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ABSTRACT: Ta-doped Li;La;Zr,0,, (LLZTO) garnet is a
promising Li-ion-conducting ceramic electrolyte for solid-state
batteries. However, it is still challenging to use LLZTO in Li metal
batteries operating at high current densities because of the
tendency for Li metal to nucleate and propagate along the grain
boundaries. In this study, we carry out a detailed investigation to
elucidate the effect of microstructure and grain size on the
electrochemical properties and short circuit behavior in LLZTO.
Pellets were prepared using reactive sintering from pyrochlore i oAy P2G LLZTO
precursors (a method called pyrochlore-to-garnet, P2G) and :
compared with LLZTO synthesized using solid-state reaction
(SSR) followed by conventional pressureless sintering. Both
preparation methods were controlled to keep the phase and
elemental composition, ionic and electronic conductivity, relative density, and area-specific resistance of the pellets constant.
Reflection electron energy loss spectroscopy and X-ray photoelectron spectroscopy confirm that both types of LLZTO have similar
band gaps and chemical states. Microstructure analysis shows that the P2G method results in LLZTO with an average grain size of
around 3 gm, which is much smaller than the grain sizes (as large as 20 gm) seen in SSR LLZTO. Galvanostatic Li stripping/plating
and linear sweep voltammetry measurements show that P2G LLZTO can withstand higher critical current densities (up to 0.4 mA/
cm” in bidirectional cycling and >1 mA/cm” for unidirectional) than those seen in SSR LLZTO. Post-mortem examination reveals
much less Li deposition along the grain boundaries of P2G LLZTO, particularly in the bulk of the pellet, compared to SSR LLZTO
after cycling. The improved cycling behavior in P2G LLZTO despite the higher grain boundary area could be from more
homogeneous current density at the interfaces and different grain boundary properties arising from the liquid-phase, reactive
sintering method. These results suggest that the effect of grain size on Li dendrite propagation in LLZO may be highly dependent on
the synthesis and sintering method employed.
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1. INTRODUCTION synthesized using molten salt’ or nonaqueous sol—gel
Due to its high ionic conductivity (>10™* S/cm)" at room methods® and then reacted with a Li source (typically
temperature and chemical stability with lithium metal, garnet- LiOH) to obtain LLZTO. During the reactive sintering
type Li;La;Zr,0,, (LLZO) is considered a promising solid- process, the LiOH melts and then decomposes into Li20,7
state electrolyte material for lithium metal batteries. Among which subsequently reacts with the pyrochlore to form
the various kinds of doped LLZO, Ta5+—doped LLZO LLZTO.

(LLZTO) is known to have good ionic conductivity and While the advantageous effects of smaller grain sizes on ionic
electrochemical stability.” LLZTO is commonly synthesized conductivity have been demonstrated in other systems (e.g,

via solid-state reactions (SSRs) that require synthesis and then 0% conducting CeO, ele ctrolytes® and NASICON-type Li*
sintering at high temperatures (>1100 °C) for long durations

(>6 h), which can be accompanied by Li loss and formation of
poorly conducting phases.”* To reduce the temperature and
time required for both synthesis and sintering of LLZTO, we
recently developed a new reactive sintering method that forms
and densifies LLZTO from pyrochlore-type precursors in one
step.” In this approach, which we call pyrochlore-to-garnet
(P2G), Ta>*-doped pyrochlore La,,Zr; ;Tag,5050s is first
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conductors),” the relationship between the grain size and the
properties of LLZO is still unclear. Some early studies showed
that LLZO pellets with smaller grain sizes can display higher
ionic conductivity,'® faster densification rates,'" and improved
cycling performance'”"” and fracture strength.'* For example,
Cheng et al.'"'? demonstrated a grain size effect on the LLZO
air reactivity (i.e, formation of surface Li,CO; upon exposure
to H,O and CO,), interfacial impedance, and critical current
density (CCD), the current density above which Li metal
filaments propagate and cause a short circuit. In those studies,
a finer-grained LLZO microstructure (20—40 um) was
correlated with better properties (e.g, lower interfacial
resistance, reduced Li,CO; formation, and higher CCD)
compared to those of the large-grained (100—200 pm) LLZO.
The improved CCD was explained by the more distributed Li*
ion current density through LLZO pellets containing a larger
number of grain boundaries (ie, from smaller grain sizes)
compared to the more focused current at fewer failure points in
LLZO with larger grain sizes. More recently, small-grained
LLZO was later proposed to display grain boundaries with
stronger bonding than large-grained LLZO'> and less likely to
exhibit interconnected or porous grain boundaries through
which Li dendrites can grow.16

