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ABSTRACT: We show a piezoelectric mechanism that effectively
suppresses dendrite growth using a compliant piezoelectric film as a
separator or coating. When an electrode surface starts to lose
stability upon lithium deposition, any protrusion causes film
stretching, generating a local piezoelectric overpotential that
suppresses deposition on the protrusion. Lithium ions thus
spontaneously deposit to a flat surface. By proposing a theory
that couples electrochemistry and piezoelectricity, we quantify the
suppression effect and growth morphology. We find that the
dendrite-suppression capability is over 5 × 105 stronger than the
limit of mechanical blocking by any separators or solid-state
electrolytes. Surprisingly, the mechanism ensures deposition to
form a flat surface even if the initial substrate surface has significant
protrusions, suggesting its robustness and effectiveness against
manufacturing defects. We show that the mechanism is so strong that even a weak piezoelectric material is highly effective, opening
up a wide range of materials.
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1. INTRODUCTION

On immersing two lithium metal electrodes in a solution
containing lithium salt and applying a voltage, lithium metal
will deposit on the electrode connected to the lower voltage.
This process is known as electrodeposition. It has been widely
observed that under moderate currents, lithium ions do not
deposit to a flat surface but rather spontaneously form sharp
needle shapes known as dendrites. Dendrite formation is a
major barrier for realizing the lithium metal battery, which uses
lithium metal as the anode for its high theoretical capacity and
low potential.1,2 Dendrite growth is a diffusional process. An
intuitive understanding is that lithium ions deposit faster on
the protrusion than on the flat surface because of the
concentrated spherical diffusional flux toward the protrusion,
though the process becomes more complicated after
considering the interaction of dendrite growth with the growth
of the solid electrolyte interface (SEI). As a result, a protrusion
tends to grow to sharp dendrites, which can penetrate the
separator and contact the other electrode, causing internal
short circuit and posing serious safety hazards.3−5 Dendrite
formation is also a key safety barrier for fast charging of
lithium-ion batteries for the use of certain high-capacity anode
materials such as crystal silicon and for the operation of
batteries under low temperatures.

A common approach to suppress dendrites is to use solid-
state electrolyte or a separator with a large stiffness to
mechanically block dendrites.6−12 This approach does not
affect the chemistry of the electrode or electrolyte material so
that it can be broadly applied. The mechanism is to utilize the
elastic energy at the protrusion surface, generated by the
deformation at the protrusion tip resulting from its interaction
with the stiff separator, to reduce lithium deposition onto the
tip. However, studies have shown that the technique does not
work as intentioned.13−15 Based on the elastic analysis, the
elastic modulus required to suppress dendrites exceeds the
capability of available solid-state electrolyte materials.13

Besides, studies have shown that other factors, such as poor
interfacial stability, large grain boundaries, voids, partial
electronic conductivity, and so forth, can also make the
solid-state electrolyte fail to suppress dendrite growth.16,17 In
addition, dendrites are found to emerge even using hard
ceramic or ceramic-coated separators.
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While the elastic analysis (assuming lithium metal is elastic)
provides a minimum requirement of separator stiffness to
suppress dendrites, we would like to further point out that
because lithium metal is soft and easy to deform, dendrites can
still occur even using an infinitely stiff separator. Here is our
analysis. The magnitude of overpotential from mechanical
blocking is given by Ωσ/F,18 where Ω denotes the molar
volume of lithium (1.3 × 10−5 m3/mol), σ is the magnitude of
compressive stress or pressure at the lithium metal surface, and
F is the Faraday constant. Ωσ represents the work done for
piling up 1 mol of lithium atoms on the surface of a lithium
metal under σ, while Ωσ/F denotes the additional over-
potential that Li ions need to overcome to pile on the Li metal
surface under σ. Therefore, to have a better mechanical
blocking effect, a stiffer blocking material that can generate a
larger σ when a dendrite pushes against the material is needed.
However, the upper physical bound of σ is limited by the yield
strength of lithium metal (0.57−1.26 MPa14,19 for bulk
lithium). These values show that the maximum physically
possible mechanical blocking overpotential is limited to the
order of 0.1 mV, when the separator is infinitely stiff. In
contrast, the magnitude of overpotential during lithium
deposition is about 10 mV at a typical current density of 1
mA/cm2,20 and this deposition overpotential is larger at a
higher current density. Therefore, the magnitude of over-
potential from mechanical blocking is much smaller (<1%)
than that of the lithium deposition overpotential, so that it has
a little impact on the deposition process. Recent studies show
that the yield strength of lithium dendrites/whiskers/pillars is
much higher than that of bulk lithium, as a result of significant
size effect and single crystal structures. The yield strength is
shown to be up to almost 250 MPa (e.g., 100,21 12.2−244,22
and 15−105 MPa23). The corresponding physical limit of
mechanical blocking overpotential can be up to the order of 30
mV. However, for Li deposition under higher current densities,
the deposition overpotential can be much larger (e.g., hundreds
of millivolt4). Thus, mechanical blocking is still insufficient to
suppress dendrite growth. Besides, in actual battery usage, the
charging and discharging cycling process, as well as the
electrode side-reactions (such as SEI formation and evolution),
can easily cause lithium dendrites to branch out to form tree-
like mossy dendrites instead of nanoscale, single-crystal
dendrites. These cause the structures to have a much lower
yield strength, which in turn reduces the physical limit of
mechanical blocking overpotential. The fundamental physical
limit of small magnitude of overpotential from mechanical
blocking explains why it fails to block dendrites.
We discovered a piezoelectric dendrite-suppression mecha-

