCUSSION

Our original method for preparing LLZO via electrospinning'”
used an aqueous solution containing LLZO sol—gel precursors
mixed within a polymer solution, which resulted in the
formation of nanowires after electrospinning, as shown in
Figure la. Calcination of these nanowires at 700 °C for 3 h led
to formation of c-LLZO characterized by interconnected
“ligament”-like morphologies with dimensions of 100—200
nm (Figure 1b). In comparison, the c-LLZO NWs obtained
using a DMF-based precursor solution showed improved
fiberlike morphologies (Figure 1c) after calcination for 1 h

) (0 )

Figure 1. (a)-(h) are SEM images of electrospun nanowires. All
calcinations were performed at 700 °C. (a) As-spun nanowires prior to
calcination. (b) ¢-LLZO nanowires prepared using aqueous precursor
and calcined for 3 h. (c)-(h): c-LLZO nanowires prepared using DMF-
based precursor and calcined for (c), (e), (g) 1 h or (d), (f), (h) 3 h.
(c)-(d): undoped LLZO, (e)-(f) AI-LLZO, (g)-(h) Ta-LLZO. (i)
TEM image and (j) HRTEM image of undoped c-LLZO prepared
from DMF-based precursor and calcined for 1 h. Inset is the
corresponding SAED pattern.
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with an average diameter of 276 nm (Figure Sla). The Al-
doped (AI-LLLZO) (Figure le) and Ta-doped (Ta-LLZO)
(Figure lg) samples displayed similar morphologies as the
undoped samples (Figure 1c), but the respective dopants were
detectable using energy dispersive X-ray spectroscopy (EDS)
(Figure S1b-c). Transmission electron microscopy (TEM)
analysis revealed that the LLZO NWs were polycrystalline and
became interconnected after calcination. Figure 1i shows the
TEM image for undoped LLZO NWs calcined for 1 h, while
Figure 1j is a high resolution TEM (HRTEM) image showing
one region on a NW. The HRTEM image shows that each NW
is made of multiple small grains with different shapes and sizes.
The measured d-spacings were 3.23 and 2.78 A, which
corresponds to the interplanar distance of 3.24 A for the
(004) planes and 2.77 A for the (233) planes, respectively, for
¢-LLZO.” The bottom-right inset is the selected-area electron
diffraction (SAED) pattern of a few grains, with some major
reflections labeled. As shown in the SEM and TEM images, if
two nanowires were in contact with each other, they could
merge and form a “junction” during calcination. Hence, the
materials after calcination can be described as clusters or
aggregates of multiple NWs connected together. In contrast,
the c-LLZO NWs prepared from the aqueous precursor (Figure
1b) are characterized by ligaments with rounded ends and
fewer connections with neighboring particles. Hence, the c-
LLZO NWs prepared using the DMF-based precursors have
more advantageous morphologies to serve as interconnected
CPE fillers that can create continuous Li" diffusion pathways.

X-ray diffraction (XRD) analysis revealed that the undoped
NW product crystallized in the cubic phase (Figure 2a). While
the XRD pattern lacked the peak splitting on the major
reflections (e.g. 20 ~ 16.6° and 30.5°)” that is characteristic of
t-LLZO (Figure S2), a small degree of bifurcation (peak
doublets) was present at some high angle reflections (Figure
2¢), indicating the presence of some tetragonal distortion of the
cubic lattice. Both AI-LLZO and Ta-LZZO samples also
displayed XRD peak doublets as well (Figure 2c), suggesting
that the dopants did not fully stabilize the ¢-LLZO structure.
The rapid heat treatment (1 h calcination) likely resulted in a
nonuniform distribution of dopants within the grains of the
nanowires, leading to formation of c-LLZO (stabilized by
dopants) and tetragonal distortion in undoped regions. This
can also explain the presence of secondary phases in the two
doped samples. La,Zr,0, was found in AI-LLZO and La,Oj; in
Ta-LLZO, which could be caused by incomplete reactlon32 *
or Li* loss due to volatilization during calcination,®>* with the
former scenario being more likely since the heat treatment time
was very short. Undoped samples subjected to 3 h calcination
under the same conditions displayed particle coalescence and
loss of the NW morphology (Figure 1d), along with more
pronounced peak bifurcation in the XRD pattern (Figure 2c).
This is consistent with our previous observations that longer
heating can cause particle coalescence and increase the degree
of tetragonal distortion and eventually lead to the formation of
t-LLZO."

