
 
 

Delft University of Technology

High dielectric filler for all-solid-state lithium metal battery

Wang, Chao; Liu, Ming; Bannenberg, Lars J.; Zhao, Chenglong; Thijs, Michel; Boshuizen, Bart; Ganapathy,
Swapna; Wagemaker, M.
DOI
10.1016/j.jpowsour.2023.233768
Publication date
2024
Document Version
Final published version
Published in
Journal of Power Sources

Citation (APA)
Wang, C., Liu, M., Bannenberg, L. J., Zhao, C., Thijs, M., Boshuizen, B., Ganapathy, S., & Wagemaker, M.
(2024). High dielectric filler for all-solid-state lithium metal battery. Journal of Power Sources, 589, Article
233768. https://doi.org/10.1016/j.jpowsour.2023.233768

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.jpowsour.2023.233768
https://doi.org/10.1016/j.jpowsour.2023.233768


Journal of Power Sources 589 (2024) 233768

0378-7753/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

High dielectric filler for all-solid-state lithium metal battery 
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H I G H L I G H T S  

• Dendrite growth in solid Li metal cell is alleviated with a dielectric material. 
• BaTiO3 removes the electric field gradients that catalyze dendrite formation. 
• Small over-potential of 48 mV was obtained at 1 mA/cm2 in symmetric cell. 
• Solid-state NMR and XPS measurements show eliminated electrolyte decomposition. 
• Reducing solid electrolyte decomposition results in improved cycling efficiency.  
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A B S T R A C T   

Lithium metal with its high theoretical capacity and low negative potential is considered one of the most 
important candidates to raise the energy density of all-solid-state batteries. However, lithium filament growth 
and its induced solid electrolyte decomposition pose severe challenges to realize a long cycle life. Here, dendrite 
growth in solid-state Li metal batteries is alleviated by introducing a high dielectric material, barium titanate, as 
a filler that removes the electric field gradients that catalyze dendrite formation. In symmetrical Li-metal cells, 
this results in a very small over-potential of only 48 mV at a relatively high current density of 1 mA cm− 2, when 
cycling a capacity of 2 mA h cm− 2 during 1700 h. The high dielectric filler improves the Coulombic efficiency 
and cycle life of full cells and suppresses electrolyte decomposition as indicated by solid-state nuclear magnetic 
resonance (NMR) and X-ray photoelectron spectroscopy (XPS) measurements. This indicates that the high 
dielectric filler can suppress dendrite formation, thereby reducing solid electrolyte decomposition reactions, 
resulting in the observed low overpotentials and improved cycling efficiency.   

1. Introduction 

With the development of electric mobility, the requirements for 
battery energy density and safety are rapidly rising [1,2]. 
State-of-the-art liquid-based batteries pose leakage and fire hazard risks 
[3–5]. The solid-state battery is a promising candidate for 
next-generation battery design being intrinsically safer, however, so far 
the practical energy density is lower as compared with liquid-based 
batteries [6,7]. In theory, the energy density of solid-state batteries 

may be increased significantly by replacing graphite with a 
lithium-metal anode which has a theoretical specific capacity of 3860 
mA g− 1 [8]. 

However, there are two interlinked challenges with Li-metal anodes: 
(i) inhomogeneous lithium metal deposition upon charging that drives 
dendrite formation, ultimately resulting in a short-circuit, and (ii) 
electrolyte decomposition due to the strongly reducing potentials of Li- 
metal [8–12]. Initially the hope was that solid electrolytes, replacing 
liquid ones, could prevent both detrimental processes through their high 
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shear modulus in comparison to that of Li-metal and the expected higher 
electrochemical stability. However, research has demonstrated that both 
factors present formidable challenges for Li-metal solid-state batteries. 
For example, in situ X-ray tomography provides direct evidence that 
lithium dendrites/filaments tend to grow along with the grains and grain 
boundaries of the inorganic solid-state electrolyte [13–15], demon-
strating that inhomogeneous lithium metal deposition causes 
short-circuiting even in solid-state batteries [13,16]. 

The mechanism of dendrite growth is very different in solid elec-
trolytes as compared to liquid electrolytes [17], where one important 
factor appears to be the applied pressure that typically exceeds the yield 
strength of Li-metal (~0.8 MPa). Dendrite growth is believed to be 
induced by preferential deposition on local inhomogeneities like grain 
boundaries and voids present at the Li-metal electrolyte interfaces. This 
deposition results in local hotspots of high currents. In combination with 
the much larger molar volume of Li-metal as compared to Li in solid 
electrolytes [18], these hotspots have been suggested to cause local 
expansion that ultimately causes cracks filled with Li metal deposits 
[19]. The quick polarization before a real short circuit of solid-state 
batteries [20] and the generally observed rise in battery polarization 
[21] underline the interlinked problem that most solid electrolytes are 
not stable towards the low reduction potential of Li-metal. Indeed, most 
solid electrolytes are predicted to be unstable towards Li-metal [21,22], 
which is especially exposed through the high surface area of dendrite 
filaments in solid-state batteries. 

Strategies that have been explored to suppress dendrite formation 
include enhancing the Li-ion mobility and/or reducing the local current 
density [23–31], minimizing interfacial inhomogeneities [32], 
increasing the adhesion by improving the wettability of Li-metal [24], 
and design of solid electrolyte interfaces (SEI) [23] and buffer layers 
[24] to promote interface adhesion and homogeneity. One of the 
fundamental drivers for dendrite growth is considered to be the focusing 
electrical field lines at sharp features, caused by the larger surface 
charge density [33]. Based on this we investigate the introduction of a 
high dielectric material as filler to reduce the electric field gradients as 
an alternative approach to suppress dendrites. The high polarizing 
power of a high dielectric establishes an effective immobile surface 
(space) charge density ρcharge that opposes the applied field in the battery 
and scales with the dielectric constant (∇ • D = ρcharge where D = ε0εrE, 
ε0 and εr the vacuum and relative permittivity and E the electrical field). 
Dictated by Gauss Law, the electrical field lines focus towards the high 
dielectric additive that, when positioned in between dielectric materials, 
lowers the divergence of the electrical field at the tip of a dendrite near a 
high dielectric material. Although the actual conditions, including a 
specific current density and local environment that, can enhance the 
local electrical field gradient, the presence of a high dielectric can by 
hypothesised to suppress dendrite formation. 

