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ABSTRACT: With operando transmission electron microscopy visualizing
the solid�solid electrode�electrolyte interface of silicon active particles and
lithium oxide solid electrolyte as a model system, we show that (de)lithiation
(battery cycling) does not require all particles to be in direct contact with
electrolytes across length scales of a few hundred nanometers. A facile lithium
redistribution that occurs between interconnected active particles indicates
that lithium does not necessarily become isolated in individual particles due to
loss of a direct contact. Our results have implications for the design of all-
solid-state battery electrodes with improved capacity retention and cyclability.
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Safety features of Li-ion batteries are a high priority
requirement as their adoption in electric vehicles and day-

to-day electronic devices1,2 is continuously increasing. The
liquid electrolytes that are typically used in traditional Li-ion
batteries are �ammable, especially at higher operating voltages3

and temperatures. By contrast, an all-solid-state battery (ASSB)
makes use of a solid electrolyte instead of a liquid electrolyte,
which reduces the risk of �ammability.4,5 Despite this advantage,
the lower ionic conductivity of solid electrolytes6,7 compared to
liquid electrolytes had set the �rst limitation on the development
of ASSBs. However, recent developments in sulfur-containing
solid electrolytes, such as Li10GeP2S12, Li9.54Si1.74P1.44S11.7Cl0.3,
Li6PS5X (X = Cl, Br, I), and Li7P3S11, achieved Li-ion
conductivities that are comparable to or greater than those of
liquid electrolytes8�11 and have thrown this research area open.
It was further shown that the presence of the solid�solid
electrolyte�electrode interface in ASSBs12 introduces addi-
tional problems13�16 that are very di�erent from those of the
traditional liquid�solid electrode�electrolyte interface (Figure
1a,b). First, in batteries containing liquid electrolytes, the entire
surface of the electrode particles is wetted by electrolytes,
whereas the electrode particles and solid electrolytes in ASSBs
are connected primarily at point contacts, which are limited in
terms of their numbers (as not all electrode particles are in direct
contact with electrolyte particles); therefore, ionic transport is

basically restricted,17 diminishing the speci�c capacity of these
batteries. Decomposition reactions at electrode�electrolyte
interfaces during battery cycling causing the formation of
passivating layers as well as electrode volume changes during
battery cycling result in the loss of contacts between the
electrode and electrolyte particles (as in Figure 1b), further
decreasing direct ion exchange pathways. Second, inhomoge-
neous (de)lithiation through point contacts can induce strain,
which a�ects electrode mechanical integrity leading to capacity
fade.

Silicon as an alloying-type electrode material is virtually ideal
for studying (de)lithiation processes, in particular, volume
expansion and strain induced cracking via in situ TEM. For
example, McDowell et al. have shown that Li can di�use through
small Si particles and �ow from nanowires to nanoparticles,
which is characterized by anisotropic lithiation and volume
expansion of particles. As lithiation of crystalline Si is
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predominantly an interface reaction proceeding via a reaction
front that is strongly in�uenced by localized stress, it in turn
impacts the extent and rates of lithiation reactions.18 They have
also observed that amorphous Si is involved in two phase
lithiation during the �rst lithiation cycle.19 Yuk et al. showed that
Si lithiation is characterized to be limited by both di�usion and
rate of reaction using graphene liquid cell microscopy.20 Luo et
al. reported that Si lithiation is in�uenced by localized variations
in applied voltages a�ecting the reaction front, which
transitioned from being isotropic to anisotropic lithiation,
using Si particles and oxidized lithium as the electrolyte.21 Thus,

although there is a signi�cant amount of work on the Si/
electrolyte interface, it is mostly focused on lithiation kinetics
within the context where active particles are exempted from the
problem of losing contact with electrolytes (as uninterrupted
electrolyte access is typically achieved in cells with a liquid
electrolyte where active particles are soaked as discussed earlier).
However, in the case of practical ASSBs ( all-solid-state
batteries), one of the main problems is active particles losing
contact with electrolytes upon battery cycling (Figure 1b). It is
therefore imperative to develop an understanding of solid-state
battery electrochemistry by taking this loss of electrolyte contact
into consideration and studying whether this can potentially
deplete cyclable lithium as a result of lithium being trapped in
particles upon losing contact with electrolytes, making batteries
no longer cyclable. In this Letter, utilizing a Nanofactory TEM22

specimen holder, we investigate the interface kinetics of ASSB in
a nanobattery (Figure 1c) and present evidence for a lithium
redistribution process across interconnected active particles
when electrode�electrolyte contact is lost.

Operando transmission electron microscopy (TEM) allows
for the visualization of (de)lithiation processes in electrode
materials at a single particle level in real time.23,24 Here, we take
advantage of the volume change property of Si nanoparticles
(NPs) during (de)lithiation25 to understand the interface
kinetics of an ASSB during cycling. The reason why we chose
Si as an active particle is because it allows for drastic variation in
the number of point contacts with electrolytes, and therefore,
the kinetics in terms of Li-ion transport across interfaces in
ASSBs can be followed under more realistic conditions where
the interparticle connectivity and point contacts are readily
impacted by their volume changes. This simulates scenarios
similar to real ASSBs which are more prone to su�er from
eventual point contact losses over battery cycling. Micro-
batteries for our operando TEM experiments were assembled by
drop-casting Si NPs onto a half TEM grid and by using an

Figure 1. Schematics: (a) The electrode surface is wetted by liquid
electrolytes in a traditional Li-ion cell; (b) ion transport in an all-solid-
state battery depends on the point contacts, and loss of electrode�
electrolyte point contacts during battery cycling can decrease Li-ion
exchange pathways. (c) Photograph of part of a Nanofactory TEM
specimen holder, onto which a half TEM grid (containing Si
nanoparticles) and an electropolished W needle (containing solid
electrolyte@Li) were mounted, and a bright-�eld TEM image showing
a micro-ASSB.

Figure 2. Lithiation of a Si nanoparticle cluster (at a bias of �0.2 V applied). The images were recorded (a) at the start of lithiation and after (b) 16, (c)
25, (d) 35, and (e) 55 s. Two nanoparticles are highlighted in red and blue dotted lines. (f) Changes in the areas of the highlighted nanoparticles plotted
as a function of time.
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