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Abstract
Lithium dendrites (�laments) propagation in the solid electrolyte (SEs) leading to short circuits is one of
the biggest obstacles to the application of all-solid-state lithium metal batteries (ASSLMBs). Due to the
lacking of operando techniques that can provide nano-scale spatial resolution, the insu�cient knowledge
of the lithium dendrite growth inside SEs makes it di�cult to suppress dendrite formation. To reveal the
mechanism of Li �lament growth in SEs, we achieved real-time monitoring of the nanoscale Li �lament
growth by operando small-angle neutron scattering (SANS) in a Cu|LLZNO|Li cell. On continuous plating,
Li �lament growth is not simply an accumulation of Li, but there is a dynamic evolution due to the
competition between Li �lament formation and self-healing. This dynamic evolution of Li �laments has
been proved to be prevalent in typical SEs. With the aid of simulations and experiments, this dynamic
competition was demonstrated to be highly dependent on the temperature variation. The enhanced self-
healing ability of Li at elevated temperatures plays a positive role in suppressing Li �lament formation.
The cycle life of the cell was improved by heat therapy, which provided a brand-new insight for
suppressing Li �lament formation. Operando SANS with high Li sensitivity and high spatial resolution
provides a new platform for investigating Li �laments in SEs.

Introduction
Lithium metal is regarded as the ultimate anode for high-energy rechargeable batteries, in which the �nal
hurdle is to eliminate the lithium dendrite propagation.1, 2 To achieve this goal, solid electrolytes (SEs)
with high shear modulus and Li+ transference numbers are anticipated to couple with lithium metal.3, 4

However, far from the expected result, the critical current density of SEs, at which the cell will be shorted,
is much smaller than that of liquid electrolytes.5, 6 SEs, orders of magnitude stiffer than lithium, though,
fail to suppress the dendrite propagation, demonstrating that SEs can be served as the breeding ground
for dendrite instead of the barrier layer.7, 8

The dendrite propagation, leading to catastrophic failure, can be considered as ‘cancer’ in all-solid-state
lithium metal batteries (ASSLMBs). Great efforts have been devoted to revealing the propagation
mechanism and preventing dendrite growth, which strongly depends on advanced characterization
technologies.9-13 State-of-the-art techniques for tracking the evolution of Li dendrites at different scales
are listed in Fig. 1. The electron microscope (SEM/TEM) is expected to provide morphology and structure
information from the bulk phase down to the atomic scale. More recently, with the aid of high-resolution
TEM under a simulated Li-enriched environment, Chi et al suggested that Li+ encounters with electrons at
grain boundaries, forming local Li �laments which are more appropriately referred to as the segregated Li
inside SEs instead of traditionally de�ned ‘Li dendrite’.10 Moreover, only when these �laments form
extensive interconnected networks inside the entire SEs, the short circuit would eventually occur and lead
to the failure of a cell. It is bold to speculate if these �laments inside grain boundary can be detected at
an early stage, the remedial measure can be timely adopted to prolong the life span of ASSLMBs. Thus,
the critical step lies in developing an operando and non-destructive characterization technique with high
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sensitivity to Li element and grain boundary under real electrochemical testing conditions. However, it
remains a big challenge to existing characterization techniques, until now there has been no one that can
meet all these demands.9

Herein, Li-sensitive and spatially diagnostic small-angle neutron scattering (SANS) has been employed to
observe the dynamic Li �lament growth for the �rst time. Bene�ting from the intrinsic sensitivity towards
Li and grain boundaries, this operando SANS con�rmed the Li �laments initially incubate within the SEs
grain boundary and followed by dynamic competition between Li �lament growth and self-healing, which
is proved to be universal in typical SEs. With the aid of theoretical simulation and experimental
veri�cation, the dynamic evolution of Li �laments was demonstrated to be highly dependent on the
temperature variation. The enhanced self-healing ability at elevated temperatures plays a positive role in
preventing Li �lament formation and even can eliminate the existing Li �laments. The cycle life of
ASSLMBs can be improved by heat therapy, which provides new insight into the suppression of Li
�laments. 