To introduce a high dielectric filler that mitigates dendrite formation 
in practice, barium titanate is added to both the Li-metal electrode and 
solid sulfide electrolyte of a solid-state battery. Barium titanate was 
selected as it combines a high (relative) dielectric constant (εr = 4000) 
with electrochemical stability towards Li. The experimental results show 
that the introduction of the filler improves electrochemical perfor-
mance. Symmetrical Li-metal cycling with the high dielectric filler 
particles results in a low overpotential of only 48 mV at 1 mA cm− 2, 
cycling a capacity of 2 mA h cm− 2 capacity during 1700 h. This com-
posite anode has a specific capacity of 504 mA h g− 1, taking into account 
the mass of both Li-metal and the dielectric material in the Li-metal 
anode. We demonstrate that the high permittivity of the filler sup-
presses dendrite growth, promoting homogeneous plating (electro-
chemical Li metal deposition), thereby damping the self-amplifying 
cycle of electrolyte decomposition and dendritic growth. Moreover, this 
high dielectric filler increases the Coulombic efficiency and cycle life in 
full cells. Electrolyte decomposition is shown to be reduced, as testified 
by X-ray photoelectron spectroscopy and solid-state NMR experiments, 

rationalizing the improved performances. Thereby, the high dielectric 
concept is suggested to impact electrochemical Li metal deposition, such 
that it suppresses dendrite formation and improves the cycle life of solid- 
state batteries. 

2. Results and discussion 

2.1. Electric field calculations 

Before the experimental evaluation of the effect of adding dielectric 
particles in the Li-metal and/or solid-state electrolyte on the electro-
chemical performance and formation of decomposition products, we 
first illustrate how the electric field gradients are affected by the intro-
duction of these additives. This is achieved by computing the electric 
field in two dimensions in the voltage range of 0–1 V using COMSOL 
Multiphysics 5.5 for different symmetric cell configurations. Dendritic 
features are represented by rectangular-shaped Li-metal in-
homogeneities (1 μm × 2 μm) with a hemispherical tip. The dielectric 
additives are modeled as spherical particles with sizes between 1 and 8 
μm to represent the practical situation evaluated experimentally in this 
study. We investigate the impact of the magnitude of the dielectric 
constant by comparing BaTiO3 (BTO) with Al2O3 (AO) particles that 
have a dielectric constant of εr = 4000 and 8, respectively. As such, the 
dielectric constant of AO only slightly exceeds that of the Li6PS5Cl 
(LPSC) solid electrolyte (εr = 5). It should be noted that these simula-
tions present strongly simplified conditions not taking into account the 
piezoelectrical effect of BTO and modulation of the electrical field gra-
dients due to the dynamic conditions (current density) as well as due to 
the double layer are neglected (both increasing the local electrical field 
gradients). As set out in Experimental 4.6, the electrical field gradients 
under static conditions are estimated to be relatively large, thus 
providing at least a qualitative indication of the impact of dielectric 
volumes in the vicinity of dendrites. 

Fig. 1 and Fig. S1 present the computational results for four cell 
configurations: (1) Li-metal electrodes combined with LPSC as solid 
electrolyte (Fig. 1a and b), (2) Li-metal mixed with spherical particles of 
Al2O3 (AOLi) combined with LPSC as solid electrolyte (Fig. 1c and d), (3) 
Li-metal mixed with spherical particles of BaTiO3 (BTOLi) combined 
with LPSC as solid electrolyte (Fig. 1e and f) and (4) the same electrodes 
as (3) in combination with a composite electrolyte in which LPSC is also 
mixed with BTO (Fig. 1g–j). 

As observed in Fig. 1a and b the electric field gradient is much larger 
near the tip of an inhomogeneity with a rectangular shape (1 μm × 2 μm) 
and a hemispherical tip (representing a Li-dendrite) at the Li-metal 
surface. Driven by the larger surface charge density present at the 
sharp electronically conducting feature, the electric field gradient in-
creases dramatically at the tip of the Li-metal, which thus focuses the 
electric field lines to the tip of the Li-metal dendrite. This may facilitate 
Li-ion deposition at the tip of the dendrite representing the driving force 
for dendrite formation (independent of the thickness of the Li-metal 
electrode as can be confirmed by Figs. S1a and S1b). The electric field 
gradient around dendritic features at the surface penetrating into the 
solid electrolyte are unaffected and remain large upon the introduction 
of either BTO or AO to the electrode, Fig. 1c–f. This suggests that 
introducing the high dielectric material to the electrode alone may not 
be sufficient to suppress the growth of dendrites on the surface of the 
electrode. 

When the Li-metal electrode is removed, leaving voids in the AO and 
BTO matrix, these dielectric fillers affect the electrical field gradients 
around dendritic features (Fig. S1c - S1f). In the case of the AO filler, the 
electric field gradient near the tip of the dendrite decreases slightly 
(Figs. S1c and d) in comparison with a dendrite in the solid electrolyte 
(Figs. S1a and b). Most interestingly, for the BTO filler, the electric field 
gradient at the tip of the dendrite disappears (Figs. S1e and f). The low 
polarizability of the AO makes the electric field gradient at the Li-metal 
tip remain, whereas the high polarizability of the BTO moves the electric 
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field lines away from the Li-metal tip towards the surface of the BTO 
itself. This suggests that the presence of high dielectric volumes in the 
vicinity of a Li-metal filament takes away the driving force for Li 
deposition at the tip of sharp features, thus taking away the driving force 
for tip-driven dendrite growth. 

