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ABSTRACT: Cubic garnet phases based on Al-substituted
Li;La;Zr,0;, (LLZO) have high ionic conductivities and
exhibit good stability versus metallic lithium, making them of
particular interest for use in next-generation rechargeable
battery systems. However, high interfacial impedances have
precluded their successful utilization in such devices until the
present. Careful engineering of the surface microstructure,
especially the grain boundaries, is critical to achieving low
interfacial resistances and enabling long-term stable cycling
with lithium metal. This study presents the fabrication of
LLZO heterostructured solid electrolytes, which allowed direct
correlation of surface microstructure with the electrochemical
characteristics of the interface. Grain orientations and grain
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boundary distributions of samples with differing microstructures were mapped using high-resolution synchrotron polychromatic
X-ray Laue microdiffraction. The electrochemical characteristics are strongly dependent upon surface microstructure, with small
grained samples exhibiting much lower interfacial resistances and better cycling behavior than those with larger grain sizes. Low
area specific resistances of 37 Q cm? were achieved; low enough to ensure stable cycling with minimal polarization losses, thus
removing a significant obstacle toward practical implementation of solid electrolytes in high energy density batteries.
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B INTRODUCTION

Enabling cycling of lithium metal anodes is a critical step
toward achieving breakthroughs in next generation rechargeable
batteries, such as Li—air and Li—sulfur systems.l_4 The use of a
solid ceramic electrolyte on the anode has recently been
proposed to mitigate the deleterious effects of lithium dendrite
growth and mossy deposition associated with repeated plating
and stripping of the lithium anode when conventional liquid or
polymer electrolytes are used. A practical solid electrolyte must
have high ionic conductivity, good chemical stability against
metallic lithium, low interfacial resistance, and long cycling in
order to realize high performance devices.” Despite superionic
conductivities close to or even higher than conventional liquid
electrolytic solutions, the practical application of Li;Al-
Ti, . (PO,)s (LATP)%’ and Li;,GeP,S;, (LGPS)® is hindered
by their instabilities against reduction by lithium metal.”* In
contrast, highly conductive garnet oxides'"'? and thio-
phosphates exhibit better stability against reduction by lithium
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metal.'¥'* Yet, high interfacial resistances,

potential build-up during cycling,"*"® and short cycle life
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remain unsolved problems for their application in practical
devices.

The above-mentioned problems are associated with sluggish
ion transport in the interfacial regions,21 inhomogeneity in
potential—current distributions,”
focusing during operation.”> These ionic transport properties
are intimately related to the microstructures and chemical
compositions of polycrystalline ceramics electrolytes.” Al
substituted Li;La;Zr,0,, (LLZO), for example, is densified
through a sintering process involving high temperatures and
lengthy heating times, with both lithium and aluminum
contents sensitive to processing conditions.">"” Attempts to
modify the microstructure by changing either synthetic routes
or processing conditions inevitably lead to variations in
composition of the resulting densified ceramic. This accounts
for the wide distribution of chemical compositions and
microstructures reported in the literature for LLZO sam-
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Figure 1. Schematic of ceramic processes for fabrication of LLZO pellets with large grains, small grains, and complex heterostructures with
alternating large and small grain layer LLZO electrolytes. (Images of the densified heterostructures are for illustration purpose only and differ from

the observed topologies of the actual pellets, provided in Figure 3.)

15,17,24—32 : : . .
ples. 17,2473 Despite the progress in microstructure engineer-

ing of solid state electrolytes, the knowledge of the relationships
among microstructure, interfacial resistance, and cycling
performance is very limited. The complexity involved in
differentiating the roles of the interfaces and the bulk, as well
as decoupling microstructure effects from those of chemical
composition, presents formidable challenges in understanding
the electrochemical behavior of solid electrolytes based on
LLZO.

