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A B S T R A C T

The garnet-type Li+ ion conductor Li7La3Zr2O12 (LLZO) is a promising candidate as a solid electrolyte for
all-solid-state Li-ion batteries. Significant progress towards understanding the structure and properties
of LLZO, conventionally synthesized using solid state reaction methods, has already been made in the last
decade. The aim of this review is to summarize recent efforts on the synthesis of nanostructured LLZO,
with a focus on electrospinning, cellulose templating, and low-temperature (< 900 �C) sol-gel based
methods, as well as to highlight the unique properties of nano-sized LLZO. Further research is still needed
to fully understand the potential benefits of using nanostructured LLZO in pellet-type, ceramic
electrolytes, but a natural opportunity for nanostructured LLZO is in the role of ceramic filler within solid
composite polymer electrolytes (CPEs). The current status of CPEs embedded with LLZO ceramic fillers is
summarized, including the elucidation of Li+ transport pathways using nuclear magnetic resonance
(NMR) spectroscopy.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Because Li-ion batteries contain the highest energy density of
commercially available rechargeable energy storage systems, they
are attractive for supplying power in portable and vehicular
applications. However, Li-ion batteries can fail, catch fire, and/or
explode due to abuse from high temperature exposure [1,2],
overcharging [3,4], or short-circuiting from lithium dendrite
formation [5,6]. One important component of this problem is
the flammability and low flashpoints (< 30 �C) of the organic
carbonate-based solvents comprising the electrolyte [7,8]. This
issue has motivated research on the development of Li+ conducting
electrolytes based on polymers, ionic liquids, glasses, or crystalline
ceramics to replace the liquid electrolyte and improve the safety
characteristics of Li-ion batteries through the implementation of
all-solid-state devices [9–12]. Additionally, solid electrolytes have
the potential to increase the safety characteristics of Li metal
batteries [13], mitigate the problem of polysulfide dissolution from
the cathode in Li/sulfur batteries [14], and circumvent the organic
electrolyte oxidation problem in Li/oxygen (or Li/air) batteries [15].

Since inorganic materials display superior mechanical proper-
ties and thermal stability compared to polymers [10], a great deal
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of research has been devoted to the study of ceramic solid
electrolytes. To be a suitable solid electrolyte, the ceramic must: 1)
display high ionic conductivities, 2) display chemical stability to Li-
ion battery cathodes and anodes, 3) be cost-effective to synthesize,
and 4) be easily integrated with the cathode and anode [8]. The first
criterion has been a major challenge, as the ionic conductivity of
the commonly used electrolyte (1 M LiPF6 in ethylene carbonate/
diethylene carbonate solvent) is 10-2 S cm-1 [16], while the
conductivities of solid electrolytes are lower, in the range of 10-7–
10-3 S cm-1 [9,12]. However, if a dense thin film (e.g., < 100 mm) of
the solid electrolyte can be prepared, materials with ionic
conductivities between 10-4–10-3 S cm-1 can be used in practical
applications [14,17]. Many solid electrolytes have also failed the
second criterion, a well-known example being the perovskite
lithium lanthanum titanate, (Li,La)TiO3, which exhibits a high bulk
conductivity of �10-3 S cm-1 [18] but becomes reduced by lithium
metal [19,20].

In 2003, Thangadurai et al. reported that garnet-type Li+

conductors with a cubic structure based on Li5La3M2O12 (M = Nb,
Ta) were stable against reaction with molten lithium, but only
displayed a bulk ionic conductivity of �10-6 S cm-1 at room
temperature [21]. The 2007 discovery [22] of the cubic garnet
Li7La3Zr2O12 (LLZO) with relatively high ionic conductivity of �10-4

S cm-1, non-reactivity with lithium, and wide voltage stability
window (> 5 V vs. Li/Li+) generated a great deal of further interest
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in garnets. Since then, there have been many studies, as
summarized in several recent reviews [23–25] exploring the
properties of LLZO and its doped derivatives. As a result, LLZO has
emerged as one of the most promising solid electrolyte materials
for all-solid-state Li-ion batteries.

LLZO is conventionally synthesized using a solid state reaction
(e.g., from LiOH or Li2CO3, La2O3, and ZrO2) requiring high
temperatures (>1180 �C) and long calcination times (e.g. 36 h)
[22]. LLZO adopts two polymorphs with Li+ ionic conductivities
that differ by 2 – 3 orders of magnitude. LLZO with a tetragonal
structure (t-LLZO, space group I41/acd), which is the thermody-
namically stable phase at room temperature [26], typically exhibits
a total ionic conductivity of 10-7 – 10-6 S cm-1 [27,28]. The higher
ionic conductivity on the order of 10-4 S cm-1 is correlated to LLZO
with a cubic structure (c-LLZO, space group Ia-3d), which in earlier
studies was formed inadvertently by doping of Al3+ into the Li+

sites through contamination from the alumina crucibles used
during the solid state synthesis [29]. Since then, many syntheses
include intentional incorporation of Al3+ as an extrinsic dopant to
stabilize the c-LLZO phase at room temperature. Aluminum
doping, however, comes with its own issues, including a greater
activation energy for Li+ conduction, likely due to the electrostatic
repulsion of the Al+3 ions in Li+ sites, which can limit the lithium
ion mobility [30]. The substitution of Zr+4 with Ta+5 [31] is another
popular approach for stabilizing the cubic structure, while using
Ga3+ dopants can lead to ionic conductivities � 10-3 S cm-1 [32,33].
In the absence of extrinsic dopants, the t-LLZO to c-LLZO phase
transition has been reported to occur between 600 – 650 �C
[30,34,35].

In addition to exploring the defect chemistry and effect of
dopants on the properties of LLZO, there have been substantial
efforts focusing on the development of low-temperature synthesis
methods for LLZO. Part of the motivation for doing so is to avoid the
high calcination temperatures required in solid state synthesis,
which can also lead to Li+ loss through volatilization. Since the
lithium content in LLZO has been shown to also play a role in the
preferred phase that is adopted [26,35,36], better control of the
LLZO composition can be important for obtaining materials with
the desired ionic conductivity. Low-temperature synthesis meth-
ods, such as sol-gel approaches, can also enable the preparation of
nanostructured materials, which may display additional advanta-
geous properties, such as improved sintering and densification
behavior.

