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To enhance the charging rate of solid-state batteries with lithiummetal anodes and

ceramic electrolytes, it is crucial to inhibit lithium dendrite penetration within the

solid electrolytes. In this study, we demonstrate that dendrite growth can be

effectively impeded by deflecting dendritic cracks along weak interfaces within

multi-layered solid electrolytes.
Hu et al., Joule 8, 1–16

September 18, 2024 ª 2024 The Author(s).

Published by Elsevier Inc.

https://doi.org/10.1016/j.joule.2024.06.024

mailto:james.marrow@materials.ox.ac.uk
mailto:peter.bruce@materials.ox.ac.uk
https://doi.org/10.1016/j.joule.2024.06.024


ll
OPEN ACCESS

Please cite this article in press as: Hu et al., Deflecting lithium dendritic cracks in multi-layered solid electrolytes, Joule (2024), https://doi.org/
10.1016/j.joule.2024.06.024
Article
Deflecting lithium dendritic cracks
in multi-layered solid electrolytes

Bingkun Hu,1 Shengming Zhang,1 Ziyang Ning,1,2 Dominic Spencer-Jolly,1,3 Dominic L.R. Melvin,1

XiangwenGao,1,4 Johann Perera,1 Shengda D. Pu,1 Gregory J. Rees,1 LonglongWang,1 Lechen Yang,1

Hui Gao,1 Shashidhara Marathe,5 Genoveva Burca,5,6,7 T. James Marrow,1,* and Peter G. Bruce1,8,9,*
CONTEXT & SCALE

Lithium metal solid-state batteries

with ceramic electrolytes promise

to surpass the energy density

limits and address the safety

issues of commercial lithium-ion

batteries with liquid electrolytes.

However, their charging rate is

constrained by lithium filament

(dendrite) penetration within the

solid electrolyte at practical

charging currents. In this work, we

demonstrate that even if dendrite

initiation cannot be avoided,

propagation across the

electrolyte can be inhibited within

multi-layered solid electrolytes

through dendritic crack deflection
SUMMARY

Charging current densities of solid-state batteries with lithiummetal
anodes and ceramic electrolytes are severely limited due to lithium
dendrites that penetrate the electrolyte leading to a short circuit.
We show that dendrite growth can be inhibited by different crack
deflection mechanisms when multi-layered solid electrolytes, such
as Li6PS5Cl/Li3ScCl6/Li6PS5Cl and Li6PS5Cl/Li10GeP2S12/Li6PS5Cl,
are employed but not when the inner layer is Li3PS4. X-ray tomo-
graphic imaging shows crack deflection along mechanically weak in-
terfaces between solid electrolytes as a result of local mismatches in
elastic moduli. Cracks are also deflected laterally within Li3ScCl6,
which contains preferentially oriented particles. Deflection occurs
without lithium being present. In cases where the inner layers react
with lithium, the resulting decomposition products can fill and block
crack propagation. All three mechanisms are effective at low stack
pressures. Operating at 2.5 MPa, multi-layered solid electrolytes
Li6PS5Cl/Li3ScCl6/Li6PS5Cl and Li6PS5Cl/Li10GeP2S12/Li6PS5Cl can
achieve lithium plating at current densities exceeding 15 mA cm�2

.

along the interfaces between

layers with dissimilar elastic

moduli, or within the inner layer

exhibiting a preferred orientation

of particles.
INTRODUCTION

A range of strategies have been explored to inhibit the growth of lithium dendrite

cracks on charging solid-state batteries composed of a lithium anode and ceramic

electrolyte.1–5 Lithium dendrites formed at practical charging currents penetrate

the solid electrolyte, leading eventually to short-circuit and cell failure.6–14 As a

result, their mitigation is one of the major challenges in the field. Approaches

including modification of the solid electrolyte surface in contact with the lithium

metal anode,15,16 the interposing of layers between the solid electrolyte and lithium

anode,4,17,18 and modifying the microstructure of the solid electrolyte19,20 have all

been considered. Recently, introducing a different solid electrolyte as an inner layer

sandwiched between two layers of the primary solid electrolyte to form a multi-layer

structure has been reported to inhibit dendrite crack propagation by a mechanism

involving chemical reaction between the lithium metal dendrite and the inner layer

material that blocks the crack through the expansion screw effect.21

Here, we examine the role of solid electrolyte inner layers in cells where these solid

electrolytes are placed between two outer layers of the solid electrolyte, Li6PS5Cl,

argyrodite. Specifically, we focus on Li3ScCl6 and Li10GeP2S12 inner layers as arche-

typal examples of a halide and sulfide solid electrolyte, respectively, with high ionic

conductivities. Additionally, we include a Li3PS4 inner layer in the investigation, as it

has a similar elastic modulus to Li6PS5Cl, with the aim of shedding light on the
Joule 8, 1–16, September 18, 2024 ª 2024 The Author(s). Published by Elsevier Inc.
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Figure 1. Schematic of solid-state

cell with multi-layered solid

electrolyte architecture

An inner layer of Li3ScCl6,

Li10GeP2S12, or Li3PS4 is

sandwiched between an outer

layer of Li6PS5Cl. Li metal

electrodes are attached onto both

sides of the layered electrolyte. All

cells are operated at a stack

pressure of 2.5 MPa.
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underlying mechanisms. We show that when lithium dendrite cracks reach the inner