On the other hand, Sharafi et al.'” investigated LLZO pellets
prepared by hot-pressing and found that higher CCD could be
sustained when the LLZO grain size increased from 5 to 600
pum. Studies on Li stripping/plating through LLZO have also
shown that Li dendrites preferentially form along LLZO grain
boundaries.'* >’ Recently, some grain boundaries in LLZO
have been shown with smaller band gaps than the bulk”' > or
defect states,”® both of which could create local regions with
high electronic conductivity that facilitate dendrite growth and
short-circuits at grain boundaries. Theoretical’”*” and
experimental studies”® have also shown that grain boundaries
may trap electrons and nucleate the reduction of Li metal.
Other studies showed that LLZO grain boundaries have much
lower shear modulus than the bulk,”**° which can enable the
penetration of Li metal dendrites. The grain boundaries can
also display symmetry-dependent Li* conducting behavior.”!

For all of these reasons, further investigation of the grain-size
(and hence, grain boundary area) dependent properties of
LLZTO is important for the development of better garnet-
based electrolytes for Li metal batteries. In this work, the
microstructure, relative density, and ionic conductivity of
LLZTO prepared using the P2G method (from now on
referred to as “P2G LLZTOQ”) are evaluated and compared to
those of LLZTO prepared using the conventional SSR method
(“SSR LLZTOQ”). The synthetic conditions are controlled so
that the two types of LLZTO have similar properties (e.g., ionic
and electronic conductivity, relative density, etc.) except for the
grain size. The electrochemical characteristics of LLZTO
pellets during Li stripping and plating are also compared to
elucidate the influence of the different synthesis methods on
the CCD. We find that P2G LLZTO, which has a smaller
average grain size than SSR LLZTO, shows a longer cycling life
and higher CCD during galvanostatic Li stripping and plating
while also sustaining higher voltages in linear sweep
voltammetry (LSV) measurements before shorting. Spectro-
scopic analysis using reflection electron energy loss spectros-
copy (REELS) and X-ray photoelectron spectroscopy (XPS)
does not provide evidence of differences in band gap or
chemical state between the two types of LLZTO. We find that
the smaller grain sizes and higher grain boundary area in P2G
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LLZTO do not lead to deleterious effects in terms of Li
dendrite propagation and short circuit development when
compared to SSR LLZTO. We propose that the smaller grain
size in P2G LLZTO is beneficial for mitigating Li dendrite
growth by homogenizing the Li flux, since there are more grain
boundary pathways compared to that in larger-grained SSR
LLZTO. The liquid-phase, reactive sintering process used in
the P2G method may also lead to grain boundaries with
different properties than those seen in LLZTO prepared using
conventional sintering or hot-pressing.

2. EXPERIMENTAL SECTION

2.1. Preparation of LLZTO. P2G LLZTO was prepared from Ta-
doped pyrochlores synthesized using a nonaqueous sol—gel method as
described in our previous work.® Briefly, the pyrochlore was
synthesized from a mixture of metal organic precursors dissolved in
propionic acid and dichloromethane that was combusted at 850 °C
for 8 h, followed by ball-milling with LiOH (25 mol % excess Li) and
then pressing into a green pellet with uniaxial pressure at ~300 MPa
with a SpecAc press. SSR LLZTO was synthesized from Li,CO;
(Sigma-Aldrich, 99%), La,O; (Aldrich, 99.99%), ZrO, (Aldrich,
99%), and Ta,Og (Alfa Aesar, 99%). The raw materials were ball
milled (SPEX 8000M, 1050 cycles per minute for 90 min) for good
mixing, calcined at 950 °C for 12 h, ball milled again, and then
prepared into a green pellet using uniaxial pressing at ~300 MPa with
a SpecAc press. The pellets were sintered in MgO crucibles under a
Li,O-rich environment, as described in our previous works,*** in air
using a tube furnace (Lindberg/Blue M TFSS030A) with AL, O; tubes
and a heating rate of S °C/min. The P2G and SSR pellets were
sintered at 1100 °C for 2 or 6 h, while some SSR pellets were also
sintered at 1200 °C for 9 h. The nominal composition of both types
of LLZTO was Lig4La;Zr, 4, Tag40,,. The relative density of the pellet
was determined from the weight, thickness, and cross-sectional area of
the pellet and referenced to a theoretical density of 5.4 g/cm® (from
the LLZTO reference pattern PDF 04-018-9024).>® The pellets had
diameters of around 6.5 mm and thicknesses of around 0.7 mm after
sintering.