One observation that has appeared in numerous low-tempera-
ture syntheses is that the cubic phase can be stabilized at room
temperature in nanostructured forms of LLZO. This will be
discussed in more detail in the following sections. The mechanism
for the phase stability of c-LLZO at room temperature in
nanostructured LLZO is still not completely understood. Other
metal oxides with multiple polymorphs (e.g., titania, zirconia) also
display similar size dependent phase stabilization due to differ-
ences in surface energy and crossovers in polymorphic stability as
the surface area of the materials increases [37–40]. It is plausible
that a similar phenomenon could account for cubic stabilization of
LLZO below a critical size parameter. However, the properties of
nanostructured LLZO have still not been fully investigated, and
other factors such as surface reactions with H2O and CO2 from the
ambient atmosphere could also be playing a role on the phase
stability of LLZO [30,34,35,41,42]. To better understand size-
dependent properties, well-controlled synthetic routes are need-
ed. The development of nanostructured LLZO with shape-
controlled morphologies, however, is still far from mature, with
electrospinning as one of the most promising methods that has
been established so far for preparing LLZO with a one-dimensional
nanowire or nanofiber morphology [43,44].
Although a decade has passed since LLZO was first reported, the
application of LLZO as a ceramic electrolyte in all-solid-state
batteries is still met with several practical challenges [17]. For
example, LLZO does not form good contacts or interfaces with
electrodes [45–47], although this can be addressed through careful
engineering of the interfaces to avoid large contact resistances
[48–52]. Further, co-sintering with cathode layers has been found
to result in inter-diffusion of metal cations at the LLZO/cathode
interface, which leads to poor cyclability [53–55]. Intriguingly,
lithium metal dendrites have also been observed growing within
voids or along grain boundaries of LLZO, despite pellet densities >

97% [48,56–58].
As a result, it is not surprising that since the properties of

conventional bulk LLZO are still under investigation, under-
standing how the properties of LLZO differ when prepared as a
nanostructured material compared to the bulk form is still
limited. Indeed, the grain size dependence of LLZO on its
properties is still not fully established, even at the micron-scale.
Cheng et al. conducted comparison studies on large grained (100
– 200 mm) and smaller grained (20 – 40 mm) LLZO and found
that small grained LLZO may be more air-stable and resistant to
reaction with ambient CO2 and water vapor [59], while also
displaying lower interfacial resistance, higher densification rates,
and better cycling behavior than large grained LLZO [60].
However, similar studies extrapolated to nanoscaled grain sizes
still need to be performed in a systematic way. Pellets prepared
from c-LLZO derived from solid-state reaction [36] compared to
one prepared from sol-gel derived LLZO [61] showed that the
two pellets, both with similar Li and Al contents and prepared
using hot-pressing, displayed similar total ionic conductivities at
room temperature. The pellet prepared from sol-gel derived
LLZO (average grain size of 260 nm) had higher total
conductivity at higher temperatures compared to the pellet
made from the solid state reaction derived LLZO (average grain
size of 3.3 microns); however, the activation energy for the sol-
gel LLZO was 0.41 eV, which is higher than the one observed in
the solid-state reaction LLZO of 0.26 eV, the origin of which is
still not understood. Nonetheless, the properties of nanostruc-
tured ceramics, such as densification at milder sintering
conditions [62,63], decreased impurity segregation to grain
boundaries [64], and superplasticity [65] may lead to improved
properties in pellets derived from nanostructured LLZO.

While further research is still needed to fully understand the
potential benefits of nanostructured LLZO in pellet-type, ceramic
electrolytes, a natural opportunity for nanostructured LLZO is in
the role of ceramic filler in solid composite polymer electrolytes
(CPEs). The application of nano-sized particles as ceramic fillers
has already been demonstrated to be effective for enhancing the
mechanical stability and ionic conductivity of polymer-based solid
electrolytes, but these fillers have mostly comprised of spherical
particles of inert or “passive” components without intrinsic Li+

conductivity. Several recent studies using LLZO-embedded into
polymer films have revealed different degrees of effectiveness,
indicating that more careful design of the CPEs, including the
optimization of the LLZO fillers and more detailed mechanistic
study of the Li+ transport pathways, may be needed for the
development of CPEs with high ionic conductivity.

The aim of this review is to summarize recent efforts on the
synthesis of nanostructured LLZO, with a focus on the electro-
spinning and cellulose templating methods investigated in our
group. Other low-temperature (< 900 �C) sol-gel based methods
will be reviewed, and recent progress on the utilization of LLZO as a
ceramic filler in composite polymer electrolytes will be summa-
rized. Finally, future outlooks and opportunities will be provided.
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2. Synthesis Methods for Nanostructured LLZO

2.1. Nanostructured LLZO using electrospinning

Although initially developed to produce ultrathin polymer
fibers [66], electrospinning has become a versatile method for
synthesizing a variety of ceramic nanowires through the incorpo-
ration of inorganic sols within the polymer precursor matrix,
followed by calcination to remove the organic compounds and
form the polycrystalline ceramic nanowires [67–69]. Similar to
polymer sol-gel methods, the functional groups on the polymer are
used to bind dissolved metal ions to form a gel and constrain
particle nucleation and growth [70]. However, during crystalliza-
tion, coalescence is further minimized due to the separation of the
nanowires, with the final grain size limited by the dimensions of
the nanowires. The preparation of most common binary metal
oxides (e.g. TiO2, ZnO, SiO2 Al2O3) using electrospinning has
already been well-established, while recently, electrospinning has
also been used to prepare complex oxides more relevant for battery
applications [71] such as LiCoO2 [72], LiMn2O4 [73], Li4Ti5O12 [74],
Li,La(TiO3) [75,76], and the subject of this review, Li7La3Zr2O12

[43,44].
A typical lab-scale electrospinning set-up [68] consists of a

spinneret (e.g. a metallic needle tip), a metallic collector and a
power supply, as depicted schematically in Figure 1a. Before
spinning, a syringe is filled with a viscous solution containing the
LLZO sol-gel/polymer precursor mixture, and the spinneret is
connected to the syringe. The positive electrode of the power
supply is linked to the spinneret, and the collector is connected to
ground. During the spinning process, both the syringe pump and
the power supply are turned on; the solution will be pushed out of
the spinneret tip, forming a droplet. Since the droplet is electrified,
it will experience dragging forces towards the collector exerted by
the electric field, but is still balanced by the surface tension of the
liquid at this stage. When the applied voltage exceeds a critical
value, surface tension can no longer hold the liquid in place. The
droplet will then shape into a cone (known as a Taylor cone) and a
jet will shoot out from the apex. The jet is accelerated through the
electric field and elongated due to the high viscosity, forming a
continuous fiber that is deposited onto the collector as a mat,
which can be removed as a free-standing membrane (Figure 1b-c).