nism. Our idea is to use the deformation of a compliant
piezoelectric film to generate a large overpotential that
effectively suppresses dendrite growth. The film is compliant
so that even a small stress far below the yield strength of
lithium metal can generate sufficient deformation and a large
voltage by the piezoelectric effect.
1.1. Mechanisms. A schematic is shown in Figure 1a.

During regular deposition (top figure), the lithium flux forms a
spherical diffusion concentrated toward the tip of the
protrusion, eventually leading to a sharp dendrite. In contrast
(bottom figure), a compliant porous piezoelectric film (lithium
ions can pass through) is placed on the lithium metal substrate.
When the lithium metal surface loses stability upon lithium
deposition and starts to generate a local protrusion, the
protrusion causes stretching of the thin piezoelectric film and a

strain ε within the film. This strain generates a local
piezoelectric overpotential, ξε, where ξ denotes the piezo-
electric voltage generated per unit strain. This overpotential
deflects the lithium flux away from the protrusion, so that
lithium ions deposit faster on the regions outside of the
protrusion. As a result, lithium ions spontaneously deposit to a
flat surface. In practical applications, the layer can take the
form of a separator or a coating layer that is part of the
separator or electrode, and the mechanism works for both
liquid and solid state battery cells.
Polyvinylidene fluoride (PVDF), which is a piezoelectric

polymer widely used in speakers, sensors, and transducers, is
taken as an example. A 25 μm-thick piezoelectric PVDF film
can easily generate 1 V across its thickness under a uniaxial
strain of 0.01,5 giving ξ = 100 V. For a semi-spherical
protrusion shown in Figure 1b, the average stretching strain
relative to a flat surface is ε = 57%. For a sharper morphology,
the strain is larger. For this relatively mild shape, the
magnitude of piezoelectric overpotential is already ξε = 57
V, which is over 5 × 105 larger than the limit of mechanical
blocking which is 0.1 mV. The Young’s modulus of solid
PVDF is about 2 GPa.24 The effective modulus of a PVDF film
with 40−50% porosity (typical for a separator) is about 350−
500 MPa.25 Hence, even with 100% strain, the stress is still less
than the yield strength of lithium. In fact, because the

Figure 1. Illustration of dendrite suppression by a piezoelectric film.
(a) Top figure: regular lithium deposition. The lithium flux forms a
spherical diffusion concentrated toward the tip of a protrusion,
leading to a sharp dendrite. Bottom figure: a protrusion causes
stretching of the thin piezoelectric film, generating a local piezo-
electric overpotential that deflects lithium flux away from the
protrusion. Lithium ions deposit faster on the regions outside of
the protrusion, spontaneously forming a flat lithium metal surface. (b)
Relative to an initially flat surface, a semi-spherical protrusion
generates an average stretching strain of ε = 57%.
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magnitude of piezoelectric overpotential is so large, a strain less
than 10−4 (overpotential of 10 mV) is already effective in
stopping dendrites.
A major innovation of this work is to propose a piezoelectric

mechanism for dendrite suppression, which offers an
opportunity to generate an overpotential sufficiently large to
be able to effectively stop dendrite growth. The mechanism
also opens up a wide range of potential piezoelectric materials
for use. The stretching strain scales with curvature. To prevent
any shape sharper than the mild spherical protrusion (ε =
57%), ξ can be as low as less than 0.02 V (10 mV/ε) to still
work. Thus, even a weak piezoelectric material is highly
effective.

