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In this work, a unique in situ transmission electron microscopy technique (TEM) was developed to evaluate the mechanical stress
imposed at the lithium metal and the electrolyte interface during lithium dendrite growth. The method enables a direct observation
of the lithium deposition process and the quantification of the mechanical stress associated with the dendritic growth of lithium
metal. We successfully observed a nano-sized lithium dendrite nucleation/growth and quantified its pushing force during the
process. The transition of the growth mode from a vertical direction to a parallel direction (relative to the solid electrolyte surface)
after the compressive stress reached a threshold value was observed. The transition stress was much lower than the yield stress of
nano-sized lithium and the stiffness of the solid electrolyte. The fundamental information obtained by this work gives useful insight
towards designing a robust solid electrolyte necessary for all-solid-state lithium batteries.
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Lithium ion batteries (LIBs) are the most widely-used energy
storage devices in various applications including consumer electro-
nics and electric vehicles (EVs).' However, with the current LIBs
reaching their theoretical limits, the development of next generation
energy storage technologies is crucial, particularly for highly
demanding applications such as EVs.* Here, the lithium metal anode
is attracting attention as an essential component in high energy
density batteries. It has an extremely high theoretical capacity of
3800 mAh g~ ! and a low electrochemical potential of —3.04 V with
respect to the standard hydrogen potential. Despite significant
efforts since the first invention of the lithium metal battery in
1970, practical %pglications of the lithium metal anode have yet to
be successful."*®® The two major challenges are dendrites and
electrolyte decomposition at the reactive lithium surface. Dendrite
growth causes significant safety concerns when lithium metal anodes
are combined with flammable liquid electrolytes used in LIBs. It
becomes perilous when dendrites propagate through the electrolyte
and contact the cathode leading to a short circuit of the cell and
causing fire and even explosions.” A significant number of works
have been performed to mitigate the risks caused by dendrites. These
approaches include; control of dendrites by forming a proper solid
electrolyte interface (SEI) layer,'®!" utilizing cations as a self-
healing electrostatic shield mechanism,'” nanostructuring of the
electrode’? and/or by the electrolyte,'* and controlling the direction
of growth for dendrites present in the electrolyte.'

Another route is to introduce solid-state electrolytes (SSEs) with
much higher modulus than lithium metal to effectively prevent the
penetration of dendrites.'®'” The use of SSEs (a combination of
solid polymer and inorganic ceramic electrolytes) was reported to
enable the use of a high capacity lithium metal anode without safety
concerns.'® The benefits of using SSEs in the place of liquid
electrolytes include increased theoretical cell energy/power density,
a wide temperature range for operation, increased safety and a longer
expected life cycle.' It had been theorized that using a SSE with 2x
the shear modulus of lithium can prevent the growth, or at least the
propagation, of the dendrites.”*' However, many studies involving
SSEs with high shear moduli have revealed that the penetrations of
dendrites still occur through SSEs.**™° The 2[%ossible penetration
routes may be along or through surface defects,”’ grain boundaries®®
and interconnected open voids.?®?? Different techniques have been

“E-mail: kushima@ucf.edu

utilized to halt lithium dendrite growth such as grain boundary
modification, eliminating surface defects’” or interconnected
pores,'? and using SSEs with a large relative density.”® For example,
Lig sLasZry sTagsO1, (LLZT) pellets modified with Li,CO3 and
LiOH showed a high critical current density (CCD) before shorting
at 0.6 mA cm™2, while the unmodified pellets resulted in a short
circuit at a lower CCD of 0.15 mA cm~2.* The modifications of the
pellets acted as plugs in the SSE voids and caused sintering of
LLZT, which prevented lithium dendrite growth through the SSE.