layers of Li3ScCl6 and Li10GeP2S12, they are deflected along the interface between

them and the Li6PS5Cl layer. The mechanism does not involve reactivity with lithium,

in contrast to the previous study of Li10GeP2S12 and Li9.54Si1.74(P0.9Sb0.1)1.44 as the

inner layer with Li5.5PS4.5Cl1.5 as the outer layers, where the deflected cracks are

dry (contain no lithium).21 This is in accord with the recent observations that lithium

dendrites penetrate the ceramic electrolyte by dry cracking, with Li at the back of the

crack driving the crack tip forward by wedge opening.22,23 The crack deflection oc-

curs for inner layers for which the Young’s modulus is significantly different from that

of the outer solid electrolyte, leading to a mechanically weak interface. Deflection

along the interface occurs whether or not there is a chemical reaction between the

outer and inner layer solid electrolyte materials at the interface (Li6PS5Cl reacts

with Li3ScCl6 but not with Li10GeP2S12). A minority of the dendritic cracks can pass

into the inner layer. In the case of Li3ScCl6, which has a plate-like particle

morphology, the inner layer microstructure exhibits strong preferred orientation of

the dense particles, with the long axes of the particles parallel to the interfaces be-

tween the layers, and as a result, the cracks within the inner layer exhibit significant

lateral deflection. Therefore, Li3ScCl6 introduces two processes by which dendritic

cracks can be deflected. In the case of Li10GeP2S12, the microstructure is similar in

all directions and the crack passes more directly across the inner layer. When lithium

metal is present in the dendritic crack within the Li10GeP2S12 inner layer, reaction be-

tween them fills the cracks, likely by decomposition products that have a higher

molar volume than Li10GeP2S12,
21,24 in agreement with the expansion screw effect

proposed by Ye and Li.21 Both crack deflection and crack filling enhance the resis-

tance of the layered electrolytes to transverse cracking and dendrite penetration.

In all cases when the inner layer is present, it is possible to plate lithium at currents

over 15 mA cm�2 without short-circuit, whereas the same cell under the same con-

ditions shorts at 2.75 mA cm�2 when the electrolyte is Li6PS5Cl alone.

RESULTS AND DISCUSSION

Solid-state cells were constructed with Li6PS5Cl as the outer electrolyte layers and

with lithium metal electrodes. The solid electrolytes Li3ScCl6, Li10GeP2S12, and

Li3PS4 were incorporated as inner layers within the solid electrolyte. The cell struc-

ture is shown schematically in Figure 1. Electrolyte and cell formation are described

in the experimental procedures. All cells were operated at a low stack pressure of

2.5 MPa, representative of pressures possible in practical cells.

Li3ScCl6
The voltage profile of the cell Li/Li6PS5Cl/Li3ScCl6/Li6PS5Cl/Li during cycling as a

function of stepwise increases in current density is shown in Figure 2A. The cell
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Figure 2. Electrochemical data and XCT virtual cross-sections from the Li/Li6PS5Cl/Li3ScCl6/

Li6PS5Cl/Li cell

(A) The voltage profile on cell cycled with stepwise increasing current density from 0.25 to

15.25 mA cm�2 under 2.5 MPa. The current step is 0.25 mA cm�2 and the plating/stripping capacity

is 0.5 mAh cm�2 per half cycle.

(B) XCT before plating (i), and after plating 0.17 (ii), 0.33 (iii), 0.50 (iv), 0.67 (v), 0.83 (vi), 1.00 mAh

cm�2 (vii), indicating that the crack deflection initiates at the Li6PS5Cl/Li3ScCl6 interface and

propagates laterally both along the interface and within the Li3ScCl6 inner layer. The electrodes

were removed from the images for clarity. Insets in (iii) and (iv) are magnified images of the regions

indicated by red boxes.

(C) 3D rendered cracks within the cell at stage (vii).

(D) Grayscale profiles across the crack at different positions along the crack indicated by lines 1–5 in

(Bvii).
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can survive a current density of at least 15.25 mA cm�2 without short-circuit,

compared with 2.75 mA cm�2 for Li6PS5Cl alone under the same conditions, (Fig-

ure S1) demonstrating the effectiveness of introducing such an inner layer (Fig-

ure 2A). As shown previously, polarization of such symmetric cells arises from voiding

at the interfaces on stripping.8 X-ray computed tomography (XCT) collected as a

function of the charge passed is also shown in Figure 2B. The experimental set-up

is described in the experimental procedures. The virtual cross-sections from the

XCT data while plating lithium at the top electrode show the typical spalling of

the lithium dendritic cracks back to the interface between the lithium metal and

the solid electrolyte, as well as the progression of the transverse crack across the

Li6PS5Cl toward the interface with the Li3ScCl6. When the transverse crack reaches

the Li3ScCl6, it is deflected along the interface (Figures 2Biii and 2Biv) rather than

continuing unabated toward the other electrode (bottom). After progressing along

the interface, it then enters the inner layer, (Figure 2Bv) where the crack is further de-

flected laterally within the inner layer (Figures 2Bvi and 2Bvii). The 3D rendered XCT

image in Figure 2C is consistent with the cross-sections showing crack propagation
Joule 8, 1–16, September 18, 2024 3



Figure 3. Characterization of the Li3ScCl6 microstructure

(A) Magnified XCT image extracted from Figure 2Bvii. The color map is based on the gray scale attenuation from the X-ray data and is used to make the

microstructural inhomogeneity clear. More attenuating (denser) regions (shown in orange and highlighted by white dotted boundary lines) separated

by less dense (shown in red) regions. The comparison with the original image can be found in Figure S4.

