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How Does External Pressure Shape Li Dendrites

in Li Metal Batteries?

Xin Shen, Rui Zhang, Peng Shi, Xiang Chen, and Qiang Zhang*

High-energy density lithium metal batteries have achieved great progress as
next-generation rechargeable cells. However, the huge gap in the switching
from coin to pouch cells hinders their practical application. External pressure,
as one discrepancy between coin and pouch cells, plays an important role in
the performance of Li metal anodes. Herein the mechanism for the impact
of external pressure on Li dendrites is revealed and quantified by a mechano-
electrochemical phase field model. Two influence approaches are outlined

as: 1) Inhibiting the progress of electroplating reactions, which lower the rate
performance of cells; 2) Shaping the morphology of Li dendrites to be smooth
and dense but increasing the mechanical instability. Furthermore, a phase
diagram of routine electrolytes (including electrolyte-immersed separators
and solid polymer electrolytes) with respect to various external pressures is
established, giving rational guidance for designing pressure management

separator can be pierced by Li dendrites,
further resulting in a short circuit and
safety hazard.P!

There is remarkable progress on mate-
rial advancement (including interface
optimization,®! functional frameworks,”!
as well as liquid and solid electrolyte
innovation®) to suppress Li dendrites
and enhance the performance of Li
metal anodes. For instance, Zhang et al.
proposed a strategy of sustainable solid
electrolyte interphase (SEI), success-
fully realizing a long cycle life of over
150 cycles (80% capacity retains) while
only four cycles with pristine SEI in Li
metal coin cells under practical condi-

systems in working batteries.

1. Introduction

Lithium (Li) metal is receiving growing interest as the high-
energy density anode alternative to graphite due to its ultra-
high theoretical capacity (3860 mAh g') and extremely low
redox potential (—3.04 V versus standard hydrogen electrode);!"
Li metal batteries with a leap forward energy density of over
400 Wh kg!, such as Li-S and Li-O, batteries, are highly
expected to be the next-generation rechargeable batteries.?!
However, the practical demonstration of Li metal anodes is
still challenging. In particular, disastrous Li dendrites blown
by the large surface self-diffusion barrier of Li are uncontrol-
lable, pointing to an inherent limitation.l’] Its high specific
surface area and high reactivity further cause copious irrevers-
ible side reactions and dead Li, eventually shortening the cell
life and deteriorate the Coulombic efficiency.! Even worse, a
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tions.’) However, there is a huge decline

in the switching from coin to pouch cells

(60 cycles). Therefore, it is necessary and

urgent to bridge the gap between the
coin and pouch cell, i.e., laboratory prototypes and practical
applications.l¥!

One of the discrepancies between coin and pouch cells is
the stress state. In detail, there is a volume expansion during
the cycling of Li metal anodes, stemming from the accumula-
tion of dendritic or inactive Li. An average thickness increase
rate of 1.2 pm mAh™ exists in a Li|Li symmetric cell cycled at
5 mA cm™2 and 1 mAh cm™2 according to the report by He and
co-workers.!' Such thickness variation further converts into
stress accumulation for the coin cell due to the space constraint
derived from the rigid steel shell. In contrast, little stress is
accumulated for the pouch cell encapsulated by the soft alu-
minium-plastic film during repeated cycles. Then what hap-
pens under different stress states? Taking Li|Cu pouch cell as
a model system and applying external pressures for achieving
stress accumulation, there is a shift from a loose and porous
electroplated morphology to a smooth and dense morphology
after applying the external pressure (Figure 1a—d). Furthermore,
the Coulombic efficiency (CE) and cycle life are both improved
by the applied external pressure (Figure le,f). Hence, it is nec-
essary to find the optimal pressure and employ a pressure
management system for overcoming the gap between coin and
pouch cells.l"?