2. METHODS
2.1. Experimental Methods. We fabricated a porous PVDF

piezoelectric film (25 μm thickness) by blade coating and sandwiched
the film between two parallel plates connected to a high voltage to
pole it to be piezoelectric (measured ξ = 100 V).26 The dendrite
growth process was characterized using an in situ, in operando device
that we manufactured, as shown later. For each experiment, the device
is assembled in an argon-filled glove box (MBraun) at moisture and
oxygen levels below 0.1 ppm, and it is then taken out of the glove box
for in situ and in operando observation using a microscope and a
Biologic VMP3 potentiostat under galvanostatic conditions.
2.2. Model and Simulation Methods. To further understand

the dendrite suppression mechanism, we develop a theory that
integrates electrochemistry and piezoelectricity. The model is shown
in Figure 2a, which comprises a lithium metal substrate with a
growing surface, a counter electrode, and electrolyte in-between. A
piezoelectric film is on top of the lithium metal substrate. The film is
compliant and deforms following the substrate morphology. Studies
have shown that the existence of an SEI layer accelerates dendrite
growth.20 This is a result of non-uniform SEI growth where the SEI is
thinner at the tip of a protrusion, which promotes the tip to grow

faster due the lower local SEI resistance. Therefore, to consider this
harsher and more realistic dendrite growth condition, we incorporate
SEI growth in the model.

The piezoelectric film is stretched at a strain rate of ε ̇ resulting from
the evolution of the lithium metal substrate surface. As shown in
Figure 2b, the strain rate is related to the normal velocity of the
surface, vn, and the surface curvature, κ, by ε ̇ = vnκ. Here, a convex
surface is defined to have a positive curvature. vn can be calculated by
the typical electrochemical reaction for lithium deposition but with
the additional overpotential ξε. The coupling between electro-
chemistry and piezoelectricity is through this interaction.

The governing equation for Li-ion transport in the electrolyte is

c
t
i

iΝ
∂
∂

= −∇·
(1)
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2Ν = − ∇ − ∇Φ
(2)

where the subscript i represents the species, which can be “Li”
(lithium ion) or “−” (salt anion PF6

−). For each species, ci (i.e., cLi or
c−) is the concentration, Νi is the flux of species, Di is the diffusion
coefficient, zi is the charge number (1 for lithium ion and −1 for salt
anion PF6

−), R is gas constant, T is temperature, and Φ2 is the
electrolyte potential. Electroneutrality gives c− = cLi. The current
density, i = F∑iziNi, satisfies

i 0∇· = (3)

The boundary conditions on the lithium substrate surface are NLi·n
= itot/F and N−·n = 0, where n is the normal direction of the substrate
surface and itot is the total current density whose expression will be
given later. The boundary conditions at the counter electrode are NLi·
m = iapp/F and N−·m = 0, where m is the normal direction of the
counter electrode surface and iapp is the current density applied to the
counter electrode. The boundary conditions on the other two sides
are set to be periodic.

The stretching strain rate is related to the normal velocity of the
substrate surface, vn, and the surface curvature, κ, by

vnε κ̇ = (4)

This strain generates a piezoelectric overpotential, ξε, which is
positive when ε > 0 and negative when ε < 0. When considering the
harsher condition that the film does not generate a piezoelectric
overpotential under compression, we set ξε = 0 when ε < 0. The
coupling between electrochemistry and piezoelectricity is through this
interaction. Equation 4 is applicable to a two dimensional surface,
where κ is the sum of the principal curvatures or κ = 2κm with κm
being the mean curvature. For a 1-D surface, the curvature is given by
κ = −(∂2y/∂x2)/[1 + (∂y/∂x)2]3/2.

