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Local electronic structure variation resulting in Li
‘filament’ formation within solid electrolytes
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Solid electrolytes hold great promise for enabling the use of
Li metal anodes. The main problem is that during cycling, Li
can infiltrate along grain boundaries and cause short circuits,
resulting in potentially catastrophic battery failure. At pres-
ent, this phenomenon is not well understood. Here, through
electron microscopy measurements on a representative sys-
tem, Li,La,Zr,0,,, we discover that Li infiltration in solid oxide
electrolytes is strongly associated with local electronic band
structure. About half of the Li,La,Zr,0,, grain boundaries
were found to have a reduced bandgap, around 1-3 eV, mak-
ing them potential channels for leakage current. Instead of
combining with electrons at the cathode, Li* ions are hence
prematurely reduced by electrons at grain boundaries, form-
ing local Li filaments. The eventual interconnection of these
filaments results in a short circuit. Our discovery reveals that
the grain-boundary electronic conductivity must be a primary
concern for optimization in future solid-state battery design.

Despite the highest theoretical capacity (3,860mAhg™) and
lowest potential (0V versus Li/Li*) for Li batteries'™, Li metal
anodes are presently unsuitable for realizing safe, energy-dense
all-solid-state batteries, because solid electrolytes cannot suppress Li
dendrite growth and the associated short circuiting during repeated
cycling®™. A typical example is cubic Li,La,Zr,0,, (LLZO), one of
the most promising oxide solid electrolytes. It forms a stable inter-
phase with Li (refs. '*"'*) and is 20 times stiffer than Li (refs. '*-'7).
Regardless, once cycled above a critical current density (CCD), Li
dendrites penetrate LLZO along its grain boundaries (GBs), caus-
ing short circuiting®®'®". Presently, the reported CCD values are
too low to realize acceptable cell performance. To address the den-
drite issue, a thorough understanding of its microscopic origin is
indispensable.

However, why Li dendrites could preferentially form along
GBs remains unclear. Existing studies are primarily based on the
assumption that Li filaments initiate at the LLZO/Li interface®>*"->.
When Porz et al. found that even single-crystalline LLZO cannot
prevent Li penetration, pre-existing surface flaws were considered
to be responsible for Li filament growth at LLZO/Li interfaces®. Tsai
et al. proposed that the inhomogeneous Li/solid-electrolyte contact
favours uneven Li deposition®. In such studies, the non-uniform
current distribution at the Li/solid-electrolyte interface is believed
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to be crucial to Li dendrite formation*****°. By contrast, Han et al.
recently reported that the high electronic conductivity of LLZO
itself is responsible for dendrite formation®, but this study is based
on macroscopic characterizations, which cannot easily isolate the
role of the GBs. A recent theoretical work found that LLZO {110}
surfaces present a narrowed bandgap of ~2.1eV, which could be
related to Li dendrite formation”. GBs in real materials are often
interfaces of two randomly oriented grains and cannot be exclu-
sively composed of {110} surfaces. Systematically investigating such
GBs through calculations alone is quite challenging. Consequently,
the reason for the preferential dendrite formation along LLZO GBs
remains elusive. Further, the assumption that Li filament growth
exclusively initiates at the anode is not necessarily valid. Recently,
first-principles calculations have indicated that LLZO GBs may
favour Li nucleation by themselves®. In other words, Li dendrites
may not exclusively initiate at LLZO/Li interfaces. To reach a con-
clusive understanding, two questions have to be answered: (1) How
do GB Li filaments initiate and propagate during cycling? (2) Which
specific characteristics of GBs enable this process?

Resolving these questions is challenging, because it demands
both adequate spatial resolution and the capability of real-time
observation. In this study, we provide answers to both questions
by combining several advanced electron microscopy techniques
with in situ transmission electron microscopy (TEM). One of the
most appealing solid electrolytes, LLZO, was selected for study. We
discover that Li plating can initiate within the solid electrolyte, fol-
lowing a fundamentally different mechanism from those in the lit-
erature. This particular mechanism arises from a largely overlooked
behaviour: the local reduction of GB band gaps, which was found to
be unprecedentedly severe in some LLZO GBs.