Fig. 1g and h represent the situation that a dendrite penetrates the 
solid electrolyte region and shows that high dielectric BTO has a distinct 
impact on the electric field gradients. As mentioned, the high electric 

field gradients are pulled towards the high dielectric, lowering the field 
gradient at the tip of dendritic features that penetrate the solid elec-
trolyte (Fig. 1h). Based on this one could speculate that dendrites grow 
towards the BTO, whereby it poses a barrier for dendrites to continue 
their growth toward the counter electrode. Simultaneously, the electric 
field is also simulated in the stripped BTOLi/BTOLPSC cell configuration 
(Fig. 1i and j), where the electric field gradient at the tip of the dendrite 
has been taken away due to the presence of the high dielectric BTO 

Fig. 1. Calculated electric field around Li metal inhomogeneities in 2D models having different configurations of symmetric lithium metal cells with different 
dielectric materials. Lithium dendrites are represented by a rectangular with a hemispherical tip. (a, b) Li/LPSC/Li cell, (c, d) AOLi/LPSC/AOLi cell, (e, f) BTOLi/ 
LPSC/BTOLi cell, (g, h, i, j) BTOLi/LPSC and BTO mixture (BTOLPSC)/BTOLi cell. Units μm: micrometer, V: electric potential, V/m: electric field. 
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material, which may facilitate more compact Li-metal growth. Based on 
these simulations, the hypothesis is brought forward that a high 
dielectric 3D matrix, with lithium metal deposited in its voids, promotes 
homogeneous Li-metal growth, and that the high dielectric material 
added to the solid electrolyte may hinder dendrite growth through the 
solid electrolyte region. Fewer dendrites and more compact plating 
would lead to a contact area between Li-metal and the solid electrolyte 
interface, decreasing electrolyte decomposition due to reduction by Li- 
metal, promoting cycle life and lowering the chance of dendrites 
reaching the cathode that may lead to a short circuit. 

2.2. Electrode preparation and morphology 

In order to investigate the impact of high dielectric materials on the 
performance of Li-metal solid-state batteries, composite electrodes with 
either commercial AO (low dielectric constant) or BTO (high dielectric 
constant) were prepared and compared to establish the impact of the 
dielectric constant and differentiate from the impact of adding an 
inactive additive. Scanning electron microscopy (SEM) images (Fig. 2a 
and 2d) confirm that the micron-sized BTO and AO materials have 
similar particle sizes ranging from 1 up to 100 μm. The composite BTOLi 
and AOLi electrodes were prepared by melting lithium metal and mixing 
with BTO or AO powder in a Nickel crucible at 300 ◦C for 2 h, the details 
of which can be found in the methods section. The SEM images of Fig. 2b 
and e indicate that the molten lithium metal wets to the surface of the 
BTO and AO particles. Both the raw materials and composite electrolyte 
are characterized by X-ray diffraction (XRD) (Fig. S2), indicating that 
the bulk of the BTO is stable in contact with Li-metal, whereas the AO 
displays some reactivity, leading to the formation of a lithiophilic Li-Al- 
O interface [34]. The TiO2 presented in the raw BTO was serving as a 
precursor for synthesizing the BTO material. Furthermore, Li2TiO3 is 
formed as a reaction product when Li metal reacts with TiO2. During 
cycling, the Li2TiO3 phase undergoes de(lithiation), which will probably 
facilitate the process of lithium deposition. Both BTO and Li2TiO3 
possess the ability to attract lithium ions towards themselves, rather 
than allowing them to accumulate at the tip of lithium dendrites. This 
characteristic proves beneficial for suppressing dendrite formation. 
However, given the relatively small amount of Li2TiO3 compared to the 
abundance of BTO particles, its presence is likely to have minimal 
impact on the behavior of lithium deposition. After pressing the 
as-prepared materials to a wafer layer under a mild pressure of 2 MPa, 
the 20% wt Li-metal, 80% wt BTO composite, BTOLi electrode (Fig. 2c), 
shows a relatively smooth surface as compared to the 20% wt Li-metal, 

80% wt AO composite, AOLi electrode, Fig. 2f. 
To determine the capacity of the prepared composite electrodes, the 

electrodes were assembled in a symmetric solid-state battery using LPSC 
as a solid electrolyte (see the Methods section for the preparation and 
XRD of the as-prepared material in Fig. S3) and Li-metal as the counter 
electrode. After stripping (electrochemical removal) Li completely from 
the BTOLi and AOLi composite electrodes at a current density of 0.1 mA 
cm− 2, a considerable specific capacity of 504 and 174 mA h g− 1 was 
obtained (cutoff voltage 1 V vs Li/Li+), respectively, where the specific 
capacities take into account both the weight of the AO/BTO matrix and 
the Li metal (Figs. S4a and b). For the BTOLi and AOLi composite 
electrodes (Figs. S4c and d), the smooth charging curve, without a sec-
ond plateau, indicates that the total capacity is provided by metallic 
lithium only. In addition, the differential capacity curve further dem-
onstrates that the redox reaction occurred around 0.02 V vs Li/Li+ and 
thus represents lithium stripping. In this study, we have attempted to 
minimize the amount of additive material, to maximize the specific 
capacity. A higher specific capacity of 1260 mA h g− 1 can be achieved by 
adjusting the Li/BTO ratio to 50% (Fig. S5). However, a specific capacity 
of 2000 mA h g− 1 would require a volume percentage of 8% for the high 
dielectric BTO additive material [35]. 

