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Dendrite formationinsolid-state batteries
arising from lithium plating and electrolyte
reduction
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All-solid-state batteries offer high-energy-density and eco-friendly energy
storage but face commercial hurdles due to dendrite formation, especially
withlithium metal anodes. Here we report that dendrite formationin
Li/Li,La;Zr,0,,/Li batteries occurs via two distinct mechanisms, using
non-invasive solid-state nuclear magnetic resonance and magnetic
resonance imaging. Tracer-exchange nuclear magnetic resonance shows
non-uniform Li plating at electrode-electrolyte interfaces and local Li*
reduction at Li,La;Zr,0,, grain boundaries. In situ magnetic resonance
imaging reveals rapid dendrite formation via non-uniform Li plating,
followed by sluggish bulk dendrite nucleation from Li* reduction, with an
intervening period of stalled growth. Formation of amorphous dendrites
and subsequent crystallization, the defect chemistry of solid electrolytes
and battery operating conditions play a critical role in shaping the complex

interplay between the two mechanisms. Overall, this work deepens
our understanding of dendrite formation in solid-state Li batteries and
provides comprehensive insight that might be valuable for mitigating
dendrite-related challenges.

All-solid-state batteries (ASSBs) are appealing as the leading next-
generation technology for electrochemical energy storage with high
energy density and enhanced safety. However, their performance is
plagued by dendrite-induced short circuits, resulting in limited power
densities and shortened lifespans. Dendrite formationin solids differs
from that in well-studied liquid systems and presents challenges for
non-invasive observation; thus, the mechanisms are unclear. Recent
studies have generally focused on examining dendrites formed at
the electrode-electrolyte interface''°, stemming from non-uniform

Li plating and striping>”" "%, This process is denoted as Mechanism
1 hereafter. Another mechanism based on theoretical investigations
suggests that Li,La;Zr,0,, (LLZO) surfaces, including grainboundaries,
pores and other extended defects, have small bandgaps, which can
trap electrons toreduce Li* ions™", Excess electrons on these surfaces
have yet to be experimentally validated. In this study, we propose a
different mechanism: local reduction of Li* to elemental Li® at the grain
boundaries (Mechanism 2). The conditions triggering dendrite forma-
tion via Mechanisms 1and 2 are distinct. Mechanism 1is induced by
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non-conformal interfacial contact, resulting in non-uniform Li plat-
ing at the electrode-electrolyte interface. By contrast, Mechanism 2
sources Li* from grain boundaries with dendrites directly forming in
the bulk of solid electrolytes. Our study aims to experimentally validate
Mechanism 2 and gainafundamental understanding ofitsinterplay with
the more well-known Mechanism1during battery cycling. The current
approach using electron and optical microscopic techniques®”*1¢
and neutron-based tools”**¢ has generated valuable insights into
dendrites formed viaMechanism 1. Yet, information on Mechanism 2
by these techniques is scarce due to their limited penetration depth.
Giventhat the strategies to mitigate dendrite formation for these two
mechanisms differ, it is critical to experimentally validate them and
determine the dominating mechanism(s) of dendrite formation at
different states of charge for ASSBs.

In this study we use a suite of non-invasive techniques to probe
dendrites both at the interfaces and inbulk, including solid-state NMR,
electron paramagnetic resonance spectroscopy (EPR), tracer-exchange
NMR and ex situ and in situ magnetic resonance imaging (MRI), in
conjunction with electron microscopic and electrochemical measure-
ments. This comprehensive approach allows us to investigate dendrite
formation within ASSBs quantitatively and non-destructively with both
spatial and temporal resolution.

Oxide-based solid electrolytes are favoured for their cost effective-
ness, aswell as chemical and electrochemical stability. LLZO isa prime
example, with anionic conductivity of -1 mS cm™, stability against air
andH,0 and awide electrochemical window”*°. However, its abundant
grain boundaries and limited electrode wettability make it prone to
dendrite formation. LLZO serves as a representative system to delve
intodendrite formation mechanismsin three-dimensional (3D) solids,
uncovering their origins and assisting dendrite mitigation strategies.

Our primary focus is symmetric batteries comprising Li metal elec-
trodesand LLZO electrolytes. In this work, we experimentally validate
dendrite formation via Li* reduction at grain boundaries (Mechanism 2)
and confirm that Mechanisms 1 and 2 dominate at different charge
stages. The 3D ’Li MRI reveals Mechanism 1 dendrites cluster at elec-
trode-electrolyte interfaces and propagate via defects, while Mecha-
nism 2 dendrites formsmall filaments scattered within the electrolyte
bulk. Insitu quantitative ’Li MRI at an ultra-high field of 21.1 T provides
improved sensitivity and temporal resolution, allowing us to dissect
dendrite formation kinetics at various locations and charge states.