The normal velocity of the substrate surface due to lithium
deposition is given by

v
F

in Li= − Ω
(5)

where Ω is the lithium atom molar volume (1.2998 × 10−5 m3/mol)20

and iLi is the lithium deposition current density given by
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R i F/Li 1 2 SEI totη γκ ξε= Φ − Φ − + Ω + (7)

Here K is the lithium deposition rate coefficient, α is the charge
transfer coefficient for lithium deposition, and ηLi is the overpotential
for lithium deposition. A negative iLi corresponds to lithium
deposition. Φ1 is the lithium substrate potential (assigned 0 in the
simulation). RSEI is the SEI resistance calculated by RSEI = rSEIh with h
being the SEI thickness and rSEI being the SEI resistivity (2 × 105 Ω
m).20 Ωγκ/F is the overpotential by surface energy, where γ is the
surface energy of lithium substrate (0.6 J/m2).27 ξε is the
overpotential by the piezoelectric film.

Figure 2. Model of dendrite suppression mechanism. (a) Schematic
of the model. A piezoelectric film is placed on top of the lithium metal
substrate, which has an initial protrusion of width W0 and height H0.
The height of the protrusion at time t is measured relative to a flat
region at that time and denoted by H. An SEI layer is also considered.
(b) The piezoelectric film and the SEI layer are stretched at a strain
rate of ε ̇ due to lithium deposition. The local stretching strain rate for
any point on the lithium metal surface is related to the normal
deposition growth velocity, vn, by ε ̇ = vnκ, where κ is surface curvature.
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SEI growth is given by28
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where iSEI is the SEI formation current density, λ is a scale factor that
slows down the reaction kinetics due to SEI thickness h, kSEI is the SEI
reaction rate coefficient (6 × 10−10 m/s),20 cEC is solvent
concentration, αSEI is the charge transfer coefficient of SEI formation
reaction, and ηSEI is the overpotential for SEI growth. qSEI is the SEI
growing rate calculated by qSEI = −ΩSEIiSEI/(2F) with ΩSEI being the
SEI molar volume (9.586 × 10−5 m3/mol).20 The total current
density includes both Li deposition current and SEI formation
current, or itot = iLi + iSEI. All simulations are performed with
COMSOL Multiphysics. Specifically, the “moving mesh” module is
used to simulate the surface evolution. Any parameter values not
listed here can be found in ref 20.

3. RESULTS AND DISCUSSION
3.1. Experimental Observation. We selected the PVDF

film in our study, since it is a widely used piezoelectric polymer
material of high performance and low cost. The PVDF
piezoelectric film is known to function well in liquid media29

and is highly reliable, with no degradation of its piezoelectric
performance after 107 cycles.30 Because there is no electronic
conductivity in the electrolyte, the piezoelectric voltage of a
PVDF film can stay for many days without being neutralized by
free electrons. In fact, because the piezoelectric feedback is

very fast, the piezoelectric voltage does not even need to stay
any long time. The piezoelectric overpotential is generated
instantaneously when a dendrite stretches the film and then the
dendrite growth is suppressed immediately. The lithium
surface effectively keeps flat all the time during deposition, as
we observed in experiments.
The dendrite growth process was characterized using an in

situ, in operando device that we manufactured (Figure 3a). This
device is composed of a PTFE shell and an aluminum cover
with an O-ring to seal the contents from the environment.
Inside the shell are two electrode holders (with slots to hold
lithium metal or other electrodes) with electrolytes filled in-
between. The quartz glass window allows observing dendrite
growth using an optical microscope. The electrodes are
connected to two posts going out at the back of the device.
We used 1 M LiPF6 in EC/DMC (1:1 vol %) as the

electrolyte. In order to control the location of dendrite growth
for observation, we replaced one Li-metal electrode by a
copper needle (Figure 3b). A current of 4 mA was applied,
giving a current density of approximately 300 mA/cm2 at the
tip (calculated by the tip area that is in contact with the film).
A PVDF piezoelectric film (as indicated by the blue dash-line
in Figure 3b) was placed in contact with the copper protrusion.
The film was semi-transparent after being soaked in the
electrolyte.
The experimental results (Figure 3c) show that the

piezoelectric film effectively suppresses dendrite growth at
the tip where the dendrite touches and slightly stretches the
PVDF film, while the dendrite growth is not affected on the
side not in contact with the piezoelectric film. Lithium deposits