2.2. Materials Characterization. Powder X-ray diffraction
(XRD) was performed on sintered LLZTO pellets (Malvern
PANalytical Aeris) with a Cu Ka source after polishing with 240—
2000 grit SiC sandpaper (McMaster-Carr) to obtain flat surfaces. The
microstructure of the LLZTO samples was characterized using
scanning electron microscopy (SEM) with a FEI XL30, FEI Nova
200, Zeiss Auriga, or Helios SUX microscope. The elemental
distribution was measured with an Oxford X-Max energy dispersive
X-ray spectrometer using the Zeiss Auriga scanning electron
microscope. The cross sections of the as-sintered samples were
imaged by fracturing the pellets and coating the fracture surface with
carbon using sputtering. To characterize samples after Li stripping/
plating measurements, the pellets were first soaked in a solution of 3
M glacial acetic acid in isopropyl alcohol, followed by soaking in 1 M
HCI to remove the Li/Sn alloy electrodes from the pellet surfaces.
Then, the pellet fracture surfaces were imaged as described previously.
The secondary electron image was used to observe the micro-
structure/morphology and the backscattered electron (BSE) image
was used to indirectly identify Li dendrites. The average grain sizes of
the LLZTO pellets prepared using P2G and SSR methods were
measured from approximately 150 grains from SEM images (2000X
magnification) of the fracture surfaces using Image].

XPS was used to characterize the elemental composition and
surface chemistry of the LLZTO samples by using a Kratos Axis Supra
+ spectrometer with a monochromatic Al Ka X-ray source. The pellet
surfaces were polished with SiC sandpaper (similar process as
described for XRD sample preparation) and further cleaned with 20
keV 500 Ar* clusters (equivalent to 40 eV Ar* ion, which should not
reduce the elements in sample®*°). The binding energies were
calibrated to the Zr 3d energy at 182.6 eV*** because the C 1s signal
was too weak after sample cleaning. The band gaps of sintered
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Figure 1. (a) Total ionic conductivities of LLZTO pellets (1 = number of pellets) with different sintering conditions. (b) Arrhenius plot of the total
ionic conductivity of P2G and SSR LLZTO. The dashed lines show fits according to the Arrhenius equation.

LLZTO samples were measured by XPS using REELS>®*’ from the
low-energy (<S50 eV) electron loss spectrum. Both XPS spectra and
REELS analysis were taken from 200 gm X 200 ym areas on the
surface of the pellet samples.

2.3. Electrochemical Characterization. The as-sintered pellets
were polished under ambient conditions using a series of SiC
sandpapers from 240 to 2000 grit (McMaster-Carr) to make clean
and smooth surfaces. Then, the pellets were transferred to an Ar-filled
glovebox for the application of Li/Sn alloy (20 wt % or ~1.5 mol %
Sn) on both sides (~100 um thick) of the pellet to serve as low
impedance electrical contacts, as described in previous studies.*>*’
Coated LLZTO pellets were assembled in pouch cells and then
removed from the glovebox for further electrochemical tests. The
details of the cell assembly are described in our previous works.**'
The ionic conductivity of the LLZTO pellets was determined using
electrochemical impedance spectroscopy (EIS) over a frequency
range of 7 MHz—1 Hz with a 50 mV stimulus voltage at room
temperature. The impedance data were fit as described in our
previous work.*' The total conductivity values were measured from
—20 to 60 °C inside a home-built chamber using thermoelectric
(Peltier) modules to change the temperature. The activation energy
(E,) was calculated from the linear fit of the equation: 6., T = A’ exp
(—E./kgT), where 0y, is the total ionic conductivity, A’ is the pre-
exponential factor, kg is Boltzmann’s constant, and T is the absolute
temperature.

Galvanostatic Li stripping—plating measurements were performed
in symmetric configurations with Li/Sn alloy electrodes. Initially, the
Li* was stripped (oxidized) from the counter electrode and moved to
the working electrode to become reduced (Li metal plating). The
direction of the current was reversed after 30 min or 1 h so that a full
stripping/plating cycle was either 1 or 2 h. The voltage limit was set to
—1.5 and +1.5 V. The pellets were cycled with an initial current
density of £0.05 mA/cm? which was increased to +0.1, +0.2, +0.3,
and +0.4 mA/cm” until completing 50 cycles or short-circuiting. The
amount of Li dissolved/plated in a unit area was calculated from

, . It . .
Faraday’s law using n = = where 7 is the number of moles of Li

metal dissolved in a unit area, I is the current passed through the unit
area, t is the time, z is the valence of the Li* ion, and F is Faraday’s
constant. The thickness of Li was calculated from the equation

T= ’;—A:, where T is the thickness of Li metal dissolved in a unit area,
M is the atomic mass of Li, p is the density of Li, and A is the area. All
experiments were carried out at room temperature and without any
externally applied pressure to the pellets.

