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ABSTRACT: The irreversible chemomechanical degradation
is a critical issue in the development of high-capacity electrode
materials for the next-generation lithium (Li)-ion batteries.
Here we report the self-healing behavior of gallium nano-
droplets (GaNDs) under electrochemical cycling at room
temperature, observed with in sifu transmission electron
microscopy (TEM). During lithiation, the GaNDs underwent
a liquid-to-solid phase transition, forming a crystalline phase
(Li,Ga) with ~160% volume expansion. Owing to the uneven
Li flow during lithiation, the fully lithiated GaNDs exhibited
highly distorted morphologies. Upon delithiation, the reverse
phase transition occurred, accompanied with the nucleation
and growth of a nanosized void. After the GaNDs were fully
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delithiated, the nanovoid gradually annihilated. Our analysis, along with phase field modeling and experimental measurements of
the void growth and annihilation, provides mechanistic insights into the void formation and annihilation mechanism. The GaNDs
may function as an effective healing agent in durable composite electrodes for high-performance Li-ion batteries, wherein active

components, such as Si, are susceptible to fracture.
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The demand for high-performance lithium (Li)-ion
batteries (LIBs)'~® has led to intensive search for high-
capacity materials to replace’*® carbonaceous electrodes in the
current battery technology. However, commercialization of
high-capacity electrodes, such as silicon (Si), has been hindered
by their rapid, irreversible capacity decay and poor
cyclability'®"*~'® due to the Li insertion/extraction induced
huge volume changes and subsequent fracture. Nanostructured
composite electrodes have been studied to mitigate the capacity
fading.'*"”"® Despite the rapid progress over the past few years,
chemomechanical degradation of electrodes remains a serious
issue in the development of next-generation LIBs. Gallium
(Ga), a liquid metal at near room temperature, undergoes
reversible liquid-to-solid transition during electrochemical
lithiation/delithiation cycling.'® For composites with active
constituents (e.g, Si) that are susceptible to fracture,'**°~**
liquid Ga may serve as a healing agent to fill and bond the
cracked regions during delithiation."® Such self-healing
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composite electrodes may pave the way toward durable
electrodes in high performance Li-ion batteries. Despite the
promising application, the electrochemical cycling behavior of
Ga remains unclear.

Here, we report the first in situ electrochemical tests on
individual gallium droplets (GaNDs) using transmission
electron microscopy (TEM).>*7** QOur real-time visualization
revealed highly distorted morphological changes of GaNDs
during lithiation, as well as nanovoid nucleation, growth, and
annihilation during delithiation. We quantitatively measured
the time laws of both nanovoid growth and annihilation. A
phase field model® was also developed to elucidate the
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Figure 1. Phase transformation and morphological change of two GaNDs during lithiation. (a) A GaND with a diameter of ~335 nm. (b) The EDP
indicates the GaND is amorphous. (c) Schematic illustration of the in situ nanobattery setup, consisting of a single GaND as the working electrode,
bulk Li metal as the counter electrode, and a naturally grown Li,O surface layer as the solid electrolyte. (d—g) TEM snapshots showing the distorted
morphological evolution of the GaND. (d) The GaND was nearly uniformly lithiated, producing a lithiated shell-unlithiated core structure. (e)
Uneven Li flow started to occur, with a faster Li flow on the bottom part than the upper part. (f) The liquid Ga was lithiated on its way of being
squeezed out by the expanding lithiated part of the GaND, forming an extrusion at the upper-right corner. (g) Fully lithiated GaND underwent
~160% volume expansion compared to its initial size. (h) The EDP indicates the lithiated GaND is a composite crystal consisting of LiGa and Li,Ga.
(i—m) TEM snapshots showing the morphological evolution of a second GaND with a diameter of ~370 nm. (i) The GaND brought into contact
with the Li,O/Li electrode. (j—1) Lithiation started first from the lower side of the GaND and gradually propagated to the other size, yielding a clear
visible lithiation front separating the lithiation and unlithiated regions. (m) Fully lithiated and crystallized phases.

mechanisms governing the void nucleation and growth
morphology in the GaNDs during the delithiation process.