(B) PFIB-SEM image shows dense regions surrounded by less dense regions in Li3ScCl6. The direction of the uniaxial pressure applied during electrolyte

fabrication is indicated by blue arrows.

(C) SEM image of the pristine Li3ScCl6 powder.

(D) Schematic illustrating orientation of incident X-ray beam impinging on the Li6PS5Cl/Li3ScCl6/Li6PS5Cl cell. Diffraction rings with highlighting of the

azimuthal zones (bounded by dotted lines) with an azimuthal range of G30� around the axes parallel and perpendicular to the interfaces between

Li6PS5Cl and Li3ScCl6 are integrated into 1D plots, respectively.

(E) Integrated diffraction rings within the azimuthal ranges shown in (D), lead to the parallel and perpendicular 1D diffraction patterns.
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along the interface and within the inner layer, the latter exhibiting significant lateral

deflection. This is in contrast to the monolithic Li6PS5Cl, in which a transverse crack

penetrates through the whole electrolyte without deflection (Figure S2). Grayscale

analysis of various locations along the crack in Figure 2Bvii is presented in Figure 2D.

This shows crack deflection along the interface and into the inner layer occurs

without the presence of lithium metal in the crack. Therefore, the crack inhibition

by deflection observed here occurs mechanically, and this does not result from

the reaction between the Li dendrite and the inner layer. The mechanism is different

from that reported previously by Ye and Li.21 In the previous study, the authors

considered lithium metal to be reacting with the Li10GeP2S12 or Li9.54Si1.74
(P0.9Sb0.1)1.44 inner layer forming products that block the crack by an expansion

screw mechanism. What, then, are the origins of these crack deflections at the inter-

face between different solid electrolytes and within the inner layer, when not due to

reaction with lithium?

The microstructure of the Li3ScCl6 inner layer is presented in Figure 3. The XCT vir-

tual cross-section (Figure 3A) shows its heterogeneous nature, with more attenu-

ating (denser) regions (shown in orange and highlighted by white dotted boundary

lines) separated by less dense (shown in red) regions. The coloration is based on a
4 Joule 8, 1–16, September 18, 2024
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gray scale analysis of the X-ray attenuation and is used here to make the contrast

clearer. The heterogeneous nature of the microstructure, with dense particles sepa-

rated by porous regions, is also apparent in the plasma focused ion beam scanning

electron microscopy (PFIB-SEM) cross-section in Figure 3B. An SEM image of the

pristine Li3ScCl6 powder is shown in Figure 3C. It consists of relatively large particles

with a plate-like morphology of high aspect ratio separated by many smaller parti-

cles. In forming the multi-layer solid electrolyte, a pressure of 400 MPa was applied,

resulting in the microstructure in Figure 3B. The pristine powders, especially the

large particles with a high aspect ratio( Figure 3C) consolidate to form the dense par-

ticles in Figure 3B (the dense regions in Figure 3B are greater in size than the largest

particles seen in the pristine powder in Figure 3C), while the smaller particles of the

pristine material make up the more porous regions in Figure 3B. The large dense

particles are preferentially oriented with their long axes parallel to the interfaces be-

tween the Li3ScCl6 and Li6PS5Cl. In other words, the application of pressure to the

powder with high aspect ratio particles has resulted in a stratifiedmicrostructure( Fig-

ure 3B). This is distinct from Li6PS5Cl, which exhibits an isotropic microstructure (Fig-

ure S3). After releasing the pressure, the Li3ScCl6 inner layer will expand, inducing

internal tensile stresses. For a stiff inclusion (dense particle in our case), the expan-

sion of the inner layer will create higher tensile stress at the inclusion/matrix (lower

stiffness porous regions) boundaries, especially at the corners of the inclusion.25,26

The stress concentration tends to fracture the boundaries and leads to low boundary

strength. Indeed, some weakly bonded boundaries can be observed surrounding

these dense regions in the pristine state (Figure 2Bi). These weak boundaries may

then act as the path of least resistance for propagating cracks.27,28 When the trans-

verse crack in the Li6PS5Cl solid electrolyte reaches the interface with the Li3ScCl6
(Figure 2Biv), it encounters a dense Li3ScCl6 particle that encourages propagation

along the interface but also around the particle entering the inner layer within the

lower density regions of the microstructure (Figure 2Bv). The preferred orientation

of the dense particles within the Li3ScCl6 inner layer encourages propagation of

the dendritic crack in the predominantly lateral direction (Figures 2Bvii and 3A),

providing a mechanism for the crack deflection process within the inner layer. Pow-

der X-ray diffraction (PXRD) data were extracted from the synchrotron X-ray beam

entering the Li3ScCl6 inner layer parallel to the interfaces between the two solid elec-

trolytes, as shown in Figure 3D. Integrating the diffraction rings only within the

angular rangeG30� around the axes parallel and perpendicular to the interfaces be-

tween Li6PS5Cl and Li3ScCl6 (Figure 3D) leads to the two PXRD patterns shown in Fig-