Linear scanning voltammetry (LSV) was also used to measure the
current response of the symmetric cells under a unidirectional linear
increase in voltage with a scan rate of S mV/s. When the current
density of the cell showed a sudden increase, the cell was considered
short-circuited; the voltage at which the short was observed is referred
to as the “critical voltage” in this work. The electronic conductivity of

the samples was measured using DC polarization as described in Han
et al.’s work,”" except instead of Cu contacts, graphite electrodes were
applied as described in previous work.>”

3. RESULTS

3.1. lonic Conductivity, Microstructure, and Elec-
tronic Properties of P2G and SSR LLZTO. To elucidate the
effect of grain size on the properties of LLZTO, we aimed to
keep all other parameters (e.g, phase purity, ionic conductivity,
relative density, etc.) constant between the P2G and SSR
materials. Figure la shows the ionic conductivities of SSR
(blue) and P2G (red) LLZTO pellets sintered under different
conditions. Both types of LLZTO were sintered at 1100 °C for
2 and 6 h, and SSR LLZTO was also sintered at 1200 °C for 9
h. The box plots show the ionic conductivity data for all
samples (n = number of pellets per sintering condition). In
these plots, the whiskers indicate the maximum and minimum
values observed, the box shows data from the highest quarter
to lowest quarter of values, and the average values are indicated
by the black circles. The results show that the SSR LLZTO
requires comparatively longer sintering times than P2G
LLZTO to reach a similar average ionic conductivity. For
P2G LLZTO, 2 and 6 h sintering at 1100 °C results in similar
average room temperature ionic conductivity. The ionic
conductivity of both types of LLZTO increases slightly with
the relative density, and the relative density also slightly
increases with the sintering time (Figure S1). EIS data for P2G
and SSR pellets evaluated from —20 to 60 °C are presented in
Figure S2. Based on the linear fit (Figure 1b) of In () and
1000/T, we found the activation energies to be 0.326 eV for
P2G and 0.363 eV for SSR, which correspond well to the
literature values.”> At —20 °C, the Nyquist plots show a small
feature attributed to the grain boundary resistance in the
frequency range of 100—2 kHz, and the total ionic
conductivities for P2G and SSR samples were also comparable
(Figure S2d). Taking all data points into consideration, we can
conclude that SSR LLZTO sintered at 1100 °C for 6 h has
similar ionic conductivity to that of P2G LLZTO sintered at
1100 °C for 2 h. Hence, these two types of LLZTO pellets
were chosen for further comparison and characterization.

The XRD patterns for a SSR LLZTO pellet sintered at 1100
°C for 6 h and a P2G LLZTO pellet sintered at 1100 °C for 2
h were similar (Figure S3) and matched well with the
LigsLasZr; sTay 5O, reference pattern, indicating that both
sintered pellets have high phase purity. Figure 2a shows that
the average grain size was 2.9 ym (SD 1.02) for P2G LLZTO,
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Figure 2. (a) Grain size distribution of SSR and P2G LLZTO pellets.
SEM images at 2000x of (b) P2G LLZTO sintered at 1100 °C for 2 h
and (c) SSR LLZTO sintered at 1100 °C for 6 h and at 1000x of the
same pellets: (d) P2G and (e) SSR.

while it was 8.9 um (SD 2.8) for SSR LLZTO, which also had
a wider grain size distribution. As discussed in our previous
works,”° the smaller grain size in P2G LLZTO is attributed to
the mechanism of garnet formation in the P2G method.
During the reactive sintering process, LLZTO forms directly
from the reaction of pyrochlore nanoparticles with molten
LiOH in only 2 h, which allows for garnet formation and
densification without substantial grain growth. The SEM
images of the fracture surfaces of P2G LLZTO (Figure 2b,d)
sintered at 1100 °C for 2 h and SSR LLZTO (Figure 2c,e)
sintered at 1100 °C for 6 h show that both types of pellets are
relatively dense with few inner pores.

To obtain more information about the electronic structure
and chemical bonding in the LLZTO samples, XPS was
performed. Due to the formation of Li,COj; surface species
when LLZTO is exposed to water and carbon dioxide under
ambient conditions,*” the carbon signal is very high for as-
prepared pellets (even after polishing with sandpaper) and can
block the observation of signals from the underlying LLZTO.
The surfaces of the samples were cleaned using Ar* clusters to
remove the Li,COj; on the surface before the XPS analysis.
After the Ar* cluster etching, the C—C signal was reduced to a
very low level, indicating a significant removal of Li,CO;
(Figure S4). The Zr 3d peaks were therefore used for energy
calibration instead of the C 1s peak and validated with a ZrO,
reference (Figure SS). The XPS spectra of the Ta 4f peaks are
shown in Figure 3a,b, with the feature at higher energy (~30.5
eV) representing the binding energy of Zr 4p.*** The Ta 4f
spectra in the P2G and SSR samples show very similar binding
energy, areal ratio (4:3) between the Ta 4f/% and 4f/* peaks,
and peak splitting (AE ~ 1.9 eV), which match the
characteristics expected for Ta’*.**~*’ Similarly, the La and
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Figure 3. High-resolution XPS spectra of Zr 4p and Ta 4f for (a) SSR

and (b) P2G LLZTO. (c) Valence REELS spectra of SSR LLZTO

(blue) and P2G LLZTO (red) taken from a 200 gm X 200 ym area.