Our high-resolution TEM (HRTEM) results (Fig. la and
Supplementary Fig. 1) reveal that most grains are directly con-
nected through GBs, that is, free of secondary or amorphous phases.
Electron energy loss spectroscopy (EELS) identified minor differ-
ences in the fine structures of the O-K and Li-K edges between GBs
and the bulk (Fig. 1b,c). For example, the first peak in the Li-K edge
is slightly higher, about 11% integrated over the range of 60-67.1¢V,
in the bulk spectrum compared to that of the GB. These changes
suggest some difference in the bonding environments of the Li
and O at the boundaries. While the details of EELS peak shapes in
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Fig. 1| Atomic and electronic structure difference at the grain bulk and GBs of pristine LLZO. a, HRTEM at a representative GB of pristine LLZO.
b,c, EELS spectra of Li-K edge (b) and O-K edge (c). d, Bandgap measurements at the grain bulk and three GBs. e, Line-scan EELS analysis across a
typical GB; spectra that involve GB contributions are highlighted in red. f, The corresponding bandgap values.

complicated structures are difficult to interpret, local bandgap mea-
surements using valence-EELS deliver a clearer message.

The valence region of an EELS spectrum represents the energy
loss caused by the excitation of valence electrons to the conduction
band, and the lowest of such energy losses corresponds to the band
gap”~!. As shown in Fig. 1d, such measurement suggests that the
band gap of bulk LLZO is ~6.0 eV, agreeing well with both theoreti-
cal calculation and electrochemical characterization®. Owing to the
large grain size of sintered LLZO pellets, which is ~15.6 +9.7 um,
based on scanning electron microscopy (SEM) and electron back-
scatter diffraction measurements, on average only one or two
GBs in each TEM specimen are sufficiently thin for valence-EELS
analysis examinations, limiting a larger-scale statistical analysis.
Sixteen GBs in total were measured from twelve TEM specimens.
Around half of them show a bandgap similar to that of a grain, that
is, ~6 eV, while the other half show a reduced band gap that varies
from 1 to 3eV. Typical line-scan valence-EELS across representa-
tive GBs and their calculated bandgap values are plotted in Fig. le
and Supplementary Fig. 2. Methods for bandgap determinations are
shown in Supplementary Fig. 3. Reduced band gaps at GBs indi-
cate that these GBs are much poorer electronic insulators than bulk
LLZO. Should leakage current occur, the electrons would preferably
flow through such GBs.

Potential causes of these reduced band gaps were investigated by
examining the structure and chemistry of GBs and comparing the
results with their composing grains. HRTEM imaging (Fig. 1a and
Supplementary Fig. 1) shows that the GBs in LLZO are generally
narrow (below 1.5nm) and become slightly wider adjacent to triple
junctions. They are structurally asymmetric and mainly consist
of randomly orientated grains, consistent with our electron back-
scatter diffraction analysis (Supplementary Fig. 4). Examining the
HRTEM images reveals that most of the GB surfaces are complex
high-index surfaces, rather than low-energy {110} or {100} surfaces
(Supplementary Fig. 5). Taken together, these GB features reveal two
important findings: that the atomic structures of different GBs vary
greatly, and that the atomic configurations of most GBs, including
both atomic arrangements and ionic coordination, deviate from
that of LLZO bulk. These findings are important because deviations

in atomic structure and coordination often lead to modifications
in the local electronic structure, as reported in previous theoretical
studies of small-angle GBs and surfaces of LLZO?"*.