Ex situ characterizations of dendritesin LLZO
Cubic LLZO (Supplementary Fig. 1) was obtained via solid-state
synthesis”. We fabricated a symmetric Li/LLZO/Li battery using a
4.8-mm-diameter and 1.0-mm-thick LLZO pellet (Fig. 1a). After initial
polarization with a 0.1 mA cm™ current, a smooth electrochemical
profile was observed for 7.6 days before voltage destabilization and
eventual short circuit (Fig. 1b). To probe dendrites formed in LLZO at
different stages of charge, we carried out ex situ magic-angle-spinning
(MAS) NMR and EPR experiments. Moderately cycled LLZO (-2 days)
exhibited a weak ’Li NMR resonance at ~264.1 ppm (Fig. 1c, middle,
and Supplementary Fig. 2), indicating metallic Li’ formation. This was
further confirmed by EPR***' (Fig. 1d, middle).

The hard-shorted LLZO reveals a strong metallic Li° signal
(Fig.1c, top) withaslightly larger Knight shift of ~264.5 ppm, suggest-
ing changes in the density of states at the Fermi level and enhanced
electron percolation in the dendrite®’. Concurrently, the narrow
line-width of the intense EPR signal (Fig. 1d, top) indicates amorpho-
logical shift from mossy to dendritic”. Upon removing the Li metal
electrodes from the shorted Li/LLZO/Li cell (Methods contains the
procedure), the LLZO pellet surfaces reveal dark streaks? (Fig. 1e).
The lower surface shows fewer streaks than the upper, indicating
non-symmetric and non-uniform dendrite growth. Dark spots are vis-
ibleinthebulk of the retrieved LLZO pellet (Fig. 1f). Post-mortem scan-
ning electron microscopy (SEM) analysis (Fig. 1g) on the cross-sections

of the shorted LLZO shows that the Li° network grows along the grain
boundaries, consistent with previous reports’. Ex situ high-resolution
and energy-filtered transmission electron microscopy (TEM) of the
shorted LLZO confirms the formation of Li dendrites along grain
boundaries (Fig. 1h). Dendrites are also observed at some grain bound-
ariesinthemoderately cycled LLZO, although they are less prevalent
thanintheshorted LLZO (Fig.1i). These post-mortemimages (Fig. le-i)
and the spectroscopicdata (Fig. 1c,d) provide a preliminary butincom-
plete view of dendrite formation within Li/LLZO/Li. To understand den-
drite formation in ASSBs comprehensively, it is essential to conduct
experimental investigations on intact batteries, integrating spatial
and temporal resolution.

Validation of dendrite formation via electrolyte
reduction

It is crucial to identify dendrite origins in solids: Mechanism 1
(non-uniform plating at electrode-electrolyte interfaces) versus
Mechanism 2 (electrolyte reduction in the bulk). Since the Li* source
differs between these two mechanisms, we performed °Li-"Li
tracer-exchange NMR to differentiate them. As depicted in Fig. 2a,b,
for all the °Li - "Li tracer-exchange NMR experiments, the Li metal
electrodes are enriched with °Li (95% °Li, 5% "Li), while LLZO contains
Liwithanatural mix of isotopes (7.5% °Li, 92.5% ’Li). This difference in
®Li and’Li isotope abundance between the Li metal electrodes and
LLZO s essential for distinguishing the two dendrite formation mech-
anisms using tracer-exchange NMR. In Mechanism 1, dendrite forma-
tionstartswith uneven Liplating at the electrode-electrolyte interface,
where the °Li/’Li composition should resemble that of LLZO at the
interface. Consequently, dendrites formed via Mechanism 1 are
expected to exhibita‘Liisotope abundance (atomic %), _ ° “7 % 100’

Li+ 7 Li

lower than or equal to that of °Li metal electrodes but higher than or
equaltothat of LLZO.In Mechanism2, dendrites formviaLi* reduction
of the grain boundaries in the LLZO electrolyte; therefore, the ®Li iso-
tope abundanceindendrites should be equal to that of grain bounda-
riesin LLZO. Our ®Li-’Litracer-exchange NMR shows that the ®Liisotope
abundance in the grain boundaries is lower than that of grains (Sup-
plementary Fig. 3) due to slower Li diffusion at grain boundaries™®.
Therefore, dendrites formed through electrolyte reduction at grain
boundaries (Mechanism 2) are expected to have a®Liisotope abundance
lower than the LLZO average.