Inset shows the position of the band gap region.

Zr spectra for the P2G and SSR pellets were almost identical
(Figure S6), showing that the oxidation states and chemical
environments in the two types of samples are very similar.

Analysis of LLZTO using EELS has been informative for
identifying local changes in the composition and band gaps at
the grain boundaries.”> Reflection electron energy loss
(REELS) is a complementary technique that bombards low-
energy photons onto the surface of sample and then collects
the reflected electrons to measure their energy distribution.””
In this work, REELS data were collected from 200 gm X 200
pum areas in the P2G and LLZTO pellets, and so the
measurement is sampling many grains and grain boundaries.
Figure 3c shows the valence REELS spectrum of SSR (blue)
and P2G (red) LLZTO. The REELs spectra for both types of
LLZTO are very similar, and both increase in intensity at ~6
eV, which corresponds to the band gap value.”®*" This value is
consistent with values from theoretical calculations (6.4 eV)**
and optical absorption measurements (5.5 eV, ~ 6 eV>').
Electronic conductivity measurements (Figure S7) showed
that the overall electronic conductivity of SSR and P2G
LLZTO pellets are on the same level (SSR: 4.4 X 107° S/cm;
P2G: 3.9 X 107 S/cm), which is within the range (107—107°
S/cm) of data reported by other groups for polycrystalline
LLZO 3215354

3.2. Electrochemical Cycling Behavior of P2G vs SSR
LLZTO. Galvanostatic Li stripping/plating measurements were
carried out on P2G and SSR pellets by using Li/Sn alloy
electrodes in symmetric cell configurations. The pellets had
comparable relative densities and ionic conductivities (Table
S1, Nyquist plots in Figure S8), with an average of 91.25% (SD
2.05) and 0.425 mS/cm (SD 0.16), respectively. This is similar
to the range shown in Figure 1, so we consider these
representative pellets. Figure 4 shows the voltage profiles for
measurements carried out on P2G and SSR pellets with 1 h per
full cycle (e.g., 30 min stripping, 30 min plating) (Figure 4a,b)
and 2 h per full cycle (Figure 4c,d) with zoomed in versions
shown in Figures S9—S12. The cycling data show that the
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represents P2G pellets.

maximum voltage values increase as the current density
increases, but that the voltage response and CCD to cause
shorting were different in the two types of LLZTO. We can see
that in Figure 4a, the cycling was stable and the voltage of P2G
LLZTO was relatively constant and showing ohmic behavior
(see Figure S9 for zoomed-in views) at each current density up
to 0.3 mA/cm? which indicates that there is no significant
increase of internal resistance. However, a sudden voltage drop
was observed (Figure S9e) when the current density was
increased to 0.4 mA/cm?, indicating short circuiting of the cell.
For SSR LLZTO, the voltage profiles were stable at 0.05 mA/
cm® but became sloped at 0.1 mA/cm® (Figure S10b),
indicating an increase in resistance, with cells shorting at the
end of cycling at 0.1 mA/cm* (Figures 4b and S10b). When
the time of the full cycle was doubled (from 1 to 2 h), the P2G
pellet showed a short circuit when the current density was
increased to 0.3 mA/cm® (Figure 4c). The amount of Li
dissolved/plated per unit area at 0.3 mA/cm* was calculated as
1.45 pm thick. However, the SSR pellet (Figure 4d) still short-
circuited at 0.1 mA/cm® These experiments were repeated
with other pellets (Figure S13 and Table S2), with the SSR
LLZTO consistently shorting at lower current densities than
P2G LLZTO.