Modified electronic structures at GBs could thus be responsible
for the changes in the band gaps. Indeed, reduced band gaps at GBs
have been reported in other ceramic materials, such as bicrystal
SrTiO;, MgO and Al O, (refs. *-**). Among these previous reports,
the largest bandgap reduction is reported in MgO GBs, with reduc-
tions of up to 3eV (ref. **), depending on the specific GB configura-
tion. In our case, the arbitrariness of the constituent surfaces thus
most probably contributes to the bandgap variations between the
different GBs. The GBs with reduced bandgaps are expected to con-
tain a locally increased number of free charge carriers, potentially
giving high local electronic conductivities. Experimental measure-
ments of the electronic conductivity of LLZO are reported to be
108-10"7Scm™" at room temperature in polycrystalline LLZO*%*.
The electronic conductivity of single-crystalline LLZO was recently
reported to be about 5X107°Scm™" at 293K (ref. 7). These results
suggest that the conductivity could be increased by several orders of
magnitude owing to the presence of GBs.

In reality, GBs with a reduced bandgap are not always connected
to each other to form a channel throughout the electrolyte pellet.
Another noteworthy fact is the magnitude of the bandgap reduction
observed in some GBs. Although the large bandgap reduction is
unambiguously demonstrated by our direct observation and is con-
sistent with the aforementioned distinction between single-crystal
and polycrystalline materials, some LLZO GBs were observed to
undergo more severe bandgap reduction (up to 5eV), which is
larger than previously reported in other oxides*~**. Whereas the
present study intends to focus only on the mechanism of Li den-
drite growth, the remarkable magnitude of the bandgap reduction
in these particular GBs also deserves future in-depth investigation.

To identify potential causes of this variation in addition to local
GB atomic configurations, the local chemistries of the GBs were
studied by using EELS and energy dispersive X-ray spectroscopy
(EDX), which did not reveal obvious changes in the Li, La, Al or Zr,
although a subtle reduction of O concentration was sometimes seen
(Supplementary Fig. 6). A value of ~2atomic per cent is estimated

NATURE MATERIALS | www.nature.com/naturematerials


http://www.nature.com/naturematerials

NATURE MATERIALS
a
0.2
2
0.1 g
1 g
s o
© 0 3
m°s
e H 3
-0.1 - SI
>
0.2 -2
0 5 10 15 20 25
Time (h)

LETTERS

Fig. 2 | The d.c. cycling test of LLZO and microscopy images of LLZO after dendrite penetration. a, The d.c. cycling of Li/LLZO/Li cells at room
temperature, stepping the current density from 0.01to 2mA cm~2 The black and red curves correspond to the potential and current density, respectively.
b, Optical microscopy image of a cycled LLZO pellet. The black spot highlighted by the arrow is the region where the short circuit occurred. ¢, SEM image
of the pristine LLZO in a cross-section. d, SEM image of the cycled LLZO at the short-circuit region, showing a web structure along the GBs. e-g, Elemental

EDX mapping of O, La and Zr, respectively.

by comparing integrated O-K edges from the spectra, indicating
the presence of a small number of oxygen vacancies at GBs. These
oxygen vacancies may induce defect states within the bandgap
and move the band edges; an example is shown in Supplementary
Fig. 7. In a real LLZO GB, where the structure and chemistry are
much more complicated, a variety of defects, along with struc-
tural/chemical disorder, are present and can result in an effectively
reduced bandgap, as observed by EELS. These defects could be
oxygen vacancies at different lattice sites or with different concen-
trations; structural and chemical fluctuations; and/or the presence
of other elemental defects or impurities, for example trace carbon
impurity atoms, all of which may contribute to the narrowed band-
gaps. These details merit future investigation. Regardless of the ori-
gin, the bandgap reduction at LLZO GBs is clear, and its connection
with the preferential dendrite formation needs to be determined.

The LLZO pellet was further examined after it was cycled as a
Li/LLZO/Li cell under galvanostatic conditions until the CCD was
exceeded. The CCD was found to be 0.7 mA cm™ at room tempera-
ture (Fig. 2a). This pellet showed a dark spot at its surface (Fig. 2b).
This represents the location where Li infiltrated the solid electrolyte
and caused the short circuit’. Cross-sections of specimens along
the short-circuited regions were used to characterize the Li den-
drite network using SEM. In contrast to the GBs in pristine LLZO
(Fig. 2¢), the cycled LLZO contained GB secondary phases (Fig. 2d)
that percolate through the GB network. To provide image contrast,
cycled samples were intentionally exposed to air for five seconds to
form Li,O and Li,CO,. EDX mapping (Fig. 2e-g) indicates that the
GB second phase contains negligible concentrations of La and Zr,
but is O rich, further suggesting the presence of Li,O, formed from
exposure to air—results consistent with previous studies®.

