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Lig.aLasZr; 4Tag 6012 (LLZTO) is a promising inorganic solid electrolyte due to its high Lit conductivity and
electrochemical stability for all-solid-state batteries. Mechanical characterization of LLZTO is limited by the
synthesis of the condensed phase. Here we systematically measure the elastic modules, hardness, and fracture
toughness of LLZTO polycrystalline pellets of different densities using the customized environmental nanoin-
dentation. The LLZTO samples are sintered using the hot-pressing method with different amounts of LioCOs3
additives, resulting in the relative density of the pellets varying from 83% to 98% and the largest grain size of
13.21 & 5.22 ym. The mechanical properties show a monotonic increase as the sintered sample densifies, elastic
modulus and hardness reach 158.47 £ 10.10 GPa and 11.27 + 1.38 GPa, respectively, for LLZTO of 98% density.
Similarly, fracture toughness increases from 0.44 to 1.51 MPa-m'/2, showing a transition from the intergranular to
transgranular fracture behavior as the pellet density increases. The ionic conductivity reaches 4.54 x 107 S/cm
in the condensed LLZTO which enables a stable Li plating/stripping in a symmetric solid-state cell for over
100 cycles. This study puts forward a quantitative study of the mechanical behavior of LLZTO of different
microstructures that is relevant to the mechanical stability and electrochemical performance of all-solid-state

batteries.
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The ever-increasing demand of energy storage
stimulates the development of high energy density,
safer, and long cycle battery technologies.[!l The con-
ventional Li-ion batteries using graphite and metal-
oxide electrodes cannot meet the performance target
of renewable energies and electrical vehicles.[>?=4 Li
metal has a specific capacity of 3860 mA-h/g and the
lowest chemical potential, making it an ideal choice for
the anode material. However, Li metal is not compati-
ble with the widely used flammable liquid electrolytes,
which limits its practical implementation in commer-
cial use.”~7 It is well known that Li metal is chem-
ically unstable in the liquid electrolyte. The repeti-
tive Li plating and stripping induce protuberance and
sharp spikes, so-called dendrite, that tend to pass
through the electrolyte and cause short circuits and
even explosion of batteries.5~11 The safety issue has
become the most societal concern of the potential use
of Li metal in electric vehicles. To enhance the energy
density and to mitigate the safety risk, one possible so-
lution is to introduce the solid-state electrolyte (SSE)
to pair with the Li metal anode.l'*'3] Among all the
solid candidates, the garnet-type inorganic SSE, espe-
cially Ta doped Li;LagZry0O12 (LLZTO), gains a wide
attention because of the unparalleled advantages as
follows: (1) a high ionic conductivity up to 1 mS/cm,

(2) a good electrochemical stability with Li metal,
and (3) a wide electrochemical-stable window (0.0
5.0 V).1=17] However, the poor interfacial contact be-
tween the solid phases of Li and LLZTO becomes an-
other raising problem which causes a large interfacial
resistance and degradation of the electrochemical per-
formance. Recent studies also show that Li transport
through the defects likely form the dendrites within
the solid electrolytes and the accumulated flaws even-
tually cause mechanical failure of batteries.['3:19 Real-
izing the promise of LLZTO in solid-state batteries is
a pressing need and from this perspective, it is crucial
to understand the mechanical properties of LLZTO
and its compatibility and stability at the solid-solid
interface.