GaNDs were prepared by immersing a small piece of pure
bulk Ga into ethanol solution, followed by sonication for about
30 min at 40 °C. Since the melting point of pure Ga is ~29
°C,** the bulk Ga was melted into nanometer-sized droplets
with diameters ranging from 100 to 600 nm after sonication. A
platinum (Pt) rod of 0.33 mm in diameter was then immersed
into the solution, and the as-prepared, dispersed GaNDs
attached on the flat end of the Pt rod. Figure 1a and i show two
typical GaNDs with nearly perfect spherical shape, whose
rounding behavior is presumably driven by the isotropic surface
energy. The electron diffraction pattern (EDP) in Figure 1b
confirmed that the as-prepared GaNDs were amorphous,
denoted by a-Ga. To study the lithiation-delithiation cycling
behavior of the GaNDs, an electrochemical device suited for in
situ TEM experiment was constructed, as schematically shown
in Figure lc. The device consisted of three essential
components: a single GaND as the working electrode attached
on the Pt rod, a small piece of bulk Li metal as the counter
electrode, and a native Li oxide (Li,O) layer on the Li metal as
the solid electrolyte.'#*>™*” All of the electrochemical tests
were conducted inside a TEM operated at 300 kV with a
Nanofactory TEM-scanning tunneling microscopy (STM)
holder. Such an in situ TEM study enables real-time imaging
of electrochemical reactions in individual nanoparticles and
nanowires during lithiation—delithiation cycling.

Lithiation. To initiate lithiation, a negative bias —2 V was
applied to the GaND working electrode with respect to the Li
metal reference electrode. Figures 1d—g and i—m show the
morphological evolution of two GaNDs during the first
lithiation process. Both GaNDs had roughly the same initial
size (~33S and 370 nm in diameter) but underwent different
deformation modes upon lithiation. The first GaND (Figure la
and d—g) expanded radially in a uniform manner in the initial
lithiation stage. The lithiated and unlithiated regions formed a
liquid core and solid shell structure, clearly distinguishable from
the achromatic contrast. Similar core—shell structures have
been observed in the lithiated Si and germanium (Ge)
nanoparticles and nanowires.>’ > The EDP in Figure 1lh
identified that the lithiated product is a LiGa/Li,Ga composite
in a solid crystalline phase,'*° denoted by ¢-Li,Ga. As lithiation
proceeded, radial Li flow from the lower part of the GaND (on
the side of the solid electrolyte) to the center appeared to be
faster than from the upper part (on the side of the Pt
substrate). The uneven inward Li flow broke the lithiation
symmetry. As a result, the unlithiated core started to deviate
from the circular shape (see Movie S1 and Movie S2 in the
Supporting Information). Compressive stress is expected to
generate near the lithiation reaction front owing to large
volume expansion.””***> However, the nearly incompressible
unlithiated liquid core pushes out the newly produced materials
behind the lithiation reaction front, generating large loop
tension in the surface layer of the lithiated shell and driving the
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Figure 2. Void nucleation, growth, and annihilation of a GaND (~202 nm in diameter) during multiple cycling. (a) The pristine amorphous GaND
in a spherical shape. (b) Lithiation induced the expansion of the GaND that deviated from the spherical shape. (c) A void nucleated at the beginning
of delithiation. (d—f) The void grew during further delithiation. (f—j) The void gradually shrunk and finally disappeared after the GaND was fully

delithiated.

formation and propagation of surface cracks.””**** The cracks
subsequently relax the tension in the lithiated shell, creating a
pressure difference between the lithiated shell and unlithiated
core. The pressure difference drives the outward flow of the
liquid Ga as a way of relaxing the compressive energy of the
liquid Ga core (see Movie S1 and Movie_S2 in the Supporting
Information), wherein the cracks function as flow channels.
The liquid Ga was fast lithiated on its way of being squeezed
out and became a solid extrusion, as shown in Figure 1f and g.
The fully lithiated GaND underwent ~160% volume
expansion®’ compared to its initial size.

For the second GaND (Figure li—m), uneven Li flow
occurred at the beginning of lithiation. The side near the Li
metal fast lithiated, leaving the opposite side nearly intact. This
indicates that the Li diffusivity at the GaND surface is probably
comparable to that in the bulk of the liquid Ga phase, in distinct
contrast to other anode materials such as Si'* and Ge*”*' in
which lithiation always occurs first on the surface because of
much larger Li diffusivity on their surface than in the bulk. As
lithiation continued, the lithiation front in the GaND gradually
propagated toward the other side, giving rise to a clearly visible
interface between the lithiated solid phase and unlithiated
liquid phase (see Movie S1 and Movie_S2 in the Supporting
Information). Due to the constraining effect of the Pt substrate
and the solid electrolyte to the lithiation induced volume
expansion, the unlithiated liquid portion of the GaND was
compressed to a flattened shape. We observed that such uneven
Li flow induced irregular morphologies were common in the
lithiation of GaNDs. While it remains to be explored as to the
exact mechanism that triggers the uneven Li flow, 373 the
details of the geometrical constraints and of the contact
condition between the GaND and the Li metal may play a
critical role in the coupled lithiation—deformation process.