Results And Discussion
Di�culties in learning the growth of Li �laments in SEs. The buried and localized nature of Li �laments in
SEs makes it more complicated and di�cult in the corresponding characterization, not to mention
operando and nondestructive applications. 9, 14 State-of-the-art techniques for tracking the evolution of Li
dendrites at different scales are listed in Fig. 1, including optical microscope,15, 16 nuclear magnetic
resonance (NMR),17, 18 in-situ neutron depth pro�ling (NDP),12, 13 synchrotron X-ray imaging,11, 19, 20

scanning electron microscope (SEM)21, 22 and transmission electron microscope (TEM).23, 24 Amongst,
optical microscope, NDP, and synchrotron X-ray techniques, as listed in the dark green box of Fig. 1, can
be �tted with delicately designed devices for in-situ observations of Li dendrites under working condition.
However, the spatial resolution is limited to tens or even hundreds of micrometers, which is too low to
observe the initial growing period of Li �laments. To some extent, when Li dendrites are detected by these
techniques at the micrometer scale, the short circuit of the cell has already happened or been upcoming.
On the other hand, to obtain a high spatial resolution, conventional SEM and TEM analyses are employed
to provide a wealth of information down to the atomic scale, yet are limited by the instability of lithium
under electron beam irradiation. Moreover, the current in-situ observation is under the simulated Li-
enriched environment, not the real electrochemical cell. The SEM and TEM characterizations, in a sense,
fail to provide the time-resolved Li �lament evolution under real electrochemical testing. To obtain a high
spatial resolution, an in-situ transmission grazing-incidence small-angle X-ray scattering (GISAXS)
method was employed to investigate the nucleation and growth of Li electrodeposition in a liquid
system.25 Unlike X-ray, neutrons, which interact with nuclei rather than electrons, have a higher sensitivity
to light elements such as H and Li. Small-angle neutron scattering (SANS), which is similar in principle to
SAXS, is better at monitoring Li �lament evolution in an all-solid system, due to the higher Li sensitivity
and stronger penetrating ability of neutrons than X-ray.26, 27
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The combination of high Li sensitivity and high spatial resolution makes operando SANS well suited for a
whole-process monitor of the Li �lament evolution in SEs. To demonstrate this speculation,
Li . La Zr . Nb . O (LLZNO) with a typical Ia-3 structure,28 as exhibited in Supplementary Fig. 1 and
Supplementary Table 1,2, was utilized as the SEs to assemble the solid-state cell. As demonstrated in
Fig. 2a,b, the Cu|LLZNO|Li cell is immobilized in an independently designed and developed device, which
is then mounted in a neutron beamline. The device integrates multiple functions of temperature,
atmosphere, and current control. To ensure an effective signal from Li �laments within the SEs, the Cu
ring is used as the electrode sheet to eliminate intrusive signals from the Cu ring and the Li metal
deposited on it. The �nite element method (FEM) was applied to simulate the growth of Li dendrites on a
macroscopic scale in this particular cell. (Supplementary Fig. 2) The special Cu ring con�guration results
in a locally enhanced electric �eld distribution. The inhomogeneous electric �eld induces inhomogeneous
deposition of Li, similar to the inhomogeneous deposition caused by the "edge effect" around the
electrode sheet.11, 29 Therefore, the Li dendrites grow diagonally from the edge of the Cu ring toward the
counter electrode, which ensures effective detection of the Li dendrite in the neutron detection region. It’s
worth noting that the thickness of the LLZNO pellet is 1.0 mm, far beyond the penetrating capability of X-
ray (less than 100 µm). However, the neutron transmittance of LLZNO pellet and Li foil were tested to be
68.26% and 88.26%, respectively, which are high enough to meet the requirements of operando SANS
experiments. Further tests were performed to compare the two-dimensional SANS spectra of Li foil and
LLZNO pellet, as shown in Fig. 2c. The Li foil exhibits almost no small-angle scattering signal. Since
SANS is a characterization method for probing inhomogeneities in materials at the nanoscale, with no
signal response for homogeneous substances.30 Hence, although a large number of neutrons directly
penetrating the Li foil are captured on the probe panel, these count points are disorderly distributed and
cannot be transformed into a valid SANS intensity curve by integration. In contrast, the internally
inhomogeneous LLZNO pellet exhibits a strong small-angle scattering signal (Fig. 2d). The different
response to the SANS signal ensures that the microstructural variation induced by the precipitation of Li
�laments in LLZNO pellets can be accurately re�ected on the corresponding SANS intensity curve.