In spite of massive screening experiments for optimizing
pressure, 3 it is unclear that why and how external pressure can
shape Li dendrites and improve the performance of Li metal
batteries. As experimental method is difficult to measure the
stress evolution in situ in a cell, theoretical analysis and quan-
titative simulation are favored. Generally, there are two states
that should be considered for explaining the impact of external
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Figure 1. The impact of external pressure on Li metal anodes. Schematic illustration of the morphology of Li dendrites a) without and b) with external
pressure. Scanning electron microscope (SEM) images of Li electroplated morphology c) without and d) with external pressure. Electrochemical per-
formance of Li|Cu pouch cells, e) Coulombic efficiency, and f) corresponding polarization curves at a current density of 1.0 mA cm~2 with a capacity of
3.0 mAh cm™2 The application of external pressure remarkably shapes the morphology and improves the performance of Li metal anodes.

pressure: 1) Steady state, such as packing and rest. In this
respect, mechanical deformation (elastic, plastic deformation
and creep) is the only impact induced by external pressure.™l
Especially, the interface contacts can be significantly enhanced
by applying external pressure, and thus improves the cell per-
formance (Figure S1, Supporting Information).!! 2) Dynamic
state, in which the cell is under cycling. There is a complicated
coupling of mechanics, electrochemical reaction, and ion trans-
port in this state. Thanks to the development of computational
studies, abundant computational methods ranging from atom-
istic scale to the continuum level have offered insights into
the Li electrodeposition morphology, such as smoothed par-
ticle hydrodynamics method," coarse-grained Monte Carlo
method,l”) phase field,!® level set,™ and deformed mesh.?%]
The developed mechano-electrochemical theory can well explain
the relationship between internal stress and electrochemical
reaction.l?!! Most notably, Neman and co-workers proposed that
a polymer electrolyte with a shear modulus which is about twice
that of Li can suppress Li dendrites.??! Yet the impact of external
pressure during cycling needs to be further discussed.

In this contribution, a mechano-electrochemical phase field
model was employed to describe the electroplating evolution in
response to the external pressure. With a systematic analysis
of the internal stress distribution induced by external pressure
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and the resultant dendrite morphology, the impacts of external
pressure on electroplating are outlined as: 1) Inhibiting the
progress of electroplating reaction; 2) Shaping the morphology
of Li dendrites to be smooth and dense but enlarging the
mechanical instability. Furthermore, a diagram for quantifying
the effect of dendrite suppression under various external pres-
sures in common electrolyte circumstances (e.g., electrolyte-
immersed polypropylene (PP) separator) is established. This
provides a rational basis to design favorable external pressure
in packing and operation, promoting the practical applications
of Li metal anodes in pouch cells.

2. Results and Discussion

2.1. Mechano-Electrochemical Phase Field Model

A mechano-electrochemical phase field model was proposed
to reproduce the multiphysics processes in the Li|Cu half cell.
The two-dimensional domain (Figure S2, Supporting Informa-
tion) employed herein consists of an electrode with a Li metal
nucleation site and electrolyte. The electrolyte represents liquid
electrolyte immersed separator or solid polymer electrolyte
and its elastic modulus is set as 1.0 GPa without additional

© 2021 Wiley-VCH GmbH
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Figure 2. Mechano-electrochemical phase field model. a) Schematic illustration of multiphysics in Li metal batteries. b—d) The simulated results of
Li dendrites in the absence of external pressure at selected plating capacity of 0.10, 0.20, and 0.40 mAh cm~2. Specifically, b) dendritic morphology,
c) principle stress, and hydrostatic pressure, and d) von Mises stress evolution. In (c), the arrow head orientation represents the principal stress
direction and the length is a measurement. Besides, the negative hydrostatic pressure denotes tensile regions while the positive hydrostatic pressure
represents compressive regions. Above snapshots are captured from the Videos S1 (Supporting Information).

explanation. The computational domain is a half cell (including
an anode and half of electrolyte layer), i.e., the opposite cathode
where Li stripping reaction occurs is ignored. The top boundary
of electrolyte is assumed as the bulk solution with a constant
concentration. This configuration is able to reflect the realistic
physical fields nearby the anode in Li|Cu half cells or Li|Li sym-
metric cells meanwhile it rationally simplifies the model. We
assume that, since the electrolyte is flowable or deformable, Li/
electrolyte interface is perfect contact after cell package. A con-
stant voltage of 0.10 V was applied as a driving force. Figure 2a
illustrates the physical coupling between electroplating, ion
transport, and mechanics in this model. Once the voltage is
applied on the cell, the electrochemical reaction of Lit + e~ —
Li occurs, leading to the subsequent dynamic response. The
classical competition between ion and electron on the Li sur-
face has been discussed for electroplating and ion transport in
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our previous work.[?3l With regard to mechanics and electro-
plating, the mechanical response in the form of Eigen strain
is triggered by electroplating, while the reaction rate is sub-
ject to the mechanical energy (included in Gibbs free energy)
in turn.?!l Besides, local deformation can give rise to the ion
redistribution. Above complicated process results in the diverse
morphology of Li dendrites, which remarkably determines the
performance of Li metal anodes.