In our experiments, the home-made electrospinning setup
(Figure 1d) is composed of a syringe pump (New Era), a high
voltage power supply (Gamma Power Supply, ES40P-20W/DAM),
and a flat stationary collector made of aluminum foil. A flat-tipped
Figure 1. (a) Schematic setup for electrospinning; Photographs of (b) as-spun nanow
copyright (2015) Elsevier; (c) free-standing as-spun nanowire mat; reprinted with perm
electrospinning setup; (e) multi-syringe electrospinning setup.
needle is installed onto a syringe and electrical connections are
established to the spinneret and collector using cables with
alligator clips. In a typical electrospinning experiment to prepare
LLZO nanowires, the voltage is set between 7 to 11 kV; the distance
between the needle tip and the collector is kept at 10 to 15 cm, and
the feed rate is adjusted between 0.1 to 0.3 mL/h, depending on the
type of precursor solution.

The choice of sol-gel precursors and solvent can play a role in
the electrospinning conditions needed. As shown in Figure 2,
several LLZO electrospinning precursors can be used. In all cases,
the Li:La:Zr molar ratio is fixed at 7.7:3:2, i.e., with 10% excess Li to
account for Li loss due to volatility. The LLZO sol-gel is made from
lithium acetate or nitrate, lanthanum acetate or nitrate, and
zirconium oxynitrate or propoxide precursors. The polymer
solution is 15 wt% polyvinylpyrrolidone (PVP, Mw � 1,300,000)
in acetic acid. The acetic acid is used to stabilize the solution and
control the hydrolysis of the sol-gel precursors [67]. Fortunately,
the location of our laboratory is in a region (the desert Southwest of
the United States) with very low average humidity and therefore no
climate control chamber is needed to prevent premature
hydrolysis of the sol-gel precursor during electrospinning. The
LLZO aqueous sol-gel and polymer solutions are mixed at a 2:1
ratio by volume to form the electrospinning precursor, while a 1:1
ratio is used for the non-aqueous sol-gel.

For the preparation of LLZO nanowires using the aqueous
precursor, we find that for the acetate-based precursors, setting
the voltage to 7 kV and feed-rate to 0.12 mL/h yield the best results,
while the nitrate-based precursors require a voltage of 11 kV and
feed rate of 0.16 mL/h. For the non-aqueous precursor (i.e., using N,
N-dimethyl formamide (DMF) as solvent), a voltage of 8 kV and
feed rate of 0.24 mL/h is used. Typically, the mass of the recovered
LLZO nanowires after calcination is about one-fourth the mass of
the as-spun nanowires when using the precursor with aqueous
solvent (or one-seventh when using the non-aqueous solvent).
Generally, the synthesis can be scaled up by using a multi-syringe
pump, as illustrated in Figure 1e.

The choice of electrospinning precursor can affect the calcina-
tion times required to form crystalline LLZO and also the
morphologies of the resulting nanowires. This can be seen in
Figure 3. While the as-spun polymer fibers (Figure 3a) using the
aqueous and non-aqueous precursors are very similar in morphol-
ogy, the morphologies of the resulting nanowires after calcination
are very different. Using a calcination temperature of 700 �C, 3 h
were required to fully crystallize the nanowires obtained using the
aqueous precursor [43], but the c-LLZO that was formed adopted a
ire mat being removed from the collector; reprinted with permission from [76],
ission from [43], copyright (2015) American Chemical Society; (d) single-syringe



Figure 2. Flow chart for the preparation of aqueous and non-aqueous precursors
for the electrospinning synthesis of LLZO nanowires.
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morphology that can be described as interconnected “ligaments”
with dimensions of 100 – 200 nm (Figure 3c). On the other hand, c-
LLZO can be obtained from the nanowires electrospun from the
non-aqueous precursor (Figure 3g) using only 1 h calcination at
700 �C [77]. Due to the shorter calcination time, there is also less
shape change in the nanowires, although there is still a tendency to
form interconnected morphologies. These morphologies arise if
the nanowires are in contact with each other, since they can form
junctions and merge during calcination.

The mechanism of LLZO formation from electrospun nanowires
prepared using the aqueous precursor (acetate-based) was
elucidated by monitoring the phase and morphology evolution
during calcination at 700 �C (Figure 3a-f) [43]. With less than 2 h of
calcination, the nanowires are composed of predominately
La2Zr2O7 nanocrystals (10 – 20 nm in size) surrounded by an
amorphous shell that most likely contains lithium. The observa-
tions suggest that during the calcination process, La2Zr2O7 first
forms as small crystallites within the nanowire core and then
reacts with the amorphous, Li-rich shell to form c-LLZO after 3 h of
calcination. As the heating time increases, the nanowires become
thicker and undergo coalescence to form larger ligaments. These
morphology changes are also accompanied by a phase transfor-
mation from c-LLZO to t-LLZO (Figure 3f), particularly after longer
heating times (e.g. 5 h) that promote the coalescence of the
ligaments to form micron-sized particles (Figure 3e). Varying the
electrospinning conditions to synthesize larger diameter LLZO
nanowires (Figure 3h) also revealed that the tetragonal distortion
in the cubic structure could be seen in these materials, while
smaller diameter nanowires adopted the c-LLZO structure (Figure
3i-j). These results point to a diameter dependence on the phase
stability in electrospun LLZO nanowires, with c-LLZO found in
smaller diameter nanowires and t-LLZO present in larger diameter
ones.