As an alternative to galvanostatic cycling, LSV was also
performed on P2G and SSR LLZTO pellets. LSV allows for
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polarization of the cell in one direction with a steady increase
in current density until the formation of a short circuit, as
indicated by a sharp increase in current density. As in the
galvanostatic measurements, efforts were made to keep the
physical properties of the pellets as close as possible so that the
effect of the grain size could be isolated. Figure Sa,b shows the
LSV current density and capacity profiles acquired using a scan
rate of 5 mV/s, where P1—P4 are P2G pellets and S1—S4 are
SSR pellets. The pellets had an average relative density around
88% and an ionic conductivity of around 0.3 mS/cm (Table
S3), except for P1 (98% and 0.6 mS/cm). The results show
that the P2G pellets generally display higher CCD values than
the SSR pellets (Table S3), although there are pellet-to-pellet
variations. During bidirectional cycling (as illustrated in Figure
4), the LLZTO/Li metal interface can worsen and cause the
interface resistance to increase with repeated stripping/plating,
eventually resulting in void formation and a decrease in the
active interface area. However, since LSV is unidirectional, the
interface where plating takes place should be void free. This is
believed to be the reason for the higher CCDs seen in LSV
measurements compared to the galvanostatic measure-
ments.>*

The SSR pellets also shorted at a “critical voltage” of ~0.3—
0.5 V, similar to the findings by others,”>*® where LSV on
LLZTO prepared by SSR displayed shorting at ~0.4 V. In
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a)

d)

Figure 6. (a—c) Backscattered SEM image of the P2G LLZTO sample after cycling. (d—f) Backscattered SEM image of the SSR LLZTO sample
after cycling. These pellets correspond to the pellets from Figure 4a (P2G) and 4b (SSR).

contrast, the critical voltage for the P2G pellets was more than
doubled. P1, which had the highest relative density and ionic
conductivity, showed a critical voltage of ~1 V and a CCD of
1.11 mA/cm? Based on the small amount of charge capacity
passed during the LSV experiment (Figure Sb), a maximum of
~0.05 mA h/cm? for the best P2G pellets (equivalent to a ~
240 nm thick Li layer) but as low as 0.005 mA h/cm? for the
worst SSR pellet, we believe the interfaces should remain intact
and free from voids. Finally, the differences in R, and R; from
the EIS data of the pellets taken prior to the LSV
measurements (Figure S14 and Table S3) did not appear to
have a large effect on the critical voltage. For instance, P2 had
the highest R; but a critical voltage larger than that of SI and
S2. As with the galvanostatic cycling measurement, the LSV
results again show that P2G LLZTO displays better resistance
to short-circuiting compared to SSR LLZTO despite the
higher grain boundary area.

3.3. Microstructure Analysis of P2G and SSR LLZTO
after Cycling. To better understand the distribution of Li
metal through the pellets after short circuit formation, the
pellets subjected to galvanostatic cycling were fractured, and
cross-section samples were observed with SEM. Figure 6 shows
the BSE cross-sectional images for LLZTO pellets (0.8—0.9
mm thickness) after the galvanostatic stripping/plating experi-
ments. Figure 6a—c are SEM images of the P2G pellet from
Figure 4a after cycling, while Figure 6d—f are the SEM images
of the SSR pellet shown in Figure 4b after cycling.

In BSE imaging, the signal intensity increases with the
increase in atomic number; therefore, the regions with dark
contrast in these images are presumed to be from lithium-
containing species, e.g. LiOH, Li,O, or Li,COj;, that formed
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when the pellet was fractured and the deposited Li metal was
exposed to the air. The low magnification BSE images show
that there are fewer dark areas in P2G LLZTO (Figure 6a)
than in SSR LLZTO after shorting (Figure 6d), especially near
the center or bulk of the pellet far from the interface with the
Li/Sn electrodes. Under higher magnification (Figure 6b,c), Li
appears to be deposited very uniformly along the edge of the
P2G pellet with the majority of LLZTO grains still in contact
with each other. Also, while Li can be found in some pores and
voids, there is no significant Li found along the grain
boundaries in the bulk of the P2G LLZTO pellet.

In contrast, for SSR LLZTO, significant regions of dark
contrast are seen throughout the pellet and in the bulk (Figure
6e,f), with most grains appearing to be completely surrounded
by Li. These results seem to indicate that the contacts between
SSR LLZTO grains are more easily penetrated by Li during
cycling, which further augments the destruction of the
structure. Based on the theoretical calculation for the amount
of Li deposited during plating, there should only be, at most, a
1—2 pm thick Li layer deposited in each cycle, which is not
enough to build a network of Li filaments, as seen in Figure
6d—f. A plausible explanation is that only a small portion of the
Li deposited in SSR LLZTO was stripped back to the interface
in each cycle, with the rest of the Li becoming disconnected
from the electrodes (ie, becoming “dead Li”) and staying in
the pellet. With each subsequent cycle, more dead Li can form
and finally build a large network of Li dendrites.

The failure mechanism via intragranular Li metal prop-
agation observed in SSR LLZTO is reproduced in multiple
pellets (Figures S15 and S16) and consistent with observations
from other reports.'®*° We observed that in some SSR pellets
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Figure 7. Schematic of proposed lithium stripping/plating processes in larger-grained SSR LLZTO compared to smaller-grained P2G LLZTO.