Detailed simulation methods are given in the Experimental
Section. The kernel is to introduce an order parameter & for
describing the two phase and construct an energy variational
approach for driving the modeling system. In particular, £ =1
denotes the Li metal electrode and & = 0 represents the elec-
trolyte. Taking into account the high yield strength of Li den-
drites,?! the Li metal and electrolyte are both treated as linear
elastic materials for simplification.

© 2021 Wiley-VCH GmbH
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The Li dendrite growth in the absence of external pressure
was first simulated by this mechano-electrochemical phase field
model (Video S1, Supporting Information). The size of visu-
alized domain is 20 X 20 um and it remains the same for all
other snapshots and videos hereafter. As the electroplating pro-
ceeds, the nucleation site grows into a branching morphology
owing to the specific crystallographic orientation of Li (bcc)
(Figure 2b). Meanwhile, the strong electric field concentrated
on the dendrite tips further accelerates forked plating and ver-
tical growth. The corresponding Li* concentration (cy;+), electro-
static potential (¢), electric field intensities, and local current
density distribution (i) are presented in Figure S3 (Supporting
Information), respectively. On the other hand, the electrolyte is
compressed and deformed because of the penetration of Li den-
drites. The principle stress, hydrostatic pressure, and von Mises
stress are employed for visualizing mechanical response of Li
and electrolyte. Figure 2c exhibits the distribution of principle
stress and hydrostatic pressure (p,,). The former describes the
stress tensor distribution and the latter purely corresponds to
the uniaxial stresses. The volumetric change of the cell is well
exhibited (negative value denotes tensile state and positive value
represents compressive state) from the distribution of hydro-
static pressure. In the absence of external pressure (or space
confinement), the cell is able to free expansion for releasing
partial stress. Therefore, the hydrostatic pressure on the up
and down edges is smaller than the Li/electrolyte interfaces.
Figure 2d shows the distribution of von Mises stress (Opises),
indicating the probability of plastic yielding, i.e., distorting the
shape of the material. Evidently, it is highly concentrated on the
bifurcations of Li dendrites. Theoretically kinks are preferred to
form in these sites. However, the maximum von Mises herein is
no more than 6.0 MPa, which is less than the yield strength of
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Li dendrites (it increases from 15.0 to 105.0 MPa as the dendrite
diameter decreases from 9.45 to 1.39 um).**"! Therefore, the
hypothesis of Li treated as the linear elastic matter is rational.

In spite of the internal stress generated by the cell itself, the
Li dendrite is unable to be suppressed in electrolyte-immersed
separator or solid polymer electrolyte (denoted as “soft” elec-
trolyte) without external pressure. Ren et al. has reported that
when the elastic modulus of electrolyte is larger than 9.0 GPa,
the dendrites can be partially suppressed.?®! However, such a
very high modulus is extremely difficult to reach in practical
cells with polymer based electrolytes. It can be achieved only
with inorganic solid-state electrolyte (such as garnet). Unfortu-
nately, there is dendrite growth in inorganic solid-state electro-
lyte. However, there is an essential difference in the reason of
failing to inhibit dendrites. In contrast to the “soft” electrolyte,
inorganic solid-state electrolyte is so “hard” that poor interface
contact and crack propagation becomes the main trouble.?’!
The improvement of material compactness and interface wet-
tability is more important for “hard” electrolyte, while the
external pressure is helpful for “soft” electrolyte.

2.2. Pressure-Shaped Li Dendrites

The Li dendrite growth under various external pressures is
presented in Figure 3 and Video S2 (Supporting Information),
and the corresponding evolution of electrochemical field can
be found in Figure S4 (Supporting Information). All snapshots
are captured with the same plating capacity of 0.4 mAh cm™.
When the external pressure increases from 2.0 to 14.0 MPa, the
morphology of Li dendrites tends to be relatively smooth with
less branches (Figure 3a). As can be observed in Figure 3b, the
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Figure 3. The simulated results of Li dendrites under the external pressure ranging from 2.0 to 14.0 MPa. The snapshots of a) dendritic morphology,
b) principle stress and hydrostatic pressure, and c) von Mises stress evolution at a plating capacity of 0.4 mAh cm™. Increasing external pressure

helps to smooth the dendrite morphology.
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local hydrostatic pressure in the Li dendrites ranges from nega-
tive to positive value, i.e., shifts from expansion to compressive
state while the applied external pressure is larger than the elec-
trochemical eigen stress. Besides, there is maximum hydro-
static pressure in the tip of Li dendrites, which reaches up to
20.0 MPa at an external pressure of 14.0 MPa (Figure 3b). There-
fore, tip growth is inhibited and lateral growth is promoted.
Such smooth and stocky dendrite can significantly reduce the
specific surface area and improve densification, which is con-
sistent with the experimental results in Figure 1c,d.