2.2. Nanostructured LLZO using cellulose templating

The preparation of metal oxides by templating onto natural
cellulosic and plant-based matter has emerged as another strategy
for obtaining a broad range of porous materials [78–82]. In this
method, the cellulosic material can be impregnated with a solution
containing the ceramic precursor (typically in the form of metal
salts, but also alkoxide precursors), which is subsequently
combusted to remove the organic materials and calcined to obtain
the ceramic in the desired crystal structure. In other words, the
formation process of the ceramic is similar to the case with
electrospinning, except that pre-existing polymer fibers (the
cellulose in this case) are utilized as sacrificial templates and to
absorb the LLZO precursors rather than the polymer/sol fibers
formed during electrospinning. Prior research on cellulosic-
templated materials has shown that high surface area, nanostruc-
tured replicates with good correspondence to the original template
can be obtained [78,83]. On this basis, we hypothesized that
templates using nanocellulose fibers (NCF), which are the cellulose
polymers found in plant cell walls with diameters ranging from 2 –

20 nm [84–86], could result in nanostructured LLZO.
When using the sol-gel reported by Janani et al. (metal nitrate

salts with citric acid as chelating agent) [87] as the LLZO precursor,
materials prepared by templating onto cellulose substrates show
ligament-like morphologies, whereas the sol-gel calcined without
a cellulose template (Figure 4a) does not [88]. It is notable that the
morphologies of the final LLZO products (Figure 4c,e,g) do not
show a strong correspondence to the morphologies of the starting
cellulose fibers (Figure b,d,f), but rather adopt a similar inter-
connected morphology to the one we observed after calcination of
the LLZO nanowires prepared by electrospinning [43]. This is
consistent with the similar formation mechanism proceeding
through the La2Zr2O7 nanocrystalline intermediate phase. Further,
LLZO templated onto commercial filter paper (Whatman 42) and
laboratory tissue paper (Kimwipes) display larger ligament feature
sizes than those templated onto NCFs (Figure 4b-g) [88]. Similar to
the electrospun LLZO nanowires, a calcination temperature of
700 �C was sufficient to crystallize the LLZO precursor and remove
the organic material, while heating at 800 �C tends to result in
grain coalescence and formation of larger ligaments that prefer the
t-LLZO phase. The NCF-templated LLZO is also characterized by
fewer impurity and secondary phases (such as La(OH)3, La2O3, and
La2Zr2O7, which indicate insufficient mixing and/or degree of
reaction) than the other templates (Figure 4h-j). Hence, from these
results, LLZO prepared by templating on NCF can offer more phase
pure materials adopting the c-LLZO structure at room temperature
without requiring extrinsic dopants.

These observations further support the size-dependent forma-
tion of c-LLZO that we observed in our electrospinning synthesis of
undoped c-LLZO nanowires. We also found that c-LLZO particles �



Figure 3. Electrospun LLZO nanowires from aqueous precursor. Scanning electron microscopy (SEM) image of (a) as-spun LLZO/polymer nanowires and the nanowires after
calcination at 700 �C for (b) 2 h, (c) 3 h, (d) & (e) 5 h. (f) X-ray diffraction (XRD) patterns showing the effect of calcination time on the product. (*) La2Zr2O7. Electrospun
nanowires from non-aqueous precursor after calcination at 700 �C. SEM images of nanowires with average diameter of (g) 276 nm after calcination for 1 h, and (h) 477 nm after
calcination for 2 h. Corresponding XRD patterns are shown in (i) and (j), respectively. The zoom-in of the reflection shows the larger diameter nanowires adopted the t-LLZO
structure while the smaller diameter nanowires are c-LLZO. (a) – (f) Reproduced and adapted with permission from [43], copyright (2015) American Chemical Society.
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25 nm in size could be prepared by ball-milling bulk t-LLZO [43].
Many other groups have also reported observations of the cubic
phase in undoped LLZO calcined at low temperatures, which
subsequently transformed to t-LLZO at higher temperatures. The
tendency for researchers to use extrinsic dopants to form c-LLZO
and lack of consistency in reporting particle sizes or microscopy
images make it difficult to perform a full survey on the particle-size
dependency of cubic phase formation in c-LLZO from the literature.
However, in the next section we attempt to highlight those
methods using low temperature calcinations (< 900 �C) to obtain
nano-sized LLZO, particularly those that also report c-LLZO in
undoped materials.

2.3. Nanostructured LLZO using other low temperature methods

A number of research groups have applied conventional sol-gel
methods for the preparation of LLZO. These methods (e.g. Pechini,
modified Pechini, polymer complex, etc.) are regularly used to
obtain a variety of nanostructured ceramics [70]. LLZO prepared
using a conventional sol-gel method (using metal nitrates, citric
acid, and ethylene glycol) followed by calcination at 800 �C, was
found to adopt the t-LLZO structure, but no particle size
information was provided and lower calcination temperatures
were not explored [89]. Kokal et al. used a modified, aluminum-
free Pechini method to prepare LLZO and found that after heating
at 700 �C, c-LLZO with a particle size of 300 - 500 nm was formed,
but calcination at 800 �C caused the particle sizes to increase to 500
- 1000 nm and changed the structure to tetragonal [90]. In the
study by Xie et al., aluminum-free c-LLZO nanoparticles �20 nm in
size that aggregated into particles �10 mm in size were obtained by
precipitating the acetate salts in acetic acid followed by calcination
at 750 �C; the powders were found to decompose to La2Zr2O7

above 800 �C [91].
One of the advantages of sol-gel based methods is that the

addition of dopants is usually straightforward due to the
homogenous mixing of the precursors. For instance, addition of
aluminum nitrate to the sol-gel precursor is effective for preparing
Al-doped, c-LLZO [92]. A “hybrid sol-gel” approach [93] was
developed where solid precursors of LLZO and Al2O3 were
prepared using sol-gel methods at 900 �C and 750 �C, respectively.
The formed Al2O3 was amorphous but displayed a nanosheet
morphology, with thickness of 50 – 100 nm and width of several