Through the °Li-Li tracer-exchange process driven by a biased
potential across a °Li/LLZO/°Li symmetric cell, net °Li flows from °Li
metal electrodes to LLZO while net’Li migrates from LLZO to °Li metal
electrodesuntilanequilibriumisreached, where ’Liisotope abundance
is the same in the Li metal electrodes and the LLZO (Supplementary
Fig.4).Foreachround of suchatracer-exchange process, the Liisotope
abundanceinLimetal electrodes (x;) and LLZO electrolyte (x)) canbe
determined with equations (1) and (2), where m; is the total Li* amount
inLi metal electrodes, m,is the total Li*amountin LLZO electrolyte and
nisthe amount of Li* participating in the tracer-exchange process.

nm

2
! = _ — 1
X[ =X o, +n)(x1 X3) 1)
r n 2
XZ_X2+—mz+n(xl_X2) (2)

We performed numerical calculations based on equations (1)
and (2) using in-house Python codes with starting values of x; and x,
equal to the initial °Li isotope abundance in Li metal electrodes and
LLZO solid electrolytes. The number of iterations equals the number
of electrochemical cycles. Results are showninFig. 2d, illustrating the
gradual convergence of the °Li isotope abundance in Li metal elec-
trodesand LLZO.
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Fig.1|Limicrostructure formation in cubic LLZO. a, Schematicillustration
of asymmetric Li/LLZO/Libattery cell and a digital picture of an actual cell used
inthis study. b, Voltage profile of the Li/LLZO/Li cell polarized with a current
density of 0.1 mA cm™. A short circuit occurs in the shaded region. ¢,d, 'Li MAS
(25kHz) NMR (c) and EPR (d) spectra of Li dendrite formed at three stages—
pristine, cycled for two days and shorted—with colours corresponding to the
points marked with colour-coded dots inb. e, Top and bottom view of ashorted

g TEM

200 nm

LLZO pellet. f, Crushed LLZO pellet with cross-sections showing embedded Li
microstructures; selective locations are marked with red arrows. g, SEM images
ofthe cross-sections from the shorted LLZO pellet; the inset shows a zoomed-
inview. h, TEM (top) and energy-filtered TEM (EFTEM; bottom) images of the
shorted LLZO pellet. i, TEM (top) and energy-filtered TEM (bottom) images of the
moderately cycled LLZO pellet.

Toexperimentally determine the °Liisotope abundance in Li metal
electrodes and LLZO at different states of charge, the °Li/LLZO/°Li
symmetrical batteries were electrochemically cycled to a target total
charge, and we used °Liand’LiMAS NMR to characterize the cycled LLZO
and dendrite formed within. As shown in Fig. 2c, the °Li (top) and Li
(bottom) NMR spectra of the dendrite (left; 264.5 ppm) and the LLZO
(right; 1.2 ppm) exhibit progressive changes as one increases the total
charge from 5 coulombs (C) to 24, 61 and 122 C. The °Li isotope abun-
dance in Li dendrites was then calculated based on quantitative areal
integrals of °Li and ’Li NMR signals, with a calibration factor account-
ing for the sensitivity difference of °Li and Li NMR (see Methods for
details). The quantified °Li isotope abundance in dendrites and LLZO
as a function of total charge (C) is shown in Fig. 2d. The °Li isotope
abundanceintheLLZOelectrolyteincreasesasaresult of °Li > "Litracer
exchange, consistent with the numerical simulation. Since the ®Li iso-
topeabundanceinthe LLZO and Limetal electrodesisinterdependent,
the experimentalresults onthe LLZO electrolyteindirectly validate the
‘Liisotope abundance in Li metal electrodes obtained from the simula-
tion. The °Li isotope abundance within the initially formed dendrites
liesbetweenthatfoundin LLZO and the Li metal electrodes. This aligns

with the anticipated °Liisotope abundance when dendrites form at the
electrode-electrolyte interface through Mechanism 1. Subsequently,
as the total charge increases, the °Li isotope abundance within the
dendrites decreases, eventually reaching parity and falling below that of
LLZO.The observation that the °Liisotope abundance of the dendrites
becomes less than that found in LLZO in the later stage of cycling pro-
videsvital experimental evidence for dendrite formation viaMechanism
2 at LLZO grain boundaries. The simulation and experimental data
in Fig. 2d reveal that at the early stage, dendrites primarily form via
Mechanism 1, while Mechanism 2 becomes more prevalent in later
stages. Additionally, we have sampled the dendrites formed in the
middlelayers of aLLZO pellet retrieved fromaLi/LLZO/Libattery cell
cycledto30 C,whichexhibited only a’LiNMR signal with no °Li, whereas
the LLZO pelletitself shows strong °Li and “Li NMR peaks (Fig. 2¢e); this
suggests that Mechanism 2 is the major contributor to the dendrite
formationinthe middle layers of the LLZO pellet at this cycling stage.