Among the many notable studies, Shen et
al. used synchrotron x-ray tomography to track
the structural transformation in the Li;LagzZroOq2
(LLZO) electrolyte and showed that the mechani-
cal failure occurred when the internal pores were
interconnected.?” Han et al. conducted first-
principles computational modeling to confirm that the
interfacial resistance arose because of the decomposi-
tion of the solid electrolyte.?!) Cheng et al. stud-
ied the mechanical behavior of Li6,25A10,25L33ZI‘2012
and revealed Li transport through the polycrystalline
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solid electrolyte, which indicated Li deposition along
the grain boundaries.??) There have been many stud-
ies focusing on the improvement of the electrochemi-
cal performance of the LLZTO electrolyte, including
coating the electrolyte onto the electrodes, infusing
solid electrolyte into the separator, and foaming solid
electrolyte in cell via in situ solidification, etc.[23—27]
These strategies indeed provide effective solutions to
boost the electrochemical merits, however, the mech-
anistic understanding particularly from the perspec-
tive of mechanical failure is still limited.l*®! Under-
standing the relationship between the microstructure
and the mechanical response of LLZTO is vital to
decode the wholistic behavior of the solid-state bat-
teries. The mechanical characterization of solid-state
electrolytes in general remains a major challenge ei-
ther because of the air sensitivity, such as the sulfide-
based electrolytes, or the limited manufacturability of
the condensed phase, such as the metal-oxide based
electrolytes.?”) Therefore, there have been very few
studies to date that systematically characterized the
relationship between the mechanical properties of the
solid electrolytes and their microstructures. This in-
formation is important for understanding the mechan-
ical behavior of LLZTO, particularly at the interface
with the Li metal during Li striping/plating cycles,
which determines the capacity retention, mechanical
stability, and electrochemical safety of all-solid-state
batteries. Our goal here is to systematically measure
the mechanical properties of LLZTO pellets of differ-
ent grain structures so as to understand the relevant
electrochemical performance.
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Fig. 1. Schematic illustrations of (a) a symmetric
Li/LLZTO/Li battery cell containing the compacted poly-
crystalline LLZTO solid electrolyte, and (b) the mechan-

ical characterization of the solid electrolyte pellet using
nanoindentation.

We synthesize condensed LLZTO polycrystalline
pellets using the hot-pressing method. LLZTO sam-
ples are sintered using different amounts of LioCOj3
additives, resulting in the density of the pellets vary-
ing from 83% to 98% and the largest grain size of
13.214+5.22 ym. Then, we employ the customized en-
vironmental nanoindentation, which is integrated in
the Ar-filled glovebox, to measure the elastic modulus

FE hardness H, and fracture toughness K. as schemat-
ically shown in Fig. 1(b). The mechanical properties of
LLZTO show a monotonic increase with the increas-
ing sintered sample density, elastic modulus and hard-
ness reach 158.47 + 10.10 GPa and 11.27 £+ 1.38 GPa,
respectively, for LLZTO of 98% relative density. Simi-
larly, fracture toughness increases from 0.44 MPa-m'/?
to 1.51 MPa-m'/2, showing a transition from the in-
tergranular to transgranular fracture behavior as the
pellet density increases. Furthermore, we assemble the
symmetric Li/LLZTO/Li cells [shown in Fig.1(a)] to
measure the ionic conductivity and to test the plat-
ing/stripping behavior over cycles. The ionic con-
ductivity reaches 4.54 x 107*S/cm in the condensed
LLZTO which enables a stable Li shuttle for over 100
cycles. The results verify the relationship between
the optimized mechanical properties of the solid elec-
trolyte and the enhanced electrochemical performance
of the solid-state cells.

Ezperimental Methods. The LLZTO composites
were synthesized using the hot-pressing method with
Li;CO3 as the Li salt additives. We took 0wt%,
5wt%, 10wt%, and 20 wt% excess of LioCO3 added
into the as-received Lig4LagZry 4Tag 012 powder,
and yttria-stabilized zirconia milling was performed
for 3h. The mixed powders were hot-pressed into a
disc of 11 mm diameter, and annealed at 1100 °C for
12h with a heating rate of 5°C/min. After cooling,
the samples were stored in the Ar-filled glovebox to
avoid contamination. The LLZTO composites were
examined via the archimedes method by measuring
the weight and volume using ethanol as the immersion
medium. The relative mass density of LLZTO pel-
lets was determined to be 83%, 90%, 94% and 98%,
respectively, with the excessive LioCO3 of 0%, 20%,
10%, and 5%.