Figure 4. Undoped LLZO synthesized by templating sol-gel precursors onto cellulose substrates. SEM images of (a) LLZO sol-gel calcined without a cellulose template; as-
obtained templates (b) Whatman 42 filter paper, (d) Kimwipes paper, (f) nanocellulose fibers; (c),(e), and (g) show the corresponding templated LLZO after calcination. XRD
patterns of (h) LLZO sol-gel calcined without a cellulose template at 700 �C for 5 h or 800 �C for 12 h to yield t-LLZO; (i) LLZO templated onto Whatman 42 and Kimwipe
templates after calcination for 800 �C for 12 h, (j) LLZO templated onto nanocellulose fibers after calcination for 800 �C for 12 h. (*) La(OH)3; (~) La2O3; (�) La2Zr2O7; (&)
unidentified impurity. Reproduced and adapted with permission from [88], copyright (2016) American Chemical Society.
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microns. The two solid precursors were then co-sintered to form a
dense pellet at 1100 �C for only 3 h, while Al-doped LLZO sintered at
the same conditions could not be fully densified. The improved
densification behavior and more homogenous Al3+ incorporation
in the Al-doped LLZO prepared using this hybrid sol-gel approach is
attributed due to the high surface area and amorphous nature of
the Al2O3 nanosheets, as well as the in situ formation of LiAlO2,
which acted to reduce Li+ volatilization and also may have served
as a sintering aid [93]. Afyon et al. also reported improved
densification in Ga-doped c-LLZO nanoparticles 200 – 300 nm in
size synthesized by calcining t-LLZO particles with Ga2O3 [94]. The
t-LLZO particles (300 nm – 1 mm in size) were prepared using a
modified sol-gel combustion method that avoided the use of
carboxylic acids and ethylene glycol so that lower temperatures
and shorter calcination times could be used, with t-LLZO obtained
at only 600 �C and pellets with bulk Li+ conductivity of �4.0 � 10-4 S
cm-1 at 20 �C obtained after sintering at 950 �C for only 6 h.
Sakamoto et al. reported a sol-gel synthesis involving the
mixture of a zirconium alkoxide chelated by acetic acid with a
separate solution containing lithium, lanthanum, and aluminum
(as dopant) salts to form a gel with extensive metal-oxygen
bonding [61]. Supercritical drying of the gel revealed an aerogel
morphology consisting of a highly interconnected solid network
with �10 nm wide nanowire-like crosslinks, surface area of 292
m2/g, and large fraction of microporosity (33%). Unfortunately, this
supercritically dried gel was not calcined or studied further, but
conventional drying of the gel revealed that the LLZO could be
obtained after heat treatment in an argon environment. This is
attributed to the metal-oxygen bonds formed during the gelation
period, in contrast to Pechini based methods, where heating in air
is required to provide sufficient oxygen to form the crystallized
ceramic.

Co-precipitation methods have also been effective for synthe-
sizing LLZO. A wet co-precipitation method, wherein a mixed
hydroxide precursor was prepared by mixing the metal nitrates



274 C.K. Chan et al. / Electrochimica Acta 253 (2017) 268–280
with an alkaline solution, resulted in LLZO with a plate-like
morphology with lengths of 300 – 600 nm and widths of 50 –

100 nm after calcination at 700 �C; the particles became more
spherical and increased in size as the calcination temperature
increased, with t-LLZO (and other impurity phases) observed after
calcination at 900 �C [95]. Another co-precipitation approach [96]
used ammonium carbonate as precipitant to make flaky La3Z-
r2Al0.25CO3/OH particles < 1 micron in size; this precipitate was
subsequently coated with a lithium oxalate (Li2C2O4) shell <

100 nm thick. This core-shell structure was calcined and c-LLZO
was formed starting at 700 �C, but with co-existence of La2Zr2O7,
via LaCO3(OH) and Li2C2O4 phases that were observed at 500 �C.
Pure phase, Al-doped c-LLZO was obtained after calcination at
900 �C. The particle sizes of the obtained c-LLZO were not provided,
but the grain sizes of the LaCO3(OH) and Li2C2O5 intermediate
phases were calculated to be 66.8 nm and 51 nm, respectively,
using the Scherrer equation. A two-step approach was also used by
Kumar et al. [97] by creating a precursor via ball-milling of ZrO2

nanoparticles with La(OH)3 and AlOOH, followed by impregnation
of the powder mixture with lithium acetate. Pure phase c-LLZO
was obtained after calcination at 750 �C, with crystallite size of
135.8 nm determined using the Scherrer equation and average
particle size of 90 nm from dynamic light scattering (DLS)
measurements. However, scanning electron microscopy (SEM)
imaging revealed that the particles were agglomerated into larger
particles 1 – 2 microns in size.

Yi et al. found that flexible, Al or Ga-doped c-LLZO thin films <

30 mm thick could be prepared from a liquid-feed flame spray
pyrolysis approach [98,99]. In this method, nanopowders were
prepared by aerosolizing a solution of lithium propionate,
lanthanum isobutyrate, zirconium isobutyrate, and alumatrane
[Al(OCH2CH2)3N] or gallium-atrane [Ga(OCH2CH2)3N] with oxygen
followed by combustion in an oxidizing flame. The obtained
powders were spherical nanoparticles with average size of 90 nm,
but were composed of Li2CO3 and off-stoichiometric La2Zr2O7

rather than LLZO [98]. The authors attribute the formation of these
“decomposed LLZO” nanoparticles to the high flame temperatures
> 1500 �C and presence of H2O and CO2 as combustion byproducts.
Interestingly, dense c-LLZO thin films (94 - 95% relative density)
could still be obtained from these particles with pressure-less
sintering using much shorter heating times than is typically
required for bulk LLZO (only 1 h sintering at 1090 �C for Al-LLZO
and 0.3 h at 1130 �C for Ga-LLZO), with the improved densification
attributed to the uniform packing and high surface energy of the
nanoparticles, as well as liquid phase sintering facilitated by the
presence of Li2CO3. Additionally, the authors proposed that Li+/H+

exchange on the surface of the nanoparticles could actually
improve sintering through reaction driven densification of the
Figure 5. SEM image of t-LLZO prepared using Pechini-type sol-gel; (b) photo and SEM
matrix; (c) ionic conductivity of membranes with respect to temperature. Reproduced
decomposed LLZO [99]. These studies show that nanomaterials
comprised of intermediate phases or constituent oxides of LLZO
can also provide a promising route towards obtaining LLZO solid
electrolytes.