ure 3E. Li3ScCl6 adopts a layered crystal structure. The intensities of the Li3ScCl6
peaks with hkl values corresponding to reflections predominantly along the c-direc-

tion, i.e., perpendicular to the layers, show very significant differences between the

parallel and perpendicular powder patterns, indicating that the crystallites exhibit a

high degree of preferred orientation with the long axes of the crystallites aligned

parallel to the interfaces. There is little difference in the intensities of the powder

diffraction patterns for the Li6PS5Cl phase within which the cells were located for

the diffraction measurements, in accord with Li6PS5Cl not possessing a highly aniso-

tropic crystal structure.29 The PXRD data considers only the orientation and length

scales corresponding to the crystallographically coherent regions of the crystal

structure, whereas the SEM and XCT probe much larger dimensions. However over-

all all these techniques indicate the strongly stratified nature of the preferred orien-

tation of the Li3ScCl6 inner layer.

Li10GeP2S12
Figure 4A shows XCT virtual cross-sections from the cell, Li/Li6PS5Cl/Li10GeP2S12/

Li6PS5Cl/Li, i.e., where the Li3ScCl6 inner layer has been replaced by Li10GeP2S12.
Joule 8, 1–16, September 18, 2024 5



Figure 4. XCT virtual cross-sections, SEM images, and electrochemical data from the Li/Li6PS5Cl/

Li10GeP2S12/Li6PS5Cl/Li cell

(A) XCT before plating (i), and after plating 0.2 (ii), 0.4 (iii), 0.6 (iv), 0.8 (v), 1.0 (vi), 1.2 (vii), 1.3 mAh cm�2

(viii) showing crack deflection along the Li6PS5Cl/Li10GeP2S12 interface and transverse crack

propagation. The electrodes were removed from the images for clarity.

(B) Grayscale profiles across the crack at different positions along the crack indicated by 1–7 in (Aiv).

(C) Grayscale profiles along the crack from two positions at the Li6PS5Cl/Li10GeP2S12 interface

indicated by 1 and 2 in (Avi).

(D) 3D rendered cracks within the electrolyte in (Aviii).
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Figure 4. Continued

(E) PFIB-SEM image shows an isotropic microstructure for Li10GeP2S12. The uniaxial pressure

applied to the electrolyte during fabrication is indicated by blue arrows.

(F) SEM image of the pristine Li10GeP2S12 powders.

(G) The voltage profile of a Li/Li6PS5Cl/Li10GeP2S12/Li6PS5Cl/Li cell cycled at stepwise increasing

current density from 0.25 to 16.75 mA cm�2 under 2.5 MPa. The current step is 0.25 mA cm�2 and the

plating/stripping capacity is 0.5 mAh cm�2 per half cycle.
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The images show that on charging, spallations and transverse cracks form in the

Li6PS5Cl electrolyte. As observed before for Li3ScCl6, when the transverse crack rea-

ches the interface with the inner layer, it deflects significantly along the interface as

well as entering the inner layer (Figure 4Aiv onward). Grayscale analysis from

different locations along the crack in Figure 4Aiv is shown in Figure 4B. The crack de-

flecting at the interface and the crack entering the inner layer do so as dry cracks, i.e.,

without lithium being present in these regions. The 3D rendered image in Figure 4D

also shows significant crack deflection along the interface as well as cracks passing

through the inner layer relatively unimpeded and into the lower Li6PS5Cl solid

electrolyte.

Although deflection at the interface between the Li6PS5Cl solid electrolyte and the

Li10GeP2S12 inner layer is similar to the observations in the case of the Li3ScCl6 in-

ner layer, the progression of the dendritic crack through the inner layer is different.

The PFIB-SEM of the Li10GeP2S12 inner layer (Figure 4E) shows that the microstruc-

ture is isotropic, with no evidence of stratification, unlike the case of Li3ScCl6. The

pristine Li10GeP2S12 powders consist of isotropic particles, see Figure 4F. Accord-

ingly, the microstructure of the pressed Li10GeP2S12 is not composed of dense re-

gions separated by areas of lower density, with no evidence of particle alignment

that would lead to lateral deflection. The isotropic and homogeneous microstruc-

ture is in accord with a relatively direct trajectory of the dendritic crack across the

inner layer.

Withmore charge passed, lithium grows down the dry crack to reach the Li10GeP2S12
inner layer, (Figure 4Avi) evidenced by the grayscale analysis of the crack content at

locations 1 and 2 in Figure 4Avi and shown in Figure 4C. Examination of the virtual

cross-sections in Figures 4Avi and 4Avii shows that in the region of the crack within

the inner layer close to the upper interface with Li6PS5Cl, the crack appears to be

filled, region highlighted by red dashed circles. To investigate this further, a virtual

section was taken from the XCT data within the inner layer parallel and close to the

upper interface between Li6PS5Cl and Li10GeP2S12. The blue lines in the 3D recon-

struction of the cell in Figure 5A show the plane on which the virtual sections were

taken. The evolution of the structure at this plane with increasing charge passed is

shown in the series of images in Figure 5B. The cracks are propagating perpendicular

to the plane. The cracks passing through the plane become evident in Figure 5Biii

and grow with increasing charge passed, as seen in Figure 5Biv. On passing further