Next, the as-synthesized LLZTO samples were pol-
ished and sputtered with a Pt layer on both sides,
which were used for the electrochemical impedance
spectroscopy (EIS) test. The symmetric cells were
assembled to test Li striping/plating and the cycling
stability. Specifically, Li metal was placed on both
sides of the polished LLZTO plate with the stainless
steel and spring in the CR2032 type coin cell. The EIS
test was performed using VersaSTAT3 (Princeton Ap-
plied Research) in the frequency range from 100 kHz
to 0.1 Hz and an amplitude voltage of 5mV. The cyclic
performance was tested using a voltage window of
2.8V to 4.2V at a current density of 0.05mA /cm?
(BT-2043, Arbin). The ionic conductivity o is calcu-
lated from the equation

c=—--, (1)

where z is the impedance, [ is the LLZTO plate thick-
ness, and s is the surface area.

X-ray diffraction (XRD, D8 Bruker x-ray diffrac-
tometer with Cu-Ka radiation) was used to charac-

098401-2


http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol.38, No.9(2021) 098401

terize the crystal structure of the LLZTO samples.
The morphology and the chemical composition of
the sample were examined using the scanning elec-
tron microscopy (SEM, FEI QUANTA 3D FEG) and
the energy-dispersive x-ray spectroscopy (EDS). The
TEM sample of the thickness around 100 nm was char-
acterized by the FEI Talos 200X TEM system with the
accelerate voltage of 200kV.

Mechanical properties were measured by instru-
mented nanoindentation (G200 Nanoindenter, KLA)
integrated in the glovebox to determine the elastic
modulus, hardness, and fracture toughness at a con-
stant strain rate of 0.05s~.13% We give the hardness
H, elastic modulus F, and K. as follows:

P
H=— 2
I 2)
1 1—v?  1-2?
E_ I + B (3)
EN1/2/, P
Ko=o(5) " (5): (4)

where P is the load, v and v; are Poisson’s ratio of the
sample and the indenter, respectively; Fj is the elastic
modulus of the indenter, and E,. = 0.55/7/A. with
S being the unloading slope of the load-displacement
curve upon initial indenter removal. Poisson’s ratio for
the LLZTO sample and the indenter were assumed to
be 0.26 and 0.07, respectively.l*1=33] The area of con-
tact A. was calibrated using the standard fused silica
sample. In Eq. (4), ¢ is the crack length, P is the crit-
ical load that generates a crack of the length ¢, and «
is an empirical constant. The effective crack length ¢
was calculated by the pop-in method which allowed to
determine the crack length from the load-displacement
curve. The indentation induced crack length follows
the equation

e =V, + Q% —va)n.. (5)

where h,, is the measured tip displacement, h, =
hm — hy with hy being the theoretical tip displace-
ment, () is a material independent constant, and E’
and H are the plane strain elastic modulus and hard-
ness, respectively.

Results and Discussions. Figure 2 presents the
XRD patterns of the LLZTO samples synthesized with
different amounts of LioCOg3 additives. The excessive
LioCOj3 plays an import role in the annealing process.
The major diffraction peaks match well with PDF45-
0109 (LisLagNbsOi5), which is known as the cubic
garnet phase.’Y Extra LasZr,O; peaks exist when
LLZTO is annealed with non-excessive LioCOgs, in-
dicating the decomposition of LLZTO owing to the
Li-deficient condition. On the other hand, it is ob-
served from Fig.2 that the crystallinity of LLZTO
decreases with the excessive Li additives. Over 30%

Li;COg3, the presence of the LiAlO; peaks demon-
strates the interaction between the excessive LisCOg3
and the alumina crucible, which forms the Lis O-Al; O3
compound.?®! Figure S1 in the Supplementary Mate-
rial further shows the XRD patterns of LLZTO syn-
thesized under various annealing temperatures. There
is a mixture of the tetragonal phase, cubic garnets,
and impurities of LayZroO7 and LiAlO, at the sinter-
ing temperature of 900 °C, suggesting that the tetrag-
onal phase can easily react with the Al;O3 crucible.
When the temperature increases up to 1000°C and
1050°C, the LiAlO, phase disappears showing that
the tetragonal phase is transferred to the cubic phase.
When the sintering temperature reaches 1100 °C, the
LLZTO pellet is made of a pure cubic garnet phase
without impurities.
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Fig. 2. XRD patterns of LLZTO pellets with different
amounts of LioCOg3 additives.