To compare the surface morphologies of the bare Li anode with the 
composite AOLi and BTOLi anodes, SEM images were recorded after 10 
cycles at a current density of 0.1 mA cm− 2 towards a capacity of 0.5 mAh 
cm− 2 (5 h), the results of which are shown in Fig. 3. (The SEM images of 
the LPSC solid electrolyte, and the LPSC and BTOLPSC pallets are shown 
in Fig. S6). SEM images of the pristine Li foil, AOLi, and BTOLi elec-
trodes show that the Li foil and BTOLi electrodes have a relatively 
smooth surface, while some voids are observed for the AOLi electrode as 
compared to the BTOLi electrode, both prepared by the same pressure 
(Fig. 3a, d, g, j). After 10 cycles, the SEM image of the Li-metal anode, 
Fig. 3b, shows a micro-sized needle-like lithium dendrite on the surface 
of the lithium metal side, and on the electrolyte side (Fig. 3c) a micro- 
sized sharp electrodeposit penetrates the LPSC electrolyte. Also at the 
surface of the AOLi and BTOLi electrodes, Fig. 3e and h respectively, and 
on the side of the LPSC electrolyte, Fig. 3f and i respectively, large 
dendritic features and very rough surfaces are observed, demonstrating 
that dendrites can penetrate the solid electrolyte, preferentially growing 
through pores and cracks [36]. 

The situation substantially improves when BTO is added to both the 
anode and the LSPC electrolyte, in which case a more uniformly 
deposited Li-metal surface is observed. Fig. 3k and I show that the 
addition of BTO results in more uniformly deposited Li-metal and much 

Fig. 2. Morphologies of pristine materials and as prepared composite Li-metal electrodes. (a–c) SEM images of pure BTO, 20%Li-BTO mixture, and the as-prepared 
BTOLi electrode, respectively. (d–f) SEM images of pure AO, 20%Li-AO mixture and the AOLi electrode, respectively. 
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less protrusion and pulverization on both the anode and the electrolyte, 
respectively. This supports the hypothesis that the addition of BTO leads 
to more homogeneous Li-metal deposition and additionally suggests that 
the BTO matrix may also suppress delamination. Both aspects are crucial 
to achieving stable Li-metal cycling in combination with solid electro-
lytes [15,37]. 

2.3. Electrochemical evaluation 

2.3.1. Symmetrical cells 
As a first step in evaluating the influence of the BTO and AO additives 

on the electrochemical performance, the critical current density at 
which dendrite formation is initiated is determined, by cycling sym-
metrical cells under an increasing current density. In Fig. 4, the results 
are shown for the Li/LPSC/Li, AOLi/LPSC/AOLi, BTOLi/LPSC/BTOLi, 
and BTOLi/BTOLPSC/BTOLi cells, cycled with current densities 
increasing from 0.1 mA cm− 2 up to 1.0 mA cm− 2, followed by cycling at 
0.1 mA cm− 2 (detailed information can be found in Table S1). For the Li/ 
LPSC/Li and AOLi/LPSC/AOLi cells, this results in a short circuit already 
after three cycles at 0.1 mA cm− 2 (detailed voltage profiles are provided 
in Fig. S7). These short circuits are most likely due to dendrite forma-
tion, presumably supported by the relatively high electronic conduc-
tivity of LPSC (9.12 × 10− 8 S cm− 1) [30,38,39]. The electric field 
calculations, shown in Fig. 1 and Fig. S1, suggest that the large electric 

field gradient at Li-metal inhomogeneities is an important driving force 
for dendrite growth as commonly assumed [8,40]. The addition of the 
high dielectric material to the electrode in the BTOLi/LPSC/BTOLi cell 
results in a higher critical current density of 0.5 mA cm− 2 with an 
average voltage hysteresis of 60 mV (Table S1 and Fig. S7). We propose 
that the higher critical current density is due to the presence of the high 
dielectric additives that lower the electric field gradient at the surface of 
the Li-metal (Figs. S1e and f), and not due to the presence of the additive 
itself because the low dielectric AO additive does not improve the crit-
ical current. 

Although adding BTO can thus increase the critical current, dendrite 
formation may still be initiated by the high electric field gradient in the 
solid electrolyte region when the plating has filled the BTO matrix (see 
the simulations of Fig. 1 g, h). To hinder this, BTO is also added to the 
electrolyte. As a first step that helps us in choosing the amount of BTO 
that we add to the electrolyte, we determine the impact of the BTO 
fraction on the conductivity of the solid electrolyte composite with 
electrochemical impedance spectroscopy (EIS). Fig. S8 presents the re-
sults for different weight ratios between BTO and LPSC. The resulting 
ionic conductivities of pure LPSC electrolyte, 15% wt BTO with 85 %wt 
LPSC (15%BTO-LPSC) and 30% wt BTO with 70% wt LPSC (30%BTO- 
LPSC) mixtures are 5.6, 4.5 and 0.73 mS cm− 1, respectively. As the ionic 
conductivity of the 30%BTO-LPSC mixture is significantly smaller, the 
15%BTO-LPSC composite is used as an electrolyte for further 

Fig. 3. Morphologies of Li electrodeposits on the bare Li-metal electrode, AOLi, and BTOLi composite electrodes before and after 10 cycles at 0.1 mA cm− 2 for 5 h. 
SEM images of the pristine surface of (a, d, g, j) Li-metal, AOLi, BTOLi, and BTOLI-BTOLPSC electrodes, respectively. SEM images of electrode side after cycling of (b, 
e, h, k) bare Li-metal, AOLi, BTOLi, and BTOLi-BTOLPSC cells, respectively. SEM images of the electrolyte side after cycling of (c, f, i, l) bare Li-metal, AOLi, BTOLi, 
and BTOLi-BTOLPSC cells, respectively. The insets show photographs of the electrodes. 
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experimental evaluation. 
The electrochemical results of the BTOLi/BTOLPSC/BTOLi cell that 