Delithiation. Figure 2 shows a lithiation—delithiation cycle
of another GaND with a diameter of ~202 nm, with a focus on
the delithiation process. During lithiation, the GaND could not
maintain its spherical shape (Figure 2a) due to the
aforementioned uneven radial Li flow and constraining effects.
The fully lithiated GaND consisted of a conical extrusion at the
side of the solid electrolyte, resembling a water droplet dripping
from a ceiling (Figure 2b). To initiate delithiation, a bias +3 V
was applied to the lithiated GaND with respect to the Li metal
reference electrode. Due to the electrochemical Li extraction,

the reverse phase transition from the solid (¢-Li,Ga) to liquid
(a-Ga) occurred. Figure 2d—f shows the TEM snapshots during
the delithiation process. Interestingly, as Li started to be
extracted, a nanovoid nucleated at the contact point of the
GaND to the solid electrolyte (Figure 2c). The void expanded
as delithiation continued (Figure 2d—e), reaching a maximal
size when the GaND was fully delithiated (Figure 2f). The void
shape slightly deviates from a circular shape with a higher
curvature at the contact point to the solid electrolyte, much like
the shape of a blowing balloon. After the GaND was fully
delithiated and returned to its liquid amorphous phase, we held
the delithiation conditions unchanged. The nanovoid gradually
shrunk and finally disappeared (Figure 2g—j).

Subsequent lithiation-delithiation cycles were also studied for
the GaND. Similar to the first cycle shown in Figure 2 (see
Movie_S3, Movie_S4, and Movie_S5 in the Supporting
Information), the distorted morphologies during lithiation
and the void nucleation, growth, and annihilation during
delithiation repeated periodically. Throughout the multiple
cycling, the GaND was able to maintain its material integrity,
despite void nucleation and growth, and progressively increased
morphological distortion. It should be noted that, in Figure 2j, a
crack-like defect appeared, separating the extruded area
emerged at the lithiation process from the main GaND body.
The crack-like defect was possibly due to the pulling force
exerted by the Pt substrate and the solid electrolyte, which
constrained the shrinkage of the GaND during delithiation. The
crack gradually healed as the solid electrolyte moved closer to
the substrate in the following lithiation—delithiation cycles.

Understanding the Nanovoid Formation and Annihi-
lation. To utilize Ga as a self-healing agent in failure-resistant
composite electrodes, it is essential to understand the
lithiation—delithiation mechanism, as well as the dynamic
morphological evolution, during electrochemical cycling. Here,
we focus on a key experimental observation of nanovoid
nucleation and growth during the delithiation of ¢-Li,Ga, which
involves a multiscale process of local selective dealloying and
long-range transport of Li. Specifically, the contact point
between the lithiated GaND and the solid electrolyte acts as a
sink to drive the outward flow of Li. As delithiation initiates, the
electrochemical extraction of Li starts from the contact point
and propagates toward the remote end of the GaND. The
nanovoid nucleates and grows with continued Li extraction.
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Currently, it remains unclear regarding the detailed spatial
distribution of Ga and Li in the bulk phase outside the
nanovoid, that is, whether there exists a two-phase or single-
phase microstructure.***>*** In the former, the nanovoid is
enclosed by a Li-poor liquid-like layer that is further
surrounded by the Li-rich solid-like bulk phase with a moving
phase boundary between the two phases. In the latter, a smooth
and gradual change of Li concentration exists in the bulk. In
either case, the nanovoid grows until the GaND is fully
delithiated, and the resultant nanovoid is surrounded by a pure
liquid phase (a-Ga). Such delithiation mechanism through a
single point sink is different from that observed in Si or Ge
nanoparticles, where the entire surface effectively acts as a sink
owing to the much higher Li diffusivity on the surface of Si and
Ge than in the bulk."****73173335 Moreover, the development
of a single major nanovoid in the delithiated GaND contrasts
with the formation of distributed nanopores in the delithiated
Ge nanowires (GeNWs).31

To further understand the underlying mechanisms of void
nucleation and growth in GaNDs during the delithiation
process, we developed a phase field model to simulate the
dynamic formation and growth of the nanovoid.*"** Since our
main purpose is to understand the shape evolution of the void,
we assume that the bulk domain outside the nanovoid is a
single Li-rich phase and the nanovoid is a Li-poor phase. A
simple double-well function is used to represent the free energy
functional governing the tempo-spatial Li distribution, with the
mole fraction of Li denoted as c(x;t) (see the Supporting
Information). To mimic Li extraction, an outward Li flux J, is
specified at the contact point of the solid electrolyte and the
GaND, normal to the GaND surface. The gradient term in our
phase field formulation plays the role of surface tension for
retaining the nearly circular shape of the nanovoid. In addition,
we assume that the Li-poor phase is perfectly nonwetting to the
Lirich phase (see the Supporting Information), imposing a
point contact of the nanovoid to the electrolyte, as observed in
the experiment. Solving the Cahn—Hilliard diffusion equation
with the specified boundary conditions produces the space and
time evolution of the phase field variable c¢(x; t) and thus the
nucleation and growth morphology of the void.*>** Figure 3