Operando monitoring of Li �lament growth in SEs. The �lament growth inside the LLZNO pellet was
investigated under a unidirectional and gradual increasing current density to obtain a rapid Li �lament
growth and collect valid SANS signals. Theoretically, the higher the current density is, the faster the
deposition rate becomes. Once reach the critical current density, the Li �laments grow widely and
eventually lead to the dendrite and constitute a short. Here, Li-ions are only plated onto the Cu ring in one
direction to exclude any complications from the residual ‘dead lithium’ due to the incomplete removal of
Li during stripping. As shown in the voltage pro�le of Fig. 3a, the polarization potential of Li plating
increases with the current increases during the initial stage, in line with Ohm's law. However, as the current
density continues to increase, the polarization potential suddenly drops to a very small value, as indicated
by the black arrow. This phenomenon can be attributed to the accumulation of Li metal on the Cu ring,
increasing the contact area between Cu and LLZNO, and further decreasing the interface impedance
(Supplementary Figs. 3,4). Although the polarization potential decreases, the complete short circuit does



Page 6/22

not occur. Instead, the voltage �uctuates with prolonged time, which is tentatively speculated to be
caused by the dynamic evolution of Li �laments inside the SEs.

During the plating of Li, the synchronous neutron scattering intensity variation is recorded and exhibited
in Fig. 3b. The relationship between the scattering intensity and the number of scatterers is shown
below.30

I(q) = nV2Δρ2
SLDP(q)S(q) + Binc

1

Where I(q) is the scattering intensity, q is the scattering variable, n is the number of scatterers (Li
�laments in this system), V is the volume of scattering, ΔρSLD is the scattering length density contrast
between the Li and SEs, P(q) is the form factor, S(q) is the structure factor, and Binc is the incoherent
scattering background. In this scattering system, the ΔρSLD is a �xed value and other parameters are
constant. Therefore, the enhancement of scattering intensity I(q) is caused by the increase of Li �laments
inside SEs. To con�rm this, we tested the variation of the scattering intensity of LLZNO when no current
was applied. As shown in Supplementary Fig. 5, the intermediate value of the relative scattering intensity
�uctuates around 1, or even less than 1. In comparison, the red �tted curve in Fig. 3b shows that the
intermediate value of the scattering intensity is always greater than 1. The scattering intensity increases
at the early stages of Li deposition, indicating the precipitation of Li �laments inside the LLZNO.
Consistent with previous reports, this initially increased scattering intensity of the Li �lament propagation
is due to the abundance of grain boundaries or defect sites in LLZNO SEs.10, 11 In general, the growth of
Li �laments should be faster as the current density gradually increases, and the scattering intensity
should increase sharply. However, scattering intensity becomes �uctuant with further current increment,
instead of proleptic increment, demonstrating the Li �laments do not accumulate continuously even upon
ongoing deposition. Therefore, it can be speculated that the penetration of Li �laments inside SEs is not a
monotonic accumulation, but a complex dynamic evolution.