contains 15%BTO-LPSC as an electrolyte can resist the highest current 
density among all cells, and thus even higher than the cell with only BTO 
added to the electrodes. The cell can easily handle a current density of 
1.0 mA cm− 2 with a potential hysteresis of just 65 mV as shown in Fig. 4a 
and Table S1. Subsequently, cycling at 0.1 mA cm− 2 can be maintained 
for at least 6000 h with a very low overpotential of 21 mV after 6000 h. 
The much better rate capability of the cell with BTO added to both the 
electrode and electrolyte suggests that dendrite formation and growth 

are suppressed. This is in line with the electric field calculations that 
demonstrate that the presence of the high dielectric BTO additive 
removes the electric field gradients at inhomogeneous Li-metal features, 
both in the anode and in the solid electrolyte region. In addition, the 
improved performance may in part be ascribed to the lower electronic 
conductivity of the 15% BTO-LPSC solid electrolytes (1.14 × 10− 8 S 
cm− 1) as compared to that of the pure LSPC electrolyte (9.12 × 10− 8 S 
cm− 1), values that were determined through direct current polarization 
method. Han et al. indicated that a higher electronic conductivity of the 
solid electrolytes promotes dendrite formation [36] while on the other 

Fig. 4. Critical current density and cycling test of symmetric cells using bare Li electrodes, AOLi or BTOLi composite electrodes, and LPSC or BTOLPSC electrolytes. 
(a) Voltage profile at an increasing current density from 0.1 mA cm− 2 to 1.0 mA cm− 2 followed by 0.1 mA cm− 2 cycling ((dis)charge time was 1h). (b) Voltage 
profiles of the symmetric cell using BTOLi composite electrode and BTOLPSC electrolyte cycled under the current density of 0.1 mA cm− 2 to 8.0 mA cm− 2 with a fixed 
capacity of 0.1 mA h cm− 2. Voltage profiles of cycling performance at a current density of (c) 0.1 mA cm− 2 with a capacity of 0.5 mA h cm− 2, (d) 0.5 mA cm− 2 with a 
capacity of 2.0 mA h cm− 2, (e) 1 mA cm− 2 with a capacity of 2.0 mA h cm− 2, respectively. 
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hand, a high Li-ion conductivity suppresses dendrite formation. Oppo-
sitely, as the ionic conductivity of LSPC (5.6 mS cm− 1) is slightly higher 
than the BTOLSPC composite (4.5 mS cm− 1) adding BTO can also be 
argued to promote dendrite formation. Meanwhile, the stable and 
smooth cycling result of Li/BTOLPSC/Li cell (Fig. S9) verified our hy-
pothesis that dendrites can be suppressed with BTO particles added into 
the LPSC electrolyte, thus the BTOLPSC composite. As there are multiple 
factors at play, it is not possible to disentangle the impact of decreasing 
the ionic conductivity and increasing the electronic conductivity at the 
same time. However, the electric field gradient calculations suggest that 
the BTO in the solid electrolyte region suppresses the driving force for 
dendrite formation, providing a rationale for the larger critical current 
and more stable cycling observed in Fig. 4. 

To further examine the limits of the BTOLi composite in combination 
with the BTOLPSC electrolyte, a symmetric Li-metal cell was cycled to 
higher current densities. The measurements, displayed in Fig. 4b and 
Fig. S10 and performed with current densities of 0.1 mA cm− 2 up to 8.0 
mA cm− 2 under a fixed capacity of 0.1 mA h cm− 2 and limited by a 1.0 V 
vs Li/Li+ stripping cut-off voltage, demonstrate that this solid-state 
battery can prevent a short circuit and has low overpotentials even at 
these high current densities. Under all conditions, the BTOLi/BTOLPSC/ 
BTOLi cell outperforms the other cell configurations and has a higher 
current density, larger cycling capacity (tested up to 2 mA h cm− 2), and 
cycling duration (Fig. 4c–e and Figs. S11–13). In fact, the areal capacity 
of 2 mA h cm− 2 is among the highest reported in the open literature for 
solid-state Li metal batteries (see Table S2). The over-potentials of only 
11, 36, and 48 mV under current densities of 0.1, 0.5, and 1.0 mA cm− 2 

indicate less formation of poorly conducting decomposition products, 
also suggesting more uniform Li-metal plating and stripping as a 
consequence of introducing the high dielectric BTO. Furthermore, the 
BTOLi/BTOLPSC/LTO cell configuration stands out by displaying much 
lower polarization during cycling, reflecting a much more stable anode- 

solid electrolyte interface, that is responsible for the relatively long cycle 
life. 

2.3.2. Full cell cycling when paired with a Li4Ti5O12 cathode 
We further illustrate the performance of the BTOLi anode by pairing 

it with Li4Ti5O12 (LTO) as the cathode, approaching a more realistic 
configuration. LTO was selected because of its extremely small volu-
metric change upon (de)lithiation and a working potential (1.55 V vs Li/ 
Li+) within the electrochemical stability window of LPSC [21,22,41]. 
Thereby, the degradation of the cell will be mainly due to the Li-metal 
anode, which allows us to evaluate the impact of the dielectric con-
stant of the solid additives. Fig. 5 shows the capacity upon galvanostatic 
cycling at a current density of 0.32 mA cm− 2 for the four battery con-
figurations when paired with the Li4Ti5O12 cathode. The mass loading 
for the LTO, having a theoretical specific capacity of 175 mA h g− 1, is 
approximately 6.0 mg cm− 2. Fig. 5a and b show rapid capacity fading for 
both the Li-metal and AOLi anodes having an average Coulombic effi-
ciency of 131.9% and 122.8% respectively, signifying the large reac-
tivity of the LPSC electrolyte that increases the charge capacity [8,30, 
42]. Although the BTOLi/LPSC/LTO cell (Fig. 5c) also shows rapid ca-
pacity fading upon cycling, it is less severe due to the improved 
Coulombic efficiency (average 108.9%), demonstrating that BTO in the 
Li-metal anode improves the reversibility. The comparison to the AO 
additive suggests that this improvement is the consequence of the high 
dielectric constant. A major improvement is observed when BTO is also 
added to the LPSC solid electrolyte, where the BTOLi/BTOLPSC/LTO 
cell results in an average Coulombic efficiency of 100.4% in combina-
tion with much less solid electrolyte decomposition. For this cell, the 
capacity is maintained for 90% over 500 cycles as observed in Fig. 5d. 
The rate performance of both Li/LPSC/LTO cells and BTO-
Li/BTOLPSC/LTO cells was tested at various current densities ranging 
from 0.16 mA cm− 2 to 1.28 mA cm− 2, as shown in Fig. S14. The 