However, it is worth noting that the applied external pres-
sure also brings potential risks of material failure besides the
benefits of the inhibition of dendrite growth. A conservative
approach for determining the maximum allowable external
pressure is to reference the yield strength of materials. Herein
von Mises yield criterion is employed. Once the von Mises stress
is over the yield strength, the polymer electrolyte is unable to
rebound with the stripping of Li dendrites. Besides, the frac-
ture of Li dendrites might further occur and convert into dead
Li. These both induce the loss of electrical contacts between
electrolyte and Li dendrites, and finally decline the Coulombic
efficiency of cells. It is difficult to precisely determine the yield
strength for various materials applied in a working cell. There-
fore, the upper limit of external pressure is not given herein.
The upper limit of external pressure can been probed by ref-
erencing the material properties. For instance, HY-6100 PP
separator possesses a yield strength of =20.0 MPa (Table S1,
Supporting Information). In addition, the location of maximum
stress deserves attention. Figure 3c shows the distribution of
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von Mises stress. With the increase of external pressure, the
concentration of von Mises stress shifts from the bifurcations
to the root of Li dendrite, and the maximum value increases
from 5.8 to 19.5 MPa. In other words, the risk of root fracture
is greatly increased, which can cause more serious decline of
Coulombic efficiency than bifurcation fracture.

To further quantitatively understand the shape effect of
external pressure, more results are extracted from the simu-
lated data (Figure 4). The dependences of the electrochemical
reaction on the external pressure are investigated from the
plating timescales (Figure 4a,b). Herein the average current
density is defined as an average value of the local current den-
sity. As the external pressure increases from 0 to 14.0 MPa, the
average current density of the cell decreases (Figure 4a). Taking
the plating time of 100 s for example, the plating capacity
reduces from 0.51 to 0.41 mAh cm™, and the average current
density decreases from 20.49 to 1744 mA cm™? (Figure 4b). The
reduction deviates from the linear law to a certain extent trend.
Once the external pressure is less than 4.0 MPa, no obvious
decrease of plating capacity and current density are observed.

The effect of external pressure on electrochemical reaction
can be divided into three intervals and can be further under-
stood mathematically by the contribution of mechanical driving
force (—fds(u,), see Model Formulation) in the driving force
corresponded to interfacial energy (—(g"(§)+ fgrad (&) + fas (1, &),
see Model Formulation): 1) No effect. The external pressure is
so small that it is unable to remarkably change the distribu-
tion of internal stress, i.e., the mechanical driving force con-
tributes little to the driving force of interfacial energy. 2) Linear
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Figure 4. The analysis results of Li dendrites under the external pressure ranging from 0 to 14 MPa. a,b) The impact of external pressure on the progress
of electroplating reactions. a) The current density versus the specific capacity. b) The current density and specific capacity at a plating time of 100 s.
c,d) Morphology of Li dendrites with respect to external pressures. c) The space utilization and d) the aspect ratio at a plating capacity of 0.40 mAh cm=2.
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influence. The electrochemical reaction is linearly inhibited
with increasing external pressure. The mechanical driving
force dominates the driving force of interfacial energy, thus lin-

)
early slow down the reaction rate (a . This inhibition effect

brought about by external pressure is harmful to the rate perfor-
mance of batteries. 3) Saturation. Internal stress gets extremely
large due to the spatial confinement and the degree of material
compression, i.e., the mechanical driving force hardly changes.
Moreover, it can be inferred that when extended to the working
condition of constant current, the dependences of the electro-
chemical reactions on the external pressure will be presented as
the variation of overpotentials.