Three-dimensional mapping of dendritesin LLZO
To probe the spatial distribution of dendrites, we conducted 3D ’Li MRI
experiments on LLZO and dendrites from Li/LLZO/Li batteries with
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Fig.2| Two mechanisms of dendrite formationin LLZO validated via tracer-
exchange NMR. a, Schematicillustration of dendrite formed at the electrode-
electrolyte interface via non-uniform lithium plating (Mechanism 1, top, dendrite
represented as blue lines) and within the bulk electrolyte via Li* reduction at grain
boundaries (Mechanism 2, bottom, dendrite represented as orange dots at grain
boundaries). Tracer-exchange NMR requires °Li-enriched Li metal electrodes
(purple rectangles) and natural-abundance ®’Li in the LLZO electrolyte (beige
rectangles, with the grains of the electrolyte shown as hexagons). Due to

the spatial disparity of ’Li distribution in this set-up, dendrites formed via
Mechanism1are relatively °Lirich, while those formed viaMechanism 2 are
“Lirich. b, Schematicillustration of the anticipated changesin the *Liand "Li

"Li shift (ppm)

contents of the Li metal anodes (top) and LLZO solid electrolytes (bottom) over
the tracer-exchange process. ¢, The °Li (top) and "Li (bottom) NMR spectra of
LLZO electrolyte and dendrites formed within it after a total charge of 5, 24, 61
and 122 C.d, Experimentally quantified results and the numerical simulation on
the °Liabundance in the LLZO electrolyte and Li metal electrodes as a function
of total charge. All the experimental data points are reproduced with three
battery cells. The error bars are calculated based on the standard deviation of
the measured results. The measure of centre for error bars is the mean of the
measured results. e, The °Li and ’Li NMR spectra of the middle section of aLLZO
pellet (highlighted ingreen in the inset photo) retrieved from a °Li/LLZO/°Li
battery cell cycled to 30 C. The inset plots show zoomed-in views.

natural-abundance Liisotopesinall the cellcomponents at three cycling
stages: pristine, moderately cycled and short-circuited (Fig. 3a). The cor-
responding voltage profile is shown in Supplementary Fig. 5. MRI meas-
urements are element specific and isotope specific. Along with chemical

shiftimaging, we can isolate dendrite images from other Li-containing
species due to the large separation of the dendrite signal (-264.5 ppm)
fromthat of LLZO (-1.2 ppm). The’Li MRlimages of LLZO and dendrites
are superimposed and shown in grey and blue (Fig. 3a), respectively.
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Fig. 3 | Dendrite distributionin LLZO solid electrolytes. a, Volume view of 3D
’Li MRlimages of LLZO solid electrolyte pellets and dendrites formed within.
From top to bottom are the pristine, cycled without shorting and shorted LLZO.
The 3D’LiMRIimages of the LLZO pellets are presented slightly transparently,

Middle Bottom

with the Li microstructure growing within the pellets superimposed and shown
inblue.b,c, Select 2D ’Li MRI cross-sections of cycled (b) and shorted (¢) LLZO
(grey) and the dendrites grown within (blue).

In the moderately cycled Li/LLZO/Li battery with a stable volt-
age profile (Supplementary Fig. 5), we observe clustered Li micro-
structure formation on the surface of LLZO (Fig. 3a, middle). The
two-dimensional (2D) cross-sections (Fig. 3b,c) extracted from the
3D MRIimage unveil scattered dendrite spotsin the deep bulk of LLZO.
The 3D ’Li MRI of the short-circuited Li/LLZO/Li battery (Fig. 3a, bot-
tom) exhibits adense network of dendrites formedin the LLZO. All the
2D cross-sections (Fig. 3b,c) display signs of dendrites, including small
clusters and isolated spots.

Insitu monitoring of dendrite formation

We performed insitu’Li MRIto track the dendrite formation process
inreal time, using a Li/LLZO/Li battery cell with a natural abundance
of Liisotopes. Under a constant current density of 0.1 mA cm™, the
Li/LLZO/Li cell exhibits a steady voltage profile of ~50 mV (Fig. 4a).
A slow and gradual increase in voltage is observed due to the loss
of interfacial contact and interphase formation®*. A sudden voltage
polarization occurs before a hard short brings the voltage down to
0. Dendrite formation in Li/LLZO/Li is mapped out with in situ fast
low-angle shot MRl as a function of cycle time. The dendrites formed
atdifferent depths are quantified, and theresults are shownin Fig. 4b.
Dendrite formation unfoldsin distinct stages. Instagel, early dendrite
formation emerges in the surface layers1and 4, neighbouring the Li
metal electrodes. Instage Il, minimal dendrite growth occursinlayers1
and 4, accompanied by the onset of dendrite formation in the
middle layers 2 and 3. In stage lll, dendrite development in layers 2
and 3 escalates, concurrent with ongoing dendrite growth in the
surfacelayers (1and 4). Instage IV, towards the point of ashort circuit,
dendrite formationinlayers2 and 3 begins to decelerate, approaching
aplateau. Meanwhile, surface layers1and 4 continue to show dendrite
growth. The dendrite formation rate at different stages isreflected by
thefirstderivative of dendriteamount with time¢, d(dendrite amount)/
dt¢, asshowninFig.4c. The surfacelayers1and 4 exhibit rapid dendrite
growth atthe very beginning of the electrochemical cycling, followed
by nearly no dendrite formationin stage Il. The middle layers 2 and 3
exhibit prominent rate peaks only in stage III; small ones are visible
for stages Il and IV. A stalled growth period is observed in stage II.
Insitu MRI observations confirm atransient pause of dendrite growth

following the initial rapid formation, aligning with the results from
ex situ NMR (Supplementary Fig. 6).