At this point, we have learned two relevant facts: (1) When the
current density is large enough to reduce the GB potential below
0V, GBs will serve as the channels for Li deposition. (2) The con-
tinuous Li deposition and growth along GBs will eventually cause
short circuiting. Aligning these two aspects leads to our hypothesis:
at a sufficiently large current density, it could be that the electrons
in the GB leakage current decrease the local potential sufficiently
to reduce Li* into Li metal, leading to filament formation along
GBs. If correct, Li infiltration into the solid electrolyte, unlike the
case for liquid electrolytes, does not necessarily occur at the Li/
solid-electrolyte interface during Li plating. Instead, Li filaments
could initiate independently at GBs with relatively large electron
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flows, and then gradually grow during cycling. The short circuit
would result from the eventual interconnection among these grow-
ing (but originally isolated) Li filaments, rather than exclusively
directional growth from the Li anode towards the cathode. Since
this process requires only the presence of electrons at GBs, it may
take place when the local potential is below 0eV. Consequently, the
direct observation of Li filament formation under Li ion flow would
be vital to the verification of our hypothesis.

Here, in situ TEM was performed using a set-up similar to our
previous study (Supplementary Fig. 8)*. During observations, Li
was driven towards LLZO to form an in situ contact, and then a bias
with the direction indicated in Supplementary Fig. 8 was applied to
trigger Li flow. In this configuration, as LLZO is mounted on a cop-
per grid, at the initial bias, Li* is expected to travel from the Li metal
towards the copper and deposit at the LLZO/Cu interface, form-
ing a Li/LLZO/Li symmetric cell. Figure 3a shows the bright-field
TEM image of the region selected for study, where three GBs were
connected with a void at the triple junction. A triple junction with
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Fig. 3 | In situ TEM observation of the LLZO GB during biasing. a,b, Pristine
LLZO before touching with Li metal. The GB is highlighted by white dashed
lines, while the void at the triple junction is circled with a dashed orange line.
c-f, LLZO biased using Li metal electrodes at 10V for 1, 10, 30 and 60 min,
respectively. The red dashed line in ¢ delineates the interface between Li
and LLZO. The plot of the brightness intensity at the void region in panels

b through f is presented correspondingly on the right. The decrease of the
brightness is caused by the filling of Li into voids during biasing.
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Fig. 4 | The structure and chemistry evolution at the grain bulk and GB during biasing. a,b, EELS spectra of Li-K edge. The intensity is normalized
to that of the La N, edge. The Li concentration increased by 25% at the GB after biasing. ¢, EELS spectra of Li-K edge. The dashed curve indicates the
multiple linear least-squares fitting, showing the Li-K edge at the biased GB is a linear combination of Li-K edges between Li metal and pristine GB.
d.e, EELS spectra of the O-K edges. The intensity is normalized to the maximum of the O-K edges. The EELS spectrum measurements of the grain bulk

were collected at least 100 nm away from the surface.

a relatively large void was intentionally chosen in order to clearly
observe the Li plating. Although the changes in the GB itself cannot
be easily revealed in TEM, contrast changes in the triple junction
can serve as an indicator of Li plating at GBs as the lithium metal is
depleted from the junction as a directional high voltage is applied.
Figure 3b-f shows the intensity change in the triple-junction void
when an electrical bias of 10V was applied. The image intensity at
the void gradually weakens to a level comparable with the surround-
ing grains as a function of time. The brightness decrease occurred
first near the GBs, and then gradually filled the void. Clearly, severe
phase segregation at GBs was triggered by external biasing, and the
segregated phase flowed into the void. The occurrence of this phe-
nomenon demands a sufficiently large current density; otherwise
nothing would happen (Supplementary Fig. 9). This behaviour fits
the characteristic of GB Li filament growth: it only took place when
cycled beyond the CCD.