To quantify the effect of external pressure on plating mor-
phology, the space utilization (Uy) and the aspect ratio (R,) are
defined as

Sdendrite
Us = 1
Lxb @
R,=ajb 2)

where Sgendrite 1S the surface area of Li dendrite, L the width
of the calculated domain, a and b the width and height of Li
dendrite, respectively. Uy is a sign of densification and porosity
of the Li metal electrode. The increase of U can qualitatively
reflect the decrease of porosity and the increase of densifica-
tion in a Li metal electrode. R, reflects the shape of Li dendrite
(slender or stocky). The space utilization and the aspect ratio
at a plating capacity of 0.40 mAh cm~2 under different external
pressures are exhibited in Figure 4c,d. When the external
pressure increases from 2.0 to 10.0 MPa, the space utilization
increases from 29.4% to 37.3% and the aspect ratio increases
from 1.6 to 2.8. The electroplating morphology with a high
space utilization and a high aspect ratio will be benefit for
improving the utilization of electroplated Li and reducing the
risk of short circuit.

In the case of multisite electroplating, the effect of external
pressure on the Li dendrite growth exhibits similar results
(Figure S5, Supporting Information). Due to the mutual extru-
sion between the dendrites, the growth in the lateral direction
will be more restricted, resulting in high internal stress. In the
absence of external pressure, the maximum value of hydro-
static pressure and von Mises stress can reach up to 10.0 and
14.0 MPa, respectively, more than twice the case of single site
(Figure S5e and S5f, Supporting Information). Besides, the
stress concentration at the root is more obvious, causing a
huge instability (break). With the increase of external pressure,
Li electroplated morphology becomes flat and electrochem-
ical reaction is suppressed (Figure S5g and SS5h, Supporting
Information).

Collectively, the effect of external pressure on the Li dendrite
growth mainly consists of two contents: 1) Inhibiting the pro-
gress of electroplating reaction, which is against the rate per-
formance of cells. 2) Shaping the morphology of Li dendrites to
be smooth but enlarging the mechanical instability. Therefore,
moderate external pressure is advocated for improving the per-
formance of Li metal anode.

It is noteworthy that the performance of Li metal anodes
is also related to the stripping process. Although it is not
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simulated herein, the previous research on corrosion science
can give a reference. Gutman(®® has derived the relationship
between elastic deformation and equilibrium potential:

PmVm
zF

A¢eq = 3)

where V,, represents the molar volume, z the number of
charge, F the Faraday constant. According to the distribution
of stress in Figures 2 and 3, it can be inferred that the external
pressure will regulate the preferential stripping location, such
as root-stripping and tip-stripping, thereby influences the Cou-
lombic efficiency.

2.3. Electrolyte Variation

The pressure shaping effect on the Li dendrite growth in elec-
trolytes of elastic moduli ranging from 0.5 to 2.0 GPa under
a fixed external pressure of 6.0 MPa was further investigated
(Figure 5a—c). It is observed that, the suppression effect on
Li dendrite is more significant with a lower elastic modulus
of electrolyte (Figure 5a). Comparing with Figure 3a, when a
similar dendritic morphology is formed in the electrolyte with
an elastic modulus of 0.5 GPa, it only needs an external pres-
sure of 6.0 MPa, while in the electrolyte with an elastic mod-
ulus of 1.0 GPa, it needs an external pressure of 10.0 MPa.
Further quantitative analysis was employed. In terms of the
electrochemical reaction, only small variations are observed in
Figure 5b. The internal stress reinforced by stiff electrolyte is
inconspicuous. In terms of space utilization, U reduces from
38.8% to 28.5% with the electrolyte modulus increasing from
0.5 to 2.0 GPa (Figure 5c). In other words, applying external
pressure is more effective for low modulus electrolyte systems.
Notably, the elastic modulus of electrolyte discussed herein is
lower than that of Li metal.

Extended results on combined effects of external pressure
and electrolyte were incorporated in Figure 5d and Figure S6
(Supporting Information). There is a critical pressure value that
depends on the elastic modulus of electrolyte beyond which the
shaping effect is observed. Otherwise, applying external pres-
sure fails to work (grey domain). When the elastic modulus
of electrolyte ranges from 0.2 to 2.0 GPa, the corresponding
critical pressure value increases from 1.2 to 10.0 MPa, which
increases almost 10 times. In extreme case of pure liquid
electrolyte (the elastic modulus approaches to zero), applying
external pressure will always work. Such phase diagram is
a useful guide for the pressure management in cell design.
Common electrolyte materials are listed in Table S1 (Supporting
Information) and visualized in Figure S7 (Supporting Informa-
tion), including electrolyte immersed separator (Polyolefin and
cellulose) and solid polymer electrolyte. For instance, the elastic
modulus of a PP separator which usually employed in batteries
is about 0.5 GPa.l?)l However, the realistic elastic modulus will
be greatly reduced because of the immersion of electrolyte and
the existence of porosity.’% In that case, applying an external
pressure over 1.0 MPa is beneficial for improving the perfor-
mance of Li metal anodes and the optimal value is no more
than 5.0 MPa. It is consistent with experiments carried out by