Herein we report a study that correlates electrolyte
microstructure with interfacial and electrical cycling properties,
using dense Al-substituted LLZO as a model system. Our
approach was 3-fold: first, we developed a ceramic processing
technique to prepare dense LLZO solid electrolytes with
complex yet controllable microstructures, including both homo-
and heterostructures, using the same sintering conditions;
second, we demonstrated that the Li/LLZO interfacial
resistance is strongly correlated with the interface micro-
structure and grain boundaries, and very low interfacial
resistance can be achieved; and last, we differentiated the
contributions from surfaces and bulk in symmetrical lithium cell
measurements and revealed that the cycle life of LLZO is
strongly impacted by the microstructure of the Li/LLZO
interface, particularly the grain boundaries. Grain and grain
boundary orientation mapping by high-resolution synchrotron
X-ray Laue microdiffraction experiments indicated that grain
boundaries play a critical role in the performance of solid
electrolytes. Our work unveiled the correlation of key interfacial
properties with solid electrolyte surface microstructures,
providing insights into the optimization of polycrystalline
ceramic electrolytes for durable high-rate, high-energy devices
with lithium anodes.

B EXPERIMENTAL SECTION

LLZO powder was synthesized via a solid state reaction as reported in
ref 17. The as-synthesized fresh powder was ground by hand and
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sieved to below 75 um to obtain particles 10 ym across. To prepare
the 1 um sized LLZO particles, some of the 10 ygm LLZO powder was
attrition milled at 450 rpm for 2 h with 2 mm diameter ZrO, media in
isopropyl alcohol (IPA). IPA was removed by drying the samples in air
under a heat lamp. Particle size analysis was carried out using a
Beckman Coulter LS 200 particle characterization system.

The attrition-milled powder was mixed with 10 ym LLZO powder
at varying ratios of 50, 70, 90, and 100 wt %. Pellets were made by cold
uniaxial pressing of the powders using a 3/8 in. stainless steel dye
without binder. LLZO bars were made by pressing fine powder into
bar shapes and sintered at 1100 °C for 12 h in air. The dimensions of
the bars were 16 mm X 3 mm X 2 mm. LLZO heterostructures were
made by pressing the powders layer by layer using the same process.
The pressed green bodies were placed on a LLZO powder bed, fully
covered by fresh LLZO powder in a covered alumina tray, and then
fired at 1100 °C for 12 h in air. Sintered pellets were stored in an Ar-
filled glovebox. The surfaces of the sintered pellets were dry-polished
using several pieces of polishing paper with grit numbers progressing
from 240 to 600 in an Ar glovebox to avoid contact with air, water, and
contamination from liquid polishing media. Special care was taken in
polishing so that the surface layers were not fully removed in the
heterostructured LLZO pellets. The densities were estimated from the
weights and dimensions of the sintered LLZO circular disks. Powder
samples and sintered pellets were characterized by X-ray powder
diffraction (XRD) using a Bruker D2-Phaser with Cu Ka radiation (4
= 154178 A). The pure cubic LLZO pattern was simulated using
PowderCell 2.4 (W. Kraus and G. Nolze, Federal Institute for
Materials Research and Testing, Rudower Chaussee 5, 12489 Berlin,
Germany) with unit cell parameters taken from the literature.*®
Surface and fractured cross-section images of the fresh pellets were
obtained by scanning electron microscopy (SEM) using a JEOL-7S00F
field emission microscope or a HITACHI TM-1000 tabletop
microscope, using secondary electron imaging (SEI) mode.

Alternating current impedance measurements were performed on
dense pellets using a VMP3 multichannel potentiostat/galvanostat
(Bio-Logic Science Instruments). For the experiments with blocking
electrodes, gold layers were sputtered on both sides of the pellet, and
Pt meshes and wires were attached as current collectors. For cells with
nonblocking electrodes, soft metallic lithium was first spread on both
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sides of the dense pellet to ensure good contact. Afterward, the pellet
was sandwiched between two lithium foil disks in a Swagelok-type cell.
The pressure was maintained in the Swagelok cells with springs having
spring constants of 13.3N/cm, so that the maximum load was 17 N,
corresponding to a pressure of 370 kPa. The estimated pressure on the
Li/LLZO/Li cell was 200 kPa, considering the spring displacement.
Samples were assembled in the same Swagelok cells with controlled
displacement so that similar pressures were used for each.