(e.g, the pellet corresponding to the data in Figure S13d),
energy-dispersive X-ray spectrometry (EDS) analysis revealed
the presence of Mg and Al at the grain boundaries (Figure
S17a,b). We suspect that this arose due to adventitious
contamination from the MgO crucible and/or Al,O; tube used
for the sintering since these impurities were not seen in the as-
synthesized SSR powder (Figure S17c). Segregation of Al-
containing glassy phases at the grain boundaries of LLZTO
from unintentional and intentional doping has been reported
in previous studies.””® Such contamination was not seen in
either the pyrochlore precursor or the P2G pellets, likely
because of the shorter required calcination/sintering times in
the P2G method (Figure S18). SSR pellets without Mg/Al
impurities displayed similar ionic conductivity and cycling
properties (Figure S19) to the pellets with contamination,
which suggests that these impurities do not play a major role in
the short-circuit behavior in the SSR pellets prepared herein.
On the other hand, the absence of significant Li metal
signatures around the grain boundaries in P2G LLZTO is in
stark contrast to the failure mode seen in SSR LLZTO. We
acknowledge that the SEM images only show a single fracture
surface, and that there must be a dendrite causing a short
circuit in some other plane of view. Figures S20—S22 shows
SEM images at different magnifications of a P2G pellet where a
Li metal dendrite was observed in a crack visible in the fracture
plane. Despite the large crack-embedded Li dendrite, there is
still a noticeable absence of Li around the grain boundaries.
These microstructural observations, along with the higher
CCDs achieved in the P2G pellets in the electrochemical tests,
strongly suggest a lower concentration of Li dendrites in these
samples. The results point to an improved resistance to failure
by Li dendrite penetration in P2G LLZTO despite the small
grain size and larger grain boundary area in these materials.

4. DISCUSSION

Given that Li dendrites are known to nucleate at and penetrate
through the grain boundaries of LLZO, one may expect
samples with smaller grains to display lower CCDs and worse
resistance to short circuits. However, our experimental data
show that P2G LLZTO can exhibit improved Li stripping/
plating characteristics compared to SSR LLZTO, which
suggests that any potential disadvantages of small grain size
or large grain boundary area may be avoided in P2G LLZTO.
Theoretical calculations®”*” and EELS measurements
previously showed that the surfaces and grain boundaries in
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LLZTO exhibit lower band gaps than the grain volumes, but
from the XPS measurements collected herein, we are unable to
observe significant differences in chemical oxidation state or
average band gaps from REELs. While we acknowledge that
our XPS and REELS measurements may be limited in spatial
resolution, the galvanostatic cycling, LSV measurements, and
post-mortem SEM analysis are all consistent and point to an
improved resistance to Li nucleation and propagation at grain
boundaries in P2G samples, leading to higher sustained current
density and voltage before short circuit formation when
compared to SSR LLZTO. Therefore, there must be some
other reason to explain the observed differences in the P2G
and SSR pellets.

The role of electronic conductivity in the nucleation and
propagation of Li dendrites through the LLZO has been the
subject of much discussion. Theoretical calculations provide
support for the ability of LLZO surfaces to trap excess
electrons,”” enabling the nucleation of isolated Li metal in
pores or voids. However, the fact that Li dendrite formation is
also observed in highly dense samples has drawn attention to
the role of electronic conductivity in LLZO. Measurements
conducted on chemically homogeneous single crystals of Ga-
doped LLZO revealed a much lower electronic conductivity of
~107% §/cm’>” compared to those measured on polycrystalline
samples, while first-principles calculations predicted an even
lower intrinsic electronic conductivity of <107* §/cm.* Since
the electronic conductivity of as-prepared P2G and SSR pellets
in our study are comparable (Figure S7), we posit that, at least
in the samples studied herein, the electronic conductivity of
the grain boundaries is not the origin of the difference we
observe in the electrochemical properties of the two samples.

Another important parameter is the area-specific resistance
(ASR) of the interface. The Li/LLZO interface is known to
display high resistance due to poor wetting of Li to the surface
of LLZO, and the CCD and ASR are usually inversely
correlated.’ The CCDs observed herein also appear to be
consistent with or higher than what has been reported by other
groups for similar values of ASR.°> While some P2G pellets
display a lower ASR than the SSR pellets, there does not
appear to be a strong correlation between the ASR and the
CCD from our data.