3. Application of nanostructured LLZO as ceramic fillers in
polymer electrolytes

3.1. Nanostructured LLZO as ceramic fillers in PEO-based composite
polymer electrolytes (CPEs)

Polymer composite electrolytes (CPEs) are emerging as a
promising compromise between solid polymer electrolytes (which
suffer from poor mechanical properties and low room temperature
conductivities) [100,101] and pellet-type ceramic electrolytes
(which are brittle, display interface issues, and are difficult to
process) [17]. CPEs composed of polymer electrolytes embedded
with ceramic particles comprising inert or “passive” materials (i.e.,
displaying no intrinsic Li+ ion conductivity) can be designed to
show improvements in both conductivity and mechanical proper-
ties compared to the individual components [102–105]. In these
cases, the ceramic filler generally serves to increase the highly
conducting amorphous regions in crystalline polymers such as
polyethylene oxide (PEO). Recently, the use of “active” materials,
(i.e., ceramic or glassy materials that also display Li+ ionic
conductivity) has attracted interest due to the potential of the
CPE to display synergistic properties, with much interest lately in
using LLZO as the ceramic filler.

So far, CPEs containing LLZO have predominately employed PEO
in the polymer matrix, with either LiClO4 or lithium bis
(trifluoromethanesulfonyl)imide (LiTFSI) as the Li+ salt. PEO-based
polymer electrolytes typically display low ionic conductivities
(�10-5 – 10-8 S cm-1 between 35 – 65 �C) due to the low mobility of
Li+ through the crystalline regions of the PEO [106]. The
introduction of plasticizers comprising passive, nano-sized ce-
ramic particles (e.g. SiO2, Al2O3, TiO2) can enable faster Li+

transport and improve the ionic conductivity to > 10-4 S cm-1 in
the composites [106,107]. However, when using active fillers (e.g.,
the Li+ conducting ceramic Li1.3Al0.3Ti1.7(PO4)3, LATP), larger
particles (0.5 – 1.5 mm) have also been effective for improving
the ionic conductivity in the CPE [108].

On the other hand, results from studies using LLZO particles as
ceramic fillers in PEO suggest that micron-sized fillers may not be
effective. Langer et al. investigated PEO-based CPEs with ceramic
fillers consisting of Al-doped c-LLZO particles (up to � 5 microns in
size, BET surface area 0.52 m2 g-1) prepared by co-precipitation
[109]. The CPE containing 40 vol% of LLZO displayed an ionic
conductivity of 5 �10-5 S cm-1 at 80 �C, which was comparable to
 image (inset) of the CPE membrane containing 52.5% LLZO in PEO/LiClO4 polymer
 and adapted with permission from [112], copyright (2015) Elsevier.
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the conductivity of a LLZO pellet at that temperature, but the CPE
conductivity was much lower (� 10-9 S cm-1) at 20 �C. The authors
speculated that there may have been an insulating Li2CO3 coating
on the LLZO, which forms upon exposure of LLZO to humid air and
has been shown to lead to high interfacial impedance [110]. Since
the Li+ concentration within LLZO was one order of magnitude
higher than in the polymer, the authors also proposed that Li ions
may have diffused from the LLZO to the PEO to balance the
concentration gradient, which would have decreased the LLZO
ionic conductivity.

The CPEs reported by Keller et al. also displayed lower ionic
conductivity (�10-5 S cm-1 at room temperature) than pure LLZO
and the LLZO-free polymer matrix [111]. In this work, the c-LLZO
filler particles (D50 = 0.9 mm) were used at 70 wt% in PEO/LiTFSI
membranes using solvent-free processing in an attempt to prevent
the LLZO from reacting with ambient air and to avoid the formation
of surface carbonates and hydroxides. The authors proposed that
the incorporation of LLZO into the CPE may have increased the
tortuosity in the pathways for Li+ transport, leading to a decrease in
conductivity. The possibility of grain boundary resistance between
LLZO particles and presence of interfacial resistance between the
LLZO and polymer matrix were also suggested to affect the Li+

diffusion. Despite the lower ionic conductivity, the interfacial
resistance of the CPE in contact w/Li metal was decreased
compared to the polymer or LLZO alone. Hence, if the polymer/
ceramic interfacial resistances are addressed to improve the ionic
transport, such CPEs may serve as promising solid electrolytes for
Li metal batteries.

The LLZO fillers used by Choi et al. [112] were prepared using a
conventional Pechini-type polymer complex method and adopted
the t-LLZO structure with 0.5 mm < D50 < 1 mm) (Figure 5a ). The
maximum ionic conductivity of �10-5 S cm-1 at 35 �C was found in
PEO/LiClO4 CPEs containing 52.5% LLZO (Figure 5b), which was two
Figure 6. (a) SEM image of LLZTO nanoparticles; (b) Arrhenius plots of the PEO, PEO/LLZT
LLZTO volume fraction for the LLZTO particles with different sizes; (d) Schematic and p
anode. Reproduced and adapted with permission from [113], copyright (2016) Elsevier
orders of magnitude higher than that for a membrane of PEO/
LiClO4 alone or one using Al2O3 as filler (Figure 5c). That the CPE
ionic conductivity displayed a synergistic effect is particularly
interesting considering that t-LLZO, which is intrinsically less
conducting than the c-LLZO used in the work by Langer et al. [109]
and Keller et al.[111], was used as the filler. It is not clear if this
result arises due to the smaller particle size of the t-LLZO fillers.
The t-LLZO-based CPE also displayed electrochemical stability
from 0 – 5 V vs. Li/Li+, as well as better kinetics and improved
charge/discharge efficiency in a cell with a Li metal anode and
LiNi0.6Co0.2Mn0.2O2 cathode compared to a comparison membrane
containing 52.5 wt% Al2O3 [112].