Figure 3. In situ, in operando observation of dendrite suppression by the piezoelectric mechanism. (a) In situ, in operando device. (b) Initial state of
the system. (c) Dendrite growth on the copper needle surface. The piezoelectric film prevents dendrite penetration. (d) Dendrite penetration
occurs within 50 s using the same film except that it is non-piezoelectric (without going through the poling process so that the film is non-
piezoelectric).
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rapidly on the side of the copper, causing fast lateral growth.
Secondary protrusions start to emerge on the side at about 72
s, and grow rapidly during 72−712 s. It should be noticed that
when the secondary protrusion touches the PVDF film, the
protrusion does not grow toward the film any further as a
result of the suppression effect by the piezoelectric film. No
dendrite penetration is observed. For comparison, we
performed the same experiment but using a non-polarized
film, which has the same material and thickness but without
piezoelectricity (we cut them from the same larger piece of
film, which is originally non-piezoelectric. The piezoelectric
film further goes through the poling process under an electric
field to make it piezoelectric). In other words, the piezoelectric
and non-piezoelectric films are identical in all other aspects
except that one has piezoelectricity and one does not. Figure
3d shows that the non-piezoelectric film gets penetrated by
dendrites within 50 s. This comparison between piezoelectric
and non-piezoelectric films confirms that the suppression effect
in Figure 3c is not from mechanical blocking, highlighting the
piezoelectric effect in dendrite suppression.
While the optical microscope cannot directly observe

nanoscale protrusion, the above results indeed indicate that
no nanoscale dendrite penetration occurs with the piezoelectric
effect. We have given sufficiently long time for the deposition
to proceed in Figure 3c. If nanoscale dendrites were to
penetrate, they would have already grown into large observable
macroscopic “mushroom” lithium on the other side of the
separator, as shown in the bottom figure of Figure 3d, without
the piezoelectric effect. We further used a scanning electron
microscope to observe the piezoelectric film after experiments
and did not see dendrites inside. Since it is challenging to
observe nanoscale dendrite evolution in situ, we will use a
computational model to understand the process below. The
PVDF separator in our experiment also showed ionic
conductivity close to a commercial separator, highlighting its
potential for practical use. It should be emphasized that this
work focuses on the fundamental mechanism of dendrite
suppression by piezoelectricity, rather than demonstration of
Li metal batteries. Therefore, coulombic efficiency or cycle life
of Li metal batteries are not of concern here.
Instead of focusing on experiments, a major contribution of

this work is to develop the first theory that couples
electrochemistry and piezoelectricity to quantitatively answer
the fundamental question: why and how the piezoelectric
mechanism stops dendrites?
3.2. Simulation of Coupled Electrochemistry and

Piezoelectricity. We focus on the early stage of dendrite
growth to investigate whether dendrites will emerge due to
deposition instability and how a piezoelectric film suppresses
dendrite growth. Starting from an initially flat lithium metal
surface with a piezoelectric film of ξ = 100 V, our simulations
show that the lithium surface always keeps flat during lithium
deposition even at extremely high lithium ion current densities.
The lithium deposition is simply 1-D growth. Because the
piezoelectric suppression effect is so strong and effective, we
choose to (1) use a ξ value hundreds of times smaller (e.g.,
weak piezoelectric effect), (2) use a large lithium deposition
current density to promote dendrite growth, and (3) consider
the existence of a significant initial protrusion to observe how
the morphology evolves during lithium deposition.
We first show four groups of results. The parameters are

listed in Table 1. The applied current density is iapp = 100 A/
m2, and the initial SEI thickness is h0 = 5 nm in all simulations.

Groups 1 and 2 start from an initially flat lithium metal surface.
Group 1 has no piezoelectric film, while group 2 has. Figure 4a
shows that without a piezoelectric film, the lithium surface
quickly loses stability and develops dendrites. In contrast,
Figure 4b shows that with a piezoelectric film, the surface
keeps perfectly flat during lithium deposition.
What is really surprising and powerful is that we find the

piezoelectric film can suppress dendrites even if the lithium
metal surface is not initially flat (e.g., manufacturing defects).
Groups 3 and 4 start with a significant initial protrusion having
a bottom width of W0 = 0.3 μm and a height of H0 = 0.2 μm.
Figure 4c shows that when there is no piezoelectric film, the
protrusion tip grows significantly at 10 s, and the protrusion
starts to nucleate secondary dendrites on the sides. The arrows
in Figure 4c at 2 s show that the lithium flux moves toward the
tip region. In contrast, Figure 4d shows that the dendrite
growth is suppressed when there is a piezoelectric film. The
lithium flux moves away from the tip and more toward the flat
region, so that the flat region grows faster and reduces the
height of the protrusion. The height H in Figure 4d is 44% (at
6 s) and 72% (at 10 s) smaller than that of the protrusion at
the corresponding time without a piezoelectric film in Figure
4c. The surface becomes almost flat at 18 s and is more flat at
40 s, indicating that the impact of any initial protrusion is gone.
Lithium deposits to a flat surface even if there is an initial
defect.
This effect is surprising because there is no stretching at the