For AI-'LLZO and Ta-LLZO samples calcined for 3 h (Figure
1f and 1h, respectively), the NW morphology was destroyed by
the heat treatment, but the t-LLZO peak doublets caused by
tetragonal distortion disappeared (Figure 2c). These results
show that the incorporation of dopants was indeed limited by
the kinetics in this situation. Unlike our previous work, in which
the NWs prepared from aqueous precursors required 3 h of
calcination to completely crystallize into ¢-LZZO, the DMF-
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Figure 2. XRD patterns of LLZO nanowire samples after calcination
for (2) 1 h and (b) 3 h, both at 700 °C. (c) Zoomed-in patterns at the
region around 20 = 52°. (*: La,Zr,0; @: La,0;).

based nanowires required only 1 h to form the ¢-LLZO at the
same temperature, even without requiring the dopants.

The SEM image in Figure 3a shows a top-down view of a
CPE containing 5 wt % of undoped LLZO NWs prepared by
stirring the NW powder into the polymer matrix solution
(Supporting Information). The NWs were embedded within
the polymer matrix, but the dispersion was not highly uniform,
as some clusters/aggregates of NWs were observed. Due to the
thickness of the CPE film, it is not easy to see the exact shape/
morphology of the NWs, but for those that are closer to the top
surface, the NW morphology is quite apparent (Figure S3a). To
elucidate the effect of the CPE preparation (i.e., stirring) on the
NW morphology, the polymer matrix solution was substituted
with isopropyl alcohol, and the SEM results showed that the
NWs could be found as individual particles and as clusters/
aggregates after the stirring process (Figure S3b-e).

The CPEs were evaluated using EIS in the configuration
illustrated in Figure 3b; the equivalent circuit used for data
fitting is shown in Figure 3c, whlch was previously applied to
CPEs containing ceramic fillers.”® Here Q. is a constant phase
element for the bulk capacitance of the CPE, R, is the overall
resistance of the film, and Q, is a constant phase element for
the capacitances at the electrode interfaces. The total ionic
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Figure 3. (a) SEM image (top-down view) of a CPE film. (b) Schematic of the EIS test setup. (c) Equivalent circuit used for EIS data fitting. (d)
Representative Nyquist plots of CPEs embedded with S wt % of different filler materials, all tested at 20 °C. (e) Zoomed-in view of the region
marked by dashed lines in (d). (f) Ionic conductivity comparison of CPEs embedded with different wt % of undoped LLZO NWs at 20 °C, with the
conductivity of a blank sample for reference. Each point is the average of three measurements, and the error bars indicate the standard deviation. (g)
Arrhenius plot of CPE with S wt % undoped LLZO NWs. Each point is the average of two measurements.

conductivity () of the various representative CPEs obtained at
20 °C is displayed in Table 1, normalized by the thickness of

Table 1. Ionic Conductivity of Different Samples at 20 °C

total ionic conductivity

ceramic type wt % of filler (S/cm)
none (LiClO, in PAN only) 0 4.06 x 1077
undoped LLZO NWs 1 6.17 X 107
2.5 1.00 X 107°
S 131 x 107*
10 2.52 x 107°
15 3.10 X 107°
Al-doped LLZO NWs S 127 x 107*
Ta-doped LLZO NWs S 1.50 x 107*
BM-LLZO NPs 5 1.13 X 107°
ALO; NWs S 1.52 X 107°

each individual film. The associated Nyquist plots are shown in
Figure 3d, with the high-frequency region shown in Figure 3e.
As expected, all of the CPEs displayed higher conductivities
than the blank sample containing only PAN and LiClO,, which
had an ionic conductivity ~1077 S/cm and a Nyquist plot
(Figure S4a) similar to previous reports.'”'**” Figure S4b
shows the Nyquist plots of CPEs loaded with undoped LLZO
NWs at different weight percentages. The peak conductivity of
1.31 X 10~* S/cm was observed when using 5 wt % loading, but
this decreased when the wt % of filler was increased further.
This was likely due to an increase in aggregated NW clusters as
the wt % increased, which was also observed in PAN-based
CPEs containing LLTO NW fillers.'® EIS measurements of the
CPE containing 5 wt % of undoped LLZO nanowires were
studied further at different temperatures (Figure S4c). The