The SANS intensity curves collected at different current densities were resolved to reveal the evolution of
Li �laments at the nanoscale (Fig. 3c). There is no obvious trend in these curves as the current density
increases. Similar �uctuations con�rm the irregular evolution of Li �laments. Fit these SANS intensity
curves by the Guinier-Porod model to quantitatively evaluate the microstructural variation in SEs,
especially at grain boundaries:31

I(q) =
G
qs exp

−q2R2
g

3 − s , forq ≤ q1

2

( )
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I(q) =
D
qd , forq ≥ q1

3

Where G is the Guinier scale factor, D is the Porod scale factor, s is the dimension variable, Rg is the radius
of gyration, and d is the Porod exponent (also known as the Power-law). q1 can be calculated by:

q1 =
1

Rg

3d
2

1/ 2

4

Since the dimension variable s of this system is a constant 1.0, Rg corresponds to an approximate 2D
lamella structure, which could be assigned as Li �laments at grain boundaries. The relationship between
Rg and the thickness (T) of the randomly oriented sheet is:

T = √12 · Rg

5

In this system, T represents the thickness of the grain boundary, that is, the T value will increase when Li
�laments grow within grain boundaries. The detailed �tting parameters of the Cu|LLZNO|Li cell are
shown in Table S3. The initial T0 is 5.09 nm before the Li plating process when no �laments are present
in grain boundaries (Fig. 3d). At the early stage, this T value gradually increases to 5.43 nm with lifted
current density and prolonged time, which is due to the formed Li �laments �lling in grain boundaries.
The T value increment is terminated at 25 µA cm− 2 and replaced by �uctuation between 5.09 nm and
5.43 nm during the following progress.

On the other hand, the three-dimensional structures of Li �laments can be investigated by using the
fractal analysis on small-angle scattering, due to the correspondence between the fractal dimension and
Power-law.32, 33 It should be noted that for the Power-law dependence, the range of q should be carefully
selected within 2π/D < q < 2π/d, where D is the upper limit for the mass fractal structure and d is the
primary unit of the structure. As illustrated in Fig. 3d, the obtained Power-law is between 3 and 4,
corresponding to the surface fractal dimension. The roughness of the Li �lament surface in this system
can be estimated based on the Power-law value. The lower the value is, the rougher the surface is. During
the entire Li plating, the Power-law value �rstly decreases from 3.81 to 3.72, indicating the rougher
surface of Li �laments, which corresponds to the continuous formation of Li �laments at grain
boundaries. After 25 µA cm− 2, a similar �uctuation can be also observed in the Power-law value. Taking
both T and Power-law value into account, it can be deduced that at the early stage, Li �laments emerge
and expand grain boundaries, as re�ected by thicker grain boundaries and rougher Li �lament surface.
Then the abnormal phenomenon occurs that Li �laments partially disappear rather than continuedly to

( )
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accumulate even under a higher current density, that is, the self-healing process.34–38 The Li �lament
growth and self-healing compete with each other and result in �uctuating parameters of T and Power-law.
This mutual competition also leads to huge voltage �uctuations and scattering signal �uctuations.

To investigate the effect of temperature on the dynamic evolution of Li �laments, the same operando
SANS test was performed on Cu|LLZNO|Li at 80℃ (Supplementary Fig. 6 and Supplementary Table 4).
The same increase in scattering intensity is observed, implying that Li �laments penetrate LLZNO SEs.
The �tting parameters show that T80℃ is signi�cantly larger than T110℃ and Power-law80℃ is
signi�cantly smaller than Power-law110℃, implying the thicker and rougher Li �laments. Moreover, no
�uctuations in scattering intensity and �tting parameters due to the competition between growth and self-
healing were observed. This is related to the weaker self-healing ability of Li at low temperatures. Further
explanation will be given in the subsequent theoretical calculations. Besides, to validate the universality
of the aforementioned competition between Li �lament growth and self-healing in SEs, another typical
77.5Li S-22.5P S  (LPS) electrolyte is also employed using identical operando SANS characterization
(Supplementary Fig. 7 and Supplementary Table 5). The XRD pattern of the prepared LPS is shown in
Supplementary Fig. 8. As shown in Supplementary Fig. 7a,b, the voltage �uctuates similarly with
increasing time, and the synchronous scattering intensity also �uctuates. Furthermore, parameters that
re�ect microscopic information about the grain boundaries show similar trends (Supplementary
Fig. 7c,d). Therefore, it can be concluded that the competition between Li �lament growth and self-
healing is a universal phenomenon in SEs.

