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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 allsolid-state battery electrodes with improved capacity retention and cyclability.
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basically restricted,17 diminishing the speciﬁc 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, inhomogeneous (de)lithiation through point contacts can induce strain,
which aﬀects 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 diﬀuse through
small Si particles and ﬂow from nanowires to nanoparticles,
which is characterized by anisotropic lithiation and volume
expansion of particles. As lithiation of crystalline Si is

afety features of Li-ion batteries are a high priority
requirement as their adoption in electric vehicles and dayto-day electronic devices1,2 is continuously increasing. The
liquid electrolytes that are typically used in traditional Li-ion
batteries are ﬂammable, 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 ﬂammability.4,5 Despite this advantage,
the lower ionic conductivity of solid electrolytes6,7 compared to
liquid electrolytes had set the ﬁrst 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 additional problems13−16 that are very diﬀerent 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
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although there is a signiﬁcant 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 suﬀer from
eventual point contact losses over battery cycling. Microbatteries 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-solidstate 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-ﬁeld TEM image showing
a micro-ASSB.

predominantly an interface reaction proceeding via a reaction
front that is strongly inﬂuenced 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 ﬁrst lithiation cycle.19 Yuk et al. showed that
Si lithiation is characterized to be limited by both diﬀusion and
rate of reaction using graphene liquid cell microscopy.20 Luo et
al. reported that Si lithiation is inﬂuenced by localized variations
in applied voltages aﬀecting the reaction front, which
transitioned from being isotropic to anisotropic lithiation,
using Si particles and oxidized lithium as the electrolyte.21 Thus,

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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Figure 3. Lithiation of a cluster of Si nanoparticles and loss of electrode−electrolyte contact. The images in panels a−c show the electrochemical
lithiation of a cluster of nanoparticles. The red dotted line marks the shape of the cluster before lithiation. The yellow dotted line marks the shape of the
cluster at the indicated point in time during lithiation. The images in panels d−f show contraction of the lithiated cluster of nanoparticles after the
electrolyte contact was removed. The yellow dotted line marks the shape of the cluster just before the loss of contact. The blue dotted line marks the
shape of the cluster at the indicated point in time after loss of contact. (g) Schematic illustration of Li redistribution as lithiated particles contract.

No volume expansion of the NPs was observed, suggesting
that no lithiation of the Si NPs had taken place, until the applied
voltage reached −0.2 V. Above this voltage, the NPs expanded in
volume, and lithiation can be followed, as shown in Movie S1 in
the Supporting Information. Two of the NPs, which are not in
direct contact with the LiOx@Li solid electrolyte, have
undergone a signiﬁcant volume expansion compared to ones
that were in direct contact with electrolytes. The volume
changes of these particles are highlighted in red and blue lines
(Figure 2a−e), and their areas measured from TEM micrographs are shown in Figure 2f. The plots show that, initially, the
particles expanded rapidly and after 40 s their expansion then
was slowed down. The corresponding current recorded during
their lithiation at −0.2 V is shown in Supporting Information
(Figure S4).
Although this may look surprising, similar lithiation kinetics
was reported by McDowell et al. for Si NPs17 that were directly
in contact with electrolytes18 and that were attached to particles
in direct electrolyte contact. In their study, McDowell et al.
observed that the lithiation kinetics of Si NPs (compared to
amorphous Si) was not diﬀusion-limited but rather controlled
by dynamic reaction front kinetics. Although no fracture or
contact loss was noticeable during the lithiation processes
observed in Figure 2, it is conceivable that active particles that
undergo repeated (de)lithiation processes can inevitably lead to
loss of contact between electrode and electrolyte particles in
ASSBs, due to both volume changes and decomposition
reactions at interfaces leading to microcracks, which is a major