21776

activation energy, E,, was calculated to be 0.12 eV from the
Arrhenius plot (Figure 3g), which is similar to the values
reported for other PAN-based CPEs where Li" diffusion at the
polymer/filler interface may be dominant.'”'®

In order to investigate the effect of dopants in the LLZO on
the overall ionic conductivity of the composite, CPEs loaded
with 5 wt % Al- or Ta-LLZO NWs were prepared. The EIS
results showed that the CPEs with doped LLZO NW fillers had
similar ionic conductivities, ~10™* S/cm, as the CPEs with
undoped LLZO (Table 1), suggesting that the Li* conduction
mechanism through the CPEs is dominated by a polymer/filler
interface phenomenon that is independent of the LLZO filler
composition. Undoped c¢-LLZO nanoparticles (average particle
size ~25 nm, Figure SS) were prepared by ball-milling bulk t-
LLZO (BM-LLZO NPs). The CPE with 5 wt % BM-LLZO
NPs as fillers displayed a total ionic conductivity of 1.13 X 107°
S/cm (Figure 3d), roughly an order of magnitude lower than
the CPEs with LLZO NW fillers. This indicates that the NW
morphology was important for the increased conductivity of the
CPEs. Since the BM-LLZO NPs had much smaller diameters
than the LLZO NWs, this suggests that the local continuous
conduction pathways provided by the NWs are more important
than the small particle diameters, which has previously been
shown to play a large role in the plasticizing effect in polymers
using spherical fillers.”**

Since previous studies'®*® have shown that the intrinsic ionic
conductivity of the filler materials can also play an important
role in the ionic conductivity of the CPE, 5 wt % Al,O; NWs
were used as passive fillers. The total ionic conductivity at room
temperature was similar to the CPE with BM-LLZO NPs but
still higher than the conductivity of the blank sample containing
only PAN and LiClO,. These results suggest that the ceramic
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fillers should be made of “active” Li* conductors with NW
morphology in order to obtain CPEs with high ionic
conductivity. However, since all of the LLZO NW samples
displayed an ionic conductivity with similar order of magnitude,
it appears that the presence of dopants is not crucial. Using the
undoped ¢-LLZO NW as filler is advantageous because these
materials had fewer impurities and better NW morphology than
the doped samples.

To better understand the Li* local environment and
transport mechanism in the LLZO-PAN CPEs, solid-state Li
NMR was performed with selective °Li-isotope labeling and a
SLi—"Li isotope-replacement strategy. This method was
established in a previous study in order to map out Li"
pathways in CPEs comprising 50 wt % Al-doped LLZO
particles in a PEO matrix; it was determined that there is
preferential transport of Li* through the LLZO phase rather
than the polymer phase or polymer-LLZO interface.”” The
method builds on the basis that °Li replaces "Li during Li*
transport; by evaluating changes in the °Li amount in the CPE
before and after electrochemical cycling, the Li* transport
pathway can be determined. As shown in Figure 4a, the
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Figure 4. (a) Schematic showing possible Li* transport pathways in
the CPE. (b) °Li NMR spectra of the CPE sample containing 5 wt %
undoped LLZO NWs, a blank sample with only PAN and LiCIO,, and
undoped LLZO NW powder. (c) °Li NMR spectra comparison
between the as-made (pristine) and cycled CPEs containing S wt %
undoped LLZO NWs. The cycled CPE had undergone 10
galvanostatic charge/discharge cycles in a symmetric °Li cell using
7.2 uA/ cm?.