Figures 3(a)-3(d) show the SEM images of the
LLZTO composites annealed at 1100 °C for 12h with
different amounts of excessive LioCOg3. To explore the
relation between the excessive LioCOg3 and the rela-
tive density of the pellets, the LLZTO samples are
examined via the archimedes method by measuring
the weight and volume using ethanol as the immer-
sion medium. The relative densities of LLZTO poly-
crystalline samples are determined to be 83%, 90%,
94%, and 98%, respectively, with the excessive LioCO3
of 0%, 20%, 10%, and 5% [Figs.3(a)-3(d)]. At 0%
Li,CO3 [Fig. 3(a)], the grains are mainly long-round
or of an irregular shape with the average grain size
of 2.79 £ 0.65um. Many throughout holes are ob-
served in the sample. The grains are loosely com-
pacted with visible boundaries, showing the sintering
defects and high porosity in the LLZTO sample be-
cause of the Li-deficient condition. The intergranular
morphology results in a lower relative density (~83%),
indicating that the Li salt is consumed to form the
impurity phase (LagZryO7) during the high temper-
ature annealing, which is consistent with the XRD
results. It is important to compensate the Li defi-
ciency by adding the excessive Li salt. Figure 3(b)
shows the microstructure of LLZTO annealed with
20% excessive LioCO3. The grains are mostly round
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and isolated with edges and a better contact, and the
grain size increases up to 5.99 &= 1.77 um, suggesting a
lower porosity and therefore an improved relative den-
sity (~90%). However, according to the XRD results,
when the LioCOj is over weighted, the excessive Li will
react with the AloO3 crucible. Figure 3(c) shows the
SEM image of the LLZTO pellet when the amount
of LioCO3 decreases to 10%. The round and large
grains with an average size of 8.93 & 2.56 pm demon-
strates a further improved packing density (~94%).
Figure 3(d) shows the image of the LLZTO sample
(surface polished) with the optimized Li;CO3 of 5%
and the inset shows the enlarged view (unpolished).
The grains grow to the largest size of 13.21 £5.22 um
and are closely compacted to form an integrated mor-
phology. The porosity is much reduced, and the rel-
ative density reaches ~98%. Figure 3(e) shows the
histograms of the grain size in LLZTO of different rel-
ative densities. It is clear that the grain grows larger
with the increasing density of polycrystalline samples
because of the optimized LioCOg3 additives. Overall,
the microstructure of the LLZTO pellet transits from
the intergranular to the transgranular feature with the
increasing density, lower porosity, and less synthesized
defects, which will benefit the interfacial contact and
mechanical stability of the solid-state batteries.

. (e) 13.2145.22 um|
\53 15F
o 8.93£2.56 ym
N [
w 10F
o 5.99+£1.77 pm
"
— s
U 5F 2.79+0.65um | ‘
O 2
80 85 90 95 100

Relative density (%)

Fig. 3. SEM images of the sintered LLZTO pellets of dif-
ferent relative mass densities: (a) 83%, (b) 90%, (c) 94%,
and (d) 98%. (e) The average grain size in the polycrys-
talline LLZTO of different densities.

We perform transmission electron microscopy
(TEM) experiments to examine the crystallinity fea-

tures of the LLZTO composites. The samples are pre-
pared by the focus ion beam (FIB). Figure 4(a) shows
the cross section of the LLZTO pellet of 98% relative
density. A high-resolution TEM image in Fig.4(b)
shows the clear lattice fringe of the grains and the
amorphous surface layer of the grain boundaries. The
selected-area electron diffraction (SAED) is conducted
as shown in Figs. 4(c)—4(d) for the phase distribution.
According to the SAED patterns, the LLZTO grain
has an ordered diffraction spots corresponding to the
(200), (020), (220), and (200) crystal planes. The or-
dered crystal planes demonstrate a good crystallinity
of the cubic lattice that confirms the XRD results.
Figure 4(d) shows the electron diffraction patterns of
(004) and (008) planes which are attributed to the
grain boundary of weak crystallinity. Thus, we con-
clude that the sintered LLZTO pellets consist of crys-
tallized grains in a network of amorphous grain bound-
aries. It is worth noting that the unidentified extra
spots in addition to the (200) family in Fig.4(d) may
imply the new phases or defected structures at the
grain boundaries. We also conduct energy dispersive
x-ray analysis (EDX) to identify the elemental distri-
bution in the sintered samples. Figure S2 in the sup-
porting information demonstrates the uniform distri-
butions of La, Zr, Ta and O in the LLZTO composites.