charge, in Figure 5Bv, the attenuation contrast is reduced in the regions of the cracks

highlighted by the red arrows. The process continues and becomes prevalent in

other regions of the cracks with increasing charge passed, e.g., red arrows in Fig-

ure 5Bvi. The homogenization of the attenuation is consistent with the cracks being

filled with materials of broadly similar scattering to the solid electrolyte, i.e., not or

not only Li metal. It is known that Li metal reacts with Li10GeP2S12.
30 We interpret

these observations as lithiummetal, having now reached the regions of the dry crack

just within the inner layer, reacts with the Li10GeP2S12, forming reaction products

that fill the cracks. Maximum normal 3D strain maps were constructed from XCT im-

ages based on the gradients of local displacements of the ceramic obtained by
Joule 8, 1–16, September 18, 2024 7



Figure 5. XCT virtual top-down view of the Li10GeP2S12 layer, and the corresponding maximum

normal 3D strain map and displacement from DVC analysis

(A) A 3D reconstruction showing the location of the virtual section (blue lines).

(B) XCT virtual top-down view before plating (i), and after plating 0.2 (ii), 0.4 (iii), 0.6 (iv), 0.8 (v), 1.0

(vi), 1.2 (vii), 1.3 mAh cm�2 (viii) showing crack formation, growth (yellow arrows), then filling (red

arrows), from the reaction between Li and Li10GeP2S12.

(C) The corresponding maps of maximum normal 3D strain (color map) and displacement (arrows,

relative to average displacement) of the same region in (B), obtained from DVC analysis of the XCT

scans.
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digital volume correlation (DVC) analysis.31 These are reported in Figure 5C for the

same virtual sections as in Figure 5B. The strain due to opening of the cracks that

pass through the plane on which the section was taken is evident in Figures 5Ciii

and 5Civ. As the cracks develop and the lithium reacts with the surrounding

Li10GeP2S12 the strain increases, as shown by the orange and red regions in

Figures 5Cvii and 5Cviii. The increased tensile strain is in accord with the volume

expansion of Li10GeP2S12 resulting from the reaction with the Li.
8 Joule 8, 1–16, September 18, 2024



Figure 6. XCT virtual cross-sections and electrochemical data from the Li/Li6PS5Cl/Li3PS4/Li6PS5Cl/Li cell

(A) XCT before plating (i) and after plating until short-circuit (ii) showing a crack propagating through the whole electrolyte without deflection.

(B) 3D rendered cracks within the electrolyte in (Aii).

(C) The voltage profile of a cell cycled at stepwise increasing current density from 0.25 to 2.75 mA cm�2 under 2.5 MPa. The current step is 0.25 mA cm�2

and the plating/stripping capacity is 0.5 mAh cm�2 per half cycle.
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The symmetric cell, Li/Li6PS5Cl/Li10GeP2S12/Li6PS5Cl/Li, can be plated at a current

density of at least 16.75 mA cm�2 without short-circuit (Figure 4G) compared with

2.75 mA cm�2 for Li6PS5Cl alone, (Figure S1) demonstrating that crack deflection

at the interface as well as filling of the cracks inhibits lithium dendrite propagation.

Li3ScCl6 is also known to react with Li metal32,33; however, we do not see evidence of

this reaction occurring in the XCT images for the Li3ScCl6 inner layer in Figure 2.

Given there is no lithium present in the region of the crack within the inner layer

even after passage of 1 mAh cm�2 in the case of Li3ScCl6, (Figure 2Bvii) it is perhaps

not surprising that we see no reaction. The extent to which lithiumwill progress into a

ceramic electrolyte depends on a number of factors. If the cracks are wider andmore

numerous, then for the same quantity of charge passed, the Li front will not advance

as far. To verify this, the volume of dendritic cracks within both multi-layered electro-

lytes after a plating capacity of 1 mAh cm�2 was calculated by Avizo. The crack vol-

ume for the case of Li3ScCl6 is 9.14 3 107 mm3, which is more than twice the value of

4.15 3 107 mm3 for Li10GeP2S12, aligning with the fact that the Li front reaches the

Li10GeP2S12 layer but does not extend to the Li3ScCl6 layer for the same quantity

of charge passed.

Li3PS4
XCT virtual cross-sections and 3D rendering of the cell with a Li3PS4 inner layer, i.e.,

Li/Li6PS5Cl/Li3PS4/Li6PS5Cl/Li, are presented in Figure 6. Spallations are again

evident but in this case the transverse crack passes through the interface between

Li6PS5Cl and the inner layer without deflection and continues largely unimpeded

through the inner layer (Figures 6A and 6B). SEM images show the isotropic micro-

structure of the Li3PS4 (Figure S5). The cell is short circuited at 2.75 mA cm�2 (Fig-

ure 6C) comparable with Li6PS5Cl alone, (Figure S1) confirming that this inner layer

provides no benefit in terms of dendrite crack mitigation, in contrast to Li3ScCl6 and

Li10GeP2S12.