Fig. 5. Electrochemical cycling performance at 0.32 mA cm− 2 the Li-metal, AOLi, BTOLi anodes with a Li4Ti5O12 cathode in combination with the LPSC and 
BTOLPSC solid electrolytes. Cycling performance of (a) the Li/LPSC/LTO cell, (b) the AOLi/LPSC/LTO cell, (c) the BTOLi/LPSC/LTO cell, and (d) the BTOLi/ 
BTOLPSC/LTO cell. 
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BTOLi/BTOLPSC/LTO cell, incorporating the BTO filler, exhibits an 
average Coulombic efficiency of 99.98%, indicating a more stable 
interface compared to the Li/LPSC/LTO cell, which has an average 
Coulombic efficiency of 129.27%. Evaluation of the voltage curves 
during these cycling experiments, shown in Fig. S15, indicates high 
overpotentials for the Li/LPSC/LTO, AOLi/LPSC/LTO and BTO-
Li/LPSC/LTO cells (Table S3). This reflects a high internal resistance, 
which can be ascribed to the formation of poorly conducting decom-
position products and contact loss at the interface between the anode 
and solid electrolyte (see also the EIS and XPS results) [8,17,33]. The 
BTOLi/BTOLPSC/LTO cell stands out by displaying much lower polar-
ization during cycling, reflecting a much more stable anode-solid elec-
trolyte interface, that is responsible for the relatively long cycle life. 

2.4. Interfacial analysis and decomposition suppression 

2.4.1. Electrochemical impedance spectroscopy 
To study the effect of the BTO additives on the interfacial resistance, 

Electrochemical impedance spectroscopy (EIS) measurements are per-
formed after cycling at 0.1 mA cm− 2 to 0.5 mA h cm− 2. These mea-
surements are shown in Fig. 6 while additional results are provided in 
Table S4. The quarter-circle and semicircle obtained in the high- 
frequency range (100 kHz - 10 Hz) can be ascribed to the SEI and 
charge-transfer resistance [30,34]. Already before cycling, the sponta-
neous (electro)chemical reaction of Li-metal with LPSC may result in less 
conductive decomposition products (Li2S, LiCl, and Li3P) [8,40,43], 
which are held responsible for the relatively high interfacial resistance 
of ≈159 Ω. The three other configurations lead to a slightly smaller but 
comparable interface resistance (see Table S4). As expected, after 

cycling the interfacial resistance of both the Li/LPSC and AOLi/LPSC 
interfaces increase significantly by about 20% after 10 cycles, which is 
known to be the consequence of further decomposition reactions 
amplified by Li-dendritic growth and contact loss [8,30,44]. 

The presence of BTO, especially when added to both the Li-metal and 
LPSC solid electrolyte, suppresses the rise in interface resistance upon 
cycling. Indeed, the resistance barely changes upon cycling for the 
BTOLi-BTOLPSC cell and equals 95, 93, and 99 Ω after 1, 10, and 100 
cycles, respectively (see Table S4). This can be rationalized by the 
suppression of dendrites, leading to less LPSC decomposition products, 
and thus a better ability to maintain a low interface resistance, in 
agreement with the smaller overpotential during cycling and more sta-
ble cycling observed in Fig. 4. 

2.4.2. X-ray photoelectron spectroscopy 
XPS measurements are performed to study if the addition of BTO to 

the electrolyte suppresses the formation of decomposition products at 
the electrode-solid electrolyte interface upon cycling, as suggested by 
the more reversible cycling observed. To facilitate these measurements, 
cells were disassembled after cycling and the interface was isolated by 
carefully scraping it from the electrode (see methods and materials). The 
XPS results, displayed in Fig. 7, show for all samples strong doublet 
peaks at binding energies of BE ≈ 131.8 eV (P2p scan), BE ≈ 161.5 eV 
(S2p scan), BE ≈ 198.5 eV (Cl2p scan), and a single peak at BE ≈ 55 eV 
(Li1s scan), previously identified as peaks that belong to LPSC [45–47]. 
In addition, in all samples additional peaks are observed at BE ≈ 133.5 
eV (P2p scan) and BE ≈ 160.5 eV (S2p scan), being the signatures of 
Li3PO4 (or P2Sx) and Li2S, respectively [45–48]. We attribute the pres-
ence of the majority of these phases, previously observed in pristine 

Fig. 6. Electrochemical impedance spectroscopy (EIS) results displayed as Nyquist plots of the solid-state symmetric cells after different numbers of cycling at 0.1 
mA cm− 2 for 5 h. (a) Li-metal with LPSC (Li-LPSC), (b) Li-metal-AO composite with LPSC (AOLi-LPSC), (c) Li-metal-BTO composite with LPSC (BTOLi-LPSC) (d) Li- 
metal-BTO composite with the LPSC-BTO composite (BTOLi-BTOLPSC). 
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LPSC electrodes [45], to impurities in the raw materials and/or traces of 
reagents used for the synthesis of the electrolyte and to spontaneous 
(electro)chemical reaction of Li-metal with LPSC. 