(b)
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2 nm !
.

Fig. 4. (a) A TEM image of cross section of the LLZTO
polycrystalline sample prepared by the focused ion beam.
(b)—(d) The TEM micrograph, the SAED pattern of the
grain, and the SAED pattern of the grain boundary, re-
spectively.

To determine the mechanical properties in the
LLZTO polycrystals of different densities, we perform
grid nanoindentation to measure the elastic modulus
FE, hardness H, and fracture toughness K. to draw a
correlation between the mechanical behavior and the
sample porosity. Here the grid indentation is suited
to measure the spatial distribution of the mechani-
cal properties of samples of local heterogeneity. This
technique relies on a large array of nanoindentation.
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In our tests, we perform 5 x 5 grid indentations for
each sample, and the spacing between the indents
(30-50 pm) is much larger than the size of individual
impression. Figure 5(a) shows the load-displacement
curves of nanoindentation with the indentation depth
of 2000 nm, and the inset shows the optical image of
the impressions. No visible cracks exhibit around the
grid impressions. Figure 5(b) displays a comparison of
the elastic modulus (red squares) and hardness (blue
squares) of the LLZTO composites of different rela-
tive densities. The mechanical properties vary drasti-
cally with the elastic modulus increasing from 105.49+
18.02 GPa to 158.47 +10.10 GPa and the hardness in-
creasing from 3.72 £+ 0.83 GPa to 11.27 4+ 1.38 GPa,
respectively, when the pellet density grows. The stan-
dard deviation derived from the 25 grid indents for
all the sample is small. The condensed polycrystalline

sample accompanied by the less porosity and defects
and larger grains results in the increased elastic mod-
ulus and hardness which approaches to the intrinsic
values of LLZTO. Figure 5(c) demonstrates the me-
chanical properties of LLZTO of 98% relative density
at various indentation depths. In general, the maxi-
mum indentation depth should be chosen to avoid the
effect of surface condition at shallow indentation and
the substrate effect at deep indentation. Figure 5(c)
shows the dependence of the elastic modulus and hard-
ness on the indentation depth in the range of 600—
2000nm. Both properties are insensitive to the in-
dentation depth with an average of 155.16 +2.12 GPa
and 11.61+0.55 GPa, respectively, which is consistent
with the transgranular morphology of the sample with
a minor porosity.
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Fig. 5. (a) Load-displacement response of the LLZTO electrolyte upon nanoindentations. Inset shows an image
of the matrix and the indents. (b) Elastic modulus (red line) and hardness (blue line) of the LLZTO pellets as
a function of the relative density. (c) Dependence of elastic modulus (red line) and hardness (blue line) on the
maximum indentation depth into the LLZTO pellet of 98% density.

Figure 6 further shows the SEM images of the grid
impressions and the correlation between the mechan-
ical response and the microstructural features of the
LLZTO samples. Detailed spatial distributions of the
mechanical properties of the pellets of different rel-
ative densities are compared. Figures 6(a) and 6(b)
show the 5 x 5 grid indents in a polished LLZTO
composite of 98% density at the indentation depth
of 1500nm. It is evident that the indentations are
performed reliably at the targeted sites. The inden-
tation depth is chosen appropriately, which does not
induce mechanical damage around the impressions as
shown in the enlarged surface area in Fig.6(b). In
comparison, Figs. 6(e) and 6(f) show the polished sur-
face of the LLZTO composite of 94% density with a
small fraction of the indents located near the pores.
In the histogram plots of the spatial distribution of
the mechanical properties in Figs. 6(c)-6(h), the elas-
tic modulus and hardness of the LLZTO composites of
98% density are concentrated at the values of 160 GPa
and 11 GPa, respectively, which is consistent with the
plot in Fig. 5(c). It is noteworthy that the peak prob-
ability of the elastic modulus is as high as 0.42 with
a narrow distribution in the range of 120-180 GPa,
while the peak probability of the hardness is around