The origins of crack deflection

Three mechanisms of inhibiting dendritic cracks have been observed when inner

solid electrolyte layers are present, and without the need for high stack pressures

as was suggested previously,21 (1) crack deflection along the interface between

layers; (2) within the inner layer before the arrival of lithium and (3) by lithium reach-

ing the inner layer and reacting with it to block the cracks. The last of these, observed

here for Li10GeP2S12, is analogous to the process discussed previously.21 The first

two have not been reported before as far as we are aware. They are more general
Joule 8, 1–16, September 18, 2024 9



Figure 7. The Young’s moduli of four types of solid electrolytes

The Young’s moduli for Li6PS5Cl, Li3PS4, Li10GeP2S12, and Li3ScCl6 are 15.3 (G 3.2) GPa, 13.0 (G 1.5)

GPa, 9.9 (G 0.3) GPa, and 8.9 (G 0.6) GPa, respectively. Both Li10GeP2S12 and Li3ScCl6 have

relatively lower Young’s moduli compared with Li6PS5Cl. Average values were obtained from three

distinct regions within each sample, with 15–16 indents in each region. Error bars represent

standard deviations.
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mechanisms, especially deflection along the interface between layers. For each inner

layer type, the same mechanism was consistently observed multiple times within the

3D tomographic images for each cell and across three repeat cells.

The observation of no deflection in the cell Li/Li6PS5Cl/Li3PS4/Li6PS5Cl/Li indicates

that crack deflection is not inherent in every multi-layered solid electrolyte. The

fact that cracks deflect at the interface between Li6PS5Cl and Li3ScCl6 or

Li10GeP2S12 in the absence of lithium demonstrates that it is not essential to invoke

reactivity with lithium metal to deflect cracks, instead this deflection has its origins in

the mechanical properties of the interface. Growing cracks can be deflected by weak

interfaces/boundaries in ceramics.34 The Young’s moduli of each of the inner layer

electrolytes were measured by nanoindentation and the results are presented in Fig-

ure 7. There is a close match between the Young’s moduli of Li6PS5Cl and Li3PS4,

consistent with the dendritic crack passing across the interface unimpeded. The

Young’s moduli for Li3ScCl6 and Li10GeP2S12 are both lower than Li6PS5Cl. While

fabricating the layered electrolyte, different layers are joined by local bonding of

particles. The surface tension (i.e., stress) between Li6PS5Cl and the inner layer solid

electrolyte is influenced by pressing-induced residual stresses, exaggerated by dis-

similarities in their moduli.35 For bonding between two types of particles with dissim-

ilar elastic moduli, tensile stress concentrations are expected to exist at their inter-

faces.27,28 Higher tensile stress occurring perpendicular to the interface effectively

weakens the interfacial bonding by reducing the applied stress required for the inter-

face failure. In comparison with the bulk, the diminished bonding at the interface

makes it susceptible to fracture when a crack approaches, thus altering the direction

of crack propagation.

Let us now consider dendritic crack deflection within the solid electrolyte layer

Li3ScCl6, which has a plate-like particle morphology. Similar mismatches in the

elastic moduli (stiffness) between the dense and porous regions will again lead to

weaknesses at the boundaries between the dense and porous regions, providing

favorable pathways for the dendritic cracks around the dense particles. Due to the

preferred orientation of the dense particles with their long axes parallel to the inter-

face between the layers, the deflection is predominantly lateral.

Crack deflection is accompanied by the development of both normal and shear

strains at the interfaces between Li6PS5Cl and Li3ScCl6 or Li10GeP2S12. The strain
10 Joule 8, 1–16, September 18, 2024
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maps of the multi-layered electrolytes Li6PS5Cl/Li3ScCl6/Li6PS5Cl and Li6PS5Cl/

Li10GeP2S12/Li6PS5Cl were calculated using the gradients of the displacement

field that is measured by DVC analysis from the XCT data. Maps of normal strains

εxx and εyy, as well as shear strain gxy, of Li6PS5Cl/Li3ScCl6/Li6PS5Cl and Li6PS5Cl/

Li10GeP2S12/Li6PS5Cl are presented in Figures S6–S9, respectively. The tensile

normal strains indicate crack opening. The evolutions of εxx and εyy closely correlate

with the observed vertical crack propagation and lateral crack deflection. Particu-

larly, the εyy maps show that the crack deflects along the Li6PS5Cl/Li3ScCl6 and

Li6PS5Cl/Li10GeP2S12 interfaces initially and then enters the inner layer; further de-

flecting laterally in the case of Li3ScCl6. Opening of the cracks within the inner

Li3ScCl6 layer is also shown by the εyy maps. The shear strains indicate there are rela-

tive displacements parallel to the crack faces. This result verifies that crack deflection

exhibits both crack opening and shearing, i.e., both loading modes I and II exist at

the deflected cracks.36

It is known that the interface strength is influenced by the surface roughness, with

increased roughness contributing to enhanced interfacial bonding and improved

mechanical interlocking.37 In this study, the surface roughness between Li6PS5Cl

and the inner electrolytes is observed to be similar across the samples (Table S1).