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

(@)

Eelsclrolye: 0-5 Gpa

1.5 GPa

www.advenergymat.de

1.0
2.0 GPa

0.5

0.0

®) (d)zo
25 - nani U, (%)
""E Pressure = 6.0 MPa 40 ressure shaping e N
.0 3 o domain ° ° I )
= <
E S E & ° ® 370
= = = ° °
g g ® 350
2 = £ 10 ° ° )
o 19 E a . 330
€ — o56pa | 8 @ =
g5 1ocpa | % a5 & < - ° 310
g g
3 — 156Pa | @ - < ® °
o ; o ¢ g - X 200
0 —— 2.0GPa - I
0 270
00 01 02 03 04 05 205 2.0 05 10 15 20

Specific capacity (mAh cm?)

1.0 15
Elastic modulus (GPa)

Elastic modulus (GPa)

Figure 5. a—c) The pressure shaping effect on the Li dendrite growth in electrolytes of elastic moduli ranging from 0.5 to 2.0 GPa. The applied external
pressure is fixed at 6.0 MPa. a) The snapshots of dendritic morphology at a plating capacity of 0.40 mAh cm~2. b) The current density evolution with
the proceeding of electroplating. c) The space utilization in different electrolytes. d) The phase diagram based on the applied external pressure and the
elastic modulus of electrolyte at a plating capacity of 0.4 mAh cm™2 The white region indicates enhanced performance of Li metal anodes, whereas the

gray portion denotes that the external pressure fails to work.

Dahn and co-workers. The researchers evaluated anode-free Li
metal pouch cells with different external pressures between
75-2205 kPa and proposed an optimal value of 1200 kPa.l3!
Remarkably, the phase diagram presented herein is only appli-
cable to the scenario consistent with the model settings, such
as constant voltage (0.10 V, corresponding to an average cur-
rent density ranging from 10.0 to 20.0 mA c¢m™?) and specific
electrolyte properties. The special variations in applied current
density (operation condition), ion conductivity (electrolyte), and
exchange current density (interface) should be further investi-
gated based on this mechano-electrochemical phase field model.
However, the qualitative results on impacts of external pressure
are with the same guidance in either case. The optimal value of
external pressure in various literatures differs widely.3%32 The
mechano-electrochemical phase field model conducted herein
provides a quantitative approach to design the pressure man-
agement system of pouch cells, both in packing and operation.

3. Conclusions

A mechano-electrochemical phase field model was constructed,
quantitatively describing the evolution of mechanics, elec-
trochemical reaction, and ion transport in a Li metal battery.
With the proposed model and the quantitative analysis, the
impacts of the applying external pressure on a pouch cell are
revealed: 1) Suppress the proceeding of electroplating reactions
(visualized by electrochemical profiles), which is against the
rate performance of cells; 2) Promoting the electroplated mor-
phology to be smooth, stocky, and dense (decomposed by the
space utilization and the aspect ratio). More specifically, there
is a threshold level below which the external pressure fails
to work whereas above which the external pressure linearly
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improves the performance of Li metal anodes until up to the
saturable stage. The side effects of hindering electroplating and
causing mechanical instability also determine the selection of
optimal pressure. As a concrete reference, a phase diagram of
the applied external pressure and the elastic modulus of elec-
trolyte based on special settings is described. Other scenarios
can be simulated based on this model and gained quantitatively
guiding results. This work gives an essential guidance about
why the external pressure should be considered for the practical
applications and how it can shape deposited Li and improve the
performance of Li metal pouch cells.

4. Experimental Section

Model Formulation: A typical cell, which consists of Li metal
electrode and electrolyte (including solid electrolyte and electrolyte-
immersed separator), was employed as the research system. The
mechano-electrochemical model constructed herein is based on the
phase field method proposed by Chen et al.,**l except the presence of
mechanical field.