Initial rapid dendrite formation via plating

To elucidate the insights obtained from NMR, EPR, tracer exchange
and MRI, a set of schematics is constructed and displayed in Fig. 4d.
Atthe early stage in the electrochemical cycling of the Li/LLZO/Li cell
(stageI), the voltage profile exhibits minimal polarization but with a
slightincreasein voltage (Fig. 4a) primarily duetoincreased interfacial
impedance***. The elevation in interfacial impedance mainly origi-
nates from the loss of interfacial contact with cycling and interphase
formation, as evidenced by our prior studies with MRI** and McDowell’s
work using X-ray imaging**. The imperfectinterfacial contact between
Li metal electrodes and LLZO results in uneven Li stripping and plat-
ing. Therefore, small pits form on the Li metal electrode surfaces.
Concurrently, protrusions at the contact points grow and penetrate
the surface layers of LLZO via grain boundaries (as shown by SEM
and TEM; Fig. 1e-i). NMR and EPR results (Fig. 1c,d) support dendrite
formation at an early stage, and MRI data (Figs. 3a,b and 4b,c) reveal
the rapid formation of protrusions in the surface layers of LLZO.
Furthermore, °Li - "Li tracer-exchange NMR data reveal that Li* ions
are sourced from the LLZO grains at electrode-electrolyte inter-
faces for the initial dendrite formation via Mechanism 1 (Fig. 2d and
Supplementary Fig. 7). The evolution of the NMR and EPR resonances
suggests that these initial dendrites are largely amorphous with
less electron percolation compared with bulk metallic Li (Fig. 1c,d).

Stalled growth of dendrites

After the initial dendrite formation in the surface layers of LLZO, the
dendrites enter astalled growth period (stageIl). Insitu MRI displays a
quasi-plateau (Fig. 4b) for dendrite formation with anearly zero growth
rate (Fig. 4c), which ex situ NMR confirms (Supplementary Fig. 6). The
stalled dendrite formation is likely due to the phase transition from
amorphous to crystalline Li dendrite, where a relatively high energy
barrier must be overcome before the Li dendrite growth can proceed
furtherinto thebulk electrolyte”*®, The sharp decrease in the full-width
at half-maximum of the °Li NMR peak from dendrites at the early stages
of cycling signifies this amorphous-to-crystalline phase transition

Nature Materials


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-024-02094-6

200

Current density, 0.1 mA cm™

100

-100

-200 I I I I I I I I I

100 | ] 1 \" i'*

oro| P 44

¥
7 iii i
0.50 +
0.25 :/;{r Lay_er 4 /A)‘/A—z i! ZL;,:; 3

" A/.
et eatan i’

©  Normalized "Li dendrite formation @ Voltage (mv) ®

cTt7Li dendrite

d

Time (h)

Fig. 4 |Insitu MRI detection of dendrite formation and propagation through
LLZO. a, Cell voltage profile of a Li/LLZO/Li battery with natural-abundance Li
isotopes and cycled with a current density of 0.1 mA cm™ The shading represents
the four stages, labelled in b. b, Quantified Li dendrite formation at different
depths of the LLZO solid electrolyte pellet as a function of cycling time, obtained
from quantitative analysis of the in situ ’Li fast low-angle shot MRI data on the
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(Supplementary Fig. 8), supported by changes in the Knight shift of
the metallic Li NMR resonances (Fig. 1c) and line-widths of the EPR
signals (Fig. 1d). This phase transition occurs through the entire battery
cycling process amid further formation of amorphous dendrites. The
initial crystallization process is most clearly observed in stage Il. Such
aphasetransitionis expected to affect the rate of dendrite formation;
this partially explains why the dendrite formationis slowerin the later
stages compared with thatin stage I.

Dendrite formation via electrolyte reduction

As dendrite formation slows in the surface layers, it begins in the sub-
surface and middle layers of LLZO via Mechanism 2 with Li* reduction
to form dendrites populating grain boundaries, as observed by TEM
(Fig.1h) and ex situ MRI (Fig. 3). Instagel, isolated dendrite spots start
toappearinthemiddle layers of LLZO, as well as somein the subsurface
layers (Figs. 3 and 4b).