0.3 with a range of 8-14 GPa. The LLZTO composite
of 94% density exhibits slightly smaller elastic modu-
lus and hardness of 145 GPa and 9.0 GPa, respectively,
with their probabilities being both around 0.33. Nev-
ertheless, the histogram distribution shows a similar
skewed feature. Overall, we conclude that the LLZTO
pellets with the relative density over 94% possess good
mechanical properties and minor defects and porosity.

We continue to assess the fracture property of the
LLZTO polycrystalline pellets, and measure the frac-
ture toughness K, of the sintered samples of different
relative densities using the pop-in method in nanoin-
dentation. A cube corner indenter is with a semi-
apex angle of 35.3°. The sharp cube corner inden-
ter facilitates initiation of radial cracks at lower load
in brittle materials. K. is calculated using Eq. (4),
and « is 0.036 as an empirical constant for the cube
corner indenter.l*® Fracture toughness for the pellets
of two different relative densities is shown in Fig. S3,
where the crack length is directly obtained from the
SEM images. However, it should be noted that the
crack length is often difficult to measure by opti-
cal microscopy or electron microscopy in the small-
volume materials. When radial cracks are generated
by nanoindentation in the brittle samples, the load-
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displacement curve exhibits a sharp increase in the
indenter penetration. This sudden increase of the in-
denter displacement is referred as pop-in. Therefore,
an effective crack length ¢ can be calculated by the
equation,®) which allows to estimate the crack length
from the load-displacement curve rather than measur-
ing ¢ under a microscope. In the equation,!® hy, rep-
resents the penetration displacement of the indenter,
h¢ is the anticipated penetration in the hypothetical
absence of the pop-in, and h, = hy, — hy.
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Fig. 6. SEM images of the grid indentation and impres-
sions at 1500 nm indentation depth of the LLZTO pellets
of different densities of 98% [(a), (b)] and 94% [(e), (f)].
Histogram distributions of elastic modulus and hardness
of the LLZTO pellets of the densities of 98% [(c), (d)] and
94% [(g), (h)].

Figure 7 shows the results of the calculated frac-
ture toughness of LLZTO composites of different rel-
ative densities. The red lines represent the load-
displacement curves where the green portion following
the pop-in events contains the data points used to cal-
culate the fracture toughness. The black dashed lines
are the theoretical load-displacement response with-
out crack formation underneath the indenter. The
crack length is calculated using the first eight points
on the green lines. The results of K are represented
by the blue solid circles. The fracture toughness of the
LLZTO composites is determined to be 0.44, 0.81, and
1.51 MPa-m'/? for the sintered samples of the relative

density of 83%, 94%, and 98%, respectively. The K.
values calculated from different data points are within
a narrow range that verifies the robustness of the pop-
in method. This is also due to the LioCO3 additives
that restrain the defect growth in the pellets. The
fracture toughness reaches maximum for the LLZTO
composite of 98% density. The fracture toughness of
0.44 MPa-m'/? for LLZTO of 83% density is found to
be lower than the value of single crystalline LLZTO
(~0.7 MPa-m'/?). This difference is attributed to the
porosity in the polycrystalline sample where crack ini-
tiation and growth mostly follow an intergranular pro-
cess.
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Fig. 7. Fracture toughness of the LLZTO pellets mea-
sured by the pop-in method. (a)—(c) The fracture tough-
ness (blue dots) of the pellets with densities of 83%, 94%,
and 98%, respectively. The green lines following the pop-
in events contain the data points used to calculate the
fracture toughness. We employ Egs. (4) and (5) to deter-
mine the crack length and fracture toughness. The cal-
culated crack length c is validated by comparing with the
experimental measurement using SEM.