Measurements were made at frequencies from 1 MHz to 1 Hz. The
conductivities were calculated using the equation ¢ = (1/Z)(L/A),
where Z is the impedance, L is the pellet thickness, and A is the pellet
area. An (Rpe]letQpe]_let) (RinterfaceQinterface) €quivalent circuit (see inset in
Figure 4b) was used to fit the EIS data of cells with nonblocking
electrodes, where Q is the constant phase element (CPE). Typical
dimensions of the pellets were ~1.0 mm thick and 7.8 mm in
diameter, with the heterostructured LLZO slightly thicker at ~2 mm.
Cells with nonblocking electrodes were cycled at ambient temperature
inside an Ar-filled glovebox at a constant current density of 46 pA/ cm?
for 20 cycles (2 h per cycle) or varying current densities for 4 cycles (1
h per cycle). The current density started at 46 wA/cm* and was
stepped in increments of 22 yA/cm?® until cell shorting occurred. A
rest period of ~30 min was used between each current step.

The Laue X-ray microdiffraction experiments were conducted at
Beamline 12.3.2 of the Advanced Light Source (ALS) at Lawrence
Berkeley National Laboratory. A polychromatic X-ray beam (5-22
keV) was focused to ~1 X 1 um?® by a pair of Kirkpatrick—Baez
mirrors. The sample was mounted on a high resolution x—y scan stage
and tilted 45° relative to the incident X-ray beam. Laue diffraction
images were recorded in reflection mode with a two-dimensional
Pilatus-1 M detector mounted at 90° to the incoming X-ray,
approximately 140 mm from the probe spot. Exposure time at each
position was 1 s. The sharp reflections indicate a relatively low
dislocation density within the probed diffraction volume (~1 X 1 X 40
um®). The detector has a pixel size of 0.17 mm. Peak positions were
determined by fitting of a 2d Gaussian function with a precision of
about 0.1 pixels, providing an angular resolution of ~0.01°.
Calibrations for distance, center channel position, and tilt of detector
were performed on the basis of a Laue pattern from a strain-free
synthetic quartz crystal exhibiting similar penetration characteristics as
LLZO. This takes into account absorption and extinction effects. For
the LLZO_LG pellet, a 2-D scan of 67 X 67 points was performed
with a step size of 15 pm, and for the LLZO_SG pellet, a scan of 167
X 167 points was performed with a step size of 6 ym. Thus, similar
amounts of data points per grain were collected for both the small- and
large-grained samples. The X-ray scan diffraction data was then
processed by XMAS software.>*

B RESULTS AND DISCUSSION

Figure 1 shows a schematic of the processing routes we
developed to fabricate densified LLZO pellets with a variety of
complex microstructures. To achieve densification of LLZO
pellets with different microstructures under the same thermal
conditions, the key is to control the particle size distribution in
the packed green body by using a bimodal distribution, i.e.,
mixing large particles with smaller ones. As reported in our
previous work, densification of the pellet green body made
entirely of smaller particles of 1—2 um is associated with
tremendous grain growth.'” Sintered pellets typically exhibited
grain sizes of 100—200 ym (~100 times growth) and 92%
theoretical density, suggesting that a liquid sintering process
might be actively involved.*® Figure 2a,b shows SEM images of
the surface morphologies and fractured cross sections of
sintered pellets made from different weight ratios of small and
large particles. Introducing a small amount of larger particles
with an average diameter of 10 ym into the small particles (~1
um diameter) in the green body effectively suppressed the grain
growth, resulting in dense pellets with a much decreased grain
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Figure 2. SEM images of (a) surface morphology of a sintered pellet
made from 1 gm LLZO particles, (b) cross-section of a sintered pellet
made from 1 ym LLZO particles, (c) surface morphology of a sintered
pellet made from a mixture of 1 and 10 yum LLZO particles in a 90:10
weight ratio, (d) cross-section of a sintered pellet made from 90 wt %
1 pm particles and 10 wt % 10 pm particles, (e) surface morphology of
a sintered pellet made from a mixture of 1 and 10 ym LLZO particles
in a 70:30 weight ratio, and (f) surface morphology of a sintered pellet
made from a mixture of 1 and 10 ygm LLZO particles in a 50:50 weight
ratio.