initial shape. The piezoelectric effect only starts to act when
the surface evolves away from the initial shape. If the lithium
surface were to grow uniformly like a translational motion in
the vertical direction, the piezoelectric effect would not be
activated. Why does the lithium surface spontaneously evolve
to a flat surface with the piezoelectric film and loses any
“memory” of the initial protrusion geometry?
The simulations reveal that this intriguing phenomenon is a

result of the morphological evolution process. At first, the
protrusion tip tends to grow faster than other regions and
starts to stretch the piezoelectric film at the tip. Instanta-
neously, a piezo-electric overpotential is generated which slows
down the tip growth. This feed-back loop acts quickly until the
tip growth is much slower than the neighbor region for the
following reason: the strain rate scales with the local curvature
(ε ̇ = vnκ). Because of the larger curvature at the tip, the
stretching stain at the tip increases much faster than other
regions. This results in a large magnitude of piezoelectric
overpotential that strongly suppresses tip growth. The
magnitude of piezoelectric overpotential is smaller in regions
with smaller curvatures, so that their growth is less suppressed.
There is no piezoelectric overpotential in the flat region, so it
grows faster. Eventually, the flat region catches up, and the
surface becomes flat. The key finding is that the curvature-
dependent stretching (which depends on the current
morphology) is the reason that causes the loss of ’memory’
of the initial protrusion geometry. With increasing evolutional
time, the morphology is more dependent on the current

Table 1. Parameters for Four Simulation Groups

group piezoelectric property, ξ (V) initial protrusion

1 0 flat surface
2 0.35 flat surface
3 0 W0 = 0.3 μm, H0 = 0.2 μm
4 0.35 W0 = 0.3 μm, H0 = 0.2 μm
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Figure 4. Dendrite growth and suppression mechanism (a) group 1: starting from an initially flat lithium metal surface without a piezoelectric film,
the surface quickly loses stability and develops dendrites. (b) Group 2: starting from an initially flat lithium metal surface with a piezoelectric film (ξ
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geometry, and the initial protrusion becomes irrelevant. This
makes the piezoelectric suppressing mechanism very powerful
since it can work for any initial surface morphology and
intrinsically guarantees deposition to a flat surface.
In Figure 4d, the strain at the root region is compressive

because of the negative curvature. The compressive strain
generates an opposite piezoelectric overpotential, which
promotes lithium deposition to the root region and contributes
to make the surface flat faster. This can be seen from the flow
graph at t = 2 s. Now, we consider a harsher condition that the
film does not generate a piezoelectric overpotential under
compression (i.e., setting ξε = 0 when ε is compressive) so that

it will not promote lithium deposition to the root region. This
could happen if the thin film buckles or has poor compressive
piezoelectricity. The results are shown in Figure 4e. We can
observe that the surface still becomes flat, though with two
shallow valleys on the surface next to the initial protrusion tip
region (e.g., see t = 18 s). This is a result from SEI interaction.
Because of the negative curvature at the root of the protrusion,
the SEI in the root region grows faster and thicker. This can be
observed in Figure 4f, which shows the SEI thickness
distribution at different times. The thick SEI causes the
deposition to the root region to slow down, which evolves to
the two small valleys. The location of the small valleys

Figure 4. continued

= 0.35 V), the surface keeps perfectly flat during lithium deposition. (c) Group 3: starting with a significant initial protrusion (W0 = 0.3 μm, H0 =
0.2 μm) without a piezoelectric film, the protrusion grows significantly and nucleates secondary dendrites. (d) Group 4: starting with a significant
initial protrusion (W0 = 0.3 μm, H0 = 0.2 μm) with a piezoelectric film, the deposition still grows to a flat surface. Dendrites are suppressed even if
the lithium metal surface is not initially flat. (e) Same as (d) but with consideration of a harsher condition that the film does not generate a
piezoelectric overpotential under compression (i.e., setting ξε = 0 when ε is compressive) so that it will not promote lithium deposition to the root
region. In contrast, in (d) the opposite piezoelectric overpotential at the root region (compressive strain due to negative curvature) promotes
lithium deposition to the root region and contributes to make the surface flat faster. (f) SEI thickness distribution at different times. (g) Magnitude
of overpotential distribution (i.e., eq 7) for different times (shown is magnitude. The overpotential is negative since lithium deposition requires it to
be lower than 0 V).