Most importantly, the XPS measurements indicate that the addition 
of BTO suppresses the formation of some critical non-conductive 
decomposition products. While Li3P is identified in the cycled Li-LPSC- 
Li cell, Li3P is not detected in the cycled BTOLi-BTOLPSC-BTOLi cell. 
The Li3P peak [49–51], observed in the P2p scan at BE ≈ 128 eV in the 
Li-LPSC-Li sample, is relatively small, yet its presence is significant. In 
addition, LiCl is formed, as evidenced by the peaks at BE ≈ 196.5 eV and 
BE ≈ 56.2 eV in the Cl2p and Li1s scan, respectively [45,46,52]. For the 
BTOLi-BTOLPSC-BTOLi sample, no Li3P has been identified while the 
LixP peak is significantly smaller as compared to the Li-LPSC-Li sample. 
We have repeated this measurement 13 times on samples cycled 10, 30, 
and 50 cycles. In none of these measurements, Li3P was observed while 
the LixP peak was in all cases significantly smaller compared to that 
observed for the Li-LPSC-Li samples, and these measurements indicate 
that BTO is effective in suppressing the formation of reduced phosphorus 
species like LixP and especially Li3P. Furthermore, solid-state 31P NMR 
results reported in Fig. S16 show that the formation of Li3PS4 is sup-
pressed by the addition of BTO to the LSPC electrolyte. 

In summary, the XPS and NMR measurements indicate that the 
addition of BTO suppresses the formation of decomposition products, 
explaining the lower interfacial resistance observed by EIS (Fig. 6 and 
Table S4). It also suggests the suppression of dendrites as these can be 
expected to amplify the formation of decomposition products [8,30,44]. 
On the macroscopic, this is in accordance with the smaller overpotential 
during cycling and longer capacity retention and cell life observed in 
Fig. 4. 

3. Conclusion 

To conclude, the addition of BTO, a high dielectric material, to the Li- 
electrode and the LSPC solid electrolyte appears to be an effective 
method to suppress Li metal filament and dendrite formation. In com-
parison with a low dielectric additive and the absence of an additive, the 
BTO results in a significantly higher critical current density, more stable 
cycling performance of the solid-state Li metal symmetrical cell, and the 
BTOLi/BTOLPSC/LTO full cell configuration (500 cycles, 90% capacity 
retention), a much lower impedance upon cycling in a symmetrical cell 
geometry and in a significant reduction of the LPSC decomposition 

products as observed by XPS and solid-state 31P NMR. Electric field 
calculations indicate that BTO suppresses dendrite formation through 
lowering the electric field gradients at the Li metal anode surface. In 
addition, when BTO is added to the solid electrolyte matrix it lowers the 
overall electronic conductivity which may contribute to the suppression 
of dendrite penetration although this effect may be in part compensated 
by the lower ionic conductivity of the solid electrolyte matrix. High 
dielectric additives are thus suggested as an effective strategy to sup-
press dendrite growth and solid electrolyte decomposition in solid-state 
batteries. 

4. Experimental 

4.1. Preparation of anode materials and solid-state electrolytes 

Commercial BaTiO3 (Sigma-Aldrich, denoted as BTO) and Al2O3 
(Sigma-Aldrich, denoted as AO) powder were used as the starting ma-
terials, because of their different dielectric constants. Firstly, metallic 
lithium (20% wt) was heated in a nickel crucible at 300 ◦C for 0.5 h, and 
subsequently, BTO or AO (80% wt) powder was added and mixed with 
the molten lithium metal. After 2 h of mixing and heating, the prepared 
materials (BTOLi or AOLi composites) were collected. The solid-state 
electrolyte Li6PS5Cl (denoted as LPSC) was prepared by a simple solid- 
state reaction. The stoichiometric raw materials LiCl (Sigma-Aldrich), 
P2S5 (Sigma-Aldrich), and Li2S (Sigma-Aldrich) were used as the starting 
materials and were ball milled at 110 rpm for 2 h in ZrO2 coated jars 
using 18 ZrO2 balls. After ball milling, the precursor was sealed in a 
quartz tube with Ar and then annealed at 550 ◦C for 15 h to obtain the 
LPSC solid electrolyte. Commercial Li4Ti5O12 (denoted as LTO) was 
chosen as the cathode material to assemble cells. LTO, LPSC and carbon 
black were ball milled in a mass ratio of 4:4:2 at 200 rpm for 6 h to 
prepare the cathode mixture. 

4.2. Characterization of the materials and the electrodes 

X-ray Diffraction (XRD) was performed both on the powder and 
pallets to identify the crystalline phases of the prepared materials by 
measuring with a 2θ range of 10 - 80◦ using CuKα X-rays (1.5406 Å at 45 
kV and 40 mA) on an X’Pert Pro X-ray diffractometer (PANalytical). To 
prevent reaction with air, the samples were sealed in an airtight 
homemade XRD sample holder with a capton window in an Argon-filled 

Fig. 7. XPS spectra of pristine LPSC and LPSC after cycling in a Li-LPSC-Li cell for 10 cycles and 50 cycles in a BTOLi-BTOLPSC-BTOLi cell. To aid the comparison, the 
counts of the BTOLi-BTOLPSC have been multiplied by a factor of 4. The lower count rate for this sample is attributed to (i) the lower percentage of LPSC in the 
sample and (ii) a smaller coverage of the carbon tape by the samples studied. 
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glove box. Ionic conductivities of the LPSC solid electrolyte and the 
BTOLPSC mixture were measured by making pallets having a diameter 
of 10 mm. Stainless-steel current collectors were attached to both sides 
of the wafers and alternating current impedance measurements were 
conducted on an Autolab (Autolab PGSTAT302 N) in the frequency 
range of 0.1 Hz–100 kHz with a perturbation potential of 5 mV. Elec-
tronic conductivities of the LPSC solid electrolyte and BTOLPSC mixture 
were measured using the Direct Current Polarization method. A one-side 
blocking cell (like Li-In/LPSC/Stainless steel) was assembled and tested 
with the Autolab. Lithium metal plating wafer electrodes for SEM tests 
were prepared by (dis)charging the solid-state cells for several cycles. 
Before the scanning electron microscope (SEM) imaging, the wafer 
electrodes were pressed out from the Al2O3 ceramic cylinder in the glove 
box. Subsequently, the samples were transferred into a SEM (JEOL JSM- 
6010LA) machine under dry Argon condition, and images were taken 
using an accelerating voltage of 2–10 kV. 