size of about 20—40 pm across. A systematic study of the
densification of the packed green bodies consisting of bimodal
distributions of particles with different ratios of 10 pm-sized
particles (10, 30, and SO wt %) was carried out. In all cases, the
large grain growth seen when only fine powders were used was
suppressed. When the 10 ym size particle content was 10 wt %,
the green body was reasonably well-sintered (Figure 2c) with a
relative density of 90%, close to the 92% found for pellets made
exclusively from fine particles. The pellet exhibited a
distribution of grain sizes, with large ones about 20—40 um
across surrounded by pockets of smaller ones less than 10 ym
in size. Fractured cross-section images of the pellets made from
10 wt % 10 pm particles are provided in Figure 2d. In
comparison, densification was inhibited when larger amounts of
the 10 pm particles were used in the bimodal mixture.
Specifically, the surface of the pellet made with 30 wt % large
particles in the mixture exhibited a distribution of small grains
4—S pm across along with larger grains about 30 pm in size
(Figure 2b). The pellet had an estimated relative density of
80%. Increasing the content of the 10 ym particles in the green
body resulted in poorer densification (Table S1 in Supporting
Information) of the sintered pellets. For the SO wt % mixture,
the pellet was not fully sintered; the open porosity is clearly
visible in Figure 2f, and the grain size is between 10 and 20 ym.
Because of their high relative densities, only pellets made from
90 wt % fine powder (90% density) with grain sizes averaging
20—40 um across (designated as LLZO_SG) and pellets made
from 100% fine powder (92% density) with grain sizes about
100—200 pm across (designated as LLZO_LG) were subjected
to further study. In both cases, only closed and isolated pores
were observed within the pellets. Inductively coupled plasma
optical emission spectroscopy (ICP-OES) indicated that the
overall chemical compositions of the two samples were similar:
the chemical compositions are LigggAly33la3Zr; 9504149 and
Lig g,Aly 36La3Zr; 660119, for LLZO SG and LLZO_ LG,
respectively. (Oxygen content was estimated from charge
neutrality considerations.) This is not surprising since
LLZO_SG and LLZO_LG pellets were both subjected to the
same thermal treatment of sintering at 1100 °C for 12 h. The
lattice parameters derived from the XRD patterns were also
similar at 12.964(6) A for LLZO SG and 12.963(7) A for
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LLZO_LG, further confirming comparable overall chemical
compositions. Chemical compositions by ICP-OES and lattice
parameters are provided in Tables S2 and S3, Supporting
Information.'”®

By exploiting the uniquely different densified microstructures
of LLZO LG and LLZO_SG samples, it was possible to
fabricate LLZO solid electrolytes with complex heterostruc-
tures. This was carried out by pressing and cosintering three
alternating layers of green bodies composed of either the 90/10
bimodal distribution of 1 and 10 pm particles, or entirely
consisting of 1 um particles. Figure 3 shows cross-section SEM

Figure 3. SEM cross-section images of (a) LLZO_LG/SG/LG
heterostructure, (b) LLZO_SG/LG/SG heterostructure, (c) magni-
fied junction region of LG/SG/LG heterostructure, and (d) magnified
junction region of SG/LG/SG heterostructure. (Arrows indicate
positions of junction regions.)