(a) (b) (©) ()

o ® J O

Figure 3. Phase field modeling of void nucleation and growth during
the delithiation of GaND. The green region represents the matrix
phase, the white region the void phase, and the red curve the interface.
The void nucleation and morphologies resemble those seen in Figure
2.

displays four snapshots of the void nucleation and growth
morphologies during the delithiation of the GaND. The
outward Li flux is located at the left-bottom corner of the
GaND, where the void nucleates. Our simulation demonstrated
that the void shape is controlled by two competing eftects: the
rounding of the void surface to minimize surface area/energy
and the local void expansion near the contact point driven by
the Li outward flux. If the former is relatively fast, the void
would be close to a circular shape. Oppositely, the void would
deviate from the circular shape. With appropriately adjusted

parameters, the simulated void expands like an inflated balloon
with a necking region at the contact point to the solid
electrolyte, which agrees with the experimentally observed
morphologies.

To understand the annihilation of the nanovoid after full
delithiation, it is important to appreciate the curvature effect on
the chemical potential of surface atoms (or equivalently of free
volumes). Geometrically, addition of an atom on the inner
surface of a void reduces the void surface area by 2Q, /r,,, while
that on the outer surface of a particle increases the particle
surface area by 28, /r.,, where r;, and r., denote the radius of
a void and a particle, respectively, and €, is the atomic volume.
It follows that the chemical potential of an atom on the two
surfaces is Hin = Ho — 2’}/SEA/rin and Hour = Ho T ZYQA/T’O“U
respectively, where f, is the chemical potential of an atom on a
flat surface and y is the surface energy per unit area. Since y;, <
Hou atoms tend to diffuse from the particle surface to the void
surface, leading to the shrinkage and eventual annihilation of
the void.

In addition to the focused study of the physical mechanisms
and energetics governing the formation and annihilation of the
nanovoid, we also measured the dynamic evolution of the
nanovoid size from in situ TEM imaging. Figure 4 plots the

150 .
Growth : Annihilation
120 f
[ |
T I !
c 90t I
N L |
S !
Ip) L I
s o Void growth
U . 0o .
o [ o Void annihilation
> 30 Cubic fitting
— Logarithmic fitting
0 TP B BRI | .I_ P
0 50 100 150 200 250
Time (s)

Figure 4. Nanovoid radius verse time (symbols) measured from in situ
TEM experiment. The fitting curves (solid line) indicate that the void
growth follows a logarithmic time law, while the annihilation follows a
cubic time law.

void radius as a function of time for both void growth and
shrinkage, exhibiting different time laws. We found that the
void growth follows a logarithmic time law of R = L, In(t/7 +
1), with the fitting length constant L, = 26.5 nm and the time
constant 7 = 1.6 s. The logarithmic growth has been often
observed in thin film oxidation**® at relatively low temper-
atures, where oxidation proceeds by oxygen invasion through
pathways of connected leakage points, in contrast to the
parabolic*” growth controlled by diffusion. The logarithmic
time growth could also be attributed to the leakage paths
formed by connected free volumes from the delithiation front
to the void surface, where the length of the leakage path
increases as lithiation proceeds. A similar logarithmic time law
was observed in the propagation of the nanoporous region
during delithiation of GeNWs.>" Figure 4 also shows that void
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annihilation follows a cubic time law: t ~ 7. The void size
decreases slowly at the beginning of annihilation, but sharply in
the late stage. Recall that the thermodynamic driving force of
void annihilation can be attributed to the curvature effect on
the chemical potential of surface atoms (or equivalently of free
volumes). Along the same line, the cubic time law can be
derived. As shown in the Supporting Information, this scaling
law implies that the kinetic void annihilation is rate-limited by
the diffusion of the free volume in the shell between the void
and the GaND surface.

In summary, our in situ TEM studies demonstrated the
dynamic morphological changes in GaNDs during electro-
chemical lithiation—delithiation cycling. During lithiation, the
uneven Li flow during lithiation, likely triggered by the
geometrical constraints, leads to irregular morphologies of the
fully lithiated GaNDs. During delithiation, our experiments
revealed the self-healing behavior of GaNDs by showing the
nucleation, growth, and annihilation of a nanovoid. Our phase
field modeling and theoretical analysis unraveled the void
growth and annihilation mechanisms as well as the associated
time laws. The reversible liquid-to-solid phase transition of Ga
may enable a composite design of failure-resistant electrodes
consisting of Ga as the self-healing agent and other active
materials such as Si.
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Supporting movies (.mov) showing the lithiation/delithiation
behaviors of GaNDs, a detailed description and figures of phase
field modeling and the time law of void annihilation. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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