The interfacial mechanics are also known to be affected by interfacial reactions.38,39

To consider this, powdered mixtures of Li6PS5Cl and, respectively, Li3ScCl6,

Li10GeP2S12, and Li3PS4 were prepared and examined by X-ray photoelectron spec-

troscopy (XPS) and 6Li nuclear magnetic resonance (6Li NMR) spectroscopy. Results

are shown in Figure S10. There is no change in the P, S, Cl, and Ge signals between

the individual Li6PS5Cl and Li10GeP2S12 powders and the mixture, consistent with no

reaction. Similarly, there are no changes in the XPS for the mixture of Li6PS5Cl and

Li3PS4 (Figure S10). By contrast, the Li6PS5Cl and Li3ScCl6 mixture shows changes,

in particular the disappearance of the phosphorus peak. 6Li NMR confirms further

reactivity of this mixture and indicates the formation of LiCl. Rosenbach et al. also

observed the disappearance of the phosphorus signal and attributed it to the forma-

tion of Li3P, which reacts with even trace amounts of H2O forming volatile H3P.
40

Therefore, we expect a reaction at the interface between Li6PS5Cl and Li3ScCl6.

The impedances of discs composed of each of the four electrolytes and discs

composed of the multi-layered electrolytes, Li6PS5Cl/Li3ScCl6/Li6PS5Cl, Li6PS5Cl/

Li10GeP2S12/Li6PS5Cl, and Li6PS5Cl/Li3PS4/Li6PS5Cl, all compacted at the same

400MPa pressure were collected using blocking electrodes. The data were collected

as a function of time. After initial equilibration the sum of the individual impedances

closely matched those of the correspondingmulti-layered electrolytes, indicating no

significant impedances at the interfaces and no change with time (Figure S11).

The observation of crack deflection at the interface between Li6PS5Cl and Li3ScCl6 or

Li10GeP2S12 inner layers, with one inner layer exhibiting reactivity with Li6PS5Cl and

the other not, suggests that the interfacial reaction is not the determining factor for

introducing weak interfaces to deflect crack. Furthermore, Li3PS4 does not react with

Li6PS5Cl and does not deflect dendrite cracks. It is the difference in the elastic moduli

that fundamentally determines weak interfaces and dendrite deflection.

Conclusions

Three mechanisms of inhibiting lithium dendrites are considered when a solid electro-

lyte inner layer is included between two layers of the main solid electrolyte, two crack

deflection mechanisms with a mechanical origin and the third, identified previously

and involving reaction between lithium and the inner layer material. When the inner

layers, Li3ScCl6 or Li10GeP2S12, are present, lithium plating at current densities up to
Joule 8, 1–16, September 18, 2024 11
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at least 15mA cm�2 is possible without a short-circuit comparedwith 2.75mA cm�2 for

the main Li6PS5Cl solid electrolyte on its own. Both inner layer materials deflect cracks

along the interface with the Li6PS5Cl due to differences in the elastic moduli between

them and Li6PS5Cl, leading to weakness at the interface providing favorable pathways

for the deflected cracks. Li3ScCl6, which adopts a layered crystal structure, alsodeflects

cracks laterally within the phasedue to a high level of preferredorientationof the dense

particles along the direction parallel to interface. Therefore, Li3ScCl6 introduces two

crack deflection processes. The crack deflection at the interface between the two elec-

trolytes and within the Li3ScCl6 occurs before Li reaches the inner layer, hence they

have a mechanical rather than chemical origin. These findings inspire further develop-

ment of fracture-tolerant solid electrolytes through (1) exploring other inner layer solid

electrolytes exhibiting dissimilar elastic modulus from the main solid electrolyte, (2)

modifying the electrolytemicrostructureby introducing stiffer inclusionswithpreferred

orientation, and (3) implementing other crack deflection mechanisms, for example,

introducing residual stress in solid electrolytes.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Peter G. Bruce (peter.bruce@materials.ox.ac.uk).

Materials availability

This study did not generate new unique materials.

Data and code availability

The data that support the findings of this study are available from the corresponding

author upon reasonable request.
Synthesis of solid electrolytes

Li3ScCl6
LiCl and ScCl3 (Sigma-Aldrich) were ground together in a 3:1 molar ratio using a

mortar and pestle, and then sealed in a quartz tube under vacuum (<10�5 mbar)

before heating at 650�C for 12 h with a ramp/cooling rate of 2�C min�1.

Li3PS4
Li2S and P2S5 (Sigma-Aldrich) were mixed in a 3:1 molar ratio using a planetary

ball mill, milled at 550 rpm for 7 h. The milled powders were pressed into discs

under 400 MPa and heated at 400�C for 15 min with a ramp rate of 10�C min�1.

After heating, the discs were taken from the furnace and cooled within an Ar filled

glovebox. The sintered discs were then ground into powders using a mortar and

pestle.

Li6PS5Cl and Li10GeP2S12 powders were purchased from MSE Supplies. PXRD pat-

terns of the solid electrolyte powders are shown in Figure S12.

Symmetric cell assembly and cycling

To prepare multi-layered electrolytes, Li6PS5Cl powder was loaded into a stainless-

steel die set followed by the addition of inner layer electrolyte powder (Li3ScCl6,

Li10GeP2S12, or Li3PS4). Subsequently, another portion of Li6PS5Cl powder was

loaded into the die set and the three layers of powders were pressed into a 5 mm

diameter disc under a uniaxial pressure of 400 MPa. The thicknesses of Li6PS5Cl/

Li3ScCl6/Li6PS5Cl, Li6PS5Cl/Li10GeP2S12/Li6PS5Cl, and Li6PS5Cl/Li3PS4/Li6PS5Cl are
12 Joule 8, 1–16, September 18, 2024
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999, 905, and 735 mm, respectively, as determined from the XCT. The porosities of

all solid electrolyte discs were similar as determined by extracting the volume from

XCT and themass by weighing (Table S2). For monolithic Li6PS5Cl, Li6PS5Cl powders

were pressed into a 5 mm disc under 400 MPa. 2 mm Li discs were attached onto

both sides of the electrolyte discs. The assembly was then sealed into a pouch under

vacuum (approximately 10�3 bar). All electrochemical tests were conducted using a

Biologic VMP3 potentiostat, with the cells being maintained at room temperature

and subjected to a stack pressure of 2.5 MPa.