electropolished tungsten (W) needle, whose tip was modiﬁed by
scratching the surface of Li foils in an Ar glovebox (O2 < 1 ppm,
H2O < 1 ppm). The assembled holder was then transferred from
the glovebox to the TEM with minimal exposure to air. This
resulted in the formation of a thin LiOx layer on lithium metal
that is attached to the W needle which acts as a solid electrolyte
in our ASSB experiments (Figure 1c). In this way, we have a
better handle on mimicking a typical electrode−electrolyte
contact breakdown by simply withdrawing the W needle away
from Si active particles during or after (de)lithiation. To ensure
that the electron beam eﬀect has no signiﬁcant impact on
(de)lithiation processes of the silicon nanoparticle cluster, the
electron beam dose rate was limited to 10 e/Å2 s−1 throughout
these in situ experiments; thus, the information obtained from
these experiments can be directly used to understand the
behavior of silicon electrodes in a solid-state battery. Details
about sample transfer from the glovebox and TEM26 parameters
can be found in the Supporting Information.
Figure 2a−e illustrates the electrochemical lithiation of a Si
NP cluster. The images were recorded while applying a negative
voltage of −0.2 V to the NPs (at the top of the image) with
respect to LiOx@Li (at the bottom). It can be observed that the
solid electrolyte is in minimum contact with the Si NP cluster,
and this situation perfectly mimics a typical electrode−
electrolyte interface in an ASSB, where practically only a tiny
fraction of the electrode particles tends to be in direct contact
with electrolytes.
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of capacity decay is inevitable. However, our results imply that,
once the electrode−electrolyte contact is lost, the redistribution
of lithium to nearby electrode particles via interparticle diﬀusion
provides a means to access lithium via other electrode−
electrolyte point contacts of nearby electrode particles within
the NPs’ network. This means that a high ionic conductivity at
both the particle and interparticle levels is essential for ASSBs as
it can help re-establish percolation pathways for Li-ion and can
potentially minimize capacity fading despite the loss of
electrode−electrolyte point contacts. However, quantiﬁcation
of the capacity loss solely due to contact losses is highly
challenging due to too many factors that simultaneously
contribute to capacity loss. For example, electrolyte decomposition can alone cause capacity fade, and in fact, this in situ
TEM experimental setup requires huge overpotentials to cycle
these microbatteries.
To shed more light on the above observations, it is important
to consider the fact that the rate of electrochemical (de)lithiation of an electrode depends on both ionic and electronic
conductivity of the electrode network, either of which can be a
rate-limiting factor. We therefore compared the speed of
electrochemical lithiation with that of chemical lithiation. We
note that the rate of chemical lithiation depends only on the
ionic conductivity of particles since this does not involve the
application of current. In order to study the eﬀect of chemical
lithiation, the LiOx layer was removed from a small part of
LiOx@Li in the high vacuum environment of the TEM, and a
fresh lithium metal surface was exposed directly to a NP cluster.
The cluster was kept in contact with the lithium surface without
applying a voltage. As expected, the cluster started to swell, as
shown in Figure S6 in the Supporting Information. It can be
observed from Figure 4 that the rates of chemical and

challenge for operating ASSBs with high capacity retention.
However, our observation where the few particles that are in
direct contact with electrolytes still enable lithiation across
particles provides a hint that, at least over a length scale of a few
hundred nanometers, the lithiation of NPs does not necessarily
rely on direct contact with the electrolyte, if the Si NPs are
connected to each other. We note that although this may not be
strictly valid for intercalation-based electrodes in terms of
interparticle ion diﬀusion (as in alloying-type), it still provides
suﬃcient insights into ASSB prerequisites with regard to lithium
accessibility across electrodes in the case of point contact loss.
Figure 3 shows images recorded during a loss of contact
between a Si NP cluster and the LiOx solid electrolyte (see also
Movie S2 in the Supporting Information), where the W needle
containing solid electrolytes was purposely retracted to simulate
the breakdown of a point contact. In comparison with the cluster
shown in Figure 2, a higher voltage of ∼−0.5 V was required for
lithiation of this particular cluster, most likely due to the
presence of a thicker LiOx layer or poorer electrical contact
between the Cu grid and the NPs. The cluster of NPs (Figure
3a) swells as a result of lithiation (Figure 3b,c) upon maintaining
contact with LiOx@Li solid electrolyte. After lithiation (80 s),
the W needle with LiOx@Li was detached from the Si NPs
(corresponding to a partial lithiation). This lithiated cluster of Si
NPs began to contract almost instantaneously as shown in
Figure 3d−f, and the contraction was signiﬁcant such that the
material resembled almost delithiated particles within a few
minutes, although no lithium was not extracted from them by
using electric potential (Movie S3). This can be explained by
considering that the loss of contact between the electrolyte
(LiOx) and the lithiated NP cluster leaves NPs with varied local
Li compositions so that they have diﬀerent chemical potentials.
As a result, lithium from the lithium-rich NPs (which are closest
to the lithium source) tends to diﬀuse into lithium-deﬁcient Si
NPs within the cluster until an equilibrium chemical potential
can be reached. Therefore, the variation in the chemical
potential of lithiated NPs appears to be the main driving force
for this interparticle Li diﬀusion, which is diﬀerent from the
observation of Li-ion distribution via electron holography
reported by Yamamoto et al.27 This process is depicted in
Figure 3g. Therefore, combining this with the previous
observation where particles that were not in direct contact
with electrolyte (Figure 2) have undergone signiﬁcant volume
expansion, it can be argued that the inserted lithium is indeed
redistributed among Si particles. In doing so, the volume
expansion is also eﬀectively countered by a collective buﬀer
action of NPs that were connected to each other, which is
supported by the marked size change of Si NPs in the cluster
during lithiation and during lithium redistribution (Figure S5).
Unfortunately, since most of the NPs are on top of the Cu grid as
depicted in Figure 3g, they are outside of the ﬁeld of view;
therefore, the shrinking process across large NPs network was
not visible in the TEM, because the drop-casting process used to
disperse the NPs onto the Cu half grid resulted in a major
fraction of NPs being deposited on Cu grid bars while only a
small amount of Si NPs sticks out. This redistribution of lithium
that takes place following a loss of contact with electrolytes has
implications for capacity retention in ASSBs. In real-world
battery operation, if the contact between the electrode and
electrolyte particles is lost, lithium from lithiated electrode
particles cannot be recovered over subsequent charge−
discharge cycles via the same contact point, and if loss of
contacts occurs in large numbers across the electrodes, the onset