Li �lament distribution inside SEs. The SEM was employed to con�rm the distribution of Li �laments
within the SEs after the short circuit. As shown in Fig. 4a, the LLZNO SEs are composed of densely
stacked particles with a diameter of about 1 µm, which are covered by gauze-like �akes. To further verify
the gauze-like �akes, a secondary electron image and backscattered electron (BSE) image for the
identical area are compared in Fig. 4b. The legible gauze-like �akes in the secondary electron image are
almost invisible in the BSE image. This can be rationally explained that the BSE image provides not only
morphology but also element distribution, but is insensitive to light elements. It can be concluded that
gauze-like �akes consist of light elements. The distribution of O elements is used to trace the distribution
of Li �laments since the metal Li is sensitive to O2 and H2O.12, 39 As shown in Fig. 4c,d, two points for
pure LLZNO and gauze-like �akes are compared by EDS analysis. The oxygen content at point 1 is 70.6%,
which is consistent with the oxygen content of LLZNO. For gauze-like �akes, the oxygen content
increases from 75.1–82.1%, while the content of other elements remains almost constant, con�rming
that gauze-like �akes are Li �laments. Further EDS mapping shows that O elements are concentrated at
the edges of the particles, while Zr and La elements are uniformly distributed, indicating that Li �laments
are deposited at the grain boundaries (Fig. 4e-h). In contrast, no gauze-like Li �laments are observed in
SEs after only 2 hours of discharge at 5 µA cm-2 (Supplementary Fig. 9). However, the apparent
aggregation of O elements implies that precipitation of Li �laments has occurred in SEs. The resolution
of SEM is not high enough to observe them, but operando SANS can capture the nanoscale Li �lament
variation (Fig. 3). The above postmortem results con�rm the existence of Li �laments at the grain
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boundaries, which is consistent with the SANS results. However, these postmortem results only show the
�nal state of Li �laments without dynamic evolution, not to mention the competition between Li �lament
formation and self-healing.

Dynamic evolution of Li �laments in SEs and ‘heat therapy’. Using operando SANS with high spatial
resolution, the competition between �lament formation and self-healing is con�rmed. The speculation
that enhancing the self-healing effect could further prolong the cell lifespan is thus proposed. Based on
recent results, the self-healing effect is supposed to be highly related to temperature.34, 36 Additionally,
changing working temperature is facile and effective of all the approaches. Thus, the �nite element
method (FEM) was employed to investigate the temperature effect during the competition between
�lament formation and self-healing, and to reveal the self-healing mechanism. Firstly, some �laments
with acicular shapes are pre-buried in SEs, as exhibited in Fig. 5a. The direction of Li+ diffusion is set
from the right to the left side. For the scale bar, Ф refers to the volume fraction of Li metal, where 1
represents the pure Li metal phase, while 0 represents the pure SEs without Li metal. With the continuous
migration of Li ions, Fig. 5b( ) shows that Li+ is preferentially deposited at the tips of the pre-buried
�laments, due to the enhanced electric �elds and higher local current densities.11, 29 Without intervention,
this uneven deposition could accelerate the growth of Li �laments, thus further promoting the dendrite
formation and eventually leading to a short circuit. However, at the elevated temperature of 450 K, a
counteraction to eliminate the acicular �laments is observed, as pointed out by the black arrows, which is
attributed to the high surface energy that makes �lament tips shrink and smooth. With further time
relaxation, as shown in Fig. 5b( ) to ( i), although the amount of Li metal still increases, the sharp tips
eventually become smooth. This simulated dynamic competition between formation and self-healing at
the tips of the �laments is consistent with the above operando SANS observation. By contrast, the
dynamic evolution of Li �laments at the room temperature of 300 K is less signi�cant. As shown in
Fig. 5c, at the same relaxation time, the formation of Li �laments is observed, while the self-healing is
much slower and weaker at the lower temperature. This explains why thicker and rougher Li �laments
were detected at 80°C, while no dynamic evolution was observed due to the competition between growth
and self-healing (Supplementary Fig. 6 and Supplementary Table 4).