XCT

X-ray tomograms of Li/Li6PS5Cl/Li3ScCl6/Li6PS5Cl/Li and Li/Li6PS5Cl/Li10GeP2S12/

Li6PS5Cl/Li cells were collected at the I13-2 beamline at Diamond Light Source.

The imaging was run in pink beam mode with a peak energy of 22 keV. 23 objec-

tive was applied to obtain a pixel size of 1.625 mm. The exposure time was 0.023 s

and the rotation angle was 180� per tomogram with a step of 0.045� (4,000 projec-

tions). X-ray tomograms of cells Li/Li6PS5Cl/Li3PS4/Li6PS5Cl/Li and Li/Li6PS5C/Li

were collected by a Zeiss Xradia Versa 610 microscope at an accelerating voltage

of 80 kV and a power of 10 W. For each tomogram, 3,201 projections were taken

equiangularly over 360� with an exposure time of 2 s, leading to a pixel size of

1.625 mm.

SEM and PFIB-SEM

SEM images were collected using a Zeiss-Merlin microscope. PFIB sectioning was

performed at 30 kV and 15 nA using a ThermoFisher Helios G4 Plasma-FIB instru-

ment. SEM images were taken from the sectioned surfaces. For both SEM and

PFIB-SEM, samples were transferred by an air-tight transfer holder to avoid exposure

to air.

PXRD

The diffraction of the Li6PS5Cl/Li3ScCl6/Li6PS5Cl electrolyte was collected at the I12

beamline (JEEP) at Diamond Light Source. Before acquiring diffraction data, X-ray

radiography was used to locate the sample, ensuring that the X-ray beam passed

through the center of the Li3ScCl6 inner layer. Subsequently, the imaging detector

was replaced with a two-dimensional area diffraction detector. Transmitted diffrac-

tion was recorded using a monochromatic beam at 56 keV, reduced by slits to a spot

size of 400 3 400 mm2. Detector to sample distance was maintained as 1,200 mm.

The diffraction data were analyzed using the Data Analysis WorkbeNch (DAWN)

software.

XPS

Li6PS5Cl was mixed with Li3ScCl6, Li10GeP2S12, and Li3PS4 in a weight ratio of 1:1,

respectively, and pressed into discs under a uniaxial pressure of 400 MPa to obtain

larger interfacial area for detecting the interfacial reactions between inner and outer

layer electrolytes. XPS test was performed on these discs using a PHI Versaprobe III

XPS under ultrahigh vacuum using an Al Ka monochromatic source, and was oper-

ated at a power of 25 W and an electron beam voltage of 15 kV. Samples were trans-

ferred into the instrument using an air-tight transfer module to prevent sample

contamination. To ensure sampling of the bulk, data were acquired after sputtering

a 13 1 mm2 area with Ar+ beam of 4 kV energy for 5 min. A pass energy of 55 eV was

set to acquire core-level spectra. Data analysis was carried out using the CasaXPS

software package. Spectra were fitted using a Shirley background and a Gaussian-

Lorentzian lineshape. All spectra were charge referenced to adventitious carbon

at 284.8 eV.
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6Li NMR

Li6PS5Cl and Li3ScCl6 were mixed in a weight ratio of 1:1, and pressed into a disc un-

der 400 MPa. The disc was then ground and the resultant powder was used to detect

the interfacial reactions by 6Li NMR. Direct observation magic angle spinning (nR =

12 kHz) solid-state 6Li (n0 = 58.89 MHz at 9.45 T) NMR was implemented to test the

Li6PS5Cl/Li3ScCl6, LiCl, Li6PS5Cl, and Li3ScCl6 powders, using a 4 mm double air

bearing probe. A 120-second relaxation time (>5T1) was used and all spectra were

referenced to the primary IUPAC (International Union of Pure and Applied

Chemistry) standard (diso = 0 ppm) of LiCl(aq).
41

Mechanical testing

To measure the elastic modulus, nanoindentation tests were performed on Li6PS5Cl,

Li3PS4, Li10GeP2S12, and Li3ScCl6 discs. Each disc was mounted onto an SEM stub,

as is standard practice for nanoindentation.42 Employing the Hysitron PI 88 in situ

nanoindenter, indents were conducted using a Berkovich tip under a high load regime,

using single measurements. For the high load testing regime, three distinct regions

within each sample were tested, with 15–16 indents in each region, at a range of loads

from 10 to 400 mN. The storage modulus was calculated for each indent using the un-

loading curve, applying the method developed by Oliver and Pharr.43 For the indents

in each region, the mode of the modulus data was taken to produce a value of

modulus vs. depth for each region. By taking the mean of all the data, the average

expected value for the high load regime of each sample was calculated. The standard

error of modulus was calculated from the variance and the number of tests conducted

in one sample.
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