4.3. Solid-state NMR 

Solid-state NMR measurements were performed using a Bruker 
Ascend 500 MHz spectrometer equipped with two-channel 4.0 mm MAS 
probes. The operating frequency for 31P was 202.47 MHz, and all 
measurements were performed within a spinning speed range of 8 kHz 
and π/2 pulse lengths of 4 μs were determined for 31P. The chemical 
shifts of 31P spectra were referenced with respect to 85% H3PO4 solu-
tion. Based on the spin-lattice (T1) relaxation time, recycle delays of 20 s 
were used, collecting 1024 scans. 

4.4. X-ray photoelectron spectroscopy (XPS) 

XPS measurements were performed with a ThermoFisher K-Alpha 
spectrometer to investigate the chemical state of the elements present. 
The spectrometer is equipped with a focused monochromatic Al kα 
source (1486.6eV) anode operating at 36W (12 kV, 3 mA), a flood gun 
operating at 1V, 100 μA, and the base pressure in the analysis chamber is 
approximately 2 × 10− 9 mbar. The spot size is approximately 800 × 400 
μm2 and the pressure in the analysis chamber is about 2 × 10− 9 mbar. 
The pass energy of the analyzer was set to 50 eV. A thin layer of the 
powder sample, carefully isolated from the electrode-solid electrolyte 
interface, was deposited on a substrate consisting of copper foil and 
carbon tape inside an argon-filled glove box. These samples were 
transported in a vacuum transfer module to the XPS without exposure to 
air. The binding energy was corrected for the charge shift by taking the 
primary C1s hydrocarbon peak at BE = 284.8 eV as a reference. This 
resulted in a correction of the BE of at max 0.4 eV. The XPS spectra were 
fitted using a pseudo-Voigt with a 70% Gaussian and a 30% Lorentzian 
contribution (weighted least-squares fitting method) and a nonlinear 
Shirley-type background. 

4.5. Assembly and electrochemical tests of the cells 

Symmetric solid-state cells (AOLi/LPSC/AOLi, BTOLi/LPSC/BTOLi, 
BTOLi/BTOLPSC/BTOLi, and Li/LPSC/Li) were assembled in an argon- 
filled glove box in the following steps: 200 mg of LPSC or BTOLPSC was 
pressed tightly under the pressure of 300 MPa as the electrolyte layer, 
and then 10 mg of BTOLi or AOLi (or Li metal disk with a diameter of 7 
mm, 0.5 mm thickness) was added to both sides of the electrolyte layer, 
separately. After that, 2 MPa pressure was used to press these three 
layers together. The (dis)charge processes of these symmetric cells were 
performed on a Maccor battery tester (Model 4300) in the glovebox at 
room temperature. The cells were cycled in the potential range of − 4.0 – 
1.0 V (vs. Li/Li+) with the current densities from 0.1 mA cm− 2 to 8 mA 
cm− 2. The electrochemical impedance spectroscopy (EIS) of cells was 
measured before and after cycling on an Autolab (Autolab PGSTAT302 
N) in the frequency range of 0.1 Hz–100 kHz. A perturbation of 5 mV 
was applied. The Li/LPSC/LTO and BTOLi/BTOLPSC/LTO half cells 

were assembled in the same way and were cycled within the potential 
range of 1.0–2.5 V (vs. Li/Li+) at 0.32 mA cm− 2 at room temperature in 
the glove box. 

4.6. Electric field calculations 

The simulations were performed in COMSOL Multiphysics 5.5 in 
which a basic 2D voltaic cell was constructed to represent a solid-state 
electrolyte cell. Using the electrostatics software, the electric field 
throughout the cell was calculated. Several materials were defined by 
their dielectric constant. As a standard, the electrodes used were lithium 
which was taken from the COMSOL materials library. This work looks at 
four different types of cells, each with different electrodes and electro-
lytes. Electrodes of lithium metal, Li-BaTiO3 (BTOLi), or Li-Al2O3 (AOLi) 
(10 μm × 100 μm) were placed at two sides of the solid electrolyte 
Li6PS5Cl (LPSC) or Li6PS5Cl and BaTiO3 mixture (BTOLPSC) (30 μm ×
100 μm) to approximate the situation of the real battery. A lithium 
dendrite, represented by a rectangular shape (1 μm × 2 μm) with a 
hemispherical tip, is placed on the top of the electrode. High dielectric 
materials (BTO and AO), modeled as round particles with a size between 
1 and 8 μm, were randomly added to the electrodes. The relative per-
mittivities of BTO, AO, and the LPSC electrolyte are 4000, 8, and 5, 
respectively. There are several limitations of these static simulations. In 
the first place, it does not take into account modulation of the local 
electrical field due to the double layer of the dendrite and the current 
density under operation conditions, which in general will increase the 
electrical field gradient at the dendrite. Dynamic simulations of dendrite 
growth at relatively large overpotentials (0.45 V) however indicate that 
this is responsible for a small contribution (~1%) compared to the 
electrical field gradient under static conditions [53]. Another aspect is 
the strain in the BTO due to a local electrical field, the piezoelectric 
effect. However, considering that the simulated electrical field gradients 
do not exceed 105 V/m, the strain is anticipated to be well below 1% 
[54], which we assume has no impact on the system. 
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