Figure 5. Evolution of the Li metal electrode surface starting with an initial microscale protrusion (W0 = 200 nm, H0 = 200 nm). (a) Interactive
effects of piezoelectric voltage (ξ), applied charging current density (iapp), and initial SEI thickness (h0) on morphology. With sufficient
piezoelectric property (e.g., ξ = 0.4 V), the initial SEI thickness shows negligible effect. (b) Height of protrusion H as a function of time for different
current density, piezoelectricity, and initial SEI thickness. Solid lines: h0 = 0. Dash lines: h0 = 10 nm. A negative height means the tip is lower than
the far flat region. (c) Tip growing rate as a function of time for different current density, piezoelectricity, and initial SEI thickness. Solid lines: h0 =
0. Dash lines: h0 = 10 nm.
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Figure 6. Evolution of the Li metal electrode surface starting with an initial nanoscale protrusion (W0 = 20 nm, H0 = 20 nm) and comparison to the
microscale protrusion. (a) Interactive effects of piezoelectric voltage (ξ), applied charging current density (iapp), and initial SEI thickness (h0) on
morphology. (b) Height of protrusion H as a function of time for different current density, piezoelectricity, and initial SEI thickness. Solid lines: h0
= 0. Dash lines: h0 = 10 nm. A negative height means the tip is lower than the far flat region. (c) Tip growing rate as a function of time for different
current density, piezoelectricity, and initial SEI thickness. Solid lines: h0 = 0. Dash lines: h0 = 10 nm. (d) Overpotential from surface energy (Ωγκ/
F) and the overpotential from the piezoelectric effect (ξε) at the tip and at the root region. We consider the harsher condition that the film does
not generate a piezoelectric overpotential under compression so that it will not promote lithium deposition to the root region. h0 = 0 nm, ξ = 0.4 V.
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corresponds to the location of thick SEI. Still, the surface
evolves to be free of any protrusions beyond the flat surface
and will not generate any dendrites. The SEI growth slows
down as it becomes thicker, so that the ratio of thickness
variation to the SEI thickness eventually becomes small. With
this, the lithium surface eventually becomes more flat. Figure
4g shows the magnitude of total overpotential (i.e., eq 7)
distribution for different times. Without the piezo-electric film,
we can observe that the overpotential at the tip becomes very
high. With the piezo-electric film, the overpotential at the tip
quickly becomes smaller. Over time, the overpotential becomes
more uniform.
Next, we show the interactive effects of piezoelectric voltage

(ξ), applied charging current density (iapp), initial SEI
thickness (h0), and initial protrusion size (W0, H0). Here, we
consider the hasher condition that the film does not generate a
piezoelectric overpotential under compression. Figure 5a
shows the evolution morphology for a microscale protrusion
with an initial width of W0 = 200 nm and a height of H0 = 200
nm. The white shape shows the initial morphology at t = 0.
The upper bound of the blue or violet color shows the evolved
morphology at a particular time. In each column, we can
observe that with a larger ξ, or a stronger piezoelectric effect,
the surface becomes flat. The initial SEI thickness has a strong
effect on the morphology when there is no or very small
piezoelectric effect (e.g., ξ = 0.05 V), as can be seen by
comparing the columns of h0 = 0 and 10 nm. With sufficient
piezoelectric property (e.g., ξ = 0.4 V), the initial SEI thickness
shows negligible effect. Larger applied current density and
initial SEI thickness with no or little piezoelectric effect lead to
more significant dendrite growth, as shown at the upper-right
corner (iapp = 80 A/m2, h0 = 10 nm, ξ = 0) of Figure 5a.
Figure 5b shows the height of protrusion H as a function of