As seen in Fig.S3b in the supporting informa-
tion, the lower density LLZTO promotes the forma-
tion and propagation of radial cracks along the grain
boundary. In comparison, the LLZTO composite of
94% density exhibits a much higher fracture tough-
ness that is attributed to the larger grain size and
lower porosity as shown in Fig.S3d. Cracks in the
more compacted polycrystalline pellets are likely to
propagate within the grains that follows a transgran-
ular process and results in a higher fracture resis-
tance. Another note is that the K. values (0.44
and 0.81 MPa-m'/2 for the sample density of 83%
and 94%, respectively) are smaller than the fracture
toughness measured using the SEM imaging-based
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crack length (0.63 and 0.88 MPa-m!/2, respectively).
This is expected because the crack length determined
by the scanning microscopy may be underestimated
and embedded cracks in the bulk may not be ob-
served on the sample surface. Compared to the lit-
erature results, the average K. for LLZTO of 98%
density is in good agreement with the experimental
results of Kim et al.,[*”] which is in the range of 0.86—
1.63 MPa-m'/2. This value is slightly larger than other

similar polycrystalline solid electrolytes, for instance,
Wolfenstine et al. reported the fracture toughness
of Liﬁ_19A10,27La3Zr2012 as 1.25 MPa- m1/2,[38] and
Schell et al. reported that the fracture toughness for
Lig 33La0.57Ti03 was 1.24 MPa-m'/2.139 Such a vari-
ation is within a reasonable experimental error given
the complexity of the grain structures and a difference
in the intergranular versus the transgranular behaviors
for crack propagation.
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el © 0%0 &
o ogf P 2o S3%8
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§ ! %
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Fig. 8. Statistical representations of (a) fracture toughness, (b) elastic modulus, and (c) hardness of LLZTO pellets

of different densities.

For a better view of the mechanical properties,
Fig. 8 shows the fracture toughness, elastic modulus,
and hardness of the sintered LLZTO pellets of differ-
ent relative densities. The circles represent the indi-
vidual indentation data point, the height of the bars
represents the average values, and the error bars are
the standard deviation. The general trend is that all
the mechanical properties are largely enhanced when
the pellet density increases. Starting from the sam-
ple density of 83%, the fracture toughness grows up
to a factor of two for the 94%-density pellet and a
factor of three for the sample density of 98%. Such a
linear trend is due to the change of the grain bound-
ary strength under different sintering conditions that
fracture transits from the intergranular to the trans-
granular behaviors. Likewise, the elastic modulus and
hardness for the porous sample of 83% density exhibit
the lowest values, but the elastic and plastic properties
for the samples in densities of 94% and 98% are close.
The variation of the elastic modulus and hardness is
largely dominated by the porosity and the grain size in
the LLZTO composites. The grain size for all the sin-
tered samples is over 2.79 um and the impression size
is typically less than 1 um. Therefore, for the samples
of larger grains, most of the indentation are located
within the single LLZTO grains. For the LLZTO com-
posite of 83% density, the average hardness is only
3.72 GPa because some indentations are located near
the pores between the grains. Furthermore, the large
standard deviation is also a result of the nonuniform
grain interfaces and pore distribution. In comparison,
for the pellet in density of 98%, the grain grows to the
largest size of 13.21 4 5.22 ym and most of grains are

densified without visible grain boundaries. The mea-
sured elastic modulus and hardness are anticipated to
approach the intrinsic values of LLZTO.