Following the stalled growth periodin stageIl, dendrites flourish
rapidly in the middle layers (stage Ill), as shown by in situ MRI (Fig. 4b,c).
The °Li -» “Li tracer-exchange NMR unveils that dendrite formationin
thisstage occurs mainly viaLi* reduction at grain boundaries (Mecha-
nism 2; Fig. 2d). Based on depth profiling using MRI (Supplementary
Fig. 9), no pronounced gradient in the °Li isotope content across
the LLZO pellet retrieved from a battery cell cycled to 30 C is found.
Meanwhile, the °Li > "Litracer-exchange processis rather slow at grain
boundaries, as suggested by their ’Li-rich content® (Supplementary
Fig.3). Furthermore, ex situ NMR shows that the dendrites formed in
the middle layers of the electrochemically tracer-exchanged LLZO
pellet are predominantly ’Li enriched with non-detectable °Li con-
tent (Fig. 2e), again confirming that dendrite formation in the middle

layers of the solid electrolyte is viareduction of Li* at grainboundaries
(Mechanism2).

Asdendrites rapidly proliferate within the middle layers of LLZO,
top-layer dendrite growth resumes at arelatively swift pace following
the amorphous-crystalline phase transition, as revealed by in situ
MRI (Fig. 4b,c) and corroborated by ex situ NMR (Supplementary
Fig. 6). The overall °Li isotope abundance in the dendrites continues
to decrease (Fig. 2d) due to increased participation of Mechanism 2
for dendrite formation.

Interplay between Li plating and electrolyte
reduction
InstagelV, thevoltage of Li/LLZO/Lifurther increases. Eventually, ashort
circuit occurs after a sudden polarization (Fig. 4a). Dendrite growth
slowsinthe middlelayers duetothe presence of fewer remaining defects
or decreased cell voltage, while remaining rapid in the surface layers
(Fig.4b).Surface layer dendrites formed viaMechanism 1 (Figs.1leand 3)
potentially bridge with those formed inthe middle layers viaMechanism
2 (Figs. 2e and 3) to create a percolated network for electron conduc-
tion, short-circuiting the battery. Overall, Mechanism 1dominates the
early and late stages of dendrite formation. By contrast, Mechanism 2
is the main mechanism of dendrite formation during the intermediate
stages when the cell voltages are relatively high to induce large local
potential differences for assisting electron transportand Li* reduction.
The respective contributions of Mechanisms 1and 2 to overall
dendrite formation can vary. The amount of Li dendrites formed via
Mechanism 2 depends on several factors, including the local over-
potentials, the number and nature of defects in the solid electrolytes
and the battery operating conditions. Higher local overpotentials, in
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conjunction withalarger number of defects, produce more dendrites
formed viaMechanism 2. For instance, with alow current density and
thus alow cell voltage of ~5 mV, we observe anegligible fraction of den-
drite formation viaMechanism 2, manifested by the larger °Liisotope
abundance of dendrites compared with LLZO. When the cell voltages
areincreased to40 mV, the’Liisotope abundance of dendrites is much
smaller than that of LLZO (Supplementary Fig.10), and an estimate is
that >50% of the total dendrites are formed via Mechanism 2.

This work thoroughly investigates dendrite formation in ASSBs
using the representative Li/LLZO/Li system. It employs non-invasive
NMR, MRI, EPR and tracer-exchange techniques to gain spatial and
temporalinsights into dendrite initiation and propagation. The quan-
titative tracer-exchange analysis validates a mechanism of dendrite
formation via Li* ion reduction at grain boundaries (Mechanism 2),
complementing the commonly recognized non-uniform Li plating
mechanism (Mechanism1). The interplay between these mechanisms
at various charge states is quantitatively assessed, offering valuable
insights foradvancing high-performance energy storage technologies.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41563-024-02094-6.
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Methods

Synthesis of cubic LLZO

Cubic LLZO was prepared using solid-state synthesis. Stoichiometric
amounts of LiOH (Sigma-Aldrich, 298%, dried at 200 °C for 6 h under
dynamic vacuum), La,0; (Sigma-Aldrich, 299.9%, dried at 900 °C for
12 h under dynamic vacuum), ZrO, (Sigma-Aldrich, 299%) and Al,O,
(Alfa Asear, 299%) with a molar ratio of Li/La/Zr/Al =7.7:3.0:2.0:0.22
were placed ina 25 ml ZrO, jar with two ZrO, balls (outer diameter (Jp)
=10 mm). Acetone (10 ml) was then added as the milling medium.
Ball-milling was performed on a SPEX SamplePrep 8000M mixer for
three cycles, in which each cycle contained 0.5 h milling followed by
0.5 hresting. Note that excess 10 mol% LiOH was added to compensate
for the evaporation of Li during high-temperature sintering. Al,O, was
added to stabilize the cubic phase of LLZO. The ball-milled mixture was
baked at50 °Ctoremoveresidual acetone. The baked mixture was ground
using anagate mortar and pestle before sinteringat 800 °Cfor 20 hinair
(rampingat5°C min™). After natural cooling, the mixture was mixed with
5wt% LiOH per weighted portion (-100 mg) using an agate mortar and
pestlefor10 min, followed by a cold press at 3 t or 6 t with stainless moulds
(inner diameter (&,,) = 6 or 10 mm, Across International). The pressed disc
was entirely covered by its mother powders without touching the AL,O,
crucible during sintering at 1,100 °C for 6 h to ensure the formation of
LLZO. After cooling, the sintered LLZO pellet was sequentially polished
using sandpaper (150-grit, 800-grit and 1,500-grit papers) until shiny
surfaces were observed by the naked eye. The obtained LLZO pellet, after
polishing, has dimensions, depending on the moulds, 0f 8.9 + 0.1 mm
(4.8 +£0.1mm) in diameter and 1.2 + 0.1 mm (1.0 £ 0.1 mm) in thickness.
Therelative density of LLZO pellets investigated in this study was ~90%.