images of the pellets with an approximately 1 mm thick inner
layer of small grains sandwiched between 300 ym thick surface
layers of larger grains (designated LLZO_LG/SG/LG, Figure
3a) and an approximately 1 mm thick inner layer with large
grains sandwiched between 200 and 300 pm thick surface layers
with small grains (designated LLZO_SG/LG/SG, Figure 3b).
SEM images of polished cross sections at the layer junctions of
LLZO_LG/SG/LG and LLZO_SG/LG/SG are shown in
Figure 3c,d, respectively. In the LLZO_LG/SG/LG pellet,
large grains of about 200 ym are visible on the bottom and
smaller grains of 20—40 ym on top. Larger grains of ~400 ym
were also observed on the surface layer of the LLZO LG/SG/
LG sample. The enhanced grain growth might be associated
with the induced stress/strain of mismatched sintering of the
alternating layers. In the LLZO_SG/LG/SG sample, large
grains of 100 ym can be easily observed, tightly bonded with

the layer composed of 20—40-ym-sized grains. The densities of
the LLZO_LG/SG/LG and SG/LG/SG heterostructures were
89% and 90%, respectively.

Total ionic conductivities of both LLZO_LG and LLZO_SG
pellets are plotted versus temperature in Figure 4a. The total
ionic conductivity at room temperature and activation energy of
LLZO_SG were measured to be 2.5 X 107* S/cm and 0.34 €V,
slightly higher than the 2.0 X 107* S/cm and 0.32 €V found for
LLZO LG (summarized in Table 1). This observation agrees

Table 1. Total Ionic Conductivity at 25 °C, Activation
Energy, and Interfacial Area Specific Resistances (ASRs) of
LLZO Pellets as a Function of Microstructure

total activation

pellet conductivity (S/cm) energy (eV) ASR (Q cm?)
LLZO_SG 2.5x 107* 0.34 37
LLZO_LG 20 x 107 0.32 130
SG/LG/SG n/a n/a S1
LG/SG/LG n/a n/a 227

well with the fact that higher activation energies have been
measured for grain boundaries than in the bulk for several
lithium ion conductors, and that LLZO SG has a hi%her
concentration of grain boundaries than LLZO LG.'*'73°
Indeed, Tenhaeff et al.>” have resolved the different
contributions of ionic conduction in bulk and grain boundaries
in a hot pressed LLZO solid electrolyte. They reported that
bulk resistance dominates at temperatures higher than —10 °C,
suggesting that the grain boundary network conducts better
than grains at temperatures above this point. It has also been
observed that the ionic conductivity of nanocrystalline LLZO is
enhanced, due to the very small grain sizes and larger
concentration of grain boundaries.”*

In the case of the LLZO_SG samples, the ionic conductivity
at room temperature was only moderately improved compared
to LLZO_LG. However, the LLZO/Li interfacial transport was
much better. For the measurement of the interfacial resistances,
LLZO SG and LLZO_ LG pellets were polished in the same
way to minimize the difference of surface roughness and
sandwiched between lithium electrodes. Figure S2, Supporting
Information, shows SEM images of the surface morphologies of
LLZO_LG and LLZO_SG pellets after polishing. Both of the
cells containing LLZO_LG and LLZO_SG showed one partial
semicircle in the high frequency range and a complete
semicircle at lower frequencies in the Nyquist plots (Figure
4b). The semicircles at high frequencies can be assigned to the
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Figure 4. (a) Arrhenius plot of total ionic conductivity; (b) Nyquist plot of Li/LLZO/Li symmetrical cells; (c) galvanostatic cycling of Li/LLZO/Li

symmetrical cells, stepping the current density from 46 to 156 yA cm™>, with a step size of 22 pA cm™
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Figure 5. Galvanostatic cycling of symmetrical cells at constant current densities of +46 A cm™ of (a) Li/LLZO_SG/Li, (b) Li/LLZO_LG/Li, (c)

Li/LLZO_SG_LG_SG/Li, and (d) Li/LLZO_LG_SG_LG/Li.

total resistance of the LLZO pellets on the basis of comparison
to the data obtained on cells with blocking electrodes, and the
low frequency semicircles are attributable to the resistances of
the Li/LLZO interfaces.>>® The interface area specific
resistance (ASR) for Li/LLZO_SG was only 37 Q cm?, one-
third the value of LLZO_LG (130 Q cm?).">"*"9723 Nyquist
fitting results are provided in Table S4, Supporting Information.
Furthermore, this indicates that high interfacial resistances are
not intrinsic to Li/LLZO cells but are strongly correlated with
the grain size and can be reduced by engineering of the
microstructure and grain boundaries.