Zhang et al. further extended the ceramic filler concept to the
nanoscale by using Ta-doped c-LLZO (LLZTO) with average particle
size of � 40 nm (Figure 6a) [113]. The LLZO nanoparticles were
prepared from �10 mm LLZTO particles using planetary ball-
milling, followed by high-energy ball-milling under the protection
of argon. The authors prepared CPEs of LLZTO with PEO only (i.e.,
without an additional Li+ salt). Interestingly, the authors found that
the ionic conductivity in the CPEs was still quite high despite the
insulating nature of the Li+ salt-free PEO, with the maximum ionic
conductivity of 2.1 �10-4 S cm-1 (30 �C) observed when using 12.7
vol% of LLZTO nanoparticles as fillers, compared to only 3.8 � 10-6 S
cm-1 using 10 mm LLZTO particles at 21.1 vol% and 1.3 � 10-5 S cm-1

using 400 nm LLZTO nanoparticles at 15.1 vol% (Figure 6b-c). The
authors suggest that the Li+ transport mechanism is through highly
conductive paths that are formed at the LLZTO/PEO interface, and
that some of the Li+ can also be transferred from the LLZTO to the
PEO. The particle-size dependent results (Figure 6c) are consistent
with a percolation effect on the ionic conductivity enhancement,
with different percolation thresholds for the different particle sizes
and higher conductivity in the nanoparticle-embedded CPEs due to
the higher surface-to-volume ratio of the fillers. Further, extended
O CPE with 12.7 vol% LLZTO, and LLZTO pellets; (c) The conductivity as a function of
hotographs of flexible pouch cell using SPE, LiFePO4 (LFP) as cathode, and Li metal
.
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cycling with Li metal electrodes showed that compared to CPEs
prepared from LLZTO/PEO/LiTFSI CPEs, the LLZTO/PEO CPEs were
more stable to Li metal dendrite growth. This is attributed to the
formation of better, more homogenous interfaces with the Li metal
electrodes and absence of Li+ transport in the insulating PEO
regions. Flexible, all-solid-state Li metal batteries (Figure 6d)
prepared using LiFePO4-based cathodes displayed good rate
capability and cycling performance, showing that the nano-LLZO
embedded CPEs operating on interfacial transport at the LLZO/
polymer interface may be a promising solution for high perfor-
mance batteries.

In the work by Fu et al., Al-doped c-LLZO nanowires (average
diameter of 138 nm) prepared by electrospinning were used as
nanostructured ceramic fillers for PEO-based CPEs [44]. The
nanowire mat directly obtained after electrospinning was calcined
and then a PEO/LiTFSI solution was infiltrated into the empty space
within the three-dimensional LLZO network in order to create a
“fiber-reinforced” CPE with extended interfaces between the LLZO
and PEO (Figure 7a). With an approximate LLZO filler loading of 20
wt%, the resulting CPEs displayed excellent thermal stability, room
temperature ionic conductivity of 2.5 �10-4 S cm-1 (Figure 7b),
Figure 7. (a) Schematic of LLZO nanowire reinforced composite polymer
electrolyte; (b) Arrhenius plot of CPE from 20 – 90 �C; (c) Voltage profile of
continuous lithium plating/stripping with a current density of 0.5 mA cm-2 at 25 �C.
Reproduced and adapted with permission from [44]; copyright (2016) National
Academy of Sciences.
stable voltage window up to 6.0 V vs. Li/Li+, and were effective for
blocking lithium dendrite formation during repeated lithium
stripping/plating at 0.5 mA cm-2 for 1,000 h (Figure 7c). The
impressive properties of these CPEs was attributed to the creation
of continuous, long-range ion transport pathways through the use
of the interconnected LLZO nanowire network as the filler, but the
Li+ transport pathways were not empirically verified.
Figure 8. (a) Schematic showing possible Li+ transport pathways in CPE made from
LLZO in PEO and LLZO nanowires (NWs) in PAN with LiClO4 as the salt in both cases.
The “X” shows pathways that are not preferred, according to the solid-state Li NMR
results. 6Li NMR spectra to identify Li local environments in the CPE and each
individual component: (b) 6Li NMR spectra of CPE, PEO/LiClO4, and LLZO particles;
(c) Comparison of 6Li spectra of LLZO/PEO/LiClO4 CPE before (pristine) and after
cycling in 6Li foil symmetric cells. (d) 6Li NMR spectra of CPE, PAN/LiClO4, and LLZO
NWs; (e) Comparison of 6Li spectra of LLZO NWs/PAN/LiClO4 CPE before (pristine)
and after cycling in 6Li foil symmetric cells. (b),(c) are reproduced with permission
from [114], copyright (2016) Wiley; (d),(e) are reproduced and adapted with
permission from [77], copyright (2017) American Chemical Society.



Figure 9. (a) Schematic procedure to prepare CPE from LiClO4/polyacrylonitrile (PAN) matrix with LLZO nanowire fillers; (b) SEM image of a CPE film; (c) Ionic conductivity
comparison at 20 �C of CPEs embedded with different wt% of undoped LLZO NWs, 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; (d) Representative Nyquist plots and (e) ionic conductivity of CPEs embedded with 5 wt% of different filler
materials, all tested at 20 �C. (b) – (e) Reproduced with permission from [77], copyright (2017) American Chemical Society.
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3.2. Analysis of Li+ transport pathways in LLZO-based CPEs using
nuclear magnetic resonance

The aforementioned studies show how the design of highly
conducting electrolytes could be improved through better
understanding of the mechanism of Li+ transport within the CPEs.
In general, Li+ diffusion can take place through the polymer matrix
phase, through the LLZO filler phase, or through the interfacial
regions (Figure 8a). As mentioned before, the Li+ transport can be
hindered by crystalline regions in the PEO, the presence of
insulating surface coatings on the LLZO, or a grain boundary
resistance between LLZO particles. In the event where the
percolation threshold for the LLZO filler is not met, an interfacial
resistance between LLZO and the polymer matrix may also affect
Li+ diffusion.