possible Li* transport pathways in the CPE in this work are
through the PAN polymer phase, through the LLZO NW
phase, or through the interface region between the polymer and
LLZO. In order to experimentally determine the actual Li*
pathway in this CPE, it is necessary to first distinguish the Li
ions in these three different local environments. Figure 4b
shows the high-resolution °Li NMR spectra for the CPE
containing 5 wt % undoped LLZO NWs, a blank film
containing only PAN and LiClO,, and the undoped LLZO
NW powder. The °Li resonance in the undoped LLZO NWs
was observed at 2.3 ppm, which is similar to what was observed
in Al-doped LLZO in previous studies.” This resonance was
not observed in the °Li NMR spectrum for the CPE, indicating
that the amount of LLZO was too small. The °Li resonance of
the LiCIO, within the PAN in the blank film appeared at 0.90

ppm. In the NMR spectrum of the CPE, in addition to the 0.90
ppm peak, a new resonance was observed at 0.85 ppm. This
resonance is attributed to LiClO, within the PAN with a local
structural environment that is modified by the LLZO NW
fillers. Quantification of the Li NMR spectrum of the CPE
reveals that 37.4% of the Li resonates at 0.85 ppm and 62.6% of
the Li at 0.90 ppm, which suggests that 37.4% of the PAN
polymer matrix is modified by the LLZO NW filler.

To identify the preferred Li* diffusion pathway in the CPE,
symmetric SLi foil/CPE/%Li foil cells were assembled and tested
galvanostatically (Figure S6). After 10 cycles, the ‘Li NMR
spectrum was acquired. As shown in Figure 4c, the intensity of
the resonance at 0.85 ppm increased after cycling, while the
intensity of the resonance at 0.90 ppm did not change. This
indicates that Li* prefers to travel through this LLZO-modified
PAN phase rather than the unmodified PAN regions. This
mechanism is different from what occurs in PEO-based CPEs
containing 50 wt % Al-doped LLZO particles, wherein the Li*
transport is preferred through an interconnected LLZO
percolation network, despite the formation of a distinct local
Li" environment at the LLZO/PEO interface that is detected
using NMR.*’ For the films containing § wt % of LLZO NWs
(corresponding to 2 vol %), there is insufficient LLZO to form
a percolation network to enable Li* transport solely through the
LLZO phase. However, these results show that for the PAN-
based CPEs, very little LLZO is required to modify a significant
fraction of the Li* local environment in the polymer phase and
improve the ionic conductivity.

Unlike PEO-based CPEs, where ionic conductivity is
increased by introduction of ceramic fillers acting as plasticizers
to decrease the crystallinity of the polymer and enhance Li
transport through amorphous PEO regions,” previous studies
demonstrated that introduction of ceramic fillers does not
significantly change the crystallinity of PAN films containing
Li* salts.'”'® XRD of the blank sample and CPE with 5 wt %
undoped LLZO NWs also confirmed that the PAN was
amorphous in both cases (Figure S7). Instead, LLZO NW
fillers could improve the ionic conductivity of the CPE by
increasing the Li* dissociation from the ClO,” anion, which
would increase the concentration of free Li* in the CPE.””*"**
This has been observed in CPEs using ceramic fillers with high
dielectric constants and Lewis base surface groups with high
affinity for the salt anion.*”** The dielectric constants (relative
permittivities) of doped c-LLZO materials have been reported
to be in the range of 40—60."*" This is much higher than the
dielectric constant of 9 for Al,03,*” indicating that LLZO can
better promote ionic dissociation of the salt. Differences
between the Lewis basicity of Al,O; and LLZO may also
explain the observed differences in conductivity for the CPEs
containing either type of NW filler. Al,O; is amphoteric and
contains both surface Lewis acid centers (Al) and Lewis base
centers (oxygen).” Although the acid—base properties of
LLZO has, to our knowledge, not been thoroughly investigated
yet, the negatively charged Li* vacancies created by Al**"*
and Ta*”* doping should act as strong Lewis base centers. Li*
vacancies may also play a role in the stabilization of the c-LLZO
structure”*”>" in the undoped LLZO NW samples, although
this needs to be further investigated. We also note that the ionic
conductivities of our CPEs are of the same order of magnitude
but roughly half of those reported by Liu et al,,'® who observed
a peak conductivity using 15 wt % LLTO NWs with an average
diameter of 223 nm as ceramic fillers. Similar to LLZO, LLTO
is also characterized by Li* vacancies.”” Currently, it is not clear
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Figure 5. (a) Li symmetric cell galvanostatic cycling data of a CPE sample containing S wt % undoped LLZO NWs. (b) The tail region of (a),
showing the sudden voltage drop. (c) Li symmetric cell galvanostatic cycling data of a blank sample. (d) The tail region of (c), showing the sudden

voltage drop.