Assembly of symmetric cells

Allthe following tasks were performed inan Ar-filled glove box. Lichips
(MTICorporation) were scratched gently with aspatula, pressedat1tand
punched with a hollow die (&, = 8 or 4 mm). This process is employed
toreduce the thickness of Li metal electrodes (vide infra). The polished
LLZO pellets were sandwiched with two freshly prepared Li chips and
pressedinstainlessmouldstoimprove the contact of LLZO-Liinterfaces.
Polyethylene films were inserted as a barrier to prevent direct contact
between Li chips and stainless die during pressing. The Li/LLZO/Li cell
wasthensubjected toheat treatmentat175 °Cfor 30 min under adynamic
vacuum followed by natural cooling. These symmetric cells were subject
to ex situ 3D "Li MRI experiments. For ex situ tracer-exchange NMR
experiments, similar Li/LLZO/Li symmetric cells were used in which the Li
metal electrodes were prepared using °Li chunks (Sigma-Aldrich, 95 at.%
%Li). For operando 2D’Li MRl experiments, bag cells were assembled by
attaching two Cu strips (60 mmlong by 3 mm wide) onto the surface of
the Limetal of the freshly prepared Li/LLZO/Li cell. The Cu/Li/LLZO/Li/
Cubag cells were hermetically sealed in a heat-sealable polyester bag.

Electrochemistry

Thed.c. polarization of Li/LLZO/Li cells was carried out with home-built
cylindrical cells* onan Arbinbattery testing system. Small LLZO pellets
(@op = 6.8 £ 0.1 mm) were polarized at 0.1 mA cm™to observe the for-
mation of Limicrostructures. The current direction was reversed every
30 min,and a5 minidling was inserted between charge and discharge.
Post-mortem analysis on the cycled small LLZO pellets was carried out
with SEM, “Li NMR and EPR. Before measurements, Li metal was com-
pletely removed fromtheLi/LLZO/Licells by polishing the surfaces with
sandpaper (800-grit and 1,500-grit papers) in an Ar-filled glove box.
Cycled LLZO pellets were then crushed into powders or pieces using an
agate mortar and pestle. Large LLZO pellets (@,p = 8.9 + 0.1 mm), which
were the specimens for the ex situ 3D ’Li MRI studies, were purposely
polarized at 0.1 mA cm2and 0.5 mA cm?to induce the formation of Li
microstructures without and with shorting, respectively. The current
direction was reversed every 30 min, and a 5 min idling was inserted
between charge and discharge. Polarization of the Cu/Li/LLZO/Li/

Cu bag cells for in situ 2D ’Li fast low-angle shot MRI experiments was
carried out on a Gamry Reference 600" with a step mode, in which a
charge-discharge cycle was polarized at 0.1mA cm™2.

MRI

The3D’LiMRIwas conducted on an11.75 T magnet (Larmor frequency
(wo/21) =194.4 MHz for’Li; Magnex Scientific) withan 89-mm-wide bore
at the College of Engineering on the joint Florida A&M University and
FloridaState University campus. To ensure theintegrity of the LLZO-Li
interfaces as well as the embedded Li microstructure in LLZO, we kept
both the LLZO that was cycled without shorting and the shorted LLZO
pellets sandwiched by Li metal electrodes and aligned the orientation
of the LLZO pellets in parallel with both the B, and B, magnetic fields,
described below. Micro2.5 gradients (Bruker Corp) were employed in
these experiments. Aflip angle of 90°,anecho time of 1 ms and arepeti-
tiontime of 0.25 swere used. The 3D images were collected with a field
of view of 10 mm x 10 mm x 3.2 mm (matrix =100 x 100 x 32). For each
3Dimage 128 averages were accumulated, with a total acquisition time
0f26.4 h. The 3DLi MRIvolume images were processed with MATLAB
scriptsto generate 2D cross-sections, side views and projections. These
images were also subject to histogram analysis performed on Image]
(National Institutes of Health).