EELS analysis supports the conclusion that this newly emerged
GB phase is Li metal, and that the grain bulk remains largely unaf-
fected by biasing. As shown in Fig. 4a, neither the intensity nor the
fine structure of the Li-K edge in the grain bulk next to the GB expe-
rienced any noticeable change after biasing. By contrast, the Li-K
edge varied severely at GBs (Fig. 4b). The intensity became much
stronger, indicating a dramatic increase in Li content. Furthermore,
the Li-K fine structures also evolved towards the characteristics of Li
metal. Figure 4c compares the Li-K edges of the biased GB, pristine
GB and pure Li metal. Clearly, the spectrum of the biased GB resem-
bles both the pristine GB and Li metal, and thus could result from
the linear combination of these two spectra. Multiple linear least
squares fitting to the data of the biased GB using those of Li metal
and the pristine GB verified this possibility (Fig. 4c). Therefore, we
conclude that the biased GB consists of the largely unchanged form
from the pristine GB combined with segregated Li metal.

This scenario is also supported by the O-K edges. Although Li
metal does not directly contribute to the O-K signal, it has been

reported that the O-K prepeak of LLZO would weaken after being
contacted with Li (ref. '°). In the in situ experiments here, while the
O-K fine structures of the grain bulk almost remained unchanged
after biasing (Fig. 4d), the GB showed an obvious decrease in the
O-K prepeak intensity (Fig. 4e). This again confirms that Li segre-
gated along GBs, leaving the grain bulk almost unaffected. Further,
since the adjacent grain bulk region, the edge of which was origi-
nally in contact with the Li tip, remains intact in both electronic
structure and chemistry, the contribution of potential surface diffu-
sion should be rather small. Given that the biasing here was applied
in a direction to drive Li* through LLZO and to deposit it inside
LLZO with a Cu grid current collector (Fig. 3 and Supplementary
Fig. 8), these in situ observations demonstrate that here, Li fila-
ments preferentially form along GBs during cycling.

Based on the above results, Li infiltration in LLZO solid electro-
lytes should be regarded as a fundamentally different phenomenon
from Li dendrite growth in liquid electrolytes. As schematically
illustrated in Fig. 5, local band structure plays a crucial part. With
narrow bandgaps, when the local potential at GBs exceeds the
bandgaps, LLZO cannot resist electron flows as well as the bulk can.
When leakage current occurs, the GBs serve as the source of elec-
trons. As a result, instead of combining with electrons at the cath-
ode, some Li* ions receive electrons at GBs during cycling, once the
local potential is below the reduction potential of Li/Li*, resulting
in isolated intergranular Li segregation. The nucleation of Li metal
at GBs here thus is locally voltage dependent instead of just current
density dependent as conventionally believed. The further growth
of this segregated Li will result in Li forming in the GB network and
eventually lead to short circuiting. In sharp contrast to Li dendrite
growth in liquid electrolytes, this process does not necessarily ini-
tiate at the interface between the Li and the solid electrolyte. The
eventual short circuit is not caused by the growth of protruding Li
towards the cathode, but instead could be caused by the intercon-
nection of the originally isolated Li deposits.
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Fig. 5 | Schematic illustrations. a,b, Conventional dendrite formation and growth in batteries with liquid electrolyte. ¢,d, An additional mechanism of
filament formation and penetration in solid-state batteries with polycrystalline electrolytes.