Despite the many techniques suggesting potential dendrite
growth solutions through SSEs, there is very little understanding
about the exact mechanism of dendrite penetration, especially at the
initial stages of lithium dendrite growth. Knowing the stress
conditions at the lithium/SSE interface during the electrochemical
plating of lithium is crucial to discuss the mechanical stability of the
SSEs and reveal how lithium penetrations occur. Interplays between
mechanical and electrochemical interactions during the charge/
discharge process have been studied.'>™!” Sethuraman et al. found
in their study of a graphite-based lithium-ion battery that the
compressive stresses at the electrode of 1-2 MPa, which was
attributed to binder swelling, culminated at a maximum of 10—
12 MPa during intercalation.”® Much larger stress was observed for
the Si electrode with large volume changes during charge/discharge
processes. Chon et al. observed around 0.5 GPa of biaxial compres-
sive stress during lithiation, and a tensile stress greater than 1.5 GPa
was measured upon delithiation causing plastic deformation of the
electrode.>! On the other hand, lithium plating at the SSE/electrode
interface involves complex electrochemical and mechanical pro-
cesses. When dendrites are nucleated, they may impose stresses in
nano- and atomic-scales at the interface. With a potentially high
modulus and yield strength of lithium at nano-scales,* the stress at
the interface may well exceed the limit of the SSEs. In situ
characterization techniques have been developed to quantify these
electro-chemo-mechanics in battery electrodes and electrolytes.>* >
However, most of these techniques are measuring macroscopic
ensembles and cannot extract information about the highly-localized
events, which are important for understanding the failure of the SSEs
and lithium penetrations.

In situ TEM is widely used to characterize electrochemical
reactions’®>° and mechanical behaviors**™** at nano-scales.
However, the challenge still remains to characterize the electro-
chemo-mechanics at this resolution. In this work, we developed an
in situ TEM technique that enables direct observation of dendrite
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nucleation and growth on the nano-scale and quantitative analysis of
the stress evolution during the growth process.

Experimental and Modeling

In situ transmission electron microcsopy.—The in situ experi-
ment was conducted in an FEI TALOS F200X Operando S/TEM
equipped with an X-FEG electron source at an operating voltage of
200 kV. The experimental setup is shown schematically in Fig. 1.
Inside a glovebox, solid Li metal was prepared by scraping the
surface with a blade to remove any possible oxidation from its
surface. A conductive atomic force microscopy (AFM) cantilever
(Bruker SCM-PIC) was attached to a gold rod using conductive
epoxy, and lithium metal was deposited onto the tip of a W rod by
directly scratching it against the prepared Li metal. The two rods
were mounted on a Nanofactory scanning tunneling microscopy
(STM)-TEM holder inside the glovebox. The holder is equipped
with a piezo manipulator and has a biasing capability, which allows
for a controlled approach of the cantilever tip to contact the lithium
metal surface for lithium deposition. The TEM holder was sealed
when transferred to the TEM to minimize the atmompheric exposure
of the Li metal (<2 s during the insertion of the holder). The surface
of the Li metal was instantaneously oxidized to form a thin layer of
Li,O, which was used as a solid electrolyte.4547 This solid
electrolyte surface was located and contacted by the cantilever
inside the TEM. Finally, a potential was applied to initiate the
growth of lithium causing displacement of the AFM cantilever.
Image analysis was performed to obtain the relationship between the
change in the dendrite geometry and the displacement of the
cantilever tip. During the experiment, the electron beam dosage
was carefully controlled to minimize the beam effect on the observed
dendrite growth, and no dendrite nucleation occurred without
biasing.

Ab initio simulation.—The calculation of the ad-atom and the
vacancy formation energies on the lithium surface was conducted using
Vienna Ab-initio Simulation Package (VASP).**% The simulation slab
model consisted of 48 1i atoms with X, y, and z axis corresponding to
[110], [T10], and [OO 1] direction, respectively. The model contained six
(001) layers and 10 A of the vacuum layer to calculate the surface state.
First, bulk simulation model was created, applied different compressive
strains along [110] direction, and the structural optimization was
performed by relaxing the atom positions and the cell parameter except
for the compressed axis for each strain. Using the obtained cell
parameter, the surface model was created for zero-strain and com-
pressed surface models. The surface atomic structures were relaxed
with the bottom two atom layers fixed. The ad-atom and the vacancy
were created by placing an Li atom on a surface lattice point and
removing it from the top layer, followed by the structural relaxation.
Finally, the ad-atom/vacancy formation energies at different compres-
sion strains were calculated by E,q — Eg — Ey for ad-atom and E,,. +
Eg — E, for vacancy. Here, E,q is the energy of the surface model with
an ad-atom, E.,,. is the one with a vacancy, Eg is the energy/atom in
bulk, and Ej is the energy of the surface model without ad-atom/
vacancy. In the calculation, plane-wave energy cut-off of 600 eV and
the generalized gradient apsproximation (GGA) parameterized by
Perdew, Burke and Ernzerhof*® were used for the exchange-correlation
functional, and the ionic core was represented with projected-augu-
mented wave (PAW) potential.5 2 A7 x7%x9and3 x 3 x 1
Monkhorst—Pack™ k-point mesh were selected for the bulk and the
surface model, respectively.