Insitu2D’Lifast low-angle shot® MRI experiments were performed
on a home-built 21.1 T ultra-wide-bore magnet (w,/21 = 394.7 MHz for
’Li) at the National High Magnetic Field Laboratory. Supplementary
Scheme 1shows the experimental set-up for in situ MRI acquisitions.
A custom-built MRI coil (Supplementary Scheme 1a) is the central
modification, which allows secure placement of the solid-state battery
(Supplementary Scheme 1a) inside the imaging coil with the preferred
orientationto both the external magnetic field B, generated by the mag-
netand the magnetic field B, generated by the NMR coil for spin polariza-
tion. Such a configuration of battery placement is critical to achieving
high-fidelity MRIimaging by eliminating eddy current effects*’. A gradi-
entof 60 G cm™inthree orthogonal directions (Resonance Research) was
employedin these experiments. A flip angle of 30° with an echo time of
0.918 ms and a repetition time of 0.3 s were used. The 2D images were
collected withafield of view of 17 mm x 11 mm (matrix = 81 x 52). Foreach
2D image 1,024 averages were accumulated before and after cycling,
withatotal acquisition time of 4.5 h. All2D’LiMRIimages and histogram
analyses were processed on ImageJ (National Institutes of Health).

Solid-state NMR

The’LiMASNMR spectraon LLZO (pristine and cycled) were acquired
onaBruker DRX-830 spectrometer (19.6 T, /21 = 322.57 MHz for ’Li)
with ahome-built 1.8 mm probe spinning at 25 kHz. All’Li spectrawere
acquired using a spin-echo pulse sequence with a 1t/2 pulse length of
2 s (radio frequency =125 kHz) and arecycle delay of 1s. The’Li chemi-
cal shift was calibrated with dry LiCl(s) at -1.1 ppm.

For tracer-exchange NMR experiments, °Liand 'Li MAS NMR spec-
traonLLZO were acquired on a Bruker DRX-830 spectrometer (19.6 T,
/21 =122.14 MHz for °Li, and 322.57 MHz for ’Li) with a home-built
3.2 mm probe spinning at 14 kHz for °Li and 13 kHz for ’Li. The latter
was spinningabit slower to avoid the overlap of the sidebands from the
LLZO peak and metallic Li peak at around 264.5 ppm. All spectrawere
acquired using asingle-pulse sequence with arecycle delay of 10 s for
®Liand 2 sfor’Li. The measurements were conducted on three battery
cells for each data point. The °Li or ’Li chemical shift was calibrated with
LiCl(s) at -1.1 ppm. For quantification, a calibration factor of 28.45,
determined from the °Li and “Li NMR of naturally abundant LiCI(s),
was used to correct for the °Liand ’Li NMR sensitivity differencein the
isotope composition calculations of dendrites and solid electrolytes.

EPR
EPR measurements were conducted at 240 GHz with a continuous
wave heterodyne EPR spectrometer constructed at the National High
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Magnetic Field Laboratory with submillimetre waves propagating
through cylindrical wave guides instead of a resonant cavity and sig-
nals detected by aliquid-helium-cooled InSb bolometer (QMC Instru-
ments). The magnetic field was modulated with alock-in amplifier by
phase-sensitive detection. Hysteresis and field nonlinearity corrections
were applied. The spectra were collected from 8.53 to 8.585 T with a
sweep rate of 0.201 mT s at 290 K and an average of four scans.

Powder X-ray diffraction

To verify the phase purity of LLZO, powder X-ray diffraction was carried
outatroom temperature ona Philips X'Pert powder X-ray diffractom-
eteroperatingat45 kVand 40 mA. The powder X-ray diffraction pattern
(wavelength, A =1.5406 A, CuKa) was acquired under step mode with
ascanning time of 0.5 s per 0.02° step from 10 to 70° (26, the angle
between the transmitted beam and reflected beam).

SEM

The morphology on the cross-sections of a cycled LLZO pellet was
investigated using a field-emission SEM instrument (NOVA NanoSEM
400) operating at15 kV and aworking distance of 5.9 mmwith an Ever-
hart-Thornley detector. To reduce the exposure of LLZO to moist air,
the broken pieces of LLZO pellets were mounted on the SEM holderin
an Ar-filled glove box before transferring to the SEM chamber.

TEM

High-resolution TEM and energy-filtered TEM images were collected
onaJEOLJEM2100F microscope withaworking voltage of 200 kV. The
TEM samples were prepared in the glove box. The LLZO pellets were
ground into powder and directly dropped on a Cu grid, then quickly
transferred to the holder and microscope (exposure of the samples to
air was controlled to be less than 30 s).

Data availability

Data generated or analysed during this study are also included in
Supplementary Information. Further data are available from the
corresponding authors upon request. Source data are provided with
this paper.

Code availability

The Python code used for simulating the tracer-exchange process
is provided via GitHub at https://github.com/Jak1022/Python_
tracer_exchange.
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