The growth of a Li dendrite and its network formation along
the GBs may involve multiple factors of GBs, such as the mechani-
cal properties and the dynamically evolving local electric poten-
tial, in addition to the presence of ‘free’ electrons. Given that the
term ‘dendrite’ usually implies a tree-like, directional growth, the
segregated Li in solid electrolytes might be more appropriately
referred to as ‘Li filaments’ to distinguish it from the Li dendrite
growth in liquid electrolytes. The discovery of this mechanism
does not necessarily exclude the simultaneous occurrence of inter-
facial Li protrusion during Li plating. However, it does suggest
that the band structure of GBs must be properly tailored to fully
prevent Li infiltration. In addition to the mechanical properties,
the presence of surface defects’ and the existence of an electro-
chemically unstable secondary phase, wide GB bandgaps should
also be ensured, so that electrons cannot easily leak into local GBs
and reduce Li* into Li.

In summary, we provide insight into the microscopic evidence
for local electronic band structure affecting Li filament formation
in a technologically important solid electrolyte, LLZO. The material
is found to undergo a large bandgap reduction at some GBs and,
in some cases, the magnitude of this reduction is larger than pre-
viously reported for other oxides. This phenomenon initiates the
formation of lithium filaments within the solid electrolyte. The final
connection of these filaments could result in a short circuit. These
insights imply that tailoring GBs with sufficient electronic resistivity
will be a promising route towards mitigating Li metal infiltration in
polycrystalline solid electrolytes.
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Methods

LLZO synthesis, processing and surface preparation. Li,;Al,,;La,Zr,0,, solid
electrolyte was synthesized from starting powders of Li,CO,, Al,O,, La,0, and
ZrO, from a solid-state reaction method, calcined at 1,000 °C for 4h in dry air.
Densification of AlI-LLZO was achieved by rapid induction hot pressing green
bodies of calcined AI-LLZO at 1,225°C and 47 MPa for 40 min in an argon
atmosphere with a heating rate of 120.5°Cmin~" and cooling rates of 42.5°C min~!
to 800°C and 22.5°Cmin~" to 350 °C. The hot-pressed pellets were cut into 1.5mm
nominal thicknesses using a diamond saw with mineral oil as the cutting fluid. The
LLZO hot-pressed discs were ground with a lapping fixture and 400 grit silicon
carbide sandpaper onto a glass plate to achieve parallel faces. Further grinding was
conducted with 600 and 1,200 grit sandpaper. Polishing and surface preparation to
attain low interfacial resistance against Li was done following a previously reported
procedure”, adding a final polishing step of 0.1 pm of diamond polishing abrasive
before heat treatment at 400 °C for 3h in an Ar atmosphere.

Cell assembly and electrochemical characterization. A 10 um nominal thickness
of Li was vapour deposited using an Angstrom Engineering deposition system
onto laser-cut Kapton masks with an ~32 mm inner diameter. Then 750-pm-thick
Li foil discs were placed behind the vapour-deposited Li to avoid Li depletion
during stripping, followed by heating the Li symmetric cell at 175°C under <1 MPa
pressure for 12 hours.

Galvanostatic cycling was performed in order to determine the CCD of the
samples at room temperature under 4.2 MPa of stack pressure. Current densities
were stepped up in 0.1 mA cm~ increments with a fixed charge of 0.25mAh cm™
for each step. The CCD was determined at the current density when negligible cell
potential was measured, coupled with inductive behaviour from a.c. measurements.

TEM and characterization. After short circuiting, the cell was disassembled and
the LLZO solid electrolyte was collected for SEM examination on the fractured
surface using a Hitachi NB5000 focused ion beam (FIB)/SEM microscope.

The lamellar LLZO TEM specimen was fabricated using FIB in an FEI Nova
microscope. In order to minimize the beam damage in FIB, a protective carbon
layer of ~30 nm was deposited on the specimen surface using a 208C Cressington
High Vacuum Turbo Carbon Coater prior to FIB experiments. Deposition of
further protective layers was performed using the FIB instrument, including an
electron-beam-deposited 50 nm carbon layer and an ion-beam-deposited 60 nm
W layer.

These protect layers were afterwards removed by ion milling using a Fischione
1010 Ion Mill at —100°C. A low voltage ion beam with 0.5kV and 3mA was used
to remove surface damage. For the in situ TEM experiments, the TEM specimen
was loaded into a Nanofactory scanning probe TEM holder. The Li metal electrode
was prepared by scraping Li foil using a W tool. The exposure of the LLZO sample
and Li metal to ambient air was controlled (exposure was <60 seconds).