We propose that the grain size reduction in P2G samples is
beneficial for mitigating Li dendrite growth by homogenizing
the Li flux and distributing the current, as shown schematically
in Figure 7, where there are more grain boundary pathways for
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the Li dendrites to distribute over in fine-grained LLZTO
compared to large-grained LLZTO. This is similar to the
results and explanation reported by Cheng et al., where fine-
grained LLZTO was prepared by attrition milling of SSR
powders and displayed improved cycling performance
compared to large-grained samples."’ Ouyang et al. arrived at
a similar conclusion and further highlighted the benefit of
using small-grained LLZO with minimal pores to achieve
higher CCD compared to that achieved using large-grained
LLZO.*® Su et al. also showed that fine-grained Ga-doped
LLZO prepared using two-step sintering displayed Dbetter
resistance to cracking after exposure to Li compared to samples
with larger grains, some of which displayed abnormal grain
growth.” The authors proposed that LLZO pellets with more
homogeneous grain size can endure higher stresses, since such
cracks could form from lattice volume changes when Li enters
the LLZO structure. Additionally, since it has been shown
through density functional theory calculations that LLZO with
different surface terminations have different adhesion energies
and hence wettability to Li metal,* and smaller grain sizes
could decrease the contact area between Li and the poorly
wetting grains. Another difference might be that for smaller
grain sizes, the Li dendrites grown during the cycling may be
less likely to become disconnected and turn into “dead Li”.
We also speculate that the fine-grained LLZTO afforded by
our P2G method may lead to grain boundaries with properties
different from those seen in conventional SSR LLZTO or even
fine-grained pellets prepared using other methods such as two-
step sintering. There are two possible reasons for this. The first
is that P2G LLZTO is formed via the reactive sintering of the
pyrochlore precursor with LiOH, which is molten at the
sintering temperature used in our studies. Liquid-phase
sintering is known to not only improve densification of
powders using shorter sintering times but may also lead to
different microstructures compared to conventional sinter-
ing.65 In our P2G process, the amount of LiOH in the green
pellet is estimated to be at least S0 vol % once melted; we
speculate that the large volume of liquid phase can allow for
the formation of LLZTO with lower energy surfaces. This can
be seen in the fracture surfaces of the P2G pellets (Figure
$23), which exhibit predominantly intergranular fracture to
reveal faceted grains resembling the trapezohedral and
dodecahedral crystal habits seen in naturally occurring garnet
silicate minerals (Figure $24).°° In contrast, the fracture
surface of SSR LLZTO displays more transgranular (intra-
granular) fracture, particularly in the larger grains. While more
research is needed to better understand the nature of the grain
boundaries in the P2G samples, we hypothesize that they may
also be different from those in LLZO prepared by rapid
densification methods such as hot-pressing. Electron back-
scattered diffraction studies on hot-pressed LLZO have shown
that grain boundaries with higher misorientation angles (>40
to 50°) are more favorable than lower angles,zs’él’6 %% while
LLZO prepared using conventional pressureless sintering
displays a higher percentage of grain boundaries with lower
misorientation angles.'” On the basis that the P2G method is
not only a pressureless method but also one that utilizes liquid
phase sintering as well as reactive sintering, it is plausible that
the grain boundary misorientation angles (and other proper-
ties, e.g, mechanical) could be different in P2G compared to
those seen in hot-pressed and conventionally sintered LLZO.
Second, the deleterious effects of compositional inhomoge-
neity may be mitigated via the P2G process. Our previous
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studies on LLZTO showed that inhomogeneous distribution of
the Ta-dopant among various grains can lead to lower ionic
conductivity and that the P2G method is one approach to
mitigate composition inhomogeneity.69 Not only is composi-
tional uniformity important for achieving high ionic con-
ductivity and stabilization of the cubic phase of LLZTO, but
since Zr has been demonstrated to be less stable to reduction
by Li metal compared to Ta,°*’° grains with local Zr
enrichment could be susceptible to the formation of electroni-
cally conducting pathways.

5. CONCLUSIONS

In summary, we show that P2G LLZTO pellets prepared via
reactive sintering of Ta-doped pyrochlores with LiOH can
display a higher CCD and voltage compared to LLZTO
prepared using SSR and conventional pressureless sintering.
Despite the smaller grain sizes and higher grain boundary area
in P2G LLZTO, we observe improved resistance to Li dendrite
nucleation and propagation around the grain boundaries, in
stark contrast to the failure mechanism seen in SSR LLZTO.
We believe that this is due to the more distributed Li* ion
current density through P2G LLZO pellets containing a larger
number of grain boundaries (ie, from smaller grain sizes)
compared to the more focused current at fewer failure points in
SSR LLZO with larger grain sizes. This study highlights how
different synthesis and sintering methods may lead to different
cycling outcomes and failure modes. Further comprehensive
studies on how grain boundary properties vary in LLZO
prepared using different methods may be worthwhile for
obtaining a more fundamental understanding of the failure
mechanisms and opportunities for improving garnet-type solid
electrolytes for use in solid-state Li metal batteries.
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