We perform the electrochemical impedance spec-
troscopy (EIS) measurement and the cyclic test to
characterize the electrochemical performance of the
sintered LLZTO solid electrolyte. The Pt coated
LLZTO is used to conduct the impedance test. Fig-
ure 9(a) shows the Nyquist plots of the LLZTO com-
posites. The resistance is attributed by the contri-
butions from the bulk grains and the grain bound-
aries. The impedance profiles are composed of one
quasi-semicircle at the high frequency and a straight
line at the low frequency. The second intersec-
tion of the semicircle with the horizontal axis rep-
resents the overall impedance of the LLZTO elec-
trolyte. The total conductivity o is determined using
Eq.(1). The inset of Fig.9(a) shows that the total
impedance is around 13152, and the total conduc-
tivity o for the LLZTO composites of 98% density
is 4.54 x 107*S/cm. This value is very close to the
high conductivity of 4.43 x 107*S/cm in LLZTO pre-
pared by oscillatory pressure sintering (OPS) reported
by Li et al.l*) The ionic conductivity decreases dras-
tically (~0.38 x 107*S/cm) when the density of the
pellets is reduced to 90%. The ionic conduction is
highly dependent on the presence of the porosity in
the polycrystals, which largely impacts the contact
between the grains. To further evaluate the cycling
stability of LLZTO composites, Fig.9(b) shows the
voltage profiles for the Li/LLZTO/Li symmetric cell
using the 98%-density pellet and conducted with a
current density of 0.05mA /cm?. The symmetric cell
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maintains a stable Li striping/plating for over 100 cy-
cles. More specifically, the inset shows the 15¢-5th
cycles and the 95'"-100t" cycles, which still exhibits
a flat voltage profile indicating an excellent interfacial
stability. These results demonstrate that the densified
LLZTO composites are the major reason of the good
cycling stability. The grain defects and porosity re-
duce the ionic conduction both in the bulk and across
the interface, and thus deteriorate the electrochemical
performance of the solid-state batteries.
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Fig. 9. (a) Nyquist plots of the LLZTO pellets of differ-
ent densities. Inset shows the zoom-in view of the Nyquist
plot for the sample density of 98%. (b) Cycling stability
of the Li/LLZTO/Li symmetric cell at room temperature
with a current density of 0.05mA/cm? over 100 cycles.
Insets are the voltage profiles for the 15t-5%8 cycles and
the 95100t cycles.

In summary, we have synthesized LLZTO poly-
crystalline composites with different densities using
the hot-pressing method. By controlling the exces-
sive LioCOj3 additives, the compacted LLZTO pellets
of the optimized mechanical properties are obtained.
The grain size grows up to 13.21 £ 5.22 um and the
grain structure shows a transgranular feature in the
pellet of 98% density. The elastic modulus and hard-
ness increase monotonically with the increasing sin-
tered sample density, and reach 158.47 + 10.10 GPa
and 11.27+1.38 GPa, respectively, for LLZTO of 98%
density. The enhanced mechanical properties are at-
tributed to the reduced grain defects, lower porosity,
and increased grain boundary strength in the com-
pacted pellet. The fracture toughness is determined
by the pop-in method using nanoindentation and the
calculated crack length is compared with the one ob-

tained by SEM images. The fracture toughness in-
creases from 0.44 to 1.51 MPa-m'/2, showing a tran-
sition from the intergranular to transgranular frac-
ture behavior as the pellet density increases. The
ionic conductivity reaches 4.54 x 107%S/cm in the
LLZTO electrolyte of 98% density, which is over ten
times larger than that in the sample of 83% density.
The stable cyclic voltage profile using the densified
LLZTO pellet shows that the symmetric cell main-
tains a good Li striping/plating for over 100 cycles.
This work presents systematic characterization of the
mechanical properties of the LLZTO solid electrolyte,
including the elastic modulus, hardness, and fracture
toughness. The mechanical responses are rooted from
the microstructural feature of the sintered polycrys-
tals and have a strong impact on the electrochemical
performance of the solid-state batteries.
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FIG. S1: XRD patterns of LLZTO composites synthesized at different annealing temperatures for 12h.

FIG. S2: The EDX mapping showing the elemental distributions of (a) La, (b) Zr, (c) Ta, and (d) O.



FIG. S3: Crack length determined by the SEM images. (a)-(b) show the indents and the crack length for
LLZTO of the relative density of 83%, and (c)-(d) show the SEM images for the LLZTO sample of 94%
density. The fracture toughness K. is calculated using the crack length determined by the SEM images, (b)
K.=0.63 MPa m"? and (d) K.=0.88 0.63 MPa m"%