The STEM imaging, core-loss EELS and EDX analysis were conducted
using a JEOL NEOARM equipped with a Gatan Image Filter Quantum-865 and
dual Si drift detectors operated at 200kV. HRTEM images and core-loss EELS
were acquired using a Gatan model 636 Liquid Nitrogen Cooling Holder at
approximately —170°C. Core-loss EELS data were collected with a dispersion of
0.2eV per channel and a collection angle of 30 mrad. The in situ experiments were
performed on an FEI Titan S/TEM operated at 300kV. During in situ studies, the
Li-covered W tip was driven onto the LLZO surface using the piezomanipulator on
the Nanofactory holder. A series of biases (up to 10 V) was applied on the holder
in order to conduct the lithiation process. Real-time observation of the biasing
process was recorded under TEM mode.

The bandgap measurements were performed on a Nion aberration-corrected
high energy resolution monochromated EELS-STEM operated at 60kV accelerating
voltage. The energy resolution of each single spectrum acquired in this work was
~30meV with a dispersion of 0.005eV per channel, measured using the full-width
at half-maximum of the zero-loss peak. The low-loss EELS data were acquired with
a 1 mm aperture corresponding to a collection angle of about 13 mrad, a probe with
a convergence semi-angle of 30 mrad and a beam current of ~10pA.

Determination of bandgap values from valence-EELS spectra. Methods that are
used to quantify the bandgap are shown in Supplementary Fig. 2. The bandgaps
of spectra acquired from the grain bulk were determined using the procedure
reported by Lazar et al.”. In this case, for a direct gap, the spectrum intensity
(Liirect) is proportional to the product of the joint density of states (JDOS) and the
transition matrix element. Here, the JDOS is given by

Idirect & (E - Eg) vz

Here, E is the energy loss and E, is the bandgap. The E, value is defined as the
intersection of the fitted curve and a straight line fit to the background.

Unfortunately, the same method is not applicable to the lower energy region of
the spectrum, that is, where the intensity due to interstitial states at GBs appears.
Instead, the bandgap is defined from the intersection of linear fits to the intensity
increase and the background line. This method was reported earlier by Park et al.*.
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As shown in Supplementary Fig. 2, these methods will give very similar results,
although the precise values depend on the fitting ranges used. Several different
methods are being used for the bandgap determination in the microscopy
community, which might result in some variation of the quantitative value assigned
to the bandgap. However, the conclusion that bandgaps are reduced at GBs in
LLZO does not change.

Density functional theory calculations. Modelling by density functional theory
of the original and defective cubic-LLZO was performed using the Vienna Ab
initio Simulation Package. The calculation used the projector augmented wave
method to describe the effects of core electrons. For structural relaxation, Perdew—
Burke-Ernzerhof implementation of the generalized gradient approximation for
the exchange-correlation functional was used. The energy cut-off was 600eV for
the plane-wave basis of the valence electrons. The relaxed unit cell for the original
cubic-LLZO with a lattice constant of 12.975 A contains 50 Li, 2 Al, 24 La, 16 Zr
and 96 O, corresponding to a nominal composition of Lig,;Al,,;La;,Zr,0,,.

The Li-rich, O-deficient structure contains two O vacancies. The Li, Al and
defects were distributed randomly by following these rules: (1) Li occupancy of
24d sites is about 0.5, (2) Li occupancy of 96 sites is about 0.4 without forming
nearest neighbour pairs, and (3) Al occupies 244 sites. The electronic structure
was calculated on a 2 X2 X2 Monkhorst-Pack mesh. The total energy tolerance for
electronic energy minimization was 10~°eV. The maximum interatomic force after
relaxation was below 0.02 eV A-'. The relaxed configurations were then taken for
more accurate calculation of density of states using the hybrid functional HSE06.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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