Figure 4. Speeds of chemical and electrochemical lithiation.

electrochemical lithiation are still comparable in terms of the
lithium diﬀusion coeﬃcient in Si (∼5 × 10−12 cm2/s). However,
since the speed of chemical lithiation depends only on ionic
conductivity, while the speed of electrochemical lithiation
depends on both electronic and ionic conductivity, it can be
concluded that electrochemical lithiation of the system in
question is not limited by electronic conductivity. In fact, we
were also able to electrochemically delithiate the cluster that was
chemically lithiated, which looked identical to that of the NP
cluster that had undergone electrochemical lithiation and to that
of lithium redistribution in terms of their typical volume
expansion and contraction as shown in Figure 3 and Movie S2.
This therefore establishes that, similar to electrochemical
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delithiation where Li-ions from lithiated particles are extracted
back to electrolytes, upon contact loss the inserted lithium is
diﬀused into other particles and redistributed via interparticle
connections, signaled by the particles’ relative volume
contraction. These changes in the NP cluster during this process
can be followed in Movie S3. The corresponding change in
cluster area is plotted in Figure S7. Further, the speed of this
redistribution that can be approximately estimated from the area
change in the ﬁeld of view was on the order of ∼10−12 cm2/s,
which is comparable to the reported diﬀusivity of lithium in the
crystalline silicon.28 We emphasize that the lithium redistribution process demonstrated here is limited to mostly Si-based
electrode or other alloying-type materials that undergo severe
volume change upon (de)lithiation and cannot be generalized to
intercalation-type materials such as graphite or other electrode
particles (cathodes). It is also important to design cells having
multiple electrode−electrolyte interfaces and to perform
experiments under a larger ﬁeld of view to further develop an
understanding of the extent to which NPs lithiate without direct
electrolyte contact and corresponding lithium redistribution
dynamics when electrolyte contacts are broken.
In conclusion, via operando TEM we presented the direct
visualization of interface changes in all-solid-state batteries
(ASSBs) by utilizing drastically volume changing Si nanoparticles and LiOx solid electrolyte as a model system during
(de)lithiation. From our results, it can be concluded that, at least
on a length scale of hundreds of nanometers, lithiation of
electrode nanoparticles does not require all electrode particles to
be in direct contact with the electrolyte, if electrode particles are
interconnected, allowing for Li diﬀusion via nearby point
contacts into the interconnected network of particles. Further,
the combination of interparticle connectivity and ionic
conductivity of the electrode particles network causes a fast
redistribution of lithium between electrode particles upon
electrode−electrolyte contact loss. This implies that as the
redistributed lithium is still accessible via nearby contact points,
this can minimize battery capacity fade over long-term cycling
even when few direct electrode−electrolyte contact points are
eventually lost. Thus, our study can aid the design of electrodes
for high performance ASSBs.
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