Two phases and three components in this system are distinguished
by a nonconserved order parameter & (electrolyte, & = 0; Li metal anode,
& = 1) and a concentration set ¢; (i = Li, Li*, and anion), respectively.
The local electrostatic potential is denoted as ¢; (i = Li and e, represent
Li metal electrode and electrolyte, respectively) and the displacement
field is represented by u. The total free energy of this system is given by

F= J[fgrad (§)+fch (évci)-" felec (érciv(pi)"'fels (évu)] dv (4)
v
where f, a4, fenr feleo @nd fois represent the local energy density from the

gradient, chemical, electrostatic and elastic contribution, respectively.
More specifically, the gradient energy density f;..q is expressed by

fgrad (é) = %K‘o [1 + 5COS((09)]V2(§ (5)
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where K is the gradient energy coefficient, d the strength of anisotropy,
@ the mode of the anisotropy, and 6 the angle between the normal vector
of the interface and the reference axis. The chemical and electrostatic
energy density can be written as

funlécr)= g(f)+RT(CLi+ In(%)ﬂmln(%“‘“ ))+ Seu® ()

2y
felec(gvcir@):zztii@ (7)

where u® is the reference chemical potential of species i, z; the valence
of species i, R the molar gas constant, T the temperature, F the Faraday
constant, and g(&) the arbitrary double well function: g (§) = WE(1 - &)?
with W being the barrier height. The final term f; is expressed by

1

fas(ué)= 5 Cie el (®)

where z—:yE- denotes the elastic strain tensor, Cjy the local phase-dependent

stiffness tensor:
E

Ci = 2(1—*"’) (5;/5jk + 5ik5j/) +

Ev

(ev)1-20) % ©

The electrochemical reaction (Li* + e — Li) under the driving force
of Equation (4) can be deduced from the Butler—Volmer equation. It is
expressed by

o& ’ ’ , ’ (=a)fn CLi+ &y
32—1_6 (g (§)+fgrad(§)+fels(uvé))_th (5) e RT _Ee RT (10)
where L is the interfacial mobility, L, the reaction constant, and 1 - «
the charge-transfer coefficient, ¢, the initial concentration of electrolyte.
h () = & (682 —15£+10) is an interpolating function. 17 = ¢; — ¢, — Eeq is
the overpotential, where ¢; denotes the potential of the Li metal anode,
¢, the potential of the electrolyte, and E., the equilibrium potential of
electrochemical reaction. The electrochemical reaction is divided into
two parts: The front half (—L(g'(§)+( fgrad(§) + fais(u,&)) corresponds to

(1-a)Fn —afn
the interfacial energy and the second half—th’(ﬁ)(eT _CLeTJ
is related to the electrode reaction affinity. co

Therefore, the evolution of ¢;- in the electrolyte can be described by
the Nernst—Planck equation,

e F d
% =V-(D, Ve +Dyicys ﬁwe) —cLia—f an

where D represents the diffusion coefficient of Li*, ¢ the initial
concentration of electrode. Both diffusion and electromigration are
considered.

The electrostatic potential distribution can be expressed by

V. (-0uV6.)=0 12)
V- (0 Vou) = Fe o 1)

Herein, o, = h(§oy + (1 — h(é)o. is the effective electric
conductivity, where o}; and o, represent the electric conductivity of
electrode and electrolyte, respectively.

The mechanical equilibrium equation is given by

V-(Ca’k/SIEI)=0 (14)

Herein, gf = g5 — A;h(§)d;;, where ] is the total strain and 4; the
Vegard strain coefficients. More specifically, & =1/2[(Vu)" + Vu]. The
hydrostatic pressure, principle stress, and von Mises stress were used to
visualize the stress evolution.

Model Implementation: This mechano-electrochemical model was
simulated by finite element method on COMSOL Multiphysics 5.4. Two-
dimensional models with a size of 40 x 20 um were built in this work. The
simulation domain was discretized by triangle mesh at a minimum size
of 5 nm and a maximum size of 0.2 um. Adaptive mesh refinement was
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enabled for improving the convergence and accuracy. The voltage between
the upper boundary and lower boundary was set as 0.10 V. For 2D model,
plain-strain assumption is made. Detailed settings of boundary conditions
can be seen in Figure S2 (Supporting Information). The parameters
mentioned above are detailed in Table S2 (Supporting Information).
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Supporting Information is available from the Wiley Online Library or
from the author.
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