In addition to decreasing the interfacial resistance, the proper
microstructure also positively impacts the cycling behavior. A
comparison of cycling performances using dc stepped current
cycling of symmetrical lithium cells containing LLZO_SG and
LLZO_LG pellets is shown in Figure 4c. The cell containing
LLZO SG performed much better in all aspects: critical
current density, overpotential, and cycling lifetime. The
potential of the Li/LLZO SG/Li symmetrical cell remains
constant at I~0.04 VI at current densities of +46 uA cm™2 and
increased linearly at higher current densities. The potential
agrees with the value predicted by ac impedance experiments,
indicating that the primary charge carriers are lithium ions. The
voltage profile during each step is flat for all current densities up
to 134 A cm™? typical of the behavior of single ion
conductors. Above this value, the cell exhibited voltage
instability and short circuited, consistent with the formation
of Li dendrites.'” Thus, the critical current density for the cell
containing the LLZO_SG pellet was 134 pA cm > In
comparison, the cell containing the LLZO_LG pellet showed
an unstable potential even at the lowest current density tested
(46 uA cm™). This is probably a consequence of an
overpotential increase due to significantly slower interfacial
ionic transport in LLZO_LG than LLZO_SG. The phenom-
enon is more severe at higher current densities. An over-
potential as high as ~0.08 V rapidly accumulated for this cell
when the current density was raised to 90 A cm™ and the cell
shorted during the 2 h period at this current density. Thus, the
critical current density was only 90 A cm™ compared to 134
UA cm™? for the cell containing LLZO_SG.

We speculated that the lower resistance at the interface
between Li and LLZO associated with the surface micro-
structure of LLZO SG accounted for the improved electro-
chemical properties. However, solely on the basis of the
experiments presented in Figure 4, we could not rule out bulk
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effects. For this reason, we prepared the two different types of
heterostructures described earlier, which had thin surface
regions with different microstructures from those in the thicker
interior (Figure 3). The role of the surface microstructure could
then be compared by measuring symmetrical cells containing
the two different heterostructures: the one with the large grains
on the outside (LG/SG/LG) and the one with small grains
outside (SG/LG/SG). The interfacial ASRs of the symmetrical
cells containing the heterostructured pellets are given in Table
1. While the ASR for the cell containing LLZO_SG/LG/SG is
51 Q cm? slightly higher than the 37 Q cm® measured for
LLZO_SG, the value increased to 227 Q cm” for LLZO_LG/
SG/LG, which is higher than that found in the LLZO_LG. This
higher value may be related to the presence of the very large
grains 400 ym across at the surfaces of the LLZO_LG/SG/LG
pellet. The study confirms that the interfacial resistance
between Li and LLZO is lower when the surface of the
LLZO has a finer microstructure and more grain boundaries.
The cycling performances of cells containing LLZO_SG,
LLZO_LG, LLZO_LG/SG/LG, and LLZO_SG/LG/SG
solid electrolytes at a constant current density of 46 yA cm™>
are shown in Figure S. The cells containing LLZO_SG and
LLZO_SG/LG/SG behaved similarly: at +46 uA cm™? both
cycled stably with potentials of 10.03 VI and 10.04 VI,
respectively, for more than 72 h with no signs of voltage
instability or short-circuiting. Cells with LLZO_LG and
LLZO LG/SG/LG exhibited poor performance at the same
current density: the cells exhibited voltage instability, fast
overpotential build-up, and short-circuited within 20 and 15 h,
respectively. The data for the cells containing LLZO_LG and
LLZO _LG/SG/LG suggest that the severe buildup of
overpotential during dc cycling is related to slow ionic
transport in the interface regions at the surface layers, which
are composed of large grains.”' The short cycle lives of the cells
containing LLZO with large grains at the surfaces may be
explained by detrimental current focusing due to inhomoge-
neous current distributions, which causes rapid initiation of
lithium dendrites at interfaces, a phenomenon extensively
studied in sodium beta alumina in the 1970—1980s.*97**