why only S wt % loading of LLZO NWs was needed to reach
the peak CPE conductivity in our study, and why the peak value
is lower than what was observed with the LLTO NWs.
However, this could be due to differences in NW diameter and
aggregation and differences in the intrinsic ionic conductivity of
LLTO vs LLZO, in addition to the aforementioned dielectric
and Lewis base properties of the materials. Also, since there was
no elucidation of the conductivity-enhancing mechanism or Li*
transport pathways in the study using LLTO NW fillers, there
could be other potential causes that are still unknown.

The Li* transference number (t;;+) was determined using the
method developed by Bruce et al,’® in which the CPE was
sandwiched between two Li foils followed by application of a
constant polarization voltage until the current reached a steady
state. EIS was performed before and after the polarization, and
ti = 0.3 at 20 °C was calculated from the experimental data
obtained on the CPE with 5 wt % undoped LLZO NWs
(Figure S8) using the method proposed by Lu et al”*
(Supporting Information). To our knowledge, there have not
been any reports on the t; for this type of system (PAN-
LiClO,-LLZO), but it is similar to the value of ¢+ = 0.33 at 25
°C reported for a similar system (PAN-LiClO,-ALO;)."® The
electrochemical stability window was evaluated using cyclic
voltammetry on a CPE film with 5 wt % undoped LLZO NWs
(Figure S9). An anodic current in the first cycle was observed
that could be due to side reactions or processes related to
forming the interface with the Li metal electrodes; however,
this feature was not present in subsequent cycles, and the
expected Li stripping/plating behavior was observed.

Galvanostatic cycling was also performed to test the
durability of the CPE sample containing S wt % undoped
LLZO NWs (Figure Sa). The CPE film was sandwiched
between two Li foils and tested at 20 °C, with a constant
current density of SO yA/cm® and changing the sign of the
current every 300 s. It can be seen that there was an overall
decrease in the cell voltage, which is similar to other
studies.'™> At around the 535th cycle, a sudden voltage drop
was observed (Figure Sb), which is characteristic of the
penetration of the CPE by Li dendrites, leading to failure of the
cell>**° For comparison, a blank film containing no LLZO
fillers was cycled under the same conditions, and the result is

shown in Figure Sc. The overall cell voltage remained stable
until it failed at the 492nd cycle (Figure Sd), which is about
92% of the lifetime of the CPE containing 5 wt % undoped
LLZO NWs. It should be noted that the data presented in
Figure Sb are the best cycling results obtained from our blank
samples. All other blank samples either failed at very early
stages (e.g. at the 221st cycle) or did not display stable cell
voltages (Figure S10). These results imply that adding an
appropriate amount of undoped LLZO NWs may have also
reinforced the polymer matrix and made it mechanically
stronger, similar to what has been observed in other
nanocomposite polymer electrolytes,”'*'*>”5% yhich helped
to resist the piercing of the CPE from growing Li dendrites.
Further mechanical property testing in the future may help to
shed light on this enhancement in cycling durability.

B CONCLUSIONS

In summary, CPEs with LLZO NWs as ceramic fillers were
fabricated and showed great improvement in the room-
temperature ionic conductivity of a PAN-based polymer
electrolyte to around 107" S/cm. The optimal mass loading
for undoped LLZO NWs was determined to be 5 wt %. Doping
of the LLZO did not have a pronounced influence on the ionic
conductivity of the CPE, as films containing Al- and Ta-doped
LLZO NWs displayed similar conductivity as those with the
undoped LLZO NWs. Solid-state NMR measurements showed
that the LLZO NWs partially altered the local environment of
the PAN polymer matrix and that Li" diffusion occurred
preferentially in the modified regions at the LLZO/polymer
interface. We also demonstrated that both intrinsic ionic
conductivity and NW morphology were required for the filler
materials to achieve maximum effectiveness when used at S wt
% in the CPE.
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