Zheng et al. developed a method to determine the preferred Li+

pathways in CPEs using solid-state Li nuclear magnetic resonance
(NMR) measurements and a 6Li-7Li isotope-replacement strategy
[114]. First, high resolution 6Li NMR spectra are obtained for the
ceramic filler alone, the polymer matrix alone, and then the CPE in
order to identify the Li+ ions in the different local environments.
Next, symmetric 6Li foil/CPE/6Li foil cells are assembled and
galvanostatically cycled, followed by acquisition of the 6Li NMR
spectra. The method builds on the basis that 6Li replaces 7Li during
the galvanostatic cycling, and that changes in the 6Li amount in the
CPE before and after electrochemical cycling will reveal which Li+

transport pathways are preferred. Zheng et al. found that for CPEs
consisting of 50 wt% Al-doped LLZO particles in a PEO/LiClO4

matrix, a resonance at -0.2 ppm from LiClO4within the PEO matrix,
one at 2 ppm for Li+ in c-LLZO, and a shoulder at around 1.4 ppm
assigned to Li+ at the PEO/LLZO interface could be identified in the
6Li NMR spectrum of the CPE (Figure 8b). By comparing the 6Li
NMR spectrum of the pristine (uncycled) CPE with the one after
galvanostatic cycling, it was evident that the resonance associated
with Li+ in LLZO significantly increased in intensity (Figure 8c). This
indicates that Li+ was found to transport preferentially through the
LLZO phase, suggesting that LLZO needs to be at a high enough
volume fraction to form a percolating network. These results are
consistent with the fact that most LLZO/PEO CPEs contain fairly
high fractions of LLZO in order to reach peak ionic conductivity.

In contrast, our studies on CPEs prepared using electrospun c-
LLZO nanowires embedded into polyacrylonitrile (PAN) paint a
different picture [77]. We found that by incorporating only 5 wt% (2
vol%) of LLZO nanowires by dispersion into the polymer matrix
solution (Figure 9a-b), the room temperature ionic conductivity of
a PAN-LiClO4-based CPE was increased 3 orders of magnitude to
1.31 �10-4 S cm-1 (Figure 9c). Undoped, Al-doped, and Ta-doped
LLZO nanowires were utilized as fillers, but the conductivity
enhancement was similar (Figure 9d-e). Additionally, the CPEs
containing LLZO nanowires displayed superior ionic conductivity
at 5 wt% of filler compared to those containing the same fraction of
LLZO nanoparticles or Al2O3 nanowire fillers (Figure 9d-e). Unlike
PEO-based CPEs, where ceramic fillers act as plasticizers and
enhance Li+ transport through amorphous PEO regions [106], PAN
films containing Li+ salts are amorphous so the introduction of
ceramic fillers does not significantly change the crystallinity of the
polymer [75,115]. Instead, LLZO NW fillers could improve the ionic
conductivity of the PAN-based CPE by increasing the Li+ dissocia-
tion from the ClO4

� anion, which would increase the concentration
of free Li+ in the CPE [116–118].

Performing solid-state NMR measurements using the same
method developed by Zheng et al. showed that LLZO NWs partially
modified the PAN polymer matrix [77]. As shown in Figure 8d, the
only 6Li resonances found in the CPE were that for the LiClO4 in PAN
at 0.90 ppm, and a new one observed at 0.85 ppm, which was
attributed to LiClO4 within PAN with a local structural environ-
ment modified by the LLZO nanowires. The 6Li resonance from Li+

in the LLZO nanowires was not observed in the CPE, presumably
because of the low vol% of the LLZO in the CPE. After cycling, the
resonance at 0.85 ppm increased in intensity, suggesting that Li+
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diffusion is preferentially through these modified regions at the
LLZO/PAN interface.

From the publications reviewed in this section, it is clear that
there are numerous parameters to explore in order to engineer
highly conducting LLZO filler-based CPEs. In the future, systematic
investigation of the type of Li+ salt and polymer in the matrix, wt%
of salt and LLZO filler, composition and structure of LLZO (e.g. cubic
or tetragonal, doped or undoped, presence of surface layers such as
Li2CO3, etc.), and morphology of LLZO (e.g. micron or nano-sized
particles, nanowires) combined with detailed, mechanistic studies
and advanced characterization techniques may lead to important
new insights on the required characteristics to obtain CPEs with
high Li+ ionic conductivity. In addition, several interesting
observations regarding other properties of the CPEs, such as the
improved interfacial behavior with Li metal [111,113] and better
resistance to Li dendrite propagation [44,77,113], have already been
reported but not fully explained. Further, studies on mechanical
and thermal properties of the CPEs and long-term cycling stability
are also needed.

4. Conclusions and Outlook

In this review, we summarized progress in the research of
nanostructured garnet-type LLZO solid electrolytes. While several
methods for preparing LLZO nanomaterials have already been
demonstrated, the study of the properties of nanostructured LLZO
is still in its infancy. Additionally, most of the low-temperature
methods for LLZO have relied on conventional sol-gel approaches,
while more sophisticated colloidal chemistry methods used by the
nanochemistry community have not been explored. Hydrothermal
and solvothermal type methods for LLZO have also not been
reported. So far, electrospinning has been demonstrated to be a
robust method for preparing polycrystalline LLZO nanowires after
very short heat treatments (e.g., 700 �C for 1 h using a non-aqueous
precursor).

Through our own studies on the synthesis of nanostructured
LLZO, we have discovered a size-dependence in the phase stability
of LLZO that could potentially be exploited as an alternative route
for obtaining the cubic phase of LLZO without using extrinsic
doping. Similar observations are reported by other groups, but
there is a lack of consistency in reporting particle sizes or
microscopy images in the community. More well-controlled
synthetic routes are needed to better understand size-dependent
properties of LLZO, with careful monitoring of grain size, particle
size, crystal structure, and composition.

In the past few years, several promising examples of LLZO as
ceramic fillers in polymer composite electrolytes have already
been demonstrated. To fully exploit LLZO to enhance the ionic
conductivity in these CPEs, the properties of the LLZO and the
polymer matrix must be carefully designed. Better understanding
of the Li+ diffusion pathways through the composite films, for
example using 6Li NMR analysis, can greatly assist the develop-
ment of these electrolytes.
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