At LLZO/Li interfaces, the dc ionic current flow is
inhomogeneous because of differences between the resistivities
of the surface grains and grain boundaries. The lithium ion
current redistributes in such a way that low resistivity paths are
favored and can lead to dendrite formation. Lithium transport is
known for its dependence on crystal facet orientation, which
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may further impact current distribution in polycrystalline
electrolytes. For example, Kim et al. observed that the ionic
conductivity varied with crystal orientation in epitaxial garnet
type electrolyte films.*> A wide distribution of intergranular/
grain-boundary resistivities could also play an active role, as
highly conductive boundaries are favored for lithium ion
transport over more resistive boundaries and bulk grains. Thus,
information pertaining to grain orientations and grain boundary
misorientations is critical in determining their contribution to
the observed electrochemical behavior. To this end, X-ray Laue
microdiffraction was used to probe the grain orientation and
grain boundary misorientation distribution in the top layer of
surface grains in the LLZO_SG and LLZO_LG solid
electrolyte samples over a relatively large area (1 mm?).*
The technique uses white beam energy between 6 and 22 keV
with a maximum X-ray penetration depth of 15 um. The
surface grain sensitivity is assured by the indexing algorithm
which ranks the measured reflections according to their
intensities, thus preferring surface grains over subsurface grains
whose reflection intensities are reduced by absorption of the
surface grains. A representative Laue diffraction pattern for
LLZO is shown in Supporting Information Figure S3.
Histograms of the grain orientations of the LLZO_LG and
LLZO_SG samples are presented in Figure 6a, and grain
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Figure 6. (a) Histograms of angles between grain orientation (100)
direction and sample plane normal for LLZO LG (top) and
LLZO_SG (bottom). (b) Grain orientation mapping of LLZO_LG.
(c) Grain orientation mapping of LLZO_SG.

orientation maps (1 mm X 1 mm area) are displayed in Figure
6b,c for LLZO LG and LLZO_SG, respectively. Neither the
histogram nor the grain orientation map reveals notable
differences in LLZO_LG and LLZO_SG. For both samples,
the grain orientation is largely random. The mean grain
orientation angle between the (100) direction and sample
normal is 31.90° with a standard deviation of 12.19° for
LLZO LG and 31.48° with a standard deviation of 11.09° for
LLZO_SG. The similar grain orientation distributions in the
two cases, therefore, do not contribute to the observed
differences in the electrochemical performance.

It has been reported that low angle grain boundaries are
preferred ion transport pathways over high angle ones since the
latter are energetically unstable, leading to radical local
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structure and composition deviations as observed in lithium
lanthanum titanate (LLTO) and LATP.*”*® The distribution of
grain boundaries was analyzed by determining misorientation
angles between neighboring grains. The mean misorientation
angle of LLZO_SG is 37.83° with a standard deviation of
14.70° while it is 39.40° with a standard deviation of 13.60° for
LLZO_LG (Figure 7). The similar values suggest that the
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Figure 7. (a) Histograms of misorientation angles for LLZO_LG
(top) and LLZO_SG (bottom); (b, c) misorientation angle mapping
of LLZO_LG and LLZO_SG.