Results and Discussion

The process of lithium growth observed by the in situ TEM is
depicted in Fig. 2 (see Supplementary Information Movie S1
available online at stacks.iop.org/JES/168/020535/mmedia). After
the potential of —2.0 V was applied to the cantilever with respect to
the counter electrode, the lithium dendrite started to grow vertically,
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Figure 1. (A) Schematic illustration of the in situ TEM set up showing the
AFM cantilever attached to a gold rod via a conductive epoxy approaching
lithium metal on a tungsten rod. (B) Magnified view of the cantilever
approaching the lithium metal/lithium oxide surface. (C) TEM image of
cantilever tip contacting lithium oxide. (D) Schematic of cantilever dis-
placement due to lithium dendrite growth upon application of a potential.
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Figure 2. TEM micrographs depicting lithium dendrite growth displacing
cantilever. Time stamps, in seconds, denote the amount of time passed since
initial displacement of cantilever. Image I reveals uninhibited lithium growth
(denoted by a green triangle) surpassing the height of the lithium under the
cantilever. Scale bar is 50 nm.

pushing the cantilever away from the surface. After 13.9 s of vertical
cantilever deflection, the vertical growth ceased and horizontal growth
became the primary direction of lithium dendrite propagation.
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Figure 3. Temporal evolution of the dendrite geometry and the growth
force. The widths and height are defined in the inset. Widths are measured at
three different locations, top (purple star), center (red circle) and bottom
(dark green diamond). The top and the bottom were measured 10 nm from
the cantilever tip and the dendrite base, respectively. The height (lime green
arrow) was measured from the base of the dendrite to the cantilever tip. The
orange upside-down triangle line represents growth force calculated from the
deflection of the cantilever. Time zero indicates initiation of cantilever tip
deflection by the dendrite.
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Figure 4. (A) Simulation model of Li (001) surface. (B) Ad-atom/vacancy
created on the surface to calculate the change in the formation energy under
compressive stress along [110] direction. (C) Relationships between the ad-
atom/vacancy formation energies and the compressive strain.

Figure 3 shows the change in lithium dendrite geometry during
the growth and resulting force, F;, on the dendrite pushing against
the cantilever. The force was calculated by Hook’s law Fp; = kx,
where k is the spring constant of the cantilever and x is the
displacement. A small force is observed at the beginning corre-
sponding to the nucleation of the dendrite. The force increased as it
grew, pushing the cantilever away from the surface, and reached its
maximum value of 13.5 nN. Assuming a circular contact between
the cantilever tip and the dendrite surface, the maximum stress

imposed at the top of the dendrite is calculated to be 15.8 MPa. After
this critical stress, the lithium pillar stopped growing in the height
direction and started to grow in the width direction. The maximum
stress observed, 15.8 MPa, is much larger than the reported bulk
polycrystalline lithium elastic yield stress value range (0.41 to
0.89 MPa).32’54 However, this value is still lower than the yield
stress of a 1 ym sized lithium pillar of ~100 MPa.** Therefore,
under different growth conditions, the lithium pillar has the potential
to grow higher without yielding. The lithium growth direction then
changed as the dendrite stopped displacing the cantilever and instead
expanded horizontally. A stresss-reducing driving force may have
caused this preferential horizontal growth before the ultimate yield
stress of the dendrite was reached. Unobstructed lithium, indicated
by the arrowhead in Fig. 2I, freely grew in both the horizontal and
vertical directions past the maximum height of the dendrite that was
restricted by the cantilever.

Change in the growth direction of the dendrite can be affected by
the thermodynamics at the surface. To clarify the effect of the
compressive stress, the ad-atom and vacancy formation energies
were studied by first principles calculations. A compressive stress
was applied along the [110] direction and the ad-atom and vacancy
formation energies on the [001] surface were calculated. The results
are shown in Fig. 4. With the increasing compressive stress, the ad-
atom formation energy was increased from 0.27 to 0.42 eV atom ™'
and the vacancy formation energy was decreased from 0.36 to
0.23 eV atom™'. This indicates the surface lithium atoms have a
tendency to flow away from highly compressed areas and relax the
stress, which agrees with the experimental observation.