From the simulation results, it can be concluded that the self-healing ability of Li is improved at elevated
temperatures, making the growth of Li �laments less "sharp" and effectively slowing down the occurrence
of short circuits. Therefore, it is reasonable to conjecture that the heat treatment could positively prevent
Li �laments formation. To demonstrate this conception, LiBH4 SE with a highly reductive nature has been
selected for its compatibility and thermodynamical stability toward Li metal. It is worthy to notice here
that the Li/LPS and Li/LLZNO interfaces are both unstable or uneven, especially under high temperatures,
which are unsuitable for this con�rmatory experiment. To verify the stability between Li and LiBH4, and
further determine the “heat therapy” temperature, DSC-TG analysis has been employed, as illustrated in
Supplementary Fig. 10. There is only one obvious peak corresponding to the orthorhombic–hexagonal
phase transformation of LiBH4 from the orthorhombic phase below 170℃, with no weight change

throughout. Only the hexagonal P63mc phase provides high conductivity up to 10− 3 S cm− 1.40 The
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critical current density (CCD) of SEs is an important parameter to evaluate the ability to suppress the Li
dendrites. At the lower temperature of 125°C, the voltage �rst increases as the current density increases,
and then suddenly drops at 2.6 mA cm− 2 (Supplementary Fig. 11). Hence, the CCD value at 125°C is
determined as 2.6 mA cm− 2. Increasing the temperature from 125°C to 140°C and 160°C can effectively
promote the CCD values of Li|LiBH4|Li cells to 3.6 and 4.0 mA cm− 2, respectively (Supplementary
Figs. 12,13). A similar observation has been recently reported by Hu et al,15 who indicate that the higher
conductivity at a high temperature increases the amount of Li+ near the tip of Li dendrites, thus leading to
high surface energy, making �lament tips shrink and smooth.

Furthermore, to verify the feasibility of heat therapy in prolonging the cyclability, some Li �laments were
pre-buried in Li|LiBH4|Li cell by initially cycling for 5 cycles at 2 mA cm− 2, as shown in Supplementary
Fig. 14. Subsequently, this cell was subjected to heat therapy under 160°C for 6 hours. then cooled to
125°C for 3 h and cycled again at 2 mA cm− 2. The symmetric cell can run more than 130 cycles after
heat therapy. In sharp contrast, another Li|LiBH4|Li cell without high-temperature heat therapy can only
operate 38 cycles under the same condition (Supplementary Fig. 15). Herein, these results not only
strongly con�rmed the role of high temperature played in preventing Li �lament formation, but also
proposed a brand-new and viable heat therapy method to prolong the lifespan of ASSLMBs.

In conclusion, for the �rst time, we achieved real-time detection of the initial growth of Li �laments at the
nanoscale using operando SANS, which provides another perspective for understanding the Li �lament
formation mechanism. The previous opinion insists that Li �lament formation is an irreversible process
just like end-stage cancer in ASSLMBs. Different from this opinion, with the aid of operando SANS and
theoretical simulations, we have noticed that instead of the single accumulation of Li �laments, there
exists competition between Li �lament growth and self-healing. This dynamic competition is highly
dependent on temperature changes, and the enhanced self-healing ability at elevated temperatures plays
a positive role in preventing Li �lament formation and can even eliminate already existing Li �laments.
This means that the malignant Li �lament formation can be possibly ameliorated or even partially
eliminated, so long as the Li �laments can be detected early enough. To meet the demand for early
detection, operando SANS with high spatial resolution is a powerful tool, providing a new platform for
studying Li �laments in SEs. Based on the discovery of dynamic competition, a new method of heat
therapy will be a promising route to increase the cycle life of solid-state batteries.