improved electrochemical properties in LLZO_SG compared
to LLZO_LG are not attributable to differences in grain
boundaries distributions. It should, however, be noted that
glassy or crystalline secondary phases can form in energetically
unfavorable boundaries with typical thicknesses in the range 2—
100 nm,*"* beyond the resolution of the 1 ym X-ray beam of
the uXRD experiment. In Al-substituted LLZO, these phases
are generally Al rich segregates that are less conductive than the
main phase.'”*"***" Upon sintering LLZO_SG and LG, the
formation and distribution of these Al containing segregates
may vary, adding extra complexity in determining the current
distribution. One possibility is that the blocking segregates may
be more uniformly distributed inside LLZO_SG compared to
the LLZO_LG sample, accounting for its better electrochemical
cycling behavior. High resolution transmission electron
microscopy is required for detailed observation of the local
structure and chemistry of grain boundary impurities, which
needs special precautions, such as fast scan rates and diffused
irradiation area, to avoid electron beam damage in materials
with highly mobile lithium ions.*”**

Because both the grain orientation and grain boundary
misorientation do not show notable differences in our study,
the improved interfacial resistance and cycling performance
observed in cells containing LLZO_SG can be attributed to a
larger area fraction of low resistivity grain boundaries at the
LLZO surfaces compared to LLZO_LG. The total surface grain
boundary area fraction is 32.2% for LLZO_SG and 16.5% for
LLZO_LG, as estimated from SEM images (Figure $4,
Supporting Information). The larger area of grain boundaries
with low resistivity in LLZO_SG effectively dissipates the ionic
current densities and improves the ion transport when
interfaced with lithium metal electrodes. Further evidence for

DOI: 10.1021/am508111r
ACS Appl. Mater. Interfaces 2015, 7, 2073—2081


http://dx.doi.org/10.1021/am508111r

ACS Applied Materials & Interfaces

Research Article

the greater conductivity of the grain boundaries was observed in
optical microscopy images of an LLZO_LG sample taken from
a shorted cell (Figure SS, Supporting Information). For this
experiment, two lithium electrodes were placed on ends of a
bar-shaped sample of LLZO. Before cycling, the bar was
uniformly ivory colored in appearance. After short-circuiting,
black features developed from one side of the bar to the other.
Upon magnification, it can be clearly seen that the blackening
occurred along the grain boundaries. Similar results have been
observed in previous experiments, and have been attributed to
dendrite formation.'” Dendrites form due to current focusing at
the more highly conductive grain boundaries.

B CONCLUSIONS

We directly correlated the microstructures of solid ceramic
electrolytes with interfacial resistances and cycling performance
in symmetrical cells containing them, using Al substituted
LLZO as a model system. We demonstrated a simple
processing route for fabrication of complex LLZO hetero-
structures with controlled compositions and microstructures. A
very low interfacial resistance of 37 Q cm? and greatly improved
cycling performances were achieved for cells containing
samples with grain sizes about 20—40 ym across compared to
those with larger grains. Our electrochemical results suggested
that the type of microstructure at the solid electrolyte surface,
which interfaces with the lithium metal electrodes, is crucial to
the transport properties and the cycling life of the solid
electrolyte. This was confirmed by using complex hetero-
structures, in which the surfaces of the dense samples had
differing microstructures than the bulk. High-resolution
synchrotron X-ray Laue microdiffraction was also used to
probe and map the distributions of grain orientation and
misorientations of neighboring grains. No significant differences
were observed between samples with small grains and those
with large grains. Thus, we conclude that the better
performance observed for small-grained samples can be
attributed to the larger relative amount of surface layer grain
boundaries, rather than grain orientation and grain boundary
misorientation effects. The electrochemical properties, espe-
cially interfacial resistances and electrical cycling performance
of dense LLZO solid electrolytes in lithium cells, are strongly
influenced by the microstructures and grain boundaries at the
interfaces. These insights indicate that LLZO solid electrolytes
should have small grains and multiple grain boundaries to
ensure the successful development of durable high-energy
lithium metal batteries containing them. Further work will be
directed toward understanding the enhanced ionic transport at
the grain boundaries, particularly their chemical and structural
natures.
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Additional details including densities of sintered heterostruc-
tures, ICP element analysis, lattice parameter, XRD patterns,
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