Figure 5 shows a schematic of the three different stages of lithium
dendrite growth. The first stage is the nucleation where the seed of
dendrite emerges at the contact between the electrolyte and the
electrode. The second stage is vertical dendrite growth in which the
cantilever was displaced as the growth force increased. The third stage
is the horizontal dendrite growth after reaching the vertical growth
limit, where the dendrite increased its growth rate in the horizontal
direction due to its inability to vertically displace the cantilever. When
considering how the dendrite grew, two mechanisms are presented.
One is the diffusion of Li* ions from the electrolyte towards the root
of the dendrite where it recombines with an electron to form metallic
lithium. Another process that may be taking place simultaneously is
the diffusion of lithium atoms from the side of the dendrite to the tip.
Our observation depicted the former as the primary growth mode as
there were no changes in the morphology at the contact between the
cantilver tip and the dendrite. The occasional decrease of the dendrite
width seen in Fig. 3, particularly at the top part, can be explained by
the stress-driven surface atom diffusion predicted by the simulation as
shown in Fig. 4.

A similar in situ TEM study of the lithium dendrite growth force
was reported by He, et al., where the sharp lithium whisker
(dendrite) grew until buckling occurred when the stress reached
~100 MPa.>® The difference from the observation in this work may
be attributed to the difference in the geometry of the electrode-
electrolyte contact. The reported work by He et al. has a flat
cantilever tip (current collector) contacting a sharp solid electrolyte
at the lithium surface, as opposed to our setup, where a sharp
cantilever tip contacted a relatively flat region of the solid electro-
lyte. The sharp cantilever contact restricted the electrical current
flow but enhanced the lithium ion supply through a large solid
electrolyte surface. This allowed ample supply of lithium ions to
promote side-ways growth of the dendrite at a much lower stress
than the yield or buckling stress. It is clear that decreasing roughness
at the electrode-electrolyte interface is desired for stable lithium
deposition/stripping cycles.’® Our direct measurement of the stress
that causes the transition in the dendrite growth direction indicates
the stress above 16 MPa is required to guide the lithium dendrite
growth in the horizontal direction to promote conformal contact
between lithium and solid electrolyte, which agrees with a model
prediction.”” Although a sharp electrode contact may cause a high
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Figure 5. Schematic illustration of the Li dendrite nucleation and growth process observed in this work. (A) Nucleation of the dendrite. (B) Vertical dendrite
growth, deflecting the cantilever. (C) The dendrite’s horizontal growth increases rapidly after reaching the maximum vertical growth force.

electric field concentration promoting dendrite growth on the spot,
the growth direction may be guided towards the side-ways growth
instead of the detrimental vertical growth that increases stress
concentration leading to the buckling of dendrites or even electrolyte
fracture.

The maximum possible pressure measured in this study of the
lithium dendrite growth was 15.8 MPa, which can be accommodated
by only ~0.01% strain using typical solid electrolyte materials with
high Young’s modulus as follows:>® Ligs3Lags7TiO3, 186 to
200 GPa, Li7La3Zr2012, 150 GPa; and Lil+X+yAlXTi2—XSin3—y0123
119 GPa, which should have enough tolerance against Li penetra-
tions provided they do not have critical defects or grain boundaries.
However, in many cases Li dendrite penetrations can still take place
in SSEs,”>° and Li;La3Zr,0,, is specifically reported to suffer
from dendrite penetration.”® The result of our experiment supports
theories suggesting dendrite growth through defects and grain
boundaries, or Han et al.’s process describing dendrite formation
that occurred via recombination of electrons and lithium ions due to
electron migration through the SSE.®® It implies that a key for
developing practical all-solid-state lithium batteries is to control the
defects and grain boundaries in order to eliminate any weak spots in
the SSEs that lead to the catastrophic failure of the device.

The in situ TEM dendrite growth force measurement provided
crucial information for understanding the fundamental mechanisms
behind the lithium dendrite growth. The quantitative stress values
associated with the dendrite growth behavior obtained in this work
can be useful in the selection of solid-state electrolytes with
properties that inhibit dendrite propagations. The observation also
suggests contact geometries can be a key for controlling the growth
direction.
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