Methods
Preparation of Li . Laz . Nb . O  (LLZNO). The overall preparation of LLZNO is divided into four steps:
mixing, pre-sintering, pressing, and sintering. Firstly, stoichiometric amounts of Li CO  (more than 15% to
replenish lithium volatilization during sintering), La O , ZrO , and Nb O  were added to a ceramic ball mill
tank and ball milled for 24 hours at 100 r.p.m. using anhydrous ethanol as the solvent. The mixed slurry
was then dried, sieved, and placed in a MgO ceramic crucible for pre-sintering in a mu�e furnace at
950°C for 6 h in air. The pre-sintering powder was then removed and ball milled, consistent with the
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previous ball milling method. Then, the powder was pressed at a pressure of about 6 MPa into pellets
with a diameter of about 20 mm. Finally, the pellets buried in the powder were placed in a MgO ceramic
crucible and sintered in a mu�e furnace at 1250°C for 40 min.

Preparation of 77.5Li S-22.5P S  (LPS). The LPS was prepared by high-energy ball milling. In the glove
box, 178.25 mg of Li2S and 249.75 mg of P S  were placed in an agate tank, and agate beads were
added at a ball-to-powder mass ratio of 60:1. Seal the tank in the glove box and ball mill at 650 r.p.m. The
powder is removed from the tank every 5h and ground in a glove box, followed by ball milling. Repeated
this operation twice, and continued to ball mill for 24h. Finally, the material was taken out in the glove
box, ground, and cold-pressed into pellets with a diameter of about 20 mm.

Characterization. The Bruker D8 Advance X-ray diffractometer with Cu Kα radiation (λ = 1.5406 Å) was
used for XRD testing. For air-sensitive LPS SEs, sealed with clear tape before testing and transferred
quickly. The XRD pattern was re�ned by program RIETAN-2000 of the Rietveld method. The morphologies
of the samples were investigated by a �eld-emission SEM (FEI Helios G4 CX). For the discrimination of
heavy and light elements in the samples, the backscattered electron (BSE) function of SEM was used.
The element distribution was drawn by dual Bruker 30 mm− 2 detectors’ EDS mapping.

Electrochemical Measurement. The assembly of Cu|LLZNO|Li and Cu|LPS|Li relies on the self-developed
device. Speci�cally, the Cu ring, SEs, and Li foil were stacked one on top of the other and then connected
to the external circuit by wires. Before the electrochemical test, the cells were held at the speci�ed test
temperature for 1 h to ensure uniform heat distribution throughout the cells. The Cu|SEs|Li cells were kept
in the sealed device �lled with argon gas during the whole testing. For Cu|LLZNO|Li, the temperature was
controlled at 110 ± 8°C to ensure high ionic conductivity, while for Cu|LPS|Li, the temperature was
controlled at 80 ± 5°C (Supplementary Fig. 16). The open-circuit voltage curves of Cu|LLZNO|Li and
Cu|LPS|Li are shown in Supplementary Fig. 17. Li|LPS|Li and Li|LiBH4|Li were assembled by attaching
lithium foils to both sides of the pressed SEs pellets. At a pressure of 360 MPa, 150 mg of prepared LPS
and 120 mg of purchased LiBH4 were pressed into pellets, respectively. Assembly of all cells is done in
the glove box, eliminating exposure to air. Electrochemical tests were performed on an electrochemical
workstation (CHI 760e) and a battery test system (BTS 7.6.0.1313, NEWARE). The electrochemical
impedance spectrum (EIS) measurement was performed on an electrochemical workstation (CHI 760e).
The EIS was measured in the frequency range from 0.1 to 106 Hz.