time for different current density, piezoelectricity, and initial
SEI thickness. For iapp = 80 A/m2 with a weak ξ = 0.05 V, the
protrusion height increases with time when h0 = 10 nm but
decreases with time when h0 = 0. This is because a larger initial
SEI thickness corresponds to a larger resistance, which raises
the overpotential to keep the deposition current density.
Relative to the higher overpotential, the piezoelectric over-
potential is small, so it is not sufficient to suppress the tip
growth. When there is no initial SEI thickness, the over-
potential of deposition is smaller, so that the piezoelectric
overpotential is sufficient to show suppression effect. This
phenomenon occurs when the piezoelectric overpotential is
small and comparable to the deposition overpotential. For iapp
= 20 A/m2 with a weak ξ = 0.05 V, the protrusion height
reduces for both h0 = 0 and 10 nm since the SEI resistance has
less effect when the current density is lower (the associated
voltage polarization is small). With sufficient piezoelectric
effect (e.g., ξ = 0.4 V), the initial SEI thickness shows negligible
effect so that the solid and dash lines overlap. Figure 5c shows
the tip growing rate. We can observe that with ξ = 0.4 V, the
tip growing rate is significantly suppressed. These results
suggest that a sufficient piezoelectric effect, even very weak
relative to a regular piezoelectric material, can still effectively
drive lithium deposition to a flat surface, although the initial
surface is not flat with significant protrusions.
Figure 6a shows the evolution morphology for a nanoscale

protrusion with an initial width of W0 = 20 nm and a height of
H0 = 20 nm. The white shape shows the initial morphology at t
= 0. The piezoelectric suppression effect is even stronger in
comparison to the microscale protrusion. With ξ = 0.4 V, the

surface becomes almost flat within 2 s, which is 10 times faster
than the microscale protrusion in Figure 5a. It should be noted
that the surface energy plays a larger role for nanoscale
protrusions. Similar as Figure 5a, SEI promotes dendrite
formation. With an initial 10 nm SEI thickness, dendrite forms
when there is no or very weak (ξ = 0.05 V) piezoelectric effect.
Thus, surface energy alone cannot prevent dendrite growth.
Figure 6b,c shows the height of protrusion H and tip growing
rate as a function of time for different current density,
piezoelectricity, and initial SEI thickness. The initial SEI
thickness plays a stronger role than in the microscale
protrusions in affecting the morphology since the evolution
time is shorter. Figure 6d compares the overpotential from
surface energy (Ωγκ/F) and the overpotential from the
piezoelectric effect (ξε) at the tip and at the root region
between the microscale and nanoscale protrusions. We can
observe that the effect of surface energy is negligible for a
microscale protrusion but can contribute more for nanoscale
protrusions. Still, the overpotential from the piezoelectric effect
is much larger than that from the surface energy. Note that the
overpotential from the surface energy is negative during the
early stages at the root region which promotes lithium
deposition to fill the root region. This helps to make the
surface flat. Thus, a nanoscale protrusion has a stronger
tendency to become flat.

4. CONCLUSIONS

Using both experimental and computational studies, we
demonstrate a piezoelectric mechanism that is highly effective
in suppressing dendrites. Experimentally, we use an in situ and
in operando device to show that a thin PVDF piezoelectric film
can effectively stop dendrite penetration, while a non-
piezoelectric film gets penetrated within 50 s. Note that the
surface of the copper needle electrode used in the experiment
is not polished, which contains significant roughness and
defects. The experiments demonstrate the robustness of the
piezoelectric mechanism, which can tolerate manufacturing
defects and always ensures lithium to deposit to a flat surface.
Theoretically, we develop a lithium deposition model that
couples electrochemistry and piezoelectricity. The stretching of
the piezoelectric film as a result of surface growth by lithium
deposition generates an instantaneous overpotential that
suppresses local lithium deposition. We also include SEI
growth in our model. We show that even a weak piezoelectric
material (e.g., ξ = 0.35 V) is highly effective to ensure
deposition to a flat surface without dendrite, opening up a wide
range of piezoelectric materials or composites for applications.
What is surprising and powerful is that we find that the
piezoelectric film can suppress dendrites even if the lithium
metal surface is not initially flat. The simulations reveal that the
curvature-dependent stretching (which depends on the current
morphology) is the reason that causes the loss of “memory” of
the initial protrusion geometry. With increasing evolutional
time, the morphology is more dependent on the current
geometry, and the initial protrusion becomes irrelevant. This
makes the piezoelectric suppressing mechanism very robust
since it can work for any initial surface morphology and
intrinsically guarantees to deposit to a flat surface. For future
work, we plan to perform long-term cycling test on various cell
types such as coin cell and pouch cell and on various cell
chemistry to evaluate the performance of this mechanism in
practical applications.
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