SANS measurement. Operando SANS measurements were performed at the China Mianyang Research
Reactor (CMRR), on the SANS-Suanni spectrometer. The sample-to-detector distance (SDD) is 1.8 m and
the wavelength λ is 0.53 nm, resulting in a q range of 0.2 to 2.0 nm− 1.41 The magnitude of the scattering
vector q de�ned by q = (4π/λ)sin(θ/2), where θ is the scattering angle. The wavelength spread (Δλ/λ)
is currently about 18%. After installing the cell in the device, the device was installed at the sample desk.
After holding at a speci�c temperature for one hour, signal acquisition began. The scattering signal is
obtained by subtracting the background scattering signal from the total scattering signal, which is mainly
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done by the BerSANS software. The speci�c data �tting analysis was performed using Igor Pro
software.42

Theoretical calculations. The �nite element method (FEM) is applied through Comsol Multiphysics,
version 5.6. For the self-healing mechanism, the 2D level set equation was used to describe the evolution
of dendrite morphology:

∂φ
∂t + →u ⋅ ∇φ = γ∇ ϵls∇φ − φ(1 − φ)

∇φ
|∇φ|

3

where Ф refers to the volume fraction of Li metal, which is equal to 1 in the pure metal phase and
between 0 and 1 at the interface. The external phase interface velocity u is powered by the deposition
reaction of Li ions, which is not the focus of our simulation thus u was set to be a constant value along
the x-direction. The coe�cient γ controls the internal evolution velocity un = -γk, which is normal to the
interface and proportional to the interface curvature k. It describes the self-diffusion behavior of the
dendrite interface under a linear approximation which is in favor of a low-curvature morphology. Since
our purpose is to simulate the thermal-diffusion behavior which is insigni�cantly related to the electric
driving, we approximately ignored the electrical effect and simpli�ed the dendrite formation process from
electrochemical reaction to liquid-solid freezing. Then according to the study from Sun et.al.,43 γ can be
written as:

γ ∝ CPD

4

where Cp is the heat capacity and D is the thermal conductivity of Li metal. For regions close to room
temperature (300 K) and below the Debye temperature of lithium (344 K), the Debye approximation is
applicable. Based on this, both Cp and D are proportional to T3 and the coe�cient γ is proportional to T6.
The initial morphology of the Li dendrites was generated by an arbitrary function. The left boundary was
set inlet condition while the right boundary was set outlet. The upper and lower boundaries were set to be
no-�ux. The whole system represented a surface of electrolyte particles with a system size of 50µm. The
default mapped mesh was applied with �uid-dynamics type and extremely �ne size level. The default
phase-initialization study step and time-dependent solver were used. The mesh optimization was studied
and our simulation result showed insigni�cant dependence on meshing.
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Figure 1

The state-of-the-art techniques for Li dendrites in SEs. The Li dendrites are gradually grown from
nanoscale to millimeter scale. The dark green boxes indicate in-situ and non-destructive techniques. In
contrast, the techniques in the white boxes are ex-situ and destructive. With a customized device, SANS
enables real-time detection of Li �laments at the nanoscale.
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Figure 2

Operando small-angle neutron scattering experiments. a) Schematic of the experimental set-up for
operando SANS. b) Photographs of the multifunctional device. c) Two-dimensional spectra of small-
angle neutron scattering of Li foil and LLZNO pellet. d) SANS intensity curve of LLZNO pellet by
integrating the two-dimensional spectra.
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Figure 3

Real-time detection of Li �laments in Cu|LLZNO|Li at 110℃. a) Variation of the voltage for Cu|LLZNO|Li
with different current densities. b) Synchronous scattering intensity collected when current is applied. c)
SANS intensity curves at different current densities. d) The corresponding grain boundary thickness (T)
and Power-law at different current densities.
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Figure 4

Visual characterization con�rms the distribution of Li �laments in SEs. a) SEM images of the LLZNO
after the short circuit. b) Comparison of secondary electron image and BSE image of the identical area. c,
d) EDS spectra corresponding to 2 points in (c). Point 1 corresponds to the SEs and point 2 corresponds
to the gauze-like �akes. e-h) EDS mapping of LLZNO with the scanned elements O (f), Zr (g), La (h).
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Figure 5

Numerical simulation of the dynamic competition of Li �laments. a) Needle-like Li �laments pre-buried in
SEs. b) Enhanced self-healing ability smoothes out the Li �laments (450 K). c) Growth of Li �laments at
300 K. The illustrations in (b) and (c) with the same sequence number correspond to the same relaxation
time.
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